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The first severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection in South Africa was identified on 5
March 2020, and by 26 March the country was in full lock-
down (Oxford stringency index of 90)'. Despite 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?. In this study, we analyzed
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 muta-
tions 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 one
amino acid change on the spike protein, D614G (ref. 3), 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 2020 (ref. %),
became extinct after nosocomial outbreaks were controlled in
KwaZulu-Natal Province. Our findings show that genomic sur-
veillance can be implemented on a large scale in Africa to iden-
tify new lineages and inform measures to control the spread
of SARS-CoV-2. Such genomic surveillance presented in this
study has been shown to be crucial in the identification of the
501Y.V2 variant in South Africa in December 2020 (ref. °).
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SARS-CoV-2 is a novel betacoronavirus, first detected in China
in December 2019 (refs. ®’). Since then, Coronavirus Disease 2019
(COVID-19) has developed into a global pandemic, resulting in sev-
eral waves of epidemics, infecting over 85 million people and caus-
ing over 1.9 millions deaths globally by January 9, 2021. Lockdown
and travel restriction measures have varied from country to country,
which has dictated the profile of local outbreaks. Through the shar-
ing of SARS-CoV-2 sequences during this pandemic, including from
one of the first cases in Wuhan, China (MN908947.3)’, genomic epi-
demiology investigations are playing a major role in characterizing
and understanding this emerging virus®">. SARS-CoV-2 has typi-
cally been classified into two main phylogenetic lineages: lineage A
and lineage B. Although both lineages originated in China, lineage
A spread from Asia to the rest of the world, whereas lineage B pre-
dominantly spread from Europe'.

The COVID-19 epidemic in South Africa is by far the larg-
est in Africa, with more than 785,000 individuals infected and
more than 20,000 deaths by end of November 2020. The first
case of SARS-CoV-2 infection in South Africa was recorded in
KwaZulu-Natal (KZN) Province on 5 March 2020, in a traveler return-
ing from Italy". Around mid-March, cases of community transmis-
sion 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 lock-
down included the prohibition of all gatherings, travel restrictions
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Fig. 1| Monitoring the 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 R, estimations (mean estimated median R, 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. b, Estimated numbers of
introductions into South Africa colored by region of origin. €, Overall sampling of genomes in South Africa colored by whether the genomes are associated
with introduction events (origins outside South Africa) or not (origins in South Africa). d, MCC tree of 7,213 global genomes including 1,365 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 labeled.

and closure of schools and non-essential businesses (Oxford strin-
gency 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
effects on the country’s economy. For example, by 1 June, interpro-
vincial travel was allowed, and there was no curfew on the move-
ment of people. Restrictions were further relaxed on 17 August
(level 2), allowing restaurants and bars to open. More restrictions
were lifted on October 1 (Fig. 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, the other being the
period of peak infections (Fig. 1a).

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

Genomic epidemiology is important to understand SARS-CoV-2
evolution and track the dynamics of transmission across the
world®*"?. By 15 September 2020, at the tail end of the first epidemi-
ological peak in the country, we had produced 1,365 SARS-CoV-2
genomic sequences (>90% coverage; publicly shared on GISAID')
in our laboratories as part of the Network for Genomic Surveillance
in South Africa (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
(Extended Data Fig. 1) and represented consistent sampling from
the beginning of the epidemic and corresponding to important
events of the epidemiological progression (Fig. 1a).

We estimated maximum likelihood (ML) and molecular clock
phylogenies for a dataset containing 7,213 global genomes, including

NATURE MEDICINE | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

NATURE MEDICINE

1,365 South African genomes, sampled from 24 December 2019 to
26 August 2020 (Fig. 1c). Time-measured phylogeographic analy-
ses 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 (Fig. 1b). Although at least 67 introduction events are
inferred to have occurred after lockdown, these represent only 5%
of the genomes that were sampled after lockdown (Fig. 1c). In the
early phases of the epidemic, before 1 April, 34 introductions were
inferred from 35 genomes sampled (97.1%), which we call early
introductions (Fig. 1b). The small number of apparent introduc-
tions 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. 1d). The period between these two phases was inferred to be
characterized by localized transmission events, which saw the emer-
gence 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 by cov-lineages.org as
being lineages that are presently predominant in South Africa as of
15 September 2020 (ref. *') (Extended Data Fig. 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 was 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 ten lineages circulating per epidemiologi-
cal week, peaking at 24 in the weeks of highest infections. During
the same time frame, more than 1,000 such transmission lineages
were circulating in the United Kingdom®. We focused on the three
largest monophyletic lineage clusters (C.1, B.1.1.54 and 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. 1d).

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 after lockdown and into the first peak of the epi-
demic. They contain 320, 104 and 151 genomes, respectively, which
represent 42.1% of the total genomes in this study (Extended Data
Fig. 2), with a clear overrepresentation from mid-May to September
2020 (Fig. 2d). Genomes belonging to these lineages were sam-
pled in five adjacent provinces of South Africa and in all 11 dis-
tricts of KZN Province (Fig. 2b,c and Extended Data Fig. 3) and
corresponded to time points spanning from 31 March 2020 to 26
August 2020 (Fig. 2b,c). We compared cycle threshold (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 (Extended Data Fig. 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.

To provide details on the spatiotemporal diffusion of
South African-specific lineages, we used a continuous phylogeo-
graphic model that maps the phylogenetic nodes to their inferred
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geographical origin locations (Fig. 2a). Bayesian Markov chain
Monte Carlo (MCMC) analysis suggests that these lineages emerged
between 15 February and 24 May 2020 (Extended Data Fig. 6).
Our phylogeographic reconstruction suggests that lineage B.1.1.56
emerged in the city of Durban (eThekwini) around mid-March 2020
(95% highest posterior density (HPD) 2020-02-15 to 2020-03-30).
It appears that, from June onwards, this lineage quickly dissemi-
nated to all of the districts in KZN Province. 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
to 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 loca-
tion, 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 (Extended Data Fig. 5), and, therefore,
Bayesian spatiotemporal analyses could not be performed for this
cluster. A closer look at the cluster (from the ML timetree) is, how-
ever, shown in Extended Data Fig. 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 Free State.

We analyzed the sequences of the three main lineage clusters
to determine their lineage-defining mutations, if any. On average,
sequences in the C.1 cluster accumulated roughly 16 mutations,
whereas B.1.1.56 and B.1.1.54 have approximately 13-14 mutations
relative to the Wuhan reference (MN908947.3) (Fig. 3a). This is
relatively higher than the number of acquired mutations in other
sequences as of 26 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
mutations (Extended Data Fig. 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. 3b), including the 23403A>G (spike D614G) mutation, with
additional mutations that differentiate them (Fig. 3b). Sequences
in B.1.1.54 have the 12503T>C (NSP8: Y138H) and 29721C>T
mutations in >90% frequency, similar to 22675C>T for B.1.1.56
and 4002C>T (NSP3: T428I), 10097G>A (3C-like proteinase:
G15S), 13536C>T, 18747C>T and 23731C>T for C.1 (Fig. 3b). The
early hospital-linked lineage B.1.106 was defined by the 16376C>T
(helicase: P47L) mutation. Five of these mutations—12503T>C,
16376C>T, 18747C>T 29721C>T and 22675C>T—are predomi-
nantly present in South African SARS-CoV-2 genomes, with just
a few occurrences found elsewhere globally (Fig. 3¢ and Extended
Data Fig. 8), whereas other lineage-defining mutations are also
common in other countries (Extended Data Fig. 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 distinct from those identified
in 501Y.V2 (ref. °).

Major contributors to lineage amplifications in South Africa were
hospital outbreaks. For example, lineage C.1 was amplified in a noso-
comial outbreak in the North West Province in April 2020 (ref. **)
before spreading to KZN and other provinces. Another South
African lineage, B.1.106, also emerged in a nosocomial outbreak in
KZN Province in April 2020. This was a large outbreak that infected
88 healthcare staff and 47 patients and dominated most of the early
infections in Durban, South Africa (Fig. 4b). This nosocomial out-
break attracted national attention as it was responsible for 14% of
the infections in KZN and over 45% of the national deaths by early
April 2020. We used genetic sequencing, together with active out-
break investigation, to understand how the virus entered and spread
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in this hospital®. This lineage also spread to the population and was
associated with a second nosocomial outbreak in a nearby hospital
that involved 26 healthcare workers (Fig. 4a). These two nosocomial
outbreaks were identified within days of the first infection and were
followed by active infection and prevention control measures*'*. The
B.1.106 lineage largely subsided after 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 (Fig. 4b).
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 26 March 2020. However, despite
drastic lockdown measures, the pandemic spread quickly, caus-
ing over 785,000 laboratory-confirmed infections by November
2020. To track the evolution of the virus in real time, we formed
the NGS-SA*, a consortium of genomics and bioinformatics scien-
tists 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
Province, we were able to detect these major lineages across mul-
tiple 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
lineages in South Africa during the time of this study.

Genomic data were also used in real time to identify and con-
trol 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 les-
sons learned in this outbreak were used to quickly control a second
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Fig. 3 | Lineage-defining mutations of the three main South African 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 genome structure. Most common mutations defined as
mutations present in more than 90% of the genomes in that group. €, Change in frequency of some unique South African mutations over time in South

Africa versus the rest of the world.

nosocomial outbreak in a nearby hospital. The active outbreak
response, investigation and isolation of positive cases might have
limited the spread of this lineage. Our analysis, therefore, shows that
several SARS-CoV-2 lineages, each with unique mutations, emerged
within localized epidemics during lockdown even as the introduc-
tion 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
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the infecting viral strain argue against selection for fitter variants,
which contrast with reported characteristics of variant 501Y.V2
(ref. ®). 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 1,350 (99%) of the South African
sequences. Although we are currently investigating any fitness cost
associated with the different lineages, we found only three other
non-synonymous mutations in spike (A688V, G769V and A1078S)
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with frequency ranging from 1.2% to 3.6% in this dataset, which
suggests that the evolutionary stability of SARS-CoV-2 and, in par-
ticular, 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 reduced
antigenicity was unknown. That said, we remain vigilant that there
remain small recurrent gaps in our genome sequences in poten-
tially important regions, especially in some of our lower-quality
sequences. We think that these gaps might have been introduced
due to potential primer mismatch in small parts of the ORF1b, S
and ORF3a genes (Extended Data Fig. 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 among 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 neutral-
ize, 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 affect the efficacy of current vaccines.

This study emphasizes the usefulness of integrating genomic
surveillance methods to document and 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 inves-
tigation and response strategies widely throughout Africa.
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Methods

Ethical statement. We obtained de-identified remnant nasopharyngeal and
oropharyngeal swab samples from patients testing positive for SARS-CoV-2 by
reverse transcription quantitative polymerase chain reaction (RT-qPCR) from
public health and private medical diagnostics laboratories (Supplementary Table
3). The project was approved by University of KwaZulu-Natal Biomedical Research
Ethics Committee (protocol reference no. BREC/00001195/2020; project title:
COVID-19 transmission and natural history in KwaZulu-Natal, South Africa:
epidemiological investigation to guide prevention and clinical care). This project
was also approved by the University of the Witwatersrand Human Research
Ethics Committee (clearance certificate no. M180832; project title: Surveillance
for outpatient influenza-like illness and asymptomatic virus colonization in South
Africa). Sequence data from the Western Cape were approved by the Stellenbosch
University Health Research Ethics Committee (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 case counts in South Africa from
publicly released data up to 15 September 2020, from the National Department
of Health and the National Institute for Communicable Diseases 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 National Department of Health 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 15 September 2020.

Estimation of R,. The estimations for effective daily R, of SARS-CoV-2 in South
Africa were obtained from the COVID-19-R, data repository (https://github.com/
covid-19-Re/dailyRe-Data)'” as of 15 September 2020. The effective R, describes
the average number of secondary infections caused by an infected individual.

As described previously", the relevant method of calculation of R, builds upon
another method developed by Cori et al.”, accessible through the 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 on 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: 1) the duration of SARS-CoV-2 incubation period
and 2) 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®**.

SARS-CoV-2 samples and metadata. Residual samples from nasopharyngeal

and oropharyngeal swabs collected from patients positive for COVID-19 that

were obtained from all 11 districts of KZN Province were used for SARS-CoV-2
whole-genome sequencing. We obtained samples in the form either of primary
swabs or extracted RNA. The swab samples were heat inactivated in a water bath at
60°C for 30 min, in a biosafety level 3 laboratory, before RNA extraction. RNA was
extracted using the Viral NA/gDNA Kit on the chemagic 360 system (PerkinElmer)
using the automated chemagic 360 insturment (PerkinElmer) or manually using
the Qiagen Viral RNA Mini Kit (Qiagen). Associated metadata for the samples
included date and location (district) of sampling and sex and age of the patients.

Real Time RT-PCR. To detect the SARS-CoV-2 virus by PCR, the TaqPath
COVID-19 CE-IVD RT-PCR Kit (Life Technologies) was used according to

the manufacturer’s instructions. The assays target genomic regions (ORF1lab, 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). 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. Complementary DNA (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) 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 400-bp amplicons with an overlap of 70bp that covers
the 30-kb SARS-CoV-2 genome. PCR products were cleaned up using AMPure XP
purification beads (Beckman Coulter) and quantified using the Qubit dsSDNA High
Sensitivity assay on the Qubit 4.0 instrument (Life Technologies).

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 were normalized to 4 nM, pooled and
denatured with 0.2 N sodium acetate. A 12 pM sample library was spiked with 1%

NATURE MEDICINE

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 llumina MiSeq
instrument (Illumina).

Raw reads coming from Illumina sequencing were assembled using Genome
Detective 1.126 (https://www.genomedetective.com/) and the Coronavirus Typing
Tool**. The initial assembly obtained from Genome Detective was polished by
aligning mapped reads to the references and filtering out low-quality mutations
using the bcftools 1.7-2 mpileup method. All mutations were confirmed visually
with BAM files using Geneious software (Biomatters). All of the sequences were
deposited in GISAID (https://www.gisaid.org/)", and the GISAID accession was
included as part of Supplementary Table 1.

Compilation of the 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=1,111) were combined with all other South
African genomes available in GISAID on the same date (n=298). Appropriate
acknowledgement was given to the sequencing laboratories (Supplementary Table

2), and this resulted in a dataset of 1,409 genomes. Sampling locations of genomes in
this dataset included all provinces in South Africa and all districts in KZN Province,
which was the most sampled province (Extended Data Fig. 1). Collection dates
spanned from 6 March 2020 (the first cases in South Africa) to 26 August 2020.

Quality control of genome sequences. Before 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 August 2020
(n=1,409). We filtered out all genotypes that met any of the following criteria:

1) sequences with less than 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 more than ten 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 owing to low coverage,
whereas an additional 28 were removed owing to poor sequence quality. All the
genomes in this dataset had a total coverage of more than 90%, with 70.4% of
them (n=959) having a coverage of more than 99%, and 94.1% (n=1,283) of
them having a coverage of more than 95% relative to the reference, whereas 53.1%
(n=726) of genomes had no missing nucleotides, giving a coverage of 100%. The
final dataset of South African sequences (n=1,365) were further annotated with
additional metadata information (sampling locations, unique lab IDs and outbreak
numbers) (Extended Data Fig. 10). The bulk of the 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. Owing to the sheer size of this dataset and oversampling in specific
countries (for example, England), we had to downsample 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 IQ-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, after
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 and clade classification. We used the dynamic lineage classification
method proposed by Rambaut 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,
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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: 1) monophyletic clusters

on a global tree; 2) the presence of a statistically significant support (bootstrap/
ultrafast bootstrap) on the node of the new lineages; 3) introduction into a novel
geographic region; 4) epidemiological support (location and travel history);

and 5) characteristic single-nucleotide polymorphisms. Accordingly, with those
characteristics, three main SARS-CoV-2 lineages are currently recognized: lineage
A, defined by Wuhan/WHO04/2020; lineage B, defined by Wuhan-Hu-1 strain; and
lineage C, a sub-classification from 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™"".

Dated phylogenetics. To estimate time-calibrated phylogenies dated from
time-stamped genome data, we conducted phylogenetic analysis, using the
Bayesian software package BEAST v.1.10.4 (ref. **), on four smaller subsets of data
for each of the four 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 four data subsets were inspected in TempEst v1.5.3 for
the presence of a temporal (that is, 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=9.45x107% r=0.34;
and r=0.74 and r=0.50 from subsets B.1.1.54; B.1.1.56; B.1.106; and C.1,
respectively) (Extended Data Fig. 5).

For this analysis, we employed the strict molecular clock model, the HKY +1,
the nucleotide substitution model and the exponential growth coalescent model*.
We computed MCMC triplicate runs of 100 million states each, sampling every
10,000 steps for each dataset. Convergence of MCMC chains was checked using
Tracer v.1.7.1 (ref. *'). Maximum clade credibility (MCC) trees were summarized
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 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 discretized
sequence sampling locations by considering five of nine 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 Extended Data Fig. 3).

MCMC chains were run for more than 100 million generations and sampled
every 10,000th step, with convergence assessed using Tracer v1.7 (ref. *). MCC
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.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

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
(MN908947.3) was downloaded from the National Center of Biotechnology
Information 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-natal/SARSCoV2_South_
Africa_major_lineages.git.
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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.
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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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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. 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. 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.
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Extended Data Fig. 10 | See next page for caption.
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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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Data exclusions  Supplementary figure S9 show the data exclusion process. In summary, Curation of South Africa dataset from all available South African
genomes available on GISAID as at 15th September 2020, showing the initial number of genomes (n=1409), how many were excluded at each
cleaning step and the final number of genomes (n=1365). Genomes were excluded if < 90% of coverage AND/OR have sequencing quality
problem. In total, 16 genomes were excluded due to low coverage and 28 due to sequencing problems.

Replication Reproducibility were performed for maximum likelihood and bayesian MCMC phylogenetic tree reconstruction. We computed MCMC
(Markov chain Monte Carlo) triplicate runs of 100 million states each, sampling every 10.000 steps for each data set.

Randomization  Samples for South Africa were randomly selected in the most sampled province. This mean that every week before the peak of infection, we
would receive 50 samples for sequencing that were randomly selected by the national health laboratory service. During the peak of infections,

we received around 150 samples per week for sequencing.
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