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Abstract

The SARS-CoV-2 pandemic has both been one of the largest public health emergencies of modern
times and an unprecedented opportunity to track the epidemic progression of an evolving virus.
Globally, more than 13 million genomic sequences have been generated, over 140,000 of which
was from surveillance in African countries. The work presented in this thesis employs methods of
real-time genomic surveillance and epidemiology, genome assembly, phylogenetic analysis and
phylodynamic modelling to characterise the evolution of SARS-CoV-2 in South Africa and Africa
with immediate public health impact globally. Chapter 2 describes the setting up and results of
genomic surveillance in all provinces during the first wave of infections in South Africa. Insights
included the description of three local lineages that caused over half of infections in the first wave
and the establishment of surveillance baselines that enabled rapid characterization of variants of
concern in upcoming waves. Chapter 3 provides a description of, for the first time in the world,
the emergence of a SARS-CoV-2 variant of concern. The study gives an overview of the detection
of the Beta variant, its association with an accelerating epidemic in the Eastern Cape province and
the inferred phylogeography of how the variant spread to coastal provinces during summer
holidays in South Africa. Chapter 4 describes the characterisation and phylodynamics of the
Omicron variant of concern in record time at the start of the 4th wave of infections in southern
Africa. Chapter 5 provides insights into the continued evolution of Omicron into sublineages BA .4
and BA.5, which went on to dominate the epidemic in other parts of the world in mid-2022. Finally,
Chapter 6 and 7 are comprehensive studies of continental genomic surveillance in Africa, giving
insights into establishment of epidemics from introductions from external sources, cross-border
viral movements and the expansion of genomic surveillance on the continent to cover blindspots.
This thesis also contributed to a number of other studies where genomic sequencing of SARS-
CoV-2 helped to answer critical questions during pandemic response, which is described in the
last chapter. In conclusion, this thesis exemplifies how genomic epidemiology can be utilised in
real-time to track the evolution of a pandemic pathogen as well as rapidly raise alarms of detected
global health threats.
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Chapter 1: Introduction

Background

Viruses

Viruses are obligate intracellular parasites that employ a range of different mechanisms to enter
and replicate within host cells. They are the largest known group of organisms on the planet
comprising close to 100 different families. This diversity is in turn classified into 7 recognized
groups of the Baltimore system based on the organisation of their genetic material. The encoding
messenger RNA can be produced from RNA or DNA, it can be single-stranded (ss) or double-
stranded (ds) and, if it is single-stranded, its polarity can either be positive (5'-->3") or negative (3'-
->5"). The 7 groups of viruses identified by the Baltimore classification system are known as
groups [-VII and correspond to dsDNA, ssDNA, dsRNA, (+)ssRNA, (-)ssRNA, ssSRNA-RT and
dsDNA-RT viruses respectively.

The association between viruses and disease is described by two of their properties: pathogenicity
and virulence. Pathogenicity simply defines the capability of an infectious agent to cause illness
while virulence is a quantitative measure of the severity of the infection. Viruses become
pathogenic for a certain host when they can enter, multiply inside and damage host cells !. This
requires complex biological requirements, such as viral antigens matching host entry or replication
receptors, resulting in only a minority of viruses possessing pathogenic abilities against particular
hosts. Virulence is then mediated not only by viral success at replication and damage inside host
cells but also by an array of host factors such as immune response .

Viruses have a compelling scale of genetic diversity, even within the same families. A core feature
of RNA viruses particularly is their high evolutionary rate due to lack of a proofreading mechanism
in RNA polymerases, causing high error rates or mutational frequency, which leads to mutation
rates in the order of 10 per base per round of replication 2. This, along with other mechanisms
like recombination, allows RNA viruses to rapidly adapt to different environments with changes
in virulence, epidemiology, or competence of vectors. It is this property that, for instance, allows
for zoonotic spillover events where a virus not previously able to infect human cells gains that
ability through random mutations. High error rates are directly linked to the smaller nature of RNA
virus genomes. The average size of RNA viral genomes can be as small as 9 kb for and goes up to
29 kb for Coronavidae viruses. The link between the small size of RNA viruses and their high
mutation rates has been explained by the knowledge that high error rates in larger genomes would
inevitably cause lethal mutations at replication °. The small genome size is somewhat compensated
by genome compression which results in gene overlaps °.
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SARS-CoV-2 genomic characteristics & evolution

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a RNA virus of genome
length 0f 29903 nucleotide bases belonging to the Sarbecovirus subgenus of Coronaviridae family
and newly identified in December 2019 during an outbreak of SARS-like pneumonia cases in the
city of Wuhan (Hubei Province) in China 8. Other members of the coronavirus family include
endemic viruses which cause mild symptoms in humans, often lumped into the grouping of the
“common cold”, while others have caused more serious outbreaks with important case fatality
rates in humans, for example SARS and MERS in 2002-2004 ° and 2012-2019 '° respectively. At
the beginning of 2020, the WHO declared SARS-CoV-2 as a public health emergency and later a
pandemic !!. Two years later, at the beginning of 2022, this virus had caused at least 400M
recorded infections and SM recorded deaths with cyclical epidemic waves still progressing in many
parts of the world at the time of writing.

Genomic sequencing in Wuhan, China showed that the new coronavirus was typical of
betacoronaviruses with the following genes: replicase ORF 1ab, spike (S), envelope (E), membrane
(M) and nucleocapsid (N), with 265 nt at the 5’ terminal end and 229 nt at the 3’ terminal end '2.
Analyses of its ancestry revealed that SARS-CoV-2 appeared to have emerged through
recombination of bat sarbecoviruses, meaning that different segments of the genome originate
from different viruses. The novel genomic structure allowed the virus to express new residues in
the receptor binding domain (RBD) that enabled binding to human ACE2 receptors and therefore
a zoonotic jump from bats or an intermediate host to cause infections and disease in humans, a
new host. This is similar to the emergence of SARS-CoV and MERS-CoV. In fact, while
coronaviruses are known to have slightly lower mutation rates due to the presence of an
exonuclease, they are also well described for their ability to recombine with other members of the
family during co-infection of the same hosts °.

Throughout its global dissemination over an ongoing pandemic of already two years, the SARS-
CoV-2 virus has had the opportunity to evolve extensively and this evolution has been
meticulously monitored through viral genomic sequencing. For the first year or so, SARS-CoV-2
disseminated as lineages with mutations accumulating slowly, particularly on the spike gene of the
virus, and thus without much effect on its phenotypic properties. Chapter 2 of this thesis describes
the initial lineages of SARS-CoV-2 that circulated during the first wave of the epidemic in South
Africa. The only exception was when the aspartic acid amino acid at position 614 on the spike was
replaced by glycine (D614G) around February 2020 at the start of a massive expansion of the
outbreak in Europe '*. This mutation was retrospectively characterised as being associated with
higher transmissibility of the virus !°. Towards the end of 2020, more considerable mutational
changes appeared within the spike protein, presumably from selective pressure 6, giving rise to
what became known as variants of concern !”. Chapters 3 and 4 describe research work that lead
to the discovery and epidemic expansion of two of those variants of concern in South Africa, the
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Beta and Omicron variants respectively. These variants of SARS-CoV-2 each possessed varying
degrees of increased transmissibility and/or immune escape, thus making them better adapted for
pathogenicity in humans.

Emerging viral pathogens

Over the past century, the understanding, prevention and treatment of communicable diseases have
seen considerable progress. In a systematic analysis of global burden of disease between 1990-
2019, the ten most important contributors to declining burden globally and combined for all ages
included six infectious diseases (lower respiratory infections, diarrhoeal diseases, measles, tetanus,
malaria and tuberculosis) '®. While this contributes to the general shift of disease burden from
communicable to non-communicable diseases globally (epidemiological transition), the situation
for specific countries and regions vary widely. While the United States, western Europe and
Australia, for example, had 40-50% of all DALY (disability adjusted life year) made up of non-
communicable diseases and injury before the pandemic, African countries largely had only around
10-20% of the same, showing a larger burden of infectious diseases in the latter. Yet, even globally,
communicable illnesses have significant human and economic costs. For the year 2016 alone, the
estimated combined burden of eight major infectious diseases (HIV/AIDS, malaria, measles,
hepatitis, dengue fever, rabies, tuberculosis and yellow fever) was more than 156 million life years
lost, which corresponded to a staggering cost of US$8 trillion *°.

A crucial consideration here is that this was evaluated before the massive overhaul of an infectious
diseases pandemic (SARS-CoV-2) of over two years in 2020.The current coronavirus pandemic
painfully illustrates how rapidly an infectious agent can cause chaos to global health and intensely
impact both human lives and the economy. This phenomenon was neither unpredictable nor
completely novel, although its scale has been unprecedented for modern society. Rather, the
SARS-CoV-2 pandemic highlights the ongoing threat of emerging and re-emerging pathogens.

Emerging or re-emerging infectious diseases are those that have recently been identified in a
population, those with rapidly rising incidence or geographic range or those of an increasing threat
for the near future. They can be caused by novel infectious agents, often as a result of zoonoses,
known pathogens that have spread to new locations or populations or that have caused previously
unrecognised disease outcomes, or by the re-emergence of known agents whose incidence had
largely subsided but started appearing again. Given the unpredictability of emergence, this type of
infectious disease is known to have the potential for severe global impact such as pandemics,
epidemic outbreaks, intense pressure on health systems, large mortality and morbidity burdens and
general global instability.
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Although technically, any microbial species could be the causative pathogen for emerging
infectious diseases, the rapid evolution of viruses and their pathogenic nature tend to make them
of particular threat to public health response. Unlike bacteria and other pathogenic microbes that
can be treated with generic drugs, drugs and vaccines targeting viral pathogens can only be
developed after identifying the virus (not immediately useful for spontaneous outbreaks — e.g.
coronavirus, ebola). The current coronavirus pandemic highlights how rapidly viruses can spread
as a result of increased globalisation and travel. Like SARS-CoV-2, the majority of viruses are
transmitted between susceptible hosts through the respiratory tract. However, emerging infectious
diseases can also transmit and spread differently. They can be foodborne, vector borne, sexually-
transmitted or airborne and their global reach potentially made more serious by evolving
conditions such as modern human behavior, global warming (diversification of vector or pathogen
host environments) and greater connectedness between corners of the world (more difficult
geographical containment). Furthermore, the threat of emerging novel pathogens becomes
significantly more important in a setting of accelerating climate change, predicted to increase the
risk of viral spillover events across species and ultimately into human transmission 2°,

Before SARS-CoV-2, some of the most concerning emerging infectious diseases to humans in the
last decade were caused by viral agents, including SARS in 2002-2004 °, Ebola in 2014 2! and
Zika in 2016 22, Emerging and re-emerging pathogens pose several challenges to diagnosis,
treatment, and public health surveillance. Identification of an emerging pathogen by conventional
methods is difficult and time-consuming due to the “novel” nature of the agent, requiring a large
array of techniques including cell cultures, inoculation of animals, cultivation using artificial
media, histopathological evaluation of tissues (if available), and serological techniques using
surrogate antigens. A strategy conceptualised to improve the characterization and response to
emerging infectious diseases is the One Health approach aimed at considering human, animal and
environmental health together to monitor and respond to public health threats and to learn how
diseases spread in these three settings 2*2*, Within this approach, three stages of infectious diseases
emergence are monitored: pre-emergence, localised emergence and pandemic emergence. At each
of these stages, sequencing virus genomes can play a role in characterising and responding to
outbreaks.

Virus genomes in Epidemiology

Early infectious disease outbreak investigations and response relied heavily on epidemiological
data and routine laboratory testing of symptomatic patients to describe viral transmission events.
These methods became insufficient in light of the rapid spread of viral transmitted infectious
diseases. Their rapid molecular evolution and short generation time resulted in viral progeny of
unique molecular architecture, sometimes capable of evading established control measures. This
created a need for more developed approaches to reporting the emergency, spread, and evolution
of viruses. There was also a need to understand the implication of evolutionary changes of these
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viruses on phenotypic characteristics linked to complex host and pathogen traits. This is where
sequencing of virus genomes and genomics came in.

Viral genomic sequencing is the process of reading the genetic code of a virus. In the past couple
of decades, viral molecular sequences have played a growing role in understanding and mitigating
emerging epidemics. Within disease outbreaks or epidemics, sampled genomes allow pathogen
identification if novel, description of genetic diversity of viruses circulating, reconstruction of
epidemic origins, rates of transmission, and vaccine development and drug design. Genomics is,
in turn, the study of those sequenced genomes, and bioinformatics is the development of methods
and tools to enable genomics, given that genomic data is often large and complex. The infusion of
sequencing, and in the same thread genomics and bioinformatics, with epidemiology has resulted
in an important public health tool to support epidemic responses and to elucidate the clinical and
therapeutic relevance of genomic variants 2°. The various arms of this are described below.

Rapid-response diagnostics

The sequencing of virus genomes has played a key role in the rapid diagnosis of pathogenic agents
in many infectious disease outbreaks. The first SARS-CoV-2 genome was published in January of
2020 !2, a month after the outbreak was reported in the Wuhan market in China. The early
characterization of this novel virus' genome has been pivotal to control its spread through
diagnostics development 25?7 and in informing vaccine and therapeutics development 2%2°, This is
of particular importance to public health as traditional surveillance of emerging viral pathogens
lacks the capacity to characterise highly divergent or novel pathogens 3°. In other cases, symptoms
presented by patients with certain viral infections are often highly similar, for example, arboviruses
such as Zika, Dengue, Chikungunya and Yellow fever all present with minor variations of the same
symptoms that can easily result in wrong diagnosis and treatment if the infecting viral genome is
not characterised 3!.

Transmission Dynamics

Genetic sequence data of viruses can provide important insights into individual person-to-person
transmission events *2. Transmission-focused investigations such as the source and direction of
transmission between infected hosts are key to informing activities such as contact tracing and
isolation of hosts as a control measure. Genomic data can be used to support epidemiology in the
hypothesis of linked infections 3. Furthermore, with the use of next-generation sequencing (NGS)
technologies, the presence of minority variants within patient viral populations can also be
investigated. Several studies have relied on the utility of minority variants in informing the
evolution and transmission of SARS-CoV-2. For example, Shen et. al (2020) ** and Lythgoe et.
al (2021) *° investigated possible transmission events and diversity of SARS-CoV-2 using minority
alleles while Popa et. al (2020) 3¢ used minor alleles to determine the dynamics of viral spread in
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Austria. In parallel, minority analysis can also help to investigate co-infections of a single host
with multiple virus genotypes and intra-host evolution of chronics infections *7.

Outbreak Investigation

In outbreak investigations, genomics adds a layer of support to epidemiological evidence in
answering questions about the source of introduction of the pathogen and understanding
transmission dynamics in the early stages, which is essential for informing effective outbreak
control. This typically involves a series of methodological steps including sampling, sequencing,
and genome assembly of outbreak and non-outbreak control isolates, mapping of genomic
differences and inferring the relationship between the sequences, and evaluating the genomic
linkages in the context of known epidemiological connections ?*. This process has been the
foundation of numerous outbreak investigations during the SARS-CoV-2 pandemic - in airports,
in universities, in farms and more *%3°, This thesis contributed, for example, to solving the re-
emergence of SARS-CoV-2 in the island of Mauritius after 9 months of no recorded COVID
infections and ongoing government-managed 14-day quarantine of incoming passengers using
genomic sequencing of outbreak samples “°.

Phenotypic studies/ Immune escape studies

Genetic alterations to pathogens during outbreaks, epidemics or pandemics can result in important
phenotypic changes. Using genomic sequencing to track these mutations and inform phenotype-
genotype studies is critical to mitigate the challenges that shifts in pathogen behaviour can pose to
control measures. This includes pathogens developing complete or partial resistance to drugs or
vaccines or evolving better pathogenic abilities to expand epidemics. Such genetic characterization
has been critical in studying drug resistance to antiretrovirals in HIV treatment *!. The genotype-
phenotype association was also studied early in the SARS-CoV-2 pandemic 4’ and more
extensively when its impact was more seriously felt after variants of the virus caused new and
bigger waves of infections worldwide %46, Questions arose as to whether these variants were
more transmissible, more virulent, or would cause more re-infections. Genomic sequencing has
been key in answering these questions.

By studying mutations identified through sequenced viral genomes, scientists were able to quickly
show that new SARS-CoV-2 variants were either better at binding to human ACE2 receptors in-
vitro, hence supporting faster transmission, or better at evading immunity from neutralising
antibodies, hence hinting towards easier re-infections. There were also more hopeful conclusions.
In cohort studies, for example, sequencing demonstrated that T-cells against SARS-CoV-2
retained their activity against novel variants, suggesting that people with previous immunity would
have less chances of suffering from severe disease even if re-infected with a new variant 4748,
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SARS-CoV-2 evolution also threatened to endanger plans to utilise fast-tracked and very effective
vaccines as an emergency to curb an ongoing pandemic. Genomic sequencing played a key role in
evaluating the effectiveness of various SARS-CoV-2 vaccines against these variants in human
trials. Studies in South Africa, for example, reported no protection from mild to moderate infection
from the Beta variant after two doses of ChAdOx1 nCoV-19 # and breakthrough infections in
recipients of the Pfizer-BioNTech and Moderna vaccines >°. Fortunately, other studies ! involving
other variants have registered more promising results. Together these studies highlight the
usefulness of genomic sequencing in establishing the critical link between evolving genotype and
phenotypes, even in the ongoing pandemic.

Molecular characterization of pathogen

Genomic sequencing of pathogens during an outbreak or epidemic can allow scientists to
characterise key aspects of the evolution of a viral pathogen. For instance, by analysing the number
and types of genetic changes happening in sampled viral genomes over time, scientists can estimate
evolutionary rates of emerging viral pathogens and reconstruct their evolutionary path within
transmission chains. This helps establish critical knowledge around an emerging pathogen, which
will in turn permit robust inferences and estimates during outbreak investigation and inform more
public health responses in a more accurate manner.

Establishing a virus’ molecular clock is also tremendously important when characterising a
pathogen. The molecular clock hypothesis describes the accumulation of mutations as being
roughly constant with time. This was deduced after observation that the amount of genetic change
between two organisms is proportional to the duration of time separating the two organisms from
their last common ancestor >3, Molecular clocks are at the foundation of methods used in
outbreak investigations and to build time-scaled phylogenies. This time component is critical given
that it provides estimations of the time of origin of viruses or the time when last common ancestors
existed, which informs response to emerging pathogens, or preparedness against novel pathogens,
in a plethora of ways >,

Genomic Surveillance and Genomic Epidemiology in real-time

Well before the SARS-CoV-2 pandemic, scientists and health experts in the field called for a
strengthening of disease surveillance systems - and, with the democratisation of sequencing, a
shift towards a genomics-informed, real-time, global pathogen surveillance system, particularly
following the costly Ebola and Zika outbreaks in 2014 and 2015 respectively 2*. Genomic
surveillance allows for a framework where sequencing, genomics and bioinformatics can be
leveraged in the ways discussed above, and more, to start solving the unpredictable nature of
emerging and re-emerging infectious diseases. It can act as an important warning system to
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implement necessary actions and reduce the impact of outbreaks. The implementation of genomic
surveillance strategies generally have as objectives to understand outbreak dynamics, to perform
molecular mapping of viral spread and ultimately to execute a genomics-informed outbreak
response. To achieve this objective, genomic surveillance is poised to happen at several points of
the disease emergence timeline, each one happening on a different cumulative scale and each
having a specific goal towards mitigation of public health emergencies. These are, for instance,
wildlife surveillance of pathogen vectors or hosts to identify emergence likelihood hotspots, such
as bat surveillance efforts %7, rapid-response metagenomics diagnostics of outbreaks of unknown
causative agent 38, and finally in the context of genomic epidemiology. Genomic epidemiology
refers to the use of genome sequencing to understand infectious disease transmission and
epidemiology. It involves reconstructing transmission events from genomic data to form a picture
of epidemic dynamics, often utilising methods of phylogenetics and phylodynamics and
contributes to knowledge both with regards to molecular characterization of the pathogen and to
give a picture of how local and global epidemic patterns compare, which can ultimately guide
public health response. Phylodynamics refers to analyses where epidemiological and evolutionary
dynamics of pathogens are considered simultaneously for powerful investigations towards
epidemic preparedness or response. This is a concept first proposed by Grenfell et al. ° and now
key to infectious disease research, which captures how epidemiological, immunological and
evolutionary processes act to modulate the evolving phylogeny of pathogens. Genomic
surveillance and genomic epidemiology for infectious disease emergence has been utilized a
number of times before. This has included, for example, investigation of the epidemiology of Ebola
in West Africa %°, Zika in the Americas 3'°1¢2, and SARS in Asia .

However, this implementation has never been at the scale and stakes that it has been during the
current SARS-CoV-2 pandemic. In the past, there have been a number of obstacles to
implementing a global pathogen genomics surveillance system. Challenges exist along much of
the pipeline from sampling a pathogen, sequencing the pathogen, bioinformatics analysis of the
genomic data to ultimately making it useful for public health response. An important one has been
the general inaccessibility of genomic sequencing in settings where outbreaks of emerging
infectious diseases most often occur. Luckily, the advent of more affordable and portable
sequencing technologies started to help overcome this challenge. In 2014, the MinlON from
Oxford Nanopore Technologies was released on a model of a free dongle-type instrument powered
by USB connection to a laptop and consumers only pay for reagents and flow-cells ¢*. Since then,
the MinlON has been used for pathogen genomics in the field and on the go, for example during
the Ebola epidemic %% and Zika real-time mobile laboratory in Brazil (ZiBRA) ¢. Yet, challenges
of scaling up genomic surveillance for communities where it matters more remain. Even more
affordable and easier to manage technologies require an equitable distribution of funding, robust
capacity building and constructive engagement with public health officials for implementation in
low and middle income settings where increasing accessibility to genomic surveillance would have
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truly valuable benefits to disease control. Strategies to optimise the scaling up of genomic
surveillance are elaborated upon in the next subsection.

For genomic data to become useful to public health, particularly in emergencies like the current
pandemic, it is critical that the genome sequences be openly shared to allow for thorough genomic
epidemiology tool development and analyses that will inform rapid and accurate responses. For
the genomic epidemiology investigation of extensive outbreaks, epidemic and pandemics, this
publicly-shared data must ideally cover a sampling from the whole geographical and temporal
extent of the outbreak and must be accompanied by informative clinical metadata. In the past
however, there have been serious concerns around the feasibility and ethics of such an endeavour.
Genomic data come directly from patient samples and thus completely unrestricted access poses
issues related to patient privacy, safety, consent, concerns around inadequate data regulations,
reuse by third parties, and scientific or political disincentives to releasing data %®-7°. While rapid
data sharing had happened to some extent during previous epidemics, the current pandemic
demonstrated a real commitment to safe and ethical open access and open data from the academic
and public health institutions and other stakeholders of the pathogen genomics community, upheld
by GISAID 7!, the main database for genomic data sharing during the pandemic. As of the
beginning of October 2022, two and a half years roughly since the recognition of the SARS-CoV-
2 outbreak as a public-health emergency and pandemic, GISAID had facilitated the public sharing
of more than 13 million SARS-CoV-2 genomic sequences from all corners of the globe, 215
countries and territories to be exact. This unprecedented momentum of data sharing provided an
opportunity to track the evolution of the SARS-CoV-2 like never before.

Aims and Objectives

The main objectives of research conducted as part of this thesis were to apply innovative methods
of genomic surveillance and genomic epidemiology during the SARS-CoV-2 pandemic in South
Africa and Africa to answer key questions for public health response that relied on an
understanding of the ongoing molecular evolution of the virus. The specific questions to be
answered included the following:

What are the sources of introduction of the virus in South Africa and Africa?
When was the virus introduced?

How many introductions of the virus are occuring from abroad?

When did community transmission start?

Which lineages are circulating in a region?

Are any mutations emerging in local outbreaks?

Are we detecting any known or emerging variants?

How are emerging variants emerging, evolving and spreading?
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Study Design & Methodology

Genomic data was obtained from the whole genome sequencing of remnant diagnostics samples
that tested positive for SARS-CoV-2. These samples were collected during the course of the
evolving pandemic. Research conducted towards this thesis analysed the genetic characteristics
and evolution of the virus in order to investigate the transmission dynamics within outbreaks and
to determine how molecular changes in the virus are affecting the progression of epidemic waves.
This was achieved using three main arms of methodological techniques, as outlined below. More
in-depth methodological description accompanies each chapter where respective results are
presented.

Genome Assembly

The raw reads from sequencing were assembled by aligning to a reference genome, consensus
variant calling and correcting for sequencing artefacts to generate complete or near complete
pathogen genomes. Raw reads coming from both Nanopore and Illumina sequencing were
assembled using Genome Detective (https://www.genomedetective.com/) and the embedded
Coronavirus Typing Tool 72, As required, the initial assemblies obtained from Genome Detective
were polished by aligning mapped reads to the references and filtering out low-quality mutations,
and those were confirmed visually with bam files using Geneious software (Biomatters Ltd, New
Zealand). All of the sequences will be deposited in GISAID (https://www.gisaid.org/).

Genomic Epidemiology

Phylogenetic analysis (using Maximum Likelihood and Bayesian methods) of these genomes was
carried out in conjunction with a representative reference set to determine clades and lineages of
interest and determine the relatedness and molecular characteristics of samples. This allowed the
generated genomic data to be analysed in context of prevailing outbreaks or epidemics.

Reference dataset

Sequences were downloaded from the GISAID sequence database (https://www.gisaid.org/) as of
the specific dates of analysis to serve as reference dataset for the phylogenetic analysis of genomes
assembled as part of this thesis. Metadata associated with these sequences were also obtained from
GISAID. To ensure high accuracy of results, only the highest quality of genomic data were
included. Sequences that were <25kbp in length as well as sequences with a high proportion of
ambiguous sites (>5%) were filtered out. Additionally, sequences that lacked any geographic and
or sampling date information were also not considered. Due to the large size of the GISAID dataset,
specific schemes were used for genomic dataset subsampling as per the needs of the research
questions being answered. One strategy is to scale the number of sequences in the reference set by
the size of the epidemic in sampling countries. These are more thoroughly described in each
chapter.
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Lineage, clade and variant classification

The best available lineage classification methods at each respective point along the thesis research
were used for sequence analysis. A dynamic lineage classification method was proposed by
Rambaut et al. early on in the pandemic 7 via the Phylogenetic Assignment of named Global
Outbreak LINeages (PANGOLIN) software suite (https:/github.com/hCoV-2019/pangolin) 7.
This is aimed at identifying the most epidemiologically important lineages of SARS-CoV-2,
allowing researchers to monitor the epidemic in a particular geographical region more effectively.

Two main SARS-CoV-2 lineages were initially recognized; lineage A, defined by
Wuhan/WH04/2020 and lineage B, defined by Wuhan-Hu-1 strain. Although Wuhan-Hu-1 was
the first published genome from SARS-CoV-2, it is classified as lineage B. Phylogenetic analyses
of SARS-CoV-2 identified sequences from lineage A to be more closely related to a bat
coronavirus, which suggest this to be the first lineage (hence A). Sub-lineages can further diversify
into sub sub-lineages (e.g. A-1-1). The Nextstrain and Nextclade systems of SARS-CoV-2 clade
nomenclature 7°> were also used where appropriate, particularly when variants of concern emerged
and circulated as bigger clades of interest. Following the global circulation of VOCs and associated
infection waves, the WHO designated official Greek letter nomenclature to clades and lineages of
public health concern or interest 76, Classification of sequences as lineages, clades or variants were
often interchangeable and the use of nomenclature highly specific to the intended audience of
related research or scientific communication.

Phylogenetic analysis

In order to reconstruct the evolutionary history of sampled SARS-CoV-2 genomes, phylogenetic
trees were inferred using a variety of relevant techniques. First, sequences were aligned to one
another and to the reference using either MAFFT 77 or Nextalign 8. For preliminary analyses, and
those requiring the incorporation of a large set of genomes, maximum likelithood (ML) tree
topologies were constructed, either in [Q-TREE (GTR+G+I, no support) or Fasttree. Resulting ML
tree topologies were usually transformed into a time scaled phylogenies where necessary using
TreeTime 7° with a clock rate of 8x10-4 and rooted along the branch of Wuhan-WHO04 (GISAID:
hCoV19/Wuhan/WH04/2020) and Wuhan Hul (Genbank: MN908947). At times, the Nextstrain
build pipeline was used to construct interactive SARS-CoV-2 phylogenies %°. SARS-CoV-2
phylogenetic trees were used to identify clusters of community transmission in a certain location,
identify lineages of interest and track viral transmission chains in South Africa or Africa.

Based on these large phylogenies of SARS-CoV-2, it was also possible to infer viral importation
and exportation routes, in order to identify sources of introductions for instance. To do this, a
mugration model was fitted on the resulting time-scaled tree topology in TreeTime 7, mapping
country locations to tips and internal nodes. The resulting annotated tree topology was used to
infer the number and origin of viral introductions into target countries (e.g. South Africa) through
time.
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For clusters of interest or emerging lineages, it may become necessary to estimate precise dates of
origin and reconstruct their spatiotemporal dispersal pattern accurately. For this purpose, Bayesian
coalescent analyses were performed. The purpose of these analyses were mainly to: (i) estimated
date of origin for SARS-CoV-2 lineages and variants, (ii) infer the estimated date to the most
recent common ancestor (MRCA) for major lineages and variants, (ii1) infer the estimated dates of
viral introductions into specified countries or regions in a Bayesian framework, and (iv)
reconstruct the phylodynamics and phylogeography of viral dispersal.

First, preliminary ML tree topologies were constructed as described above and used to analyse the
molecular clock signal for the viral lineage in TempEst software suite 8!. Coalescent molecular
clock analyses were performed on clusters with significantly high temporal signal in BEAST
software 283, In short, analyses were run either under a strict assumption at a constant evolutionary
rate of 8x10-4 nucleotide substitutions per site per year, or a relaxed molecular clock, depending
on the purpose and context of the analysis, and an exponential growth coalescent tree prior. The
Markov Chains were usually run in duplicate for a total length of 100 million steps sampling every
10,000 iterations in the chains, or until the runs converged. Runs were assessed in Tracer for good
convergence (ESS>200) and TreeAnnotator after discarding 10% of runs as burn-in.

Data Visualisation

Throughout research conducted towards this thesis, data visualisation concepts were developed
and used to carefully and creatively present results of genomic epidemiology. Methods used
included data analysis and visualisation software such as R ggplot 3% and ggtree %, Seraphim 8,
Figtree (http://tree.bio.ed.ac.uk/software/figtree/). Genomics and phylogenetics results were
integrated with various epidemiological datasets for context and optimal communication of
genomic epidemiology significance of these results. Epidemiological datasets used in this research
included Our World in Data COVID-19 repository (https://github.com/owid/covid-19-
data/tree/master/public/data), aggregated COVID-19 incidence data from South Africa by the Data
Science for Social Impact Research Group @ University of Pretoria group
(https://github.com/dsfsi/covid19za), excess death reports from the South Africa Medical
Research Council (SA-MRC) (https://www.samrc.ac.za/reports/report-weekly-deaths-south-
africa), and estimates of effective daily reproductive values (Re) from the COVID-19-Re data
repository (https://github.com/covid-19-Re/dailyRe-Data) ¥'.
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Chapter 2: Sixteen novel lineages of SARS-CoV-2 in

South Africa

This study, a collaboration with colleagues from the Network for Genomic Surveillance in South
Africa (NGS-SA), retrospectively analyses viral genomes of SARS-CoV-2 collected in South
Africa over the first wave of the pandemic as part of routine genomic surveillance in all provinces
of the country. This was the first genomic epidemiology investigation of national scale to come
out of South Africa. It uncovers unique transmission dynamics that unfolded during this time,
including early introductions from Europe, followed by a period of local amplification of certain
viral lineages. This study reveals sixteen lineages unique to South Africa during those early stages
of the pandemic, three of which spread nationally and dominated most infections in that first wave.
As the first author, I conceptualised and led the analysis from sequence assembly, curation of a
genomic dataset, phylogenetic and phylogeography analysis, data visualisation and writing. The
impact of this paper was critical, as it formed the very baseline and methodology that allowed for
the quick identification of the Beta and Omicron variants of concern by the same team later on in
the pandemic, efforts which then became globally recognized as early warning systems for SARS-
CoV-2 evolution.

This chapter was published as a peer-reviewed research article in Nature Medicine in February
2021 and can be accessed at the following DOI: 10.1038/s41591-021-01255-3. The chapter is
presented in a similar format as the journal article. A full list of authors and affiliations is shown
below.
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Abstract

The first SARS-Co-V-2 infection in South Africa was identified on 5 March, 2020 and by 26
March, the country was in full lockdown (Oxford stringency index of 90)!. In spite of the early
response, by November 2020, over 785,000 people in South Africa were infected, which accounted
for approximately 50% of all known African infections?. Here, we analyze 1,365 near-whole
genomes and report the identification of 16 new lineages of SARS-CoV-2 isolated between 6
March and 26 August 2020. Most of these lineages have unique mutations that have not been
identified elsewhere. We also show that three lineages (B.1.1.54, B.1.1.56, and C.1) spread widely
in South Africa during the first wave, comprising ~42% of all infections in the country at the time.
The newly identified C lineage of SARS-CoV-2, C.1, which has 16 nucleotide mutations as
compared with the original Wuhan sequence, including 1 amino acid change on the spike protein,
D614G?, was the most geographically widespread lineage in South Africa by the end of August
2020. An early South-African specific lineage, B.1.106, which was identified in April 20204,
became extinct after nosocomial outbreaks were controlled in KZN. Our findings show that
genomic surveillance can be implemented on a large scale in Africa to identify new lineages and
inform measures to control the spread of SARS-CoV-2. Such genomic surveillance presented in
this study has revealed to be crucial in the identification of the 501Y.V2 variant in South Africa in
December 2020°.

Main text

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a novel betacoronavirus,
first detected in China in December 2019%7. Since then, the coronavirus disease (COVID-19) has
developed into a global pandemic, resulting in several waves of epidemics, infecting over 85
million people, and causing > 1.9 millions deaths by 9 January 2021, globally. Lockdown and
travel restriction measures have varied from country to country, which has dictated the profile of
local outbreaks. Through the sharing of SARS-CoV-2 sequences during this pandemic, including
from one of the first cases in Wuhan, China (MN908947.3)7, genomic epidemiology investigations
are playing a major role in characterizing and understanding this emerging virus®!3. SARS-CoV-
2 has typically been classified into two main phylogenetic lineages, lineage A and lineage B. While
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both lineages originated in China, lineage A spread from Asia to the rest of the world, whereas
lineage B predominantly spread from Europe!®.

The COVID-19 epidemic in South Africa is by far the largest in Africa, with > 785,000 individuals
infected and >20,000 deaths by end of November 2020. The first case of SARS-CoV-2 infection
in South Africa (SA) was recorded in KwaZulu-Natal (KZN) on 5 March 2020 in a traveler
returning from Italy!'>. Around mid-March, cases of community transmission were reported across
the country. The profile of SARS-CoV-2 epidemiological progression in South Africa was largely
influenced by the implementation of lockdown measures in the early phases of the epidemic and
the subsequent easing of these measures. On 26 March 2020, the government-imposed, nationwide
lockdown included the prohibition of all gatherings, travel restrictions, and closure of schools and
non-essential businesses (Oxford stringency index of 90, or commonly known in South Africa as
level 5 lockdown; Supplementary Table 1)!°. Although the epidemic was growing, lockdown
measures were progressively eased on 1 May, 2020 (level 4) and on 1 June, 2020 (level 3) to
mitigate negative impacts on the country’s economy. For example, by 1 June, interprovincial travel
was allowed and there was no curfew on the movement of people. Restrictions were further relaxed
on 17 August (level 2), allowing restaurants and bars to open. More restrictions were lifted on 1
October (Fig 2.1A) once the initial peak of new daily infections had passed, allowing students to
return to university campuses and South Africa to return to normality. The epidemic in South
Africa can generally be characterized by two phases, one dominated by travel-related early
introductions, and the second being the period of peak infections (Fig 2.1A).

We monitored the likelihood of SARS-CoV-2 transmission by estimating the effective
reproduction number, Re, which provides a measure of the average number of secondary infections
caused by an infected person!’. Typically, a growing epidemic is characterized by Re > 1 and Re
<1 indicates a slowed progression. At the start of the epidemic, in mid-March 2020, we estimated
the Re value to be > 3, quickly falling after the start of lockdown to a value of < 1 in late-March
2020. A subsequent jump in the Re value to > 1 in April 2020 was found to be concurrent with the
timing of a number of localized outbreaks in the country, including nosocomial outbreaks'®. The
Re value again dropped to < 1 at the beginning of August 2020, coinciding with a decrease in the
daily number of positive cases recorded (Fig 2.1A).

Genomic epidemiology is important to understand SARS-CoV-2 evolution and track the dynamics
of transmission across the world® '3, By 15 September 2020, at the tail end of the first
epidemiological peak in the country, we had produced 1365 SARS-CoV-2 genomic sequences,
2020 (>90% coverage; publicly shared on GISAID!®) in our laboratories as part of the Network
for Genomic Surveillance (NGS-SA) consortium?®. These genomes were sampled between 6
March and 26 August, 2020 in eight of the nine provinces of South Africa and in all the districts
of KZN province, (Appendix A - Extended Data Figure 1), and represented consistent sampling
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from the beginning of the epidemic and corresponding to important events of the epidemiological
progression (Fig 2.1A).

We estimated maximum likelihood (ML) and molecular clock phylogenies for a dataset containing
7213 global genomes, including 1365 South African genomes, sampled from 24 December 2019
to 26 August 2020 (Fig 2.1C). Time-measured phylogeographic analyses estimated at least 101
introductions into South Africa. The bulk of imported introductions happened before lockdown
(26 March, 2020) from Europe, when the epidemic was most quickly progressing (Figure 2.1B).
Although at least 67 introduction events are inferred to have occurred after lockdown, these
represent only 5% of the genomes that were sampled following lockdown (Fig 2.1C). In the early
phases of the epidemic, before 1% of April. 34 introductions were inferred from 35 genomes
sampled (97.1%), which we call early introductions (Fig 2.1B). The small number of apparent
introductions after lockdown could be explained by more intensive genomic sampling at later
stages, which likely revealed introduction events linked to previously undetected transmission
chains.

The early introductions were mostly isolated cases with a few occurrences of small onward
transmission clusters, by contrast with large transmission clusters during the peak infection phase
(Fig 2.1D). The period between these two phases was inferred to be characterized by localized
transmission events, which saw the emergence and spread of new lineages, which were later
amplified during the first peak of the epidemic. The South African genomes in this study were
assigned to 42 different lineages based on the proposed dynamic nomenclature for SARS-CoV-2
lineages!*. This included 16 South Africa specific lineages, defined as being lineages that are
presently predominant in South Africa by cov-lineages.org as of 15 September 2020?! (Appendix
A - Extended Data Figure 2). One of these has been assigned a novel SARS-CoV-2 main lineage
classification, lineage C, the parent of which is lineage B.1.1.1.

Extensive SARS-CoV-2 genomic sampling, which has spanned the duration of the epidemic to
date, and analyzed until the end of the first wave in this study, enabled for such lineage emergence
to be observed, similar to the genomic investigation of SARS-CoV-2 in the United Kingdom??.
During the first wave of the epidemic in South-Africa, until 15 September 2020, a total of 42
detectable SARS-CoV-2 phylogenetic lineages were circulating in the country, with an average of
around 10 lineages circulating per epidemiological week, peaking to 24 in the weeks of highest
infections. During the same timeframe, >1000 such transmission lineages were circulating in the
UK. We focused on the three largest monophyletic lineage clusters (C.1, B.1.1.54, B.1.1.56,) that
spread in South Africa during lockdown and then grew into large transmission clusters during the
peak infection phase of the epidemic (Fig 2.1D).
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Figure 2.1: Monitoring SARS-CoV-2 Epidemic in South Africa using genomic sequencing.
A) Epidemiological curve showing the progression of daily COVID-19 numbers in South Africa,
changes in Re estimations (mean estimated median Re with upper and lower bounds of the 95%
confidence interval shown), lockdown levels and the timing of genomic sampling in South Africa
from the beginning of the epidemic to 15 September 2020. B) Estimated numbers of introductions
into SA coloured by region of origin. C) Overall sampling of genomes in South Africa coloured
by whether the genomes are associated with introduction events (origins outside South Africa) or
not (origins in South Africa). D) Maximum clade credibility (MCC) tree of 7213 global genomes
including 1365 South African sequences, indicating a period of early introductions and a period of
peak infection separated by a period of emergence of new lineages. The three largest monophyletic
lineage clusters in South Africa, along with the early B.1.106 South African lineage, are labelled.

B.1.1.54,B.1.1.56, and C.1 were the three largest monophyletic clusters of observed South-African
lineages that emerged and spread in the country following lockdown and into the first peak of the
epidemic. They contain 320, 104, and 151 genomes, respectively, which represents 42.1% of the
total genomes in this study (Appendix A - Extended Data Figure 2), with a clear over-
representation from mid-May to September 2020 (Fig 2.2D). Genomes belonging to these lineages
were sampled in five adjacent provinces of South Africa and in all 11 districts of KZN province
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(Fig 2.2B, 2.2C, Appendix A - Extended Data Figure 3), and corresponded to timepoints spanning
from 31 March 2020 to 26 August 2020 (Figure 2.2B, 2.2C). We compared Ct scores, as
approximations of viral loads, for genomes for which this was measured (n=653) and found no
significant difference between the Ct scores of sequences belonging to these three lineages and the
others (Appendix A - Extended Data Figure 4). This suggests that the fast spread of the lineages
of interest is likely a result of localized outbreaks and expected transmission dynamics, rather than
caused by any fitness advantage, with the caveat that samples with Ct scores measured might have
been collected at different times during the course of infection, which could obscure lineage-
associated differences.

In order to provide details on the spatiotemporal diffusion of South African specific lineages, we
used a continuous phylogeographic model that maps the phylogenetic nodes to their inferred
geographical origin locations (Fig 2.2A). Bayesian Markov chain Monte Carlo (MCMC) analysis
suggests that these lineages emerged between 15 February and 24 May 2020 (Appendix A -
Extended Data Figure 6). Our phylogeographic reconstruction suggests that lineage B.1.1.56
emerged in the city of Durban (eThekwini, ETH) around mid-March 2020 (95% HPD 2020-02-15
—2020-03-30). It appears that from June onwards, this lineage quickly disseminated to all of the
districts in KZN. This occurred when the country moved from lockdown level 4 to 3, which
allowed for increased movement of people and goods between districts. Lineage C.1 most likely
emerged in early May 2020 (95% HPD 2020-04-24 — 2020-05-24) in the city of Johannesburg,
located in Gauteng province, from where it quickly spread to the adjacent North-West province,
causing a large nosocomial outbreak?*. Furthermore, the lineage spread through two independent
events to the northern province of Limpopo and to northwestern KZN. From this location, the
lineage further spread into all districts of KZN and to the adjacent Free State Province.
Unfortunately, lineage B.1.1.54 showed poor temporal signaling (Appendix A - Extended Data
Figure 5) and therefore Bayesian spatiotemporal analyses could not be performed for this cluster.
A closer look at the cluster (from the ML timetree) is, however, shown in Appendix A - Extended
Data Figure 6 and indicates that this lineage was first sampled in KZN and Gauteng and later
spread in large numbers in the provinces of KZN, North West and the Free State.
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Figure 2.2: Geographical distribution and spread of lineage clusters in (5) five provinces and
all districts of KZN. A) Mapping the spread of the B.1.1.56 cluster (left) and the C.1 cluster (right)
from phylogeographic reconstructions. Time scale is specified in decimal dates from 2020.2
(March 2020) to 2020.6 (July 2020). B) Sampling timeline and locations of genomes belonging to
each lineage cluster in (5) five provinces. C) Sampling timeline and locations of genomes
belonging to each lineage cluster in all 11 districts of KZN province. D) The progression of the
proportions of genomes belonging to the main lineage clusters over time.

We analyzed the sequences of the three main lineage clusters in order to determine their lineage-
defining mutations, if any. On average, sequences in the C.1 cluster accumulated roughly 16
mutations, while B.1.1.56 and B.1.1.54 have approximately 13-14 mutations relative to the Wuhan
reference (MN908947.3) (Fig 2.3A). This is relatively higher than the number of acquired
mutations in other sequences as of 26 of August 2020, which is consistent with these three lineages
having emerged more recently than others in the study, hence accumulating more genomic
changes. Sequences are assigned lineages based on the presence of certain lineage-defining
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mutations (Appendix A - Extended Data Figure 7). The sequences belonging to B.1.1.54, B.1.1.56
and C.1 all have the mutations that define their B.1.1 parental lineage (C.1 was previously known
as B.1.1.1.1) (Fig 2.3B), including the 23403 A>G (Spike D614G) mutation, with additional
mutations that differentiate them (Fig 2.3B). Sequences in B.1.1.54 have the 125037>C (NSPS:
YI138H) and 29721C>T mutations in > 90% frequency, similar to 22675C>T for B.1.1.56, and
4002C>T (NSP3: T4281), 10097G>A (3C-like proteinase: G15S), 13536C>T, 18747C>T and
23731C>T for C.1 (Fig 2.3B). The early hospital-linked lineage B.1.106 was defined by the
16376C>T (helicase: P47L) mutation. Five of these mutations, /25037>C, 16376C>T,
18747C>T 29721C>T and 22675C>T, are predominantly present in South African SARS-CoV-2
genomes, with just a few occurrences found elsewhere globally (Fig 2.3C and Appendix A -
Extended Data Figure 8), whereas other lineage-defining mutations are also common in other
countries (Appendix A - Extended Data Figure 8). There are two other highly prevalent nucleotide
mutations on the spike protein in the B.1.56 and C.1. lineages, 22675C>T and 23731C>T; however
these are synonymous mutations and are distinct from those identified in 501Y.V25,

42



Figure 2.3: Lineage-defining mutations of the three main SA lineage clusters. A) Violin plot
showing the number of mutations in each cluster. B) Variant maps of the most common mutations
in each cluster mapped against the SARS-CoV-2 genomes. Most common mutations, defined as
mutations present in >90% of the genomes in that group. C) Change in frequency of some unique
South African mutations over time in South Africa vs the rest of the world.

Major contributors to lineage amplifications in South Africa were hospital outbreaks. For example,

lineage C.1 was amplified in a nosocomial outbreak in the North West Province in April 2020%*
before spreading to KZN and other provinces. Another South African lineage, B.1.106, also
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emerged in a nosocomial outbreak in KZN in April 2020. This was a large outbreak that infected
100 healthcare staff and 65 patients, and dominated most of the early infections in Durban, South
Africa (Figure 2.4B). This nosocomial outbreak attracted national attention as it was responsible
for 14% of the infections in KZN and over 45% of the national deaths in early April 2020. We
used genetic sequencing, together with active outbreak investigation to understand how the virus
entered and spread in this hospital'®. This lineage also spread to the population and caused a second
nosocomial outbreak in a nearby hospital that infected 15 health care workers (Figure 2.4A). These
two nosocomial outbreaks were identified within days of the first infection and were followed with
active infection and prevention control measures®*!8. The B.1.106 linecage largely subsided
following the outbreak investigations and isolation of all infected individuals. The B.1.106
lineage’s prevalence at the population level decreased quickly after June 2020 (Figure 2.4B).

Figure 2.4: Lineage B.1.106 phylogenetic tree and dispersion throughout KwaZulu-Natal
(KZN). A) Phylogenetic tree of B.1.1.106 sequences by nosocomial outbreak (Clustered Hospital
1, CH1 and CH3) and district location. B) Proportion of sequences classified as B.1.106 over time
in KZN. C) Mapping the spread of the B.1.106 lineage from phylogeographic reconstructions.
Time scale is specified in decimal dates from 2019.8 (November October 2020) to 2020.5 (June
2020). Shade circular patterns represent confidence intervals of location estimation.
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We report an in-depth analysis of the spread of SARS-CoV-2 in South Africa from 6 March 2020
to 26 August 2020 showing that the bulk of introductions happened before lockdown and travel
restrictions were implemented on March 26 2020. However, despite drastic lockdown measures,
the pandemic spread quickly, causing over 785,000 laboratory confirmed infections by November
2020. In order to track the evolution of the virus in real-time, we formed the NGS-SA?, a
consortium of genomics and bioinformatics scientists who worked with national government
laboratories to quickly generate and analyze data in the country. We produced 1,365 SARS-CoV-
2 genomes and mapped the emergence of 16 novel lineages in South Africa. We found that three
main lineages were responsible for almost half of all the infections in South Africa as of 15
September 2020. Despite a relative sequencing bias in KZN, we were able to detect these major
lineages across multiple provinces. It is therefore likely that more extensive sampling throughout
the country could detect the spread of these lineages nationally, especially during the period when
lockdown levels were eased and mobility increased. Indeed, data from Cape Town also later
identified 27 sequences available in GISAID of the C.1 lineage! (EPI ISL 660121-
EPI ISL 660150, EPI ISL 660158). B.1.1.54, B.1.1.56 and C.1 were the most geographically
widespread lineage in South Africa during the time of this study.

Genomic data was also used in real-time to identify and control nosocomial outbreaks. The B.1.106
lineage, which was the first South African lineage to be identified, was leveraged to document how
the virus spread inside a large hospital in Durban, KZN. The lessons learned in this outbreak were
used to quickly control a second nosocomial outbreak in a nearby hospital. The active outbreak
response, investigation and isolation of positive cases may have limited the spread of this lineage.
Our analysis therefore shows that a number of SARS-CoV-2 lineages, each with unique mutations,
emerged within localized epidemics during lockdown even as the introduction of new lineages
from outside South Africa was being curbed.

That many of the mutations in our analysis are synonymous and that differences in Ct values do
not seem to be affected by the infecting viral strain argues against selection for fitter variants,
which contrast reported characteristics of variant 501Y.V2°. All four of the main lineages reported
in the current study contain the D614G mutation in the spike gene. Furthermore, the D614G
mutation is found in 1350 (95%) of the South African sequences and >99% of sequences (1241 of
1244) sampled after May 2020. Although we are currently investigating any fitness cost associated
with the different lineages, we found only other three non-synonymous mutations in Spike
(A688V, G769V, A1078S) with frequency ranging from 1.2 to 3.6% in this dataset, which suggests
that the evolutionary stability of SARS-CoV-2 and in particular the spike protein was maintained
in South Africa during the first wave of the pandemic. However, during this study, whether any of
the low prevalence spike mutations reported could have a fitness advantage in terms of
transmission, viral replication, or a reduced immunogenicity, was unknown. That said, we remain
vigilant that there remain small recurrent gaps in our genome sequences in potentially important
regions, especially in some of our lower quality sequences. We believe these gaps might have been
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introduced due to potential primer mismatch in small parts of the ORF1b, S and ORF3a genes
(Appendix A - Extended Data Figure 9). However, as we enter the period where re-infections and
re-introduction of the viruses from international travelers is becoming more frequent, pre-existing
immune responses could exert enough pressure on SARS-CoV-2 to select for resistance mutations.
The dynamic nature of the COVID-19 epidemic in South Africa, and globally, supports the case
for continued genomic surveillance of SARS-CoV-2. We are currently investigating limits to
cross-reactivity between strains. Limited cross-reactivity could lead to effects such as antibody
dependent enhancement (ADE) in response to a vaccine with a non-native strain. ADE occurs in
infections such as Dengue when a previously infected individual is infected with a second strain
of virus, which antibodies from the first infection can bind to but not neutralize viral proteins®.
There is a chance that this could also happen to SARS-CoV-2 if the pandemic is not controlled
over a long time providing a greater opportunity for viral evolution, which could potentially impact
efficacy of current vaccines.

This study emphasizes the usefulness of integrating genomic surveillance methods to document
and to help control SARS-CoV-2 spread in local and national settings. Genomics data can also be
used in real-time to inform and consolidate national outbreak investigation and response strategies
widely throughout Africa.
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Methods

Ethical statement

We obtained deidentified remnant nasopharyngeal and oropharyngeal swab samples from patients
testing positive for SARS-CoV-2 by RT-qPCR from public health and private medical diagnostics
laboratories (Supplemental Table 3. The project was approved by University of KwaZulu-Natal
Biomedical Research Ethics Committee. Protocol reference number: BREC/00001195/2020. Project title:
COVID-19 transmission and natural history in KwaZulu-Natal, South Africa: Epidemiological
Investigation to Guide Prevention and Clinical Care. This project was also approved by University of the
Witwatersrand Human Research Ethics Committee. Clearance certificate number: M180832. Project title:
Surveillance for outpatient influenza-like illness and asymptomatic virus colonization in South Africa.
Sequence data from the Western Cape was approved by the Stellenbosch University HREC Reference No:
N20/04/008_COVID-19. Project Title: COVID-19: sequencing the virus from South African patients.
Patient consent was not required for the genomic surveillance. This requirement was waived by the
Research Ethics Committees.

Epidemiological data

We analyzed COVID-19 cases counts in South Africa from publicly released data up to 15th
September 2020 from the National Department of Health (NDoH) and the National Institute for
Communicable Diseases (NICD) in South Africa. 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 NDoH releases daily updates on the number of new
confirmed cases, deaths and recoveries, with a breakdown by province. For correlation with
government epidemic control measures, information from government press releases and speech
transcripts was extracted. To illustrate the epidemic progression, the daily number of confirmed

cases for South Africa was plotted alongside a timeline of lockdown levels and variation in
estimated virus reproduction number until the 15th of September 2020.

Estimation of reproduction number

The estimations for effective daily reproduction number, Re, of SARS-CoV-2 in South Africa
were obtained from the covid-19-re data repository (https://github.com/covid-19-Re/dailyRe-
Data)!” as at 15" September 2020. The effective reproductive number describes the average
number of secondary infections caused by an infected individual. As described previously!”, the
relevant method of calculation of Re builds upon another method developed by Cori et al.?’,
accessible through EpiEstim R package. Instead of using a time series of infection incidence,
which cannot be observed directly, the relevant method infers the infection incidence time series
based secondary sources of information such as COVID-19 confirmed case data, hospital
admissions, and deaths. This was considered in combination with two other sets of time variables:
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1) the duration of SARS-CoV-2 incubation period and ii) the time delays between onset of
symptoms and a positive test, a hospital admission or the death of a patient. The relevant method
infers infection time series from the stated observed incidence data by deconvolution?®2°,

SARS-CoV-2 samples and metadata

Residual samples from nasopharyngeal and oropharyngeal swabs collected from COVID-19
positive patients obtained from all 11 districts for the province of KwaZulu-Natal (KZN), were
used for SARS-CoV-2 WGS. We obtained samples either in the form of primary swabs or
extracted RNA. The swab samples were heat inactivated in a water bath at 60°C for 30 minutes,
in biosafety level 3 laboratory, prior to RNA extraction. RNA was extracted using the Viral
NA/gDNA Kit on the Chemagic 360 system (Perkin Elmer, Hamburg, Germany) using the
automated Chemagic 360 insturment (Perkin Elmer, Hamburg, Germany) or manually using the
Qiagen Viral RNA Mini Kit (QIAGEN, California, USA). Associated metadata for the samples
included date and location (district) of sampling, and sex and age of the patients.

Real Time RT-PCR
In order to detect the SARS-CoV-2 virus by PCR, the TaqPath COVID-19 CE-IVD RT-PCR Kit
(Life Technologies, Carlsbad, CA) was used according to the manufacturer’s instructions. The

assays target genomic regions (ORFlab, S protein and N protein) of the SARS-CoV-2 genome.
RT-PCR was performed on a QuantStudio 7 Flex Real-Time PCR instrument (Life Technologies,
Carlsbad, CA). Cycle thresholds (Ct) values were analyzed using auto-analysis settings with the
threshold lines falling within the exponential phase of the fluorescence curves and above any
background signal.

Whole genome sequencing and genome assembly

cDNA synthesis was performed on the RNA using random primers followed by gene specific
multiplex PCR using the ARTIC protocol *°. Briefly, extracted RNA was converted to cDNA using
the Superscript IV First Strand synthesis system (Life Technologies, Carlsbad, CA) and random
hexamer primers. SARS-CoV-2 whole genome amplification by multiplex PCR was carried out
using primers designed on Primal Scheme (http://primal.zibraproject.org/) to generate 400bp
amplicons with an overlap of 70bp that covers the 30Kb SARS-CoV-2 genome. PCR products
were cleaned up using AmpureXP purification beads (Beckman Coulter, High Wycombe, UK)
and quantified using the Qubit dSDNA High Sensitivity assay on the Qubit 4.0 instrument (Life
Technologies Carlsbad, CA).

The Illumina® Nextera Flex DNA Library Prep kit was used according to the manufacturer’s
protocol to prepare uniquely indexed paired end libraries of genomic DNA. Sequencing libraries
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were normalized to 4nM, pooled and denatured with 0.2N sodium acetate. 12pM sample library
was spiked with 1% PhiX (PhiX Control v3 adapter-ligated library used as a control). Libraries
were loaded onto a 500-cycle v2 MiSeq Reagent Kit and run on the Illumina MiSeq instrument
(Illumina, San Diego, CA, USA).

Raw reads coming from Illumina sequencing were assembled using Genome Detective 1.126
(https://www.genomedetective.com/) and the Coronavirus Typing Tool 3!*2. The initial assembly
obtained from Genome Detective was polished by aligning mapped reads to the references and
filtering out low-quality mutations using bcftools 1.7-2 mpileup method. All mutations were
confirmed visually with bam files using Geneious software (Biomatters Ltd, New Zealand). All of
the sequences were deposited in GISAID (https://www.gisaid.org/)!°, and the GISAID accession
included as part of the Supplementary Table Data S1.

Compilation of SARS-CoV-2 South Africa dataset

To present a comprehensive analysis of the genomic epidemiology of SARS-CoV-2 in South
Africa, the genomes generated as of 15™ September 2020 (n=1111) were combined with all other
South African genomes available in GISAID as at the same date (n=298). Appropriate
acknowledgement was given to the sequencing laboratories (Supplementary Data S2), and this
resulted in a dataset of 1409 genomes. Sampling locations of genomes in this dataset included all
provinces in South Africa, and all districts in KZN, the most sampled province (Appendix A -
Extended Data Figure 1), and collection dates spanned from 6 of March 2020 (the first cases in
SA) to 26-August 2020.

Quality control of genome sequences

Prior to phylogenetic reconstruction we filtered out low quality sequences from the dataset. We
retrieved all South African SARS-CoV-2 genotypes from the GISAID database as of 26" of
August 2020 (N=1,409). We filtered out all genotypes that met any of the following criteria: (1)
Sequences with <90% genotype coverage; (2) genotypes with too many mutations (defined as
having >20 nucleotide mutations relative to the Wuhan reference), which would violate the SARS-
CoV-2 molecular clock at the time of study; (3) genotypes with >10 ambiguous bases; and (4)
genotypes with clustered mutations defined as mutations in close proximity to one another. These
are the standard quality assessment parameters employed in  NextClade
(https://clades.nextstrain.org). To this end we analyzed all 1,409 South African genotypes. A total
of 16 South African genotypes were filtered out due to low coverage, while a further 28 were
removed due to poor sequence quality. All the genomes in this dataset had a total coverage of
>90%, with 70.4% of them (n=959) having a coverage of >99%, and 94.1% (n=1283) of them
having a coverage of >95% relative to the reference, while 53.1% (n=726) of genomes had no
missing nucleotides, giving a coverage of 100%”. The final dataset of South African sequences

(N=1365) were further annotated with additional metadata information (sampling locations,
unique lab IDs, and outbreak numbers) (Appendix A - Extended Data Figure 10. The bulk of the
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South African sequences (~81%) were sampled within the province of KZN, with sampling from
all of the 11 districts within the province.

Global reference dataset

South African sequences were analyzed against a backdrop of globally representative SARS-CoV-
2 genotypes. At the time of sequence analysis, more than 90,000 SARS-CoV-2 genotypes have
been publicly shared. Due to the sheer size of this dataset and over sampling and in specific
countries (e.g. England) we had to down sample this dataset to a manageable size. Important
lineage defining genotypes along with ten randomly sampled genotypes per location were included
in the phylogenetic reconstruction. The final 5,848 references contained 889 other African
genotypes, 1,209 genotypes from Asia, 2,775 genotypes from Europe, 434 and 367 genotypes from
North and South America respectively and 174 genotypes from Oceania.

Phylogenetic analysis of SARS-CoV-2 in South Africa

South African genotypes were analyzed against the global reference dataset using a custom build
of the SARS-CoV-2 NextStrain build (https://github.com/nextstrain/ncov). The pipeline contains
several python scripts that manage the analysis workflow. In short it allows for the filtering of
genotypes, the alignment of genotypes in MAFFT*, phylogenetic tree inference in I1Q-Tree, tree
dating and ancestral state construction and annotation. The resulting time scaled phylogeny can be
viewed interactively and has been shared publicly on the NGS-SA NextStrain page
(https://nextstrain.org/groups/ngs-sa/COVID19-Africa-2020.09.16).

The raw ML-tree topology that was produced by the NextStrain build was used to estimate the
number of viral introductions through time into South Africa. TreeTime* was used to transform
this ML-tree topology into a dated tree topology using a constant rate of 8.0 x 10* nucleotide
substitutions per site per year, following the exclusion of outlier sequences. A migration model
was fitted on the resulting time scaled tree topology in TreeTime mapping country locations to tips
and internal nodes. The resulting annotated tree topology was used to infer the number of viral
introductions into South Africa through time.

Lineage & Clade classification

We used the dynamic lineage classification method proposed by Rambault et al.'* in this study via

the Phylogenetic Assignment of named Global Outbreak LINeages (PANGOLIN) software suite
(https://github.com/hCoV-2019/pangolin). This is aimed at identifying the most epidemiologically
important lineages of SARS-CoV-2 at the time of analysis, allowing researchers to monitor the

epidemic in a particular geographical region. Accordingly, with this recently proposed dynamic
lineage classification many factors might suggest a new lineage including: i) monophyletic clusters
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on a global tree; ii) the presence of a statistically significant support (bootstrap/ultrafast bootstrap)
on the node of the new lineages; iii) introduction into a novel geographic region; iv)
epidemiological support (location; travel history); v) characteristic Single Nucleotide
Polymorphisms. Accordingly, with those characteristics, three main SARS-CoV-2 lineages are
currently recognized; lineage A, defined by Wuhan/WH04/2020, lineage B, defined by Wuhan-
Hu-1 strain, and lineage C, a sub-classification from the B lineage. We also classified the SARS-
CoV-2 genomes in our dataset using the clade classification proposed by Nextstrain, divided into
19A, 19B, 20A, 20B, and 20C clades®*3’.

Dated phylogenetics

To estimate time-calibrated phylogenies dated from time-stamped genome data, we conducted
phylogenetic analysis using the Bayesian software package BEASTv.1.10.4%, on three smaller
subsets of data for each of the three lineages identified in the ML phylogeny and containing isolates
from South Africa (Cluster B.1.1.54, n = 320; Cluster B.1.1.56, n = 104; Cluster C.1, n = 151;
Cluster B.1.106, n = 68).

ML trees from these three data subsets were inspected in TempEst v1.5.3 for the presence of a
temporal (i.e. molecular clock) signal®®. Linear regression of root-to-tip genetic distances against
sampling dates indicated that the SARS-CoV-2 sequences evolve in a relatively-strong clock-like
manner (r = 9.45e-2; r = 0-34; r=0.74, r = 0-50 from subset B.1.1.54; B.1.1.56 and C.1,
respectively) (Appendix A - Extended Data, Figure 5).

For this analysis we employed the strict molecular clock model, the HKY+I, nucleotide

substitution model and the exponential growth coalescent model*’. We computed MCMC (Markov
chain Monte Carlo) triplicate runs of 100 million states each, sampling every 10.000 steps for each
data set. Convergence of MCMC chains was checked using Tracer v.1.7.1*1. Maximum clade
credibility trees were summarised from the MCMC samples using TreeAnnotator after discarding
10% as burn-in.

Phylogeographic analysis

To model phylogenetic diffusion of South African lineages across the country, we used a flexible
relaxed random walk (RRW) diffusion model that accommodates branch-specific variation in rates
of dispersal with a Cauchy distribution*?. For each sequence, latitude and longitude were attributed
to a point randomly sampled within the patient’s province or district of residence. We discretised
sequence sampling locations by considering 5 of 9 provinces in South Africa, and all 11 districts
in KZN, the most sampled province, where sequences belonging to the three clusters were sampled
(as shown in Appendix A - Extended Data Figure 3).

MCMC chains were run for >100 million generations and sampled every 10000w step, with
convergence assessed using Tracer v1.7%. Maximum clade credibility trees were summarized
using TreeAnnotator after discarding 10% as burn-in. We used the R package “seraphim™**#* to
extract and map spatiotemporal information embedded in posterior trees.
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Data Availability

All the SARS-CoV-2 genomes generated and presented in this study are publicly accessible
through the GISAID platform (https://www.gisaid.org/). The GISAID Accession IDs of the South
Africa sequences and reference genomes analyzed in this study are provided as part of
Supplementary Table 3, which also contains the metadata for the sequences. Other raw data for
this study are provided as the supplementary dataset https://github.com/krisp-kwazulu-
natal/SARSCoV2 South Africa major lineages.git. The reference SARS-CoV-2 genome
(MNY908947.3) was downloaded from the NCBI database (https://www.ncbi.nlm.nih.gov/).

Code Availability

R code and bash scripts to reproduce the analyses and figures presented in this paper are available
at https://github.com/krisp-kwazulu-nata/SARSCoV2 South Africa major lineages.git.
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Chapter 3: Detection of a SARS-CoV-2 variant of
concern in South Africa

This study was the first to show evolution of the SARS-CoV-2 virus into a variant of concern.
The paper describes the discovery, first report and rapid characterization of the Beta variant of
concern of the SARS-CoV-2 virus. This paper showcases rapid response from the Network for
Genomic Surveillance in South Africa to rapidly rising cases during South Africa’s second wave,
at a time where most countries were seeing the end of a first wave and believing the pandemic to
be on the decline. This work was one of the first indications of the ability of this virus to adapt to
human circulation and that calling the pandemic over would be much more difficult than so far
imagined. As first author on this study, I was at the forefront of the bioinformatics and data analysis
of the sequencing data generated for this investigation. My contribution to this study ranged from
the generation of genomic data, integrative data analysis of genomic and epidemiological data,
phylogenetic analysis, thorough inspection of mutations, data visualisation to writing. The work
culminating into this manuscript had a major impact on South Africa’s pandemic response. The
country went back into lockdown, experienced one of the highest rates of recorded and excess
deaths, and shifted its vaccination plans.

This chapter was published as a peer-reviewed research article in Nature in March 2021 and can
be accessed at the following DOI: 10.1038/s41586-021-03402-9. The chapter is presented in a
similar format as the journal article. A full list of authors and affiliations is shown below.

Houriiyah Tegally'*, Eduan Wilkinson'*, Marta Giovanetti®**, Arash Iranzadeh**, Vagner
Fonseca!®, Jennifer Giandhari', Deelan Doolabh’, Sureshnee Pillay!, Emmanuel James San',
Nokukhanya Msomi®, Koleka Mlisana’®, Anne von Gottberg®!?, Sibongile Walaza®'!, Mushal
Allam®, Arshad Ismail®, Thabo Mohale®, Allison J Glass!®!?, Susan Engelbrecht!3, Gert Van Zyl'3,
Wolfgang Preiser!®, Francesco Petruccione'#!5, Alex Sigal'®!"18, Diana Hardie!'®, Gert Marais',
Marvin Hsiao!®, Stephen Korsman'®, Mary-Ann Davies?*?!, Lynn Tyers>, Innocent Mudau®, Denis
York??, Caroline Maslo?*, Dominique Goedhals?*, Shareef Abrahams?, Oluwakemi Laguda-
Akingba?>,%6, Arghavan Alisoltani-Dehkordi?’?%, Adam Godzik??, Constantinos Kurt Wibmer®,
Bryan Trevor Sewell?’, José Louren¢o’, Luiz Carlos Junior Alcantara??, Sergei L Kosakovsky
Pond’!, Steven Weaver3!, Darren Martin*>, Richard J Lessells'®, Jinal N Bhiman®!%*, Carolyn
Williamson>®1°* Tulio de Oliveira'-®32*

! KwaZulu-Natal Research Innovation and Sequencing Platform (KRISP), Department of Laboratory Medicine &
Medical Sciences, University of KwaZulu-Natal, Durban, South Africa

2 Laboratorio de Flavivirus, Fundacao Oswaldo Cruz, Rio de Janeiro, Brazil

3 Laboratério de Genética Celular e Molecular, Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais,
Brazil

56



4 Computational Biology Division, Department of Integrative Biomedical Sciences, University of Cape Town, Cape
Town, 7925, South Africa

5 Division of Medical Virology, Institute of Infectious Disease and Molecular Medicine, University of Cape Town,
Cape Town, South Africa

® Discipline of Virology, University of KwaZulu-Natal, School of Laboratory Medicine and Medical Sciences and
National Health Laboratory Service, Durban, South Africa

"National Health Laboratory Service, Johannesburg, South Africa
8 Centre for the AIDS Programme of Research in South Africa (CAPRISA), Durban, South Africa

° National Institute for Communicable Diseases of the National Health Laboratory Service, Johannesburg, South
Africa

10School of Pathology, Faculty of Health Sciences, University of the Witwatersrand, Johannesburg, South Africa
1'School of Public Health, Faculty of Health Sciences, University of the Witwatersrand, Johannesburg, South Africa
12 Department of Molecular Pathology, Lancet Laboratories, Johannesburg, South Africa

13 Division of Medical Virology at NHLS Tygerberg Hospital and Faculty of Medicine and Health Sciences,
Stellenbosch University, Cape Town, South Africa

14 Centre for Quantum Technology, University of KwaZulu-Natal, Durban, South Africa

15 National Institute for Theoretical Physics (NITheP), KwaZulu-Natal, South Africa

16 Africa Health Research Institute, Durban, South Aftrica

17 School of Laboratory Medicine and Medical Sciences, University of KwaZulu-Natal, Durban, South Africa
18 Max Planck Institute for Infection Biology, Berlin, Germany

1 Division of Medical Virology at NHLS Groote Schuur Hospital, University of Cape Town, Cape Town, South
Africa

20 Centre for Infectious Disease Epidemiology and Research, University of Cape Town, Cape Town, South Africa
2 Western Cape Government: Health, Cape Town, South Africa

22 Molecular Diagnostics Services, Durban, South Africa

2 Department of Quality Leadership, Netcare Hospitals, Johannesburg, South Africa

24 Division of Virology at NHLS Universitas Academic Laboratories, University of The Free State, Bloemfontein,
South Africa

23 National Health Laboratory Service, Port Elizabeth, South Africa

26 Department of Laboratory Medicine and Pathology, Faculty of Health Sciences, Walter Sisulu University, Mthatha,
South Africa

¥ Division of Medical Virology, Department of Pathology, University of Cape Town, Cape Town, South Africa

28 Division of Biomedical Sciences, University of California Riverside School of Medicine, Riverside, California,
USA

2 Structural Biology Research Unit, Department of Integrative Biomedical Sciences, University of Cape Town,
Rondebosch, South Africa

39 Department of Zoology, University of Oxford, Oxford, United Kingdom
3! Institute for Genomics and Evolutionary Medicine, Temple University, Philadelphia, Pennsylvania, USA

32 Department of Global Health, University of Washington, Seattle, USA

57



* These authors contributed equally

Abstract

Continued uncontrolled transmission of the severe acute respiratory syndrome-related coronavirus
2 (SARS-CoV-2) in many parts of the world is creating the conditions for significant virus
evolution. Here, we describe a new SARS-CoV-2 lineage (501Y.V2) characterised by eight
lineage-defining mutations in the spike protein, including three at important residues in the
receptor-binding domain (K417N, E484K and N501Y) that may have functional significance. This
lineage emerged in South Africa after the first epidemic wave in a severely affected metropolitan
area, Nelson Mandela Bay, located on the coast of the Eastern Cape Province. This lineage spread
rapidly, becoming dominant in the Eastern Cape, Western Cape and KwaZulu-Natal Provinces
within weeks. Whilst the full significance of the mutations is yet to be determined, the genomic
data, showing the rapid expansion and displacement of other lineages in multiple regions, suggest
that this lineage is associated with a selection advantage, most plausibly as a result of increased
transmissibility or immune escape.

Introduction

Severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) emerged in 2019 and
spread rapidly around the world, causing over 80 million recorded cases of coronavirus disease
(COVID-19) and over 1.7 million deaths by the end of 2020. The failure of public health measures
to contain the spread of the virus in many countries has given rise to a large number of virus
lineages. Open genomic surveillance data sharing and collaborative online platforms have enabled
real-time tracking of the emergence and spread of these lineages!~.

To date there has been relatively limited evidence of SARS-CoV-2 mutations that have had a
significant functional effect on the virus. One mutation in the spike protein (D614G) emerged early
in the epidemic and spread rapidly through Europe and North America in particular. Several lines
of evidence now suggest that SARS-CoV-2 variants carrying this mutation have increased
transmissibility>-. Later in the epidemic, lineages with a N439K mutation in the spike receptor-
binding domain (RBD) emerged independently in different European countries and in the United
States. This mutation is associated with escape from monoclonal antibody (mAb) and polyclonal
serum mediated neutralization’.

South Africa has been the most severely affected country in Africa, with over 80 000 excess natural
deaths having occurred by the end of 2020 (approximately 1400 per million population)®. We have
previously described the introduction and spread of several SARS-CoV-2 lineages, and the
emergence of unique South African lineages during the early phase of the epidemic®!?. Here, we
now describe the emergence and spread of a new SARS-CoV-2 lineage harbouring multiple
nonsynonymous spike mutations, including mutations at key sites in the RBD (K417N, E484K
and N501Y) that may have functional significance. We demonstrate that this lineage emerged after
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the first epidemic wave in the worst affected metropolitan area within the Eastern Cape (EC)
Province. This was followed by rapid spread of this lineage to the extent that by the end of 2020 it
had become the dominant lineage in three provinces.

Results
Epidemic dynamics in South Africa

The second SARS-CoV-2 epidemic wave in South Africa began around October 2020, just weeks
after a trough in daily recorded cases following the first peak (Fig. 3.1A)*2. The country’s estimated
effective reproduction number, Re, increased to above 1 at the end of October, indicating a growing
epidemic, coinciding with a steady rise in daily cases. At the peak of the national epidemic in mid-
July there were over 13 000 confirmed cases per day and almost 7000 excess deaths per week. The
epidemiological profile in the three provinces that are the focus of this analysis (EC, WC and KZN)
were broadly similar, although WC had an earlier and flatter peak in the first wave (Fig. 3.1B-D).
At the end of the first wave in early September, there had been over 10 000 excess deaths in EC
(1510 per million population), the highest for any province (Appendix B - Suppl Fig. S3).
Although there was a plateau in cases following the first wave, this was noticeably short in EC and
by early October there was a second phase of exponential growth, associated with an increase in
deaths at a similar rate to the first wave (Fig. 3.1B). PCR test positivity rate data at a local
municipality level shows very high levels (>20%) in Nelson Mandela Bay from mid-October and
then rapidly rising levels in surrounding areas through October and November (Appendix B -
Suppl Fig. S4). The resurgence of the daily case counts at an exponential rate happened later for
WC and KZN than for EC (Fig. 3.1C-D). By early December, all three provinces were
experiencing a second wave, and new cases in WC had already surpassed the peak of the first
wave.
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Figure 3.1. SARS-CoV-2 epidemiological dynamics in South-Africa (A), and the four provinces under
study, Eastern Cape (B), Western Cape (C), KwaZulu-Natal (D) and Northern Cape (E). The histograms
show the number of daily confirmed COVID-19 cases in each region (mapped to left y-axis). Fluctuations
to daily Re estimates are shown in red (mapped to right y-axis) (mean estimated median Re with upper and
lower bounds of the 95% confidence interval shown), with a cut-off for R=1 shown as the red broken line.
Weekly excess deaths in each region are shown with the black broken lines (mapped to the left y-axis).

Phylogenetic and phylogeographic analysis

The early and rapid resurgence of the epidemic in parts of the EC and WC prompted intensification
of genomic surveillance by the NGS-SA, including sampling in and around Nelson Mandela Bay
in EC, and in the neighbouring Garden Route district of WC (Appendix B - Suppl Fig. S5.). We
analysed 2882 SARS-CoV-2 whole genomes from South Africa collected between 5 March and
10 December 2020. We estimated preliminary maximum likelihood (ML) and molecular clock
phylogenies for a dataset containing as many global reference genomes (Fig. 3.2A). We identified
a new monophyletic cluster (501Y.V2) containing 341 sequences from samples collected between
8 October and 10 December in KZN, EC, WC and NC (Fig. 3.2B). Seven South African sequences
are basal to the 501Y.V2 cluster (Fig 3.2A) were sampled in the provinces of the EC, WC, Gauteng
and KZN between late June to early September. While these do not have any of the defining
mutations of the 501Y.V2 variant, they are basal to the B.1.351 lineage and indicates that the
precursor to the new variant had probably been circulating throughout the country before the
emergence of the 501Y.V2.

The 501Y.V2 cluster was phylogenetically distinct from the three main lineages (B.1.1.54,
B.1.1.56, and C.1) circulating widely in South Africa (>42% of samples sequenced before October
2020) during the first wave of infections (Fig 3.2A)!°. These three lineages had been circulating in
the provinces of KZN, WC, Gauteng, Free State, Limpopo, and North-West). By mid-November,
the 501Y.V2 lineage had superseded B.1.1.54, B.1.1.56 and C.1, and rapidly became the dominant
lineage in samples from EC, KZN and WC (Fig. 3.2C, Appendix B - Suppl Fig. S6,S7).

Spatiotemporal phylogeographic analysis suggests that the 501Y.V2 lineage emerged in early
August (mid July — end August 2020, 95% highest posterior density) in Nelson Mandela Bay.
Initial spread to the Garden Route District of WC was then followed by more diffuse spread from
both of those areas to other regions of EC, and more recently to the City of Cape Town and several
locations in KZN (Fig. 3.2D) From the City of Cape Town the variant has travelled north along
the west coast of the country to the Namakwa District in the Northern Cape (NC) province.
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Figure 3.2. Evolution and spread of the 501Y.V2 cluster in South Africa. A) Time-resolved maximum
clade credibility phylogeny of 5239 SARS-CoV-2 sequences, 2756 of which are from South Africa (red).
The new SARS-CoV-2 cluster is highlighted in yellow. B) Time-resolved maximum clade credibility
phylogeny of 501Y.V2 cluster, with province location indicated. Mutations characterizing the cluster are
highlighted at each branch where they first emerged. C) Frequency and distribution of SARS-CoV-2
lineages circulating in South Africa over time. D) Spatiotemporal reconstruction of the spread of the
501Y.V2 cluster in South Africa during the second epidemic wave. Circles represent nodes of the maximum
clade credibility phylogeny and are colored according to their inferred time of occurrence. Shaded areas
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. The date scale goes from August 2020 (2020.6) to November 2020 (2020.9)
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Mutational profile

At the point of first sampling on 15 October this lineage had, in addition to D614G, five other non-
synonymous mutations in the spike protein, namely D80A, D215G, E484K, N501Y and A701V
(Fig. 3.2B, Fig. 3.3A, Appendix B - Suppl Fig. S8). Three further spike mutations emerged by the
end of November: L18F, R2461 and K417N. We also observe a deletion of three amino acids at
242-244, seen in samples extracted and generated in various laboratories across the network
(Because of a hard-to-align repeat region, the deletion could potential also be in amino acids 241-
243 but the resulting sequence of both deletions are exactly the same). While the variants appeared
in a varying proportion of the sampled genomes and showed changing frequency levels with time,
the RBD mutations seem to become fixed in our sampling set, present in almost all the samples,
and consistently high in frequency across time (Fig. 3.3A-B). Compared to the three largest
lineages circulating in SA previously, 501Y.V2 shows marked hypermutation both in the whole
genomes and the spike regions, including nonsynonymous mutations leading to amino acid
changes (Fig. 3.3C). The main lineages from the first wave (B.1.1.54, B.1.1.56 and C.1) only
contained the single non-synonymous spike mutation (D614G) despite following the expected
temporal accumulation of mutations and therefore did not show any concerning mutation pattern
like the 501Y.V2. An estimate of the evolutionary rates indicates that substitutions on the 501Y.V2
lineage are happening at 1.917E-3 nucleotide changes/site/year, compared to 5.344E-4, 4.251E-4
and 9.781E-4 respectively for B.1.1.54, B.1.1.56 and C.1 (Appendix B - Suppl Fig S2). Structural
modelling of the spike trimer with these mutations reveals that three of the spike mutations are at
key residues in the RBD (N501Y, E484K and K417N), three are in the N-terminal domain (L18F,
D80A and D215G) and one is in loop 2 (A701V) (Fig 3.3D). The 3-amino acid deletion (242-244)
also lies on the NTD. Two of the RBD sites in particular (417 and 484) are key regions for binding
of neutralising antibodies (Appendix B - Suppl Fig S11).
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Figure 3.3. A) Amino acid changes in the spike region of the 341 501Y.V2 genomes in this study mapped
to the spike protein sequences structure, indicating key regions, such as the RBD. Each spike protein variant
is shown at their respective protein locations, with the bar lengths representing the number of genomes
harboring the specific mutations (Only mutations that appear in >10% of sequences are shown). The D614G
mutation (in black) is already present in the parent lineage. B) Changes in the mutation frequency of each
variant observed during the course of sampling. Grey bars show the number of 501Y.V2 sequences sampled
at a given time point and the colored lines show the change in the number of those sequences harboring
each variant at the respective time points. C) Violin plots showing the numbers of nucleotide substitutions
and amino acid changes that have accumulated in both the whole genomes and the spike region of the
501Y.V2 lineage, compared to lineages B.1.1.54, B.1.1.56, and C.1, three major lineages circulating in
South Africa during the first wave. D) A complete model of the SARS-CoV-2 Spike (S) trimer is shown,
with domains of a single protomer shown in cartoon view and coloured cyan (N-terminal domain, NTD),
yellow (C-terminal domain/receptor binding domain, CTD/RBD), purple (subdomain 1 and 2, SD1 and
SD2), and dark green (S2), while N-acetylglucosamine moieties are coloured light green. The adjacent
protomers are shown in surface view and coloured shades of grey. Eight nonsynonymous mutants (red) and
a three amino acid deletion (pink) that together define the Spike 501Y.V2 lineage are shown with spheres.

Selection analysis

We examined patterns of nucleotide variations and fluctuations in mutant frequencies at eight
polymorphic spike gene sites (Fig. 3.2B) to determine whether any of the observed polymorphisms
might be contributing to changes in viral fitness globally. For this analysis we used 142 037 high
quality sequences from GISAID sampled between 24 December 2019 and 14 November 2020,
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which represented 5964 unique spike haplotypes. The analysis indicated that two of the three sites
in RBD (E484 and N501) display a pattern of nucleotide variation that is consistent with the site
evolving under diversifying positive selection. The N501Y polymorphism that first appears in our
sequences sampled on 15 October shows indication of positive selection on five global tree internal
branches, with codon 501 of the spike gene displaying a significant excess of non-synonymous
substitutions globally (dAN/dS > 1 on internal branches, p=0.0011 by the FEL method), and mutant
viruses encoding Y at this site have rapidly increased in frequency in both the UK and in South
Africa (Z-score = 11, trend Jonckheere Terpstra non-parametric trend test). Similarly, at codon
484 there is indication of positive selection on seven global tree internal branches, with an overall
significant excess of non-synonymous substitutions globally (p=0.015). Outside RBD, codons 18
(p<0.001), 80 (p=0.0014), and 215 (p<0.001) show evidence of positive diversifying selection
globally with the L18F mutation also having increased in frequency in the regions where it has
occurred (Z-score = 17). Up until 14 November 2020 there was no statistical evidence of positive
selection at codons 417, 246 and 701.

Discussion

We describe and characterise a new SARS-CoV-2 lineage with multiple spike mutations that
emerged in a major metropolitan area in South Africa following the first wave of the epidemic and
then spread to multiple locations within two other neighbouring provinces. We show that this
lineage has rapidly expanded and become dominant in three provinces, at the time of a rapid
resurgence in infections. Whilst the full significance of the mutations is not yet clear, the genomic
and epidemiological data suggest increased transmissibility associated with the virus. These data
highlight the urgent need to refocus the public health response in South Africa on interrupting
transmission, not only to reduce hospitalisations and deaths but to limit the national and
international spread of this lineage.

This new lineage has three mutations at key sites in the RBD (K417N, E484K and N501Y). Two
of these (E484K and N501Y) are within the receptor-binding motif (RBM), the main functional
motif that forms the interface with the human ACE2 (hACE2) receptor. The N501Y mutation has
recently been identified in a new lineage in the United Kingdom (B.1.1.7), with some preliminary
evidence that it may be more transmissible**3*. N501 forms part of the binding loop in the contact
region of hACE2, forming a hydrogen bond with Y41 in hACE23*37, Tt also stabilises K353, one
of the virus-binding hotspot residues on hACE238, Tt is one of the key positions that differentiates
SARS-CoV-2 from SARS-CoV and contributes to the enhanced binding affinity of SARS-CoV-2
for hACE2%-8, The N501Y mutation has been shown through deep mutation scanning and in a
mouse model to enhance binding affinity to hACE23%%°, The E484K mutation is uncommon, being
present in <0.02% of sequences from outside South Africa. E484 is also in the RBM, and interacts
with the K31 interaction hotspot residue of hACE2. There is some evidence that the E484K
mutation may modestly enhance binding affinity®®. K417 is a unique hACE-2 interacting residue
that forms a salt bridge interaction across the central contact region with D30 of hACE2%-¢, This
is the most striking difference in the RBD-hACE2 complex between SARS-CoV-2 and SARS-
CoV, and contributes to the enhanced binding affinity of SARS-CoV-2 to hACE2%-¥7, Deep
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mutational scanning suggests that the K417N mutation has minimal impact on binding affinity to
hACE2%.

The spike RBD is the main target of neutralizing antibodies (NAbs) elicited during SARS-CoV-2
infection*!. NAbs to the RBD can be broadly divided into four main classes*?. Of these, class 1
and class 2 antibodies appear to be most frequently elicited during SARS-CoV-2 infection, and
their epitopes directly overlap the hACE2 binding site*!. Class 1 antibodies have a VH3-53
restricted mode of recognition centred around spike residue K417. The K417N mutation would
abolish key interactions with class 1 NAbs, and likely contributes toward immune evasion at this
site. The N501Y mutation may also have a role in escaping class 1 NAbs, some of which make
contact at this site. Class 2 antibodies bind to spike residue E484, and the E484K mutation has
been shown to confer resistance to NAbs in this class, and to panels of convalescent sera,
suggesting that E484 is a dominant neutralizing epitope**-46.

One hypothesis for the emergence of this lineage, given the large number of mutations relative to
the background mutation rate of SARS-CoV-2, is that it may have arisen through intra-host
evolution in one or more individuals with prolonged viral replication*’*8, This hypothesis is
supported by the long branch length connecting the lineage to the remaining sequences in our
phylogenetic tree (Appendix B - Suppl Fig. S10). The N501Y mutation is one of several spike
mutations that emerged in an immunocompromised individual in the US who had prolonged viral
replication for over 20 weeks*. In South Africa, the country with the world’s biggest HIV
epidemic, one concern has been the possibility of prolonged viral replication and intra-host
evolution in the context of HIV infection, although the limited evidence so far does not suggest
that HIV infection is associated with persistent SARS-CoV-2 replication*’. It should be noted,
however, that the observed diversity within this lineage cannot be explained by a single long-term
infection in one individual because the lineage contains circulating intermediate mutants with
subsets of the main mutations that characterise the lineage. If evolution within long-term infections
were the explanation for the evolution of this lineage then one would need to invoke a transmission
chain that passes through multiple individuals. Further, antigenic evolution, even within non-
immuno-suppressed individuals, could offer an alternative explanation, given that several of the
individual sites in spike appear to be under selective pressure worldwide, and that several of the
identified mutations have been found in circulating lineages together.

Whilst we have yet to characterise how the mutations (particularly those in the RBM) affect
antigenicity, it is plausible that high levels of population immunity could have driven the selection
of this lineage. We have very limited SARS-CoV-2 seroprevalence data from South Africa to help
understand the true extent of the epidemic. In studies using residual blood samples from routine
public sector antenatal and HIV care, seroprevalence in parts of the City of Cape Town was
estimated at approximately 40% in July-August, towards the end of the first epidemic wave in that
area>®, We have shown that EC, and Nelson Mandela Bay in particular, were worse affected than
City of Cape Town in the first wave, and therefore we believe that population immunity could
have been sufficiently high in this region to contribute to population-level selection. Whilst there
have been no confirmed re-infections (supported by whole genome sequencing) in South Africa,
the true extent of re-infections is unknown and this is now the focus of urgent investigation.
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We are now working to understand the phenotypic impact of these SARS-CoV-2 mutations. We
are focusing on the following priority studies: we are performing infectivity assays and
neutralization assays to understand the effect of these mutations on ACE2 binding and NAb
binding; we are analysing clinical data from the three provinces to identify any signals pointing to
different disease progression or severity; we have intensified the genomic surveillance in all
provinces of South Africa; and we have stepped up monitoring and surveillance for possible re-
infections. Whilst the full implications of this new lineage in South Africa are yet to be determined,
these findings highlight the importance of coordinated molecular surveillance systems in all parts
of the world, to enable early detection and characterisation of new lineages and to inform the global
pandemic response.
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Methods
Epidemiological dynamics

We analysed daily cases of SARS-CoV-2 in South Africa up 16 January 2020 from publicly
released data provided by the National Department of Health (NDoH) 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)'!"!2, The NDoH releases daily updates on the number of
confirmed new cases, deaths and recoveries, with a breakdown by province. We also mapped
excess deaths in each province and in South Africa as a whole on to general epidemiological data
to determine the extent of potential under-reporting of case numbers and gauge the severity of the
epidemic. Excess deaths here are defined as the excess natural deaths (in individuals aged 1 year
and above) relative to the value predicted from 2018 and 2019 data, setting any negative excesses
to zero. We obtained the data from the Report on Weekly Deaths from the South Africa Medical
Research Council Burden of Disease Research Unit®. We generated estimates for the effective
reproduction number (Re) of SARS-CoV-2 in South Africa from the covid-19-re data repository
(https://github.com/covid-19-Re/dailyRe-Data) as of 14 December 20203,

Sampling of SARS-CoV-2

As part of the Network for Genomic Surveillance in South Africa (NGS-SA)', five sequencing
hubs receive randomly selected samples for sequencing every week according to approved
protocols at each site. These samples include remnant nucleic acid extracts or remnant
nasopharyngeal and oropharyngeal swab samples from routine diagnostic SARS-CoV-2 PCR
testing from public and private laboratories in South Africa. In response to a rapid resurgence of
COVID-19 in EC and the Garden Route District of WC in November, we enriched our routine
sampling with additional samples from those areas. In total, we received samples from over 50
health facilities in the EC and WC (Appendix B - Suppl Fig. S1).

Ethical Statement

The project was approved by University of KwaZulu-Natal Biomedical Research Ethics
Committee. Protocol reference number: BREC/00001510/2020. Project title: Spatial and genomic
monitoring of COVID-19 cases in South Africa. This project was also approved by University of
the Witwatersrand Human Research Ethics Committee. Clearance certificate number: M180832.
Project title: Surveillance for outpatient influenza-like illness and asymptomatic virus colonization
in South Africa. Sequence data from the Western Cape was approved by the Stellenbosch
University HREC Reference No: N20/04/008 COVID-19. Project Title: COVID-19: sequencing
the virus from South African patients. Patient consent was not required for the genomic
surveillance. This requirement was waived by the Research Ethics Committees.

Whole genome sequencing and genome assembly

cDNA synthesis was performed on the extracted RNA using random primers followed by gene
specific multiplex PCR using the ARTIC V3 protocol'>. Briefly, extracted RNA was converted to
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cDNA using the Superscript IV First Strand synthesis system (Life Technologies, Carlsbad, CA)
and random hexamer primers. SARS-CoV-2 whole genome amplification was performed by
multiplex PCR using primers designed on Primal Scheme (http://primal.zibraproject.org/) to
generate 400bp amplicons with an overlap of 70bp that covers the 30Kb SARS-CoV-2 genome.
PCR products were cleaned up using AmpureXP purification beads (Beckman Coulter, High
Wycombe, UK) and quantified using the Qubit dsDNA High Sensitivity assay on the Qubit 4.0
instrument (Life Technologies Carlsbad, CA).

We then used the I[llumina® Nextera Flex DNA Library Prep kit according to the manufacturer’s
protocol to prepare indexed paired end libraries of genomic DNA. Sequencing libraries were
normalized to 4nM, pooled and denatured with 0.2N sodium acetate. 12pM sample library was
spiked with 1% PhiX (PhiX Control v3 adapter-ligated library used as a control). We sequenced
libraries on a 500-cycle v2 MiSeq Reagent Kit on the [llumina MiSeq instrument (Illumina, San
Diego, CA, USA). We have previously published full details of the amplification and sequencing
protocol!®!7,

We  assembled  paired-end  fastq reads using Genome  Detective  1.126
(https://www.genomedetective.com) and the Coronavirus Typing Tool'®. To accurately call
mutations and short indels for SARS-CoV-2, Genome Detective software was updated with an
additional assembly step after the de novo assembly and strain identification. When the de novo
assembly indicates a nucleotide similarity higher than 97% to the reference strain, a new assembly
is made by read mapping against the reference. In this process, for strains satisfying this criterion,
reads are mapped using minimap2!® against the reference rather than the de novo consensus
sequence, and subsequently final mutations and indels are called using GATK HaplotypeCaller?,
with low quality variants (with QD < 10) filtered using GATK VariantFiltration?®. To call the
consensus sequence, GATK HaplotypeCaller is used with default settings, followed by GATK
VariantFiltration to select only variants with a variant confidence normalized by unfiltered depth of variant
samples of at least 10 (QualByDepth >= 10). Mutations were confirmed visually with bam files using
Geneious software (Biomatters Ltd, New Zealand). The reference genome used throughout the
assembly process was NC _(045512.2 (numbering equivalent to MN908947.3). All of the sequences
were deposited in GISAID (https://www.gisaid.org/), and the GISAID accession IDs are included
as part of Suppl Table S2. Raw reads for our sequences have also been deposited at the National
Center for Biotechnology Information Sequence Read Archive (BioProject accession
PRINA694014).

In some samples, the K417N mutation was covered by the sequencing but not called. To avoid an
assembly concern, these samples were also analyzed using the ARTIC Illumina pipeline [connor-
lab/ncov2019-artic-nf, git revision 9ac3119a87]. Results between the two pipelines were highly
consistent with respect to the lineage defining mutations, but also consistent with respect to the
missing 22813G>T (K417N) mutation in these samples despite being considered covered by both
pipelines (Supplementary Table S1).

LoFreq was used to detect minor viral variants to study the intra-host heterogeneity of viral variants
(quasi-species)?! (Appendix B - Suppl Fig S12). Variants were called with at minimum coverage
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of 10% and conservative false discovery rate (FDR) p-value of 0.1. LoFreq models sequencing
error rate and implements a Poisson distribution to probe the statistical significance of nucleotide
variants at each position filtering out all variants falling below the p-value threshold.

Quality control of South African genomic sequences

We retrieved all South African SARS-CoV-2 genomes from the GISAID database as of 4™ January
2021 (N=2882). Prior to phylogenetic reconstruction, we removed low quality sequences from this
dataset. We filtered out genomes that did not pass standard quality assessment parameters
employed in NextClade (https://clades.nextstrain.org). We filtered out 105 South African genomes
due to low coverage, and a further 18 due to poor sequence quality. Poor sequence quality was
defined as sequences with clustered SNPs and ambiguous bases at >10% of sites, and low coverage
genomes were anything with <90% genome coverage against the reference. We therefore analyzed
a total of 2759 South African genomes. We also retrieved a global reference dataset (N=2573).
This was selected from the Nextstrain global reference dataset, plus the five most similar sequences
to each of the South African sequences as defined by a local BLAST search.

Phylogenetic analysis

We initially analyzed South African genomes against the global reference dataset using a custom
pipeline based on a local version of NextStrain?. The pipeline contains several python scripts that
manage the analysis workflow. It performs alignment of genomes in MAFFT?2, phylogenetic tree
inference in I1Q-Tree?, tree dating and ancestral state construction and annotation
(https://github.com/nextstrain/ncov). The full nextstrain build can be viewed at:
https://nextstrain.org/groups/ngs-sa/COVID19-ZA-2021.01.18.

The initial phylogenetic analysis allowed us to identify a large cluster of sequences (n=341) with
multiple spike mutations. We extracted this cluster and constructed a preliminary maximum
likelihood (ML) tree in IQ-tree, together with eight basal sequences from the region sampled June-
September 2020. We inspected this ML tree in TempEst v1.5.3 for the presence of a temporal (i.e.
molecular clock) signal. Linear regression of root-to-tip genetic distances against sampling dates
indicated that SARS-CoV-2 sequences evolved in a relatively strong clock-like manner
(correlation coefficient=0.34, R?>=0.11) (Appendix B - Suppl Fig. S2).

We then estimated time-calibrated phylogenies using the Bayesian software package
BEASTv.1.10.4. For this analysis, we employed the strict molecular clock model, the HKY+I,
nucleotide substitution model and the exponential growth coalescent model**. We computed
Markov chain Monte Carlo (MCMC) in duplicate runs of 100 million states each, sampling every
10 000 steps. Convergence of MCMC chains was checked using Tracer v.1.7.1%°. Maximum clade
credibility trees were summarised from the MCMC samples using TreeAnnotator after discarding
10% as burn-in.

Phylogeographic analysis

To model phylogenetic diffusion of the new cluster across the country, we used a flexible relaxed
random walk (RRW) diffusion model that accommodates branch-specific variation in rates of
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dispersal with a Cauchy distribution?®. For each sequence, latitude and longitude were attributed
to the health facility at which the diagnostic sample was obtained, or, if that information was not
available, to a point randomly sampled within the local area or district of origin. Given that we
don’t have access to residential geolocators within the genomic surveillance, the location of the
health facility serves as a reasonable proxy, especially as two-thirds of the population live within
2km of their nearest health facility?’.

As above, MCMC chains were run in duplicate for 100 million generations and sampled every 10
000 steps, with convergence assessed using Tracer v1.7.1. Maximum clade credibility trees were
summarized using TreeAnnotator after discarding 10% as burn-in. We used the R package
“seraphim” to extract and map spatiotemporal information embedded in posterior trees.

Lineage classification

We used the dynamic lineage classification method proposed by Rambault et al. via the
Phylogenetic Assignment of named Global Outbreak LINeages (PANGOLIN) software suite
(https://github.com/hCoV-2019/pangolin)®®. This is aimed at identifying the most
epidemiologically important lineages of SARS-CoV-2 at the time of analysis, allowing researchers
to monitor the epidemic in a particular geographical region. A lineage is a linear chain of viruses
in a phylogenetic tree showing connection from the ancestor to the last descendant. Variant refers
to a genetically distinct virus with different mutations to other viruses. For the new variant
identified in South Africa in this study, we have assigned it the name 501Y.V2; the corresponding
PANGO lineage classification is B.1.351 (lineages version 2021-01-06).

Selection analysis

To identify which, if any, of the observed mutations in the spike protein was most likely to increase
viral fitness, we wused the natural selection analysis of SARS-CoV-2 pipeline
(https://observablehq.com/@spond/revised-sars-cov-2-analytics-page). This pipeline examines
the entire global SARS-CoV-2 nucleotide sequence dataset for evidence of: (i) polymorphisms
having arisen in multiple epidemiologically unlinked lineages that have statistical support for non-
neutral evolution (Mixed Effects Model of Evolution, MEME)®, (ii) sites where these
polymorphisms have support for a greater than expected ratio of non-synonymous:synonymous
nucleotide substitution rates on internal branches of the phylogenetic tree (Fixed Effects
Likelihood, FEL)*°, and (iii) whether these polymorphisms have increased in frequency in the
regions of the world where they have occurred.

Structural modelling

We modelled the spike protein based on the Protein Data Bank coordinate set 7a94, showing the
first step of the S protein trimer activation with one RBD domain in the up position, bound to the
hACE2 receptor’!. We used the Pymol program (The PyMOL Molecular Graphics System,
Version 2.2.0, Schrédinger, LLC.) for visualization.
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Data Availability

All the SARS-CoV-2 501Y.V2 genomes generated and presented in this study are publicly
accessible through the GISAID platform (https://www.gisaid.org/), along with all other SARS-
CoV-2 genomes generated by the Network for Genomic Surveillance in South-Africa (NGS-SA).
The GISAID Accession IDs of the 501Y.V2 sequences analyzed in this study are provided as part
of Supplementary Table S2, which also contains the metadata for the sequences. The raw reads for
the 501Y.V2 have been deposited at the NCBI SRA (BioProject accession PRINA694014). Other
raw data for this study are provided as supplementary dataset on our GitHub repository:
https://github.com/krisp-kwazulu-natal/ SARSCoV2 South Africa 501Y V2 B 1 35I. The
reference SARS-CoV-2 genome (MN9058947.3) was downloaded from the NCBI database
(https://www.ncbi.nlm.nih.gov/).

Code Availability

R code and bash scripts to reproduce the analyses and figures presented in this paper are available
at https://github.com/krisp-kwazulu-nata/SARSCoV2 South Africa 501Y V2 B 1 351.
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Chapter 4: Rapid epidemic expansion of the SARS-CoV-
2 Omicron variant in southern Africa

This chapter describes the discovery, first report and rapid characterization of the Omicron variant
of concern of the SARS-CoV-2 virus. The paper showcases rapid response from the Network for
Genomic Surveillance in South Africa to yet another public health emergency of the COVID-19
epidemic in South Africa and globally when recorded cases and test positivity rates were again
rapidly rising during South Africa’s fourth wave. As co-first author on this study, I was at the
forefront of the bioinformatics and data analysis of the sequencing data associated with Omicron,
which allowed for real-time genomic surveillance and response. My work towards this study built
on previous work characterising other lineages and variants in South Africa, described in Chapters
2 and 3 and involved assembly of genomic data, integrative data analysis of genomic and
epidemiological data, phylogenetic analysis to estimate the date of emergence of the variant,
careful verification of mutations in the genomic data, data visualisation and manuscript writing.
The work culminating into this chapter had a major impact on the world, being the variant that
most rapidly progressed to being concerning. Within three days of the first genome being
uploaded, it was designated a variant of concern (Omicron, B.1.1.529) by the World Health
Organization and, within three weeks, had been identified in 87 countries.

This chapter was published as a peer-reviewed research article in Nature in January 2022 and can
be accessed at the following DOI: 10.1038/s41586-022-04411-y. The chapter is presented in a
similar format as the journal article. A full list of authors and affiliations is shown below.
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Abstract

In southern Africa, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) epidemic
has been characterised by three distinct waves. The first wave was associated with a mix of SARS-
CoV-2 lineages, whilst the second and third waves were driven by the Beta and Delta variants
respectively!. In November 2021, genomic surveillance teams in South Africa and Botswana
detected a new variant associated with a rapid resurgence of infections in Gauteng Province, South
Africa. This new variant is characterised by over 30 mutations in the spike glycoprotein, predicted
to influence antibody neutralization and spike function*. Within three days this was designated a
variant of concern (Omicron) by the World Health Organization and, within three weeks, it had
been identified in 87 countries. Here, we describe the genomic profile and early transmission
dynamics of Omicron, highlighting the rapid spread in regions with high levels of population
immunity.

Introduction

Since the onset of the COVID-19 pandemic in December 2019, variants of SARS-CoV-2 have
continuously emerged with some spreading around the world; in many cases making major
contributions to the cyclical infection waves that occur asynchronously in different regions.
Between October and December 2020, the world witnessed the emergence of the first variants of
concern (VOC): variants exhibiting increased transmissibility and/or immune evasion properties
that threatened global efforts to control the pandemic. Although the Alpha, Beta and Gamma
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VOCs?® that emerged in November and December 2020 spread widely around the world and
showed early signs of driving resurgences in different regions, it was the highly transmissible Delta
variant that displaced all other VOC in most regions of the world®. During its spread, the Delta
variant evolved into multiple sub-lineages’, some of which demonstrated signs of having a growth
advantage in certain locations, prompting speculation that the next VOC driving resurgences of
infections would likely be derived from Delta. However, in October 2021, while Delta was driving
continued high-level transmission in the Northern hemisphere, in southern Africa a large Delta
wave was subsiding. The culmination of this wave coincided with the emergence of a novel SARS-
CoV-2 variant that, within four days of its almost simultaneous discovery in four individuals in
Botswana, a traveler from South Africa in Hong Kong, and 54 individuals in South Africa, was
designated by the World Health Organization as Omicron: the fifth VOC.

Results & Discussion

Epidemic dynamics and detection of Omicron

The three distinct epidemic waves experienced by southern African countries were each driven by
different variants: the first by offshoots of the B.1 lineage!, the second by the Beta VOC?#, and
the third by the Delta VOC?, with an estimated 2-5% of third wave cases attributed to the C.1.2
lineage’ (Fig. 4.1A). Serosurveys conducted even before the Delta wave suggested high levels of
exposure to SARS-CoV-2 (40-60%) in South Africa!®!!, Malawi'?, and Zimbabwe!'?. Modelled
estimates suggested seroprevalence of 70-80% across South Africa by October 20214
Accordingly, the weeks following the third wave in Southern Africa between 10 October and 15
November 2021 were marked by a period of lower-level transmission as indicated by low
incidence of reported COVID-19 cases (100-200 new cases per day) and low (<2%) test positivity
rates (Fig. 4.1A-1C).

A rapid increase in COVID-19 cases was noted in the week beginning 15 November 2021 in
Gauteng province. Specifically, rising case numbers and test positivity rates were first noticed in
the Tshwane Metropolitan area, initially associated with cluster outbreaks in higher education
settings. This resurgence of cases was accompanied by the identification of multiple instances of
S-gene target failure (SGTF) during TaqPath-based (Thermo Fisher Scientific) diagnostic PCR
testing: a phenomenon previously observed with the Alpha variant due to a deletion at positions
69 and 70 (A69-70) in the spike protein'>. Given the low prevalence of Alpha in South Africa (Fig.
4.1A), targeted whole-genome sequencing of these specimens was prioritized.

On 19 November 2021, sequencing results of an initial batch of 8 SGTF samples collected between
14-16 November 2021 indicated that all were caused by a novel variant of SARS-CoV-2. Further
rapid sequencing identified the same variant in 29 of 32 routine diagnostic samples from multiple
locations in Gauteng Province and suggested widespread circulation of this new variant by the
second week of November. Crucially, this rise immediately preceded a sharp increase in reported
case numbers (Fig. 4.1C, Appendix C - Extended Data Fig. 1). In the following four days the
presence of Omicron was confirmed by sequencing in another two provinces: KwaZulu-Natal
(KZN) and the Western Cape (Fig. 4.1B).

Concurrently in Gaborone, Botswana (~360km from Tshwane), four genomes generated from
samples collected on 11 November 2021, and sequenced on 17-18 November 2021 as part of
weekly surveillance, displayed an unusual set of mutations. These were reported to the Botswana
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Ministry of Health and Wellness on 22 November 2021, as “unusual sequences” that were linked
to a group of visitors (non-residents) on a diplomatic mission. The sequences were uploaded to
GISAID '®!7 on 23 November 2021, and it became apparent that they belonged to a new lineage.
A further 15 cases were identified within the same week from various other locations in Botswana,
confirming the circulation of the new lineage, with most being travellers from other countries,
including South Africa, and linked to local transmission chains.

On 24 November 2021, this novel variant was designated as a new PANGO lineage (B.1.1.529)'8.
On November 26, 2021, it was designated a VOC and named Omicron by the WHO on the
recommendation of the Technical Advisory Group on SARS-CoV-2 Virus Evolution'’. By the first
week of December 2021, Omicron was driving a rapid and sustained increase in cases in South
Africa and Botswana (Fig. 4.1C, Appendix C - Extended Data Fig. 2 for Botswana). In Gauteng,
weekly test positivity rates increased from <1% in the week beginning 31 October, to 16% in the
week beginning 21 November 2021, and 35% in the week beginning 28 November, simultaneously
with an exponential rise in COVID-19 incidence (Fig. 4.1C, Appendix C - Extended Data Fig.
1). Nationally, the daily case numbers exceeded 22 000 (84% of the peak of the previous wave of
infections) by 9 December 2021. At the same time, the proportion of TaqPath PCR tests with
SGTF increased rapidly in all provinces of South Africa reaching ~90% nationally by the week
beginning 21 November 2021, giving a strong indication that the fourth wave was being driven by
Omicron: an indication that has now been confirmed by genomic sequencing in all provinces (Fig.
4.1C). Similarly, Botswana experienced a sharp increase in cases, doubling every 2-3 days late
November to early December 2021, transitioning from a 7-day moving average of <10 cases/100
000 to above 25 cases/100,000 in less than 10 days (Appendix C - Extended Data Fig. 2).

By 16 December 2021, Omicron had been detected in 87 countries, both in samples from travelers
returning from southern Africa, and in samples from routine community testing (Appendix C -
Extended Data Fig. 3).
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Figure 4.1: Detection of Omicron variant A) The progression of daily cases in South Africa
from March 2020 to December 2021 where the 7-day rolling average of daily case numbers is
further coloured by the inferred proportion of variants responsible for the infections, as calculated
by genomic surveillance data on GISAID. B) Timeline of Omicron detection in Botswana and
South Africa. Bars represent the number of Omicron genomes shared per day, according to the
date they were uploaded to GISAID, while the line represents the 7-day moving average of daily
new cases in South Africa. C) Weekly progression of average daily cases per 100,000, test
positivity rates, proportion of SGTF tests (on the TaqgPath COVID-19 PCR assay) and genomic
prevalence of Omicron in nine provinces of South Africa for five weeks from 31 October to 4
December 2021.

The evolutionary origins of Omicron
To determine when and where Omicron likely originated, we analyzed all 686 available Omicron
genomes (including 248 from southern Africa and 438 from elsewhere in the world) retrieved from
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GISAID (date of access 7 December 2021)!%17  against a global reference set of representative
SARS-CoV-2 genomes (n=12 609) collected between December 2019 and November 2021.
Preliminary maximum-likelihood phylogenies identified the BA.1/Omicron sequences as a
monophyletic clade rooted within the B.1.1 lineage (20B clade), with no clear basal progenitor
(Fig. 4.2A). Importantly, the BA.1/Omicron cluster is phylogenetically distinct from any known
VOC or variants of interest (VOI) or any other lineages known to be circulating in southern Africa
(e.g. C.1.2) (Fig. 4.2A). More recently, two related lineages have emerged (BA.2 and BA.3), both
sharing many, but not all of the characteristic mutations of BA.1/Omicron and both having many
unique mutations of their own. We primarily focus here on the BA.1 lineage which is rapidly
spreading in multiple countries around the world and is the lineage officially designated as the
Omicron VOC.

Time-calibrated Bayesian phylogenetic analysis of all BA.1 assigned genomes from southern
Africa (as of 11 December 2021, n=553) estimated the time when the most recent common
ancestor of the analysed BA.1 lineage sequences existed as 9 October 2021 (95% credible intervals
30 September - 20 October) with a per-day growth rate of 0.136 (95% confidence interval (CI)
0.100 — 0.173) reflecting a doubling time of 5.1 days (95% CI 4.0 — 6.9) (Fig 4.2B). These
estimates are robust to whether the evolutionary rate is estimated from the data or fixed to
previously estimated values (Appendix C - Extended Data Table S1). Limiting the analysis to a
subset of genomes from Gauteng Province only (279 genomes) yields a faster growth rate estimate
with a doubling time of 1.8 days (95% CI 1.4 — 3.0) (Appendix C - Extended Data S1).
Spatiotemporal phylogeographic analysis indicates that the BA.1/Omicron variant spread from the
Gauteng province of South Africa to seven of the eight other provinces and to two regions of
Botswana from late October to late November 2021, and shows more recent evidence of
transmission within and between other South African provinces (Fig 4.2C).
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Figure 4.2: Evolution of Omicron. A) Time-resolved maximum likelihood phylogeny of 13,295
SARS-CoV-2 sequences; 9,944 of these are from Africa (denoted with tip point circle shapes).
Alpha, Beta and Delta VOCs and the C.1.2 lineage, recently circulating in South Africa, are
denoted in black, brown, green and blue respectively. The newly identified SARS-CoV-2 Omicron
variant is shown in pink. Genomes of other lineages are shown in grey. B) Time-resolved
maximum clade credibility phylogeny of the Omicron cluster of southern African genomes (n =
553), with locations indicated. The distribution of estimated time of origin is also shown. C)
Spatiotemporal reconstruction of the spread of the Omicron variant in Southern Africa with an
inset of Gauteng province. Circles represent nodes of the maximum clade credibility phylogeny,
coloured according to their inferred time of occurrence (scale in top panel). Shaded areas 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 is anticlockwise along the curve.

Molecular profile of Omicron

Omicron carries 15 mutations in the spike receptor-binding domain (RBD) (Fig. 4.3), five of which
(G339D, N440K, S477N, T478K, N501Y) have been shown individually to enhance hACE2
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binding?°. A further six of these RBD mutations (K417N, G446S, E484A, Q493R, G496S, Q498R
and N501Y) are expected to have moderate to strong impacts on binding of at least three of the
four major classes of spike-targeted neutralizing antibodies (NAbs)?!-23. These RBD mutations
coupled with four amino acid substitutions (A67V, T951, G142D, and L2121), three deletions (69-
70, 143-145 and 211) and an insertion (EPE between 214 and 215) in the N-terminal domain
(NTD)?*, are predicted to underlie the substantially reduced sensitivity of Omicron to
neutralization by anti-SARS-CoV-2 antibodies induced by either infection or vaccination®>26.
These mutations also involve key structural epitopes targeted by some of the currently authorized
monoclonal antibodies, particularly bamlanivimab + etesevimab and casirivimab + imdevimab?’~
2, Preliminary analysis suggests that although the spike mutations involve a number of T cell and

B cell epitopes, the majority of epitopes (>70%) remain unaffected*.

Omicron also has a cluster of three mutations (H655Y, N679K and P681H) adjacent to the S1/S2
furin cleavage site (FCS) which are likely to enhance spike protein cleavage and fusion with host
cells*!32 and which could also contribute to enhanced transmissibility®® (Appendix C - Extended
Data Fig. 4).

Outside of the spike protein, a deletion in nsp6 (105-107del), in the same region as deletions seen
in Alpha, Beta, Gamma and Lambda, may have a role in evasion of innate immunity**; and the
double mutation in nucleocapsid (R203K, G204R), also present in Alpha, Gamma and C.1.2, has
been associated with enhanced infectivity in human lung cells *°.
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Figure 4.3. Molecular profile of Omicron A) Amino-acid mutations on the spike gene of the
BA.1/Omicron variant. B) Structure of the SARS-CoV-2 Spike trimer, showing a single spike
protomer in cartoon view. The N terminal domain, receptor binding domain, subdomains 1 and 2,
and the S2 protein are shown in cyan, yellow, pink, and green respectively. Red spheres indicate
the alpha carbon positions for each omicron variant residue. NTD-specific loop
insertions/deletions are shown in red, with the original loop shown in transparent black.
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Omicron is not obviously recombinant

Given the large number of mutations differentiating BA.1/Omicron and BA.2 from other known
SARS-CoV-2 lineages it was considered plausible that either (i) both of these lineages might have
descended from a common recombinant ancestor, or (ii) that one of the BA lineages might have
originated via recombination between a virus in the other BA lineage and a virus in a non-BA
lineage. We tested these hypotheses using a variety of recombination detection approaches
(implemented in the programs GARD?®; 3SEQ?’; and RDP5°®) to identify potential signals of
recombination in sequence datasets containing BA.1 and BA.2 sequences together with sequences
representative of global SARS-CoV-2 genomic diversity.

3SEQ, GARD and RDPS5 all identified potential evidence of recombination in these datasets. The
most likely recombination breakpoint locations were located between nucleotide positions 20520
and 21619 (near the start of the S-gene; supported by GARD, RDP5 and 3SEQ) and between
23609 and 23614 (near the middle of the S-gene; supported by GARD and 3SEQ). 3SEQ identified
an additional breakpoint at nucleotide position 24513 (toward the end of the S-gene). Phylogenetic
analysis of the genome regions bounded by these breakpoints (genome coordinates 1450-20520,
21619-23609 and 23614-24513) revealed no support for a recombinant origin for either the BA.1
or BA.2 lineages (Appendix C - Extended Data Fig. 5). Although one BA.1 isolate
(Botswana/R43B66) displayed evidence of having potentially inherited nucleotides 23614-24513
from a Delta virus by recombination, there was no strong phylogenetic support for the clustering
of this sequence with Delta viruses. Further, read coverage in this region of the Botswana/R43B66
sequence was so low that we were unable to exclude the possibility that the apparent recombination
signal was attributable to a combination of miscalled/uncalled nucleotides and alignment
uncertainty.

Although we found no convincing phylogenetic or statistical evidence of either the most recent
common ancestor of BA.1 and BA.2 being recombinant, or of the most recent common ancestors
of either the BA.1 or BA.2 lineages having been derived through recombination, it should be noted
that recombination tests in general will not have sufficient statistical power to reliably identify
evidence of individual recombination events that result in transfers of less than ~5 contiguous
polymorphic nucleotide sites between genomes. Further, if BA.1 and/or BA.2 are the products of
a series of multiple partially overlapping recombination events occurring across multiple
temporally clustered replication cycles, the complex patterns of nucleotide variation that might
result could be extremely difficult to interpret as recombination using the methods applied here®”.

Signs of strong selection and epistasis during the origin and ongoing evolution of the
Omicron lineage

We applied a selection analysis pipeline to all available sequences designated as BA.1 in GISAID
as of 8 December 2021. The analysis followed the procedure described previously**, and
downsampled alignments of individual protein encoding regions to obtain a median of 25 unique
Omicron haplotype sequences and 107 unique haplotype sequences for each gene/ORF from a
representative selection of other SARS-CoV-2 lineages (used as background sequences to
contextualize evolution within the Omicron sub-clade).

We detected evidence of gene-wide positive selection (using the BUSTED method*°) acting on six
genes/ORFs since the ancestral BA.1/Omicron and BA.2 lineage split from the B.1.1 lineage: S-
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gene (p < 0.0001), exonuclease (p < 0.0001), nsp6 (p = 0.001), M-gene (p = 0.002), N-gene (p =
0.006), and E-gene (p = 0.05). In all six genes, this selection was strong (dN/dS > 10), and occurred
in bursts (< 6% of branch/site combinations selected). The branch separating BA.1/Omicron from
its most recent B.1.1 ancestor had the most prominent selection signal (which was strongest in the
S-gene; BUSTED p-value < 0.0001 with dN/dS > 100 at ~0.5% of S-gene codon sites*!), strongly
supporting the hypothesis that adaptive evolution played a significant role in the mutational
divergence of Omicron from other B.1.1 SARS-CoV-2 lineages. Relative to the intensity of
selection evident within the background B.1.1 lineages, selection in three genes was likely
significantly intensified in the ancestral Omicron lineage: S-gene (intensification factor K =2.0; p
<0.0001 #?), exonuclease (K = 4.0; p < 0.0001), and nsp6 (K = 5.1; p = 0.02).

Among 294 codon sites that are polymorphic among the BA.1/Omicron sequences analysed, 32
were found to have experienced episodic positive selection since BA.1 split from the B.1.1 lineage
(MEME p <0.01, Appendix C - Extended Data Table S2 **). Sixteen (50%) of these codon sites
are in the S-gene, 13 of which contain BA.1 lineage-defining mutations (i.e. these selection signals
reflect mutations that occurred within the ancestral Omicron lineage). The three positively selected
codon sites that did not correspond to sites of lineage-defining mutations (S/346, S/452, and S/701)
are particularly notable as these are attributable to mutations that have occurred since the MRCA
of the analysed BA.1 sequences. The mutations driving the positive selection signals at these three
sites in the Omicron S-gene converge on mutations seen in other VOCs or VOIs (R346K in Mu,
L452R in Delta, and A701V in Beta and Iota). The A701V mutation, the precise impact of which
is currently unknown, is one of 19 in a proposed “501Y lineage Spike meta-signature” comprising
the set of mutations that were most adaptive during the evolution of the Alpha, Beta and Gamma
VOC lineages**. Further, both R346K and L452R are known to impact antibody binding?? and
both of the codon sites where these mutations occur display evidence for directional selection
(using the FADE method**). These selective patterns suggest that, during its current explosive
spread, Omicron may be undergoing additional evolution to modify its neutralization profile.

Potential for increased transmissibility and immune evasion

We estimated that Omicron had a growth advantage of 0.24 (95% CI: 0.16-0.33) per day over
Delta in Gauteng, South Africa (Fig. 4.4A). This corresponds to a 5.4-fold (95% CI: 3.1-10.1)
weekly increase in cases compared to Delta. The growth advantage of Omicron is likely to be
mediated by (i) an increase relative to other variants of its intrinsic transmissibility (i.e., the basic
reproduction number Rp), (ii) an increase relative to other variants in its capacity to infect, and be
transmitted from, previously infected and vaccinated individuals; or (iii) both.

The predicted combination of transmissibility and immune evasion for Omicron strongly depends
on the assumed level of current population immunity against infection by, and transmission of, the
competing variant Delta that is afforded by prior-infections with wild-type Wuhan, Beta, Delta,
and other strains, and/or vaccination (Fig. 4.4B). For moderate levels of population immunity
against Delta (2 = 0.4), immune evasion alone cannot explain the observed growth advantage of
Omicron (Fig. 4.4C). For medium levels of immunity against Delta (Q = 0.6), very high levels of
immune evasion could explain the observed growth advantage without an additional increase in
transmissibility (Fig. 4.4D). For high levels of population immunity against Delta (Q = 0.8), even
moderate levels of immune evasion (~25-50%) can explain the observed growth advantage without
an additional increase in transmissibility (Fig. 4.4E). The results of seroprevalence studies and
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vaccination coverage (~40% of the adult population) in South Africa suggest that the proportion
of the population with potential immunity against Delta and earlier variants is likely to be above
60%!%!1, We thus argue that the population level of protective immunity against Delta is high, and
that partial immune evasion is a major driver for the observed dynamics of Omicron in South
Africa. This notion is supported by recent findings that show an increased risk of SARS-CoV-2
reinfection associated with the emergence of Omicron in South Africa* and the initial results from
neutralization assays 2>, An increase, or decrease, in the transmissibility of Omicron compared
to Delta cannot, however, be ruled out.

There are a number of limitations to this analysis. First, we estimated the growth advantage of
Omicron based on early sequence data only. These data could be biased due to targeted sequencing
of SGTF samples and stochastic effects (e.g., superspreading) in a low incidence setting, which
can lead to overestimates of the growth advantage, and consequently of the increased
transmissibility and immune evasion. Second, without reliable estimates of the level of protective
immunity against Delta in South Africa, we cannot obtain precise estimates of transmissibility or
immune evasion of Omicron.

a
1.0 4 3 100
§ T £ 754
— ‘\\ {
2 06 =3 ® Delta §
S Beta S 5o
2 i ® Omicron il
8 0.4 Other 2
° \ E 25
T 02+ = =
R
0 e S — 0 3
[ T 1 —r T 1 1 1T 1711
Oct 2021 Nov 2021 Dec 2021 -100 0 100 200 300
Increase in transmissibility (%)
¢ 100 100 100
Q=40% ® Q=60% ® Q=80%
g 75 °\E 751 g 75 -
o C { =
o Ke] o
& 2 @
2 50 — 3 50+ 3 50 —
[0 [0} (0]
[= = (=
= = | o
E 25+ £ 254 £ 254
£ E E
0 : 0 : 0 - :
T T 1 111711 T 11111711 —r T 1 1 1 1711
-100 0 100 200 300 -100 0 100 200 300 -100 0 100 200 300

Increase in transmissibility (%)

Increase in transmissibility (%)

Increase in transmissibility (%)

Figure 4.4: Growth of Omicron in Gauteng, South Africa, and relationship between potential
increase in transmissibility and immune evasion. (A) Omicron rapidly outcompeted Delta in
November 2021. Model fits are based on a multinomial logistic regression. Dots represent the
weekly proportions of variants. (B) The relationship between the potential increase in
transmissibility and immune evasion strongly depends on the assumed level of current population
immunity against Delta (€2). (C-E) Relationship for a population immunity of 40%, 60%, and 80%
against infection and transmission with Delta. The dark vertical dashed line indicates equal
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transmissibility of Omicron compared to Delta. Shaded areas correspond to the 95% Cls of the
model estimates.

Conclusion

Omicron is now driving a fourth wave of the SARS-CoV-2 epidemic in South Africa and
Botswana, and is now already spreading rapidly in several other countries. Genotypic and
phenotypic data suggest that Omicron has the capacity for substantial evasion of neutralizing
antibody responses, and modelling suggests that immune evasion could be the major driver of the
observed transmission dynamics. Close monitoring of the spread of Omicron in countries outside
southern Africa will be necessary to better understand its transmissibility and the potential of this
variant to evade post-infection and vaccine-elicited immunity. Neutralizing antibodies are only
one component of the immune protection from vaccines and prior infection, and cellular immunity
is predicted to be less affected by the mutations in Omicron. Vaccination therefore remains critical
to protect those at highest risk of severe disease and death. The emergence and rapid spread of
Omicron poses a threat to the world and a particular threat in Africa, where fewer than one in ten
people is fully vaccinated.

Methods

Epidemiological dynamics

We analyzed daily cases of SARS-CoV-2 in South Africa up to 14 December 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)**7, The
National Department of Health releases daily updates on the number of confirmed new cases,
deaths and recoveries, with a breakdown by province. Daily case numbers for Botswana were
obtained via Our World in Data (OWID) COVID-19 data  repository
(https://github.com/owid/covid-19-data). We consulted estimates for the Re of SARS-CoV-2 in
South Africa and Botswana from the ‘covid-19-Re’ data repository (https://github.com/covid-19-
Re/dailyRe-Data)*®. We obtained test positivity data from weekly reports from the National
Institute for Communicable Diseases (NICD)*. Data to calculate the proportion of positive
Thermo Fisher TagPath COVID-19 PCR tests with SGTF in South Africa was obtained from the
National Health Laboratory Service and Lancet Laboratories. Test positivity data for Botswana
was obtained from the National Health Laboratory through 6 December 2021. All data
visualization was generated through the ggplot package in R>°,

SARS-CoV-2 sampling

As part of the NGS-SA, seven sequencing hubs in South Africa receive randomly selected samples
for sequencing every week according to approved protocols at each site®!. These samples include
remnant nucleic acid extracts or remnant nasopharyngeal and oropharyngeal swab samples from
routine diagnostic SARS-CoV-2 PCR testing from public and private laboratories in South Africa.
In response to a focal resurgence of COVID-19 in the City of Tshwane Metropolitan Municipality
in Gauteng Province in November, we enriched our routine sampling with additional samples from
the affected area, including initial targeted sequencing of SGTF samples. In Botswana, all public
and private laboratories submit randomly selected residual nasopharyngeal and oropharyngeal
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PCR positive samples weekly to the National Health Laboratory (NHL) and the Botswana Harvard
HIV Reference Laboratory (BHHRL) for sequencing.

Ethical statement

The genomic surveillance in South Africa was approved by the University of KwaZulu—Natal
Biomedical Research Ethics Committee (BREC/00001510/2020), the University of the
Witwatersrand Human Research Ethics Committee (HREC) (M180832), Stellenbosch University
HREC (N20/04/008 COVID-19), University of Cape Town HREC (383/2020), University of
Pretoria HREC (H101/17) and the University of the Free State Health Sciences Research Ethics
Committee (UFS-HSD2020/1860/2710). The genomic sequencing in Botswana was conducted as
part of the national vaccine roll-out plan and was approved by the Health Research and
Development Committee (Health Research Ethics body, HRDC#00948 and HRDC#00904).
Individual participant consent was not required for the genomic surveillance. This requirement
was waived by the Research Ethics Committees.

Ion Torrent Genexus Integrated Sequencer methodology for rapid whole genome sequencing
of SARS-CoV-2

Viral RNA was extracted using the MagNA Pure 96 DNA and Viral Nucleic Acid kit on the
automated MagNA Pure 96 system (Roche Diagnostics, USA) as per the manufacturer’s
instructions. Extracts were then screened by qPCR to acquire the mean cycle threshold (Ct) values
for the SARS-CoV-2 N-gene and ORFlab-gene using the TagMan 2019-nCoV assay kit vl
(ThermoFisher Scientific, USA) on the ViiA7 Real-time PCR system (ThermoFisher Scientific,
USA) as per the manufacturer’s instructions. Extracts were sorted into batches of N=8 within a Ct
range difference of 5 for a maximum of two batches per run. Extracts with <200 copies were
sequenced using the low viral titer protocol. Next-generation sequencing was performed using the
Ion AmpliSeq SARS-CoV-2 Research Panel on the Ion Torrent Genexus Integrated Sequencer
(ThermoFisher Scientific, USA) which combines automated cDNA synthesis, library preparation,
templating preparation and sequencing within 24 hours. The Ion Ampliseq SARS-CoV-2 Research
Panel consists of 2 primer pools targeting 237 amplicons tiled across the SARS-CoV-2 genome
providing >99% coverage of the SARS-CoV-2 genome (~30 kb) and an additional 5 primer pairs
targeting human expression controls. The SARS-CoV-2 amplicons range from 125 to 275 bp in
length. TRINITY was utilised for de novo assembly and the Iterative Refinement Meta-Assembler
(IRMA) for genome assisted assembly as well as FastQC for quality checks.

Whole-genome sequencing and genome assembly
RNA was extracted on an automated Chemagic 360 instrument, using the CMG-1049 kit (Perkin
Elmer, Hamburg, Germany). The RNA was stored at —80 °C prior to use. Libraries for whole
genome sequencing were prepared using either the Oxford Nanopore Midnight protocol with
Rapid Barcoding or the Illumina COVIDseq Assay.

Illumina Miseq/NextSeq

For the [llumina COVIDseq assay, the libraries were prepared according to the manufacturer’s
protocol. Briefly, amplicons were tagmented, followed by indexing using the Nextera UD Indexes
Set A. Sequencing libraries were pooled, normalized to 4 nM and denatured with 0.2 N sodium
acetate. A 8 pM sample library was spiked with 1% PhiX (PhiX Control v3 adaptor-ligated library
used as a control). We sequenced libraries on a 500-cycle v2 MiSeq Reagent Kit on the Illumina
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MiSeq instrument (Illumina). On the [llumina NextSeq 550 instrument, sequencing was performed
using the Illumina COVIDSeq protocol (Illumina Inc, USA), an amplicon-based next-generation
sequencing approach. The first strand synthesis was carried using random hexamers primers from
[llumina and the synthesized cDNA underwent two separate multiplex PCR reactions. The pooled
PCR amplified products were processed for tagmentation and adapter ligation using IDT for
[llumina Nextera UD Indexes. Further enrichment and cleanup was performed as per protocols
provided by the manufacturer (Illumina Inc). Pooled samples were quantified using Qubit 3.0 or
4.0 fluorometer (Invitrogen Inc.) using the Qubit dsDNA High Sensitivity assay according to
manufacturer’s instructions. The fragment sizes were analyzed using TapeStation 4200
(Invitrogen). The pooled libraries were further normalized to 4nM concentration and 25 pl of each
normalized pool containing unique index adapter sets were combined in a new tube. The final
library pool was denatured and neutralized with 0.2N sodium hydroxide and 200 mM Tris-HCL
(pH7), respectively. 1.5 pM sample library was spiked with 2% PhiX. Libraries were loaded onto
a 300-cycle NextSeq 500/550 HighOutput Kit v2 and run on the Illumina NextSeq 550 instrument
(Illumina, San Diego, CA, USA).

Midnight Protocol

For Oxford Nanopore sequencing, the Midnight primer kit was used as described by Freed and
Silander>?. cDNA synthesis was performed on the extracted RNA using LunaScript RT mastermix
(New England BioLabs) followed by gene-specific multiplex PCR using the Midnight Primer
pools which produce 1200bp amplicons which overlap to cover the 30-kb SARS-CoV-2 genome.
Amplicons from each pool were pooled and used neat for barcoding with the Oxford Nanopore
Rapid Barcoding kit as per the manufacturer’s protocol. Barcoded samples were pooled and bead-
purified. After the bead clean-up, the library was loaded on a prepared R9.4.1 flow-cell. A
GridION X5 or MinION sequencing run was initiated using MinKNOW software with the base-
call setting switched off.

Genome assembly

We assembled paired-end and nanopore .fastq reads using Genome Detective 1.132
(https://www.genomedetective.com) which was updated for the accurate assembly and variant
calling of tiled primer amplicon Illumina or Oxford Nanopore reads, and the Coronavirus Typing
Tool*3. In addition, we also used the wf artic (ARTIC SARS-CoV-2) pipeline as built using the
nextflow workflow framework 4. For Illumina assembly, GATK HaploTypeCaller --min-pruning
0 argument was added to increase mutation calling sensitivity near sequencing gaps. For Nanopore,
low coverage regions with poor alignment quality (<85% variant homogeneity) near
sequencing/amplicon ends were masked to be robust against primer drop-out experienced in the
Spike gene, and the sensitivity for detecting short inserts using a region-local global alignment of
reads, was increased. In some instances, mutations were confirmed visually with .bam files using
Geneious software V2020.1.2 (Biomatters). The reference genome used throughout the assembly
process was NC_045512.2 (numbering equivalent to MN908947.3).

Raw reads from the [llumina COVIDSeq protocol were assembled using the Exatype NGS SARS-
CoV-2 pipeline v1.6.1, (https://sars-cov-2.exatype.com/). This pipeline performs quality control
on reads and then maps the reads to a reference using Examap. The reference genome used
throughout the assembly process was NC 045512.2 (Accession number: MN908947.3).
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Several of the initial Ion Torrent genomes contained a number of frameshifts, which caused
unknown variant calls. Manual inspection revealed that these were likely to be sequencing errors
resulting in mis-assembled regions (likely due to the known error profile of Ion Torrent
sequencers)>>. To resolve this, the raw reads from the TonTorrent platform were assembled using
the SARSCoV2 RECoVERY (REconstruction of COronaVirus gEnomes & Rapid analYsis)
pipeline implemented in the Galaxy instance ARIES (https://aries.iss.it). This pipeline fixed the
observed frameshifts, confirming that they were artefacts of mis-assembly; this subsequently
resolved the variant calls. The Exatype and RECoVERY pipelines each produce a consensus
sequence for each sample. These consensus sequences were manually inspected and polished using
Aliview v1.27 (http://ormbunkar.se/aliview/).

All of the sequences were deposited in GISAID (https://www.gisaid.org/) '®!7, and the GISAID
accession identifiers are included as part of Supplementary Table S3. Raw reads for our
sequences have also been deposited at the NCBI Sequence Read Archive (BioProject accession
PRINA784038).

The number and position of the Omicron mutations has affected a number of primers and caused
primer drop-outs across a range of sequencing protocols, especially within the RBD
(https://primer-monitor.neb.com/lineages). These primer drop-outs have resulted in a number of
genomes missing stretches of the RBD, and can affect estimates of mutation prevalence and the
determination of the true set of lineage-defining mutations. Given this, bam files of all initial
genomes were inspected with IG Viewer to confirm mutation calls where reference calls were
suspected to be from low coverage at primer dropout sites®.

Lineage classification

We used the widespread dynamic lineage classification method from the ‘Phylogenetic
Assignment of Named Global Outbreak Lineages’ (PANGOLIN) software suite
(https://github.com/hCoV-2019/pangolin)!®,  This is aimed at identifying the most
epidemiologically important lineages of SARS-CoV-2 at the time of analysis, enabling researchers
to monitor the epidemic in a particular geographic region. For the Omicron variant described in
this study, the corresponding PANGO lineage designation is BA.1 (lineages v1.2.106). When first
characterized the lineage was designated as B.1.1.529 but the emergence of a sibling lineage to
Omicron resulted in the split into two sublineages (B.1.1.529.1 and B.1.1.529.2, aliased as BA.1
and BA.2). BA.l now contains all the genomes with the mutational constellation that was
designated as Omicron (https://github.com/cov-
lineages/constellations/blob/main/constellations/definitions/cBA.1.json).

Recombination testing

To test for the possibility that the Omicron lineage is a recombinant of other SARS-CoV-2
lineages, we used a global subsample of sequences spanning January 2021 to August 2021. Using
the NCBI SARS-CoV-2 Data hub®*¢!| we constructed a dataset containing 221 sequences by
randomly sampling five sequences from each month for each continent. No Oceania samples were
available from July or August, and no South American sequences were available from July 20212,
These sequences were aligned together with a set of five high quality BA.1 and seven BA.2
sequences (representing the known diversity of these clades on 5 December 2021) using MAFFT®?
with default settings. Whereas 3SEQ?7, and RDP5°® were used to analyse this dataset, a subsample
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of the 39 most divergent sequences from the dataset was analysed using the GARD recombination
detection method?®. Default program settings were used throughout for recombination analyses,
with the exception of RDPS5 analysis, in which sequences were treated as linear and the window
sizes for the SiScan and BootScan methods (two of the seven recombination detection methods
applied in RDPS5) were changed to 2000 nucleotides.

Selection analyses

We investigated the nature and extent of selective forces acting on BA.1 genes encoding individual
protein products (a median of 25 unique BA.1 sequences per protein product encoding genome
region). A subset of publicly available sequences (from the Virus Pathogen Database and Analysis
Resource (ViPR) (https://www.viprbrc.org/) were included as background sequences to
contextualize selection signals detectable within the BA.1 lineage at the levels of complete protein
product encoding regions, and individual codons (a median of 106 sequences per protein coding
region). Sequences were selected quality checked, aligned and subjected to BUSTED, RELAX,
MEME, FADE, FEL, and BGM selection analyses (all implemented in HyPhy v2.5.31%%) using
the automated RASCL pipeline as outlined previously 284,

Structure modeling

We modelled the spike protein on the basis of the Protein Data Bank coordinate set 7A94, showing
the first step of the spike protein trimer activation with one RBD domain in the up position, bound
to the human ACE2 receptor®. We used the Pymol program (The PyMOL Molecular Graphics
System, version 2.2.0) for visualization.

Phylogenetic analysis

All sequences on GISAID!%!7 designated Omicron (n=686; date of access: 7 December 2021) were
analyzed against a globally representative reference set of SARS-CoV-2 genotypes (n=12 609)
spanning the entire genetic diversity observed since the start of the pandemic. In short, the
reference set included: 1. All genomes from Africa assigned to PANGO lineage B.1.1 or any of its
descendents, excluding those belonging to a VOC clade; 2. A representative subsampling of global
data from the publicly maintained global build of Nexstrain
(https://nextstrain.org/ncov/gisaid/global); 3. The top thirty BLAST hits when querying GISAID
BLAST for BA.1 and BA.2 sequences. This sampling scheme ensures that we analyze Omicron
against the closest variants of the virus. Omicron and reference sequences were aligned with
Nextalign®®. A maximum-likelihood (ML) tree topology was inferred in FastTree®’ under the
following parameters: a General Time Reversible (GTR) model of nucleotide substitution and a
total of 100 bootstrap replicates®®. The resulting ML-tree topology was transformed into a time-
calibrated phylogeny where branches along the tree are scaled in calendar time using TreeTime®.
The resulting tree was then visualized and annotated in ggtree in R7°,

Time-calibrated BEAST analysis

To estimate a time-scale and growth rate from the genome sequence data, BEAST v1.10.47! was
used to sample phylogenetic trees under an exponential growth coalescent model using a strict
molecular clock. All BA.1 assigned genomes from South Africa and Botswana (as of 11 December
2021) were included with some lower coverage genomes removed leaving a total of 553 genomes.
The single South African BA.2 (CERI-KRISP-K032307, EPI ISL 6795834) was included to help
stabilize the root of the BA.1 clade but the exponential growth coalescent model was only applied
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to BA.1 (a constant population size coalescent was used for the rest of the tree). The rate of
molecular evolution was estimated from the data. Two runs of 100 million iterations were
compared to assess convergence and then post-burnin samples pooled to summarize parameter
estimates.

Phylogeographic analysis

Markov Chain Monte Carlo (MCMC) analyses were run in duplicate in BEAST v1.10.47* for a
total of 100 million iterations sampling every 10,000 steps in the chain. Convergence of runs was
assessed in Tracer v1.7.1 7 based on high effective sample sizes (>200) and good mixing in the
chains. Maximum clade credibility trees for each run were summarized in TreeAnnotator after
discarding the first 10% of the chain as burn in. Finally, the spatiotemporal dispersal of Omicron
was mapped using the R package “seraphim”’4,

Estimating transmission advantage

We analyzed 805 SARS-CoV-2 sequences from Gauteng, South Africa, that were uploaded to
GISAID with sample collection dates from 1 September - 1 December 2021'., We used a
multinomial logistic regression model to estimate the growth advantage of Omicron compared to
Delta at the time point where the proportion of Omicron reached 50%>7¢, We fitted the model
using the multinom function of the nnet package and estimated the growth advantage using the
package emmeans in R.

The difference in the net growth rates (i.e., the growth advantage) between a variant (Omicron)
and the wild-type (Delta) can be expressed as follows’”:

p=1+pS+el-9))-pS,

where 7 is the increase of the intrinsic transmissibility, € is the level of immune evasion, £ is the
transmission rate of the wild-type, and S is the proportion of the population that is susceptible to
the wild-type. This relation can be algebraically solved for 7 and €. We further define R,, = SD as
the effective reproduction number of the wild-type with D being the generation time. Q=1 - S
corresponds to the proportion of the population with protective immunity against infection and
subsequent transmission with the wild-type.

We estimated ¢ for different levels of 7 and Q. To propagate the uncertainty, we constructed 95%
credible intervals (CIs) of the estimates from 10,000 parameter samples of p, D, and R,. We
assumed D to be normally distributed with a mean of 5.2 days and a standard deviation of 0.8
days’®. We sampled from publicly available estimates of the daily R, based on confirmed cases
during the early growth phase of Omicron in South Africa (1 October - 31 October 2021; range:
0.78-0.85 (https://github.com/covid-19-Re)*:.

Data availability

All SARS-CoV-2 whole genome sequences produced by NGS-SA are deposited in the GISAID
sequence database and are publicly available subject to the terms and conditions of the GISAID
database. The GISAID accession numbers of sequences used in the phylogenetic analysis,
including Omicron and global references, are provided in the Appendix C - Supplementary
Table S3.
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Code availability

All input files (e.g. alignments or XML files), along with all resulting output files and scripts used
in the present study will be made available upon request and publicly shared on GitHub at final
publication.
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Chapter 5: Emergence of SARS-CoV-2 Omicron lineages
BA.4 and BA.5 in South Africa

This chapter builds on research work developed in previous chapters and describes the
characterization of the Omicron BA.4 and BA.5 sublineages following the continuous genomic
monitoring for SARS-CoV-2 in South Africa. The aim of this study was to characterise yet another
instance of shifting epidemiology during the pandemic infection cycles in South Africa. This time,
the first noticeable changing epidemic parameter was the increase in the proportion of diagnostic
tests demonstrating S-gene target failure (SGTF). The results show that the spike proteins of BA.4
and BA.5 are identical, and similar to BA.2 except for the addition of 69—70 deletion (which causes
SGTF diagnostic test), L452R (present in the Delta variant), F486V and the wild-type amino acid
at Q493. The BA.4 and BA.S5 lineages replaced the dominant BA.2 at that time and went on to
cause a fifth wave of infections in South Africa. As first author on this study, my role included
genomic data generation for the sequences analysed, phylogenetic analysis to characterise them
into the two novel lineages, mapping of genomic prevalence estimates onto epidemiological
parameters, data visualisation and manuscript writing. The Omicron BA.4 and BA.5 lineages
originally described in this study ultimately expanded globally, causing further increases in
incidence in many countries. The global dominance of this lineage also meant that the second
generation of COVID-19 mRNA vaccines to be licensed were bivalent shots containing spike
mRNA from the original strain and BA.4 and BA.5 lineages.

This chapter was published as a peer-reviewed research article in Nature Medicine in June 2022
and can be accessed at the following DOI: 10.1038/s41591-022-01911-2. The chapter is presented
in a similar format as the journal article. A full list of authors and affiliations is shown below.

Houriiyah Tegally!', Monika Moir!, Josie Everatt®, Marta Giovanetti*>®, Cathrine Scheepers®’,
Eduan Wilkinson', Kathleen Subramoney®3!, Zinhle Makatini®3!, Sikhulile Moyo®!%!!, Daniel G.
Amoako®, Cheryl Baxter!, Christian L., Althaus'?, Ugochukwu J. Anyaneji?, Dikeledi Kekana?,
Raquel Viana!3, Jennifer Giandhari?, Richard J. Lessells?, Tongai Maponga'4, Dorcas Maruapula’,
Wonderful Choga®, Mogomotsi Matshaba!!, Mpaphi B. Mbulawa!’, Nokukhanya Msomi'¢, NGS-
SA consortium®, Yeshnee Naidoo!, Sureshnee Pillay?, Tomasz Janusz Sanko!, James E. San?,
Lesley Scott!’, Lavanya Singh?, Nonkululeko A. Magini?, Pamela Smith-Lawrence'®, Wendy
Stevens!”!?, Graeme Dor!®, Derek Tshiabuila?, Nicole Wolter*!, Wolfgang Preiser'4, Florette K.
Treurnicht®3!, Marietjie Venter?’, Georginah Chiloane?®, Caitlyn McIntyre?’, Aine O’Toole?!,
Christopher Ruis??, Thomas P. Peacock®’, Cornelius Roemer®*, Sergei L Kosakovsky Pond?’,
Carolyn Williamson?%27282% Qliver G. Pybus*’, Jinal N. Bhiman?’, Allison Glass'3-*!, Darren P.
Martin?®2°, Ben Jackson?!, Andrew Rambaut?!, Oluwakemi Laguda-Akingba’>*, Simani
Gaseitsiwe™!'?, Anne von Gottberg®33* & Tulio de Oliveira'->3"

100



!Centre for Epidemic Response and Innovation (CERI), School of Data Science and Computational Thinking,
Stellenbosch University, Stellenbosch, South Africa

2KwaZulu-Natal Research Innovation and Sequencing Platform (KRISP), Nelson R. Mandela School of Medicine,
University of KwaZulu-Natal, Durban, South Africa

3National Institute for Communicable Diseases (NICD) of the National Health Laboratory Service (NHLS),
Johannesburg, South Africa

4Laboratorio de Flavivirus, Fundacao Oswaldo Cruz, Rio de Janeiro, Brazil

SDepartment of Science and Technology for Humans and the Environment, University of Campus Bio-Medico di
Roma, Rome, Italy.

“Laboratério de Genética Celular e Molecular, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil

"South African Medical Research Council Antibody Immunity Research Unit, School of Pathology, Faculty of Health
Sciences, University of the Witwatersrand, Johannesburg, South Africa

8Department of Virology, Charlotte Maxeke Johannesburg Academic Hospital, Johannesburg, South Africa
‘Botswana Harvard AIDS Institute Partnership, Botswana Harvard HIV Reference Laboratory, Gaborone, Botswana
YHarvard T.H. Chan School of Public Health, Boston, MA, USA

""Botswana Presidential COVID-19 Taskforce, Gaborone, Botswana

PInstitute of Social and Preventive Medicine, University of Bern, Bern, Switzerland

BLancet Laboratories, Johannesburg, South Africa

“Division of Medical Virology, Faculty of Medicine and Health Sciences, Stellenbosch University, Tygerberg, Cape
Town, South Africa

5National Health Laboratory, Health Services Management, Ministry of Health and Wellness, Gaborone, Botswana
%Discipline of Virology, School of Laboratory Medicine and Medical Sciences and National Health Laboratory
Service (NHLS), University of KwaZulu-Natal, Durban, South Africa

"Department of Molecular Medicine and Haematology, Faculty of Health Science, School of Pathology, University
of the Witwatersrand, Johannesburg, South Africa

8Health Services Management, Ministry of Health and Wellness, Gaborone, Botswana

"National Priority Program of the National Health Laboratory Service, Johannesburg, South Africa

2Zoonotic Arbo and Respiratory Virus Program, Centre for Viral Zoonoses, Department of Medical Virology,
University of Pretoria, Pretoria, South Africa

Hnstitute of Evolutionary Biology, University of Edinburgh, Edinburgh, UK

2Department of Medicine, University of Cambridge, Cambridge, UK

BDepartment of Infectious Disease, Imperial College London, UK, W2 1PG

24Biozentrum, University of Basel

ZInstitute for Genomics and Evolutionary Medicine, Department of Biology, Temple University, Philadelphia, PA
19122, USA

2Division of Medical Virology, Faculty of Health Sciences, University of Cape Town, Cape Town, South Africa
YDivision of Virology, NHLS Groote Schuur Laboratory, Cape Town, South Africa

BWellcome Centre for Infectious Diseases Research in Africa (CIDRI-Africa), Cape Town, South Africa

PInstitute of Infectious Disease and Molecular Medicine, University of Cape Town, Cape Town, South Africa
3%Department of Zoology, University of Oxford, Oxford, UK

31School of Pathology, Faculty of Health Sciences, University of the Witwatersrand, Johannesburg, South Africa

32 NHLS Port Elizabeth Laboratory, Port Elizabeth, South Africa

3Faculty of Health Sciences, Walter Sisulu University, Eastern Cape, South Africa

**Division of Medical Microbiology, Department of Pathology, Faculty of Health Sciences, University of Cape Town,
Cape Town

33Department of Global Health, University of Washington, Seattle, WA, USA

¥ A list of authors and their affiliations appears at the end of the paper.
Abstract
Three lineages (BA.1, BA.2 and BA.3) of the SARS-CoV-2 Omicron variant of concern

predominantly drove South Africa’s fourth COVID-19 wave. We have now identified two new
lineages, BA.4 and BA.S, responsible for a fifth wave of infections. The spike proteins of BA.4
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and BA.5 are identical, and comparable to BA.2 except for the addition of 69-70del (present in the
Alpha variant and the BA.1 lineage), L452R (present in the Delta variant), F486V and the wild
type amino acid at Q493.The two lineages only differ outside of the spike region. The 69-70
deletion in spike allows these lineages to be identified by the proxy marker of S-gene target failure,
on the background of variants not possessing this feature . BA.4 and BA.5 have rapidly replaced
BA.2, reaching more than 50% of sequenced cases in South Africa by the first week of April 2022.
Using a multinomial logistic regression model, we estimate growth advantages for BA.4 and BA.5
of 0.08 (95% CI: 0.08 - 0.09) and 0.10 (95% CI: 0.09 - 0.11) per day respectively over BA.2 in
South Africa. The continued discovery of genetically diverse Omicron lineages points to the
hypothesis that a discrete reservoir, such as human chronic infections and/or animal hosts, is
potentially contributing to further evolution and dispersal of the virus.

Main text

Within days of being discovered in South Africa and Botswana, on November 26, 2021, the
Omicron variant of SARS-CoV-2 was designated as a variant of concern (VOC) by the World
Health Organization!. Initially, Omicron was comprised of three sister lineages, BA.1, BA.2 and
BA.3. BA.1 caused most of the infections in South Africa’s fourth epidemic wave. However, as
that wave receded in mid-January 2022, BA.2 became the dominant South African lineage. Despite
being associated with a modest prolongation of the fourth wave, the displacement of BA.1 by BA.2
in South Africa was not associated with a significant resurgence in cases, hospital admissions or
deaths. This pattern was not consistent worldwide, however, and in some countries BA.2 was
responsible for a greater share of cases, hospitalizations and deaths during the Omicron wave?.

We recently identified two new Omicron lineages that have been designated BA.4 and BA.5 by
the Pango Network and pango-designation v1.3, a system of naming and classifying SARS-CoV-
2 lineages (Fig. 5.1A)>%. Bayesian phylogenetic methods revealed that BA.4 and BA.5 are distinct
from the other Omicron lineages (Molecular clock signal: correlation coefficient = 0.6, R? = 0.4,
Appendix D - Extended Data Fig. 1). BA.4 and BA.5 are estimated to have originated in mid-
December 2021 (95% highest posterior density [HPD] 25 November 2021 to 01 January 2022)
and early January 2022 (HPD 10 December 2021 to 6 February 2022) respectively (Fig. 5.1A).
The most recent common ancestor of BA.4 and BA.5 is estimated to have originated in mid-
November 2021 (HPD 29 September 2021 to 6 December 2021) (Fig. 5.1A), coinciding with the
emergence of the other lineages, for example BA.2 in early November 2021 (HPD: 9 October 2021
to 29 November 2021). Phylogeographic analysis suggests early dispersal of BA.4 from Limpopo
to Gauteng, with later spread to other provinces (Fig. 5.1B); and early dispersal of BA.5 from
Gauteng to KwaZulu-Natal, with more limited onward spread to other provinces (Fig. 5.1C).

BA.4 and BA.S5 have identical spike proteins, most comparable to BA.2. Relative to BA.2, BA .4
and BA.5 have the additional spike mutations 69-70del, L452R, F486V and wild type amino acid
at position Q493 (Fig 5.1D). Outside of spike, BA.4 has additional mutations at ORF7b:L11F and
N:P151S and a triple amino acid deletion in NSP1:141-143del whilst BA.5 has the M:D3N
mutation. Relative to BA.2, BA.5 has additional reversions at ORF6:D61 and nucleotide positions
26858 and 27259. In addition, BA.4 and BA.5 have a nuc:G12160A synonymous mutation in
NSPS that was present in Epsilon (B.1.429) and has arisen in BA.2 in some locations (Appendix
D - Extended Data Fig. 2). BA.4 and BA.5 have identical mutational patterns in the 5’ genome
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region (from ORF1ab to Envelope) yet exhibit genetic divergence in the 3’ region (from M to the
3’ genome end). This suggests that BA.4 and BA.5 may be related by a recombination event, with
breakpoint between the E and M genes, prior to their emergence into the general population. This
scenario is somewhat similar to the relationship between BA.3 and BA.1/BA.2 which also exhibit
apparent ancestral recombination!. Using the RASCL pipeline’ (which employs a battery of tests
that analyse ratios of synonymous and non-synonymous substitutions both at individual codon
sites and I entire protein coding regions) we found no compelling evidence of imbalances between
ratios of synonymous and non-synonymous substitutions such as would be indicative of positive
selection (i.e. favouring amino acid changes) or negative selection (disfavouring amino acid
changes) acting on any of the genes of viruses in either the BA.4 or BA.5 lineages.
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Figure 5.1: A) Time-resolved maximum clade credibility phylogeny of the BA.2, BA.4 and BA.5

lineages (n = 221, sampled between 29 December 2021 and 7 April 2022). Mutations that
characterize the lineages are indicated on the branch at which each first emerged. The posterior
distribution of the time of the most recent common ancestor (TMRCA) is also shown for BA.2,
BA.4 and BA.S. B) Spatiotemporal reconstruction of the spread of the BA.4 lineage in South
Africa. C) Spatiotemporal reconstruction of the spread of the BA.5 lineage in South Africa. In B
and C, circles represent nodes of the maximum clade credibility phylogeny, coloured according to
their inferred time of occurrence (scale shown). EC, Eastern Cape; FS, Free State; GP, Gauteng;
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KZN, KwaZulu-Natal; LP, Limpopo; MP, Mpumalanga; NC, Northern Cape; NW, North West;
WC, Western Cape. Solid curved lines denote the links between nodes and the directionality of
movement is indicated (anti-clockwise along the curve). D) Amino acid mutations in the spike
gene of the BA.4 and BA.5 lineages. Mutations that differ from BA.2 are denoted in red, including
the wild-type amino acid at position Q493 (denoted by the red *).

It is currently unknown how differences in the mutation profiles of BA.4 and BA.5, relative to
BA.2, will impact their phenotypes. Changes at spike amino acids 452, 486 and 493 are likely to
influence human angiotensin-converting enzyme-2 (hACE2) and antibody binding. The 452
residue is in immediate proximity to the interaction interface of the hACE2 receptor. The L452R
mutation has been associated with an increased affinity for receptor binding with a resultant
increased in vitro infectivity® . The L452R mutation is also present in the Delta, Kappa and Epsilon
variants (and L452Q in Lambda), and mutations at this position have been associated with a
reduction in neutralization by monoclonal antibodies (particularly class 2 antibodies) and
polyclonal sera’!'!. Mutations at this position (L452R/M/Q) have also arisen independently in
several BA.2 sublineages in different parts of the world, most notably BA.2.12.1 (L452Q) which
has become dominant in many parts of the United States. It’s therefore unclear whether BA.4/BA.5
will become dominant throughout the world, or whether there will be a period of co-circulation of
several different Omicron lineages.

Before the emergence of BA.4 and BA.5, F486V in the receptor binding domain of spike had been
observed only in 54 of 10 million publicly available genome sequences in GISAID (https://cov-
spectrum.org/explore/World/AllSamples/AllTimes/variants?aaMutations=S%3 AF486V &).
Selection analyses focusing on ratios of non-synonymous and synonymous substitution rates at
individual codons have indicated that, since December 2020 S:486 has been evolving under strong
negative selection favouring the F state at this site (i.e., the amino acid that is found in Wuhan-Hu-
1) (Appendix D - Extended Data Fig. 3). Although rare, the F486L mutation has been observed in
approximately 500 genomes, most commonly in viruses infecting minks and from human cases
linked to mink farms. The F486L mutation has been shown to directly enhance entry into cells
expressing mink or ferret ACE2'2. When binding to hACE2, spike amino acid F486 interacts with
hACE?2 residues L79, M82, and Y83, which collectively comprise a hotspot for ACE2 differences
between mammalian species'®. Mutations at F486 are associated with a reduction in neutralising
activity by class 1 (and some class 2) neutralising antibodies and by polyclonal sera’!'!. Deep
mutational scanning suggests that F486 is a key site for escape of vaccine- and infection-elicited
RBD-targeted antibodies, including those still able to neutralize Omicron/BA.l
(https://jbloomlab.github.io/SARS2 RBD_Ab_escape_maps/escape-calc/)!4. This suggests that
BA.4 and BA.5 may be even better at evading neutralizing antibody responses, including those
recently elicited by BA.1 infections. Combined with waning population immunity against infection
from the initial Omicron/BA.1 wave, this could create the conditions for a significant resurgence
in infections.

The S:69-70del means BA.4 and BA.5 can again be presumptively identified (against a
background of BA.2 infection) using the proxy marker of S-gene target failure (SGTF) with the
TagPath™ COVID-19 qPCR assay (Thermo Fisher Scientific, Waltham, MA, USA). SGTF was
successfully used to track the early spread of BA.1 (which also demonstrates SGTF), later also
enabling discrimination between BA.1 and BA.2 infections, since BA.2 viruses generally lack the
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S:69-70del'>. Recent data from public laboratories in South Africa suggest that the proportion of
positive PCR tests with SGTF has been increasing since early March, suggesting that BA.4 and
BA.5 may be responsible for a growing share of recently confirmed cases (Fig. 5.2A). To assess
the validity of SGTF for identifying BA.4/BA.S, we performed qPCR with the TagPath™ assay
on 296 unselected samples submitted for sequencing to KwaZulu-Natal Research Innovation and
Sequencing Platform (KRISP) from Gauteng, Eastern Cape and KwaZulu-Natal collected between
6 January and 3 April 2022. Of the 296 samples processed, we had a paired valid qPCR result and
sequence for 198. Of the 77 samples with SGTF on qPCR, 66 were BA.4 or BA.5, nine were BA.1,
and two were BA.2. No BA.4 and BA.5 genomes were S-gene target positive on qPCR (Extended
Data Table 1). These results suggest that SGTF surveillance (where the assay is available) may for
now be a reasonable proxy to identify BA.4 and BA.5 for countries with a low prevalence of BA.1.

At the time of writing, we have confirmed BA.4 and/or BA.5 in all nine provinces in South Africa
(Eastern Cape, Gauteng, KwaZulu-Natal, Limpopo, Mpumalanga, North West, Northern Cape,
Free State and Western Cape) in samples collected between 10 January 2022 and 19 May 2022
(Fig. 5.2B). In the three most populous provinces in South Africa, Gauteng, KwaZulu-Natal and
Western Cape, BA.4 and BA.5 have rapidly replaced BA.2, and are responsible for approximately
90% of sequenced cases by the week starting 16 May 2022 (Appendix D - Extended Data Fig. 4).
These estimates are based on unselected sampling for genomic surveillance (samples not selected
based on SGTF or genotyping). The data suggest geographic heterogeneity in the distribution of
these two new lineages, with growth predominantly of BA.4 in Gauteng and BA.5 in KwaZulu-
Natal (Appendix D - Extended Data Fig. 4). Internationally, by the end of May 2022, BA.4 and
BA.5 had also been detected and was rising in prevalence in several countries: in neighbouring
Botswana (estimated prevalence 60%), in Europe (Portugal, Spain, Austria), and in the USA.

We estimated that Omicron BA.4 and BA.5 had a daily growth advantage of 0.08 (95% confidence
interval [CI] 0.08 - 0.09) and 0.10 (95% CI 0.09 - 0.11) respectively, relative to BA.2 in South
Africa in May 2022 (Fig. 5.2F). These estimates are similar to the estimated daily growth
advantage of 0.07 (95% CI: 0.07 — 0.06) of BA.2 over BA.1 in February 2022 (Fig. 5.2C). The
BA.4 and BA.S lineages also show a growth advantage against non-Omicron lineages although
these are minimally circulating in the discussed time frame (Extended Data Table 2). The growth
advantage of Omicron BA.4 and BA.5 could be mediated by either (i) an increase in its intrinsic
transmissibility relative to other variants, (ii) an increase relative to other variants in its capacity
to infect, and be transmitted from, previously infected and vaccinated individuals or (iii) both. The
estimated time to most recent common ancestor for both BA.4 and BA.5 (mid-November 2021,
similar to that for BA.1 and BA.2) argues against the first option because that suggests both
lineages would have been circulating throughout the period dominated by BA.1 and then BA.2
without exhibiting a transmission advantage. The observation that both BA.4 and BA.5 (and many
lineages within them) have recently started to grow in frequency suggests the growth advantage is
recent and uniform across these lineages. It is estimated that almost all of the South African
population has some degree of immunity to SARS-CoV-2, provided by a complex mixture of
vaccination and prior infections with wild-type, Beta, Delta, and Omicron (particularly BA.1) (Fig
5.2D)!%!7, Given that the transmission advantage becomes apparent approximately four months
from the start of the Omicron wave, it is plausible that waning immunity (particularly that acquired
from BA.1 infection) is an important contributory factor. This would also suggest that the effects
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of these different Omicron lineages may differ by location, depending on the immune landscape
and particularly the patterns of exposure to BA.1 and BA.2.

At the time of writing, a wave of infections caused by the BA.4 and BA.5 lineages was ending in
South Africa (Fig. 5.2D). This wave was characterized by a peak in test positivity rate of ~24%,
lower than during the Omicron BA.1 wave (~34%), and, because of high population immunity,
much lower hospital admissions and deaths than previously recorded during waves of infection in
South Africa. It is worthy to note that recorded death metrics were further decoupled from cases
and hospitalizations compared to the BA.1 wave. The ability of the BA.4 and BA.5 lineages to
drive a new wave of infections can potentially be explained by their ability to evade immunity
induced by the BA. 1 lineage roughly three months after infection'®. The fifth wave in South Africa,
driven by BA.4 and BA.5, occurred around four months after the fourth wave, driven by BA.1. At
the time of writing this report, Botswana was experiencing a rapid rise in cases driven by BA.4
and BA.5, with 19 of 24 health districts experiencing resurgence in cases. To note, Botswana's
fourth wave was driven by BA.1, followed by BA.2 lasting about 3.5 months and the country’s
fifth wave is occurring approximately two months after the fourth wave.
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Figure 5.2: A) Changes in the genomic prevalence of Omicron lineages in South Africa from
November 2021 (when BA.1 dominated) to May 2022 (when BA.4 and BA.5 were increasing in
frequency), superimposed with the proportion of positive TaqPath qPCR tests exhibiting SGTF
from November 2021 to May 2022. To note here that estimations of genomic prevalence and SGTF
proportions are done from different samples and datasets, and only presented together here for
illustrative purposes. B) The count of Omicron lineage genomes per province of South Africa over
November 2021 — May 2022. BA.4 and BA.5 have been detected in all nine provinces. C)
Modelled linear proportions of the Omicron lineages in South Africa. BA.1 rapidly outcompeted
Delta in November 2021 and was then superseded by BA.2 in early 2022. BA.4 and BA.5 appear
to be swiftly replacing BA.2 in South Africa. Model fits are based on a multinomial logistic
regression and dot size represents the weekly sample size. The shaded areas correspond to the 95%
CIs of the model estimates. D) The progression of the 7-day rolling average of daily reported case
numbers in South Africa over two years of the epidemic (April 2020 — May 2022). Daily cases are
coloured by the inferred proportion of SARS-CoV-2 variants prevalent at a particular period in the
epidemic.
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There are several limitations to this study. First, the estimated growth advantage of the BA.4 and
BA.5 lineages could be biased due to stochastic effects (such as superspreading) in a low incidence
setting at the start of a wave, which can lead to overestimates of the growth advantage. Secondly,
reliable estimates of the level of population immunity against BA.1 in South Africa are not yet
available, making it difficult to precisely estimate transmissibility or immune evasion of the new
lineages. There also remains some uncertainty about the origin of the different Omicron lineages
and phylogenetic inference is limited by the relatively low sampling coverage in our genomic
surveillance (<1% of confirmed cases in South Africa). Furthermore, the lack of sampling on an
ancestor of the different Omicron lineages complicates phylogenetic placements. Whilst the
Bayesian phylogenetic methods employed here suggest that BA.4 and BA.5 are independent
lineages that originated around the same time as BA.1-BA.3, maximum likelihood estimations
suggest they could have descended from BA.2. Further sequencing (particularly samples from
Gauteng and neighbouring provinces) may help to provide more clarity.

The continued discovery of genetically diverse Omicron lineages shifts the level of support for
hypotheses regarding their origin, from an unsampled location to a discrete reservoir, such as
human chronic infections (or even a network of chronic human infections) and/or animal
reservoirs, potentially contributing to further evolution and dispersal of the virus, although
currently the data does not provide any definitive evidence in any direction. We are actively
investigating the potential of a yet unidentified animal reservoir in the region. To date, the only
reverse zoonoses cases reported from the African region were in African lions and a puma in a
private zoo in Johannesburg, South Africa!®. Although these are unlikely species to play a role in
the emergence of new variants, it is a reminder of the susceptibility of certain wildlife species to
infections from humans. Following the emergence of Omicron, the World Organisation for Animal
Health released a statement calling for enhanced surveillance in animals to identify the origin of
new variants?°., Further genomic sampling and evolutionary investigation will thus be required to
explain the origin of Omicron lineages.

In conclusion, we have identified two new Omicron lineages (BA.4 and BA.5), which are
associated with a resurgence in infections in South Africa approximately four months on from the
start of the Omicron wave. This once again highlights the importance of continued global genomic
surveillance and variant analysis to act as an early warning system, giving countries time to prepare
and mitigate the public health impact of emerging variants.
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Methods:

Epidemiological dynamics

We analysed daily cases of SARS-CoV-2 in South Africa up to 25 April 2022 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)?!-?2, The
National Department of Health releases daily updates on the number of confirmed new cases,
deaths and recoveries, with a breakdown by province.

Sampling of SARS-CoV-2

As part of the NGS-SA?3, seven sequencing hubs receive randomly selected samples for
sequencing every week according to approved protocols at each site. These samples include
remnant nucleic acid extracts or remnant nasopharyngeal and oropharyngeal swab samples from
routine diagnostic SARS-CoV-2 PCR testing from public and private laboratories in South Africa.
We analysed SARS-CoV-2 genomes generated from samples collected between 1 November 2021
and 20th April 2022.

Ethical statement

The genomic surveillance in South Africa was approved by the University of KwaZulu—Natal
Biomedical Research Ethics Committee (BREC/00001510/2020), the University of the
Witwatersrand Human Research Ethics Committee (HREC) (M180832), Stellenbosch University
HREC (N20/04/008 COVID-19), University of Cape Town HREC (383/2020), University of
Pretoria HREC (H101/17) and the University of the Free State Health Sciences Research Ethics
Committee (UFS-HSD2020/1860/2710). The genomic sequencing in Botswana was conducted as
part of the national vaccine roll-out plan and was approved by the Health Research and
Development Committee (Health Research Ethics body, HRDC#00948 and HRDC#00904).
Individual participant consent was not required for the genomic surveillance. This requirement
was waived by the Research Ethics Committees.

Whole-genome sequencing and genome assembly

RNA was extracted on an automated Chemagic 360 instrument, using the CMG-1049 kit (Perkin
Elmer). The RNA was stored at —80 °C before use. Libraries for whole-genome sequencing were
prepared using either the Oxford Nanopore Midnight protocol with Rapid Barcoding or the
[llumina COVIDseq Assay.
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Illumina Miseq/NextSeq

For the [llumina COVIDseq assay, the libraries were prepared according to the manufacturer’s
protocol. In brief, amplicons were tagmented, followed by indexing using the Nextera UD Indexes
Set A. Sequencing libraries were pooled, normalized to 4 nM and denatured with 0.2 N sodium
acetate. A 8 pM sample library was spiked with 1% PhiX (PhiX Control v3 adaptor-ligated library
used as a control). We sequenced libraries using the 500-cycle v2 MiSeq Reagent Kit on the
[llumina MiSeq instrument (Illumina). On the Illumina NextSeq 550 instrument, sequencing was
performed using the Illumina COVIDSeq protocol (Illumina), an amplicon-based next-generation
sequencing approach. The first-strand synthesis was performed using random hexamers primers
from Illumina and the synthesized cDNA underwent two separate multiplex PCR reactions. The
pooled PCR amplified products were processed for tagmentation and adapter ligation using IDT
for Illumina Nextera UD Indexes. Further enrichment and clean-up was performed according to
protocols provided by the manufacturer (Illumina). Pooled samples were quantified using the
Qubit 3.0 or 4.0 fluorometer (Invitrogen) and the Qubit dsDNA High Sensitivity assay kit
according to the manufacturer’s instructions. The fragment sizes were analysed using the
TapeStation 4200 (Invitrogen). The pooled libraries were further normalized to 4nM
concentration, and 25 pl of each normalized pool containing unique index adapter sets was
combined into a new tube. The final library pool was denatured and neutralized with 0.2 N sodium
hydroxide and 200 mM Tris-HCI (pH 7), respectively. Sample library (1.5 pM) was spiked with
2% PhiX. Libraries were loaded onto a 300-cycle NextSeq 500/550 HighOutput Kit v2 and run on
the Illumina NextSeq 550 instrument (Illumina).

Midnight protocol

For Oxford Nanopore sequencing, the Midnight primer kit was used as described previously54.
cDNA synthesis was performed on the extracted RNA using the LunaScript RT mastermix (New
England BioLabs) followed by gene-specific multiplex PCR using the Midnight primer pools,
which produce 1,200 bp amplicons that overlap to cover the 30 kb SARS-CoV-2 genome.
Amplicons from each pool were pooled and used neat for barcoding with the Oxford Nanopore
Rapid Barcoding kit according to the manufacturer’s protocol. Barcoded samples were pooled and
bead-purified. After the bead clean-up, the library was loaded on a prepared R9.4.1 flow-cell. A
GridION X5 or MinION sequencing run was initiated using MinKNOW software with the base-
call setting switched off.

Ion Torrent Genexus Integrated Sequencer methodology for rapid whole-genome
sequencing of SARS-CoV-2

Viral RNA was extracted using the MagNA Pure 96 DNA and Viral Nucleic Acid kit on the
automated MagNA Pure 96 system (Roche Diagnostics) according to the manufacturer’s
instructions. Extracts were then screened by quantitative PCR to acquire the mean cycle threshold
(Ct) values for the SARS-CoV-2 N and ORF1ab genes using the TagMan 2019-nCoV assay kit v1
(Thermo Fisher Scientific) on the ViiA7 Real-time PCR system (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Extracts were sorted into batches of n =8 within a Ct
range difference of 5 for a maximum of two batches per run. Extracts with <200 copies were
sequenced using the low viral titre protocol. Next-generation sequencing was performed using the
Ion AmpliSeq SARS-CoV-2 Research Panel on the Ion Torrent Genexus Integrated Sequencer
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(Thermo Fisher Scientific), which combines automated cDNA synthesis, library preparation,
templating preparation and sequencing within 24 h. The Ion Ampliseq SARS-CoV-2 Research
Panel consists of two primer pools targeting 237 amplicons tiled across the SARS-CoV-2 genome
providing >99% coverage of the SARS-CoV-2 genome (~30 kb) and an additional five primer
pairs targeting human expression controls. The SARS-CoV-2 amplicons range from 125 bp to
275 bp in length. TRINITY was used for de novo assembly and the Iterative Refinement Meta-
Assembler (IRMA) was used for genome assisted assembly as well as FastQC for quality checks.

Genome assembly

We assembled paired-end and Nanopore .fastq reads using Genome Detective v.1.132
(https://www.genomedetective.com), which was updated for the accurate assembly and variant
calling of tiled primer amplicon Illumina or Oxford Nanopore reads, and the Coronavirus Typing
Tool55. For Illumina assembly, the GATK HaploTypeCaller --min-pruning 0 argument was added
to increase mutation calling sensitivity near sequencing gaps. For Nanopore, low-coverage regions
with poor alignment quality (<85% variant homogeneity) near sequencing/amplicon ends were
masked to be robust against primer drop-out experienced in the spike gene, and the sensitivity for
detecting short inserts using a region-local global alignment of reads was increased. We also used
the wf artic (ARTIC SARS-CoV-2) pipeline as built using the Nextflow workflow framework56.
In some instances, mutations were confirmed visually with .bam files using Geneious v.2020.1.2
(Biomatters). The reference genome used throughout the assembly process was NC 045512.2
(numbering equivalent to MN908947.3).

Raw reads from the [llumina COVIDSeq protocol were assembled using the Exatype NGS SARS-
CoV-2 pipeline v.1.6.1 (https://sars-cov-2.exatype.com/). This pipeline performs quality control
on reads and then maps the reads to a reference using Examap. The reference genome used
throughout the assembly process was NC 045512.2 (accession number: MN908947.3).

Several of the initial Ion Torrent genomes contained a number of frameshifts, which caused
unknown variant calls. Manual inspection revealed that these were probably sequencing errors
resulting in mis-assembled regions (probably due to the known error profile of Ion Torrent
sequencers). To resolve this, the raw reads from the IonTorrent platform were assembled using the
SARSCoV2 RECoVERY (Reconstruction of Coronavirus Genomes & Rapid Analysis) pipeline
implemented in the Galaxy instance ARIES (https://aries.iss.it). This pipeline fixed the observed
frameshifts, confirming that they were artefacts of mis-assembly; this subsequently resolved the
variant calls. The Exatype and RECoVERY pipelines each produce a consensus sequence for each
sample. These consensus sequences were manually inspected and polished using Aliview v.1.27
(http://ormbunkar.se/aliview/).

All of the sequences passing internal quality control were deposited in GISAID
(https://www.gisaid.org/), and the GISAID accession identifiers are included as part of Extended
Data Table 1.

Phylogenetic analysis

We initially analysed genomes from South Africa against the global reference dataset using a
custom pipeline based on a local version of NextStrain (https://github.com/nextstrain/ncov)?*. The
pipeline contains several Python scripts that manage the analysis workflow. It performs an

114



alignment of genomes in NextAlign®, phylogenetic tree inference in IQ-Tree V1.6.9%, tree dating
and ancestral state construction and annotation (https://github.com/nextstrain/ncov).

The initial phylogenetic analysis enabled us to identify clusters corresponding to the BA.4 (n=120)
and BA.5 (n=51) lineages. We extracted these clusters and constructed a preliminary maximum-
likelihood tree with a subset of BA.2 sequences (n=52) in 1Q-tree. We inspected this maximum-
likelihood tree in TempEst v.1.5.3%7 for the presence of a temporal or molecular clock signal.
Linear regression of root-to-tip genetic distances against sampling dates indicated that the SARS-
CoV-2 sequences evolved in a relatively strong clock-like manner (correlation coefficient = 0.6,
R?2=0.4).

Given that the estimation of tMRCAs and dispersal dynamics of the sampled viruses is best
achieved using Bayesian phylogenetic methods, we then estimated time-calibrated phylogenies
using the Bayesian software package BEAST v.1.10.4?%, For this analysis, we used the strict
molecular clock model, the HKY+I+G, nucleotide substitution model and the exponential growth
coalescent model®®. We computed Markov chain Monte Carlo (MCMC) in duplicate runs of 20
million states each, sampling every 2,000 steps. Convergence of MCMC chains was checked using
Tracer v.1.7.13°, Maximum clade credibility trees were summarized from the MCMC samples
using TreeAnnotator after discarding 10% as burn-in. The phylogenetic trees were visualized using
ggplot and ggtree’!-32,

Phylogeographic analysis

To model phylogenetic diffusion of the new cluster across the country, we used a flexible relaxed
random walk diffusion model that accommodates branch-specific variation in rates of dispersal
with a Cauchy distribution?. For each sequence, latitude and longitude were attributed to the most
precise district or provincial information available and linked to the diagnostic sample.

As described in ‘Phylogenetic analysis’, MCMC chains were run in duplicate for 10 million
generations and sampled every 1,000 steps, with convergence assessed using Tracer v.1.7.1.
Maximum clade credibility trees were summarized using TreeAnnotator after discarding 10% as
burn-in. We used the R package seraphim®* to extract and map spatiotemporal information
embedded in posterior trees.

Lineage classification

We used a previously proposed dynamic lineage classification method?® from the ‘Phylogenetic
Assignment of Named Global Outbreak Lineages’ (pangolin) software suite v4.0.6 with the --
Usher option (https://github.com/cov-lineages/pangolin)*®. This is aimed at identifying the most
epidemiologically important lineages of SARS-CoV-2 at the time of analysis, enabling researchers
to monitor the epidemic in a particular geographic region. A lineage is a linear chain of viruses in
a phylogenetic tree showing connection from the ancestor to the last descendant. Variant refers to
a genetically distinct virus with different mutations to other viruses.

Selection analysis

To identify which (if any) of the observed mutations in the spike protein was most likely to increase
viral fitness, we wused the natural selection analysis of SARS-CoV-2 pipeline
(https://observablehq.com/@spond/revised-sars-cov-2-analytics-page). This pipeline examines
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the entire global SARS-CoV-2 nucleotide sequence dataset for evidence of: (i) polymorphisms
having arisen in multiple epidemiologically unlinked lineages that have statistical support for non-
neutral evolution (mixed effects model of evolution)®’, (ii) sites at which these polymorphisms
have support for a greater-than-expected ratio of nonsynonymous-to-synonymous nucleotide
substitution rates on internal branches of the phylogenetic tree (fixed-effects likelihood)*® and (iii)
whether these polymorphisms have increased in frequency in the regions of the world in which
they have occurred.

Estimating transmission advantage

We analysed 12,528 SARS-CoV-2 sequences from South Africa generated in this study and
uploaded to GISAID with sample collection dates from 1 November 2021 to 20 April 2022%°. We
used a multinomial logistic regression model to estimate the growth advantage of Omicron BA.2
lineage compared with BA.1, BA.4 and BA.S lineages at the time point at which the proportion of
Omicron BA.4 and BA.5 collectively 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#2,

S-Gene Target Failure Monitoring

SGTF monitoring is performed through analysing SARS-CoV-2 laboratory test results from
nasopharyngeal specimens received from the public health sector and referred for PCR testing
undertaken by the National Health Laboratory Service (NHLS) in South Africa. The NHLS has a
single laboratory information system connecting laboratory testing platforms to a corporate data
warehouse, where data can be mined in near real-time. The TagPath™ COVID-19 [Thermo Fisher
Scientific, Waltham, MA, USA] assay accounts for around 20% of NHLS PCR tests performed,
with around half of those performed in Gauteng. The TaqPath assay targets three gene regions,
ORFlab, N and S, with the lack of probe fluorescence of the latter culminating in S-gene target
failure (SGTF). In Fig 5.2A, we analysed and plotted the weekly proportion of positive TaqPath
tests with SGTF (defined as samples with non-detectable S gene target and either N or ORF1lab
gene positive with CT value <30.

Validation of S-Gene Target status as proxy for BA.4 and BA.S

Using a subset of unselected samples submitted to the KRISP sequencing laboratory, we compared
the S-gene target status to the genome lineage assignment. Briefly, RNA was extracted from
nasopharyngeal swabs in viral transport media using the CMG-1033-S kit (Chemagen,
PerkinElmer, Baesweiler, Germany). 10ul of purified RNA was then amplified using the TaqPath
COVID-19 CE-IVD RT-PCR kit (ThermoFisher Scientific, Waltham, MA, USA) and analysed on
the Design & Analysis software v2.4. SGTF was denoted by lack of amplification of the S-gene
target, with successful amplification of both the remaining ORF1ab and N-gene targets (Ct < 30).

Statistics

No statistical method was used to predetermine sample size. Data exclusion, randomization and
blinding to allocation during experiments and outcome assessment were not applicable to this
study.
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Data Availability Statement

All of the SARS-CoV-2 genomes generated and presented in this manuscript are publicly
accessible through the GISAID platform (https:/www.gisaid.org/). The GISAID accession
identifiers of the sequences analysed in this study are provided as part of Supplementary Table S1.
Other raw data for this study are provided as a supplementary dataset at https://github.com/krisp-
kwazulu-natal/ SARSCoV2_ South Africa Omicron BA4 BAS. The reference SARS-CoV-2
genome (MN908947.3) was downloaded from the NCBI database
(https://www.ncbi.nlm.nih.gov/).

Code Availability Statement
All custom scripts to reproduce the analyses and figures presented in this Article are available at
https://github.com/krisp-kwazulu-natal/ SARSCoV2_ South Africa Omicron BA4 BAS.
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Chapter 6: A year of genomic surveillance reveals how
the SARS-CoV-2 pandemic unfolded in Africa

This chapter gives in-depth insights into the genomic epidemiology of the SARS-CoV-2 virus in
Africa over the first year of the pandemic, as inferred from viral genomes collected in 2021 from
several countries across the continent. This was the first paper to present such a continental
genomic analysis for SARS-CoV-2. This study was a colossal collaborative effort with
contributing authors from more than 150 institutions in Africa for the generation of genomic data.
As a co-first author on this study, my contribution to this study included conceptualization,
computational method development for genomic data analysis, bioinformatics sequence assembly,
data visualisation, writing and editing. The results show that outbreaks during 2020 in each African
country were initiated by imported cases, mostly from Europe, and that as the pandemic developed,
case numbers in African countries were likely many times higher than reported, and subsequent
waves of the pandemic were more influenced by viral importations between African countries,
rather than from outside the continent. Finally, the study maps out the evolution and dispersal of
high-transmission variants within the continent. This chapter builds upon knowledge from
previous chapters to put the genomic epidemiology of SARS-CoV-2 in South Africa in a
continental context.

This chapter was published as a peer-reviewed research article in Science in September 2021 and
can be accessed at the following DOI: 10.1126/science.abj4336. The chapter is presented in a
similar format as the journal article. A full list of authors and affiliations is shown below.
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Abstract

The progression of the SARS-CoV-2 pandemic in Africa has so far been heterogeneous and the
full impact is not yet well understood. Here, 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 initiated by importations predominantly from Europe, which
diminished following the early introduction of international travel restrictions. As the pandemic
progressed, ongoing 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.1.351, 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 breeding ground for new variants.

Main Text

Severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) emerged in late 2019 in
Wuhan, China(/, 2). Since then, the virus has spread to all corners of the world, causing almost
150 million cases of coronavirus disease 2019 (COVID-19) and over three million deaths by the
end of April 2021. Throughout the pandemic, it has been noted that Africa accounts for a relatively
low proportion of reported cases and deaths — by the end of April 2021, there had been ~4.5 million
cases and ~120000 deaths on the continent, corresponding to less than 4% of the global burden.
However, emerging data from seroprevalence surveys and autopsy studies in some African
countries suggests that the true number of infections and deaths may be several fold higher than
reported(3, 4). In addition, a recent analysis has shown that the second wave of the pandemic was
more severe than the first wave in many African countries (3).

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, 7 ,8). These early cases were concentrated amongst air travellers returning
from regions of the world with high levels of community transmission. Many African countries
introduced early public health and social measures (PHSM), including international travel controls,
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quarantine for returning travellers, and internal lockdown measures to limit the spread of the virus
and give health services time to prepare (9, 5). 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 (/0). Rapid implementation 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 three days after the announcement
of the first case (6). Similarly, in Uganda, a sequencing programme was set up rapidly to facilitate
virus tracing, and the collection of samples for sequencing began immediately upon confirmation
of the first case (/7). In South Africa, the network for genomic surveillance in South Africa (NGS-
SA) was established in March 2020 and within weeks genomic analysis was helping to characterize
outbreaks and community transmission (/2).

Genomic surveillance has also been critical for monitoring ongoing SARS-CoV-2 evolution 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 resurgence of cases, led
to the detection of B.1.351 (501Y.V2)(/3). This variant was subsequently designated a variant of
concern (VOC) by the World Health Organization (WHO), due to evidence of increased
transmissibility(/4) and resistance to neutralizing antibodies elicited by natural infection and
vaccines (/5—17).

Here, we perform phylogenetic and phylogeographic analysis 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 predominantly from Europe, but that as the
pandemic progressed there was increasing spread between African countries. We also describe 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 second wave of the
pandemic in many countries.

Results

SARS-CoV-2 genomic data

By 5 May 2021, 14504 SARS-CoV-2 genomes had been submitted to the GISAID database (/8)
from 38 African countries and two overseas territories (Mayotte and Réunion) (Fig. 6.1A). 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. 6.1B). The countries/territories with the highest
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coverage of sequencing (defined 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 consistent sampling across the whole year. Half of all African genomes were deposited
in the first ten weeks of 2021, suggesting intensified surveillance in the second wave following the
detection of B.1.351/501Y.V2 and other variants (Fig. 6.1C and 6.1D).

127



Sequence
Count

-

Equatorial Guinea
Gabon
Republic of the Cong:

[ﬁi—m tius
@—R&unubnlrsland

Madagascar

B c A B1.1412 B.1.160.18
Az3n B1.1.428 B1.192

Lineage B1 B1.154 B.1.237
B.11 B117 8.1.351

" lu Kerya 81,1273 B.1.160 8.1.380

100% I
|
%
Other Lineages |
[S[RIW NN W TENTN]

8 10 12 14 Mar May Jul Sep Nov Jan Mar
Total Cases (Log) 2020 2020 2020 2020 2020 2021 2021
Date

South Africa @

@

=]
mes

Angota

Equatorial Guinoa .M‘"‘""

-

L 10 o' oo
Spearman correlation
=045

Sequence Count (Log)
g 3
2

n
n
@
3

Proportion of Genol

2
&

D VOCs @ A231 O B1.1.7 @ B.1.351 @ B.1.525 () OtherLineages

African countries with sequencing dala

South Africa
Kenya
Mayotte
Nigeria
Gambia
Egypt
Ghana
Democratic Republic of the Cengo
Zimbabwe
Uganda
Senegal |
Rwanda
Zambia
Botswana
Angola
Morocco
Equatorial Guinea
Malawi
Mozambique
Céte d'lvoire
Madagascar
Burkina Faso
Togo
Tunisia
Republic of the Congo
Cameroon |
Réunion
Namibia
Central African Republic
Guinea
Mah
Eswatini{
Lesotho
Algeria
Mauritivs
Benin

Sierra Leone
Gabon e o L ] ©
Union of the Comoros
Ethiopia
Feb Mar Apr May Jun Jul Aug Sep O Nov Dec Jan Feb Mar Apr  May
2020 2020 2020 2020 2020 2020 2020 2020 2020 2020 2020 2021 2021 2021 2021 2021

Sampling Dates

Figure 6.1: 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 vs. the number of reported COVID-19 cases in various African
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countries as of 5 May 2021. Countries with >500 sequences are labelled. (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.

Genetic diversity and lineage dynamics in Africa

Of the 10326 genomes retrieved from GISAID by the end of March 2021, 8,746 genomes passed
quality control (QC) and met the minimum metadata requirements. These genomes from Africa
were compared in a phylogenetic framework with 11891 representative genomes from around the
world. Ancestral location state reconstruction 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 countries.
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. 6.2A).

In total, we detected at least 757 (95% CI: 728 - 786) viral introductions into African countries
between the start of 2020 and February 2021, over half of which occurred before the end of May
2020. Whilst the early phase of the pandemic 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. 6.2B and 2C). A
rarefaction analysis in which we systematically subsampled genomes shows that vastly more
introductions would have likely been identified with increased sampling in Africa or globally,
suggesting that the introductions we identified are really just the “ears of the hippo”, or tip of the
iceberg (Appendix E - Fig. S1).

South Africa, Kenya and Nigeria appear as major sources of importations into other African
countries (Fig. 6.2D), although this is likely to be influenced by these three countries having the
greatest number of deposited sequences. Particularly striking is the southern African region, where
South Africa is the source for a large proportion (~80%) of the importations to other countries in
the region. The North African region demonstrates a different pattern to the rest of the continent,
with more viral introductions from Europe and Asia (particularly the Middle East) than from other
African countries (Appendix E - Fig. S2).

Africa has also contributed to the international spread of the virus with at least 324 (95% CI: 728
- 786) exportation events from Africa to the rest of the world detected in this dataset. Consistent
with the source of importations, 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 one year period (Appendix E - Fig. S3). However, an increase in the number of exportation
events occurred between 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.
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The early phase of the pandemic was characterized 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 (n=1,769; ~20%) (Fig. 6.1C). It was first sampled
on 8 October 2020 in South Africa (/3) and has since spread to 20 other African countries.

As air travel came to an almost complete halt in March/April 2020, the number(s) of detectable
viral imports into Africa decreased and the pandemic entered a phase that was characterized in
sub-Saharan Africa by sustained low levels of within-country movements and occasional
international viral movements between neighbouring 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 impacted by lockdown restrictions and quickly rebounded to
pre-pandemic levels (Appendix E - Fig. S4) following the relaxation of restrictions between June
2020 and December 2020.

Although lineage A viruses were imported into several African countries, they only account 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 countries (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 transmissibility of B lineage viruses by
virtue of the D614G mutation in spike (/9, 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 increasing rapidly in prevalence in Uganda and Rwanda (/1).
Furthermore, a highly divergent variant from lineage A was recently identified in Angola from
individuals arriving from Tanzania (27).
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Figure 6.2: (24) Time resolved Maximum Likelihood tree containing 8,746 high quality African
SARS-CoV-2 near-full-genome sequences analyzed against a backdrop of global reference
sequences. Variants of interest (VOI) and concern (VOC) are highlighted on the phylogeny. (2B)
Sources of viral introductions into African countries characterized as external introductions from
the rest of the world vs internal introductions from other African countries. (2C) Total external
viral introductions over time into Africa. (2D) 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 grey).

Emergence and spread of new SARS-CoV-2 variants

In order to determine how some of the key SARS-CoV-2 variants are spreading within Africa, we
performed phylogeographic analyses on the VOC B.1.351, the variant of interest (VOI) B.1.525,
and on two additional variants that emerged and that we designated as VOlIs for this analysis
(A.23.1 and C.1.1). These African VOCs and VOIs have multiple mutations on Spike glycoprotein
and molecular clock analysis of these four datasets provided strong evidence that these four
lineages are evolving in a clocklike manner (Fig. 6.3A, 6.3B).
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Figure 6.3: (4) 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. (B) Genome maps of four VOCs/VOls
where the spike region is shown in detail and in color and the rest of the genome is shown in grey.
ORF': open reading frame; NTD: N-terminal domain;, RBD: receptor binding domain; RBM:
receptor binding motif; SD1: subdomain 1 and SD2: subdomain 2.
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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 ten mutations in the spike protein,
including K417N, E484K and N501Y in the receptor-binding domain (Fig. 6.3B). Following its
emergence in the Eastern Cape, it spread extensively within South Africa (Fig. 6.4A). By
November 2020, the variant had spread into neighbouring Botswana and Mozambique and by
December 2020 it had reached Zambia and Mayotte. Within the first three months of 2021, further
exports from South Africa into Botswana, Zimbabwe, Mozambique and Zambia occurred. By
March 2021, B.1.351 had become the dominant lineage within most Southern African countries as
well as the overseas territories of Mayotte and Réunion (Appendix E - Fig. S5). Our
phylogeographic reconstruction also demonstrates movement of B.1.351 into East and Central
Africa directly from southern Africa. Our discrete phylogeographic analysis of a wider sample of
B.1.351 isolates demonstrate the spread of the lineage into West Africa. This patient from West
Africa had a known travel history to Europe so it possible the patient acquired the infection while
in Europe or in transit and not from other African sources (Fig. S6).

B.1.525 is a VOI defined by six substitutions in the spike protein (Q52R, A67V, E484K, D614G,
0677H and F888L), and two deletions in the N-terminal domain (HV69-70A and Y 144A). 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 density (HPD) 2020-11-01 to 2020-12-03) (Fig. 6.4B). Since then it has spread
throughout much of Nigeria and neighbouring Ghana. Given sparse sampling from other
neighbouring countries within West and Central Africa (Fig. 6.1A & 6.1C), the extent of the spread
of this VOI in the region is not clear. Beyond Africa, this VOI has spread to Europe and the US
(Appendix E - Fig. S6).

We designated A.23.1 and C.1.1 as VOIs for the purposes of this analysis, as they present good
examples of the continued evolution of the virus within Africa(//, 13). Lineage A.23,
characterized by three spike mutations (F157L, V367F and Q613H), 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.
Subsequently, the A.23 lineage spilled into the general population and spread to Kampala, adding
other spike mutations (R102I, L141F, E484K, P681R) along with additional mutations in nsp3,
nsp6, ORF8 and ORF9, prompting a new lineage classification, A.23.1 (Fig. 6.3A & 6.3B). Since
the emergence of A.23.1 in September 2020 (95% HPD: 2020-09-02 to 2020-09-28), it has spread
regionally into neighbouring Rwanda and Kenya and has now also reached South Africa and
Botswana in the south and Ghana in the west (Fig. 6.4C). However, our phylogeographic
reconstruction of A.23.1 suggests that the introduction into Ghana may have occurred via Europe
(Appendix E - Fig. S6), whereas the introductions into southern Africa likely occurred directly
from East Africa. This is consistent with epidemiological data suggesting that the case detected in
South Africa was a contact of an individual who had recently travelled to Kenya.
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Lineage C.1 emerged in South Africa in March 2020 (95% HPD: 2020-03-13 to 2020-04-17)
during a cluster outbreak prior to the first wave of the epidemic(/3). C.1.1 is defined by the spike
mutations S477N, A688S, M12371 and also contains the Q52R and A67V mutations similar to
B.1.525 (Fig. 6.3B). A continuous trait phylogeographic reconstruction of the movement dynamics
of these lineages suggests that C.1 emerged in the city of Johannesburg and spread within South
Africa during the first wave (Fig. 6.4D). Independent exports of C.1 from South Africa led to
regional spread to Zambia (June-July, 2020) and Mozambique (July-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). In depth analysis of SARS-CoV-2 genotypes from Mozambique
suggest that the C.1.1. lineage was the most prevalent in the country until the introduction of
B.1.351, which has dominated the epidemic since (Appendix E - 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 (Appendix E - Fig. S5) To date, this VOC has
been detected in eleven African countries, as well as the Indian Ocean islands of Mauritius and
Mayotte (Appendix E - 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 transmission in Nigeria and Ghana.
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Figure 6.4: Phylogeographic reconstruction of the spread of four VOCs/VOlIs across the African
continent using sequences showing strict continuous transmission across geographical regions.
Curved lines denote the direction of transmission in the anti-clockwise direction. Solid lines show
transmission paths as inferred by phylogeographic reconstruction and colored by date, whereas
dashed lines show known travel history of the particular case considered.

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 detectable viral exports from Africa landing in Europe
(Fig. 6.1C). This phylogeographic analysis also suggests a changing pattern of viral diffusion into
and within Africa over the course of 2020. In almost all instances the earliest introductions of
SARS-CoV-2 into individual African countries were from countries outside Africa.

High rates of COVID-19 testing and consistent genomic surveillance in the south of the continent
have led to the early identification of VOCs such as B.1.351 and VOIs such as C.1.1 (/3). Since
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the discovery of these southern 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.23.1 in East Africa). There is strong evidence that both of these VOIs 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
biological properties of these VOIs is needed to confirm whether they should be considered VOC:s,
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 neighbouring countries, reaching as far north as the
DRC by February 2021. This spread may have been facilitated through rail and road networks that
form major transport arteries linking 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 ineffective. Perhaps targeted testing
of cross-border travellers, genotyping of positive cases and the focused tracking of frequent cross-
border travellers 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 rollouts 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. On the other hand, with the already
widespread presence of known variants, difficult decisions 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
preparedness. It is important that such work is closely followed by genotype to phenotype research
to determine the actual significance of continued evolution of SARS-CoV-2 and other emerging
pathogens.

The rollout of vaccines across Africa has been painfully slow (Appendix E - Fig. S8 and S9). There
have, however, been notable successes that suggest the situation is not hopeless. The small island
nation of the Seychelles had vaccinated 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 three 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.
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The effectiveness of molecular surveillance as a tool for monitoring pandemics is largely
dependent on continuous and consistent sampling through time, rapid virus genome sequencing
and rapid reporting. When this is achieved, molecular surveillance can ensure the early detection
of changing pandemic characteristics. Further, when such changes are discovered, 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
genomic surveillance data is lost (Appendix E - Fig. S10). This lag is driven by several factors
depending on the laboratory or country in question: (i) lack of reagents due to disruptions in global
supply chains; (ii) lack of equipment and infrastructure within the originating country; (iii) scarcity
of technical skills in laboratory methods or bioinformatic 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 surveillance 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. While the precise factors underlying this surge in sequencing effort are unclear, important
drivers are almost certainly both increased global interest in genomic surveillance following the
discovery of multiple VOCs and VOIs since December 2020. We cannot reject that the observed
increase in exports from Africa may be due to intensified sequencing activity following the
detection of variants around the world. It is important to note here that phylogeographic
reconstruction of viral spread is highly dependent on sampling where there is the caveat that the
exact routes of viral movements between countries cannot be inferred if there is no sampling in
connecting countries. Furthermore, our efforts to reconstruct the movement dynamics 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 had also the
highest number of infections, which may decrease the sampling biases (Fig. 6.1A).

The reliability of genomic surveillance as a tool to prevent the emergence and spread of dangerous
variants is dependent on the intensity with which it is embraced by national public health programs.
As with most other parts of the world, the success of genomic surveillance in Africa requires more
samples being tested for COVID-19, higher proportions of positive samples being sequenced
within days of sampling, and persistent analyses of these sequences for concerning signals such as
(i) the presence of novel non-synonymous mutations at genomic sites associated with
pathogenicity and immunogenicity, (i7) evidence of positive selection at codon sites where non-
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synonymous mutations are observed, and (iii) evidence of lineage expansions. In spite of limited
sampling, Africa has identified many of the VOCs and VOIs that are being transmitted across the
world. Detailed characterization 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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Methods

Ethics statement

This project relied on sequence data and associated metadata publicly shared by the GISAID data
repository and adhere to the term and conditions laid out by GISAID. The African samples
processed in this study were obtained anonymously from material exceeding the routine diagnosis
of SARS-CoV-2 in African public health laboratories that belong to the public network within the
Africa CDC. Individual institutional review board (IRB) references or material transfer agreements
(MTAs) for countries are list below.

Angola - (MTA - CON8260), Botswana - Genomic surveillance in Botswana was approved by the
Health Research and Development Committee (Protocol HPDME 13/18/1), Nigeria —
(NHREC/01/01/2007), Mali - study of the sequence of SARS-CoV-2 isolates in Mali - Letter of
Ethical Committee (N0-2020 /201/CE/FMPOS/FAPH of 09/17/2020), Mozambique - (MTA -
CON7800), Malawi - (MTA - CONS8265), South Africa - The use of South African samples for
sequencing and genomic surveillance were approved by University of KwaZulu-Natal Biomedical
Research Ethics Committee (ref. BREC/00001510/2020); the University of the Witwatersrand
Human Research Ethics Committee (HREC) (ref. M180832); Stellenbosch University HREC (ref.
N20/04/008 _COVID-19); and the University of Cape Town HREC (ref. 383/2020), Tunisia - For
sequences derived from sampling in Tunisia, all patients provided their informed consent to use
their samples for sequencing of the viral genomes. The ethical agreement was provided to the
research project ADAGE (PRFCOVIDI9GP2) by the Committee of protection of persons
(Tunisian Ministry of Health) under the reference (CPP SUD N 0265/2020), Uganda - The use of
samples and sequences from Uganda were approved by the Uganda Virus Research Institute -
Research and Ethics Committee UVRI-REC Federalwide Assurance [FWA] FWA No. 00001354,
study reference - GC/127/20/04/771 and by the Uganda National Council for Science and
Technology, reference number - HS936ES) and Zimbabwe (MTA - CON8271).
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Data quality control

10326 African complete and near-complete genome sequences were retrieved from GISAID on 16
March 2021 (2pm SAST). Sampling strategies in various participating countries are outlined in
Supplementary Table S3. Prior to phylogenetic reconstruction we removed low quality sequences,
which included those identified as being of low quality by NextClade (n=18;
https://clades.nextstrain.org), those with missing sampling dates (n = 189), those with <90%
coverage (n = 1017), those with > 40 SNPs (n = 39), those with >10 ambiguous base-calls per
genome (n = 128), and those with clustered SNPs (n = 189).

High quality African near-complete genome sequences (n==8,746) were aligned against an
extensive reference dataset of 11891 SARS-CoV-2 sequences from around the world that included
sequences sampled since the start of the outbreak, including all those sampled up until the end of
February 2020.

Phylogenetic reconstruction

The African sequences were aligned against the reference panel using MAFFT v7.471(24). The
first 100 and last 50 bases as well as positions 13402, 24389 and 24390 relative to the reference
strain Wuhan-Hu-1 (/8,(25) were masked as these three sites are known for primer contamination
resulting in ambiguity. The subsequent alignment was used to infer a maximum likelihood (ML)
phylogenetic tree in IQTREE v1.6.9(26). The tree was inferred with the general time reversible
(GTR) model of nucleotide substitution and a proportion of invariable sites (+I). To infer some
confidence measures of branches in the phylogeny and for subsequent downstream analyses we
performed 100 bootstrap replicates using Booster(27).

The raw ML tree topology was used to estimate the number of viral transmission events between
various Africa countries and the rest of the world. TreeTime(28) was used to transform this ML
tree topology into a dated tree using a constant rate of 8.0 x 10 nucleotide substitutions per site
per year , after the exclusion of outlier sequences. A migration model was fitted to the resulting
time-scaled phylogenetic tree in TreeTime, mapping country and regional locations to tips and
internal nodes. Using the resulting annotated tree topology we could count the number of
transitions between Africa and the rest of the world.

Lineage classification

We used the dynamic lineage classification method called Phylogenetic Assignment of Named
Global Outbreak LINeages (PANGOLIN)(29). This was aimed at identifying the most
epidemiologically important lineages of SARS-CoV-2 circulating within the African continent and
to identify the lineage dynamics within African regions and across the continent. For the purpose
of clarity, we define a lineage as a linear chain of viruses in a phylogenetic tree showing connection
from the ancestor to the most recent descendant. A unique variant refers to a genetically distinct
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virus with different mutations to other viruses of the same lineage. Variants of concern (VOC) and
variants of interest (VOI) were designated based on the World Health Organization framework as
of 13 April 2021. We included two other lineages, namely A.23.1 and C.1.1, and designated them
as VOI for the purposes of this analysis. We included these two as they demonstrated continued
evolution of African lineages into potentially more transmissible variants with the acquisition of
mutations in the spike glycoprotein.

Phylogeographic reconstruction

VOCs and VOISs that emerged on the African continent (B.1.351, B.1.525, A.23.1 and C.1.1) were
marked on the time-resolved phylogenetic tree constructed above. Genome sequences from these
four lineages were extracted for phylogeographic reconstruction. First, we investigated the
dynamics of SARS-CoV-2 infection and virus lineage movements over longer distances (through
Europe or East to West Africa) using a sampled set of time-scaled phylogenies and the sampling
location of each geo-referenced SARS-CoV-2 sequence. We discretized sequence sampling
locations by considering distinct geographic areas and/or regions (in and outside Africa) as shown
in Appendix E - Supplementary Figure S6.

Initially, discrete phylogeographic reconstructions were conducted for all VOC and VOI using the
asymmetric discrete trait model implemented in BEASTv1.10.4(30). From those estimates we then
modelled the phylogenetic diffusion and spread of the lineages on the African continent by
analysing localized transmission (between neighbouring countries) using a flexible relaxed
random walk (RRW) diffusion model(37) that accommodates branch-specific variation in rates of
dispersal with a Cauchy distribution. For each sequence, latitude and longitude coordinates were
attributed to the lowest administrative level locator in GISAID.

Multiple sequence alignments were performed for each lineage with MAFFT v7.471. Maximum
likelihood trees for each of the alignments were inferred in IQTREE v1.6.9 (GTR+I). Prior to
phylogeographic reconstruction each cluster/lineage was assessed for molecular clock signal in
TempEst v1.5.3(32) following the removal of potential outliers that may violate the molecular
clock assumption. Markov Chain Monte Carlo (MCMC) analyses were set up in BEAST v1.10.4
in duplicate for 100 million interactions and sampling every 10000 steps in the chain. Convergence
for each run was assessed in Tracer v1.7.1 (ESS for all relevant model parameters >200).
Maximum clade credibility trees for each run were summarized using TreeAnnotator after
discarding the initial 10% as burn-in. We used the R package “seraphim”(33) to extract and map
spatiotemporal information embedded in the posterior trees. Note that a transmission link on the
phylogeographic map can denote one or more transmission events depending on the
phylogeographic inference.
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Sensitivity of introduction analysis to sampling biases

Three sensitivity analyses were performed to examine how robust the main results of our
introduction analysis were to known biases in sampling across space and time. For our first
analysis, we randomly selected 10 of the bootstrap tree topologies that was inferred using Booster
for discrete state ancestral state reconstruction as described earlier. The average number of imports
and exports between Africa and the rest of the world per week were then plotted overtime along
with the standard error for each discrete time point.

In the second, we performed a rarefaction analysis to determine how the number of introductions
into Africa varies depending on the extent of sampling in African (internal) and non-African
(external) countries. Rarefaction was performed by starting with the full set of samples and
subsampling a random subset of samples from the full set at sampling fractions varying from 0.1
to 1.0. Subsampling was performed 10 times at each sampling fraction to create replicate datasets,
which were used to place confidence internals on the number of introductions identified at each
subsampling fraction.

Because it would have been too computationally intensive to reconstruct phylogenies de novo from
each subsampled dataset, we adopted a subsample-then-prune approach(34). For each subsampled
dataset, samples not included in the subsampled set were pruned from the full ML phylogeny using
the extract tree with_taxa function in DendroPy version 4.5.1(35). Ancestral locations were then
reconstructed for internal nodes in each subsampled or pruned tree using maximum parsimony(36).
The total number of introductions into Africa was then computed based on the number of branches
in the tree in which the parent node was reconstructed to be external and the child node was
reconstructed to be in Africa.

The second analysis was performed to determine how sensitive the temporal distribution of
introduction events was to uneven sampling through time. Perhaps most importantly, we sought to
determine if the increasing proportion of introductions estimated to be from other African countries
through time was an artefact of increased sampling effort during late 2020 and early 2021. To
obtain a more uniform temporal distribution of sampling times, we capped the number of samples
from Africa each month at a maximum threshold (n=400) and then randomly down-sampled to
this threshold count in months that exceeded the threshold. As in the rarefaction analysis, samples
excluded after subsampling were pruned from the ML tree after which ancestral states were
reconstructed by maximum parsimony.

Epidemiological modelling

Data on regional trade of all imported and exported goods between South Africa and other Eastern
and Southern African countries during 2020 was extracted from the United Nations Comtrade
Database(37), which records trade statistics for more than 5,000 commodity groups by the
Harmonized System. Data for cumulative COVID-19 cases and related deaths, vaccinated people,
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and cumulative numbers of COVID-19 tests performed by March 30, 2021 were obtained from
the Johns Hopkins University database(38). Country level maps of each variable were created
using ArcGIS® by ESRI version 10.5 (http://www.esri.com).
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Chapter 7: The evolving SARS-CoV-2 epidemic in
Africa: Insights from rapidly expanding genomic
surveillance

Two years into the SARS-CoV-2 pandemic, the number of genomes sequenced for African
countries had increased 10-fold, compared to the first year described in the Chapter 6. Chapter 7,
a study where I am the first-author, shows how the sequencing and surveillance capacities in Africa
have expanded during the pandemic, and how the coordinated efforts of many African institutions
and public health actors have in a short time made great contributions to pandemic surveillance
and data gathering. My contributions to this paper began from curating the genomic and
epidemiological datasets for analysing the epidemic in Africa in context of the world, followed by
annotation of genomic data by sequencing locations and calculating sequencing turn-around times
for all genomes. The results show that sequencing locally produces genomes with a much lower
turn-around time compared to sending specimens abroad for sequencing. This is a crucial take-
away as capacity is built for genomic surveillance of SARS-CoV-2 and other pathogens across the
continent for maximum public health benefit. I was also a key contributor to the phylogeographic
methods employed in this study, which allows the spatiotemporal mapping of important viral
lineages and shows for the first time how the dispersal of Delta and Omicron in Africa were distinct
to Alpha and Beta before them. As with previous chapters, I led the data visualisation for this
project and provided major contributions to the manuscript writing.

This chapter was published as a peer-reviewed research article in Science in September 2022 and
can be accessed at the following DOI: 10.1126/science.abq5358. The chapter is presented in a
similar format as the journal article. A full list of authors and affiliations is shown below.
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Structured Abstract:

Introduction: Investment in Africa over the past year in regards to SARS-CoV-2 sequencing has
led to a massive increase in the number of sequences, exceeding 100 000 sequences generated to
date to track the pandemic on the continent. These sequences have had a profound impact on how
public health officials in Africa have navigated the COVID-19 pandemic. Rationale: Here we
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demonstrate how the first 100 000 SARS-CoV-2 sequences from Africa have helped monitor the
epidemic on the continent, how genomic surveillance in Africa expanded over the course of the
pandemic, and how we adapted our sequencing methods to deal with an evolving virus. Finally,
we also examine how viral lineages have spread across the continent in a phylogeographic
framework to gain insights into the underlying temporal and spatial transmission dynamics for
several Variants of Concern (VOCs). Results: Our results indicate a growing number of countries
in Africa that can sequence the virus within their own borders, coupled with a shorter turnaround
time from the time of sampling to sequence submission when sequencing is performed locally.
Ongoing SARS-CoV-2 evolution necessitated the continual updating of primer sets, as a result,
eight primer sets were designed in tandem with the viral evolution and employed to ensure
effective sequencing throughout the course of the pandemic. The pandemic unfolded through
multiple waves of infection each driven by distinct genetic lineages, with B.1-like ancestral strains
associated with the first pandemic wave of infections in 2020. Successive waves on the continent
were fueled by different Variants of Concern (VOCs) with Alpha and Beta co-circulating in
distinct spatial patterns during the second wave, while Delta and Omicron during the third and
fourth wave, respectively, affected the continent as a whole. Phylogeographic reconstruction
points towards distinct differences in viral importation and exportation patterns associated with
the Alpha, Beta, Delta, and Omicron variants and sub-variants, both when considering Africa
versus the rest of the world and viral dissemination within the continent. Our epidemiological and
phylogenetic inferences therefore underscore the heterogeneous nature of the pandemic on the
continent and highlight key insights and challenges; for instance, recognizing limitations of low
testing proportions. We also highlight the early warning capacity that genomic surveillance in
Africa has had for the rest of the world with the detection of new lineages and variants, the most
recent being the characterization of various Omicron sub-variants. Conclusion: Sustained
investment for diagnostics and genomic surveillance in Africa is needed as the virus continues to
evolve. This is important not only to help combat SARS-CoV-2 on the continent, but can also be
used as a platform to help address the many emerging and re-emerging infectious disease threats
in Africa (e.g. Rift valley fever, ebola or poliomyelitis). In particular, capacity building for local
sequencing within countries or within the continent should be prioritized, as this is generally
associated with shorter turnaround times, providing the most benefit to local public health
authorities tasked with pandemic response and mitigation, and allowing for the fastest reaction to
localized outbreaks. These investments are crucial for pandemic preparedness and response and
will serve the health of the continent well into the 21st century.

Print Abstract:

Investment in SARS-CoV-2 sequencing in Africa over the past year has led to a major increase in
the number of sequences generated, now exceeding 100 000 genomes, used to track the pandemic
on the continent. Our results show an increase in the number of African countries able to sequence
domestically, and highlight that local sequencing enables faster turnaround time and more regular
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routine surveillance. Despite limitations of low testing proportions, findings from this genomic
surveillance study underscores the heterogeneous nature of the pandemic and shed light on the
distinct dispersal dynamics of Variants of Concern, particularly Alpha, Beta, Delta, and Omicron,
on the continent. Sustained investment for diagnostics and genomic surveillance in Africa is
needed as the virus continues to evolve, while the continent faces many emerging and re-emerging
infectious disease threats. These investments are crucial for pandemic preparedness and response
and will serve the health of the continent well into the 21st century.

One-Sentence Summary: Expanding Africa SARS-CoV-2 sequencing capacity in a rapidly
evolving pandemic.

Introduction

What originally started as a small cluster of pneumonia cases in Wuhan, China over two years ago
(1), quickly turned into a global pandemic. Coronavirus Disease 2019 (COVID-19) is the clinical
manifestation of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection; and
by March 2022 there had been over 437 million reported cases and over 5.9 million reported
deaths (2). Though Africa accounts for the lowest number of reported cases and deaths thus far,
with ~11.3 million reported cases and 245 000 reported deaths as of February 2022, the continent
has played an important role in shaping the scientific response to the pandemic with the
implementation of genomic surveillance and the identification of two of the five variants of
concerns (VOCs) (3, 4).

Since it emerged in 2019, SARS-CoV-2 has continued to evolve and adapt (5). This has led to the
emergence of several viral lineages that carry mutations that confer some viral adaptive advantages
that increase transmission and infection (6, 7), or counter the effect of neutralizing antibodies from
vaccination (&) or previous infections (9—/7). The World Health Organization (WHO) classifies
certain viral lineages as variants of concert (VOCs) or variants of interest (VOIs) based on the
potential impact they may have on the pandemic, with VOCs regarded as the highest risk. To date,
five VOCs have been classified by the WHO, two of which were first detected on the African
continent (Beta and Omicron) (3, 4, 12), while two more (Alpha and Delta) (/2, 13) have spread
extensively on the continent in successive waves. The remaining VOC, Gamma (/4), originated
in Brazil and had a limited influence in Africa with only four recorded sequenced cases.

For genomic surveillance to be useful for public health responses, sampling for sequencing needs
to be both spatially and temporally representative. In the case of SARS-CoV-2 in Africa, this
means extending the geographic coverage of sequencing capacity to capture the dynamic genomic
epidemiology in as many locations as possible. In a meta-analysis of the first 10 000 SARS-CoV-
2 sequences generated in 2020 from Africa (/5) several blindspots were identified with regards to
genomic surveillance on the continent. Since then, much investment has been devoted to building
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capacity for genomic surveillance in Africa, coordinated mostly by the Africa Centers for Disease
Control (Africa CDC) and the regional office of the WHO in Africa (or WHO AFRO), but also
provided by several national and international partners resulting in an additional 90 000 sequences
shared over the past year (April 2021 - March 2022). This makes the sequencing effort for SARS-
CoV-2 a phenomenal milestone. In comparison, only 12 000 whole genome influenza sequences
(16) and only ~3 700 whole genome HIV sequences (/7) from Africa have been shared publicly
even though HIV has plagued the continent for decades.

Here we describe how the first 100 000 SARS-CoV-2 sequences from Africa have helped describe
the pandemic on the continent, how this genomic surveillance in Africa has expanded, and how
we adapted our sequencing methods to deal with an evolving virus. We also highlight the impact
that genomic sequencing in Africa has had on the global public health response, particularly
through the identification and early analysis of new variants. Finally, we also describe here for the
first time how the Delta and Omicron variants have spread across the continent, and how their
transmission dynamics were distinct from the Alpha and Beta variants that preceded them.

Results
Epidemic waves driven by variant dynamics and geography

Scaling up sequencing in Africa has provided a wealth of information on how the pandemic
unfolded on the continent. The epidemic has largely been spatially heterogeneous across Africa,
but most countries have experienced multiple waves of infection (/8-29), with significant local
and regional diversity in the first and to a lesser extent the second waves, followed by successive
sweeps of the continent with Delta and Omicron (Figure 7.1A). In all regions of the continent,
different lineages and VOIs evolved and co-circulated with VOCs and in some cases, contributed
considerably to epidemic waves.

In North Africa (Figure 7.1B, Appendix F - Supp Fig S1A), B.1 lineages and Alpha dominated
in the first and second wave of the pandemic and were replaced by Delta and Omicron in the third
and fourth waves, respectively. Interestingly, the C.36 and C.36.3 sub-lineage dominated the
epidemic in Egypt (~40% of reported infections) before July 2021 when it was replaced by Delta
(30). Similarly, in Tunisia the first and second waves were associated with the B.1.160 lineage and
were replaced by Delta during the country’s third wave of infections. In southern Africa (Figure
7.1C, Appendix F - Supp Fig S1C), we see a similar pandemic profile with B.1 dominating the
first wave, but instead of Alpha, Beta was responsible for the second wave, followed by Delta and
Omicron. Another lineage that was flagged for close monitoring in the region was C.1.2, due to its
mutational profile and predicted capacity for immune escape (3/). However, the C.1.2 lineage did
not cause many infections in the region as it was circulating at a time when Delta was dominant.
In West Africa (Figure 7.1D, Appendix F - Supp Fig S1B), the B.1.525 lineage caused a large
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proportion of infections in the second and third waves where it shared the pandemic landscape
with the Alpha variant. As with other regions on the continent, these variants were later replaced
by the Delta and then Omicron VOCs in successive waves. In Central Africa (Figure 7.1E,
Appendix F - Supp Fig S1D), the B.1.620 lineage caused most of the infections between January
and June 2021 (32) before systematically being replaced by Delta and then Omicron. Lastly, in
East Africa (Figure 7.1F, Appendix F - Supp Fig S1E) the A.23.1 lineage dominated the second
wave of infections in Uganda (33) and much of East Africa. In all of these regions, minor lineages
such as B.1.525, C.36 and A.23.1 were eventually replaced by VOCs that emerged in later waves.

Finally, we directly compared the official recorded cases in Africa with the ongoing SARS-CoV-
2 genomic surveillance (GISAID date of access 2022-03-31) for a crude estimation of variants’
contribution to cases. We observe that Delta was responsible for an epidemic wave between May
and October 2021 (Figure 7.1A) and had the greatest impact on the continent with almost 34.2%
of overall infections in Africa possibly attributed to it. Beta was responsible for an epidemic wave
at the end 0f 2020 and beginning of 2021 (Figure 7.1A), with 13.3% of infections overall attributed
to it. Notably, Alpha, despite being predominant in other parts of the world at the beginning of
2021, had only minimal significance in Africa, accounting for just 4.3% of infections. At the time
of writing, the Omicron VOC had contributed to 21.6% of overall sequenced infections. At this
time the Omicron wave was still unfolding globally and in Africa with the expansion of several
sub-lineages (34), such that its full impact is yet to be determined. However, due to increased
population immunity (35), from SARS-CoV-2 infection and vaccination (Appendix F - Supp Fig
S2), the impact of Omicron on mortality has been less in comparison to the other VOCs, as can be
observed by the relatively low death rate in South Africa during the Omicron wave (36). The
findings from mapping epidemiological numbers onto genomic surveillance data are reliable as
far as the proportional scaling of genomic sampling across Africa with the size and timing of
epidemic waves (Appendix F - Supp Fig S3, b =0.011, SE = 0.001, p <2 x 107!%). The findings
from mapping epidemiological numbers onto genomic surveillance data are reliable as far as the
proportional scaling of genomic sampling across Africa with the size and timing of epidemic
waves (Appendix F - Supp Fig S3, y°=20964.02, p-value < 2.2 x 10°1°),

This comes with the obvious caveats that testing and reporting practices have varied widely across
the continent, along with genomic surveillance volumes throughout the pandemic. Countries in
Africa with reported data have tested in proportions from as little as 0.1 daily tests per million
population to more than 1 000 tests per million (Appendix F - Supp Fig S4). Some countries have
consistently tested at high proportions, for example South Africa, Botswana, Morocco and Tunisia.
Incidentally, these countries have also generally reported more cases per million, providing an
indication that recorded low incidence in other parts of the continent has been an underestimate
due to low testing rates. However, even for these countries, epidemic numbers are certainly
underrepresented and underdetected, given that in several timeframes, test positivity rates were
still on the higher end, approaching or exceeding 20% (Appendix F - Supp Fig S4), and as
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concluded by seroprevalence surveys and estimates of true infection burdens in Africa (37, 38).
Findings of attributing case numbers of variants must therefore be interpreted in context of this
limitation but can nevertheless provide a qualitative overview of the spatial and temporal dynamics
of VOC:s in relation to epidemic progression in Africa.

The African regional- (Appendix F - Supp Table S1) and country-specific (Appendix F - Supp
Table S2) Nextstrain builds also clearly support the changing nature of the pandemic over time.
From these builds we observe a strong association of B.1-like viruses circulating on the continent
during the first wave. These “ancestral” lineages were subsequently replaced by the Alpha and
Beta variants which dominated the pandemic landscape during the second wave, and were later
replaced by the Delta and Omicron variants during the third and fourth waves.

Figure 1: Epidemiological progression of the COVID-19 pandemic on the African continent. A)
Total reported new case counts per million inhabitants in Africa (Data Source: Our World in
Data; OWID; log-transformed) along with the distribution of VOCs, the Eta VOI and other
lineages through time (size of circles proportional to the number of genomes sampled per month
for each category). (B-F) Breakdown of reported new cases per million (Data Source: Our World
in Data; OWID; log-transformed) and monthly sampling of VOCs, regional variant or lineage of
interest and other lineages for three selected countries for North, Southern, West, Central and
East Africa respectively. For each region, a different variant or lineage of interest is shown,
relevant to that region (C.36, C.1.2, Eta, B.1.620 and A.23.1, respectively).
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Optimizing surveillance coverage in Africa

By mapping and comparing the locations of specimen sampling laboratories to the sequencing
laboratories, a number of aspects regarding the expansion of genomic surveillance on the continent
became clear. First, even though several countries in Africa started sequencing SARS-CoV-2 in
the first months of the pandemic, local sequencing capacity was initially limited. However, local
sequencing capabilities slowly expanded over time, particularly after the emergence of VOCs
(Figure 7.2A). The fact that almost half of all SARS-CoV-2 sequencing in Africa was performed
using the Oxford Nanopore technology (ONT), which is relatively low-cost compared to other
sequencing technologies and better adapted to modest laboratory infrastructures, illustrates one
component of how this rapid scale-up of local sequencing was achieved (Appendix F - Supp Fig
S5). Yet, to rely only on local sequencing would have thwarted the continent’s chance at a reliable
genomic surveillance program. At the time of writing, there were 52/55 countries in Africa with
SARS-CoV-2 genomes deposited in GISAID, however, there were still 16 countries with no
reported local sequencing capacity (Figure 7.2A) and undoubtedly many with limited capacity to
meet demand during pandemic waves.

To tackle this, three centers of excellence and various regional sequencing hubs were established
to maximize resources available in a few countries to assist in genomic surveillance across the
continent. This sequencing is done either as the sole source of viral genomes for those countries
(e.g. Angola, South Sudan and Namibia) or concurrently with local efforts to increase capacity
during resurgences (Figure 7.2B). Sequencing is further supplemented by a number of countries
utilizing facilities outside of Africa. Ultimately, a mix of strategies from local sequencing,
collaborative resource sharing among African countries and sequencing with academic
collaborators outside the continent helped close surveillance blindspots (Figure 7.2C). Countries
in sub-Saharan Africa, particularly in Southern and East Africa, most benefited from the regional
sequencing networks, while countries in West and North Africa often partnered with collaborators
outside of Africa.

The success of pathogen genomic surveillance programs relies on how representative it is of the
epidemic under investigation. For SARS-CoV-2, this is often measured in terms of the percentage
of reported cases sequenced and the regularity of sampling. African countries were positioned
across a range of different combinations of overall proportion and frequency of genomic sampling
(Figure 7.2D). While the ultimate goal would be to optimize both of these parameters, a lower
proportion of sampling can also be useful if frequency of sampling is maintained as high as
possible. For instance, South Africa and Nigeria, who have both sequenced ~1% of cases overall,
can be considered to have successful genomic surveillance programs on the basis that sampling is
representative over time, and has enabled the timely detection of variants (Beta, Eta, Omicron).
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Additionally, for genomic surveillance to be most useful for rapid public health response during a
pandemic, sequencing would ideally be done in real-time or in a framework as close as possible to
that. We show a general trend of decreasing sequencing turnaround time in Africa (Appendix F -
Supp Fig S6), particularly from a mean of 182 days between October to December 2020 to a mean
of 50 days over the same period a year later, although this does come with several caveats. Firstly,
we measure sequencing turnaround time in the most accessible manner, which is by comparing
the date of sampling of a specimen to the date its sequence was deposited in GISAID. Generally,
the genomic data potentially informs the public health response more rapidly than reflected here,
particularly when it comes to local outbreak investigations or variant detection. This analysis is
also confounded by various factors such as country-to-country variation in these trends (Appendix
F - Supp Fig S7), delays in data sharing, and potential retrospective sequencing, particularly by
countries joining sequencing efforts at later stages of the pandemic. The most critical caveat is the
fact that sequencing from the most recently collected samples (e.g. over the last six months) may
still be ongoing. The shortening duration between sampling and genomic data sharing is
nevertheless a positive takeaway, given that this data also feeds into continental and global
genomic monitoring networks. Overall, the continental average delay from specimen collection to
sequencing submission is 87 days with 10 countries having an average turnaround time of less than
60 days and Botswana of less than 30 days (Appendix F - Supp Fig S8).

Most importantly in the context of optimizing genomic surveillance, we found that the route taken
to sequencing impacts the speed of data generation. Local sequencing has significantly faster
sequencing turn-around times of the three frameworks we investigated (median of 51 days),
followed by sequencing within regional sequencing networks in Africa (median of 93 days) and
finally outsourced sequencing to countries outside Africa (median of 113 days) (Figure 7.2E).
This finding strongly supports the investments in local genomic surveillance, to generate timely
and regular data for local and regional decision making. Finally, we show that it is beneficial in
several ways for countries to undertake genomic surveillance through several sequencing
laboratories, rather than centralizing efforts. For instance, we estimate strong correlations between
the numbers of sequencing laboratories per country with the total number of genomes produced
by that country (method, correlation value), the total number of epiweeks for which sequencing
data was produced (method, correlation value), and importantly, sequencing turnaround time
(method, correlation value) (Figure 7.2F).

With the increase in sequencing capacity on the continent, a decrease in the time taken to detect
new variants was observed. For example, the Beta variant was identified in December 2020 in
South Africa (4), but sampling and molecular clock analyses suggest the variant originated in
September 2020. This three-month lag in detection means that a new variant, like Beta, has ample
time to spread over a large geographic region prior to its detection. However, by the end of 2021,
the time to detect a new variant was substantially improved. Phylogenetic and molecular clock
analyses suggest that the Omicron variant originated around 9 October 2021 (95% Highest
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posterior density or HPD: 30 September - 20 October 2021) and the variant was described on 23rd
November 2021 (3). Thus, Omicron was detected within ~5 weeks from origin compared to the
Beta variant (~16 weeks) and the Alpha variant, detected in the UK (~10 weeks). More
importantly, the time from sequence deposition to the WHO declaring the new variant a VOC was
substantially shortened to 72 hours for the Omicron variant.

To interpret insights from the described genomic surveillance in Africa, it is important to
understand the context of epidemiological reporting and sampling strategies utilized for
sequencing on the continent (Appendix F - Supp Table S3). Most countries provided daily reports
of newly recorded cases, while a few provided weekly and monthly reports. For most countries,
surveillance was mainly focused on the major cities, suggesting potential cryptic circulation in
rural areas. We find that at the onset of the pandemic, surveillance was focused on identification
of imported cases from incoming travelers or local residents returning from various countries. As
community transmissions began to emerge, the focus shifted towards regular surveillance and
outbreak investigations. Together, these three strategies account for the vast majority of samples
generated on the continent and analyzed here. As the pandemic progressed and vaccines were made
available, some countries on the continent began to explore other sampling strategies such as
reinfections, environmental samples such as waste water samples, and vaccine breakthrough cases
to gain new insights into the evolutionary dynamics of SARS-CoV-2. The utility of sequencing
for viral evolution tracking and VOC detection in the way described above is obviously also
dependent on sampling proportions, especially within sampling for regular surveillance.
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Figure 2: Sequencing strategies and outputs in Africa. A) Geographical representation of all
countries (shaded in gray) and institutions (red dots) in Africa with their own on-site sequencing
facilities. The inset graph shows the number of countries in Africa able to carry out sequencing
locally over time. B) Key regional sequencing hubs and networks in Africa showing countries
(shaded in bright colors) and institutions (red dots) that have sequenced for other countries
(shaded in corresponding light colors and linking curves) on the continent. CERI: Centre for
Epidemic Response and Innovation; KRISP: KwaZulu-Natal Research Innovation and Sequencing
Platform; NICD: National Institute for Communicable Diseases;, KEMRI-WT: Kenya Medical
Research Institute - Wellcome Trust; ILRI: International Livestock Research Institute;
MRC/UVRI: Medical Research Council/Uganda Virus Research Institute; INRB: Institut National
de Recherche Biomédicale; ACEGID: African Centre of Excellence for Genomics of Infectious
Diseases; NMIMR: Noguchi Memorial Institute for Medical Research; MRCG: Medical Research
Council Unit - The Gambia; IPD: Institut Pasteur de Dakar C) Geographical representation of
the total number of SARS-CoV-2 whole genomes produced over the course of the pandemic in each
country, as well as the proportion of those sequences that were produced locally, regionally or
abroad. D) Correlation of the proportion of COVID-19 positive cases that have been sequenced
and the corresponding number of epidemiological weeks since the start of the pandemic that are

168



represented with genomes for each African country. The color of each circle represents the number
of cases and its size the number of genomes. E) Comparison of sequencing turn-around times (lag
times from sample collection to sequence submission) for the three strategies of sequencing in
Africa, showing a significant difference in the means (p-value<0.0001). The box and whisker plot
denote the lower quartile, median and upper quartile (box), the minimum and maximum values
(whisker), and outliers (black dots). F) Pearson correlations of the total number of sequencing
laboratories per country against key sequencing outputs.

The speed of SARS-CoV-2 evolution has complicated sequencing efforts. Common methods of
RNA sequencing include reverse transcription followed by double stranded DNA amplification
using sequence-specific primer sets (39). Ongoing SARS-CoV-2 evolution has necessitated the
continual evaluation and updating of these primer sets to ensure their sustained utility during
genomic surveillance efforts. Here, we examined the current set of genomes to determine aspects
of the sequencing that might be improved in the future. Many of the primer sets used were designed
using viral sequences from the start of the pandemic and may require updating to keep pace with
evolution. Indeed, the ARTIC primer sets are currently in version 4.1 (40). The Entebbe primer set
was designed mid-2020 well into the first year of the epidemic and used an algorithm and design
that accommodates evolution (47). The effects of viral evolution on sequencing patterns can be
seen with low median unspecified nucleotide (N) values (a consequence of primer dropout or low
coverage at that site) observed for the first 12 months of the epidemic with an increase from
October 2020 (Figure 7.3A). Additional challenges appear (indicated by increasing median N
values) as the virus further evolved into Delta and Omicron lineages from January 2021 onward
(Figure 7.3A). Examining the role of sequencing technology, it appears that the two major
technologies used (Illumina and ONT) have similar gap profiles (as measured by N content) while
Ion Torrent, MGI and Sanger show reduced N content (Figure 7.3B). Likely factors for this pattern
are the primers used in sequencing, with primer choice playing a key role in the quantity of gaps
(Figure 7.3C). The N content varies with viral lineage (Figure 7.3D). There was a modest
difference in N content across the lineages. Lineages that returned no classification with Pangolin
(“None”) showed the highest N content, suggesting that high N content was probably the basis for
failed classification. The more recent lineages Delta (e.g. AY.39, AY.75) and Omicron (BA.1.1,
BA.2) also showed higher N content consistent with virus evolution impairing primer
function.This pattern is further explored in Appendix F - Supp Fig S9 with position of gaps
showing an enrichment in the genome regions after position 19 000 with frequent gaps disrupting
the spike coding region.
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Figure 3: Genome gap analysis. A) Shows the mean N count per genome by month of submission
to GISAID. The dates for the detection of important SARS-CoV-2 lineages are indicated at the top
of the figure. B) Illustrates the mean N count per genome stratified by sequencing technology. C)
Shows the mean N count per genome stratified by the sequencing primers sets used. For panels A
to C, error bars indicate 95% confidence intervals. D) Gapped genomes by lineage. The mean N
data were stratified by SARS-CoV-2 lineages to investigate lineage-specific frequency of genome
gaps, an indirect measure of primer mismatch. All lineages present at least 100 times in the
genome data were presented.
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Phylogenetic insights into the rise and spread of Variants of Concern in Africa

During the first wave of infections in 2020 in Africa, as was the case globally, the majority of
corresponding genomes were classified as PANGO B.1 (n=2 456) or B.1.1 viruses (n=1 329).
Towards the end of 2020, more distinct viral lineages started to appear. The most important of
which that impacted the African continent are: B.1.525 (n=797), B.1.1.318 (n=398) (42), B.1.1.418
(n=395), A.23.1 (n=358) (15, 29, 31, 33), C.1 (n=446) (29), C.1.2 (n=300) (31), C.36 (n=305) (30,
43), B.1.1.54 (n=287) (15, 29, 31, 33), B.1.416 (n=272), B.1.177 (n=203), B.1.620 (n=138), and
B.1.160 (n=61), (32) (Appendix F - Supp Fig S10A,B). Our discrete state phylogeographic
inference from phylogenetic reconstruction of non-VOC African sequences and an equal number
of external references revealed that African countries were primarily seeded by multiple
introductions of viral lineages from abroad (mainly Europe) at the beginning of the pandemic. The
observed pattern of non-VOC viral lineage movement then consistently shifted towards more
intercontinental exchanges (Appendix F - Supp Fig S10C). Mapping out the spatial routes of
dissemination shows that various countries in all subregions of the continent acted as sources of
these viral lineages at one point or another (Appendix F - Supp Fig S10D). While uneven testing
rates and proportions of samples sequenced on the continent may have influenced these inferences
(discussed below), the results presented here are in line with the fact that these most predominant
non-VOC lineages in Africa, except B.1.177, emerged and circulated widely in different sub-
regions (Figure 7.1).

Similar to the pandemic globally, VOCs became increasingly important in Africa towards the end
of 2020. The Alpha, Beta, Delta and Omicron variants demonstrate many similarities as well as
differences in the way they spread on the continent. For all these VOCs, we observe large regional
monophyletic transmission clusters in each of their phylogenetic reconstructions in Africa
(Appendix F - Supp Fig S11). This suggests an important extent of continental dissemination
within Africa. Alpha and Beta were epidemiologically important in distinct regions of the
continent with Alpha primarily circulating in West, North and most of Central Africa, Beta in
southern and most of East Africa, and only substantially co-circulated in a few countries such as
Angola, Kenya, Comoros, Burundi and Ghana (Fig 7.1, Appendix F - Supp Fig S12). However,
we may not have enough resolution in the geospatial data to know how much they were truly co-
circulating throughout these countries, or whether there were regional outbreaks of Alpha and Beta
within these countries. In Kenya, for example, Beta was detected more in coastal regions, and
Alpha more inland (26, 44). In contrast, Delta and Omicron variants sequentially dominated the
majority of infections on the entire continent shortly after their emergence (Figure 7.4A,
Appendix F - Supp Fig S12).

The Alpha variant was first identified in December 2020 in the UK and has since spread globally.
In Africa, Alpha was detected in 43 countries with evidence of community transmission, based
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on phylogenetic clustering, in many countries including Ghana, Nigeria, Kenya, Gabon and
Angola (Appendix F - Supp Fig S11). Discrete state maximum likelihood reconstruction from a
globally case-sensitive genomic subsampling inferred at least 80 introductions (95% CI: 78 - 82)
into Africa with the bulk of imports attributed to the US (>47%) and the UK (>25%) (Figure
7.4B). Only 1% of imports into any particular African country were attributed to another African
nation. Phylogeographic reconstruction enriched in African sequences revealed that of those,
>85% of the intercontinental Alpha exchanges in Africa originated from West African countries
(Figure 7.4C). This occurred in spite of initial importations of the Alpha variant from Europe into
all regions of the continent (Appendix F - Supp Fig S13B), but is in line with Alpha having
dominated circulation mostly in West Africa (Appendix F - Supp Fig S12). In countries where
Alpha was introduced but did not grow and cause an expansion of cases, this can be explained by
competition with the already established Beta variant, which simultaneously circulated. The
characteristics of multiple introductions of Alpha intro Africa and between African countries is
similar to the spread of Alpha documented in the UK, Scotland and Ireland (45—47).

The second VOC, Beta, was identified in December 2020 in South Africa (4). However, sampling
and molecular clock analyses suggest that the variant originated around September 2020
(Appendix F - Supp Fig S11). At the end of 2020 and beginning of 2021, Beta was driving a
second wave of infection in South Africa and quickly spread to other countries within the region.
The concurrent introductions and spread of Alpha and other variants (Eta, A.23.1) in other regions
of the continent may have reduced the Beta variant’s initial growth, limiting its spread to largely
southern Africa, and to a lesser extent the East Africa region. Beta spread to at least 114 countries
globally, including 37 countries and territories in Africa. For this variant, viral circulation and
geographical exchanges occurred predominantly within the continent. Indeed, phylogeographic
reconstruction from a globally case-sensitive sampling revealed that of the 810 (95% CI: 803 -
818) inferred introductions of the Beta variant into African countries, only 110 (95% CI: 105 -
115; 13%) were attributed to sources outside the continent (Appendix F - Supp Fig 13C), while
more than half of introductions were attributed to South Africa (63%) (Figure 7.4C). This is in
line with expectations as the variant originated in South Africa. Beyond southern Africa, most of
the introductions back into the continent were attributed to France and other EU countries into the
French overseas territories, Mayotte and Reunion, and other Francophone African countries.
Africa-focused phylogeographic analysis revealed a similar spatial pattern showing southern
countries as substantial sources of the variant, followed in small numbers by countries in East
Africa (Figure 7.4C).

The fourth VOC observed was Delta (/3), which rose to prominence in April 2021 in India, where
it fueled an explosive second wave. Since its emergence, Delta was detected in >170 countries,
including 37 African countries and territories (Appendix F - Supp Fig S11). Our global case-
sensitive subsampled analysis infers at least 100 (95% CI: 93 - 106) introductions of the Delta
variant into Africa, with the bulk attributed to India (~72%), mainland Europe (~8%), the UK
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(~5%), and the US (~2.5%). Viral introductions of Delta also occurred from one African country
to others, in 7% of inferred introductions. From our Africa-focused phylogeographic inferences,
we infer that viral dissemination of Delta within Africa was not restricted to or dominated by any
particular region unlike Alpha and Beta, but rather spread across the entire continent (Figure
7.4C). Following introductions from Asia in the middle of 2021, Delta rapidly replaced the other
circulating variants (Figure 7.4A). For example, in southern African countries, the Delta variant
rapidly displaced Beta and by June-2021 was circulating at very high (>90%) frequencies (48).

The latest VOC, Omicron, was identified and characterized in November 2021, in southern Africa
(3). At the time of writing, the variant has been detected and caused waves of infections in >160
countries including 39 African countries and two overseas territories (Appendix F - Supp Fig
S11). Due to the genetic distance between them and their sequential epidemic expansion globally
(rather than simultaneous), phylogenies were reconstructed separately for Omicron BA.1 and
BA.2. Our discrete ancestral state reconstruction from a global case-sensitive sampling for
Omicron BA.1 infers at least 55 (95% CI: 47 - 62) viral exports of BA.1 out of various African
countries, of which 31 (95% CI: 25 - 36) were towards Europe and 8 (95% CI: 6 - 10) towards
North America (Figure 7.4B). Following explosive expansion of Omicron around the world, we
inferred even more reintroductions of the variant back into Africa, at least 69 (95% CI: 60 - 78)
from Europe and 102 (95% CI: 92 - 112) from North America (Figure 7.4B). From our Africa-
focused phylogeographic reconstructions, we determine that, as with Delta, routes of
dissemination of this variant involved all regions of the continent spatially (Figure 7.4C). Yet,
~75% of all BA.1 viral movement volume in Africa happened between southern African countries,
likely due to rapid epidemic expansion in the region soon after its detection (3). Omicron BA.2’s
reach in Africa was limited at the time of writing, with only 3 260 sequences from 19 countries
attributed to BA.2 on GISAID (Date of access: 2022-03-31) (15% of all Omicron sequences from
Africa). Our discrete ancestral state reconstruction from a global case-sensitive sampling for
Omicron BA.2 infers at least 68 (95% CI: 53 - 84) viral exports out of African countries, of which
the majority were towards Europe (~88%) (Figure 7.4B). We also infer at least 99 (95% CI: 87 -
109) separate introduction or reintroduction events of BA.2 back into African countries, of which
~65% are from Europe and ~30% from Asia, primarily from India (Figure 7.4B). This is consistent
with India having experienced one of the earliest large BA.2 waves globally. In the context of
global incidence of BA.2, this case-sensitive phylogeographic analysis revealed that only 0.01%
of viral movements of this lineage globally happened from one African country to another. Our
Africa-focused analysis inferred a similar pattern of BA.2 spatial diffusion within African to BA.1
(Figure 7.4C). However, given that this accounted for such a small percentage of global BA.2
movements, BA.2 diffusion from one African country to another is unlikely to have had a
significant impact on epidemiological expansion, compared to introductions from Asia, Europe or
North America.
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Globally, dissemination of the SARS-CoV-2 virus throughout the pandemic was intricately linked
with human mobility patterns (49—53). To determine the validity of the VOC movement patterns
that we infer into and within the Africa continent in this study, we compared viral import and
export events to and from South Africa with travel to the country. In December 2020, the UK
accounted for the 5th highest number of passengers entering South Africa, while other countries
with the top 9 sources of travelers were all neighboring countries in southern Africa (Appendix F
- Supp Fig S14A). Considering that incidence of the Alpha variant was insignificant in the region,
this supports our inference of the UK contributing 60% of Alpha introductions to South Africa
(Appendix F - Supp Fig S15A). In March 2021, the US, Germany, the UK and India were among
the top 12 sources of travelers to South Africa behind 8 African countries (Appendix F - Supp
Fig S14B). During this time of Delta dissemination globally, we infer that ~90% of introductions
of Delta into South Africa originated in the UK, the US and India (Appendix F - Supp Fig S15B).
At the end of 2021, most introductions or re-introductions of Omicron to the country came from
the UK, the US or Botswana, corresponding to locations of both high Omicron incidence at the
time, and high numbers of passengers to South Africa (Appendix F - Supp Fig S14C, S15C).
These travel patterns also fit the findings that ~89%,~70% and ~75% of Beta, Delta and Omicron
exports respectively from South Africa to other African countries were directed to locations of
southern Africa (Appendix F - Supp Fig S14D-E, S15D-E).

Figure 4: Inferred viral dissemination patterns of VOCs within Africa. A) Genomic prevalence of
VOCs Alpha, Beta, Delta and Omicron in Africa over time. B) Inferred viral exchange patterns
to, from and within the Africa continent for the four VOCs (Omicron as BA.1 and BA.2) based on
case-sensitive phylogeographic inference. Introductions and viral transitions within Africa are
shown in solid lines and exports from Africa are shown in dotted lines and these are coloured by
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continent. The shaded areas around the lines represent uncertainty of this analysis from ten
replicates (+/- s.d.). C) Dissemination patterns of the VOCs within Africa, from inferred ancestral
state reconstructions performed on Africa enriched datasets, annotated and coloured by region in
Africa. The countries of origin of viral exchange routes are also shown with dots and the curves
go from country of origin to destination country in an anti-clockwise direction.

Discussion, Limitations and Conclusions

By April 2020, a total of 20 African countries were able to sequence the virus within their own
borders. This was largely made possible by other preexisting sequencing efforts on the continent
focused on other human pathogens (e.g. HIV, TB, Ebola and HIN1). However, these efforts were
quickly limited by global supply chain issues and in many countries sequencing efforts
dramatically slowed down or stopped towards the end of 2020. In order to facilitate more
sequencing on the continent over the course of the past year (April 2021 - March 2022) the Africa
CDC and partners invested heavily to support genomic surveillance on the continent. This included
the transfer of 24 new sequencing platforms (including Minlon, Gridlon, MiSeq and NextSeq), the
distribution of reagents and flow cells to support the sequencing of 100 000 positive samples, the
training of >230 students and technicians in wet laboratory and bioinformatic techniques and
additional grants to support 10 regional sequencing hubs. This investment has started bearing fruit
and should be intensified as the virus continues to evolve, requiring the adaptation of
methodologies locally on the continent to keep pace with the emergence of variants. The continued
development of sequencing protocols in Africa is of crucial importance (41, 54, 55) given the
number of variants and lineages that emerged in, and were introduced to, the continent. In Northern
Africa, the SARS-CoV-2 pandemic was caused by waves of infections that were similar to those
seen in Europe (first wave = B.1 descendents, second wave = Alpha, third wave = Delta and forth
wave = Omicron), in southern Africa the pattern was similar but with a Beta wave instead of an
Alpha one. In East Africa, the pandemic was more complex, involving both Alpha and Beta as
well as its own lineage A.23.1 before the arrival of Delta and Omicron. Central Africa experienced
epidemic patterns sometimes mirroring East Africa and other times southern Africa. In West
Africa, Eta made a significant contribution to both a second wave (together with alpha) and a third
wave (together with Delta). The factors that resulted in these regional differences are not clear but
could be due to differences in human mobility, founder effects, competition between lineages or
the immunity induced by earlier waves in a region.

Public health benefits of such broadly inclusive genomic surveillance are manifold. The most
prominent insight from this expanded genomic surveillance in Africa has been an early warning
capacity for the world following the detection of new lineages and variants, most recently relevant
in the detection of Omicron BA.1, BA.2, BA.3, BA.4 and BA.5 sub-variants (3, 4, 34).
Furthermore, the reporting of local SARS-CoV-2 sequences made the epidemic more immediate
to the Ministries of Health from the reporting African countries. It became clear early on that the
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viral evolution is global and the transmission of the virus is extremely rapid which guided
mitigation strategies. The generation and the availability of local sequences also validated local
diagnostics and allowed investigators to determine if nucleic acid based diagnostics in use could
still detect local variants. The detection of SARS-CoV-2 in returning travelers and truck drivers
indicated routes that the virus might be using to enter a country and guided early efforts to slow
the virus entry and gain time to establish vaccination plans. Later the difficulty of stopping the
virus at borders combined with the data that the variants were already in community circulation
allowed public health officials to focus efforts and limited resources on vaccination rather than on
border controls. The detection and reporting of the more recent lineages with enhanced
transmission (i.e. Omicron) and the ability to bypass existing immunity is important information
and an early alert to the public health officials globally that the epidemic was still proceeding. As
the pandemic progresses in an evolving global context, we provide evidence that with each new
variant, transmission dynamics are changing and the use of sequencing with phylogenetics could
potentially alter decisions of public health measures. For example, the demonstrated shift away
from regional dynamics of Alpha and Beta towards more global patterns with Delta and Omicron
can provide insights to public health officials as they anticipate epidemic developments locally.
With Omicron it became clear that although the variant expanded first in Africa, the continent
ultimately had a minimal role in global dissemination, and continental expansion beyond southern
Africa was most influenced by external introductions, in contrast to the Beta variant. All of these
public health benefits to sequencing SARS-CoV-2 is primarily amplified, as we show in this study,
if the sequencing can be conducted locally within a country, which strongly supports the continued
investment into pathogen sequencing on the continent.

In spite of the recent successful expansion of genomics surveillance in Africa, additional work
remains necessary. Even with the Africa CDC - Africa PGI’s and other investments, there are still
16 countries with no sequencing capacity within their own borders. These countries' only option
is to send samples to continental sequencing hubs or to centers outside of the continent, which
increases the turnaround times and limits the utility of genomic surveillance for public health
decision making. Secondly, not all countries are willing to share data openly in a timely fashion
for fear of being subject to travel bans or restrictions which could bring substantial economic harm.
Such hesitancy has obvious potential ramifications for the future of genomic surveillance on the
continent. Furthermore, with the expansion of sequencing on the continent there is a growing need
for more bioinformatics support and knowledge to allow investigators to analyze and report their
data in a reasonable timeframe that makes it useful for public health response. It is also clear the
SARS-CoV-2 sequencing primers are not a static development and may require updating as the
virus evolves. A number of research groups have been addressing the SARS-CoV-2 sequencing
primer questions. Issues of gaps in the genomes due to missing amplicons have been discussed
(56, 57). The ARTIC primer set has gone through a number of revisions to accommodate virus
evolution (39, 40). Additional longer amplicon methods have been published (58—60) including
methods to use a subset of ARTIC primers (61).
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The patterns we describe here are of course limited to reported cases, and applies to both the
phylogeographic as well as the epidemiology inferences. As such, the results need to be interpreted
with these limitations in mind. Our primary phylogeographic inference relied on a sampling
strategy considering all high quality African sequences and an equal number of external references.
Though this strategy has the advantage of placing all African sequences in a phylogenetic context,
it introduces a bias when applied to discrete ancestral state reconstruction as more internal nodes
are inferred to be from Africa. To address this we performed an even sampling of global cases,
based on reported case counts through time, to compare against our over sampled inference. The
even sampling approach has the benefit that the discrete ancestral state reconstruction is not biased
by uneven sampling. Comparing the two there are obvious differences, most notably that the
number of inferred introductions into Africa is proportional to sampling proportions (Supp Figure
S16), as we no longer consider all African sequences but just a small subset against a global
sample. However, inferences from the two approaches correspond well with one another. For
example, considering Alpha we still observed the vast majority of introductions into Africa to
originate from Western Europe. Patterns of dissemination within Africa are more robustly
comparable between the two, for instance that countries in West Africa were the biggest source of
Alpha within the continent. High concordance between the two inference methods were also
observed for other VOCs for dispersal routes within Africa which gives us confidence in the
inferred patterns we observe here. Although we represent an inference based on over sampling and
case sensitive sampling, it is currently not possible to explore how undersampling affects the
phylogeographic reconstruction due to uneven testing rates. Additionally, the robustness of the
phylogeographic inference can also be affected by the underlying methodology used. Broad
consensus would favor the use of Bayesian methods for phylogeographic reconstruction, which is
often considered to be the “gold standard” in the field. The main drawbacks of Bayesian methods
are that they can only be applied to a relatively small number of sequences at a time (<1,000) and
are extremely computationally and time intensive. Given the explosion of sequence data over the
past two years, the scientific community will have to adapt or put forth new analytical methods to
fully capitalize on the global sequencing efforts for SARS-CoV-2.

Despite our best attempts to consider and minimize genomic sampling bias, the accuracy of the
resulting phylogenetic inferences is limited by the available epidemiological and genomic data,
leading to unaccounted biases in the estimates of viral movements. This includes limited testing
and subsequent sequencing in many African countries. Although the percentage of reported cases
sequenced in African countries (0.01 - 10%, mean = 1.27%) is not far from global figures (0.01-
16%, mean = 1.31%), testing rates and infection-to-detection ratios in Africa were some of the
lowest globally (38, 62). Together with estimates of excess mortality being as much as 20-fold
more than the reported numbers in African countries (63), these are strong indications of
undetected and underreported epidemic sizes in Africa, leading to undersampling of genomic data
(62) and thus underestimates of viral exchange inferences in our study. Some countries with no
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publicly available SARS-CoV-2 sequences are by definition completely missing in our inference.
This in turn means that inferred routes of viral transmission within Africa could be missing
important intermediate locations, although this is potentially true around the world. Nevertheless,
we believe that the viral movement inferences that we discuss in this study provide a likely
qualitative description of the patterns of SARS-CoV-2 migration into, out of, and within Africa.

Finally, we should also mention uneven sequencing and reporting standards across the different
laboratories on the continent - and globally, for that matter. Different groups use different measures
for what constitutes a high quality sequence (e.g. 70% vs 80% sequence coverage) or using
different sequencing depth coverage. This lack of standardization globally complicates the direct
comparison of sequences that may have been submitted to GISIAD using different criteria further
biasing any inference. Given the sheer size of SARS-CoV-2 sequencing, with ~10 million whole
genome sequences shared on the GISAID database (31st March 2022), there is an urgent need for
global standards with regards to sequence quality and associated metadata.

In conclusion, Africa needs to continue expanding genomic sequencing technologies on the
continent in conjunction with diagnostics capabilities. This holds true not just for SARS-CoV-2
but for other emerging or re-emerging pathogens on the continent. For example, WHO announced
in February 2022 the re-emergence of wild polio in Africa, while sporadic influenza HINI,
measles and Ebola outbreaks continue to occur on the continent. The Africa CDC has estimated
that over 200 pathogen outbreaks are reported across the continent every year. Beyond the current
pandemic, continued investment in diagnostic and sequencing capacity for these pathogens could
serve the public health of the continent well into the 21st century.

Methods
Ethics statement

This project relied on sequence data and associated metadata publicly shared by the GISAID data
repository and adhere to the terms and conditions laid out by GISAID (/6). The African samples
processed in this study were obtained anonymously from material exceeding the routine diagnosis
of SARS-CoV-2 in African public and private health laboratories. Individual institutional review
board (IRB) references or material transfer agreements (MTAs) for countries are listed below.

Angola - (MTA - CON8260), Botswana - Genomic surveillance in Botswana was approved by the
Health Research and Development Committee (Protocol HPDME 13/18/1), Egypt - Surveillance
in Egypt was approved by the Research Ethics Committee of the National Research Centre (Egypt)
(protocol number 14 155, dated March 22, 2020), Kenya - samples were collected under the
Ministry of Health protocols as part of the national COVID-19 public health response. The whole
genome sequencing study protocol was reviewed and approved by the Scientific and Ethics
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Review Committee (SERU) at Kenya Medical Research Institute (KEMRI), Nairobi, Kenya
(SERU protocol #4035), Nigeria — (NHREC/01/01/2007), Mali - study of the sequence of SARS-
CoV-2 isolates in Mali - Letter of Ethical Committee (N0-2020 /201/CE/FMPOS/FAPH of
09/17/2020), Mozambique - (MTA - CON7800), Malawi - (MTA - CON8265), South Africa - The
use of South African samples for sequencing and genomic surveillance were approved by
University of  KwaZulu-Natal  Biomedical = Research  Ethics = Committee  (ref.
BREC/00001510/2020); the University of the Witwatersrand Human Research Ethics Committee
(HREC) (ref. M180832); Stellenbosch University HREC (ref. N20/04/008 COVID-19); the
University of the Free State Research Ethics Committee (ref. UFS-HSD2020/1860/2710) and the
University of Cape Town HREC (ref. 383/2020), Tunisia - for sequences derived from sampling
in Tunisia, all patients provided their informed consent to use their samples for sequencing of the
viral genomes. The ethical agreement was provided to the research project ADAGE
(PRFCOVID19GP2) by the Committee of protection of persons (Tunisian Ministry of Health)
under the reference (CPP SUD N 0265/2020), Uganda - The use of samples and sequences from
Uganda were approved by the Uganda Virus Research Institute - Research and Ethics Committee
UVRI-REC Federalwide Assurance [FWA] FWA No. 00001354, study reference -
GC/127/20/04/771 and by the Uganda National Council for Science and Technology, reference
number - HS936ES) and Zimbabwe (MTA - CON8271).

Epidemiological and genomic data dynamics

We analyzed trends in daily numbers of cases of SARS-CoV-2 in Africa up to 31st March 2022
from publicly released data provided by the Our World in Data repository for the continent of
Africa (https://github.com/owid/covid-19-data/tree/master/public/data) as a whole and for
individual countries (2). To provide a comparable view of epidemiological dynamics over time in
various countries, the variable under primary consideration for Figure 1 was ‘new cases per
million (smoothed)’. To calculate the genomic sampling proportion and frequency for each country
for Figure 2, the total number of recorded cases at 31st March was considered, as well as the total
length of time for which each country has recorded cases of SARS-CoV-2.

Genomic metadata was downloaded for all African entries on GISAID for the same time period
(date of access: 31st March 2022). From this, information extracted from all entries for this study
included: date of sampling, country of sampling, viral lineage and clade, originating laboratory,
sequencing laboratory, and date of submission to the GISAID database. The geographical locations
of the originating and sequencing laboratories were manually curated. Sequences originating and
sequenced in the same country were defined as locally sequenced, irrespective of specific
laboratory or finer location. Sequences originating in one African country and sequenced in
another were defined as sequenced within regional sequencing networks. Sequences sequenced in
a location not within Africa were labeled as sequenced outside Africa. Sequencing turnaround time
was defined as the number of days elapsed from specimen collection to sequence submission to
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GISAID. Sequencing technology information for all African entries was also downloaded from
GISAID on 31st March 2022.

Primer choice and sequencing outcomes

All SARS-CoV-2 genomes from African countries were retrieved from GISAID (/6) for
submission dates from 1 December 2019 to 31st March 2022 yielding 100 470 entries. Associated
metadata for the entries were also retrieved, including collection date, submission date, country,
viral strain and sequencing technology. Data on the primers used for the sequencing were requested
from investigators and yielded primer data for 13 973 of the entries (~13%). The total N (bases
with low sequence depth) per genome were counted, results from which were then used for genome
quality analysis and visualization. Gap locations in the genomes were mapped and visualized
compared to the original Wuhan strain (64).

Phylogenetic investigation

All African sequences on the GISAID sequence database (/6) were downloaded on the 31st of
March 2022 (n=100 470). Of this, Alpha accounted for 3 851 sequences, Beta accounted for 14
548 sequences, Delta accounted for 35 027 sequences, Omicron for 21 708, while 25 336
sequences were classified as none-VOC:s. Prior to any phylogenetic inference we performed some
quality assessment on the sequences to exclude incomplete or problematic sequences as well as
sequences lacking complete metadata. Briefly, all African sequences were passed through the
NextClade analysis pipeline (65) in order to identify and exclude: (i) sequences missing >10% of
the SARS-CoV-2 genome, (ii) sequences that deviate by >70 nucleotides from the Wuhan
reference strain, (iii) sequences with >10 ambiguous bases, (iv) clustered mutations, and (v)
sequences flagged with private mutations as problematic by NextClade. Additionally, Omicron
variants were screened for traces of viral recombination with RDP5.23 (66) using default settings
and a p-value of <0.05 as evidence of recombination. using a P-value 0.05 or lower cut-off as
evidence of recombination. A large number of sequences were removed (n=57 421) with
incomplete sequences (<90% genome coverage) being the biggest contributor. This produced a
final African dataset of 43 049 high quality African sequences. Due to the sheer size of the dataset
we opted to perform independent phylogenetic inferences on the main VOCs (Alpha, Beta, Delta
and Omicron BA.1 and BA.2) that have spread on the African continent, as well as a separate
inference for all non-VOC SARS-CoV-2 sequences.

In order to evaluate the spread of the virus on the African continent we aligned the African datasets
against a large number of globally representative sequences from around the world. Due to the
oversampling of some variants or lineages we performed a random downsampling while retaining
the oldest two known variants from each country. Reference sequences were respectively aligned
with their African counterparts independently with NextAlign (65). Each of the alignments were
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then used to infer maximum likelihood (ML) tree topologies in FastTree v 2.0 (67) using the
General Time Reversible (GTR) model of nucleotide substitution and a total of 100 bootstrap
replicates (68). The resulting ML tree topologies were first inspected in TempEst (69) to identify
any sequences that deviate more than 0.0001 from the residual mean. Following the removal of
potential outliers in R with the ape package (70), the resulting ML-trees were then transformed
into time calibrated phylogenies in TreeTime (7/) by applying a rate of 8x10e-4 substitution per
site per year (72) in order to transform the branches into units of calendar time. Time calibrated
trees were then visualized along with associated metadata in R using ggtree (73) and other
packages.

We performed a basic viral dispersal analysis for each of the VOCs (excluding Gamma), as well
as for the non-VOC dataset. Briefly, a migration model was fitted to each of the time calibrated
tree topologies in TreeTime, mapping the country location of sampled sequences to the external
tips of the trees. The mugration model of TreeTime also infer the most likely location for internal
nodes in the trees. Using a custom python script we could then count the number of state changes
by iterating over each phylogeny from the root to the external tips. We count state changes when
an internal node transitions from one country to a different country in the resulting child-node or
tip(s). The timing of transition events is then recorded which serve as the estimated import or
export event. To infer some confidence around these estimates, we performed ten replicates for
each of the dataset by random selection from the 100 bootstrap trees. Due to the high uncertainty
in the inferred locations for deep internal nodes in the trees we truncated state changes to the
earliest date of sampling in each dataset. All data analytics were performed using custom python
and R scripts and results visualized using the ggplot libraries (74). Such phylogeographic methods
are always subject to uneven sampling through time (i.e. over the course of the pandemic) and
through space (by sampling location). To address this we have performed a case sensitive analysis
to investigate the effects of oversampling African locations on the inferred number of viral
introductions. Furthermore, in a previous analysis (/5) we performed a sensitivity analysis to
address some of these issues and found no substantial variations in estimates.

Case sensitive phylogeographic inference

To address the potential over sampling of African sequences relative to global reference in the
above mentioned analyses, we performed another phylogeographic inference on subsamples based
on global case counts to try and eliminate oversampling bias in our inference. To this end, we
considered all high quality sequences for each of the VOCs (Alpha, Beta, Delta and Omicron BA.1
and BA.2) globally over the same sampling period (till 31st of March 2022). We used subsampler
(https://github.com/andersonbrito/subsampler) to generate subsamples for each variant based on

globally reported cases. In short, subsampler uses a case count matrix of daily cases, along with
the fasta sequences and GISAID associated metadata to sample a user defined number of
sequences. For each VOC and for BA.1 and BA.2 we performed 10 samplings using different
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number seeds in order to sample datasets of ~20 000. Once again, sampled sequences were
screened for viral recombination as described above and sequences with signs of recombination
were removed. Subsampler has the added advantage that it disregards poor quality sequences (e.g.
<90% coverage) and sequences with missing metadata (e.g. exact date of sampling). Each dataset
was then subjected to the same analytical pipeline as mentioned above to infer the viral transitions
between Africa and the rest of the world.

Regional and country specific Nextstrain builds

In order to investigate more granular changes in lineage dynamics within a specific country or
region in Africa we utilized the Nextstrain pipeline (https:/github.com/nextstrain/ncov) to
generate the regional and country-specific builds for African countries (75). Firstly, all sequence
data and metadata were retrieved from the GISAID sequence database and filtered for Africa based
on the 'region' tab, for inclusion in regional- and country-specific African builds. For country-
specific builds ~4 000 sequences from a given country were randomly selected and analyzed
against ~1 000 randomly selected sequences from the Africa 'nextregions' records that do not
match the focal country of interest. For region specific (e.g. West Africa), ~4 000 sequences from
the focal region are selected at random and analyzed against ~1 000 randomly selected sequences
from the Africa 'nextregions' records that do not match the focal region of interest. The
methodological pipeline for NextStrain is well documented and performs all analyses within one
workflow, including filtering of sequences, alignment, tree inference, molecular clock and
ancestral state reconstruction. For more information please visit,
https://docs.nextstrain.org/en/latest/index.html.

All region- and country-specific builds are regularly updated to keep track of the evolving
pandemic on the continent. All builds are publicly available under the links provided in Supp
Tables S1 and S2 as well as on the NextStrain webpage.
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Chapter 8: Conclusion

In this thesis, real-time genomic monitoring of SARS-CoV-2 is showcased, utilising national and
continental efforts towards regular genomic surveillance programs during the pandemic, with the
application of various bioinformatics, phylogenetics, and epidemiological mapping techniques.
Research work towards this thesis enabled the rapid detection and monitoring of multiple variants
of concern and lineages in South Africa and Africa, often with global public health impact. The
knowledge acquired from the results of Chapter 2 established the SARS-CoV-2 surveillance
baselines in South Africa during the first wave of infections, and was ultimately key in rapidly
recognizing the evolutionary emergence of the Beta variant of concern after the up-tick of cases in
October 2020, described in Chapter 3. Chapter 4 and 5 extends methods developed towards the
first two chapters to rapidly investigate a sharp acceleration in cases at the beginning of the fourth
and fifth waves in South Africa. This enabled the characterisation and phylodynamics analysis of
the Omicron variant of concern and its BA.4 and BA.5 lineages in record time, which also meant
that the world in turn received quick warning of an upcoming threat. While the Beta variant only
circulated regionally mostly in southern and East Africa, the Omicron lineages BA.1, BA.2
(Chapter 4) and BA.4 and BA.5 (Chapter 5), all went on to consecutively dominate infections in
many parts of the world in 2022. Finally, Chapter 6 and 7 present continental genomic surveillance
efforts in Africa. In addition to giving insights into the establishment of epidemics from external
introductions, and cross-border viral movements, they highlight the expansion of genomic
surveillance on the continent to cover blindspots and the benefits this brings for fast public health
action. Most importantly, they help to recognize that genomic surveillance for highly transmissible
pathogens cannot be done in silo, and must be integrated within strong regional and global
collaborative networks for most effective response.

Other arms of this research have also contributed to answering additional key questions during the
pandemic as well as to epidemiological and genomic monitoring of pathogens in several other
ways. Genome assembly and phylogenetic analysis of sequenced diagnostic specimens helped to
investigate the genomic epidemiology of SARS-CoV-2 in many instances. This included
descriptions of early transmission dynamics of SARS-CoV-2 in the province of KwaZulu-Natal
(1), the city of Cape Town in South Africa (2), and the province of the Free States (3), genomic
monitoring of infection waves and outbreaks in Brazil (4,5), Mauritius (6), Uganda (7), Malawi
(8) and Egypt (9), description of additional lineages of interest in South Africa, including the rapid
replacement of Beta with Delta (10) and the C.1.2 lineage (11), and tracking the spread of variants
internationally in real-time (12).

Bioinformatics analyses contributed to the development and fine tuning of diagnostics and
sequencing methods during the pandemic, including setting up whole genome sequencing
protocols (13,14), assessing or adapting qPCR methods to highly mutated variants (15,16), and
development of Sanger sequencing gap filling methods to solve regions that become difficult to
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sequence with whole genome sequencing due to primer dropouts (17). Genomic analysis methods
such as lineage classification and phylogenetics were also integrated in studies of vaccine efficacy
(18), antibody neutralisation from naturally acquired or vaccine immunity (19,20), cross
neutralisation from infection with other variants (21), and T-cell recognition (22). This was crucial
to translating SARS-CoV-2 variant genotypes to phenotypes in actionable ways related to
diagnostics and therapeutics. Genomic data generation and bioinformatics analysis also
contributed to more thorough investigation of the adaptive evolution and selection processes
occurring within SARS-CoV-2 genomes (23,24).

Clinically, sequence assembly and bioinformatics methods were also applied to characterising the
intriguing phenomenon of chronic and persistent SARS-CoV-2 infections in immunocompromised
patients (25,26). For instance, research from this thesis helped to characterise patients infected
with the virus for more than 6 and 9 months respectively, both patients with non-suppressed HIV
and both showing advanced evolution of the infecting virus over this length of time (25,26). This
is of critical interest to the research and public health communities, given plausible hypotheses
that variants of concern could originally evolve during this type of persistent infections.
Interestingly, every time these patients have their HIV antiviral treatments reviewed and restored
and their HIV viral load goes down, they also soon after test negative for SARS-CoV-2. This points
to actionable measures to take charge of HIV patients in Southern Africa to decrease their infection
times and improve outcomes from SARS-CoV-2 infections.

Ongoing projects from this research include further work on integrative analysis of genomic,
epidemiological and mobility data, particularly a brief research article on how changes in human
mobility during the COVID-19 pandemic influenced the synchrony of epidemic peaks across the
world (In press: Journal of Travel Medicine), and an in-depth analysis of the global dispersal
patterns of SARS-CoV-2 variants of concern and the associated role of international travel
volumes (In preparation). Finally, research output from this thesis has extended beyond SARS-
CoV-2, having contributed to visualisation for the early tracking of Monkeypox cases during the
2022 outbreak (27), and to an international lobby by viral epidemiologists towards non-
discriminatory nomenclature for the monkeypox virus (28).

Methods developed and skills acquired during this thesis will be used to further expand research
outcomes in pathogen genomics and epidemic modelling. In future studies, a number of research
questions will be tackled. Still around understanding the epidemiology of SARS-CoV-2, a
thorough investigation of the co-evolution of SARS-CoV-2 and other pathogens, such as HIV, will
be undertaken, which will feed into a systematic analysis to understand the origins of the Omicron
variant of concern. Further research will focus on epidemic forecasting and disease susceptibility
modelling to inform rapid response and surveillance strategies, especially related to factors that
predict expansion of localised outbreaks to large epidemics, and how climate change is shifting
epidemic risks for arboviral disease establishment in Africa.

200



References

1. Giandhari J, Pillay S, Wilkinson E, Tegally H, Sinayskiy I, Schuld M, et al. Early
transmission of SARS-CoV-2 in South Africa: An epidemiological and phylogenetic
report. Int J Infect Dis. 2021 Feb;103:234-41.

2. Engelbrecht S, Delaney K, Kleinhans B, Wilkinson E, Tegally H, Stander T, et al.
Multiple Early Introductions of SARS-CoV-2 to Cape Town, South Africa. Viruses. 2021
Mar 22;13(3).

3. Mwangi P, Okendo J, Mogotsi M, Ogunbayo A, Adelabu O, Sondlane H, et al.
SARS-CoV-2 variants from COVID-19 positive cases in the Free State province, South
Africa from July 2020 to December 2021. FrontVirol. 2022 Sep 14;2.

4, Giovanetti M, Slavov SN, Fonseca V, Wilkinson E, Tegally H, Patané JSL, et al.
Genomic epidemiology of the SARS-CoV-2 epidemic in Brazil. Nat Microbiol. 2022
Sep;7(9):1490-500.

5. Giovanetti M, Fonseca V, Wilkinson E, Tegally H, San EJ, Althaus CL, et al.
Replacement of the Gamma by the Delta variant in Brazil: Impact of lineage displacement
on the ongoing pandemic. Virus Evol. 2022 Mar 18;8(1):veac024.

6. Tegally H, Ramuth M, Amoaka D, Scheepers C, Wilkinson E, Giovanetti M, et al.
A Novel and Expanding SARS-CoV-2 Variant, B.1.1.318, dominates infections in
Mauritius. medRxiv. 2021 Jun 16;

7. Bbosa N, Ssemwanga D, Namagembe H, Kiiza R, Kiconco J, Kayiwa J, et al.
Rapid Replacement of SARS-CoV-2 Variants by Delta and Subsequent Arrival of
Omicron, Uganda, 2021. Emerging Infect Dis. 2022 May;28(5):1021-5.

8. Bandawe G, Chigwechokha P, Kunyenje P, Kazembe Y, Mwale J, Kamaliza M,
et al. Management and containment of a SARS-CoV-2 Beta variant outbreak at the
Malawi University of Science and Technology. medRxiv. 2021 Nov 28;

9. Roshdy WH, Khalifa MK, San JE, Tegally H, Wilkinson E, Showky S, et al.
SARS-CoV-2 Genetic Diversity and Lineage Dynamics in Egypt during the First 18
Months of the Pandemic. Viruses. 2022 Aug 25;14(9).

10. Tegally H, Wilkinson E, Althaus CL, Giovanetti M, San JE, Giandhari J, et al.
Rapid replacement of the Beta variant by the Delta variant in South Africa. medRxiv.
2021 Sep 27;

11. Scheepers C, Everatt J, Amoako DG, Tegally H, Wibmer CK, Mnguni A, et al.
Emergence and phenotypic characterization of the global SARS-CoV-2 C.1.2 lineage. Nat

201



Commun. 2022 Apr 8;13(1):1976.

12. O’Toole A, Hill V, Pybus OG, Watts A, Bogoch II, Khan K, et al. Tracking the
international spread of SARS-CoV-2 lineages B.1.1.7 and B.1.351/501Y-V2 with grinch.
Wellcome Open Res. 2021 Sep 17;6:121.

13. Pillay S, Giandhari J, Tegally H, Wilkinson E, Chimukangara B, Lessells R, et al.
Whole Genome Sequencing of SARS-CoV-2: Adapting Illumina Protocols for Quick and
Accurate Outbreak Investigation during a Pandemic. Genes (Basel). 2020 Aug 17;11(8).

14. Tshiabuila D, Giandhari J, Pillay S, Ramphal U, Ramphal Y, Maharaj A, et al.
Comparison of SARS-CoV-2 sequencing using the ONT GridION and the [llumina
MiSeq. BMC Genomics. 2022 Apr 22;23(1):319.

15. Valley-Omar Z, Marais G, Iranzadeh A, Naidoo M, Korsman S, Maponga T, et al.
Reduced amplification efficiency of the RNA-dependent-RNA-polymerase target enables
tracking of the Delta SARS-CoV-2 variant using routine diagnostic tests. J Virol Methods.
2022 Apr;302:114471.

16. Vogels CBF, Breban MI, Ott IM, Alpert T, Petrone ME, Watkins AE, et al.
Multiplex qPCR discriminates variants of concern to enhance global surveillance of
SARS-CoV-2. PLoS Biol. 2021 May 7;19(5):¢3001236.

17. Singh L, San JE, Tegally H, Brzoska PM, Anyaneji UJ, Wilkinson E, et al.
Targeted Sanger sequencing to recover key mutations in SARS-CoV-2 variant genome
assemblies produced by next-generation sequencing. Microb Genom. 2022 Mar;8(3).

18. Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL, Fairlie L, et al. Efficacy
of the ChAdOx1 nCoV-19 Covid-19 Vaccine against the B.1.351 Variant. N Engl J Med.
2021 May 20;384(20):1885-98.

19. Cele S, Gazy I, Jackson L, Hwa S-H, Tegally H, Lustig G, et al. Escape of SARS-
CoV-2 501Y.V2 from neutralization by convalescent plasma. Nature. 2021
May;593(7857):142-6.

20. Cele S, Jackson L, Khoury DS, Khan K, Moyo-Gwete T, Tegally H, et al. SARS-
CoV-2 Omicron has extensive but incomplete escape of Pfizer BNT162b2 elicited
neutralization and requires ACE2 for infection. medRxiv. 2021 Dec 17;

21. Khan K, Karim F, Ganga Y, Bernstein M, Jule Z, Reedoy K, et al. Omicron sub-
lineages BA.4/BA.5 escape BA.1 infection elicited neutralizing immunity. medRxiv. 2022
May 1;

22. Riou C, Keeton R, Moyo-Gwete T, Hermanus T, Kgagudi P, Baguma R, et al.
Escape from recognition of SARS-CoV-2 variant spike epitopes but overall preservation
of T cell immunity. Sci Transl Med. 2022 Feb 9;14(631):eabj6824.

23. Martin DP, Weaver S, Tegally H, San JE, Shank SD, Wilkinson E, et al. The

202



emergence and ongoing convergent evolution of the SARS-CoV-2 N501Y lineages. Cell.
2021 Sep 30;184(20):5189-5200.¢7.

24, Martin DP, Lytras S, Lucaci AG, Maier W, Gruning B, Shank SD, et al. Selection
analysis identifies significant mutational changes in Omicron that are likely to influence
both antibody neutralization and Spike function (part 1 of 2) [Internet]. 2021 [cited 2021
Dec 11]. Available from: https://virological.org/t/selection-analysis-identifies-significant-
mutational-changes-in-omicron-that-are-likely-to-influence-both-antibody-neutralization-
and-spike-function-part-1-o0f-2/771

25. Karim F, Moosa MYS, Gosnell BI, Cele S, Giandhari J, Pillay S, et al. Persistent
SARS-CoV-2 infection and intra-host evolution in association with advanced HIV
infection. medRxiv. 2021 Jun 4;

26. Maponga TG, Jeffries M, Tegally H, Sutherland A, Wilkinson E, Lessells RJ, et
al. Persistent SARS-CoV-2 infection with accumulation of mutations in a patient with
poorly controlled HIV infection. Clin Infect Dis. 2022 Jul 6;

27. Kraemer MUG, Tegally H, Pigott DM, Dasgupta A, Sheldon J, Wilkinson E, et al.
Tracking the 2022 monkeypox outbreak with epidemiological data in real-time. Lancet
Infect Dis. 2022 Jul;22(7):941-2.

28. Happi C, Adetifa I, Mbala P, Njouom R, Nakoune E, Happi A, et al. Urgent need
for a non-discriminatory and non-stigmatizing nomenclature for monkeypox virus. PLoS
Biol. 2022 Aug 23;20(8):e3001769.

203



Appendices

Appendix A: Supplementary Information for Chapter 2
Appendix B: Supplementary Information for Chapter 3
Appendix C: Supplementary Information for Chapter 4
Appendix D: Supplementary Information for Chapter 5
Appendix E: Supplementary Information for Chapter 6

Appendix F: Supplementary Information for Chapter 7

204



NATURE MEDICINE LETTERS

A B

Provinces in South Africa Districts in KZN Province

Sequences
(North West] 560
(se)
200
100

Extended Data Fig. 1| Map density representation of where the genomes in this study were sampled. a, The number of genomes sampled in each
province in South Africa (no genomes from Northern Cape - grey), b, The number of genomes sampled in each district of KZN, the most sampled
province.

NATURE MEDICINE | www.nature.com/naturemedicine



LETTERS
A

NATURE MEDICINE

SA Pangolin lineages SA Nextclade
Pangolin
200 B.1.5.16 200
B.15.22
150 150 Nextclade
2 @
g’ @ 19A
5 prw]He: g
£ Biiaz | |B21 £ o0
4100 = 3100 208
B22 g
B.1.140
50 50
o - =B | .zelf 2s2 o| - Ol il il
EEEEEREER R R R 133339733339 1¢
8§ ¢ g 2 &8 488 88 g ¢ 3 8§28 828R 8NESBCES
Date Date
B | B.1.106 | B1.154 | ca | B.1.1.56
Number of Genomes in 68 320 151 104
our dataset |
Most common countries ZA (56%), USA (39%), ZA(99%),UK (1%) ZA (99%), UK (1%) ZA (99%), Australia
| Spain (3%) | (1%)
Most CommonProvinces = KwaZulu-Natal North West, Gauteng, = North West, Gauteng, KwaZulu-Natal
KwaZulu-Natal Limpopo, Free State,
KwaZulu-Natal
KZN districts 5 districts | All 11 districts | All11districts | All 11districts
Date range March 16 to July 21 March 19 to August 26 June 03 to August 26 | March 21 to August 21
Dates since last sampling = 2020-08-21 2020-08-26 2020-08-21 2020-08-26
inZA
Recall value 0.84 0.98 0.99 0.95

Extended Data Fig. 2 | Classification of viruses circulating in South Africa. a, Classification of South Africa genomes (n=1365) per date into Pangolin
lineages (SA-specific ones specified by red boxes), and into Nextstrain clades. b, Detailed sampling information for the four lineages cluster identified to

be almost unique to South Africa.
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A South Africa genomes by division B KwaZulu-Natal (SA) genomes by location
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Extended Data Fig. 3 | Prevalence of main lineage clusters in South Africa. a, Distribution of genomes belonging to the lineage clusters by province. b,
Distribution of genomes belonging to the lineage clusters by district of KZN.
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Extended Data Fig. 4 | Ct score investigation of samples in this study. a, Showing the average Ct scores at three target genes for genomes generated
at KRISP, and classified into their respective Pangolin lineages. Each box is delimited by two lines at the 25th percentile and 75th percentile, with the
line inside the box represents the median, and whisker lines drawn from the box to the whisker boundaries. b, Showing the decreasing trend in genome
coverage as Ct score increases, with the bulk of genomes > 90% (n=476) falling in the Ct < 30 category.
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Extended Data Fig. 5 | Temporal signaling for each cluster (Tempest). For SARS-CoV-2, we accept temporal signaling with correlation coefficient > 0.2.

Cluster B.1.1.54 (A) had a low correlation coefficient and was therefore rejected from further Bayesian spatiotemporal analyses. Regression lines are shown
with error buffers (shaded area) representing 90% confidence intervals.
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Extended Data Fig. 6 | Maximum likelihood tree of a global dataset showing genomes coloured by sampling location in South Africa. For genomes
sampled in KZN, they are further specified by which district they were sampled from. A closer look into cluster B.1.106, C.1 and B.1.1.56 illustrated as trees
from BEAST temporal analyses, with a defined time-scale. The zoom-in tree for B.1.1.54 was extracted as a subset of the big ML tree.
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Extended Data Fig. 7 | Flowchart of Pangolin lineage A and B dividing into sub-lineages with their lineage-defining mutations specified. The main
lineage-defining mutations of the main lineage cluster investigated in this study are shown in relation to their parent lineage (B.1.1).
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Extended Data Fig. 8 | Mutation frequencies in SA vs rest of the world for lineage-defining mutations. Mutation predominantly seen in South Africa are

shown in red, whereas the others are shown in blue.
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Extended Data Fig. 9 | Mapping of SARS-CoV-2 genome alignment generated in this study onto the genome structure to determine the location of gaps
in the sequences. a, An alignment of 436 medium quality genomes (<1000 missing bases) showing small amounts of recurrent gaps (white spaces) in
ORF1b, S, ORF3a. b, An alignment of 203 low quality genomes (<2900 missing bases) showing a more important amounts of recurrent gaps (white) in
ORF1a, ORF1b, S, ORF3a, and ORF7a genes. The rest of our genomes (N=726) had 100% coverage relative to the reference.

NATURE MEDICINE | www.nature.com/naturemedicine



LETTERS
South Africa N = 1365

Sequences
(n = 1409)

Sequences >= 90%

genome
(n= 1393)

Sequences >= 90% genome
& high quality
(n=1365)

NATURE MEDICINE

<90% genome
coverage

(n= 16)

Sequence
quality problems
(n =28)

KZN Gauteng

WC (n=71
(n=1109) (n=100) it

Eastern
Cape
(n=2)

Limpopo Mpumala
(n=4) nga (n=4)

Extended Data Fig. 10 | See next page for caption.

Free State
(n=16)

NATURE MEDICINE | www.nature.com/naturemedicine



NATURE MEDICINE LETTERS

Extended Data Fig. 10 | Curation of South Africa dataset from all available South African genomes available on GISAID as at 15" September 2020. We

show initial number of genomes (n=1409), how many were excluded at each cleaning step and the final number of genomes (n=1365) with subdivisions
into their originating province.
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Extended DataFig.1|Excess deaths per millionindividuals by province and
metropolitan municipalities of South Africa. Dataare shown for up until the
week ending 8 September 2020 (immediately after the first peak of the
epidemic peak).a, b, These graphsindicate the disproportionate effect of the
first wave of the epidemicin the province of the Eastern Cape (a) and its
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metropolitan areas (Nelson Mandela Bay and Buffalo City) (b). EC, Eastern
Cape; FS, Free State; WC, Western Cape; GP, Gauteng province; NC, Northern
Cape; KZN, KwaZulu-Natal; MP, Mpumalanga; NW, North West; NMB, Nelson
Mandela Bay; BUF, Buffalo City; CPT, Cape Town; MAN, Mangaung; EKU,
Ekurhuleni; JHB, Johannesburg; TSH, Tshwane; ETH, Ethekwini.
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Extended DataFig.2|Positivity test rates across four provinces of South of positive SARS-CoV-2 PCR tests per district. Data were obtained from the
Africa.Maps of the Northern Cape, Western Cape, the Eastern Cape and weekly testing report of the National Institute of Communicable Diseases.
KwaZulu-Natal (the four provincesinvestigated in this Article) showing a The .shapefile for thismap was obtained from ArcGIS.

weekly progression of SARS-CoV-2 prevalence per district, coloured by the rate



[T Eastern Cape
[ Kwazulu-Natal
] Western Cape
[ Northern Cape
® Genome Study
— South Africa - Main Roads

Extended DataFig. 3 |Samplinglocation of 501Y.V2 genomes. A general map
of South Africa, showing the sampling location of the 501Y.V2 genomesiin this
study (blue dots) inrelation to the main road networks of the country, which

hints at potential land transmission routes of this lineage along the coast.
The .shapefile for this map was obtained from ArcGIS.
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Extended DataFig. 6 | Molecular clock signal of four main virus clusters
thatare spreadingin South-Africa. Root-to-tip regression obtained from
TempEstanalysis for the 501Y.V2 lineage cluster (n=341), showing arelatively
strong clock-like behaviour (correlation coefficient=0.33,R*=0.107) and a
regressionlineslope, representing mean evolutionary rate, 0f1.917 107
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which show estimated mean evolutionary rates of 5.344 x107*,4.251x 10 *and
9.781x10 *respectively. Regression lines are shown with error buffers (shaded
area) thatrepresent 90% confidenceintervals.
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Extended DataFig.7|SARS-CoV-2 RBD interactions with neutralizing 2,3 and 4. Twozoomed-ininsets show common, key interactions between the
antibodies. Model of the SARS-CoV-2RBD in cartoon view (yellow), showing RBDresidue K417 and class 1 neutralizing antibodies and the RBD residue E484
representative Fab domains for neutralizing antibodies (NAbs) from classes 1, and class 2 neutralizing antibodies.
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Extended DataFig. 8| A maximum-likelihood tree of 5,332 SARS-CoV-2
genomes, of which 2,756 aresampled from South Africa. The branchlengths
represent the diversity of the genomes against the Wuhanreference. The

501Y.V2lineages (in yellow) show relatively longer branches, compared to viral
genomes from South Africa that form lineages circulatingin the country before
thedetection of this new lineage.
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Extended DataFig. 9| Worldwide emergence of eight spike mutations. Prevalence of the eight spike mutations around the world, which indicates that several
ofthese mutations have emerged independently in multiple regions.
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Extended DataFig. 3| Global distribution of Omicron. (A) Detection of representing more genomes. (B) Omicron transmission globally. Shown are
Omicronglobally. Shownare the locations for which Omicron genomes have countries for which Omicron sequencing data is available on GISAID.
beendeposited on GISAID as of December16,2021. Those labelled as Proportions of sequences are coloured according to sampling strategy or
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Extended Data Table 1| Parameter estimates from BEAST for the full South Africa and Botswana dataset and the reduced
data set of only Gauteng Province genomes

Data set Evolutionary rate x10° BA.1 Time of most recent common Exponential growth rate Doubling time
changes/site/year ancestor (TMRCA) (per day) (days)

South Africa + Botswana 1.20 (0.92, 1.49) 9 Oct 2021 0.137 (0.099, 0.175) 5.1(4.0,7.0
553 Genomes (30 Sep, 20 Oct)

South Africa + Botswana 1.1 fixed 8 Oct 2021 0.137 (0.100, 0.173) 5.0(4.0,7.0
553 Genomes (30 Sep, 18 Oct)

South Africa + Botswana 0.75 fixed 1 Oct 2021 0.139 (0.099, 0.183) 5.0(3.8,7.0
553 Genomes (21 Sep, 13 Oct)

Gauteng Province, South Africa only 0.41 (0.28,0.54) 01 Oct 2021 2.85(2.10,4.23) 28(2.1,42)

626 genomes

2021-11-05, 2021-12-07

Gauteng Province, South Africa only
626 genomes

2021-11-05, 2021-12-07

1.1 fixed

(17 Sept, 17 Oct)

19 Oct 2021 (15 Oct, 26 Oct)

0.29 (0.22, 0.35)

2.42 (1.96,3.12)

95% HPD intervals in parentheses.



Extended Data Table 2 | Sites in the BA.1sequences that have been subject to episodic diversifying selection

Coordinate Gene/ORF Codon (in # of selected AA composition p-value Notes
(SARS-CoV-2) gene/ORF) branches

3682 ORF1a 1140 1 Q92,2 0.0061

13423 ORF1a 4387 2 R/34, H/1,N/1 0.0020

13627 ORF1b 54 1 D/256, -12, Y 0.0098

18027 ORF1b 1520 1 AT, =12, Y11,V 0.0006

18030 ORF1b 1521 2 TNM71, 5112, KN, 11 0.0052

18267 ORF1b 1600 1 E/184, T/, -1 0.0001

18273 ORF1b 1602 1 A/184,C/1, -1 0.0001

21534 ORF1b 2689 1 D/85, S/3 0.0066

22027 S 156 3 E/NM72,-11,G/5, P/1 0.0006

22033 S 158 1 R/1865, -/23, S/1 0.0007

22048 S 163 1 A/168, -/20, L1 0.0036

22072 S 171 2 V167, -121, K1 0.0000

22084 S 175 1 F/161, -/126, Q12 0.0000

22576 S 339 3 D/170, -/11,G/8 0.0027 Clade defining
22597 S 346 5 R/151, K732, -/6 0.0007 Affect Ab binding
22672 S 371 1 L/154, S/18, -/16, F/1 0.0002 Clade defining
22678 S 373 4 P/149, S/26, -/14 0.0009 Clade defining
22684 S 375 5 F/142, S/34, -113 0.0001 Clade defining
22810 S 417 5 N/113, K/41, -/35 0.0002 Clade defining
22879 S 440 4 K/120, -/36, N/33 0.0018 Clade defining
22897 S 446 5 S/124, -/38, G/27 0.0002 Clade defining
22915 S 452 4 L/138, -/36, R/15 0.0000 Affect Ab binding
22990 S 477 3 N/148, -/23, S/18 0.0005 Clade defining
23011 S 484 3 A/141, -/26, E/21, V1 0.0016 Clade defining
23047 S 496 3 S$/151, G/21, -117 0.0051 Clade defining
23053 S 498 2 R/148, -121, Q/20 0.0028 Clade defining
23074 S 505 4 H/142, Y/25, -/22 0.0002 Clade defining
23095 S 512 1 V/170, -118, T/ 0.0008

23662 S 701 3 A/156, VI25, -/7, S/1 0.0034 501Y metasignature
23851 S 764 0 K/150, N/23, -/15, H/1 0.0010 Clade defining
24502 S 981 3 F/180, U6, -/3 0.0084 Clade defining
25548 ORF3a 53 1 L/178, F/2 0.0099

25707 ORF3a 106 1 L/158, F/22 0.0072

26528 M 3 2 G113, -/26,D/9, Y1 0.0041

26708 M 63 3 T/110, -/28, A/11 0.0016 Clade defining
26765 M 82 3 /111, -/28, T/10 0.0019

27140 M 207 1 N/10S, -/42, R/1, S/1 0.0011

27143 M 208 2 T/104, -/42,S/2, 111 0.0066

27146 M 209 1 D/104, -/42, A/2, Y/1 0.0008

28253 ORF8 121 3 Zg’;/"‘” gf 1 4;71 %; 10 VI8, 0.0013

28459 N 63 2 D/272,G/11,-111, Y1 0.0010

28471 N 67 2 P/280, -/11,8/3, L1 0.0070

28477 N 69 1 G282, -111,K/2 0.0001

28879 N 203 3 K/283, M/8, 112, -/1, R/ 0.0088 Clade defining
29299 N 343 3 D/253, G/40,C/1, HNM 0.0002
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Extended Data Table 3 | Prior distributions used for the BDSKY analyses

Parameter Prior distribution
South Africa and Botswana Gauteng Province only
(n=552) (n=277)
clock rate (x10°® substitutions/site/year) 0.75 fixed; 1.2 fixed 1.1 fixed; 0.3 fixed
kappa Lognormal(InMean = 1, InSd = 1.25)
gamma shape Exponential(m = 1)
effective reproduction number Lognormal(lnMean = 0.8, InSd = 0.5)
becoming non-infectious rate (per year) 36.5 fixed
sampling proportion Beta(alpha = 2, beta = 1000) Beta(alpha = 2, beta = 100)
time of origin Lognormal(inMean = -2, InSd = 0.2)

The becoming non-infectious rate was fixed to 36.5/year which corresponds to a mean infectious period of 10 days. A less informative prior for the sampling proportion was used for the Gaut-
eng Province only dataset to allow for the possibility of a higher province specific sampling proportion.



Extended Data Table 4 | Time of most recent common ancestor, exponential growth rate and doubling time estimates for
the full South Africa and Botswana dataset and the reduced dataset of only Gauteng Province genomes under the 3-epoch
BDSKY model in which the sampling proportion was allowed to change at 3 equidistantly spaced time points

Fixed clock rate (x10°*
substitutions/site/year)

Time of most recent common ancestor

(TMRCA)

Exponential growth rate

(per day)

Doubling time (days)

South Africa and Botswana 1.20

(n=522)

0.75
Gauteng Province only 0.30
(n=277)

1.1

20 Oct 2021 (13 Oct, 26 Oct)

11 Oct 2021 (3 Oct, 18 Oct)

4 Oct 2021 (24 Sep, 12 Oct)

24 Oct 2021 (19 Oct, 29 Oct)

0.206 (0.188, 0.226)

0.174 (0.156, 0.192)

0.191 (0.151, 0.231)

0.286 (0.243, 0.329)

3.4 (3.0,3.7)

4.0 (3.6, 4.4)

3.6(2.9,4.5)

2.4 (2.1,2.8)

95% HPD intervals in parentheses.
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Extended Data Table 5 | Time of most recent common ancestor, exponential growth rate and doubling time estimates for
the full South Africa and Botswana dataset and the reduced dataset of only Gauteng Province genomes under the 4-epoch
BDSKY model in which the sampling proportion was allowed to change at 4 equidistantly spaced time points

Fixed clock rate (x10°* Time of most recent common ancestor Exponential growth rate (per Doubling time (days)

substitutions/site/year) (TMRCA) day)
South Africa and Botswana  1.20 19 Oct 2021 (13 Oct, 25 Oct) 0.205 (0.186, 0.225) 3.4 (3.1,3.7)
(n=522)

0.75 11 Oct 2021 (2 Oct, 17 Oct) 0.179 (0.160, 0.197) 39(35,43)
Gauteng Province only 0.30 27 Sep 2021 (16 Sep, 7 Oct) 0.146 (0.114, 0.180) 4.8 (3.8,5.9)
(n=277)

1.1 23 Oct 2021 (17 Oct, 28 Oct) 0.261 (0.220, 0.302) 2.7(2.3,3.1)

95% HPD intervals in parentheses.
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Extended Data Fig. 1| Molecular clock signal of the dataset of BA.2, BA.4 and BA.5 lineages used in the Bayesian analysis. Root-to-tip regression
obtained from TempEst analysis for the sampled cluster of BA.2, BA.4 and BA.5, showing a relatively strong clock-like behaviour (correlation coefficient
= 0.6, R2=0.4) The regression line (representing the estimated mean evolutionary rate) is shown with error buffers (shaded area) that represent

90% confidence intervals.

NATURE MEDICINE | www.nature.com/naturemedicine



NATURE MEDICINE BRIEF COMMUNICATION

A BA.4
1 5 155 29 1090 un
. OR"1ab N =

. TD 1

o 28y & &

3

(*s‘o
&
&
BA.5 . .

0 1000 1n
1

\\l N =
3{9

%

Spike

A

FSE8EFESIISETEEsT & $878¢8 74

Extended Data Fig. 2 | Whole genome mutations present in BA.4 and BA.5 lineages. Differences in BA.4 and BA.5 are highlighted with a rectangle.
The synonymous mutations in nsp8 is indicated in red.
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Extended Data Fig. 3 | Patterns of natural selection between January 2020 and January 2022 at codon sites differentiating BA.4 and BA.5 from BA.2. All
SARS-CoV-2 sequences deposited in GISAID were analyzed with each time-point representing an analysis of all sequences sampled during the preceding
three months. Red dots indicate evidence at positive selection and blue spots indicate evidence of negative selection. The sizes of the dots indicate degrees
of statistical support for selection signals. Only sequences deposited in GISAID prior to the discovery of BA.4 and BA.5 are considered here.
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Extended Data Fig. 4 | Progression of the weekly genomic prevalence of various variants and lineages in the nine provinces of South Africa from November
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Extended Data Table 1| S-gene target status (TagPath COVID-19 qPCR assay) for 198 samples sequenced by the KRISP laboratory.
*One BA.2 sequence had the 69-70 deletion, and the other BA.2 sequence had large gaps in coverage of the spike gene region

Omicron S-gene S
. : target
lineage target failure s
positive
BA.l 9 0
BA.2 2° 120
BA3 0 1
BA 4 26 0
BA.S 40 0
Total 77 121

NATURE MEDICINE | www.nature.com/naturemedicine
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Extended Data Table 2 | Comparison of daily growth rates of all Omicron lineages and Delta. Rates were estimated with multinomial
logistic regression models based on South African SARS-CoV-2 genomic data spanning the period of 1 November 2021 to 19 May
2022. Negative values indicate the comparative lineage to have a growth advantage over the reference lineage, whereas a positive
value indicates the reference lineage to have a growth rate advantage over the lineage of comparison

Reference Comparati :i::‘;‘::_ 95% Confidence
lineage ve lineage Intervals
day
BA.l 0.164 0.154 - 0.175
BA.2 0.096 0.086 - 0.106
BA.S BA3 0.154 0.138 - 0.170
BA 4 -0.014 -0.023 - -0.005
Delta 0.235 0.094 - 0.121
BA.l 0.15 0.143 - 0.158
BA.4 BA.2 0.082 0.075 - 0.089
BA3 0.14 0.126 - 0.154
Delta 0.221 0.204 - 0.239
BA.l -0.01 -0.022 - -0.002
BA3 BA.2 -0.058 -0.070 - -0.046
Delta 0.0814 0.062 - 0.101
BA.2 BA.l 0.068 0.065 - 0.072
Delta 0.139 0.123 - 0.155
BA.l Delta 0.071 0.056 — 0.087

NATURE MEDICINE | www.nature.com/naturemedicine



Supplementary Figures & Tables
800
Subsampled location
—— Africa

—— External

Uniform samplin
1.0 ]

Imports into Africa J
ay
j=3
o

O

0.8

0.2 0.4 0.6 0.8 1.0 0.
Sampling fraction
B Non-uniform sampling 0.
1.0
0.
0.8
0.0
0.6
0.4
. I I I I
0.0

Supplementary Figure S1: Sensitivity of the viral introduction analysis to geographic sampling
biases. (A) A rarefaction analysis showing how the number of imports into Africa depends on the
extent of sampling in Africa (blue) and the extent of external sampling in the rest of the world
(orange). At each sampling fraction, a random set of samples was subsampled from the full
dataset 10 times to create bootstrap replicates from which confidence intervals (shaded
intervals) on the number of imports were computed. (B-C) Sensitivity analysis showing how the
proportion of imports into African countries from external locations outside of Africa varied
depending on the temporal distribution of samples in Africa. This analysis was performed twice
with either non-uniform sampling through time using the same dataset as in Figure 2B-C of the

main text (B) or uniform sampling through time in which we capped the number of samples from
Africa at a maximum threshold of 400 each month.
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Supplementary Figure S2: Number of importation and exportation events for various

subregions on the African continent. African subregions are defined based on the African Union
classification scheme.
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Supplementary Figure S3: Numbers of importation and exportation events between Africa and
the rest of the world over the first year of the SARS-CoV-2 pandemic.
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Supplementary Figure S4: Total monthly international trade values in US million dollars in 2020
for A) exported goods from South Africa; and B) imported goods to South Africa with the following
neighbouring countries: Botswana, Democratic Republic of the Congo, Eswatini, Lesotho,
Malawi, Mozambique, Namibia, Zambia, and Zimbabwe. Source: UN Comtrade Database.



8 South Africa

5 100
c
§o7s
S 0.50
c
2025
£
- -
Aug  Oct

3 Apr  Jun Dec Feb
2020 2020 2020 2020 2020 2021
Date

I_ineage OB1154 @ B1.156 @ 81351 @ C1 O Others

g Zambia
2 1.00

0.75
5 0.50
2025
8 0.00 - L L1
° Apr Jun  Aug  Oct Dec  Feb
o 2020 2020 2020 2020 2020 2021

Date
Lineage D Others . B.1.351

o . .
£ Nigeria
2 1.00
8075
B 0.50
s 25
EQ
8 0.00 —
° Mar May Jul Sep Nov Jan Mar
o 2020 2020 2020 2020 2020 2021 2021

Date

Lineage D B.1.17 . B.1.525 E] NA

@ A

g Mozambique

21.00

g 0.75

g 0.50

S025

§ 0.00 ‘ ===

1 Aug Oct Dec Feb

a 2020 2020 2020 2021
Date

Lineage - 8.1.351 - c1 D C.11 I:] Others

®
g Botswana
21.00
50.75
S 0.50
So02s
g0
a0.00
13 Mar May Jul Sep Nov Jan Mar
e 2020 2020 2020 2020 2020 2021 2021
Date
Lineage D Others . 8.1.351
®
2 Ghana
2 1.00
&o7s
S 0.50
5 lIE
E!20.25
g 0.00
° Apr Jun Aug Oct Dec Feb
o 2020 2020 2020 2020 2020 2021

Date

Lineage D B.1.17 B.1.525 D Omers

g2 Zimbabwe

21.00

30,75

‘go.so

£025

§ 0.00

13 Apr  Jun  Aug Oct Dec Feb
a 2020 2020 2020 2020 2020 2021

Date

Lineage . B.1.1.29 . 8.1.351 D Others

"
g Mayotte
2 1.00
g 0.75
050
=
go2s
5 0.00 |
& 04-Jan  18-Jan  O1-Feb  15-Feb
« 2021 2021 2021 2021
Date
Lineage . B.1.160 . B.1.351 j Others
]
S Uganda
2 1.00
Gors
% 050
s
go025
0.00 .
g‘ Apr Jun Aug Oct Dec
o 2020 2020 2020 2020 2020
Date

Lineage . A23 D A231 D Others

Supplementary Figure S5: PANGO lineages through time for a select number of African

countries.
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global VOC or VOI samples. Branch colours represent most probable inferred locations of
ancestral viruses. Numbers at internal nodes represent clade posterior probabilities.
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African countries with sequencing data
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Supplementary Table S1. Status and restrictions of land border posts in South Africa as of Feb

19, 2021].
Country route | Number of land | Restrictions
border posts
Closed | Open
(m/N) (n/N)
South Africa- | 13/17 4/17 - All passengers passing through the border posts are required to
Botswana present a medical certificate with a negative COVID-19 test result
issued within 72 hours or get tested upon arrival and subject to
. quarantine in a government holding facility. The entry to Zimbabwe
Sguth A frlca - | o/l S/11 requires a negative COVID-19 test result that is within 48 hours.
eswatini - Rail, ocean, air and road transport is permitted for the movement
of cargo to and from other countries, subject to national legislation
South Africa- | 7/13 6/13 | and any directions.
Lesotho - All borders were closed on Jan 11, 2021 then reopened on
February 15, 2021.
South Africa- | 2/4 2/4
Mozambique
South Africa- | 4/6 2/6
Namibia
South Africa- | 0/1 1/1
Zimbabwe
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Supplementary Table S2: Variants o

f Concern/Note (VoC/Ns) in Africa.

Variant Lineage | Date Range | Spike Mutations of | Impact Countries
Name Biological
Significance (all
mutations)
N501Y.V2 B.1.351 Oct. 2020 — K417N, E484K, Transmissibility, South Africa, DRC,
Feb. 2021 N501Y Escape Mayotte, La Reunion,
Neutralization, Zambia, Botswana, Congo,
ACE binding Kenya, Rwanda,
Affinity
A.23, A.23.1 Dec. 2020 — V367F, Q613H Infectivity Uganda, Rwanda, Ghana,
A.23.1 Feb 2021 South Africa, Zambia,
Botswana
C.A11 CA1. S477N Mozambique,
B.1.525 B.1.525 Dec. 2020 - E484K, Q677H, Escape Nigeria, Ghana, Mayotte,
Feb 2021 F888L Neutralization, Céte d’lvoire/Bouaké
ACE binding Algeria
Affinity
A.27/N501 A.27 Jan 2021 - L18F, L452R, under Mayotte, Europe, Ghana,
Y.V4 Feb 2021 N501Y, A653V, investigation (VUI Cote d’lvoire/Bouaké
H655Y, Q677H, not VOC)
D796Y, G1219V
N501Y.V3 Brazil
B.1.160 B.1.160 D614G, S477N confirmed Tunisia (reinfection), Large
reinfection European lineage
(under Ghana
investigation)
N501Y B.1.1.7 Jan - D614G, N501Y, Transmissibility Ghana, Morocco
Mash2021 del69-70, Algeria, Cote

d’lvoire/Bouaké, DRC
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Supplementary Table S3: Sampling or surveillance strategies in various participating

institutions.

Country

Proportio
n of cases
sequenced

Sampling strategies

Regular
surveillanc
e (random
sampling)

Cluster/outbrea
k investigations

Surveillanc
e of
imported
cases
(linked to
border
testing)

Investigatio
n of re-
infections

Other
(details)

South
Africa

0.20%

Yes

Yes

No

Yes

Sequencing
of infections
in vaccine
trials
Sequencing
for health
facility-
based and
community-
based
research
projects

Zambia

0.27%
(0.42%)

Yes

Yes

Yes

Yes

Not all
investigation
s are being
performed at
all times.
When cases
exceed a
particular
threshold
cluster,
random and
imported
case
surveillance
reduces or
stops. Total
cases 8/2/21
=63.573,
8/3/21 =
82,421.
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Democrati
¢ Republic
of Congo
(DRC)

1.4 %
(2.87%)

Yes

Yes

Regular
surveillance
is based on
samples
availability;
the
surveillance
of imported
cases is
based on
samples of
travellers
coming in
DRC. there
are also
"sequencing
based on a
research
project
focused on
respiratory
infections
(Andemia)

South
Africa
(FS)

Yes

All samples
with Cts
lower that 30
are stored
(with storage
record).
From 5
districts
samples are
selected
randomly on
a week basis
(10 - 30) per
district.
From the
~15 000
stored
samples no
repeat testing
has been
identified
within less
than 90 days.

Ghana
(Uhas)

0.36%
(0.12%)

Yes

Yes

Random
surveillance
based on
clusters of
cases.
During
periods of

16



suspected
widespread
infections,
cases are
randomly
selected and
sequenced.

Tunisia

0.04%

Yes

Yes

Random
surveillance.
Cases are
randomly
selected and
sequenced.
Some
suspected
reinfection
cases are
now tested in
Sfax
(Tunisia).

Morocco

Yes

Yes

Yes

Yes

Sequencing
of 10% of
Sample that
are positif
for S drop
real time
PCR test
using
(tagPath kit
from thermo)
. Sanger
Sequencing
of the entire
S gene for
the
confirmation
of mutation
related to
new
varriants.
WGS for the
genomic
surveillance
over time et
geographical
localtion.

Equatorial
Guinea

3.10%

Yes

YES

Yes

During the
first wave
from March
to August, all
positive
samples were
stored and a

17



random
selection of
these
samples were
sequenced.

Cote
d'Ivoire
(Bouaké)

24.30%

Yes

Data set
includes all
CoV-2 RT-
PCR samples
tested
positive from
surveillance
in regions of
Cote d'Ivoire
other than
Abidjan;
testing at
CHU
Bouaké;
sampling
period May-
November
2020.
Currently
generating
sequences
from samples
collected
between Dec
2020 and
March 2021.
Calculation
of cases
(collumn C):
suspected
cases: 1199;
of those
tested:
100%; of
those tested
positive: 268
(22.36%); of
those

sequenced:
65
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Algeria

0,08%

Yes

Yes

Yes

Sequencing
of Sample
that are
negatif for S
by rRTPCR
test using
(tagPath kit
from thermo)

Sanger
Sequencing
of the entire
S gene for
the
confirmation
of mutation
related to
new
varriants.
WGS for the
genomic
surveillance
using
MinION
nanopore is
in progress.

Mayotte

Yes

Yes

Random
surveillance,
with extra
samples
collections in
case of

Supplementary Table S4: GISAID Acknowledgements Table supplied as an Excel attachment
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Supplementary Figure S1: Epidemiological progression of the COVID-19 pandemic in all
African countries overlaid with the distribution of VOCs, the Eta VOI and other lineages
through time (size of circles proportional to the number of genomes sampled per month for
each category). The graphs show a breakdown of new cases per million and monthly sampling
of VOCs, regional variant or lineage of interest and other lineages for all African countries not
shown in Figure 1, grouped by region: A) North Africa, B) West Africa, C) Southern Africa, D)
Central Africa, E) East Africa, F) Cape Verde, Mauritius, Sao Tome and Principe and
Seychelles, from the beginning of the pandemic to February 2022.
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Supplementary Figure S2: Daily reported deaths per million people attributed to each variant
of concern with vaccination coverage across Africa. The daily reported deaths were calculated
to be attributed to each variant of concern based on the proportion of the variants in genomic
surveillance data available from GISAID. We applied an assumption of a 20 day time lag from
infection to death (77). Alpha caused the lowest peak in reported mortality in Africa, while the
largest is attributed to Delta which coincided with the beginning of vaccinations on the
continent. The impact of Omicron on mortality is to a much lesser extent than Delta, the peak
of Omicron mortality occurred when approximately 12% of the African population was fully
vaccinated (completed the initial vaccination protocol of 2 doses for most vaccines, 1 or 3 for
some manufacturers).
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Supplementary Figure S3: Trends of genomic sequencing and epidemic size in Africa. A)
Corresponding daily progression of genomic sequence production and epidemic size in Africa.
B) Regression of weekly sequencing against recorded cases in Africa. We used a negative
binomial regression, with a log link function and maximum likelihood estimation of theta, to
investigate the relationship between the number of SARS-CoV-2 genomes produced per week
and the weekly number of reported COVID-19 cases in Africa. The regression results indicated
a significant positive effect of case numbers on the number of genomes produced, with each
one-unit increase in reported weekly cases per million, the expected log count of genomes
produced increased by 0.011 (6 = 2.23).
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Supplementary Figure S4: COVID-19 testing rates in Africa against recorded cases per
million for countries with available data. The extent of testing (average daily number of tests)
is shown relative to the size of outbreaks (average daily number of reported cases) per million
people per country in Africa. Data is obtained from Our World in Data (OWID). Panels span
four-month intervals over the first two years of the epidemic. Test positive rates are displayed
in gray segmented lines (0.02 — 100%). Testing efforts of most countries varied considerably



over the course of the epidemic with several southern African countries demonstrating
generally the highest positive rate (highest testing rate per case) over the last year of the
epidemic. Additionally, the spread of points mostly reduced to between 1 and 20% positive
rate from January 2021 to March 2022. Points are shown for countries reporting the relevant

data and with an average daily number of tests greater than zero for the relevant period. Axes
are log scaled.
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Supplementary Figure S5: The progression of sequencing technologies used for SARS-
CoV-2 sequencing in Africa. Sequences are aggregated by associated sequencing
technologies as reported on GISAID. Panel A represent the raw number of sequence
generated using the five different technologies, while panel B represent the proportion of
sequences generated by technology over time.



Supplementary Figure S6: Trends of sequencing turnaround time in Africa. A) Overall
decreasing trend in sequencing turnaround time in Africa, with the caveat that sequencing for
recent samples may not be completed. B) Number of days taken to sequence 10 000
sequences increment in Africa, until the 100 000 sequences milestone.
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Supplementary Figure S9. Gapped positions in genomes by lineage. The positions of 200 nt
N gaps in the 6 major SARS-CoV-2 lineages (plus unassigned entries) were plotted to
document lineage-specific patterns in the genome entries. For each lineage (or unassigned
entries) the number of 200nt N motifs was plotted by position. The lineage and the total number
of genomes classified in the lineage are indicated above each panel. The position of the Spike
coding region is indicated with a grey bar. A) Unassigned, B) B.1.1.7 (Alpha), C) B.1.351
(Beta), D) B.1.525 (Eta), E) B.1.617.2 (Delta), F) BA.1 (Omicron), G) BA.2 (Omicron).
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Supplementary Flgure $10: Phylogenetlc inference of non-VOC lineages in Afrlca A)
Maximum-Likelihood timetrees of non-VOC genomes in Africa from the beginning of the
pandemic till March 2022 against a global reference with African genomes denoted by tippoint
circles coloured by regions of Africa. B) Genomic prevalence of non-VOC (black) vs VOC
(white) lineages in Africa overlaid by frequency progressions of some lineages of interest in
Africa. C) Inferred viral dissemination patterns of non-VOC lineages to, from and within the
Africa continent from the beginning of the pandemic to October 2021. Introductions and viral
transitions within Africa are shown in solid lines and exports from Africa are shown in dotted
lines and these are coloured by continent. The shaded areas around the lines represent
uncertainty of this analysis from ten replicates. D) Dissemination patterns of the non-VOC
lineages within Africa, from inferred ancestral state reconstructions, annotated and coloured
by region in Africa. The countries of origin of viral exchange routes are also shown with dots
and the curves go from country of origin to destination country in an anti-clockwise direction.
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Supplementary F|gure S11: Phylogenetlc mference of VOCs in Afrlea usmg Afrlca focused
sampling. Top - Molecular clock evolution. Bottom - VOC-specific Maximum-Likelihood
timetrees with African genomes denoted by tippoints coloured by regions of Africa.
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Supplementary Figure S$12: Spatial and temporal circulation of four variants of concern
(VOC) across Africa. A) The proportion of genomes of each VOC (of all genomes produced)
sequenced per country. B) Scatterplot displaying the total number of genomes sequenced per
VOC per country from January 2020 to March 2022. Alpha and Beta variants circulated within
Africa at similar times in the epidemic however, a greater number of Alpha genomes were
sequenced in Northern and Western African countries whereas Beta was more prevalent in
Eastern and Southern African countries. Certain Central and Eastern African countries, such
as Cameroon and Uganda, display a similar level of co-circulation of both variants. Thereafter,
Delta and then Omicron, mostly dominated the landscape in isolation.



A Non-VOC Lineages

Eastern Africa Northern Africa Southern Africa Western Africa "
Origin of Introductions

1.00
0.75 Nviica
Asla
0:50 Australia
0.25 Europe
North America

0.00 ° 2
Apr2020 Oct2020 Apr2021 Oct2021 Apr2020 Oct2020 Apr2021 Oct2021 Apr2020 Oct 2020 Apr2021 Oct2021 Apr2020 Oct2020 Apr2021 Oct 2021

B Alpha
Eastern Africa Northemn Africa Southemn Africa Western Africa

1.00
0.75 ! Origin of Introductions
0.50 | Africa
0.25 I Europe
0.00 :
Nov 2020 Mar 2021 Jul 2021 Nov2021  Nov 2020 Mar 2021 Jul 2021 Nov2021  Nov 2020 Mar 2021 Jul 2021 Nov2021  Now 2020 Mar 2021 Jul 2021 Nov 2021

c Beta

Eastern Africa Northemn Africa Southemn Africa Western Africa

11) c;? } ; Origin of Introductions
aE]
Alrica
0.50 | Asia
0.25 I Europe
0.00 North America

Nov 2020 Mar 2021 Jul 2021 Nov 2021  Nov 2020 Mar 2021 Jul 2021 Nov 2021  Nov 2020 Mar 2021 Jul 2021 Nov 2021  Nowv 2020 Mar 2021 Jul 2021 Nov 2021

D Delta
Eastern Africa Northern Africa Southern Africa Western Africa
1.00 Origin of Introductions
0.75 Africa
0.50 Asla
0.25 Nonh Amevica
0.00 merica
May 2021 Sep 2021 May 2021 Sep 2021 May 2021 Sep 2021 May 2021 Sep 2021
E Omicron
Eastern Alrica Northern Africa Southern Alrica Western Africa
1.00 iz : e o 4 d Origin of Introductions
0.75 ﬁfnca
sla
0.50 Australia
0.25 Europe
0.00 Nonh Amenca
Oct 2021 Nov 2021  Dec 2021 Oct 2021 Nov 2021 Dec 2021 Oct 2021 Nov 2021  Dec 2021 Oct 2021 Nov 2021 Dec 2021

Supplementary Figure S13: Patterns of viral importations into different regions of Africa
under an African-focused sampling strategy. Proportions of introductions into East, Northern,
southern and West Africa attributed to specified origins for A) non-VOC lineages, B) Alpha
VOC, C) Beta VOC, D) Delta VOC, and E) Omicron VOC during the relevant time periods are
shown.
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Supplementary Figure S$14: Statistics of incoming passenger volume into South Africa by
country of origin. Periods shown are December 2020 (A), March 2021 (B), December 2021
(C), and March 2022 (D). Data is obtained from Statistics South Africa Statistical Release
P0351 - Tourism and Migration.
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Supplementary F|gure S15 Inferred mtroductlons into and out of South Afnca specified by
country of inferred origin. (A) Alpha introductions into South Africa from Africa-focused
phylogeography, (B) Delta introductions into South Africa from global case-sensitive
phylogeography, (C) Omicron BA.1 introductions into South Africa from global case-sensitive



phylogeography, (D-E) Beta, Delta and Omicron BA.1 exports from South Africa into regions
of Africa from Africa-focused phylogeography.
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Supplementary Figure S16: SenS|t|V|ty analysis for phylogeography from ancestral state
reconstruction. (A-B) Sampling proportions of African sequences in two strategies. (C-D)
Proportion of inferred introductions into Africa in corresponding two strategies



Supplementary Table S1: NextStrain builds of the five major geographical regions in Africa.
Each build focuses on a specific region within Africa and includes sequences from outside the
region and the continent to place the regional sequences into context of the global pandemic.
All the data used in the builds are publicly available on GISAID and are maintained and
updated by the Africa CDC in collaboration with the NextStrain team on a weekly basis.

Region Regional Builds

Central African Region |https://nextstrain.org/groups/africa-cdc/ncov/central-africa

Eastern African Region |https://nextstrain.org/groups/africa-cdc/ncov/eastern-africa

Northern African Region [https://nextstrain.org/groups/africa-cdc/ncov/northern-africa

Southern African Region|https://nextstrain.org/groups/africa-cdc/ncov/southern-africa

Western African Region |https://nextstrain.org/groups/africa-cdc/ncov/western-africa




Supplementary Table S2: Individual country specific NextStrain builds from the African
continent. Each build focuses on a specific country within Africa and includes sequences from
the rest of the world in order to place the country’s sequences into context of the global
pandemic. All the data used in the builds are publicly available on GISAID and are maintained

and updated by the Africa CDC in collaboration with the NextStrain team on a weekly basis.

Region Country Build
Central African | Burundi https://nextstrain.org/groups/africa-
Region cdc/ncov/burundi
Cameroon https://nextstrain.org/groups/africa-
cdc/ncov/cameroon
Central  African | https://nextstrain.org/groups/africa-cdc/ncov/central-
Republic african-republic
Chad https://nextstrain.org/groups/africa-cdc/ncov/chad
Republic of | https://nextstrain.org/groups/africa-
Congo cdc/ncov/republic-of-the-congo
Democratic https://nextstrain.org/groups/africa-
Republic of cdc/ncov/democratic-republic-of-the-congo
Congo
Equatorial https://nextstrain.org/groups/africa-
Guinea cdc/ncov/equatorial-quinea
Gabon https://nextstrain.org/groups/africa-cdc/ncov/gabon
Eastern African | Comoros https://nextstrain.org/groups/africa-
Region cdc/ncov/comoros
Djibouti https://nextstrain.org/groups/africa-cdc/ncov/djibouti
Ethiopia https://nextstrain.org/groups/africa-
cdc/ncov/ethiopia
Kenya https://nextstrain.org/groups/africa-cdc/ncov/kenya
Madagascar https://nextstrain.org/groups/africa-
cdc/ncov/madagascar
Mauritius https://nextstrain.org/groups/africa-
cdc/ncov/mauritius
Rwanda https://nextstrain.org/groups/africa-cdc/ncov/rwanda




Seychelles

https://nextstrain.org/groups/africa-
cdc/ncov/seychelles

Somalia

https://nextstrain.org/groups/africa-cdc/ncov/somalia

South Sudan

https://nextstrain.org/groups/africa-cdc/ncov/south-
sudan.

Sudan https://nextstrain.org/groups/africa-cdc/ncov/sudan
Uganda https://nextstrain.org/groups/africa-cdc/ncov/uganda
Northern Algeria https://nextstrain.org/groups/africa-cdc/ncov/algeria
African Region

Egypt https://nextstrain.org/groups/africa-cdc/ncov/egypt

Libya https://nextstrain.org/groups/africa-cdc/ncov/libya

Morocco https://nextstrain.org/groups/africa-
cdc/ncov/morocco

Tunisia https://nextstrain.org/groups/africa-cdc/ncov/tunisia

Southern Angola https://nextstrain.org/groups/africa-cdc/ncov/angola
African Region

Botswana https://nextstrain.org/groups/africa-
cdc/ncov/botswana

Eswatini https://nextstrain.org/groups/africa-
cdc/ncov/eswatini

Lesotho https://nextstrain.org/groups/africa-cdc/ncov/lesotho

Malawi https://nextstrain.org/groups/africa-cdc/ncov/malawi

Mozambique https://nextstrain.org/groups/africa-
cdc/ncov/imozambique

Namibia https://nextstrain.org/groups/africa-
cdc/ncov/namibia

South Africa https://nextstrain.org/groups/africa-cdc/ncov/south-
africa

Zambia https://nextstrain.org/groups/africa-cdc/ncov/zambia




Zimbabwe https://nextstrain.org/groups/africa-
cdc/ncov/zimbabwe
Western Benin https://nextstrain.org/groups/africa-cdc/ncov/benin

African Region

Burkina Faso

https://nextstrain.org/groups/africa-cdc/ncov/burkina-
faso

Cabo Verde https://nextstrain.org/groups/africa-cdc/ncov/cabo-
verde

Cote d’lvoire https://nextstrain.org/groups/africa-cdc/ncov/cote-
divoire

Gambia https://nextstrain.org/groups/africa-cdc/ncov/gambia

Ghana https://nextstrain.org/groups/africa-cdc/ncov/ghana

Guinea https://nextstrain.org/groups/africa-cdc/ncov/quinea

Guinea-Bissau

https://nextstrain.org/groups/africa-cdc/ncov/quinea-
bissau

Liberia https://nextstrain.org/groups/africa-cdc/ncov/liberia
Mali https://nextstrain.org/groups/africa-cdc/ncov/mali
Niger https://nextstrain.org/groups/africa-cdc/ncov/niger
Nigeria https://nextstrain.org/groups/africa-cdc/ncov/nigeria
Senegal https://nextstrain.org/groups/africa-

cdc/ncov/seneqgal

Sierra Leone

https://nextstrain.org/groups/africa-cdc/ncov/sierra-
leone

Togo

https://nextstrain.org/groups/africa-cdc/ncov/togo




Supplementary Table S3 (excel file): Sequencing and epidemiological reporting survey
results. S3.1) Aggregate results of the survey with responses from 25 countries across the
continent. S3.2) frequency of epidemiological reporting (i.e. of new cases and deaths) in the
different countries. S3.3) Sequencing strategies employed by different countries as the
pandemic progressed. S3.4) The proportion of sequences from the major administrative
regions of each country (i.e. provinces, districts or regions). The table can also be found at the
github repository (https://github.com/CERI-KRISP/SARS-CoV-2-epidemic-in-Africa).

Supplementary Table $4 (excel file): GISAID acknowledgment table. The table can also be
found at the github repository (https://github.com/CERI-KRISP/SARS-CoV-2-epidemic-in-
Africa).






