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Abstract: Background: International travel is a major driver of the introduction and spread of SARS-
CoV-2. Aim: To investigate SARS-CoV-2 genetic diversity in the region of a major transport hub in
Germany, we characterized the viral sequence diversity of the SARS-CoV-2 variants circulating in
Frankfurt am Main, the city with the largest airport in Germany, from the end of October to the end
of December 2020. Methods: In total, we recovered 136 SARS-CoV-2 genomes from nasopharyngeal
swab samples. We isolated 104 isolates that were grown in cell culture and RNA from the recovered
viruses and subjected them to full-genome sequence analysis. In addition, 32 nasopharyngeal swab
samples were directly sequenced. Results and conclusion: We found 28 different lineages of SARS-
CoV-2 circulating during the study period, including the variant of concern B.1.1.7 (A69/70, N501Y).
Six of the lineages had not previously been observed in Germany. We detected the spike protein (S)
deletion A69/A70 in 15% of all sequences, a four base pair (bp) deletion (in 2.9% of sequences) and a
single bp deletion (in 0.7% of sequences) in ORF3a, leading to ORF3a truncations. In four sequences
(2.9%), an amino acid deletion at position 210 in S was identified. In a single sample (0.7%), both
a 9 bp deletion in ORFlab and a 7 bp deletion in ORF7a were identified. One sequence in lineage
B.1.1.70 had an N501Y substitution while lacking the A69/70 in S. The high diversity of sequences
observed over two months in Frankfurt am Main highlights the persisting need for continuous
SARS-CoV-2 surveillance using full-genome sequencing, particularly in cities with international
airport connections.

Keywords: SARS-CoV-2; genetic diversity; molecular surveillance; B.1.1.7; natural selection; spike
mutation; N501Y
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent
of Coronavirus disease 2019 (COVID-19), was initially detected in the city of Wuhan, China,
in December 2019. Since its introduction in the human population, the virus has diversified
into a number of genetic lineages, characterized by specific amino acid substitutions. A
number of substitutions have been linked to functional changes. In particular, the D614G
substitution in the Spike (S) protein, which arose early in the pandemic, is associated
with higher transmissibility [1]. Viruses with D614G substitution are now the dominant
circulating lineages. A number of substitutions in S have been associated with immune
escape (e.g., E484K, K417N) [2], or increased binding to the ACE-2 receptor (e.g., N501Y) [3].
Recently, three variants have emerged (“variants of concern”), which are associated with
higher transmissibility and /or mutations allowing the escape from pre-existing immunity.
These variants are referred to as B.1.1.7, B.1.351, and P.1, and were first observed in the
United Kingdom, South Africa, and Brazil, respectively. Lineage B.1.1.7 has seventeen
lineage-defining mutations including a deletion at positions 69/70 (A69/70) and 144, and
substitutions N501Y and P681H in S. The N501Y substitution in S, either alone or in
combination with other mutations, was suggested to have an increased binding affinity
to the human receptor ACE2, and B.1.1.7 was predicted to be more transmissible [4].
This prediction was mainly supported by epidemiological studies [5,6]. Furthermore,
A69/70 has been associated with increased infectivity in cell culture [7]. In addition,
B.1.1.7 was approximately 2-fold less sensitive to neutralization by sera from convalescent
individuals and recipients of two different vaccines—mRNA-1273 (Moderna) and the
protein nanoparticle NVX-CoV2373 (Novavax) vaccines [8]. The neutralization of B.1.1.7 S
corresponding pseudoviruses was not affected by BNT162b2 (BioNTech/Pfizer) vaccine-
elicited human sera [9], but studies using cDNA-based SARS-CoV-2 clones with spike
A69/70, E484K and N501Y revealed moderately diminished protection [10]. These early
studies show that variants of concern such as B.1.1.7 might have increased infectivity, evade
natural and vaccine induced immunity, and thus require continuous observation.

International travel has been highlighted as a major driver for the introduction of
SARS-CoV-2 variants into areas without previous circulation [11]. Frankfurt am Main,
situated in the state of Hesse, is the fifth-largest city in Germany, with a population of
approximately 763,000. Due to its connection to Frankfurt Airport, the 14th largest airport
in the world, serving more than 70 million passengers in 2019 (Luftverkehrsstatistik 2019,
Fraport AG), Frankfurt represents a central hub for international passenger traffic. Thus, in
this study we retrospectively sequenced 136 samples collected in Frankfurt am Main from
October to December 2020, allowing us to describe the circulating diversity of SARS-CoV-2
lineages in the city and the introduction of variants of concern early in the second wave of
infections in Germany.

2. Materials and Methods
2.1. Sample Preparation and RT-qPCR-Testing

All SARS-CoV-2 isolates were obtained from nasopharyngeal swabs of patients with
suspected SARS-CoV-2 infection screened by the Public Health Department of the City of
Frankfurt am Main, Germany. Swab material was suspended in 1.5 mL PBS and split for
RT-gqPCR-testing and viral outgrowth assay. For RT-qPCR analysis, 500 pL of the swab
dilution was mixed with lysis buffer (1:1 ratio) and subjected to RT-qPCR-analysis using the
SARS-CoV-2 Test on the cobas 6800 system (Roche Diagnostics International AG, Rotkreuz,
Switzerland) according to the manufacturer’s protocol. Master mix was supplemented
with an internal RNA control and primer-probe sets targeting SARS-CoV-2 ORFlab and
E-gene as described by the manufacturer.

2.2. Cell Culture and Viral Outgrowth Assay

Caco-2 (human colon carcinoma) cells were cultured in Minimum Essential Medium
(MEM) supplemented with 10% fetal calf serum (FCS), 100 IU/mL of penicillin, and
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100 g/mL of streptomycin. All culture reagents were purchased from Sigma (St. Louis, MO,
USA). The Caco-2 cells were originally obtained from DSMZ (Braunschweig, Germany,
no: ACC 169), differentiated by serial passaging, and selected for high permissiveness
to virus infection. SARS-CoV-2 was propagated in Caco-2 cells in MEM supplemented
with 1% FCS, 100 IU/mL of penicillin, 100 g/mL of streptomycin, 2% glutamine, 3%
amphotericin B, and 0.2% primocin (InvivoGen, San Diego, CA, USA). Inoculated cells
were maintained at 37 °C, under 5% CO; until complete cytopathic effect (CPE) formation.
All cell culture work involving infectious SARS-CoV-2 was performed under biosafety
level 3 (BSL-3) conditions. Sample inactivation for further processing was performed with
methods previously evaluated [12].

2.3. RNA Isolation and Confirmatory RT-gPCR

Passage 0 (PO) cell culture supernatants from samples positive in the viral outgrowth
assay were subjected to RNA isolation using the QlAamp 96 Virus QIAcube HT Kit on the
QIAcube HT system (Qiagen, Hilden, Germany). Prior to full-genome sequencing, RNA
was subjected to multiple RT-qPCR using RARP_SARSr-F2 (5'-GTGARATGGTCATGTGTG
GCGG-3'), RARP_SARSr-R1 (5-CARATGTTAAASACACTATTAGCATA-3'), RARP_SARSr-
P2 (5'-6-Fam-CAGGTGGAACCTCATCAGGAGATGC-BHQ1-3') [13]. RN AseP (RPP30)
was used in multiplex to monitor the input of human nucleic acids (RPP30-F: 5'-AGATTTGG
ACCTGCGAGCG-3'; RPP30-R: 5'- GAGCGGCTGTCTCCACAAGT-3'; RPP30-P: 5'- Cy5-
TTCTGACCTGAAGGCTCTGCGCG-BHQ3-3') [14].

2.4. NGS Sequencing of SARS-CoV-2 Genomes

NGS sequencing was performed as described previously [15]. For samples with a high
viral load as determined by quantitative real-time PCR a library was prepared using up
to 100 ng RNA with the KAPA RNA Hyper Prep kit (Roche Molecular Diagnostics, Basel,
Switzerland) according to manufacturer’s instructions. DNA libraries were measured
by Qubit dsDNA HS Assay kit (Thermo Fisher Scientific, Karlsruhe, Germany), pooled
at equimolar ratios and sequenced using the Illumina MiSeq and NextSeq platforms
(lumina, San Diego, California, U.S.). For samples with a lower viral load we used a PCR
amplicon-based sequencing approach. We used random hexamers and the SuperScript I1I
Reverse Transcriptase kit (Invitrogen, Karlsruhe, Germany) according to manufacturer’s
instructions and amplified by using the primer sets (V1) published by the Artic Network
(https:/ /github.com/artic-network /artic-ncov2019, access date 01/2021). A 25 uL. PCR
master mix was set up by using the Q5 High-Fidelity DNA Polymerase kit (New England
Biolabs, Ipswich, USA) with 5 uL 5 x Q5 Reaction Buffer, 13.15 uL RNase-free water, 0.5 uL
10 mM dNTPs, 3.6 uL of either 10 uM primer pool 1 or 2, 2.5 uL cDNA and 0.25 puL Q5
High-Fidelity DNA Polymerase. PCR was carried out by using a thermocycling protocol
with initial denaturation at 98 °C for 30 sec, followed by 35 cycles of 98 °C for 15 s, 65 °C
for 5 min, followed by a final 2-min extension step at 72 °C. PCR products were pooled
and purified using KAPA Pure Beads (Roche Molecular Diagnostics, Basel, Switzerland)
according to manufacturer’s instructions.

For DNA library preparation of purified PCR amplicons, we used up to 5 ng DNA for
the KAPA Frag Kit and the KAPA Hyper Prep Kit (Roche Molecular Diagnostics, Basel,
Switzerland) according to manufacturer’s instructions. Sequencing was performed using
the Illumina NextSeq platform (Illumina, San Diego, CA, USA).

2.5. Bioinformatics

Reads were trimmed using AdapterRemoval (version 2.3.0) and aligned to the Wuhan-
Hu-1 (GenBank Accession no MN908947.2) reference sequence using bowtie2 (version
2.4.1). The consensus was called using bcftools (version 1.9), requiring a coverage of at
least three reads per position. Lineages were assigned using Pangolin (https://github.
com/hCoV-2019/pangolin, version 2.2.2, access date 02/2021). The tree in Figure 1 was
inferred from an alignment generated in MAFFT (version 7.471), using IQTree (version
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2.0.3) with a GTR substitution models and 1000 ultrafast bootstrap replicates. All sequences
are available on GISAID (www.gisaid.org, access date 03/2021), under accession numbers
EPI_ISL._1138599- EPI_ISL_1138734.
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Figure 1. Phylogenetic tree of SARS-CoV-2 sequences: Maximum likelihood tree showing the
phylogenetic relationship among the sequences generated in this study. Tips are colored by infection
route. Nodes with bootstrap support less than 20 are collapsed or marked with an asterisk if
bootstrap support is above 70. The tree was inferred with IQTree using a GTR substitution model and
1000 ultrafast bootstrap replicates, and is rooted with the Wuhan-Hu-1 sequence (GenBank accession
no MN908947.2).

3. Results

Between the end of October and the end of December 2020 (weeks 44-53), 323 positive
samples from patients with SARS-CoV-2 infections were acquired by the Public Health
Department of the City of Frankfurt am Main and subjected to viral cultivation assays. We
found that 110 samples were positive in the viral outgrowth assay (CPE) (Table S1). Cell
culture supernatants from passage 0 virus were processed for RNA sequencing while 104
yielded genome coverage > 95%. In addition, 52 samples were collected and provided by
the Central Emergency Department at the University Hospital Frankfurt. Of these samples,
30 yielded genome coverage > 95%.

Nasopharyngeal swabs were taken from patients that are routinely tested using
point of care PCR cartridge testing systems (GeneXpert®, Cepheid Inc., Sunnyvale, CA,
USA) prior to inpatient admission. Two cases were associated with travel returnees from
the United Kingdom. The latter samples were taken in culture, but the original swab
material was subjected to sequencing. In total, we recovered 136 genomes with at least
95% genome coverage. The generated sequences represent 93% of the sequences from
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Hesse currently (15/2/2021) in GISAID from the period from 26 October to 29 December
2020. A phylogenetic tree showing the 136 high-coverage sequences generated in this
study is shown in Figure 1. Seventy-three cases were not traceable, and the others could be
assigned to a hospital (22), apartment/ family (16), emergency ward (8), refugee shelter
(7), household (2), addiction care (2), travel returnee from the UK (2), shared flat (1)
homeless shelter (1), exposure at work (1), and a home-care service (1), prior to or during
hospitalization.

Sequencing revealed 22 possible clusters involving identical sequences from an addic-
tion care facility (one cluster), inpatients (three clusters), apartment/family and untraceable
(five clusters), refugee shelter (one cluster), untraceable and refugee shelter (one cluster),
untraceable and emergency ward (one cluster), untraceable and work (one cluster), apart-
ment/family (one cluster), and untraceable and nursing service (one cluster). Sequences
from patients seen in the emergency ward and inpatients are distributed throughout the
tree, reflecting the diversity of viruses circulating within the catchment area of the hospi-
tal. Sequences were assigned to 28 lineages using Pangolin (Figures 2 and 3). The most
frequently found lineages were B.1.177 (38 sequences), B.1.160 (21 sequences), and B.1.1.70
(16 sequences), all three of which are common in Europe (Figure 2). These three lineages
were found throughout the study period (Figure 3). Six lineages (B.1.1.192, B.1.1.307,
B.1.1.296, B.1.1.67, C.16, B.1.1.217), have not been observed in Germany before the 15st of
February 2021: lineage B.1.1.192, mainly found in the US; lineage B.1.1.307, found predom-
inately in the UK; lineage B.1.1.296, mainly circulating in the UK, US, and UAE; lineage
B.1.1.67, mainly in the UK and Russia; lineage C.16 found in Portugal, UK, Switzerland
and France; and lineage B.1.1.217, mainly found in the UK. None of the sequences assigned
to those lineages were found in individuals with known recent travel history.

351
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Figure 2. SARS-CoV-2 lineage distributions: Absolute number of sequences obtained within this
study with the indicated pangolin classification.
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Figure 3. SARS-CoV-2 lineages over time: The type and number of sequences circulating per lineage
over time. The size of the dot corresponds to the number of sequences represented. Lineages are
ordered top to bottom according to the number of sequences assigned to a particular lineage.

Four sequences falling into clade B.1.211 have an identical 41 bp deletion in the
3’ untranslated region (Table 1). Eighteen sequences have a deletion at position 69/70
(A69/70) in S. One of these sequences can be assigned to lineage B.1.1.7, 12 to lineage
B.1.1.70, and five to lineage B.1.258. The sequences in the latter lineage also have the N439K
substitution in S. The B.1.1.7 sequence was recovered from a person with travel history to
the United Kingdom, initially tested positive for SARS-CoV-2 sampled on 29 December 2020
for sequencing. Another sample tested positive at the emergency ward on 27 December
2020, yielding a partial sequence (< 95% genome coverage, data not shown) which could
also be assigned to the B.1.1.7 lineage on the basis of its substitutions. This represents the
first sequenced importation of a virus from the B.1.1.7 lineage documented in the state of
Hesse. One of the sequences falling into clade B.1.258 has an additional deletion of three
base pairs at amino acid position 58 in ORF8. Two sequences have a substitution at position
501 of the S protein from Asparagine to Tyrosine. One falls into clade B.1.1.7 while the
other is assigned to lineage B.1.1.70.

Four monophyletic sequences assigned to lineage B.1.36 have a deletion at amino acid
position 210 in S. One sequence has a deletion of four amino acids (amino acid positions
141-144) in S. Position 144 is also deleted in lineage B.1.1.7. Three monophyletic sequences
in lineage B.1.160 have a four base pair deletion in ORF3a which leads to a truncation of
the gene at amino acid position 259. The same deletion is present in a sequence in lineage
B.1.1.67. In an additional sequence also falling into clade B.1.160, ORF3a is truncated in
the same location, but by a one base pair deletion. Finally, one sequence has a nine base
pair deletion in ORFlab (amino acid positions 141-143) and a seven bp deletion in ORF7a,
which truncates ORF7a at amino acid position 108.
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Table 1. Deletion and/or amino acid substitutions identified in the recovered SARS-CoV-2 genomes.

Deletion/Mutation Number of Sequences PANGO Lineage Sequence ID

9 bp deletion in ORFlab (amino acid position
141-143), 7 bp deletion in ORF7a which truncates 1 B.1.160 ChVir21561
ORF7a at amino acid position 108

ChVir21551, ChVir21580, ChVir21582, ChVir21585,
ChVir21586, ChVir21588, ChVir21589, ChVir21591,

Deletion of amino acid position 69/70 in S 17 B.1.1.70, B.1.258 ChVir21596, ChVir21597, ChVir21598, ChVir21606,
ChVir21609, ChVir21618, ChVir21619, ChVir21621,

ChVir21626

Deletion of amino acid positions 141-144 in S 1 B.1.1.153 ChVir22027
Deletion of amino acid position 210 in S 4 B.1.36 ChVir21555, ChVir21563, ChVir21571, ChVir21603

N501Y substitution in S 1 B.1.1.70 ChVir21997

4 bp deletion in ORF3a, which truncates ORF3a at

. . o 3 B.1.160, B.1.1.67 ChVir21565, ChVir21625, ChVir21632, ChVir22011
amino acid position 259
1 bp deletion in .ORF3:T1, Wth.h. truncates ORF3a at 1 B.1.160 ChVir21550
amino acid position 259
Deletion of amino acid position 58 in ORF8 1 B.1.258 ChVir21586
12 bp deletion in 3p UTR 1 B.1.258 ChVir21502
41 bp deletion in the 3" UTR 4 B.1.221 ChVir21994, ChVir21995, ChVir21996, ChVir22006
Substitutions typical of B.1.1.7, including a deletion of 1 B117 ChVir22031

amino acid position 69/70 and N501Y in S
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4. Discussion

RNA viruses, such as the human immunodeficiency virus (HIV), hepatitis C virus or
influenza, are prone to high error rates caused by their RNA polymerases. In comparison
the, sequencing data from SARS-CoV-2 suggests a significantly lower mutation rate, which
might be a result of the proofreading activity of the viral nsp14 [16]. SARS-CoV-2 accumu-
lates approximately two mutations per month in its genome, which is considerably less
than influenza and HIV [17]. However, a high incidence and uncontrolled spread increase
the likelihood of mutation. In addition, residue mutation rates seem to be dynamic and
differ for each residue such that the Spike protein shows higher mutation frequency than
Envelope protein [18]. Geographical and temporal differences such as seasonal changes,
country-specific factors, demography, cultural and social interventions, and surveillance
mechanisms can condition the emergence of different SARS-CoV-2 variants.

In this study we recovered 136 sequences of SARS-CoV-2 circulating in Frankfurt am
Main from the end of October to the end of December 2020. We observed 28 circulating
lineages, six of which have not previously been found in Germany. Of those, none were
found in patients with a known recent travel history. The sequences generated in this study
only represent a small fraction of the total number of people that tested positive in the city
during the study period. The lineage diversity we describe therefore represents a lower
bound estimate of the total diversity that may have been circulating between the end of
October and the end of December.

The possibly increased transmissibility or antigenic variability of the emerging vari-
ants may lead to an increased number of cases, hospitalizations, and deaths. For B.1.1.7,
epidemiological and phylodynamic modelling suggest a 43%-90% increase in the reproduc-
tion number compared to previously circulating variants, providing evidence of higher
transmissibility [19]. Recent data additionally suggest that infections with B.1.1.7 may be
associated with increased case fatality rates [20].

During this study, we found one sequence with the N501Y substitution in the S protein
that is not associated with a variant of concern lineage, but with lineage B.1.1.70. Of the 1917
sequences in GISAID currently (15/2/2021) assigned to clade B.1.1.70, ten have A69/70,
seven of them from Germany, sampled since late December, to which we have added a
further nine sequences. We found the N501Y substitution in 610 sequences in clade B.1.1.70
(one from Germany, the majority from Wales). Within the same lineage, we thus see the
independent acquisition of two mutations found in variants of concern. This observation
further supports the evolutionary convergence of N501Y as an initial key event in different
viral clades [21]. The typing PCRs commonly used for the identification of the B.1.1.7 and
B.1.351 variants target the A69/70 deletion and the N501Y substitution in S. We show that
nonvariant of concern sequences may also harbor the N501Y substitution, and may be
common in Germany, suggesting that a positive typing PCR only for N501Y should be
followed up by additional full-genome sequencing.

We found no evidence for a circulating variant harboring the E484K mutation during
this study period, which is present in the B.1.351 (first identified in South Africa), P.1,
and P2 (both originating from Brazil lineages). Immune evasion against monoclonal
antibody preparations and reduced neutralization capacity against vaccine-elicited and
convalescence sera have been described for variants carrying the E484K substitution,
making these lineages of particular concern [22-25].

Monitoring fluctuations in transmission rates and identifying emerging variants that
impact spread are pivotal to disease control. Together with the recent introduction of the
variants of concern B.1.1.7 and B.1.351 into Germany, these findings highlight the urgent
need for increased and continuous surveillance using complete genome sequencing to
monitor the virus diversity currently circulating in Germany.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/microorganisms9040748/s1, Table S1: Patient data: Characteristics of clinical samples by
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source, cycle threshold (Ct) values, date of collection, PANGO lineage, genome coverage, and
sequence features. CPE positive indicates successfully outgrowth virus cell culture.

Author Contributions: B.M. performed bioinformatic analyses, provided the graphs and figures
and drafted the first version. M.W. performed sample collection, viral outgrowth, confirmatory
RT-qPCRs assays, data analysis, and drafted the first version. VM.C,,].B.-S.,].S., T.V,, T.B. and ].T.
performed next-generation-sequencing (NGS). U.G. and R.G. obtained native swab samples suitable
for viral outgrowth assays and NGS sequencing, and delivered patient characteristics. C.P. performed
viral outgrowth assays and confirmatory RT-qPCRs. S.C. and C.D. conceived the study design and
conceptualization of the manuscript. T.C.J. performed bioinformatic analyses and contributed to the
editing of the manuscript. T.T. contributed to the writing of the manuscript and sample collection.
N.K. and A.B. provided patient samples and performed initial RT-qPCR analysis of the samples. The
authors alone are responsible for the views presented in this manuscript and they do not necessarily
reflect the views, decisions or policies of the institutions with which the authors are affiliated. All
authors have read and agreed to the published version of the manuscript.

Funding: Parts of this work was funded by European Union’s Horizon 2020 research and innovation
program through RECOVER (GA101003589) to CD, the German Ministry of Research through
projects RAPID (01KI1723A) and DZIF (301-4-7-01.703) to CD, and by the German Ministry of Health
(Konsiliarlabor fiir Coronaviren and SeCoV) to C.D. and V.M.C. M.W. was supported by the Deutsche
Forschungsgemeinschaft (DFG, WI 5086/1-1). T.C.] was in part funded through NIAID-NIH CEIRS
contract HHSN272201400008C. M.W. and S.C. were supported by the Goethe-Corona-Fond of the
Goethe University & University Hospital Frankfurt.

Data Availability Statement: All sequences are available on GISAID (www.gisaid.org), under acces-
sion numbers EPI_ISL._1138599- EPI_ISL._1138734.

Acknowledgments: We are thankful for the numerous donations to the Goethe-Corona-Fond and
for the support of our SARS-CoV-2 research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Hou, YJ.; Chiba, S.; Halfmann, P; Ehre, C.; Kuroda, M.; Dinnon, K.H.; Leist, S.R.; Schéfer, A.; Nakajima, N.; Takahashi, K,; et al.
SARS-CoV-2 D614G variant exhibits efficient replication ex vivo and transmission in vivo. Science 2020, 370, 1464-1468. [CrossRef]
[PubMed]

Greaney, A.].; Loes, A.N.; Crawford, KH.D.; Starr, T.N.; Malone, K.D.; Chu, H.Y.; Bloom, ]J.D. Comprehensive mapping of
mutations to the SARS-CoV-2 receptor-binding domain that affect recognition by polyclonal human serum antibodies. bioRxiv
2021. [CrossRef]

Starr, T.N.; Greaney, A.].; Hilton, S.K,; Ellis, D.; Crawford, K.H.D.; Dingens, A.S.; Navarro, M.].; Bowen, J.E.; Tortorici, M.A.;
Walls, A.C.; et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals Constraints on Folding and ACE2
Binding. Cell 2020, 182, 1295-1310.€20. [CrossRef] [PubMed]

Zahradnik, J.; Marciano, S.; Shemesh, M.; Zoler, E.; Chiaravalli, J.; Meyer, B.; Dym, O.; Elad, N.; Schreiber, G. SARS-CoV-2 RBD
in vitro evolution follows contagious mutation spread, yet generates an able infection inhibitor. bioRxiv 2021. [CrossRef]

Volz, E.; Mishra, S.; Chand, M.; Barrett, ].C.; Johnson, R.; Geidelberg, L.; Hinsley, WR.; Laydon, D.J.; Dabrera, G.; O'Toole, A etal
Transmission of SARS-CoV-2 Lineage B.1.1.7 in England: Insights from linking epidemiological and genetic data. medRxiv 2021.
[CrossRef]

Davies, N.G.; Abbott, S.; Barnard, R.C.; Jarvis, C.I,; Kucharski, A.].; Munday, J.; Pearson, C.A.B.; Russell, TW.; Tully, D.C,;
Washburne, A.D.; et al. Estimated transmissibility and severity of novel SARS-CoV-2 Variant of Concern 202012/01 in England.
medRxiv 2021. [CrossRef]

Kemp, S.; Harvey, W.; Lytras, S.; Carabelli, A.; Robertson, D.; Gupta, R. Recurrent emergence and transmission of a SARS-CoV-2
Spike deletion H69/V70. bioRxiv 2021. [CrossRef]

Shen, X.; Tang, H.; McDanal, C.; Wagh, K.; Fischer, W.; Theiler, J.; Yoon, H.; Li, D.; Haynes, B.E,; Sanders, K.O.; et al. SARS-CoV-2
variant B.1.1.7 is susceptible to neutralizing antibodies elicited by ancestral Spike vaccines. bioRxiv 2021. [CrossRef]

Muik, A.; Wallisch, A.-K.; Sénger, B.; Swanson, K.A.; Miihl, J.; Chen, W.; Cai, H.; Sarkar, R.; Ttireci, O.; Dormitzer, PR;; et al.
Neutralization of SARS-CoV-2 lineage B.1.1.7 pseudovirus by BNT162b2 vaccine-elicited human sera. bioRxiv 2021. [CrossRef]
Xie, X.; Liu, Y;; Liu, J.; Zhang, X.; Zou, ].; Fontes-Garfias, C.R.; Xia, H.; Swanson, K.A.; Cutler, M.; Cooper, D.; et al. Neutralization
of SARS-CoV-2 spike 69/70 deletion, E484K and N501Y variants by BNT162b2 vaccine-elicited sera. Nat. Med. 2021. [CrossRef]
Du Plessis, L.; McCrone, J.T.; Zarebski, A.E.; Hill, V.; Ruis, C.; Gutierrez, B.; Raghwani, J.; Ashworth, J.; Colquhoun, R.;
Connor, T.R; et al. Establishment and lineage dynamics of the SARS-CoV-2 epidemic in the UK. Science 2021. [CrossRef]
[PubMed]


www.gisaid.org
http://doi.org/10.1126/science.abe8499
http://www.ncbi.nlm.nih.gov/pubmed/33184236
http://doi.org/10.1101/2020.12.31.425021
http://doi.org/10.1016/j.cell.2020.08.012
http://www.ncbi.nlm.nih.gov/pubmed/32841599
http://doi.org/10.1101/2021.01.06.425392
http://doi.org/10.1101/2020.12.30.20249034
http://doi.org/10.1101/2020.12.24.20248822
http://doi.org/10.1101/2020.12.14.422555
http://doi.org/10.1101/2021.01.27.428516
http://doi.org/10.1101/2021.01.18.426984
http://doi.org/10.1038/s41591-021-01270-4
http://doi.org/10.1126/science.abf2946
http://www.ncbi.nlm.nih.gov/pubmed/33419936

Microorganisms 2021, 9, 748 10 of 10

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

Westhaus, S.; Widera, M.; Rabenau, H.F,; Hoehl, S.; Bojkova, D.; Cinatl, J.; Ciesek, S. Evaluation of stability and inactivation
methods of SARS-CoV-2 in context of laboratory settings. bioRxiv 2020. [CrossRef]

Corman, V.M,; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K.W.; Bleicker, T.; Brunink, S.; Schneider, J.; Schmidt,
M.L,; et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Eurosurveillance 2020, 25. [CrossRef] [PubMed]
WHO. PCR Protocol—World Health Organization; WHO: Geneva, Switzerland, 2020.

Muller, N.; Kunze, M.; Steitz, F.; Saad, N.J.; Muhlemann, B.; Beheim-Schwarzbach, J.I.; Schneider, J.; Drosten, C.; Murajda, L.;
Kochs, S.; et al. Severe Acute Respiratory Syndrome Coronavirus 2 Outbreak Related to a Nightclub, Germany, 2020. Emerg.
Infect. Dis. 2020, 27, 645-648. [CrossRef] [PubMed]

Rausch, ] W.; Capoferri, A.A.; Katusiime, M.G.; Patro, S.C.; Kearney, M.F. Low genetic diversity may be an Achilles heel of
SARS-CoV-2. Proc. Natl. Acad. Sci. USA 2020, 117, 24614-24616. [CrossRef]

Duchene, S.; Featherstone, L.; Haritopoulou-Sinanidou, M.; Rambaut, A.; Lemey, P.; Baele, G. Temporal signal and the phylody-
namic threshold of SARS-CoV-2. Virus Evol. 2020, 6, veaa061. [CrossRef]

Vilar, S.; Isom, D.G. One Year of SARS-CoV-2: How Much Has the Virus Changed? Biology 2021, 10, 91. [CrossRef]

Davies, N.G.; Abbott, S.; Barnard, R.C.; Jarvis, C.I.; Kucharski, A.J.; Munday, ]J.D.; Pearson, C.A.B.; Russell, TW.; Tully, D.C;
Washburne, A.D.; et al. Estimated transmissibility and impact of SARS-CoV-2 lineage B.1.1.7 in England. Science 2021. [CrossRef]
Davies, N.G.; Jarvis, C.I; Edmunds, W.J.; Jewell, N.P.,; Diaz-Ordaz, K.; Keogh, R.H. Increased mortality in community-tested cases
of SARS-CoV-2 lineage B.1.1.7. medRxiv 2021. [CrossRef]

Lemmermann, N.; Lieb, B.; Laufs, T.; Renzaho, A.; Runkel, S.; Kohnen, W.; Linke, M.; Gerber, S.; Schweiger, S.; Michel, A.; et al.
SARS-CoV-2 genome surveillance in Mainz, Germany, reveals convergent origin of the N501Y spike mutation in a hospital setting.
medRxiv 2021. [CrossRef]

Widera, M.; Wilhelm, A.; Hoehl, S.; Pallas, C.; Kohmer, N.; Wolf, T.; Rabenau, H.E.; Corman, V.; Drosten, C.; Vehreschild, M.].; et al.
Bamlanivimab does not neutralize two SARS-CoV-2 variants carrying E484K in vitro. medRxiv 2021. [CrossRef]

Wang, P; Liu, L.; Iketani, S.; Luo, Y.; Guo, Y.; Wang, M.,; Yu, ].; Zhang, B.; Kwong, P.D.; Graham, B.S.; et al. Increased Resistance of
SARS-CoV-2 Variants B.1.351 and B.1.1.7 to Antibody Neutralization. bioRxiv 2021. [CrossRef]

Hoffmann, M.; Arora, P; Gro8, R.; Seidel, A.; Hornich, B.; Hahn, A.; Krtiger, N.; Graichen, L.; Hofmann-Winkler, H.;
Kempf, A.; et al. SARS-CoV-2 variants B.1.351 and B.1.1.248: Escape from therapeutic antibodies and antibodies induced
by infection and vaccination. bioRxiv 2021. [CrossRef]

Hoffmann, M.; Arora, P; Grofs, R.; Seidel, A.; Hornich, B.E; Hahn, A.S.; Kriiger, N.; Graichen, L.; Hofmann-Winkler, H.;
Kempf, A.; et al. SARS-CoV-2 variants B.1.351 and P.1 escape from neutralizing antibodies. Cell 2021. [CrossRef] [PubMed]


http://doi.org/10.1101/2020.09.11.292581
http://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://www.ncbi.nlm.nih.gov/pubmed/31992387
http://doi.org/10.3201/eid2702.204443
http://www.ncbi.nlm.nih.gov/pubmed/33263514
http://doi.org/10.1073/pnas.2017726117
http://doi.org/10.1093/ve/veaa061
http://doi.org/10.3390/biology10020091
http://doi.org/10.1126/science.abg3055
http://doi.org/10.1101/2021.02.01.21250959
http://doi.org/10.1101/2021.02.11.21251324
http://doi.org/10.1101/2021.02.24.21252372
http://doi.org/10.1101/2021.01.25.428137
http://doi.org/10.1101/2021.02.11.430787
http://doi.org/10.1016/j.cell.2021.03.036
http://www.ncbi.nlm.nih.gov/pubmed/33794143

	Introduction 
	Materials and Methods 
	Sample Preparation and RT-qPCR-Testing 
	Cell Culture and Viral Outgrowth Assay 
	RNA Isolation and Confirmatory RT-qPCR 
	NGS Sequencing of SARS-CoV-2 Genomes 
	Bioinformatics 

	Results 
	Discussion 
	References

