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The first major COVID-19 outbreak in Germany occurred in Heinsberg in February 2020 with 388 offi-
cially reported cases. Unexpectedly, the first outbreak happened in a small town with little to no travel-
ers. We used phylogenetic analyses to investigate the origin and spread of the virus in this outbreak. We
sequenced 90 (23%) SARS-CoV-2 genomes from the 388 reported cases including the samples from the
first documented cases. Phylogenetic analyses of these sequences revealed mainly two circulating strains
with 74 samples assigned to lineage B.3 and 6 samples assigned to lineage B.1. Lineage B.3 was intro-
duced first and probably caused the initial spread. Using phylogenetic analysis tools, we were able to
identify closely related strains in France and hypothesized the possible introduction from France.
� 2022 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-
technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In December 2019 China reported several fatal pneumonia
cases. Shortly afterward, Zhou et. al. identified the cause of those
deaths: a novel coronavirus, which was closely related to SARS-
CoV and was later named SARS-CoV-2 [1]. Since then, the virus
has spread through all continents, and the World Health Organiza-
tion (WHO) has declared a pandemic. While in most contries the
first SARS-CoV-2 outbreaks occurred in major cities including
Milan [2], Manchester [3] or Chicago [4] or high-density traffic
hubs [5–7], the first outbreak in Germany happened in Heinsberg,
a small relatively unknown town with little to no tourism [8]. After
a carnival session where super-spreading occurred, it was reported
that about 3.1% of the local population was PCR-positive [8]. How-
ever, until today it is uncertain how the virus was introduced in the
first place to this town and how it was able to spread from
thereafter.

The virus strains circulating today evolved from the original
Wuhan strain by accumulating different types of mutations. In
general, RNA viruses have very high mutation rates, which can
be up to a million times higher compared to their hosts, which
may correlate with enhanced virulence and other traits considered
beneficial for virus replication [9]. Sequencing data suggest that
coronaviruses change slower than most other RNA viruses. This
is likely due to a proofreading enzyme that corrects copying mis-
takes [10]. At the root of the phylogeny of SARS-CoV-2 are two lin-
eages that were denoted as lineages A and B. The earliest lineage A
virus (GISAID EPI_ISL_406801) was sampled on January 5, 2020.
There are two nucleotide positions, which help us to distinguish
between these two lineages. While the early lineage A shares those
two nucleotides with the closest known bat virus, lineage B viruses
have different nucleotides on these sites. An early representative of
B lineage is Wuhan-Hu-1 (GenBank accession MN908947) sampled
on December 26, 2019 [11]. Rambaut et. al. identified six lineages
derived from lineage A (denoted A.1-A.6) and two descendant sub-
lineages of A.1 (A.1.1 and A.3). They also described 16 lineages,
which were directly derived from lineage B. Lineage B.1 is the pre-
dominant lineage globally and it has been divided into more than
70 sub-lineages. Creating common and generally agreed upon
nomenclature of viruses circulating in different places will help
to provide links between outbreaks that share similar viral
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genomes. For this purpose, an algorithm named Phylogenetic
Assignment of Named Global Outbreak LINeages (pangolin) was
implemented [11]. To date, millions of genomes of SARS-CoV-2
have been sequenced worldwide providing us with a detailed pic-
ture of the molecular evolution of the virus.

In this study, we used phylogenetic analysis on samples col-
lected from the first outbreak in Germany to retrospectively inves-
tigate the route of introduction and onward transmission of SARS-
CoV-2. Our data demonstrate that there were two circulating lin-
eages, B.3 and B.1, introduced at different time points, with lineage
B.3 being introduced first. Using phylogenetic analysis, we observe
that the majority of our samples could be assigned to one part of
the European SARS-CoV-2 phylogenetic tree. This branch of the
tree contains samples dating earlier, and of those the majority
were from France. This data suggests France as possible source of
this outbreak and also illustrating how phylogenetic analysis can
retrospectively add insights regarding the spread of the virus.
2. Materials and methods

2.1. Sample collection

Throat swabs were taken by family doctors in their office from
individuals showing signs of SARS-CoV-2 infection. The swabs
were stored in Viral Transport Media (VTM) and sent to diagnostic
laboratories for SARS-CoV-2 analyses by RT-qPCR. In total, we
sequenced 90 selected samples from individuals diagnosed for
SARS-CoV-2 infection during the first major outbreak in Germany
in February and March 2020. Samples were provided by the clinical
laboratory MVZ Labor Mönchengladbach and Institute of Virology,
University Hospital Bonn. From both laboratories we obtained the
original swab in VTM. RNA was isolated using QIAamp Viral RNA
Mini Kit (Qiagen) according to the manufacturer’s protocol.
Extracted RNA was then stored at �80 �C until further
experiments.

2.2. Whole genome sequencing

Viral RNA was used to prepare cDNA, which was target-
enriched using QIAseq SARS-CoV-2 Panel (Qiagen). Libraries were
prepared using FX DNA Library Preparation Kit (Qiagen) according
to the manufacturer’s protocol. Briefly, cDNA was fragmented,
adapters were ligated, and samples were purified and quantified.
Quality control of all samples was assessed using the TapeStation
4200 (Agilent) and then the samples were sequenced using the
Illumina MiSeq Next Generation Sequencing (NGS) platform.

2.3. Genome assembly

Raw sequencing data were trimmed using cutadapt v3.2 [12].
The resulting reads were aligned to the SARS-CoV-2 reference gen-
ome (GenBank ID: MN908947.3) using minimap2 v2.17 [13]. The
depth of the coverage was assessed using samtools depth v1.12
[14]. Primer sequences (ARTIC protocol) were soft-clipped from
the alignment using the trim function in iVar v1.3 [15]. Consensus
genome assemblies were built using samtools mpileup and the
consensus function in iVar with default settings. Finally, QUAST
v5.0.2 [16] was applied to evaluate the quality of the consensus
genome assemblies. Coverage and consensus genome quality were
confirmed by FastQC v0.11.9 [17] and MultiQC v1.10.1 [18].

2.4. Data quality and availability

The quality of the SARS-CoV-2 reference-based genome assem-
blies was checked by assessing the fraction of the covered genome,
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number of misassembles, number of mismatches, and indels per
100 kbp. A total of 89 of 90 samples showed a genome coverage
of >90% (97.7% Mean; ±4.0% SD; 90.0% IQR) with the median depth
of coverage 2950.25-fold. The data produced in this study were
deposited in the GISAID portal with the submission date of Febru-
ary 12, 2021, and the location Heinsberg.

2.5. Phylogenetic analysis

Multiple sequence alignment (MSA) was performed using
MAFFT v7.475 [19]. To ensure high-quality, known sequencing
errors were masked using a custom python script [20]. Before
the downstream analyses, sequences were kept if they were longer
than 28.000 bp and had less than 0.05% missing bases. Columns
that contained more than 50% gaps were also removed. After strin-
gent quality control, the maximum likelihood (ML) based phyloge-
netic tree reconstruction was performed using FastTree v2.1.10
[21]. Pangolin v2.4.2 [11] was applied to determine the most likely
SARS-CoV-2 lineage. The phylogenetic tree was visualized using
FigTree v1.4.4 [22] and annotated with Pango lineage. In addition,
we performed a Nextstrain [23] phylogenetic analysis [24] and lin-
eage annotation for integrative analysis purposes. For that, we
extracted SARS-CoV-2 sequence data and metadata from European
samples from the GISAID database [25] from December 5, 2019 to
April 4, 2020. Using default parameters for subsampling and anal-
ysis, we ran the Nextstrain workflow by setting the geographic
areas to Europe, Germany, and North-Rhine Westphalia (NRW).
respectively. The resulting JSON files were visualized using the
web-based application Auspice [23].

2.6. Variant calling, annotation and clustering

Variant calling was performed using the BAM file created in the
aforementioned consensus genome assembly step using ivar. Min-
imum alignment quality and depth were set to 20 and 10 for an
alternative allele to be called. Gene-based annotation of the vari-
ants to identify any consequence on the protein-coding level was
assessed by Annovar [26]. SNP-based identity-by-state (IBS) clus-
tering was performed using a hierarchical clustering approach
from the R-package SNPRelate [27].

2.7. Ethics approval

The study was approved by the Ethics Committee of the Medical
Faculty of the University of Bonn (approval number 085/20) and
has been registered at the German Clinical Trials Register
(https://www.drks.de, identification number DRKS00021306,
study arm 1).
3. Results and discussion

We sequenced the viral genomes of 90 (23%) of the 388 SARS-
CoV-2 cases that were reported in the Heinsberg district in Febru-
ary and March 2020. After quality control, we retained 89 samples
for phylogenetic analysis. Phylogenetic tree annotated by Pangolin
annotation system revealed that the samples clustered into groups
1 and 2 (Fig. 1A). The majority of samples belonging to group 1
were assigned to pangolin lineage B.3 (74 samples), whereas, in
group 2, the majority of samples were assigned to lineage B.1 (6
samples). Samples belonging to lineage B.3 were collected early
in the outbreak (before March 13, 2020, Fig. 1B), indicating that
this lineage caused the initial outbreak. Lineage B.1 was introduced
at a later time point (after March 13, 2020, Fig. 1B). Interestingly, as
the pandemic was progressing, B.1 lineage became the predomi-
nant strain worldwide [28]. Similar observation came from the first
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Fig. 1. Clustering and phylogenetic tree reconstruction. A) Phylogenetic tree of the study samples generated using FastTree, branches were colored by Pangolin lineage
assignment. B) Same as A) but branches were colored by swab collection date.
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andmost affected region in Italy, where 344 out of 346 SARS-CoV-2
genomes where interspersed within B-sub lineages. Lineage B.1
was identified here in the second half of February 2020. Later it
was identified in the Netherlands, the UK, and Central Europe, sup-
porting our data [29].

To further investigate the origin of the virus on the state and
national level, we performed a phylogenetic analysis using Next-
strain. We incorporated SARS-CoV-2 samples from North-Rhine-
Westphalia (NRW; state where the outbreak took place) and in
other regions in Germany that were uploaded to GISAID and col-
lected between December 5, 2019 to April 4, 2020. Subsampling
was performed based on samples collected from NRW and Ger-
many (Fig. 2A and B). Our analysis confirmed that lineage B.3
was indeed the most prevalent strain in the beginning of the out-
break in the region. The analysis also revealed that B.3 and B.1
were competing strains around that time point. Thus, we hypoth-
esize that the outbreak was not caused by an introduction of a sin-
gle virus strain, but rather a series of at least two individual events
which introduced different viral strains into this region and this
fueled the spreading of the virus. Outbreaks involving multiple
Fig. 2. Phylogenetic tree reconstruction using Nextstrain and the GISAID database- NRW
schema based on state NRW level from December 2020 to March 2021. B) Nextstrain-ba
from December 2020 to March 2021.
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variants have been observed before. SARS-CoV-2 genomic diversity
study from Brazil showed that lineage B.1 was the most prevalent
one at the time point when it started to gain significance also in
Europe. They also concluded, that a local transmission can be
caused by multiple strains [30]. Another outbreak at a university
in the USA from March 2021 – May 2021 was caused by multiple
strains simultaneously, which was confirmed by the positive travel
history of the infected individuals [31]. Another outbreak with
multiple variants was linked to a single flight from New Delhi to
Hong Kong in April 2021, in which 59 people were infected and
the sequencing analyses revealed at least 3 sub-lineages [32]. Sim-
ilarly to these, we identified two dominant lineages and we assume
that their introduction did not occur simultaneously but rather dis-
tinctly in a timely manner.

We next used the same approach as above to identify the clos-
est ancestor of the strain, which caused the outbreak. Performing a
phylogenetic analysis, we used SARS-CoV-2 samples from Europe
that were collected between December 5, 2019 to April 4, 2020.
We observed that the B.3 samples cluster in one branch of the
European SARS-CoV-2 phylogenetic tree. Additionally, the parent
and Germany. A) Nextstrain-based phylogenetic tree analysis using a subsampling
sed phylogenetic tree analysis using a subsampling schema based on national level



Fig. 3. Phylogenetic tree reconstruction using Nextstrain and the GISAID database. A) Nextstrain-based phylogenetic tree analysis using a subsampling schema based on
European country level from January to March 2020. The node colors indicate the exposed countries and each dot represents a genome from the GISAID database. B) Zoom
into our cohort revealed that the internal nodes prior to the cohort was assigned to France. The red circles indicate the representative genomes from our cohort and a closely
related strain from France. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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branch is assigned to France. The European level analysis revealed
a closely related strain located in France (Fig. 3). Taking into con-
sideration that the first reported cases of SARS-CoV-2 in France
were in the east of the country, a region neighbor to Germany
[33], it is possible that the virus was introduced from there. How-
ever, the lack of information on the travel history and the subsam-
pling approach applied in the Nextstrain workflow limits the
analysis. Moreover, the majority of the early samples before mid-
February 2020 were collected in France. This may bias the phyloge-
netic analysis on the European level, but it is consistent with the
sample collection dates.

Lastly, we characterized and assessed the genetic differences
between the two lineages which were associated with the out-
break. We were able to identify a prominent missense mutation
in the spike protein D614G in the B.1 lineage. Overall, 10% of the
SARS-CoV-2 isolates carried exclusively this mutation in the spike
protein which differentiates B.1 from B.3. A SARS-CoV-2 variant
carrying the spike protein amino acid change D614G has later
become the most prevalent form in Europe and it was identified
in early March 2020 [34]. Although we observed that the B.3 lin-
eage has a higher representation in our cohort, B.1 lineage could
be the predominant one which spread from this area to the rest
of the country. As described by Korber et al., and also seen from
our data, at that time point (March 2020) the B.1 lineage carrying
D614G mutation was rare globally but gaining prominence in Eur-
ope. A similar observation was made in Basel, Switzerland where
they also experienced a massive-spreading event with dominating
B.1 lineage [35].

A recent study has shown that the first major outbreak in Ger-
many, which we are describing in this study, started shortly after
carnival festivities [36]. A study from Netherlands compared the
number of new COVID-19 cases in regions that celebrate carnival
and those which do not. They found that the number of new
SARS-CoV-2 infections exceeded those in the non-carnival region
about 1 week after the first case was reported [37].
4. Conclusion

In summary, we identified the B.3 lineage probably causing the
first major outbreak in Germany, with the B.1 lineage probably
being introduced at a later time point. We identified a closely
related strain of the circulating B.3 lineage, as a strain located to
France. The strain introduced at a later time point (B.1) in the
2295
course of the outbreak has become the dominant one in Germany,
but also in the rest of Europe. The virus may adjust to infection and
replication in humans, therefore the constant monitoring of all
SARS-CoV-2 lineages, strains, and variants that are present in the
population worldwide is very important to quickly and efficiently
determine the ongoing virus evolution. This study demonstrates
the power of sequence analysis of SARS-CoV-2 to reconstruct viral
spread.
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