




(Fig. 1A) and had the greatest impact on the
continent, with almost 34.2% of overall in-
fections in Africa possibly attributed to it.
Beta was responsible for an epidemic wave at
the end of 2020 and beginning of 2021 (Fig.
1A), with 13.3% of infections overall attributed
to it. Notably, Alpha, despite being predomi-
nant in other parts of the world at the begin-
ning of 2021, had only minimal importance in
Africa, accounting for just 4.3% of infections.
At the time of writing, the Omicron VOC had
contributed to 21.6% of the overall number of
sequenced infections. At this time, the Omicron
wave was still unfolding globally and in Africa
with the expansion of several sublineages (34),
such that its full impact is yet to be determined.
However, because of increased population im-
munity (35) from SARS-CoV-2 infection and
vaccination (fig. S2), the impact of Omicron on
mortality has been less in comparison to the
other VOCs, as can be observed by the relatively
low death rate in South Africa during the
Omicron wave (36). The findings from mapping
epidemiological numbers onto genomic sur-

veillance data are reliable as far as the pro-
portional scaling of genomic sampling across
Africa with the size and timing of epidemic
waves [fig. S3; model estimate (b) = 0.011,
standard error (SE) = 0.001, p < 2 × 10−16].

This comes with the obvious caveats that
testing and reporting practices have varied
widely across the continent along with ge-
nomic surveillance volumes throughout the
pandemic. Countries in Africa with reported
data have tested in proportions from as little as
0.1 daily tests per million population to more
than 1000 tests per million (fig. S4). Some coun-
tries have consistently tested at high proportions,
for example, South Africa, Botswana, Morocco,
and Tunisia. Incidentally, these countries have
also generally reported more cases per million
population,providingan indication that recorded
low incidences in other parts of the continent
have been underestimates due to low testing
rates. However, even for these countries, epi-
demic numbers are certainly underrepresented
and underdetected, given that in several time
frames, test positivity rates were still on the

higher end, approaching or exceeding 20% (fig.
S4), and as concluded by seroprevalence sur-
veys and estimates of true infection burdens in
Africa (37, 38). Findings of attributing case
numbers of variants must therefore be inter-
preted in the context of this limitation but can
nevertheless provide a qualitative overview of
the spatial and temporal dynamics of VOCs in
relation to epidemic progression in Africa.

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

Optimizing surveillance coverage in Africa

By mapping and comparing the locations of spec-
imen sampling laboratories to the sequencing
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Fig. 1. Epidemiological progression of the COVID-19 pandemic on the
African continent. (A) Total reported new case counts per million inhabitants
in Africa (data source: Our World in Data; log-transformed) along with
the distribution of VOCs, the Eta VOI, and other lineages through time (the
size of each circle is proportional to the number of genomes sampled per
month for each category). (B to F) Breakdown of reported new cases

per million (data source: Our World in Data; log-transformed) and monthly
sampling of VOCs, regional variant, or lineage of interest and other
lineages for three selected countries for North, southern, West, Central,
and East Africa, respectively. For each region, a different variant or lineage
of interest is shown, relevant to that region (C.36, C.1.2, Eta, B.1.620, and
A.23.1, respectively).
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laboratories, a number of aspects regarding
the expansion of genomic surveillance on the
continent became clear. First, even though
several countries in Africa started sequencing
SARS-CoV-2 in the first months of the pan-
demic, local sequencing capacity was initially
limited. However, local sequencing capabil-

ities slowly expanded over time, particularly
after the emergence of VOCs (Fig. 2A). The fact
that almost half of all SARS-CoV-2 sequenc-
ing in Africa was performed using the Oxford
Nanopore Technology (ONT), which is rela-
tively low-cost compared with other sequenc-
ing technologies and better adapted to modest

laboratory infrastructures, illustrates one com-
ponent of how this rapid scale-up of local
sequencing was achieved (fig. S5). Yet, to rely
only on local sequencing would have thwarted
the continent’s chance at a reliable genomic
surveillance program. At the time of writing,
52 of 55 countries in Africa had SARS-CoV-2
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variant, viral circulation and geographical ex-
changes occurred predominantly within the
continent. Indeed, phylogeographic recon-
struction from a globally case-sensitive sam-
pling revealed that of the 810 (95% CI: 803 to
818) inferred introductions of the Beta var-
iant into African countries, only 110 (95% CI:
105 to 115; 13%) were attributed to sources
outside the continent (fig. S13C), whereas
more than half of the introductions were at-
tributed to South Africa (63%) (Fig. 4C). This
is in line with expectations because the variant
originated in South Africa. Beyond southern
Africa, most of the introductions back into the
continent were attributed to France and other
European Union countries into the French
overseas territories, Mayotte and Reunion, and
other Francophone African countries. Africa-
focused phylogeographic analysis revealed a
similar spatial pattern that showed southern
countries as substantial sources of the variant,
followed in small numbers by countries in
East Africa (Fig. 4C).

The fourth VOC observed was Delta (13),
which rose to prominence in April 2021 in India,
where it fueled an explosive second wave. Since
its emergence, Delta has been detected in >170
countries, including 37 African countries and
territories (fig. S11). Our global case-sensitive
subsampled analysis infers at least 100 (95% CI:
93 to 106) introductions of the Delta variant
into Africa, with the bulk attributed to India
(~72%), mainland Europe (~8%), the United
Kingdom (~5%), and the United States (~2.5%).
Viral introductions of Delta also occurred from
one African country to others in 7% of inferred
introductions. From our Africa-focused phylo-
geographic inferences, we infer that unlike
Alpha and Beta, viral dissemination of Delta
within Africa was not restricted to or domi-
nated by any particular region but rather spread
across the entire continent (Fig. 4C). After in-
troductions from Asia in the middle of 2021,
Delta rapidly replaced the other circulating
variants (Fig. 4A). For example, in southern
African countries, the Delta variant rapidly dis-
placed Beta and, by June 2021, was circulating
at very high (>90%) frequencies (48).

The latest VOC, Omicron, was identified and
characterized in November 2021 in southern
Africa (3). At the time of writing, the variant
had been detected and caused waves of infec-
tions in >160 countries, including 39 African
countries and two overseas territories (fig. S11).
Because of the genetic distance between them
and their sequential (rather than simultane-
ous) epidemic expansion globally, phylogenies
were reconstructed separately for Omicron
BA.1 and BA.2. Our discrete ancestral-state
reconstruction from a global case-sensitive
sampling for Omicron BA.1 infers at least 55
(95% CI: 47 to 62) viral exports of BA.1 out of
various African countries, of which 31 (95% CI:
25 to 36) were toward Europe and 8 (95% CI:

6 to 10) were toward North America (Fig. 4B).
After explosive expansion of Omicron around
the world, we inferred even more reintroduc-
tions of the variant back into Africa, at least 69
(95% CI: 60 to 78) from Europe and 102 (95% CI:
92 to 112) from North America (Fig. 4B). From
our Africa-focused phylogeographic reconstruc-
tions, we determine that, as with Delta, routes
of dissemination of this variant involved all
regions of the continent spatially (Fig. 4C). Yet
~75% of all BA.1 viral movement volume in
Africa happened between southern African
countries, likely because of rapid epidemic ex-
pansion in the region soon after its detection
(3). Omicron BA.2’s reach in Africa was lim-
ited at the time of writing, with only 3260 se-
quences from 19 countries attributed to BA.2
on GISAID (date of access: 31 March 2022) (15%
of all Omicron sequences from Africa). Our
discrete ancestral-state reconstruction from
a global case-sensitive sampling for Omicron
BA.2 infers at least 68 (95% CI: 53 to 84) viral
exports out of African countries, of which most
were toward Europe (~88%) (Fig. 4B). We also
infer at least 99 (95% CI: 87 to 109) separate
introduction or reintroduction events of BA.2
back into African countries, of which ~65% are
from Europe and ~30% from Asia, primarily
from India (Fig. 4B). This is consistent with
India having experienced one of the earliest
large BA.2 waves globally. In the context of
global incidence of BA.2, this case-sensitive
phylogeographic analysis revealed that only
0.01% of viral movements of this lineage glob-
ally happened from one African country to
another. Our Africa-focused analysis inferred a
similar pattern of BA.2 spatial diffusion within
African to that of BA.1 (Fig. 4C). However, given
that this accounted for such a small percent-
age of global BA.2 movements, BA.2 diffusion
from one African country to another is unlikely
to have had a substantial impact on epidemi-
ological expansion, compared with introduc-
tions from Asia, Europe, or North America.

Globally, dissemination of the SARS-CoV-2
virus throughout the pandemic was intricately
linked with human mobility patterns (49–53).
To determine the validity of the VOC move-
ment patterns that we infer into and within the
Africa continent in this study, we compared viral
import and export events to and from South
Africa with travel to the country. In December
2020, the United Kingdom accounted for the
fifth-highest number of passengers entering
South Africa, whereas other countries with the
top-nine sources of travelers were all neighbor-
ing countries in southern Africa (fig. S14A). Con-
sidering that incidence of the Alpha variant
was not meaningful in the region, this sup-
ports our inference of the United Kingdom
contributing 60% of Alpha introductions to
South Africa (fig. S15A). In March 2021, the
United States, Germany, the United Kingdom,
and India were among the top-12 sources of

travelers to South Africa after eight African
countries (fig. S14B). During this time of Delta
dissemination globally, we infer that ~90% of
introductions of Delta into South Africa orig-
inated in the United Kingdom, the United States,
and India (fig. S15B). At the end of 2021, most
introductions or reintroductions of Omicron
to the country came from the United Kingdom,
the United States, or Botswana, corresponding
to locations of both high Omicron incidence at
the time and high numbers of passengers to
South Africa (figs. S14C and S15C). These travel
patterns also fit the findings that ~89, ~70, and
~75% of Beta, Delta, and Omicron exports, re-
spectively, from South Africa to other African
countries were directed to locations in south-
ern Africa (figs. S14, D and E, and S15, D and E).

Discussion, limitations, and conclusions

By April 2020, a total of 20 African countries
were able to sequence the virus within their
own borders. This was largely made possible
by other preexisting sequencing efforts on the
continent that were focused on other human
pathogens (e.g., HIV, tuberculosis, Ebola, and
H1N1). However, these efforts were quickly
limited by global supply chain issues, and, in
many countries, sequencing efforts substan-
tially slowed down or stopped toward the end of
2020. To facilitate more sequencing on the con-
tinent over the course of the past year (April 2021
to March 2022), the Africa CDC and partners
invested heavily to support genomic surveillance
on the continent. This included the transfer
of 24 new sequencing platforms (including
MinIon, GridIon, MiSeq, and NextSeq), the dis-
tribution of reagents and flow cells to support
the sequencing of 100,000 positive samples, the
training of >230 students and technicians in
wet laboratory and bioinformatic techniques,
and additional grants to support 10 regional
sequencing hubs. This investment has started
bearing fruit and should be intensified as the
virus continues to evolve, requiring the adap-
tation of methodologies locally on the continent
to keep pace with the emergence of variants. The
continued development of sequencing proto-
cols in Africa is of crucial importance (41, 54, 55)
given the number of variants and lineages
that emerged in, and were introduced to, the
continent. In North Africa, the SARS-CoV-2
pandemic was caused by waves of infections
that were similar to those seen in Europe (first
wave attributed to B.1 descendants, second
wave to Alpha, third wave to Delta, and fourth
wave to Omicron); in southern Africa, the pat-
tern was similar but with a Beta wave instead
of an Alpha one. In East Africa, the pandemic
was more complex, involving both Alpha and
Beta as well as its own lineage A.23.1 before the
arrival of Delta and Omicron. Central Africa
experienced epidemic patterns that sometimes
mirrored those of East Africa and other times
those of southern Africa. In West Africa, Eta
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African continent, as well as a separate inference
for all non-VOC SARS-CoV-2 sequences.

To evaluate the spread of the virus on the
African continent, we aligned the African data-
sets against a large number of globally repre-
sentative sequences from around the world.
Because of the oversampling of some variants
or lineages, we performed a random down sam-
pling while retaining the oldest two known
variants from each country. Reference sequences
were respectively aligned with their African
counterparts independently with NextAlign
(65). Each of the alignments was then used to
infer maximum likelihood (ML) tree topologies
in FastTree v 2.0 (67) using the general time
reversible model of nucleotide substitution
and a total of 100 bootstrap replicates (68). The
resulting ML tree topologies were first inspected
in TempEst (69) to identify any sequences that
deviate more than 0.0001 from the residual
mean. After the removal of potential outliers
in R with the ape package (70), the resulting
ML trees were then transformed into time-
calibrated phylogenies in TreeTime (71) by ap-
plying a rate of 8 × 10–4 substitutions per site per
year (72) to transform the branches into units
of calendar time. Time-calibrated trees were
then visualized, along with associated metadata,
in R using ggtree (73) and other packages.

We performed a basic viral dispersal analy-
sis for each of the VOCs (excluding Gamma) as
well as for the non-VOC dataset. Briefly, a mi-
gration model was fitted to each of the time-
calibrated tree topologies in TreeTime, mapping
the country location of sampled sequences to
the external tips of the trees. The mugration
model of TreeTime also infers the most likely
location for internal nodes in the trees. Using
a custom python script, we could then count
the number of state changes by iterating over
each phylogeny from the root to the external
tips. We count state changes when an internal
node transitions from one country to a different
country in the resulting child node or tip(s). The
timing of transition events is then recorded,
which serves as the estimated import or export
event. To infer some confidence around these
estimates, we performed 10 replicates for each of
the datasets by random selection from the 100
bootstrap trees. Because of the high uncertainty
in the inferred locations for deep internal nodes
in the trees, we truncated state changes to the
earliest date of sampling in each dataset. All data
analytics were performed using custom python
and R scripts, and the results were visualized
using the ggplot libraries (74). Such phylogeo-
graphic methods are always subject to uneven
sampling through time (i.e., over the course of
the pandemic) and through space (by sam-
pling location). To address this, we have per-
formed a case-sensitive analysis to investigate
the effects of oversampling African locations
on the inferred number of viral introductions.
Furthermore, in a previous analysis (15), we

performed a sensitivity analysis to address some
of these issues and found no substantial var-
iations in estimates.

Case-sensitive phylogeographic inference

To address the potential oversampling of African
sequences relative to global reference in the
above-mentioned analyses, we performed an-
other phylogeographic inference on subsamples
based on global case counts to try to eliminate
oversampling bias in our inference. To this
end, we considered all high-quality sequences
for each of the VOCs (Alpha, Beta, Delta, and
Omicron BA.1 and BA.2) globally over the same
sampling period (until 31 March 2022). We used
subsampler (https://github.com/andersonbrito/
subsampler) to generate subsamples for each
variant based on globally reported cases. In
short, subsampler uses a case-count matrix
of daily cases, along with the fasta sequences
and GISAID associated metadata, to sample
a user-defined number of sequences. For each
VOC and for BA.1 and BA.2, we performed
10 samplings using different number seeds to
sample datasets of ~20,000. Once again, sam-
pled sequences were screened for viral recom-
bination as described above and sequences
with signs of recombination were removed. Sub-
sampler has the added advantage that it dis-
regards poor quality sequences (e.g., <90%
coverage) and sequences with missing meta-
data (e.g., exact date of sampling). Each data-
set was then subjected to the same analytical
pipeline as mentioned above to infer the viral
transitions between Africa and the rest of
the world.

Regional and country-specific NextStrain builds

To investigate more-granular changes in line-
age dynamics within a specific country or re-
gion in Africa, we used the NextStrain pipeline
(https://github.com/nextstrain/ncov) to gen-
erate the regional and country-specific builds
for African countries (75). First, all sequence
data and metadata were retrieved from the
GISAID sequence database and filtered for
Africa based on the “region” tab for inclusion
in regional and country-specific African builds.
For country-specific builds, ~4000 sequences
from a given country were randomly selected
and analyzed against ~1000 randomly selected
sequences from the Africa “nextregions” records
that do not match the focal country of interest.
For regional (e.g., West Africa) builds, ~4000
sequences from the focal region were selected
at random and analyzed against ~1000 ran-
domly selected sequences from the Africa
“nextregions” records that do not match the
focal region of interest. The methodological
pipeline for NextStrain is well documented
and performs all analyses within one workflow,
including filtering of sequences, alignment,
tree inference, molecular clock, and ancestral-
state reconstruction. For more information,

please visit https://docs.nextstrain.org/en/
latest/index.html.

All regional and country-specific builds are
regularly updated to keep track of the evolv-
ing pandemic on the continent. All builds are
publicly available under the links provided
in tables S1 and S2 as well as on the NextStrain
web page (https://nextstrain.org/sars-cov-2/
#datasets).
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Surveillance across Africa
The past 2 years, during which waves of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants
swept the globe, have starkly highlighted health disparities across nations. Tegally et al. show how the coordinated
efforts of talented African scientists have in a short time made great contributions to pandemic surveillance and data
gathering. Their efforts and initiatives have provided early warning that has likely benefited wealthier countries more
than their own. Genomic surveillance identified the emergence of the highly transmissible Beta and Omicron variants
and now the appearance of Omicron sublineages in Africa. However, it is imperative that technology transfer for
diagnostics and vaccines, as well the logistic wherewithal to produce and deploy them, match the data-gathering effort.
—CA

View the article online
https://www.science.org/doi/10.1126/science.abq5358
Permissions
https://www.science.org/help/reprints-and-permissions

https://www.science.org/about/terms-service

	378_42
	378_abq5358



