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Emmanuel James San1, Nokukhanya Msomi6, Koleka Mlisana7,8, Anne von Gottberg9,10, 
Sibongile Walaza9,11, Mushal Allam9, Arshad Ismail9, Thabo Mohale9, Allison J. Glass10,12, 
Susan Engelbrecht13, Gert Van Zyl13, Wolfgang Preiser13, Francesco Petruccione14,15, 
Alex Sigal16,17,18, Diana Hardie19, Gert Marais19, Marvin Hsiao19, Stephen Korsman19, 
Mary-Ann Davies20,21, Lynn Tyers5, Innocent Mudau5, Denis York22, Caroline Maslo23, 
Dominique Goedhals24, Shareef Abrahams25, Oluwakemi Laguda-Akingba25,26, 
Arghavan Alisoltani-Dehkordi27,28, Adam Godzik28, Constantinos Kurt Wibmer9, 
Bryan Trevor Sewell29, José Lourenço30, Luiz Carlos Junior Alcantara2,3,  
Sergei L. Kosakovsky Pond31, Steven Weaver31, Darren Martin4,5, Richard J. Lessells1,8, 
Jinal N. Bhiman9,10,34, Carolyn Williamson5,8,19,34 & Tulio de Oliveira1,8,32,34 ✉

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 evolution1,2. 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 significance3–5. This lineage was identified 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 escape6–8.

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 coun-
tries 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 
lineages9,10.

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 
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this mutation have increased transmissibility11–14. 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 mono-
clonal antibody (mAb) and polyclonal serum mediated neutralization15.

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)16. We have previ-
ously described the introduction and spread of several SARS-CoV-2 line-
ages, and the emergence of unique South African lineages during the 
early phase of the epidemic17,18. Here, we now describe the emergence 
and spread of a new SARS-CoV-2 lineage harbouring multiple nonsyn-
onymous 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 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.

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 follow-
ing the first peak (Fig. 1a)19. The country’s estimated effective reproduc-
tion 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. 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 
(Extended Data Fig 1). 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. 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 (Extended 
Data Fig 2). The resurgence of the daily case counts at an exponential 
rate happened later for WC and KZN than for EC (Fig. 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.

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 (Extended Data Fig 3). 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 data-
set containing as many global reference genomes (Fig. 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. 2b). Seven South African sequences are basal to the 
501Y.V2 cluster (Fig. 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 has 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. 2a)18. These three lineages had been circu-
lating 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. 2c, Extended Data Fig 4).

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. 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.

Mutational profile
At the point of first sampling on 15 October this lineage had, in addi-
tion to D614G, five other non-synonymous mutations in the spike pro-
tein, namely D80A, D215G, E484K, N501Y and A701V (Fig. 2b, Fig. 3a, 
Extended Data Fig 5). Three further spike mutations emerged by the 
end of November: L18F, R246I and K417N. We also observe a deletion of 
three amino acids at 242-244, seen in samples extracted and generated 
in different laboratories across the network. This is a difficult to align 
region, and the deletion could potentially also be located at position 
241-243, but the resulting sequence would be 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. 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 lead-
ing to amino acid changes (Fig. 3c). The main South African 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) and did not show the rapid 
accumulation of mutations as observed with 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 (Extended Data Fig 6). 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. 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 (Extended Data Fig 7).

Selection analysis
We examined patterns of nucleotide variations and fluctuations in 
mutant frequencies at eight polymorphic spike gene sites (Fig. 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, 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 (dN/dS 
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> 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 mul-
tiple 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 epi-
demiological data suggest that this variant has a selective advantage, 
either from increased transmissibility, immune escape, or both. These 
data highlight the urgent need to refocus the public health response 
in South Africa on driving transmission down to low levels, not only 
to reduce hospitalisations and deaths but to limit the spread of this 
lineage and the further evolution of the virus.

We detected this new variant through intensified genomic surveil-
lance in response to a rapid resurgence of cases in the Eastern Cape 
Province20. However, both before and after the detection of 501Y.V2, 
our genomic surveillance involved regular sequencing of a random 
selection of residual samples from routine diagnostic services. We 
show that 501Y.V2 was detected in samples from 197 different health 
facilities in multiple districts across four provinces. Therefore we 
are confident that whilst our sequencing coverage is relatively low, 
the sequences are representative of the circulating viruses in these 
provinces. Although the epidemic in the Eastern Cape was contract-
ing in mid-July to mid-August (the estimated tMRCA), this was not 
really a period of low transmission. Incidence was still above 20 per 
100 000 per week at this time and the test positivity rate remained 
above 10%, suggesting moderate-to-high levels of transmission. As 
there were many different lineages circulating at this time, the rapid 
expansion of 501Y.V2 and almost complete displacement of other 
lineages in multiple regions strongly suggests a selective advantage 
for this variant.

Preliminary modelling suggests that the 501Y.V2 could be approxi-
mately 50% more transmissible than the previously circulating vari-
ants, although this estimate assumes that natural immunity confers 
complete protection against re-infection6. Increased transmissibility 
is plausible given what we know about the spike mutations in 501Y.V2, 
and what we are learning about similar SARS-CoV-2 variants emerg-
ing in other locations. This new lineage has three mutations at key 
sites in the RBD (K417N, E484K and N501Y). The N501Y mutation was 
also recently identified in a new lineage that has spread rapidly in the 
United Kingdom (B.1.1.7)21. There is now good evidence that this line-
age is associated with increased transmissibility22. The N501Y muta-
tion has been shown through deep mutation scanning and in a mouse 
model to enhance binding affinity to hACE23,23. There is some evidence 
that the E484K mutation may also increase binding affinity to hACE23; 
and that the combination of N501Y and E484K particularly enhances 
binding affinity24,25. Further work is being conducted to understand 
the precise mechanisms underlying the increased transmissibility of 
these new variants.

The other reason for a selective advantage of 501Y.V2 could be 
immune escape, i.e. the capacity to cause re-infection. 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 epi-
demic wave in that area26. We have shown that EC, and Nelson Man-
dela Bay in particular, were worse affected than City of Cape Town 
in the first wave, and therefore we believe that population immu-
nity could have been sufficiently high in this region to contribute to 
population-level selection. The spike RBD is the main target of neu-
tralizing antibodies (NAbs) elicited during SARS-CoV-2 infection27. 
NAbs to the RBD can be broadly divided into four main classes28. 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 site27. 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 epitope4,5,29–31. Aside 
from the RBD, the remaining neutralizing activity is targeted at the 
N-terminal domain, and some of the NTD mutations in 501Y.V2 are 
located within or near residues that form an antigenic supersite32,33. 
We now have preliminary evidence, from live virus and pseudovirus 
experiments, that 501Y.V2 shows substantial or complete escape from 
neutralizing antibodies in convalescent plasma7,8. We are currently 
investigating the frequency of re-infection in the second wave, and 
the clinical presentations of those with re-infection to understand 
better the clinical and epidemiological impact of any immune escape. 
We are also conducting neutralization assays on plasma from vaccine 
recipients, and await results of vaccine efficacy trials conducted in 
South Africa during the expansion of 501Y.V2.

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 evolution34–36. 
This hypothesis is supported by the long branch length connecting the 
lineage to the remaining sequences in our phylogenetic tree (Extended 
Data Fig 8). 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 weeks34. 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 
replication37. 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 line-
age. If evolution within long-term infections were the explanation for 
the evolution of this lineage then one would need to invoke a transmis-
sion 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 emerged independently 
around the world (Extended Data Fig 9) and been found in circulating 
lineages together.

Whilst the full implications of this new lineage in South Africa are yet 
to be determined, these findings highlight the importance of coordi-
nated 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.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
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Fig. 1 | SARS-CoV-2 epidemiological dynamics in South-Africa. The 
histograms show the number of daily confirmed COVID-19 cases (mapped to 
left y-axis) in South Africa (A), and the four provinces under study, Eastern Cape 
(B), Western Cape (C), KwaZulu-Natal (D) and Northern Cape (E). 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).

Nature | www.nature.com | 5

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  



Fig. 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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Fig. 3 | Mutational profile of the 501Y.V2 spike region. 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 (n=341), compared to lineages B.1.1.54 (n=472), B.1.1.56 (n=179), and C.1 
(n=271), three major lineages circulating in South Africa during the first wave. 
The dot and error bars inside each group denote the mean and range for two 
standard deviations respectively. 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.
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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 Depart-
ment of Health (NDoH) and the National Institute for Communicable 
Diseases. This was accessible through the repository of the Data Sci-
ence for Social Impact Research Group at the University of Pretoria 
(https://github.com/dsfsi/covid19za)38,39. 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 epidemiologi-
cal 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 Unit40. 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 202041.

Sampling of SARS-CoV-2
As part of the Network for Genomic Surveillance in South Africa 
(NGS-SA)42, 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 diag-
nostic 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 
(Extended Data Fig 10).

Ethical Statement
The project was 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). 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
cDNA synthesis was performed on the extracted RNA using random 
primers followed by gene specific multiplex PCR using the ARTIC V3 
protocol43. Briefly, extracted RNA was converted to cDNA using the 
Superscript IV First Strand synthesis system (Life Technologies, Carls-
bad, 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. For nanopore sequencing, we adapted the nCoV-2019 sequenc-
ing LoCost protocol v343. Briefly, PCR reactions were done in 12,5 µl 
volumes and no PCR product purification was done. After DNA repair 
(NEB, USA) and end-prep reactions (NEB, USA), up to 24 samples were 
barcoded by ligation (EXP-NBD104 / NBD114, Oxford Nanopore Tech-
nologies, Oxford, UK). Barcoded samples were pooled, bead-purified 
and ligated to sequence adapters. After the bead clean-up, the DNA 
concentration was determined with a Qubit 2.0 instrument (Thermo 
Fisher, USA). Up to 50 ng of the library in 75 µl were loaded on a prepared 
R9.4.1 flow-cell. A GridION X5 sequencing run was initiated using Min-
KNOW software with the high accuracy base-call setting. The NC045512 

reference was used for alignment during base-calling and the barcodes 
were split into different folders. Fastq files were downloaded from the 
GridION X5 for assembly and further analysis.

For Illumina sequencing, PCR products were cleaned up using Ampu-
reXP 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 Illumina® Nextera Flex DNA Library Prep kit accord-
ing to the manufacturer’s protocol to prepare indexed paired end librar-
ies 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 Rea-
gent Kit on the Illumina MiSeq instrument (Illumina, San Diego, CA, 
USA). We have previously published full details of the amplification 
and sequencing protocol44,45.

We assembled paired-end and nanopore fastq reads using Genome 
Detective 1.132 (https://www.genomedetective.com) and the Coronavi-
rus Typing Tool46. For short reads, 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 identi-
fication. 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 minimap247 against the reference 
rather than the de novo consensus sequence, and subsequently final 
mutations and indels are called using GATK HaplotypeCaller48, with 
low quality variants (with QD < 10) filtered using GATK VariantFiltra-
tion48. 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). For nanopore 
data, candidate reads are assigned to candidate reference sequences 
using NCBI blastn with sensitive settings and low gap costs. Candidate 
reads are then aligned using AGA (Annotated Genome Aligner), after 
which a draft majority consensus sequence is subsequently called, 
and iteratively improved by realignment of all reads against the draft 
consensus sequence and realignment of regions with a putative insert 
against the reference using global alignment (MAFFT). The resulting 
consensus sequence is further polished by considering and correct-
ing indels of length one or two in homopolymer regions of length 4 or 
longer that break the open reading frame (likely sequencing errors). 
Mutations were confirmed visually with bam files using Geneious soft-
ware V2020.1.2 (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 Infor-
mation Sequence Read Archive (BioProject accession PRJNA694014).

In some samples, the K417N mutation was previously 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). In addition, we have implemented a Sanger sequencing 
method that covers the main RBD sites and this was used to confirm 
the K417N and other mutations (i.e. E484K and N501Y) in sequences 
in which we were not confident about the call from NGS data. The full 
sequence properties, mutation and spike mutations of the 501Y.V2 
sequences are shown in Supplementary Tables S3 and S4.

LoFreq was used to detect minor viral variants to study the intra-host 
heterogeneity of viral variants (quasi-species)49 (Extended Data Fig 5). 
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Variants were called with at minimum coverage 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 statisti-
cal 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 recon-
struction, 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 data-
set, 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 
(https://github.com/nextstrain/ncov)50. The pipeline contains several 
python scripts that manage the analysis workflow. It performs alignment 
of genomes in MAFFT51, phylogenetic tree inference in IQ-Tree V1.6.952, 
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 clus-
ter 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 regres-
sion 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, R2=0.11) (Extended Data Fig 6).

We then estimated time-calibrated phylogenies using the Bayes-
ian 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 model53. 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.1.7.154. Maximum clade credibility trees 
were summarised from the MCMC samples using TreeAnnotator after 
discarding 10% as burn-in. The phylogenetic trees were visualized using 
ggplot and ggtree55,56.

Phylogeographic analysis
To model phylogenetic diffusion of the new cluster across the country, we 
used a flexible relaxed random walk (RRW) diffusion model that accom-
modates branch-specific variation in rates of dispersal with a Cauchy 
distribution57. 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 facility58.

As above, MCMC chains were run in duplicate for 100 million gen-
erations 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 Ram-
bault et al. via the Phylogenetic Assignment of named Global Outbreak 
LINeages (PANGOLIN) software suite (https://github.com/hCoV-2019/
pangolin)59. 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 pro-
tein was most likely to increase viral fitness, we used the natural selec-
tion 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 evo-
lution (Mixed Effects Model of Evolution, MEME)60, (ii) sites where 
these polymorphisms have support for a greater than expected ratio of 
non-synonymous:synonymous nucleotide substitution rates on inter-
nal branches of the phylogenetic tree (Fixed Effects Likelihood, FEL)61, 
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 coordi-
nate set 7a94, showing the first step of the S protein trimer activation 
with one RBD domain in the up position, bound to the hACE2 receptor62. 
We used the Pymol program (The PyMOL Molecular Graphics System, 
Version 2.2.0, Schrödinger, LLC.) for visualization.

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

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 PRJNA694014). 
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_351. The reference SARS-CoV-2 
genome (MN908947.3) was downloaded from the NCBI database 
(https://www.ncbi.nlm.nih.gov/).

Code availability
All custom scripts to reproduce the analyses and figures presented in 
this paper are available at https://github.com/krisp-kwazulu-natal/
SARSCoV2_South_Africa_501Y_V2_B_1_351.

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

https://clades.nextstrain.org
https://github.com/nextstrain/ncov
https://github.com/nextstrain/ncov
https://github.com/nextstrain/ncov
https://nextstrain.org/groups/ngs-sa/COVID19-ZA-2021.01.18
https://github.com/hCoV-2019/pangolin
https://github.com/hCoV-2019/pangolin
https://observablehq.com/@spond/revised-sars-cov-2-analytics-page
https://observablehq.com/@spond/revised-sars-cov-2-analytics-page
https://www.gisaid.org/
https://www.gisaid.org/
https://github.com/krisp-kwazulu-natal/SARSCoV2_South_Africa_501Y_V2_B_1_351
https://github.com/krisp-kwazulu-natal/SARSCoV2_South_Africa_501Y_V2_B_1_351
https://www.ncbi.nlm.nih.gov/
https://github.com/krisp-kwazulu-natal/SARSCoV2_South_Africa_501Y_V2_B_1_351
https://github.com/krisp-kwazulu-natal/SARSCoV2_South_Africa_501Y_V2_B_1_351


 
38. Marivate V, Combrink HM. Use of Available Data To Inform The COVID-19 Outbreak in 

South Africa: A Case Study. Data Science Journal. 2020;19:19.
39. Marivate V, de Waal A, Combrink HM, et al. Coronavirus disease (COVID-19) case data - 

South Africa. https://zenodo.org/record/3732419#.YBXzFegzZPY. Published 2020. Accessed.
40. Bradshaw D, Laubscher R, Dorrington R, Groenewald P, Moultrie T. Report on Weekly 

Deaths in South Africa: 1 January - 8 December 2020 (Week 49). 2020.
41. Huisman JS, Scire J, Angst DC, Neher RA, Bonhoeffer S, Stadler T. Estimation and 

worldwide monitoring of the effective reproductive number of SARS-CoV-2. medRxiv. 
2020:2020.2011.2026.20239368.

42. Msomi N, Mlisana K, de Oliveira T, Network for Genomic Surveillance in South Africa 
writing g. A genomics network established to respond rapidly to public health threats in 
South Africa. Lancet Microbe. 2020;1(6):e229-e230.

43. Quick J. nCoV-2019 sequencing protocol v3 (LoCost) V.3. https://www.protocols.io/view/
ncov-2019-sequencing-protocol-v3-locost-bh42j8ye. Published 2020. Accessed.

44. Giandhari J, Pillay S, Tegally H, et al. NEBnext library construction and sequencing for 
SARS-CoV-2: Adapting COVID-19 ARTIC protocol. https://www.protocols.io/view/
nebnext-library-construction-and-sequencing-for-sa-bhu2j6ye. Published 2020. Accessed.

45. Pillay S, Giandhari J, Tegally H, et al. Whole Genome Sequencing of SARS-CoV-2: 
Adapting Illumina Protocols for Quick and Accurate Outbreak Investigation during a 
Pandemic. Genes (Basel). 2020;11(8).

46. Cleemput S, Dumon W, Fonseca V, et al. Genome Detective Coronavirus Typing Tool for 
rapid identification and characterization of novel coronavirus genomes. Bioinformatics. 
2020;36(11):3552-3555.

47. Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics. 
2018;34(18):3094-3100.

48. McKenna A, Hanna M, Banks E, et al. The Genome Analysis Toolkit: a MapReduce 
framework for analyzing next-generation DNA sequencing data. Genome Res. 
2010;20(9):1297-1303.

49. Wilm A, Aw PP, Bertrand D, et al. LoFreq: a sequence-quality aware, ultra-sensitive variant 
caller for uncovering cell-population heterogeneity from high-throughput sequencing 
datasets. Nucleic Acids Res. 2012;40(22):11189-11201.

50. Hadfield J, Megill C, Bell SM, et al. Nextstrain: real-time tracking of pathogen evolution. 
Bioinformatics. 2018;34(23):4121-4123.

51. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: 
improvements in performance and usability. Mol Biol Evol. 2013;30(4):772-780.

52. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effective stochastic 
algorithm for estimating maximum-likelihood phylogenies. Mol Biol Evol. 2015;32(1): 
268-274.

53. Griffiths RC, Tavare S. Sampling theory for neutral alleles in a varying environment. Philos 
Trans R Soc Lond B Biol Sci. 1994;344(1310):403-410.

54. Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior Summarization in 
Bayesian Phylogenetics Using Tracer 1.7. Syst Biol. 2018;67(5):901-904.

55. Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York; 2016.
56. Yu G, Smith DK, Zhu H, Guan Y, Lam TTY. ggtree: an R package for visualization and 

annotation of phylogenetic trees with their covariates and other associated data. 
Methods in Ecology and Evolution. 2016;8(1):28-36.

57. Lemey P, Rambaut A, Welch JJ, Suchard MA. Phylogeography takes a relaxed random 
walk in continuous space and time. Mol Biol Evol. 2010;27(8):1877-1885.

58. McLaren ZM, Ardington C, Leibbrandt M. Distance decay and persistent health care 
disparities in South Africa. BMC Health Serv Res. 2014;14(1):541.

59. Rambaut A, Holmes EC, O'Toole A, et al. A dynamic nomenclature proposal for 
SARS-CoV-2 lineages to assist genomic epidemiology. Nat Microbiol. 2020;5(11): 
1403-1407.

60. Murrell B, Wertheim JO, Moola S, Weighill T, Scheffler K, Kosakovsky Pond SL. Detecting 
individual sites subject to episodic diversifying selection. PLoS Genet. 
2012;8(7):e1002764.

61. Kosakovsky Pond SL, Frost SD. Not so different after all: a comparison of methods for 
detecting amino acid sites under selection. Mol Biol Evol. 2005;22(5):1208-1222.

62. Benton DJ, Wrobel AG, Xu P, et al. Receptor binding and priming of the spike protein of 
SARS-CoV-2 for membrane fusion. Nature. 2020;588(7837):327-330.

Acknowledgements We thank Koen Deforche, Wim Dumon and Sara Cleemput at Emweb for 
their invaluable help to improve genome assembly and variant calling for SARS-CoV-2 which 
was central to the achievement of this work. This research reported in this publication was 
supported by the Strategic Health Innovation Partnerships Unit of the South African Medical 
Research Council, with funds received from the South African Department of Science and 
Innovation. Finally, we would like to thank global laboratories for generating and making 
public the SARS-CoV-2 sequences (through GISAID) used as reference dataset in this study. A 
complete list of individual contributors of sequences is provided in Supplementary Table S5.

Author contributions Produced SARS-CoV-2 genomic data: Jennifer Giandhari, Sureshnee 
Pillay, Susan Engelbrecht, Deelan Doolabh, Lynn Tyers, Innocent Madua and Arshad Ismail. 
Collected samples and curated metadata: Nokukhanya Msomi, Koleka Mlisana, Nei-yuan 
Hsiao, Denis York, Dominique Goedhals, Anne von Gottberg, Sibongile Walaza, Allison J. Glass, 
Inbal Gazy, Alex Sigal, Gert Van Zyl, Wolfgang Preiser, Stephen Korsman, Diana Hardie, Carolyn 
Williamson, Gert Marais, Deelan Doolabh, Innocent Madau, Lynn Tyers. Analysed the data: 
Houriiyah Tegally, Eduan Wilkinson, Marta Giovanetti, Richard J Lessells, Sergei L Kosakovsky 
Pond, Steven Weaver, Darren Martin, Jennifer Giandhari, Sureshnee Pillay, Emmanuel James 
San, Susan Engelbrecht, Francesco Pettruccione, Arshad Ismail, Jinal N. Bhiman, Vagner 
Fonseca, José Lourenço, Luiz Carlos Junior Alcantara, Carolyn Williamson and Tulio de 
Oliveira. Helped with study design and data interpretation: Carolyn Williamson, Mary-Ann 
Davies, Diana Hardie, Nei-yuan Hsiao, Darren Martin, Dominique Goedhals, Emmanuel James 
San1, Marta Giovanetti, José Lourenço, Luiz Carlos Junior Alcantara, Tulio de Oliveira. Initial 
Manuscript Writing: Richard J Lessells, Houriiyah Tegally, Eduan Wilkinson, Marta Giovanetti, 
Darren Martin and Tulio de Oliveira. Review of the manuscript: All authors.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-021-03402-9.
Correspondence and requests for materials should be addressed to T.d.O.
Peer review information Nature thanks Nathan Grubaugh, Tommy Tsan-Yuk Lam, Youchun 
Wang and the other, anonymous, reviewer(s) for their contribution to the peer review of this 
work. Peer reviewer reports are available.
Reprints and permissions information is available at http://www.nature.com/reprints.

Article

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

https://zenodo.org/record/3732419#.YBXzFegzZPY
https://www.protocols.io/view/ncov-2019-sequencing-protocol-v3-locost-bh42j8ye
https://www.protocols.io/view/ncov-2019-sequencing-protocol-v3-locost-bh42j8ye
https://www.protocols.io/view/nebnext-library-construction-and-sequencing-for-sa-bhu2j6ye
https://www.protocols.io/view/nebnext-library-construction-and-sequencing-for-sa-bhu2j6ye
https://doi.org/10.1038/s41586-021-03402-9
http://www.nature.com/reprints


Extended Data Fig. 1 | Excess deaths per million population, by province 
and metropolitan municipalities of South Africa, up until the week ending 
8 September 2020 ( just past the first epidemic peak). These graphs indicate 
the disproportionate impact of the first wave of the epidemic in the province of 
the Eastern Cape (A) and its metro areas Nelson Mandela Bay (NMB) and Buffalo 

City (BUF) (B). [Key: EC=Eastern Cape, FS=Free State, WC=Western Cape, 
GP=Gauteng, 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 Data Fig. 2 | Positivity test rates across 4 provinces of South 
Africa. Geographical maps of the Northern Cape, Western Cape, the Eastern 
Cape and KwaZulu-Natal (the four main provinces investigated in this study), 
showing a weekly progression of SARS-CoV-2 prevalence per district and 

colored by the rate of positive SARS-CoV-2 PCR-tests per district. Data for this 
figure was obtained from the NICD weekly testing report. The shapefile for this 
map was obtained from ArcGIS.

Article

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  



Extended Data Fig. 3 | Sampling location of 501Y.V2 genomes. A general map 
of South Africa, showing the sampling location of the 501Y.V2 genomes in this 
study (blue dots) in relation to the main road networks in the country, hinting 

to potential land transmission routes of this lineage along the coast. The 
shapefile for this map was obtained from ArcGIS.
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Extended Data Fig. 4 | Replacement of other lineages by the new 501Y.V2 
lineage. A) Progression of SARS-CoV-2 Pangolin lineages circulating in South 
Africa from March to December, showing over-representation of the new 501Y.
V2 lineage from October onwards (B.1.351 in off-white). B) Independent 

regional phylogenetic trees for EC, KZN, WC and NC, showing a variety of 
circulating lineages prior to October and the dominance of 501Y.V2 (in yellow) 
in late October and November, especially in WC and EC.
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Extended Data Fig. 5 | Overview of mutations associated with the 501Y.V2 
lineage. A) All nucleotide substitutions present in >10% of the genomes in the 
501Y.V2 lineage mapped on the SARS-CoV-2 genomic structure. Mutations 
present in the parent lineage (B.1) are marked in black, while mutations specific 
to this lineage are marked in red or blue. All non-synonymous mutations are 
styled in bold, and also reported in panel B. The sites in blue specifically denote 
the location of deletions on the genomes of the 501Y.V2 lineage. It is important 
to note an unresolvable ambiguity in the representation of the exact location of 
the 22286-22294 nucleotide deletion; because of a hard-to-align repeat region 

‘CTTT’, the deletion could be any 9-nucleotide segment between 22281-22289 
and 22286-22294, which means that technically, the deletion could also be in 
amino acids 241-243, but the resulting amino acid sequence of all the 
possibilities are exactly the same (OTLH). B) A summary of all non-synonymous 
lineage-defining changes in relevant genes occurring in the 501Y.V2 lineage. C) 
Showing allele proportions at each 501Y.V2 lineage defining mutations sites, 
with the black line and dots showing the mutant allele proportion and the grey 
line and dots showing the reference allele proportion in individual samples in 
three sequencing runs.
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Extended Data Fig. 6 | Molecular clock signal of 4 main clusters spreading 
in South-Africa. Root-to-tip regression obtained from TempEst analysis for 
the 501Y.V2 lineage cluster (n=341), showing a relatively strong clock-like 
behavior (correlation coefficient = 0.33, R2 = 0.107) and a regression line slope, 
representing mean evolutionary rate, of 1.917E-3 nucleotide changes/site/year. 

A comparison is made with the root-to-tip regressions of the B.1.1.54 (n=472), 
B.1.1.56 (n=179) and C.1(n=271) lineages showing estimated mean evolutionary 
rates of 5.344E-4, 4.251E-4 and 9.781E-4 respectively. Regression lines are 
shown with error buffers (shaded area) representing 90% confidence intervals.
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Extended Data Fig. 7 | SARS-CoV-2 receptor binding domain interactions 
with NAbs. A model of the SARS-CoV-2 receptor binding domain in cartoon 
view (yellow), showing representative Fab domains for neutralising antibodies 

from classes 1, 2, 3, and 4. Two zoomed insets show common, key interactions 
between RBD residue K417 and class 1 NAbs, or RBD residue E484 and class 2 
NAbs.
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Extended Data Fig. 8 | A Maximum-Likelihood tree of 5332 SARS-CoV-2 
genome of which 2759 are sampled from South Africa. The branch lengths 
represent the diversity of the genomes against the Wuhan reference. The 501Y.

V2 lineages (in yellow) shows relatively longer branches compared to other 
South Africa viral genomes, forming other lineages circulating in the country, 
prior to the detection of this new lineage.
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Extended Data Fig. 9 | Worldwide emergence of 8 spike mutations. Showing the prevalence of the 8 spike mutations around the world, indicating that several of 
them emerge independently in multiple regions.
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Extended Data Fig. 10 | Random sampling of 501Y.V2 samples across health 
centers in 4 provinces. A representation of the number of health centers per 
province where the 501Y.V2 lineage was detected in sampled genomes in 4 

provinces, showing a total number of 317 samples from 197 health centers. 
(There was no indication of health facility for the remaining 501Y.V2 samples 
presented in this study).
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