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Abstract

Since late 2020, the emergence of variants of concern (VOCs) of SARS-CoV-2 has been of concern to public health, researchers
and policymakers. Mutations in the SARS-CoV-2 genome—for which clear evidence is available indicating a significant impact on
transmissibility, severity and/or immunity—illustrate the importance of genomic surveillance and monitoring the evolution and
geographic spread of novel lineages. Lineage B.1.619 was first detected in Switzerland in January 2021, in international travellers
returning from Cameroon. This lineage was subsequently also detected in Rwanda, Belgium, Cameroon, France, and many other
countries and is characterised by spike protein amino acid mutations N440K and E484K in the receptor binding domain, which
are associated with immune escape and higher infectiousness. In this study, we perform a phylogeographic analysis to track the
geographic origin and subsequent dispersal of SARS-CoV-2 lineage B.1.619. We employ a recently developed travel history-aware
phylogeographic model, enabling us to incorporate genomic sequences with associated travel information. We estimate that B.1.619
most likely originated in Cameroon, in November 2020. We estimate the influence of the number of air-traffic passengers on the
dispersal of B.1.619 but find no significant effect, illustrative of the complex dispersal patterns of SARS-CoV-2 lineages. Finally, we
examine the metadata associated with infected Belgian patients and report a wide range of symptoms and medical interventions.

Keywords: SARS-CoV-2; COVID-19; B.1.619; phylogenetics; phylogeography; GLM,; air traffic; Bayesian inference; Markov chain Monte

Carlo

Introduction

More than 3 years since its discovery, the SARS-CoV-2 pandemic is
responsible for 630 million known infections and at least 6.5 mil-
lion deaths worldwide (WHO, 2022). During this period, unprece-
dented research efforts were made to cope with the pandemic,
while at the same time health systems were under high pressure.
Globally, significant efforts to track the spread and evolution of
the virus continue to be made, with nearly 14 million SARS-CoV-2
genomes currently available on the Global Initiative on Sharing
Avian Influence Data (GISAID) (Shu and McCauley, 2017).

The discovery of several new variants of concern (VOCs) at the
end of 2020 caused additional worry for public health officials.
The first notable example was lineage B.1.1.7 (also denominated
as the Alpha variant by the World Health Organisation; WHO),
first discovered in the United Kingdom in late 2020 (Davies et al.,
2021; Funk et al., 2021). Another VOC of note is the B.1.617.2 lin-
eage (also known as the Delta variant per WHO designation), first
detected in India, which was characterised by higher transmis-
sibility and some resistance to vaccine-induced immunity (Funk
etal.,,2021; Planasetal., 2021). Delta became the dominantlineage
worldwide in summer 2021. In November 2021, the B.1.1.529 lin-
eage—discovered in southern Africa and denominated Omicron
by the WHO—caused an unprecedented global surge in cases
and its descendant lineages continue to circulate to this day.
Like other VOCs, this lineage is marked with significant antigenic
advance, leading it to rapidly displace Delta as the dominant
strain worldwide (Planas et al., 2021). In contrast to Alpha and
Delta, Omicron was found to actually be less virulent (Sigal, 2022).

Apart from the designation and tracking of VOCs, it might be
beneficial to also label some mutations as ‘mutations of concern’
and to intensify their molecular surveillance. Certain mutations
found in these VOCs are of particular interest, especially those
occurring in the spike protein. For example, mutations K417N,
E484K, N501Y, H655Y, T478K and D614G are all found in at least
two of the VOCs mentioned above. The current Omicron diversity
shows a high level of re-occurring mutations caused by conver-
gent evolution, with several associated to increased resistance to
antibodies (Hoffmann et al., 2022; Jung et al., 2022). In this study,
we focus on SARS-CoV-2 lineage B.1.619.

Although this lineage has not spread widely as the VOCs and is
probably now extinct, we believe it deserves attention because it
has a number of concerning mutations (such as E484K). Tracking
such mutations of concern can help us understand how they
interact and evolve, and highlight lineages likely to pose a danger
for detailed inquiry. When the wave of infection attributable
to B.1.619 disappeared in the summer of 2021 (Figure 1), new

reports were published on the emergence of a pango sub-lineage
called B.1.619.1 circulating primarily in South Korea which has
an additional mutation in ORFlab (K3929R) (Park et al., 2022;
Ruis, 2022). Analysing the specific aspects of this sub-lineage is,
however, beyond the scope of this study.

Lineage B.1.619 was first sampled in Switzerland in travellers
who had just returned from Cameroon around the 16" of January
2021 (see Figure 1). For this reason, it is probable that its immedi-
ate origins for the European outbreak lie in Cameroon. However,
genomic surveillance of SARS-CoV-2 in African countries remains
at a lower level than in other countries with higher incidence
rates (Brito et al., 2022), and researchers have pointed out under-
sampling and under-reporting as a possible issue (Adebisi et al.,
2020; Rice et al., 2021). As noted by Rice et al.: ‘variation in
reporting between countries and some seroprevalence surveys
that suggested high rates of local infection make it unclear if the
relatively few reported cases and deaths to date indicate a gen-
erally reduced epidemic potential’ (Rice et al., 2021). Such under-
sampling is a problem, especially in the case of phylogeographic
analyses, where early-epidemic sequences are crucial to estimate
the dispersal history of a virus.

Therefore, under-samplingis a potential limitation to our study,
since the goal was to perform a phylogeographic reconstruction of
the spread of B.1.619, estimating both its origin location and time.
Thankfully, we have valuable information at our disposal. As men-
tioned before, the lineage was first sampled in travellers coming
from Cameroon. In contrast to local case reporting, travel surveil-
lance relies on diagnosing patients that have acquired infections
while traveling outside the country of diagnosis (Grubaugh et al.,
2019). In this study, we use a recently developed phylogeographic
model, which explicitly incorporates travel origin and destination
(Lemey et al., 2020). Models based on infectious disease surveil-
lance of international travellers have proven effective in detecting
pathogens circulating in resource-limited areas (Harvey et al.,
2013; Leder et al., 2013; Wilder-Smith et al., 2014; Hamer et al.,
2016; Grubaugh et al., 2019; Dudas et al., 2021; Kaleta et al., 2022).

Our results provide estimates of the geographic and temporal
spread of lineage B.1.619, taking into account individual travel
histories associated with nine samples. We also analysed the
potential effect of various predictors on the spread of SARS-CoV-
2 lineage B.1.619, namely geographical distance, border sharing
and air-passenger volume. As such, our work provides a com-
prehensive phylogeographic analysis of the dispersal history and
drivers of spread for lineage B.1.619, as well as an in-depth look
at the mutational profile of the lineage. We conclude this study
by examining the metadata associated with Belgian patients who
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Figure 1. Known locations and travel history of B.1.619 cases. Collection dates of B.1.619 genomes are shown for each country (rows). Genomes from
travellers are outlined with colour indicating travel of origin (e.g. dark red for Cameroon) and connected to a smaller dot indicating which country’s
diversity is being sampled at travel destination. Bars at the top indicate the number of genomes of B.1.619 available for a given date across all
countries. Of note, 46 B.1.619 genomes from Canada were not included due to imprecise collection dates. On January 20, 2021, a single B.1.619 case was
found in Rwanda; the travel case on May 1, 2021, was entering Japan from South Korea.

were infected with B.1.619 and report a wide range of symptoms
and medical interventions.

Results
Notable mutations in the B.1.619 spike protein

As with any lineage, B.1.619 is characterised by the presence
of several mutations, insertions and deletions in its genome, as
can be seen in Figure 2. Compared to the SARS-CoV-2 reference
sequence (NC_045512), there are 21 new mutations and two dele-
tions that characterise B.1.619. It shares a number of mutations
that have previously been observed in various VOCs and variants
of interest (VOIs). Of major concern is the E484K mutation, which
is present in both the Beta and Gamma variants (while in Omicron
a similar mutation E484A is present), as well as a number of
B.1.1.7 sequences (Frampton et al., 2021). This mutation has been
associated with immune escape and higher fitness in immunised
populations, with some researchers stating that: ‘the presence of
the E484K mutation by itself should be enough to qualify a variant
for VOI status’ (Boehm et al., 2021; Jaspe et al., 2021; Tandel et al.,
2021). In vitro studies have shown an association of E484K with
lower antibody binding, both in the case of monoclonal antibodies
and in polyclonal antibodies from convalescent plasma (Jaspe
et al.,, 2021; Greaney et al.,, 2021; Harvey et al., 2021; Sikora et al.,
2021; Tandel et al., 2021) as well as in sera from vaccinated
individuals (Jangra et al., 2021). Greaney and colleagues found that
neutralisation by some sera was reduced up to 10-fold compared
to the initial strain (Greaney et al., 2021). In vivo, E484K has been
shown to be linked to re-infection in a Brazilian study (Nonaka
etal,, 2021).

Another mutation of interest present in B.1.619 is the N440K
spike protein mutation, also seen in Omicron lineages. Tandel
et al. (2021) found that this mutation is able to generate a larger
amount of viruses in a shorter time, compared to previous vari-
ants (Tandel et al., 2021), which could partly help to explain

Omicron’s rapid spread. Furthermore, Augusto and colleagues
found that this mutation showed a higher affinity for binding to
the host receptor ACE2, which could correlate with higher infec-
tiousness (Augusto et al., 2021). The mutation had been observed
to be increasing in prevalence in some countries in the summer of
2021, including India and to a lesser extent the USA and Germany
(Tandel et al., 2021). However, with the Omicron variant becoming
dominant in the winter of 2021, this mutation is now widespread
globally.

A third spike mutation worth mentioning is the H146Y muta-
tion. McCallum et al. (2021) found that H146Y reduced binding
of various antibodies (S2M28, S2X28, and in particular of 4A8),
indicating a higher chance of immune escape. Together, E484K,
N440K and H146Y paint a worrying picture, which makes the
B.1.619 variant worth investigating.

A handful of SARS-CoV-2 genomes on GISAID from 2020 des-
ignated as lineage B.1.619 by Pangolin are missing key mutations
(S:E484K, S:T10271) that were present in the predecessor lineage
of lineages B.1.619 and B.1.620, and thus were probably classified
incorrectly due to sharing convergent mutations with B.1.619 (e.g.
NSP12:P323L), these were not included in the analysis.

B.1.619 origin and spread

An important goal in our study was to estimate the global origin
and spread of the B.1.619 lineage using Bayesian phylogeographic
inference. The earliest known cases of B.1.619 were detected
in travellers returning from Cameroon, which suggests that the
African continent could be the origin of this lineage. Our analysis
of the available genomes and accompanying travel information
provides further evidence that this is likely the case. In addition
to showing the number of B.1.619 genomes through time, Figure 1
illustrates the travel cases that were sampled.

Our first phylogeographic analysis (at the continent level)
utilises both 723 B.1.619 sequences and over 543 ‘background’
SARS-CoV-2 sequences to provide a wider context for the B.1.619
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Figure 2. Lineage-defining SNPs of lineage B.1.619. Only SNPs that differentiate B.1.619 (genomes within the dashed line box) from the reference and
are shared by at least two B.1.619 genomes are shown in the condensed SNP alignment. Representative genomes from lineage B.1.620 are included for
comparison. Sites identical to the reference (GenBank accession NC_045512) are shown in grey, changes from the reference are indicated and coloured
by nucleotide (green for thymine, red for adenosine, blue for cytosine, yellow for guanine, dark grey for ambiguities, black for gaps). If a mutation
results in an amino acid change, the column label indicates the gene, reference amino acid, amino acid site, and amino acid change in brackets. The
phylogeny (branch lengths number of mutations) on the right shows the relationships between depicted genomes and was rooted on the reference

sequence.

epidemic. We also include a reference sequence (LR757998.1),
which can be clearly seen forming a separate clade at the root.
The results of this analysis can be seen in Figure 3A, where the
B.1.619 clade is indicated with an asterisk. The estimated origin
of this pandemic is estimated to be in Asia, this is explained by
the inclusion of an early reference sequence from Wuhan. The
mean evolutionary rate is 7.52E-4 (95 per cent highest posterior
density (HPD): [6.89E-4; 8.16E-4]) substitutions per site per year
and the estimated time to the most recent common ancestor
(tMRCA) is 2019-12-07 (95 per cent HPD: [2019-10-17 ; 2019-12-26]).
This analysis places the origin of the B.1.619 clade in Africa, with
good posterior support (0.79). The backbone of the clade is also

located in Africa. Thisis not unexpected, since we selected context
sequences based on the African Nextstrain build (downloaded on
June 25, 2021) (Hadfield et al., 2018). We estimated the highest
number of Markov jumps from Africa into Asia and Europe (2.88,
95 per cent HPD: [1.05 ; 4.88] and 3.4, 95 per cent HPD: [1.39;
5.75], respectively). Markov jumps were also estimated to have
occurred from Africa into North America (1.12, 95 per cent HPD:
[0.35; 2.05]) and from Europe back into Africa (0.99, 95 per cent
HPD: [0.15; 2.00]).

Our second phylogeographic analysis focuses only on the
B.1.619 clade and uses more precise discrete locations at the
country level. The country-level analysis reaches a similar

Gz0z Jlequisldag g Uo Jasn AlISISAIUN SNIUjIA ‘80USI0S [201[04 PUB Suole|ey [euOleuUIaIU| 1O a1nnsu| Aq /6//928// L01BaA/L/] |/3]o1e/aA/wo0 dno-olwapeoe//:sdny wolj papeojumoq



conclusion as the continent-level analysis, with the origin being
estimated in Cameroon (see Figure 3B). The Markov jump analysis
for the country level analysis shows multiple introduction
events into Europe (mainly Germany, but also into France and
Belgium) originating from Africa (see Figure 4). The analysis also
shows multiple Markov jumps between European countries. The
Markov jump plots showing the results for different months
can be seen in Supplementary Figure 9, which shows that,
although most jumps were not from Cameroon, the first detected
jumps were.

We examined if the number of flights between two locations
is correlated with the migration rates between locations using a
GLM extension to the Bayesian phylogeographic analysis (Lemey
et al., 2014). We also analysed the possible effect of distances
between countries and whether two countries share a land border.
The results of the GLM analysis can be seen in Figure 5, the
results of the epoch-GLM analysis can be seen in Supplementary
Figure 10. We find no significant role for passenger volumes
between countries on the migration rates. On the other hand,
there is relatively strong negative support for the role of distance,
and very low positive support for the neighbour effect. In other
words, for pairs of countries that were located far from each
other, we had a lower probability of observing a migration event.
For neighbouring countries (which share a land border), there
might be a (non-significant) higher chance of a migration event
taking place. Given the fact that travel restrictions might have
had a significant effect on flights during our study period, we
also examined the effect of passenger volume on a monthly basis.
We ran an epoch-GLM model—assuming a GLM for each month—
using the corresponding passenger volume matrices. As in the
previous analysis, there was no significant effect of passenger
volumes on migration during any month. In this analysis, neither
distance nor border sharing were significant, with the exception
of April 2021 where distance showed a significant negative effect
(see Supplementary Figure 10).

B.1.619 in Belgium

Since we had access to detailed location information for the
Belgian B.1.619 sequences, we were able to run a continuous
phylogeographic analysis focused on Belgium. The results of this
analysis allow us to estimate local dispersal within Belgium. Most
cases of B.1.619 in Belgium are geographically spread out, with no
apparent large clusters. As can be seen in Figure 6, there appears
to have been an early outbreak of B.1.619 in Charleroi, and another
one to the south of the city of Antwerp. Later, there are some
small local clusters in various locations both in Flanders and in
Wallonia. Note also that most samples were dated towards the
end of our study period. The results of this analysis suggest that
B.1.619 was sporadic in Belgium, not really gaining a foothold or
causing any large outbreaks. The study period (summer of 2021) in
Belgium was a transitional period in terms of lineage dominance,
with the Alpha wave quickly ceding to Delta during the months of
April to July (Cuypers et al., 2022).

For 129 Belgian B.1.619 sequences, we obtained information
concerning the vaccination status of the patient and their loca-
tion within Belgium, their age and gender as well as the health
outcomes after infection. Although these data concerned only
Belgium, they can still shed some light on the effects of B.1.619
on health outcomes. In this dataset, we identified two cases of
post-vaccination infection, one after one dose and another after
two doses of the vaccine. We have vaccination data on 28 patients,
including the vaccination date for 9 individuals. This represents
a vaccination coverage of 21 per cent for our sample. At the
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beginning of July (the end of our study period), the cumulative
percentage of people having received one dose in Belgium was
around 65 per cent, a 20 per cent coverage was achieved in
mid-April, implying a slight under-representation of vaccination
coverage in our sample.

As can be seen in Figure 7, more than half of the patients in
the sample did not have any significant symptoms. The most
common symptom was fatigue, followed by headache and fever.
Few people experienced rhinitis, which is typical for SARS-CoV-2
infections. Regarding the health outcomes in this sample, most
people did not require hospitalisation, and only five required
stays in the intensive care unit (ICU). Note that for nearly all
of the samples in this dataset, we do not know if the patients
were infected pre- or post-vaccination, so it is not possible to
make any conclusions about the percentage of patients experi-
encing symptoms in the vaccinated versus unvaccinated group.
The average age in our sample for people who were hospitalised
is 55, with the youngest hospitalised patient being 17 and the
oldest being 82. Note that one person had no reported symptoms,
but still required hospitalisation, which implies that symptoms
were not reported for this patient. This was also a case of post-
vaccination infection, occurring almost exactly a month after the
first dose.

Discussion
Africa as the probable origin of B.1.619

As can be seen in Figure 3B, the backbone of the B.1.619 clade
is mostly located within Cameroon. Our analysis showed initial
transition events from Africa into various countries, followed later
by more ‘local’ transition events between European nations, as
well as local clusters indicating community transmissions. Based
on available data and our analysis, it seems likely that B.1.619
indeed originated in Africa, and more specifically in Cameroon.

It should be noted, however, that this conclusion, like any
analysis, is based only on the publicly available data. This might
seem an evident conclusion but has important consequences, as
it implies we can not infer an origin that was not included in
our sample set. New sequence data could in theory drastically
alter the conclusions in this paper. For this reason, we do not
exclude the possibility that the true origin of the B.1.619 clade
was in another African country, or maybe another continent
altogether.

Not only a lack of data, but also biased sampling could alter our
results. The number of available sequences at a given location is
not always proportional to the number of cases at that location
(Brito et al., 2022). Specifically in the case of discrete phylogeo-
graphic models such as the one employed in this study, highly
sampled locations tend to skew the results with regards to the
epidemic origin. In this case, despite having only 20 Cameroo-
nian sequences in the analysis, it was still selected as the origin
location for the B.1.619 epidemic. However, not many sequences
were included from other African countries. In our phylogeny, the
Cameroonian sequences are located near the root, without form-
ing a clearly delineated clade. It would be hasty to conclude that
B.1.619 did not manage to initiate community transmissions in
any (other) African countries, or that there were no introductions
into these countries. It should not be assumed that the variant
is contained only to the countries in this analysis. A study by
Salyer et al. (2021) showed that 9 of the 55 African Union (AU)
member nations accounted for more than 80 per cent of reported
cases, illustrating the need for more widespread and consistent
surveillance networks.
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Figure 3. Maximum clade credibility trees of lineage B.1.619 coloured by reconstructed location using the latest available data as of June 2021. (A)
Global phylogeny of SARS-CoV-2 genomes with branches coloured by inferred continent from a Bayesian phylogeographic analysis that makes use of
individual travel histories. An asterisk indicates the root for the B.1.619 clade. Lineage B.1.619 is outlined and a horizontal bar shows the posterior
probability of its common ancestor existing in a given continent. Africa is reconstructed as the most likely location (posterior probability 0.995) where
B.1.619 originated. (B) Phylogeny of lineage B.1.619 with branches coloured by inferred country from a Bayesian phylogeographic analysis that makes
use of travel histories. In this analysis Cameroon and Central African Republic (CAR) are reconstructed as the most likely locations (with posterior
probabilities of 0.81 and 0.17, respectively) of the common ancestor of lineage B.1.619. Larger white dots at nodes indicate nodes with posterior
probability of at least 95 per cent, while smaller grey circles indicate nodes with posterior probability of at least 50 per cent.
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Figure 4. Markov jumps plot showing the number of B.1.619 transition events between countries. Countries of origin are shown in the columns,
destination countries are shown in the rows. We see most jumps from both Cameroon and Belgium into Germany and France. Cameroon also seeds
infections in other countries such as the USA, Switzerland, Rwanda and Belgium (among others).
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Figure 6. Spatially-explicit phylogeographic reconstruction of the dispersal history of the B.1.619 lineage in Belgium. Nodes are coloured from blue (the
time of the most recent common ancestor, tMRCA) to red (most recent sampling time). The dispersal of B.1.619 within Belgium was characterized by

both.

International travel and its effect on SARS-CoV-2
transmission

Our analysis did not show any significant effect of air-travel
volume on the transmission of B.1.619 between countries, even
when accounting for the variability of air traffic in different
months. Other studies have shown that air traffic can have a pos-
itive significant effect on SARS-CoV-2 transmissions. For example
the work by (Lau et al.,, 2020), found a strong linear correlation
between the number of COVID-19 cases and passenger volume
both within China (domestic flights) and on a global level (inter-
national flights) (Lau et al., 2020). Another study, by Sokadjo
and Atchadé (2020) found a similar association. However, it is
possible that both variables are associated with a higher popu-
lation density, and that there is not necessarily a causal effect.
These studies do not take into account the direction of flights
(from one location to another), simply their passenger volume, nor
do they measure the number of estimated introduction events.
Intuitively, it seems that a higher number of flights would increase
the probability of an introduction event. The more flights, the
more separate opportunities that a successful transmission chain
starts. However, the intensity of the epidemic at the potential

donor site must also be considered. Higher case numbers will
also influence the probability of an introduction event happening
into another country, and is a factor often overlooked in cases
where travel bans have been issued in the past (often based on
the detection of only a few cases) (Grubaugh et al., 2019). Further-
more, only a few transition events are often enough to trigger a
chain of local transmissions. Other studies have identified specific
individual introduction events as a consequence of international
air travel by incorporating known travel cases into a phylogenetic
analysis (as was done in our own analysis) (Alteri et al., 2021,
Dudas et al,, 2021). In the case of the 2014 Ebola epidemic, it
is believed that an infected individual travelling internationally
by land, might have been at the root of many new clusters of
infections (Yang et al., 2015). So it is not necessarily always the
sheer number of flights that influences the occurrence of an
epidemic.

Understanding the effect of air travel on the spread of SARS-
CoV-2 is of great importance, considering that a commonly
employed strategy has involved border closures or flight
restrictions. During 2020 and 2021, many countries completely
closed their borders during certain periods and implemented
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Figure 7. Patient data concerning symptoms, vaccination status and health outcomes. We show the symptoms reported for each Belgian patient
infected with B.1.619, coloured according to the number of symptoms (of each patient; each row represents one patient). The three columns on the
right show whether or not patients were hospitalised, and if they received oxygen therapy or spend time in the intensive care unit (ICU). The stars
indicate patients that were vaccinated, with the two red colored stars indicating cases of post-vaccination infection.

new rules and regulations, for example requiring proof of
vaccination or a negative test result upon departure and/or
arrival by air. Increasingly, there have been criticisms concerning
a lack of effectiveness of these measures, and concerning their
economical ramifications. For example, with the emergence of the
Omicron variant, some countries were quick to implement travel
restrictions on various African countries. This included Ghana,
given that the country had reported cases of the variant. However,
the Ghanaian cases had been sampled from international
travellers, prompting protest from the government about the
travel ban. The economic ramifications of such a ban might
dissuade countries from reporting new cases. Studies have found
that, while border closure might have been effective in the
beginning stages of the pandemic, this effectiveness waned once

SARS-CoV-2 established local transmission chains or was limited
(Grubaugh et al., 2019; Shi et al., 2020; Shiraef et al., 2022). Other
studies showed that travel restrictions were simply not sufficient
to prevent introductions from occurring (Hodcroft et al., 2021).
Note that for most pairs of countries in our study, the fre-
quency of flights is relatively low, which is especially noticeable
when contrasted to some other pairs for which the volume of
flights is orders of magnitude higher. One example are flights
between the United States and Canada. Meanwhile, Cameroon
shows consistently low flight numbers throughout our study
period, even though it plays an important role in the spread of
B.1.619. This trend can also be seen in Figure 8, where we can
see that some countries in Africa are responsible for a significant
amount of international and intercontinental air travel compared
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Figure 8. Within-Africa air passenger flux matrix and outward flux
(from African countries) to the rest of the world. Columns of the matrix
represent destination locations within Africa while the plot above the
matrix indicates the continental breakdown of flights leaving that
African country directly, e.g.. the vast majority of passengers flying from
Morocco travel directly to Europe. Rows of the matrix represent origin
locations within Africa. The plot to the right of the matrix indicates, for
every row country, which continents it is likely to connect with
secondarily, e.g. flights departing South Africa mostly land in countries
that later send most of their passengers to African countries, while for
Sudan it is Asia and for Libya it is Europe.

to others. Morocco sees a lot of flights going towards Europe,
while Egypt mostly has outbound flights towards Asia. It is good
to keep in mind that flight data is also an economic metric,
and that the number of flights will often be higher for more
economically developed nations. In the case of B.1.619, the likely
origin is Africa, a region historically less covered by international
air travel.

Genetic surveillance of B.1.619

The role of genetic surveillance in the context of the SARS-
CoV-2 pandemic can not be understated, as it allows for timely
detection of concerning lineages. This is illustrated by the
discovery and subsequent global spread of the B.1.1.529 strain
(also denominated Omicron). From a phylogenetic point of view,
the Omicron variant is characterised by its genetic distance
from other strains circulating at that time. Phylogenetic analyses
indeed show the Omicron clade exhibiting a very long branch
length, and it contains a high number of mutations compared
to other variants (with over 30 in its spike protein alone) (Sun
et al, 2022; Viana et al., 2022). This genetic distance raises
questions about how to further improve genetic surveillance
strategies, how is it possible that no earlier Omicron sequences
were detected? Some researchers hypothesise that it circulated
undetected in an animal reservoir, or that it developed in an
immunocompromised person. The possibility that the develop-
ment of Omicron simply escaped our notice should also not be
fully excluded.
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International cooperation in genetic surveillance

International efforts should be made in order to improve genetic
surveillance systems in developing nations (Brito et al., 2022).
However, political factors can play an important role in deter-
mining the efficiency of such surveillance efforts. For example, in
Tanzania, former president John Pombe Magufuli had expressed
scepticism about the existence of SARS-CoV-2 and declared the
country COVID-free in mid-2020 (Buguzi, 2021). As of this writ-
ing, only 11 SARS-CoV-2 sequences from Tanzania have been
uploaded on GISAID, even though media articles have reported
outbreaks (Rice et al., 2021; Tarimo and Wu, 2020). Missing or
incomplete data constitute an issue when performing phyloge-
netic and phylogeographic analyses, especially in cases where
time (to results) is crucial, such as during an ongoing pandemic.
In the case of B.1.619, new sequences were still being uploaded
to GISAID after our analyses had been completed, many of them
being Canadian, Turkish or Cameroonian in origin. In the case of
many of these (more) recently uploaded sequences, the collec-
tion dates suggest that these samples are being processed a few
months after being collected. The problems associated with data
availability are well known, but are difficult to solve in a global
effort.

While international cooperation and surveillance are of the
utmost importance, analyses within one country can also be
illuminating. In our analysis of Belgian sequences, we observed a
few clusters, but a lot of relatively long distance jumps within the
country. Considering the size of Belgium, the relatively long geo-
graphical distance of these jumps is not very surprising. Observing
these patterns of transmission within a country for a single
lineage or mutation can inform public health officials and allow
them to act quickly, especially if such analyses can be conducted
rapidly (Bollen et al., 2021; Dellicour et al., 2020).

The challenge of record keeping

A challenge that is often posed with regard to genomic surveil-
lance is the completeness and correctness of sequence metadata.
Often, the task of gathering and noting these data falls on medical
personnel in the field, who are not always briefed to understand
the importance of such metadata, and whose resources may
already be fully utilized by the care of their patients. When
trying to summarise the metadata for the Belgian sequences,
we encountered this problem. Often, there was no distinction
between a cell having been left blank because of a lack of informa-
tion (i.e. missing data), or it being left blank to signify the lack of a
symptom. If it is indicated that a patient had a fever and fatigue,
and nothing else is indicated, then the most likely assumption is
that whoever noted these symptoms meant to convey that fever
and fatigue were the only symptoms that the patient had. How-
ever, the problem is that this remains an assumption. Educating
on the importance of clear and precise record-keeping could help
prevent such difficulties. Another measure that could be effective
is the implementation of standardised and easy-to-use tools (for
example a record-keeping software with a user-friendly interface)
which would further improve the quality of data and reduce the
amount of work that needs to be done by medical personnel.
Furthermore, extra personnel, less strict regulation and better
pay could also incentivise and aid healthcare workers in these
efforts.

Mutations of concern

As the immunity of the population increases, so does the selective
pressure on the virus to become more contagious and infectious.
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As such, we expect to see more such mutations in the future.
In the case of B.1.619, the chances of this strain establishing a
large clade seems unlikely, given that this did not happen until
now and the lineage is most likely extinct. However, given the
genetic characteristics of B.1.619, it does not seem a luxury to
maintain a certain level of surveillance for new lineages with sim-
ilar mutations. Especially in areas with lower genetic surveillance
coverage, there is still a need to gather and process genetic data
more quickly.

Materials and methods
Study design

This study was initiated upon detection of SARS-CoV-2 strains in
Switzerland in mid January 2021, bearing spike protein amino
acid substitutions E484K and N440K in the receptor-binding
domain (RBD), as well as mutations 1210T, A879S, D936N, S939F
and T10271. SARS-CoV-2 genomes carrying these mutations form
a well-defined cluster, leading them to be classified as lineage
B.1.619 by Pangolin (Rambaut et al., 2020; O'Toole et al., 2021),
with this novel classification being integrated into GISAID (Shu
and McCauley, 2017) shortly after. We downloaded all available
sequences of this lineage from GISAID on May 10, 2021, and
subsequently reassessed which genomes belonged to this lineage.
Briefly, due to occasional incorrect classification of sequences
by Pangolin, sequences designated as B.1.619 on GISAID were
combined with reference sequence NC_045512 and aligned
using MAFFT (Katoh and Standley, 2013b) using the FFT-NS-
2 setting. Insertions relative to the reference sequence were
stripped and B.1.619 genomes were identified via amino acid
changing mutations 6633 (ORF1a:A2123V), 8084 (ORF1a:E2607K),
11521 (ORF1a:M37521), 22882 (S:N440K), 23012 (S:E484K), 24368
(S:D936N), 24378 (S:S939F), 24642 (S:T10271), 26767 (M:I82T),
28875 (N:S201I), 28887 (N:T205I), and deletion 11,288-11,296
(ORF1a:SGF3675/3677). Genomes that did not contain these
mutations were removed from the data set. We removed one
Belgian genome corresponding to a sample being sequenced twice
(EPI_ISL_1620233 and EPI_ISL_1620229). A GISAID acknowledg-
ment table containing all genome accession numbers is included
in Supplementary Materials.

Associated travel history

As in previous studies [e.g. (Lemey et al., 2020; Dudas et al., 2021)],
we incorporated travel history into the Bayesian phylogeographic
analyses. Not all countries have equal access to wide-scale
genomic sequencing. In such cases, a lack of sampling can lead
to an outbreak going undetected until it escapes its location
of origin, with little to no data being available about the
initial outbreak. Inclusion of individual travel histories allows
for more realistic hypotheses of virus spread and a higher
posterior predictive accuracy compared to including only sam-
pling location (as in standard discrete phylogeography) (Lemey
et al., 2020).

For B.1.619, we were able to obtain individual travel histories
for seven infected travellers: 5 traveling out of Cameroon, 1 out of
Rwanda and 1 out of South Korea. We obtained this information
in part from the available metadata listed in GISAID, but mostly
through an international network of collaborators. Since B.1.619
was first sampled in Switzerland, in travellers returning form
Cameroon, Cameroon was suspected to be the location of origin
for this lineage. Note that a closely related lineage (B.1.620) was
also traced back to Cameroon (Dudas et al., 2021). As such, it was
especially interesting to take into account travel history for this

particular lineage. Table 1 shows the available travel information
used in this study.

Due to privacy reasons, we were not able to obtain information
concerning the precise dates of travel for the patients associ-
ated with these samples. Instead, as in Lemey et al. (2020) and
Dudas et al. (2021), we treated the time of travel as a random
variable and inferred the time of travel from the data (see the
next section for the list of prior distributions used on all inferred
parameters).

Phylogenetic and phylogeographic analysis

First, given the presumed origin of the B.1.619 lineage, we
combined the available B.1.619 genomes with all genomes from
an Africa-focused Nextstrain build available on June 25th 2021
(Hadfield et al., 2018). On this data set, we performed a maximum-
likelihood (ML) phylogenetic analysis using IQ-TREE v2 (Minh
et al.,, 2020) under a GTR+F+R5 model, as determined by IQ-
TREE’s automated model selection procedure. In the resulting
phylogeny, all B.1.619 sequences, with the exception of one,
were contained in one monophyletic clade. The one outlier
sequence was an Ecuadorean sequence which instead closely
clustered with other Ecuadorean genomes that were part of
the collection of background genomes (from the Africa-focused
Nextstrain build). This sequence has since been re-classified
as belonging to the B.1 lineage. We selected a large subtree
which contained the B.1.619 clade (see Figure 3), resulting in
a data set of 1266 sequences in total, including 548 sequences
not belonging to B.1.619. Including these non-B.1.619 sequences
serves to provide context for the outbreak of B.1.619 within the
larger global outbreak of SARS-CoV-2, and hence to aid with
properly calibrating the phylogeny in time. To this end, we also
decided to include an early sequence from Wuhan, China, (GISAID
ID: EPI_ISL_406798) from December 2019. Finally, we re-aligned
the full data set of 1266 sequences using MAFFT (Katoh and
Standley, 2013a).

Second, we used this full data set to perform a discrete Bayesian
phylogeographic analysis on the continent level using BEAST
v1.10.5 (Suchard et al., 2018) with BEAGLE v3.2 (Ayres et al., 2019).
We provided a starting tree for this analysis by first estimating a
time-calibrated ML phylogeny using IQ-TREE v2 (using the same
GTR+F+R5 model) and TreeTime v0.8.1 (without removing any
outliers). In this step, we estimated the geographic spread of
SARS-CoV-2 between continents: Asia (n=163), Africa (n=340),
Europe (n=610), South America (n=15), North America (n=128)
and Oceania (n=10), taking into account travel history data
between these continents using a recently developed method-
ology (Lemey et al., 2020).

In a third step, we focused exclusively on the B.1.619 sequences
within our data set. We again performed a discrete phylogeo-
graphic analysis using BEAST v1.10.5 (Suchard et al., 2018) with
BEAGLE v3.2 (Ayres et al., 2019), but this time on the country level,
using only the clade containing all 717 B.1.619 sequences (see
Figure 3). In total, our data set contained B.1.619 genomes for 22
locations within this clade: Belgium (n=107), Cameroon (n=20),
Canada (n=71), Croatia (n=1), Ecuador (n=1), France (n=111),
Gabon (n=1), Germany (h=161), Ireland (n=2), Japan (n=1),
Luxembourg (n=30), Poland (n=2), Russia (n=1), Rwanda (n=1),
Slovakia (n=1), South Korea (n=87), Sweden (n=1), Switzerland
(n=74), Turkey (n=23), United Kingdom (n=5), and USA (n=17).
In order to restrain the number of locations in the analysis (for
computational reasons and to avoid statistical mixing issues),
we removed locations with less than five sequences, with
three exceptions. First, we included African countries with less
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than five sequences (Gabon and Rwanda), since Africa is the
suspected origin of this strain, and we wish to avoid removing any
information surrounding the hypothesised start of the epidemic.
Another exception was made for the Japanese sequence, since
this sequence had an associated travel history out of South
Korea, we found it of interest to include it. Finally, one Belgian
sequence had an associated travel history out of South Africa, so
this country was also added as a possible location to the discrete
phylogeographic analysis. This resulted in a total of 14 countries
being considered in our analysis, for a total data set size of 704
sequences.

For this country-level phylogeographic analysis, we parame-
terised the migration rates between countries as a log-linear func-
tion of a set of predictors, using a generalised linear model (GLM;
Lemey et al. (2014)). We selected three predictor variables: (i) an air
passenger flux matrix between all pairs of countries, containing
total air passenger flow between these countries, from the start of
October 2020 until the end of June 2021, obtained from the Inter-
national Air Transport Association (IATA)(intelligence platform,
xxxx); (i) a distance matrix (containing the great circle distance
between the centroids for each pair of countries); and (iii) a matrix
that indicates whether a pair of countries share a border or not
(Dudas et al., 2017). For the air passenger flux matrix, we consid-
ered both direct and indirect flights between pairs of countries.
Given the implementation of travel restrictions by many countries
at various points during the pandemic, we expected stark month-
to-month variation in the number of flights between some pairs
of countries. We can see this in Figure 8 and Supplementary
Figure 11, where in some months the number of flights between
certain pairs of countries decreases drastically. For example, the
number of flights from France to the USA roughly halved in
November 2021 compared to the month before. For this reason,
we also included an analysis using an epoch model (Bielejec et al.,
2014) where a different GLM is used for every month between
October 2020 and June 2021, taking into account the air passenger
flux between countries on a monthly basis during that specific
time interval. For each of these phylogeographic analyses, we
estimated the expected number of transitions between continents
[known as Markov jumps; Minin and Suchard (2008a); Minin and
Suchard (2008b)].

As the sampling date was unknown for a number of sequences,
we included a prior on the tip dates based on their uncertainty, for
all analyses performed. If only the year of sampling was known,
we assumed a uniform prior between the first of January of that
year and the date the sequence was uploaded. If only the month
was known, we assumed a uniform prior between the first and
last day of the month. The prior distributions in the analyses
were the following: a gamma (shape = 0.001; scale = 1000) prior
on the skygrid precision parameter, Dirichlet(1.0, K) priors on all
sets of frequencies (with K the number of categories), gamma
prior distributions (shape = rate = 1.0) on the unnormalised tran-
sition rates between locations (Lemey et al., 2009), a Poisson prior
(country level: A=14; continent level: A=5) on the sum of non-
zero transition rates between locations, and a CTMC reference
prior on the mean evolutionary rate and as well as on the overall
(constant) diffusion rate (Ferreira and Suchard, 2008). For the
country-level analysis we used the estimated node height for the
B.1.619 clade obtained during the continent-level analysis in order
to define a normal prior on the root height (mean = 0.6, standard
deviation = 0.13). For the travel times of infected passengers, we
assumed a uniform interval with a mean length of 10 days before
sampling time, with a standard deviation of 3 days. This is based
on an estimated incubation time of 5 days, and another estimated
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Table 1. Individual travel histories collected for the core
genomic data set analysed in this study, sorted by the samples’
collection dates. Importantly, most of the documented travel
cases from Cameroon to several European countries were
retrieved by contacting the labs that submitted the genomes to
GISAID.

GISAID Sampling Sampling Travel
accession ID location date location
934981 Switzerland 2021-01-16 Cameroon
1302853 Switzerland 2021-02-09 Cameroon
1212838 Germany 2021-02-15 Cameroon
2361092 South Korea 2021-02-18 Cameroon
1312169 Belgium 2021-02-21 South Africa
1282092 Germany 2021-03-02 Cameroon
1568404 Germany 2021-03-30 Rwanda
2131789 Japan 2021-05-01 South Korea
2179659 Belgium 2021-05-15 France

period of 5 days between symptom onset and testing (Lauer et al.,
2020a; Lauer et al., 2020b).

Finally, we performed a continuous phylogeographic analysis
using solely Belgian sequences. Following a previously developed
workflow (Dellicour et al., 2020; Bollen et al., 2021), we first
parsed the maximum clade credibility (MCC) tree obtained in
the previous step as a way to identify introduction events into
Belgium. We selected any clade within this larger MCC tree con-
sisting of at least three genomic sequences with Belgian origin.
For every Belgian sequence in our sample (n=107), we knew the
location on a municipality level and we assigned a random point
within the municipality as the geographic coordinates for each
sequence (Dellicour et al., 2020). Given the average size of Belgian
municipalities is 53km?, this still provided fine-grained data. For
every clade of atleast three Belgian sequences, we then performed
a spatially-explicit phylogeographic analysis using a relaxed ran-
dom walk (RRW) diffusion model in BEAST v1.10.5 (Lemey et al.,
2010). We used a Cauchy distribution to model the among-branch
heterogeneity in diffusion velocity. We collected a sample of 1000
posterior trees as input for the R package ‘seraphim’ (Dellicour
et al., 2016) to extract the spatiotemporal information from these
trees.
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