Infection, Genetics and Evolution 119 (2024) 105577

Contents lists available at ScienceDirect

Infection, Genetics
and Evolution

Infection, Genetics and Evolution

ELSEVIER journal homepage: www.elsevier.com/locate/meegid

Evolution of SARS-CoV-2 in the Rhine-Neckar/Heidelberg Region 01,/2021
- 07/2023

Christian Bundschuh ™, Niklas Weidner ", Julian Klein *, Tobias Rausch ¢, Nayara Azevedo ,
Anja Telzerow *¢, Jan-Philipp Mallm ¢, Heeyoung Kim ¢, Simon Steiger, Isabelle Seufert’,
Kathleen Borner?, Katharina Bauer “, Daniel Hiibschmann ¢, Katharina Laurence Jost?,

Sylvia Parthé ?, Paul Schnitzler?, Michael Boutros", Karsten Rippe ', Barbara Miiller ?,

Ralf Bartenschlager "/, Hans-Georg Krausslich ™/, Vladimir Benes

& Heidelberg University, Medical Faculty Heidelberg, Department of Infectious Diseases, Virology, Heidelberg, Germarny

Y Heidelberg University, Medical Faculty Heidelberg, Department of Infectious Diseases, Microbiology and Hygiene, Heidelberg, Germany
¢ Genomics Core Facility, European Molecular Biology Laboratory (EMBL), Heidelberg, Germany

4 Single Cell Open Lab, German Cancer Research Center (DKFZ) and Bioquant, Heidelberg, Germany

¢ Department of Infectious Diseases, Molecular Virology, Heidelberg University, Heidelberg, Germany

f Division Chromatin Networks, German Cancer Research Center (DKFZ) and Bioquant, Heidelberg, Germany

8 Division Stem Cells and Cancer, German Cancer Research Center (DKFZ), Heidelberg, Germany

" Division Signaling and Functional Genomics, German Cancer Research Center (DKFZ), Department for Cell and Molecular Biology, Medical Faculty Mannheim,
Heidelberg University, Heidelberg, Germany

! Division Virus-Associated Carcinogenesis, German Cancer Research Center, Heidelberg, Germany

J Deutsches Zentrum fiir Infektionsforschung, partner site Heidelberg, Germany

ARTICLE INFO ABSTRACT

Keywords: In January 2021, the monitoring of circulating variants of SARS-CoV-2 was initiated in Germany under the
SARS-CoV-2 Corona Surveillance Act, which was discontinued after July 2023. This initiative aimed to enhance pandemic
Epidemiology

containment, as specific amino acid changes, particularly in the spike protein, were associated with increased
transmission and reduced vaccine efficacy.

Our group conducted whole genome sequencing using the ARTIC protocol (currently V4) on Illumina’s
NextSeq 500 platform (and, starting in May 2023, on the MiSeq DX platform) for SARS-CoV-2 positive specimen
from patients at Heidelberg University Hospital, associated hospitals, and the public health office in the Rhine-
Neckar/Heidelberg region. In total, we sequenced 26,795 SARS-CoV-2-positive samples between January 2021
and July 2023. Valid sequences, meeting the requirements for upload to the German electronic sequencing data
hub (DESH) operated by the Robert Koch Institute (RKI), were determined for 24,852 samples, and the lineage/
clade could be identified for 25,912 samples.

The year 2021 witnessed significant dynamics in the circulating variants in the Rhine-Neckar/Heidelberg
region, including A.27.RN, followed by the emergence of B.1.1.7 (Alpha), subsequently displaced by
B.1.617.2 (Delta), and the initial occurrences of B.1.1.529 (Omicron). By January 2022, B.1.1.529 had super-
seded B.1.617.2, dominating with over 90%. The years 2022 and 2023 were then characterized by the domi-
nance of B.1.1.529 and its sublineages, particularly BA.5 and BA.2, and more recently, the emergence of
recombinant variants like XBB.1.5.

Since the global dominance of B.1.617.2, the identified variant distribution in our local study, apart from a
time delay in the spread of new variants, can be considered largely representative of the global distribution.

om a time delay in the spread of new variants, can be considered largely representative of the global
distribution.
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1. Introduction

Towards the end of 2019, a novel coronavirus (2019-nCoV), later
termed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
by the World Health Organization (WHO), emerged as the causative
agent for a surge in pneumonia cases identified as coronavirus disease
(COVID-19) in Wuhan, China (World Health Organization (WHO),
2020a). The swift propagation of the virus resulted in the transformation
of the epidemic in China into a global pandemic, with over 676 million
confirmed SARS-CoV-2 cases by March 2023 (data discontinued there-
after) (Center for Systems Science and Engineering (Johns Hopkins
University), 2023, World Health Organization (WHO), 2023).

However, given that only a fraction of acute SARS-CoV-2 infections
were officially diagnosed and reported, seroprevalence studies suggest
that the actual number of cases could be up to 10 times higher (Clarke
et al., 2022; Havers et al., 2020; Stringhini et al., 2020).

The Spike (S) protein (with a size of 180-200kDa) was identified as
the key element in host cell entry. Comprising an extracellular N-ter-
minus, a transmembrane (TM) domain penetrating the viral membrane,
and a concise intracellular C-terminus (Bosch et al., 2003), the S protein
consists of 1273 amino acids, functionally divisible by their respective
domains (Xia et al., 2020).

Significant mutations in the S protein have been linked to increased
viral transmissibility, severity of the disease, reinfection despite natural
immunity, and vaccine efficacy. Monitoring circulating variants has thus
become a pivotal epidemiological strategy for pandemic containment
(Abdool Karim and de Oliveira, 2021).

Particularly noteworthy are the variants of concern (VOC), which
exhibited epidemiological advantages, necessitating the tracking of
circulating SARS-CoV-2 variants. Consequently, viral genome
sequencing has become indispensable for monitoring the emergence of
mutations defining existing and new VOC.

This report details the outcomes of our group’s sequencing endeavors
in the Rhine-Neckar/Heidelberg region spanning from January 2021 to
the close of July 2023. We present findings on the local emergence of a
variant labeled as A.27.RN, characterized by the simultaneous presence
of the N501Y and L452R mutations in the S gene during the initial
quarter of 2021. This variant was subsequently displaced by B.1.1.7,
followed by B.1.617.2 and B.1.1.529 (alongside its numerous sub-
variants, notably the recombinant variants and BA.2.75).

2. Materials and methods
2.1. RNA purification

For SARS-CoV-2 PCR and sequencing analysis, RNA was isolated
from upper respiratory tract specimens such as nasopharyngeal and
oropharyngeal swabs as well as pharyngeal washes. The isolation was
performed by the utilization of automated magnetic bead-based nucleic
acid extraction protocols.

Our group utilized either the QIASymphony, DSP Virus/Pathogen
mini-Kit (Qiagen) or the Chemagic Viral DNA/RNA 300 Kit H96 (Per-
kinElmer) for magnetic bead RNA extraction according to the manu-
facturers’ protocols.

2.2. RT-qPCR

Samples were screened for SARS-CoV-2 RNA by commercially
available dual-target RT-PCR assays using automated analysis for E &
orfla/b employing Cobas 6800 (Roche Diagnostics) or analysis for E & N
Gene (TIB Molbiol) or E & S gene (Altona Diagnostics) by Roche
LightCycler and LightCycler II. Positive samples with a Ct value < 35
(reduced to Ct < 32 in week 10 because of a high rate of inconclusive
results in samples with Ct > 32) were subsequently characterized by
whole genome sequencing. All commercial assays and devices were used
according to the manufacturer’s instructions.
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2.3. SARS-CoV-2 genome sequencing

Following an initial trial period concluding in March 2021, wherein
we compared the Nextera library generation approach (Cov-seq) with
the ARTIC protocol (Tyson et al., 2020), initially devised by New En-
gland Biolabs, our subsequent whole genome sequencing endeavors
exclusively employed the ARTIC protocol (currently V4).

The ARTIC protocol implemented in this study closely adheres to the
recommended procedures, with three specific optimizations incorpo-
rated during the sample upscaling. These enhancements were intro-
duced through the utilization of the NEBNext ARTIC SARS-CoV-2 FS
Library Prep Kit for Illumina:

e Omission of the Magnetic Beads Clean-up step after PCR amplifica-
tion of cDNA.

e The clean-up of adapter-ligated fragments was performed using an
automated liquid-handling system.

o After the final PCR, the libraries were pooled and cleaned with SPRI-
Beads at a 0.9x ratio (bead). All generated libraries were sequenced
in pools of up to 384 samples using the [llumina NextSeq 500/MiSeq
DX sequencer in paired-end mode with a read length of 75 bases.

Due to its length, only the important key points will be reported in
this chapter - the complete, modified ARTIC protocol is shown in the
appendix section.

The cDNA synthesis was performed by mixing the RNA sample with
the LunaScript RT SuperMix and subsequently running a thermocycler
program with primer annealing, synthesis, and heat inactivation steps.

The generated cDNA is amplified in two individual pool set assays
(each with their respective ARTIC-SARS-CoV-2 primer mixes) in ther-
mocyclers and then merged together.

Fragmentation (30 min) and end-preparation are performed in the
same thermocycler run using the NEBNext Ultra II FS Enzyme Mix,
resulting in fragments of approximately 100 base pairs in length.

The adapter ligation is carried out using the NEBNext Adaptor for
Mlumina and the NEBNext Ultra II Ligation Master Mix. After an incu-
bation phase at 20 °C, (red) USER® enzyme is added, and the mixture is
subsequently incubated at 37 °C.

The PCR enrichment of adapter-ligated DNA is performed using the
NEBNext Library PCR Master Mix and Index/Universal primers, fol-
lowed by amplification in a thermocycler run.

Pooling of the libraries can be done without prior quality control,
and purification is carried out using NEBNext Sample Purification Beads.
The first purification step involves a 0.7-fold ratio of purification beads
(based on the pool volume), followed by several incubation, ethanol
wash, and drying steps. The final bead extraction is performed using TE
buffer and a magnet. The second cleanup step is done with a 0.9-fold
ratio of purification beads (based on the pool volume) and otherwise
follows the same procedure as the first cleanup.

The last step of the library preparation is the quality control of the
final pool using a Qubit DNA BR Kit and Agilent Bioanalyzer High
Sensitivity DNA Reagents for sample dilution, the expected peak size is
200-250 base pairs with a 30 min fragmentation time.

2.4. Data analysis

2.4.1. Nextera

Sequencing data from Cov-seq were processed using the nf-core
viralrecon pipeline (Ewels et al., 2020, Patel et al., 2020) with the
following settings:

NC_045512.2 genome

Metagenomic protocol without primer sequence removal
No duplicate filtering

Minimal coverage of 20 for variant calling

e Maximum allele frequency of 0.9 for filtering variant calls.
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Primer sequences were not removed due to the protocol’s specific
amplicon design. Variant calls and reconstructed consensus sequences
from iVar were used (Grubaugh et al., 2019).

2.4.2. ARTIC

For the data analysis of the ARTIC sequencing, the samples were
always sequenced in paired-end mode with a read-length of 75 bp using
the NEBNext ARTIC library preparation kit, the detailed protocol is
shown in Appendix B. For the data analysis, we applied a multi-stage
data processing pipeline that included various tools for sequencing
adapter trimming, alignment, quality control, mutation calling, viral
genome assembly and lineage classification, which are listed in the
following paragraphs.

e Sequencing adapter trimming

Short input fragments may cause sequencing adapters to be present
in the final sequencing read. We applied trim galore with default pa-
rameters to trim off these adapters (https://zenodo.org/badge/latestdoi
/62039322).

e Host-read contamination removal

Because of unspecific amplicon primer binding, the sequencing data
may contain contaminating human derived reads. These host reads were
removed using a k-mer based method, called kraken2 (Wood et al.,
2019), and using alignments against the host reference (build GRCh38).
We also applied kraken2 to screen for other potential lab contaminants
(Wood et al., 2019).

e Alignment to SARS-CoV-2 reference genome

All remaining sequencing reads were aligned to the SARS-CoV-2
reference genome (NC_045512.2) using the Burrows-Wheeler Align-
ment tool (Li and Durbin, 2009). Alignments were sorted and indexed
using SAMtools (Li et al., 2009) and quality-controlled using Alfred
(Rausch et al., 2019). We masked priming regions with iVar (Grubaugh
et al., 2019) to avoid a variant calling bias in such loci. Due to the
overlapping amplicon design, this strategy does not cause further
dropout (unobserved) regions.

e Variant calling

Variant calling employed FreeBayes (Garrison and Marth, 2012) and
beftools (Li, 2011) for quality-filtering and normalization of variants. All
variants were annotated for their functional consequence using the
Ensembl Variant Effect Predictor (McLaren et al., 2016).

e Consensus computation

SAMtools, bcftools, iVar and Alfred were also employed for viral
consensus sequence generation and its quality control. The iVar
consensus parameters and quality control stringency were based on the
Robert Koch Institute (RKI) SARS-CoV-2 sequencing submission criteria,
namely a 90% informative sequence, < 5% Ns (unobserved bases), a
minimum of 20 x coverage and at least 90% read support for informative
positions (Robert Koch Institute (RKI), 2021b).

e Lineage classification

Lineage and clade classification was carried out using Pangolin
(Rambaut et al., 2020) and Nextclade (Hadfield et al., 2018), respec-
tively, with default parameters. At the beginning of the project, where
multiple wild-type lineages were present, we also employed a simplified
typing system that only highlighted the variants of concern (at the
beginning of our project: B.1.1.7, B.1.351 and P.1).
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e Summary report generation

We applied a custom python script available in the GitHub source
code repository (https://github.com/tobiasrausch/covid19) to aggre-
gate all QC metrics, lineage labels and variants leading to amino acid
changes. This report generation also entailed the computation of met-
adata tracking sheets and gzipped FASTA files for all viral assemblies to
facilitate an immediate upload to the German electronic sequencing data
hub (DESH) operated by the RKI.

In rare cases, we validated mutations by PCR and Sanger sequencing
to confirm interesting sequencing results with the help of primer design
and Sanger sequencing chromatogram analysis methods (Rausch et al.,
2020) available at GEAR genomics.

2.5. Quality criteria for sequencing data

Due to governmental regulations outlined in the Coronavirus-
Surveillanceverordnung (CorSurV) by Germany and Baden-Wiirttem-
berg, SARS-CoV-2 viral genome sequences were submitted to the DESH
database of the Robert Koch Institute (RKI) (Robert Koch Institute (RKI),
2021a, Robert Koch Institute (RKI), 2021b). The sequencing quality of
genomes analyzed using both the Nextera and ARTIC protocols was
contingent upon meeting the quality criteria established by the RKI.
Table 1 (Robert Koch Institute (RKI), 2021b) delineates the key bench-
marks constituting the RKI criteria for Illumina-based SARS-CoV-2
genome sequencing.

Further information regarding the respective quality criteria can be
found on the RKI webpage (Robert Koch Institute (RKI), 2021b).

2.6. Data availability

SARS-CoV-2 viral genome sequences have been uploaded to the
DESH database (https://www.rki.de/DE/Content/InfAZ/N/Neuartig
es_Coronavirus/DESH/DESH.html) of the Robert Koch Institute and
will be made available via the GISAID database (Shu and McCauley,
2017).

2.7. Ethical statement

This study was approved by the ethics committee of the Medical
Faculty at the University of Heidelberg for the analysis of proband
samples by whole genome sequencing of the viral RNA (S-316/2021) as
well as the virus propagation and neutralization assays and use of sera
from vaccinated donors (S-203/2021). Furthermore, the sequencing of
SARS-CoV-2 positive samples adhered to the governmental regulations
outlined in the Coronavirus-Surveillanceverordnung (CorSurV) by Ger-
many and Baden-Wiirttemberg.

3. Results
3.1. Method comparison Nextera — Artic

Initially, our research team conducted a comparative analysis of two
distinct Next-Generation Sequencing (NGS) protocols for SARS-CoV-2

Table 1

RKI quality criteria for DESH upload.
Quality criterion Threshold
Length of acceptable reads > 30 bp
Average quality of acceptable reads (PHRED) > 20
Sequence identity with NC_045512.2 > 90%
Non-aligned bases in reconstructed genome < 5%
Minimal local read depth without PCR duplicate filtering 20
Minimal local read depth with PCR duplicate filtering 10
Informative allele frequency > 90%

Frameshift mutations Special coverage
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sequencing, namely the Nextera and ARTIC protocols. The evaluation
was carried out in accordance with the quality criteria specified by the
Robert Koch Institute (RKI), and detailed information regarding these
protocols is expounded upon in the Materials and Methods section.

These comparative assessments involved 1,488 RNA specimens
extracted from the Department of Virology at the Centre of Infectious
Diseases, Heidelberg, and the Institute for Medical Microbiology and
Hygiene at Mannheim University Hospital. The samples were procured
during the months of January and February 2021.

Initial analysis was conducted on a total of 1055 specimens with a
positive SARS-CoV-2 PCR result without a Ct cutoff value. As previously
mentioned, the benchmark for the required quality in viral genome
sequencing was established in accordance with the criteria outlined by
the Robert Koch Institute (RKI). The specific outcomes of these analyses
are outlined in Table 2.

The ARTIC protocol exhibited markedly superior sequencing results,
as per the RKI criteria, compared to the Nextera protocol before the
introduction of a Ct cutoff value (P-value <0.0001). Subsequently,
samples with Ct values > 32 were excluded from further analysis due to
elevated failure rates. The introduction of a Ct cutoff value was then
validated through testing with 433 specimens, the results are presented
in Table 3.

Following the implementation of the Ct cutoff, notable improve-
ments were observed in the performance of both protocols. For the
Nextera protocol, the pass rate surged from 3.7 to 45.5% (P-value
<0.0001), signifying a substantial enhancement. Similarly, the ARTIC
protocol demonstrated a pass rate of 91.5% compared to the earlier
68.1% (P-value <0.0001), indicating a significant improvement in
sequencing success.

It’s noteworthy that incorrect detection of viral genomes was only
identified in isolated cases for both protocols, underscoring the overall
reliability of the sequencing outcomes.

o Nextera
- 2 mutated variants identified as wild-type
- 1 mutated variant identified as a different variant (B.1.1.7 = A.27.
RN)
e ARTIC
- 1 mutated variant identified as wild-type

To cross-verify NGS results, we correlated them with VirSNiP melting
curve assays targeting key genetic markers, including N501Y, DelHV69/
70, and K417N (TIBMolbiol, Berlin, Germany).

Given the sustained and significant superiority of the ARTIC protocol
over the Nextera protocol, both before and after the introduction of a Ct
threshold (P-value <0.0001), all subsequent sequencing runs were
exclusively conducted utilizing the ARTIC protocol. This protocol was
implemented on a NextSeq 500/MiSeq DX platform by Illumina.

3.2. SARS-CoV-2 evolution in 2021

Between January and May 2021, a SARS-CoV-2 variant featuring the
L452R and N501Y mutations was identified in the Rhine-Neckar region,
detected in 176 out of 3130 specimens. The peak incidence occurred
from January to March 2021, with 166 out of 1543 samples acquired
during this period. This variant, assigned to the phylogenetic lineage
A.27.RN, first surfaced in the Rhine-Neckar/Heidelberg region in a
SARS-CoV-2 positive specimen collected during calendar week (CW) 01/
2021.

Table 2
Results of the NGS runs before Ct cutoff.

NGS protocol Pass Pass [percent] Fail Fail [percent]
Nextera 39 3.7 1016 96.3
ARTIC 718 68.1 337 31.9
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Table 3
Results of the NGS runs after Ct cutoff.

NGS protocol Pass Pass [percent] Fail Fail [percent]
Nextera 197 45.5 236 54.5
ARTIC 396 91.5 37 8.5

The defining S gene mutations characterizing the A.27.RN variant
were:

e L18F

e L452R

e N501Y
A653V
H655Y
D796Y and
G1219V

in a D614 wild-type background. The detection patterns of both B.1.1.7
and A.27.RN showed a similar upward trend until CW 7, after which
they diverged. Given the prior characterization of A.27.RN in our
group’s earlier publication (Mallm et al., 2021), it won’t be discussed
any further at this point.

From CW 5 onward, our results indicated a notable increase of
B.1.1.7 until Q2/2021. The prevalence rates of B.1.351, as well as P.3,
remained consistently below the 5% threshold in Q1/2021 (CW 1 and 13
exhibited B.1.351 incidence rates slightly below 10%).

In Q2/2021, the rates of B.1.351 stayed below the 5% threshold until
week 19, with only sporadic occurrences afterward and no further in-
stances beyond the end of Q2/2021.

Although initially perceived as the most concerning among the early
2021 variants, P.1 demonstrated low incidence numbers in the Rhine-
Neckar/Heidelberg region and never reached epidemiological rele-
vance. P.1 was infrequently identified in specimens for a span of 6 weeks
before its disappearance by the end of Q2/2021, mirroring the occur-
rences of B.1.351.

The presence of B.1.617.1 (Kappa) was limited to a solitary specimen
in week 14 from the Rhine-Neckar region, with no occurrences in
specimens from the Mannheim region.

In Q2/2021, the supremacy of B.1.1.7 was rapidly supplanted by the
prevalence of B.1.617.2, with its initial detection in CW 19 and reaching
a 50% share by CW 26. By the onset of Q3/2021, all other variants were
practically “extinct,” emerging only sporadically in resequencing cases
of long-term SARS-CoV-2-PCR-positive patients. The dominance of
B.1.617.2 persisted until the first week of December.

At that time, the first B.1.1.529 cases were detected in specimens
from returning travelers, marking a shift in the prevailing variants. After
the first two incidences, within a short timeframe (similar to the dy-
namics observed for B.1.1.7 and subsequently B.1.617.2), the incidence
rate of B.1.1.529 rose to over 40% by the end of 2021.

The initial B.1.1.529 lineage was subsequently reclassified as BA.1.

3.3. Overview of variant distribution in 2021

In 2021, our research group conducted whole genome sequencing on
7995 SARS-CoV-2 positive specimens from the Rhine-Neckar/
Heidelberg region. Lineage and clade information could be deter-
mined for 7456 samples (93.3%), with only 539 specimens remaining
unidentified (6.7%). Among these, 7137 samples met the minimal
sequencing criteria set by the RKI DESH (89.3%), while 858 specimens
did not meet these criteria (10.7%).

The most significant gap in specimens, for which a sequence could be
determined but did not meet the RKI DESH criteria, was observed in the
wild-type group. This discrepancy can be attributed to the fact that the
highest number of wild-type samples was sequenced before the imple-
mentation of the Ct value-dependent sample inclusion criterion (Ct <
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32). Consequently, more degraded RNA samples were sequenced during
this period, leading to an overall higher failure rate in meeting the RKI
DESH criteria.

Fig. 1 provides an overview of the number of (successfully)
sequenced samples per CW in 2021.

Fig. 2 offers a comprehensive overview of the variant distribution in
the Rhein-Neckar/Heidelberg region in 2021.

Detailed tabular overviews of the sequencing results for 2021, 2022,
and 2023, as well as the variant classifications for wild type and re-
combinant variants, can be found in Appendix A.

3.4. SARS-CoV-2 evolution in 2022

In 2022, B.1.1.529 (BA.1) swiftly became the predominant variant in
the Rhein-Neckar/Heidelberg region, almost entirely displacing
B.1.617.2 by the end of January. However, the ascendancy of BA.1 was
brief. Before a full displacement of B.1.617.2 occurred, BA.1’s preva-
lence waned, and the emergence of BA.2 commenced. Within a span of
two months, until the end of March 2022, BA.1’s prevalence dipped
below the 10% threshold. Nevertheless, BA.2 was almost displaced by
subsequent variants until the emergence of recombinant Omicron vari-
ants, which currently primarily comprise recombinations among BA.2
sublineages.

Similar to global trends, BA.3 struggled to establish itself in the
Rhein-Neckar/Heidelberg region, with only isolated cases reported in
CW 13. Although BA.4 and BA.5 were identified nearly simultaneously
between CW 15 and 19, BA.4 failed to achieve epidemiologically sig-
nificant numbers. Despite not being entirely displaced by BA.5, BA.4
never reached a proportion of 10% of total infections per CW. In
contrast, once BA.5 surpassed the 10% mark, it took just under four
weeks to account for over 80% of total infections. Throughout most of
the second half of 2022, the proportion of BA.5 remained above the 90%
mark. This trend shifted only from CW 45 onward when there was a
resurgence of recombinant Omicron variants, such as XBB (which
emerged through recombination of BA.2.10.1 and BA.2.75), which
subsequently became even more dominant in 2023.
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3.5. Overview of variant distribution in 2022

In 2022, our research group conducted sequencing on 17,455 SARS-
CoV-2 positive specimens from the Rhine-Neckar/Heidelberg region.
Lineage and clade information was determinable for 17,215 samples
(98.6%), with only 240 specimens remaining unidentifiable (1.4%).
Among these, 16,512 samples met the minimal sequencing criteria set
by the RKI DESH (94.6%), leaving 943 specimens that did not (5.4%).

Notably, in 2022, no significant negative gap was identified in
sequenced samples that did not meet the RKI DESH criteria, unlike in the
year 2021.

An overview of the number of sequenced samples per CW and the
success rate of sequencing is depicted in Fig. 3.

Fig. 4 offers a comprehensive overview of the variant distribution in
the Rhein-Neckar/Heidelberg region in 2022.

3.6. SARS-CoV-2 evolution in 2023 (until July)

The year 2023 commenced much like the conclusion of 2022, wit-
nessing a rise in the number of recombinant variants, while BA.2(.75)
maintained a consistent presence, and cases of BA.5 continued to
decline. These patterns persisted until CW 18, marking the final iden-
tification of a non-recombinant BA.5. From CW 20 onwards, only re-
combinant versions were observed, with an exception in CW 26, where
two specimens with BA.2.75 were noted.

The dwindling numbers of SARS-CoV-2 positive PCR specimens since
the beginning of 2023 (retrospectively evident from CW 42/2022)
reached their lowest point from CW 17 onwards, with < 20 specimens
per week until the conclusion of the surveillance period at the end of
July 2023. Responding to this trend, our group initiated the transfer of
the ARTIC protocol from the NextSeq 500 to the MiSeqDX platform at
the end of March 2023.

On May 5, 2023, the WHO declared the end of the SARS-CoV-2
pandemic after > 3 years. Subsequently, by the end of May 2023, the
DESH platform (Robert Koch Institute (RKI), 2021a) was officially
discontinued.

Sequencing

successful
W Sequencing

failed

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52

Calendar week

Fig. 1. Overview of successful and failed sequencings for Rhine-Neckar region per calendar week in 2021.
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Fig. 2. SARS-CoV-2 variant distribution per calendar week in 2021.
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Fig. 3. Overview of successful and failed sequencings for Rhine-Neckar region per calendar week in 2022.

3.7. Overview of variant distribution in 2023 (until July)

In 2023, our research group conducted sequencing on 1345 SARS-
CoV-2 positive specimens from the Rhine-Neckar/Heidelberg region.
Lineage and clade information was determinable for 1306 samples
(97.1%), with only 39 specimens remaining unidentifiable (2.9%).
Among these, 1199 samples met the minimal sequencing criteria set by
the RKI DESH (89.1%), leaving 146 specimens that did not (10.9%).

An overview of the number of sequenced samples per CW and the
success rate of sequencing is depicted in Fig. 5.

Fig. 6 offers a comprehensive overview of the variant distribution in
the Rhein-Neckar/Heidelberg region in 2023.

3.8. Phylogenetic relationships

Currently, > 20 main clades related to SARS-CoV-2 are defined by
Nextstrain criteria. Notably, 22E, 22F/23A, and the recombinant clades
are currently considered epidemiologically relevant due to their even
more significant replication advantage compared to previously circu-
lating variants (Aksamentov et al., 2021; Hadfield et al., 2018).

For the reader’s convenience (and given its availability under a CC-
BY-4.0 license) Fig. 7 provides an overview of the phylogenetic classi-
fication of SARS-CoV-2 sorted by clade membership, along with corre-
sponding variants. A continuously updated version of this overview, as
well as the toolset used for generating the phylogenetic trees, can be
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Fig. 5. Overview of successful and failed sequencings for Rhine-Neckar region per calendar week in 2023.

accessed on the Nextclade website and the respective GitHub repository
(Aksamentov et al., 2021, Hadfield et al., 2018).

Fig. 8 illustrates the phylogenetic development of SARS-CoV-2 in the
Rhine-Neckar region throughout the surveillance project period (01/
2021-07/2023). The phylogenetic tree was generated from the collected
sequencing data using the Nextclade tool. Due to computational limi-
tations (a maximum of 3,500 sequences in one analysis/generation cycle
of the phylogenetic tree), only every eighth sample from the Rhein-
Neckar/Heidelberg region, sorted by entry time in the laboratory,
could be included in creating the subsequent phylogenetic tree. To
prevent possible omissions of low-frequency variants in the phyloge-
netic overview, care was taken to include every variant detected over
the surveillance project’s timeframe in the dataset for the Nextclade
tool.

4. Discussion

In summary, throughout this project we sequenced a wide variety of

SARS-CoV-2 variants with significant differences in their epidemiolog-
ical relevance. While some variants were restricted to specific
geographical regions (Mallm et al., 2021), others, such as B.1.617.2 and
B.1.1.529, emerged worldwide.

In the global context, the first half of 2021 (as well as the entirety of
2020) witnessed notable regional disparities in the evolution and
dissemination of SARS-CoV-2 variants (Mallm et al., 2021; Urhan and
Abeel, 2021). Initial Variants of Concern (VOCs) such as Alpha (B.1.1.7),
Beta (B.1.351), and Gamma (P.1) exhibited pronounced regional vari-
ations. For instance, Gamma predominated in Brazil, while in our in-
vestigations (and in Europe), B.1.1.7 was the prevailing variant.
Consequently, during this period, extrapolating results from locally
confined studies is reliably possible only within certain limits (extrap-
olation of our study’s results only for Europe).

However, the advent of Delta (B.1.617.2) marked a significant shift
due to its global dissemination, allowing for the extrapolation of our
locally conducted study’s results to larger geographical areas and even
globally. Regarding the temporal aspect, there was consistently a delay



C. Bundschuh et al.

Infection, Genetics and Evolution 119 (2024) 105577

100%
90%
80%
70%
> 1)
g 60% BA.2
Q
g 50% BA.4
e EBA.S
R~ 40% ,
W Recombinant
30%
20%
10%
0%
2 3 4 5 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 31
Calendar Week
Fig. 6. SARS-CoV-2 variant distribution per calendar week in 2023.
@ 231 (BA.2.86)
22D (BA.2.75) 23C (CH.1.1)
23A (XBB.1.5) @ 23G (XBB.1.5.70)
@ 21K (Omicron, BA.1)
21M (Omicron, B.1.1.529) 23B (XBB.1.16)
21L (Omicron, BA:2) 22F (XBB)
@ 21E (Theta, P.3) 23D (XBB:1.9) 23F (EG.5.1) @ @ 23H (HK.3)
@ 20J (Gamma, P.1) 6 (EA ) D 23E (xBB.2.3)
208 (B.1.1)
@ 201 (Alpha, B.1.1.7)
@ 20F 02) 22B\(BA5) 22E (BQ.1)
20D (B.1.1:1) @ 21G (Lambda, C.37)- @) 22A (BA.4)
@ 211 (Delta)
21A (Delta, B.1.617.2) @)
@ 21J (Delta)
20A (B.1)
19A (B)
19B (A) @ 21F (lota, B.1.526)

@ 21¢ (Epsilon, B.1.427/429)

20¢
@ 20H (Beta, B.1.351)
y Y
@ 21H (Mu, B:1.621)
@ 20G (B.1.2)
@ 21D (Eta, B.1.525)

@ 218 (Kappa, B.1.617.1)

D 20E (EU1, B.1.177)

Fig. 7. Phylogenetic classification of SARS-CoV-2 (Aksamentov et al., 2021, Hadfield et al., 2018).

compared to the global initial detection. The time delay for Alpha
(B.1.1.7) was at most 3-4 months (September 2020 in the UK, CW 03/
2021 in Heidelberg/Rhine Neckar region), for Beta (B.1.351), it was at
most 6-7 months (May 2020 in South Africa, CW 01/2021 Heidelberg/
Rhine Neckar region), while for Gamma (P.1) (November 2020 in Brazil,
CW 20/2021 in Heidelberg/Rhine Neckar region) and Delta (B.1.617.2),

it was 5-6 months (October 2020 in India, CW 19/2021 in Heidelberg/
Rhine Neckar region) (World Health Organization (WHO), 2020Db).
Since SARS-CoV-2 positive samples were not sequenced before January
2021 in our study, the possibility of an earlier initial detection cannot be
definitively ruled out - especially for Alpha (B.1.1.7) and Beta (B.1.351),
due to the nationwide first detection of Beta (B.1.351) in December 2020
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Fig. 8. Phylogenetic tree of SARS-CoV-2 clades in the Rhine-Neckar region 01/2021-07/2023 Generated with the Nextclade Tool.

and of Alpha (B.1.1.7) in the first half of January (Ministerium fiir
Soziales, 2021, Robert Koch Institute (RKI), 2021c).

While these four VOC variants exhibited similar dynamics in their
spread/time delay (with the shorter time delay for the UK attributed to
the significantly reduced distance compared to the initial detection lo-
cations of the other VOCs), Omicron (B.1.1.529) demonstrated a notably
shorter time delay of only a few weeks. It was initially detected in two
returnees from South Africa in CW 50/2021 in the Heidelberg/Rhine
Neckar region (November 2021 in Botswana and South Africa) (World
Health Organization (WHO), 2020b). This shorter delay is primarily due
to the increased transmission rate and improved immune escape of
B.1.1.529 compared to preceding variants (Baker et al., 2022; Jgrgensen
et al., 2022; Yue et al., 2023).

In summary, it can be inferred that for global pandemic variants
(such as Delta (B.1.617.2) and Omicron (B.1.1.529)), extrapolating re-
sults from locally confined studies is feasible for assessing the worldwide
epidemiological situation. Nonetheless, in the event of a new variant, a
time delay should always be considered. Evaluating this time delay also
appears to provide an epidemiological understanding of the trans-
mission rate (and immune escape, particularly in the context of reduced
vaccine efficacy).

5. Conclusion

It is likely that the current state of B.1.1.529 with its currently
circulating recombinant variants is not the final state regarding circu-
lating SARS-CoV-2 variants (or mutations) with significant selective
advantages over established variants. Therefore, new variants with even
greater epidemiological impact will most likely emerge.

The ongoing evolution and emergence of SARS-CoV-2 variants poses
ongoing challenges to public health efforts, requiring continuous

monitoring, research, and adaptability in response to changing viral
dynamics (although the significant reduction of symptom severity and
reduction of detection levels over the last few months, put the moni-
toring requirement into a new perspective). Yet, vigilance and pre-
paredness are still crucial regarding prospective new SARS-CoV-2
variants with a currently undetermined hazard rate regarding their
severity and transmissibility to mitigate the potential impact of new
variants on public health.

Therefore, the continued and comprehensive surveillance of
emerging SARS-CoV-2 strains and mutations by unbiased whole genome
sequencing remains of utmost importance for monitoring the still pre-
sent evolutionary changes in SARS-CoV-2 variants (even after the end of
the pandemic).

6. Limitations

The primary limitation of this study stems from the fact that our
laboratory was not the sole sequencing institute in the Rhein-Neckar/
Heidelberg region. This aspect was previously acknowledged in 2021
by conducting a comparative analysis of the variant distribution/
sequencing results between this study and those of the Limbach Labo-
ratory Heidelberg. The comparison revealed no significant variation in
the circulating variants, with differences of > 10% in individual variant
frequencies for at least two consecutive weeks considered as statistically
significant.
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This section provides a detailed/tabular overview of the sequencing results as well as the variants classified as wild type and recombinant variants

The case number reflects the respective variant’s sequence frequencies which fulfilled the RKI DESH criteria (Robert Koch Institute (RKI), 2021b)
over the respective time frame. The numbers in brackets reflect the total number of specimens assigned to the respective variant following the
sequencing process, encompassing samples that both passed and failed the RKI DESH criteria. The first and last discovery dates indicate the initial and
final detection dates of the respective variant. Wild type and recombinant variant tables also comprise the respective variant’s clade.

Table A.1 presents the sequencing results of 2021.

Table A.1

SARS-CoV-2 variant distribution in the Rhine-Neckar region 2021.

Variant Cases First Discovery Last Discovery
Wild type 722 (794) 02/01/2021 26/06/2021
A.27 170 (176) 14/01/2021 19/05/2021
B.1.1.7 1908 (1961) 20/01/2021 05/08/2021

thereof Q.1 43 (47) 13/02/2021 11/06/2021

thereof Q.4 44 24/02/2021 24/02/2021
B.1.351 51 (55) 13/01/2021 08/06/2021
P.1 11 (12) 18/05/2021 25/06/2021
P.3 5(5) 27/02/2021 20/03/2021
B.1.617.1 2(2) 11/04/2021 11/04/2021
B.1.617.2 4122 (4304) 10/05/2021 31/12/2021

thereof AY.4.2 63 (65) 06/10/2021 18/12/2021
B.1.1.529/BA.1 146 (147) 03/12/2021 31/12/2021
Total 7137 (7456)

Table A.2 presents the sequencing results of 2022.

Table A.2

SARS-CoV-2 variant distribution in the Rhine-Neckar region 2022.

Variant Cases First Discovery Last Discovery
B.1.617.2 266 (266) 10/05/2021 22/02/2022
BA.1 4279 (4509) 03/12/2021 02/06/2022
BA.2 4489 (4799) 07/01/2022 31/12/2022
BA.3 5(6) 22/02/2022 06/04/2022
BA.4 374 (382) 02/05/2022 29/12/2022
BA.5 7064 (7216) 14/04/2022 31/12/2022
Recombinant 35(37) 22/02/2022 30/12/2022
Total 16,512 (17215)

Table A.3 presents the sequencing results of 2023.
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Table A.3
SARS-CoV-2 variant distribution in the Rhine-Neckar region 2023.

Variant Cases First Discovery Last Discovery
BA.2 182 (197) 01/01/2023 30/06/2023
BA.3 0(2) 18/04/2023 23/04/2023
BA.4 1M 04/01/2023 04/01/2023
BA.5 482 (508) 01/01/2023 04/05/2023
Recombinant 534 (598) 02/01/2023 31/07/2023
Total 1199 (1306)

Table A.4 presents the evolutionary omicron timeline.

Table A.4
Omicron Distribution in the Rhein-Neckar/Heidelberg Region.

Variant Cases First Discovery Last Discovery
BA.1 4473 (4714) 03/12/2021 02/09/2022
BA.2 4671 (5000) 07/01/2022 30/06/2023
BA.3 5(8) 22/02/2022 23/04/2023
BA.4 375 (383) 02/05/2022 04/01/2023
BA.5 7546 (7732) 14/04/2022 04/05/2023
Recombinant 569 (636) 22/02/2022 31/07/2023
Total 17,639 (18473) 03/12/2021 31/07/2023

Table A.5 provides a comprehensive overview of the variants classified as wild-type variants, along with their respective incidences, first and last
discoveries as well as their clades.

Table A.5
Non-VOC statistics for the Rhine-Neckar region.

Variant Cases First Discovery Last Discovery Clade
A5 0 (1) 29/01/2021 29/01/2021 19B
A.29 2(7) 31/01/2021 24/04/2021 19B
AA1 2(3) 14/01/2021 10/03/2021 20E
B.1 9 (20) 17/01/2021 29/05/2021 20A/20B/20E
B.1.1 24 (32) 12/01/2021 02/05/2021 20B
B.1.1.28 2(2) 25/01/2021 25/01/2021 20B
B.1.1.39 22 (23) 13/01/2021 24/02/2021 20B
B.1.1.70 13 (14 12/01/2021 14/02/2021 20B
B.1.1.153 34 19/01/2021 30/01/2021 20B
B.1.1.161 0 (1) 13/01/2021 13/01/2021 20B
B.1.1.170 27 (28) 08/01/2021 20/03/2021 20B
B.1.1.189 6 (6) 05/01/2021 22/01/2021 20B
B.1.1.232 2(2) 12/01/2021 20/01/2021 20B
B.1.1.236 13(14) 13/01/2021 27/01/2021 20B
B.1.1.277 1) 15/01/2021 15/01/2021 20B
B.1.1.294 1) 29/01/2021 29/01/2021 20B
B.1.1.297 24 (28) 04/01/2021 01/03/2021 20B
B.1.1.317 7(7) 13/01/2021 12/03/2021 20B
B.1.1.318 2(2) 03/05/2021 03/05/2021 20B
B.1.1.347 1M 19/01/2021 19/01/2021 20B
B.1.1.374 2(2) 04/02/2021 28/02/2021 20B
B.1.1.385 38 (38) 14/01/2021 25/02/2021 20B
B.1.1.519 9(9) 01/03/2021 28/03/2021 20B
B.1.2 8(9) 19/01/2021 15/02/2021 20G
B.1.9 12 (14) 03/01/2021 26/03/2021 20A
B.1.36 44 21/01/2021 15/02/2021 20A
B.1.160 106 (111) 02/01/2021 22/10/2021 20A
B.1.177 143 (154) 06/01/2021 25/03/2021 20E
B.1.221 76 (83) 05/01/2021 13/04/2021 20A
B.1.222 0 (1) 14/01/2021 14/01/2021 20A
B.1.258 129 (135) 04/01/2021 23/03/2021 20A
B.1.406 44 23/01/2021 05/02/2021 20A
B.1.474 1(1) 23/01/2021 23/01/2021 20A
B.1.579 0 (1) 20/01/2021 20/01/2021 20A
B.1.619 6(7) 03/05/2021 25/06/2021 20A
B.1.621 1(1) 14/06/2021 14/06/2021 21H
B.55 0 (1) 22/01/2021 22/01/2021 19A
C.35 9(9) 13/01/2021 08/02/2021 20D
C.36 8(8) 14/ 01/2021 26/06/2021 20D
C.38 1M 16/05/2021 16/05/2021 20D
G.1 1M 21/01/2021 21/01/2021 20A
R.1 303 26/02/2021 28/02/2021 20B
Total 722 (794) 02/01/2021 26/06/2021
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Table A.6 provides a comprehensive overview of the variants classified as recombinant variants, along with their respective incidences, first and
last discoveries as well as their clades.

Table A.6
Recombinant variant(s) statistics for the Rhine-Neckar region.

Variant Cases First Discovery Last Discovery Clade
EG.1 4(5) 13/03/2023 28/05/2023 22F
EG.1.2 1) 10/05/2023 10/05/2023 23D
EG.1.4 0(1) 14/04/2023 14/04/2023 23A
EG.1.6 0 (1) 05/05/2023 05/05/2023 23D
EG.5.1.3 1) 29/06/2023 29/06/2023 23F
EG.5.2.3 1) 21/06/2023 21/06/2023 23D
EG.10 1M 14/05/2023 14/05/2023 23D
EG.10.1 1M 17/07/2023 17/07/2023 23D
EL.1 1M 06/06/2023 06/06/2023 23A
EU.1.1 19 (20) 09/03/2023 06/06/2023 23A
FL.1.2 1M 20/04/2023 20/04/2023 22F
FL.2 2(2) 01/06/2023 09/06/2023 23D
FL.2.1 44 14/04/2023 13/05/2023 22F
FL.3.1 1M 30/04/2023 30/04/2023 22F
FL.4 4(4) 06/06/2023 14/06/2023 23D
FL.5 1) 29/04/2023 29/04/2023 22F
FL.8 1M 13/05/2023 13/05/2023 23D
FL.18 1M 19/05/2023 19/05/2023 23D
FL.19 1) 08/05/2023 08/05/2023 23D
FL.22 1M 10/07/2023 10/07/2023 23D
FU.2 1M 12/04/2023 12/04/2023 23B
GB.1 1) 18/04/2023 18/04/2023 23A
GN.1.1 2(2) 05/07/2023 14/07/2023 23A
HZ.2 1M 12/06/2023 12/06/2023 23A
XAF 1) 18/05/2022 18/05/2022 Recombinant
XAN 1 14/08/2022 14/08/2022 Recombinant
XAY.1.1 44 18/01/2023 22/02/2023 Recombinant
XAY.1.1.1 3(3) 21/02/2023 22/04/2023 Recombinant
XAZ 1) 12/10/2022 12/10/2022 Recombinant
XBB 12 05/03/2023 05/03/2023 22F
XBB.1 14 (15) 12/10/2022 21/02/2023 22F
XBB.1.2 44 14/12/2022 01/02/2023 22F
XBB.1.4 1M 27/12/2022 27/12/2022 22F
XBB.1.5 250 (279) 21/12/2022 07/07/2023 23A
XBB.1.5.1 6 (6) 01/02/2023 10/05/2023 23A
XBB.1.5.3 7 (7) 20/03/2023 11/04/2023 23A
XBB.1.5.7 9 (11) 05/02/2023 28/03/2023 23A
XBB.1.5.12 5(5) 10/03/2023 28/04/2023 23A
XBB.1.5.13 18 (20) 10/03/2023 06/06/2023 23A
XBB.1.5.14 0(1) 31/03/2023 31/03/2023 23A
XBB.1.5.15 1M 01/04/2023 01/04/2023 23A
XBB.1.5.20 3(3) 08/03/2023 16/03/2023 23A
XBB.1.5.21 313 07/03/2023 16/03/2023 23A
XBB.1.5.24 7 (8 24/03/2023 30/05/2023 23A
XBB.1.5.33 1M 16/03/2023 16/03/2023 23A
XBB.1.5.37 34 27/03/2023 20/04/2023 23A
XBB.1.5.38 1M 24/04/2023 24/04/2023 23A
XBB.1.5.43 1M 24/04/2023 24/04/2023 23A
XBB.1.5.49 0(1) 14/04/2023 14/04/2023 23A
XBB.1.5.59 1M 04/07/2023 04/07/2023 23A
XBB.1.5.62 0 (1) 13/04/2023 13/04/2023 23A
XBB.1.5.63 5(11) 12/04/2023 02/06/2023 23A
XBB.1.5.86 1) 22/05/2023 22/05/2023 23A
XBB.1.9 0 (1) 14/02/2023 14/02/2023 22F
XBB.1.9.1 80 (92) 23/01/2023 07/06/2023 22F
XBB.1.9.2 20 (20) 23/01/2023 03/04/2023 22F
XBB.1.11.1 1M 25/04/2023 25/04/2023 22F
XBB.1.13 1) 06/04/2023 06/04/2023 22F
XBB.1.16 44 29/03/2023 31/07/2023 22F
XBB.1.16.1 1(2) 02/06/2023 02/06/2023 23B
XBB.1.16.21 1M 09/06/2023 09/06/2023 23B
XBB.1.19.1 1) 24/04/2023 24/04/2023 22F
XBB.1.22.2 44 08/03/2023 05/04/2023 23A
XBB.2 4(5) 20/10/2022 06/03/2023 22F
XBB.2.3 1) 27/02/2023 27/02/2023 22F
XBB.2.3.4 0(1) 11/04/2023 11/04/2023 22F
XBB.2.4 2(2) 03/02/2023 28/02/2023 22F
XBB.3 2(2) 19/10/2022 09/11/2022 22F
XBD 2(2) 21/10/2022 25/11/2022 Recombinant
XBF 19 (19) 19/12/2022 27/04/2023 Recombinant

(continued on next page)
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Table A.6 (continued)
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Variant Cases First Discovery Last Discovery Clade

XBF.3 1) 22/02/2023 22/02/2023 Recombinant
XBJ 0 (1) 15/11/2022 15/11/2022 Recombinant
XBK 14 (14) 21/12/2022 03/05/2023 Recombinant
XBK.1 1) 24/03/2023 24/03/2023 Recombinant
XBL 2(2) 30/12/2022 22/02/2023 Recombinant
XG 1M 14/04/2022 14/04/2022 Recombinant
XM 4(4) 22/02/2022 02/05/2022 Recombinant
Total 569 (636) 22/02/2022 31/07/2023

Appendix B

B.1. ARTIC SARS-CoV-2 protocol (Tyson et al., 2020), currently V4

The NEBNext ARTIC SARS-CoV-2 FS Library Prep Kit for Illumina (E7650) contains the enzymes, buffers and oligonucleotides required to convert a
broad range of total RNA into high quality, targeted, libraries for next-generation sequencing on the Illumina platform. Primers targeting the human
EDF1 (NEBNext ARTIC Human Primer Mix 1) and NEDD8 (NEBNext ARTIC Human Primer Mix 2) genes are supplied as optional internal controls. The
fast, user-friendly workflow also has minimal hands-on time. Each kit component must pass rigorous quality control standards, and for each new lot
the entire set of reagents is functionally validated together by construction and sequencing of indexed libraries on an Illumina sequencing platform.
For larger volume requirements, customized and bulk packaging is available by purchasing through the OEM/Bulks department at NEB.
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Fig. A.1. Workflow demonstrating the use of NEBNext ARTIC SARS-CoV-2 FS Library Prep Kit.
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1. cDNA Synthesis

The presence of carry-over products can interfere with sequencing accuracy, particularly for low copy targets. Therefore, it is important to carry
out the appropriate no template control (NTC) reactions to demonstrate that positive reactions are meaningful.

1.1. Gently mix and spin down the LunaScript RT SuperMix reagent. Prepare the cDNA synthesis reaction as described below:

1 rxn 96-well plate
Component Volume (ul) Volume (ul)
RNA sample 8 -
LunaScript RT SuperMix 2 200
MM/strip tube: 25 ul

e For no template controls, add water instead of RNA.

e Each RNA plate should have a no template (H20), a Human RNA sample and Twist RNA (12,500 copies) as controls.

e The wells to add the controls should be constant:
1.2 3.4 5 607 '8 91017112

. @

IOTMmMOAN®>

Twist control (12500 copies)
@ Human RNA

) Nuclease free water

The controls should be switched each plate!
1.2. Seal the plate, vortex and spin prior to placing it in the thermocycler.

1.3. Incubate the reactions in a thermocycler with the following steps:

Cycle Step Temperature Time Cycles
Primer Annealing 25°C 2 min

cDNA Synthesis 55°C 20 min 1
Heat Inactivation 95°C 1 min

Hold 4°C Y

*Set heated lid to 105 °C.
Samples can be stored at —20 °C for up to a week.

2. ¢cDNA Amplification

Note: 4.5 pl cDNA input is recommended. If using < 4.5 pl of cDNA, add nuclease-free water to a final volume of 4.5 pl. We recommend setting up
the cDNA synthesis and cDNA amplification reactions in different rooms to minimize cross-contamination of future reactions.

2.1. Gently mix and spin down reagents. Prepare the split pool cDNA amplification reactions as described below:

For Pool Set A:
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1 rxn 96-well plate
Component Volume (ul) Volume (ul)
cDNA 4.5 -
Q5 Hot Start High-Fidelity 2x MM 6.25 625
ARTIC SARS-CoV-2 Primer Mix 1 1.75 175
MM/strip tube: 100.0 pl
For Pool Set B:
1 rxn 96-well plate
Component Volume (ul) Volume (ul)
cDNA 4.5 -
Q5 Hot Start High-Fidelity 2x MM 6.25 625
ARTIC SARS-CoV-2 Primer Mix 2 1.75 175
MM/strip tube: 100.0 pl
2.2. Seal the plate, vortex and spin prior to placing it in the thermocycler.
2.3. Incubate reactions in a thermocycler with the following steps:

Cycle Step Temperature Time Cycles

Initial Denaturation 98 °C 30s 1

Denaturation 95 °C 15s 35

Annealing/Extension 63 °C 5 min

Hold 4°C o0 1

*Set heated lid to 105 °C.

2.4. Combine the Pool A and Pool B PCR reactions for each sample.
2.5. Quality control
We used to perform Qubit as well as bioanalyzer, but we found that Qubit alone was predictive of whether libraries would succeed. We
measured the controls and 8 random samples (2 samples from each source plate) with Qubit.

D Expected Qubit BR value
H>0 negative control 4-20

Human RNA negative control 4-20

Positive control 100-200

Sample 100-200

Samples can be stored at —20 °C for up to a week.

3. Fragmentation/End Prep
3.1. Mix 1.3 pl of the pooled amplicons (from step 2.4) with 11.7 pl of nuclease free water in a new 96well plate (Eppendorf TwinPlate) — Store the
rest of the pools at —20 °C
3.2. Ensure that the Ultra II FS Reaction Buffer is completely thawed. If a precipitate is seen in the buffer, pipette up and down several times to
break it up, and quickly vortex to mix. Place on ice until use.
3.3. Vortex the Ultra II FS Enzyme Mix 5-8 s prior to use and place on ice.

Note: It is important to vortex the enzyme mix prior to use for optimal performance.

3.4. Add the following components to a 0.2 ml thin wall PCR tube on ice:
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1 rxn 96-well plate
Component Volume (ul) Volume (ul)
cDNA amplified 13 -
NEBNext Ultra II FS reaction Buffer 3.5 350
NEBNext Ultra II FS Enzyme Mix 1 100
MM/strip tube: 56.2 pul

3.5. Seal the plate, vortex and spin prior to placing it in the thermocycler.

3.6. In a thermocycler, run the following program:

Temperature Time
37°C 25 min
65 °C 30 min
4°C ©

*Set heated lid to 75 °C.

If necessary, samples can be stored at —20 °C; however, a slight loss in yield (~20%) may be observed. We recommend continuing with adaptor

ligation before stopping.

4. Adaptor Ligation

4.1. Add the following components directly to the FS Reaction Mixture:

Component

1 rxn

Volume (ul)

96-well plate

Volume (ul)

FS reaction Mixture

NEBNext Adaptor for Illumina
NEBNext Ultra II Ligation MM
MM/strip tube:

17.5
1.25

15
203.1 pl

125
1500

*Mix the Ultra II Ligation Master Mix by pipetting up and down several times prior to

adding to the reaction.

**The NEBNext adaptor is provided in NEBNext Oligo Kkits.

4.2. Seal the plate, vortex and spin prior to placing it in the thermocycler

4.3. Incubate at 20 °C for 15 min in a thermocycler with the heated lid off.

4.4. Add 1.5 pl of e (red) USER® Enzyme to the ligation mixture from Step 4.3.
4.5. Mix well and incubate at 37 °C for 15 min with the heated lid set to >47 °C.

Samples can be stored overnight at —20 °C.

5. PCR Enrichment of Adaptor-ligated DNA/Dual Index PCR
5.1. Add the following components to a sterile strip tube:

Component

1 rxn

Volume (ul)

96-well plate

Volume (ul)

Adaptor Ligated DNA Fragments
NEBNext Library PCR MM

Dual Index Mix

MM/strip tube:

7.5
125

5

156.2 pl

1250

*Oligos from NEB dual index 96-well plate. 4 different sets.
**The leftover of the Adaptor Ligated DNA Fragments can be stored overnight @ —20 °C.

5.2. Seal the plate, vortex and spin before starting the program in the thermocycler.
5.3. Place the tube on a thermocycler and perform PCR amplification using the following PCR cycling Conditions:

16



C. Bundschuh et al. Infection, Genetics and Evolution 119 (2024) 105577

Cycle Step Temperature Time Cycles
Initial Denaturation 98 °C 30s 1
Denaturation 98 °C 10s 6
Annealing/Extension 65 °C 75s

Final Extension 65 °C 5 min 1
Hold 4°C ©

" Set heated lid to 105 °C. The number of PCR cycles recommended should be viewed as a starting
point and may need to be optimized for particular sample types.

6. Pooling of libraries
6.1. Without any QC step, all libraries from a plate should be pooled together.
6.2. Pipette 4 pl of each library into a strip with a multichannel pipette and combine all volume into a 1.5 mL Eppendorf tube (~380 pl).

7. Cleanup of the pool

7.1. Vortex NEBNext Sample Purification Beads to resuspend.

7.2. Measure the pool volume and add 0.7 x of resuspended beads to the PCR reaction. Mix well by pipetting up and down at least 10 times. Be
careful to expel all of the liquid out of the tip during the last mix. Vortexing for 3-5 s on high can also be used. If centrifuging samples after
mixing, be sure to stop the centrifugation before the beads start to settle out.

7.3. Incubate samples on bench top for at least 5 min at room temperature.

7.4. Place the tube/plate on an appropriate magnetic stand to separate the beads from the supernatant. If necessary, quickly spin the sample to
collect the liquid from the sides of the tube or plate wells before placing on the magnetic stand.

7.5. After 5 min (or when the solution is clear), carefully remove and discard the supernatant. Be careful not to disturb the beads that contain DNA
targets.

Note: do not discard the beads.

7.6. Add 200 pl of 80% freshly prepared ethanol to the tube/plate while in the magnetic stand. Incubate at room temperature for 30 s, and then
carefully remove and discard the supernatant. Be careful not to disturb the beads that contain DNA targets.

7.7. Repeat Step 7.6. for a total of two washes. Be sure to remove all visible liquid after the second wash. If necessary, briefly spin the tube/plate,
place back on the magnet and remove traces of ethanol with a p10 pipette tip.

7.8. Air dry the beads for up to 5 min while the tube/plate is on the magnetic stand with the lid open.

Note: Do not over-dry the beads. This may result in lower recovery of DNA.

7.8.1. Remove the tube/plate from the magnetic stand. Elute the DNA target from the beads by adding 105 pl of 0.1 x TE. Mix well by pipetting up and
down 10 times, or on a vortex mixer. Incubate for at least 2 min at room temperature.

7.8.2. If necessary, quickly spin the sample to collect the liquid from the sides of the tube or plate wells before placing back on the magnetic stand.

7.8.3. Place the tube/plate on the magnetic stand. After 5 min (or when the solution is clear), transfer 100 pl to a new eppendorf tube.

7.9. Repeat the cleanup steps with the 0.9x of resuspended beads.
7.10. Elute the DNA target from the beads by adding 55 pl of 0.1x TE and mix well.

7.11. Place the tube/plate on the magnetic stand. After 5 min (or when the solution is clear), transfer 50 pl to a new eppendorf tube and store at
—20 °C.

8. Library QC
8.1. Measure the concentration of the final pool with Qubit DNA BR kit.
8.2. Assess the library size distribution with Agilent Bioanalyzer high sensitivity DNA reagents. The sample may need to be highly diluted.
8.3. The expected concentration is between 100 and 200 ng/ul by BR Qubit.
8.4. A peek sized of 200-250 bp is expected on a Bioanalyzer, based on a 30-min fragmentation time:

Plate 1 B1
[FU]S
J‘M-\
150 ;O
1001 F %
{
50 f "‘x |
ir LH-“';‘ i 1
0 =y s
ImTT T | T TTT TT 11
35 150 300 500 10380 [bp]

Example of final library size distributions on a Bioanalyzer.
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