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ABSTRACT This first pilot trial on external quality assessment (EQA) of severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) whole-genome sequencing, initiated by the
European Society of Clinical Microbiology and Infectious Diseases (ESCMID) Study Group for
Genomic and Molecular Diagnostics (ESGMD) and the Swiss Society for Microbiology (SSM),
aims to build a framework between laboratories in order to improve pathogen surveillance
sequencing. Ten samples with various viral loads were sent out to 15 clinical laboratories
that had free choice of sequencing methods and bioinformatic analyses. The key aspects
on which the individual centers were compared were the identification of (i) single nucleo-
tide polymorphisms (SNPs) and indels, (ii) Pango lineages, and (iii) clusters between sam-
ples. The participating laboratories used a wide array of methods and analysis pipelines.
Most were able to generate whole genomes for all samples. Genomes were sequenced to
various depths (up to a 100-fold difference across centers). There was a very good consen-
sus regarding the majority of reporting criteria, but there were a few discrepancies in line-
age and cluster assignments. Additionally, there were inconsistencies in variant calling. The
main reasons for discrepancies were missing data, bioinformatic choices, and interpretation
of data. The pilot EQA was overall a success. It was able to show the high quality of partici-
pating laboratories and provide valuable feedback in cases where problems occurred,
thereby improving the sequencing setup of laboratories. A larger follow-up EQA should,
however, improve on defining the variables and format of the report. Additionally, contami-
nation and/or minority variants should be a further aspect of assessment.

KEYWORDS NGS, external quality assessment, ring trial, whole-genome sequencing

Whole-genome sequencing (WGS) of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) isolates has been used in many countries mainly to determine (i) spe-

cific viral lineages and (ii) the molecular epidemiological context. WGS will become increas-
ingly important both as a typing technology in virological routine diagnostics of individual
patients and for epidemiological surveillance. The European Centre for Disease Prevention
and Control (ECDC) recently published a document to support the usage and implementa-
tion of WGS of SARS-CoV-2 in European countries (1).

Quality management is a central element for ensuring accurate and robust laboratory
results for both routine diagnostic and reference laboratories. Internal and external controls
are integral to the assessment of quality, e.g., in an ISO-accredited environment. In particu-
lar, external quality assessments (EQAs) represent a cornerstone in introducing new test
methods, capacity building, and ensuring a baseline quality level. This is even more impor-
tant in a pandemic situation, where a novel, previously unknown pathogen necessitates
prompt development, validation, and rollout of assays for which microbiological expertise
and diagnostic knowledge are limited. In this context, EQAs can ensure and improve test-
ing quality and result comparability. They also allow, if sufficiently scaled, the comparison
of the test performances of in-house-developed and commercial assays.

To date, no EQA results have been reported focusing on WGS of SARS-CoV-2, although
some publications have shared quality aspects of a single center’s experiences (2, 3). Along
these lines, individual centers in Switzerland have reported protocols on WGS with differ-
ent epidemiological questions (4, 5). In the past, the Swiss Institute of Bioinformatics has
coordinated EQAs for viral metagenomics (6) and bacterial typing (7), which is an impor-
tant first step in the capacity forming of WGS technology between diagnostic laboratories.
Many other European countries are following suit.

For this reason, the European Society of Clinical Microbiology and Infectious Diseases
(ESCMID) Study Group for Genomic and Molecular Diagnostics (ESGMD) and the Swiss
Society of Microbiology (SSM) aimed to conduct a first EQA pilot trial focusing on SARS-
CoV-2 WGS with a focus on three key aspects of genome analysis: (i) identification of single
nucleotide polymorphisms (SNPs) and deletions, (ii) identification of Pango lineages (8),
and (iii) assessing genomic relatedness using a molecular epidemiological approach.

The aim is to exchange knowledge and build a framework between diagnostic labo-
ratories in order to improve quality for the continuing demands for high-quality
genomes to address epidemiological questions during an ongoing pandemic.
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MATERIALS ANDMETHODS
Design of the external quality assessment. The EQA was designed such that each laboratory could

choose its own sequencing method as well as bioinformatic analysis. This introduces variability and
makes disentangling methodological effects more difficult but best reflects clinical reality. Moreover, it
provides direct feedback to laboratories concerning their sequencing pipeline.

An overview of the individual analysis pipelines is shown in Table 1, and a full description can be
found in the supplemental material.

The desired key aspects for the EQA (SNPs/indels, Pango lineage assignment, and cluster assign-
ment) as well as additional features such as read depth and percentage of missing data were reported
back to the sequencing team at the University Hospital Basel (coordinating center for this pilot study).

Samples. Large quantities of virus suspensions were needed for the EQA. For this reason, it was decided
to culture the virus to generate enough material. Vero76 cells were grown in Dulbecco’s modified Eagle’s me-
dium (DMEM) (10% fetal bovine serum, 1% glutamine) in flat-bottom 96-well plates (Thermo Fisher Scientific,
MA, USA). One hundred microliters of SARS-CoV-2-positive naso-oropharyngeal fluids was added, and cells
were incubated for 48 h at 37°C. The cell culture supernatants were harvested, and SARS-CoV-2 RNA was
quantified using the laboratory-developed Basel-SCoV2-112bp nucleic acid test (NAT), as described previously
(9), targeting specific viral sequences of the spike glycoprotein S gene.

A total of 10 samples (named NGS1 to -10) of the cell culture supernatants were frozen and shipped on
dry ice to participating laboratories. The viral isolates originated from routine diagnostic samples from
Clinical Virology, University Hospital Basel, reflecting diverse epidemiological backgrounds. The cell culture
supernatants used contained a range of viral loads of SARS-CoV-2, reflecting viral loads typically observed in
routine diagnostics of acutely ill coronavirus disease 2019 (COVID-19) patients (see Table S1 in the supple-
mental material). To ensure that no changes occurred during culture, both primary material and the cell cul-
ture supernatant were sequenced and compared; the resulting sequences were identical (results not shown).

Assessment of variant calling. SNPs, compared to the reference Wuhan-Hu-1 strain, were assessed
as reported (usually in the form of a list of variants). In order to compare results across centers and sam-
ples, a score was developed. As there is no “correct solution” to compare results against, a majority con-
sensus approach was chosen; i.e., an SNP/indel was considered correct if the majority of laboratories
detected it (ignoring missing data). If the correct base was called, a score of 1 was given per site.
Incorrect base calls were scored as 21; missing data received a score of 0. If an ambiguous base was
called where a true SNP occurred and the correct base was included in the ambiguity code (IUPAC), a
score of 0.5 was given. Otherwise, reported ambiguous sites were not counted as SNPs. In the case of
deletions that were present but not reported, we chose to set the score to 21 given that centers were
instructed to report deletions and that a failure to report could be an artifact of the bioinformatics pipe-
line. The score was finally normalized per sample by the number of correct SNPs.

Assessment of lineage and cluster assignment. The “correct answer” was again assumed to be the
majority consensus. Clusters were relabeled to unify the nomenclature and compare laboratories. We did not
provide a strict definition of a cluster but allowed laboratories to determine clusters based on internal criteria.
In addition, no classical epidemiological metadata were provided, to help with potential interpretations.

RESULTS
Genome depth, coverage, and assembly. The mean read depth per center ranged

from 313� to 37,172�, which reflects a .100-fold difference across centers. However,
this was mostly driven by center 14, which sequenced to an extremely high read depth
(Fig. 1A; see also Table S2 in the supplemental material). Centers 7 and 9 are on the
lower end of the spectrum (mean depths 6 standard deviations [SD] of 325� 6 275�

TABLE 1 Summary of the methods used by the participating centersa

Center Primer panel (manufacturer) Sequencing technology Bioinformatics pipeline Reference(s)
1 Artic nCoV-2019 v3 Illumina MiSeq, 150-bp SE SmaltAlign 14
2 Artic nCoV-2019 v3 Nanopore Artic bioinformatics pipeline v1.1.3 15
3 Artic nCoV-2019 v3 Illumina MiSeq, 150-bp PE virSEAK pipeline (JSI Medical Systems)
4 CleanPlex SARS-CoV-2 (Paragon Genomics) Illumina MiSeq, 150-bp PE GENCOV 29
5 Artic nCoV-2019 v3 Illumina MiSeq, 150-bp PE Custom Galaxy pipeline 16, 17
6 Custom Nanopore MACOVID pipeline 18, 19
7 EasySeq RC-PCR SARS-CoV-2 (NimaGen) Illumina, MiniSeq, 150-bp PE Custom pipeline 20
8 EasySeq RC-PCR SARS-CoV-2 (NimaGen) Illumina, MiniSeq, 150-bp PE EasySeq pipeline 21, 22
9 Midnight primer panel (IDT) Nanopore Artic bioinformatics pipeline 15
10 Artic nCoV-2019 v3 Nanopore Artic bioinformatics pipeline 15, 20
11 Artic nCoV-2019 v3 Nanopore SusCovONT 23
12 QIAseq SARS-CoV-2 primer panel (Qiagen) Illumina MiniSeq, 150-bp PE Illumina BaseSpace Dragen COVID lineage
13 Illumina COVIDSeq test Illumina NovaSeq, 50-bp PE Health 2030 Genome Center in Geneva pipeline 24
14 Illumina COVIDSeq test Illumina NovaSeq, 150-bp PE Custom pipeline 25, 26
15 Artic nCoV-2019 v3 Illumina NextSeq, 150-bp PE COVGAP 4, 27, 28
aA detailed method description by each center can be found in the supplemental material. SE, single end; PE, paired end; RC-PCR, reverse complement PCR.
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and 313� 6 132�, respectively), whereas all other laboratories usually sequenced to a
mean depth of between 1,000� and 8,000�.

The majority of samples could be assembled to a consensus genome by all centers,
with the exception of NGS8, for which assembly failed partially for center 7 and com-
pletely for center 9 as seen by the percentage of missing data shown in Fig. 1B
(numeric values are shown in Table S3).

SNPs and indels. Variants have been assessed as reported and are displayed in Fig. S1A
to J as a dot plot indicating the presence and absence of the variant. Some centers reported
mixed sites using ambiguous codes, while others did not. Moreover, not all centers reported
deletions. Whether these had been correctly called in the consensus genome was therefore
checked for each variation and, if present, specifically marked in Fig. S1. Additionally, Table S5
lists the number of correct, wrong, and missing SNP calls for each sample and laboratory.

A variant calling score was developed in order to quantify and compare the variant
calls per sample and laboratory (see Materials and Methods). The results are shown in Fig.
1C (numerical values are shown in Table S4), with average scores per sample across all cen-
ters (row marked with ø) also shown as a measure of congruence across laboratories. As
expected, samples with a higher proportion of missing data produced a lower score if the
affected regions harbored many variations (e.g., NGS3 by center 7, which had a coverage
of 91%). Samples NGS7, -9, and -10 had many deletions, and laboratories not reporting
these deletions received a correspondingly lower score. NGS8, however, was a sample
with which many centers had problems. Many laboratories reported missing data for vari-
ant loci. Additionally, incorrect base calls were made, in particular by center 15 (Fig. S1H).
A combination of several of these factors can in turn result in a lower mean score for a cen-
ter (e.g., center 7, with an average score of 0.75) (Table S4).

Lineage assignment. Correct lineage assessment is of course dependent on correct
SNP calling and sufficient coverage across the genome. The majority of centers
assigned all samples to the correct lineage (Table 2). Two centers with the lowest
mean depths failed in correctly assigning the lineage of one sample, NGS8 (B.1.177)
(Table S2). Center 7, which provided a 57% complete genome (mean read depth of
39�), could assign the sample to lineage B. Rather surprisingly, the laboratory with by
far the highest depth, center 14, assigned the lineages of two samples incorrectly:
NGS7 and -9 were both assigned only as lineage A, as opposed to the more accurate
correct solution of A.27. This was due to an outdated version of Pangolin.

FIG 1 (A) Mean read depth per sample (x axis) and center (y axis). Colors have been scaled for high resolution for values of between 0 and 10,000; values
larger than this are displayed in the same color. (B) Percentage of N’s in the genome per sample (x axis) and center (y axis). (C) Score for variant detection
per sample (x axis) and center (y axis) as well as mean score for each center across all samples and mean score for each sample across centers (ø). The
numerical values underlying each plot can be found in Tables S2 to S4 in the supplemental material.
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Cluster identification. Almost all centers reported the same clusters (Table 3).
Samples NGS2 and NGS5 formed one cluster (cluster B); NGS3, NGS6, and NGS8 formed
the second cluster (cluster C); and NGS7 and NGS9 formed the third cluster (cluster E).

The low coverage for sample NGS8 was a challenge for the two above-mentioned cen-
ters 7 and 9. However, center 7 reported a presumed allocation into the correct cluster
using the partial genome (asterisk in Table 3). Center 9 could not identify the cluster due
to unsuccessful sequencing (9� mean depth [Table S2, highlighted in red]). This resulted
in a too-small cluster.

Center 12 had difficulties with two samples (NGS1 and -4) and allocated them incorrectly
to cluster B (together with NGS2 and -5) (Table 2, shading). This was despite them falling
into different Pango lineages (Table 2). Center 14 incorrectly assigned NGS1 and NGS4 to a
separate cluster (Table 2, shading), again despite differing Pango lineage assignments.
However, the other clusters were correctly assigned by both laboratories.

DISCUSSION
Impact of methodological choices. Given that laboratories had free choice over

their experimental as well as analytical protocols, disentangling the individual effects
of these differences is impossible. A factor known to influence sequencing success is vi-

TABLE 2 Pango lineage assignmentsa

Center

Lineage assignment

NGS1 NGS2 NGS3 NGS4 NGS5 NGS6 NGS7 NGS8 NGS9 NGS10
1 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
2 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
3 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
4 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
5 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
6 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
7 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B A.27 B.1.1.7
8 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
9 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 NA A.27 B.1.1.7
10 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
11 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
12 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
13 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
14 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A B.1.177 A B.1.1.7
15 B.1.416.1 B.1.36.17 B.1.177 B.1.258 B.1.36.17 B.1.177 A.27 B.1.177 A.27 B.1.1.7
aNA, not applicable; lineage assignment was impossible. Shading highlights cases discussed in more detail in the text.

TABLE 3 Cluster assignmentsa

Center

Cluster assignment

NGS1 NGS2 NGS3 NGS4 NGS5 NGS6 NGS7 NGS8 NGS9 NGS10
1 A B C D B C E C E F
2 A B C D B C E C E F
3 A B C D B C E C E F
4 A B C D B C E C E F
5 A B C D B C E C E F
6 A B C D B C E C E F
7 A B C D B C E C* E F
8 A B C D B C E C E F
9 A B C D B C E NA E F
10 A B C D B C E C E F
11 A B C D B C E C E F
12 B B C B B C E C E F
13 A B C D B C E C E F
14 A B C A B C E C E F
15 A B C D B C E C E F
aNA, not applicable; cluster assignment was impossible. Shading highlights discrepant cases discussed in more
detail in the text. *marks that the center reported an assumed cluster assignment based on a partial genome.
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ral load. For example, NGS8, while having a viral load comparable to those of NGS9
and -10 (threshold cycle [CT] values of 28.4 and 28.1, respectively), was on the lower
end of the spectrum (CT value of 28) (see Table S1 in the supplemental material). This
could be why many centers had problems with this sample.

When grouping the sequencing methods roughly into Illumina single-end versus
Illumina paired-end versus Oxford Nanopore Technologies (ONT) methods, a platform-
related effect does not seem to have occurred (Fig. S2). In fact, centers 7 and 8 had
very similar sequencing setups, with the exception of their analysis pipelines (Table 1).
Center 8, however, was able to sequence to a greater depth and was therefore better
able to perform accurate genomic analyses as it achieved overall higher coverage
across the genome. Moreover, the small genome of SARS-CoV-2 and the lack of long
repeat regions allow the use of short reads or single-end sequencing, which would be
more problematic for WGS of other pathogens.

The mean depth had an effect only insofar as a too-low depth leads to too much miss-
ing data. Once a sufficient read depth had been achieved, there was no further clear corre-
lation between the score of variant calling and depth (Fig. S3). In general, depth across the
genome can be very uneven, and average depth as a measure does not fully take this into
account. Technically, read depths of between 100� and 200� can be enough for genotyp-
ing. For example, samples NGS2 and -5 for center 7 have 191� and 131� coverages,
respectively, as well as a small amount of missing data and a high variant calling score
(Fig. 1). However, when coverage is uneven, missing data can still be an issue, even at a
higher average depth (e.g., NGS10 for center 7 at 246�) (Fig. 1; Table S2). For accurately
genotyping SARS-CoV-2, it is necessary to capture the entirety of the genome and not just
some areas (even of biologically important areas such as the S gene) as the software used
to determine the lineage built its models based on whole-genome diversity (the
pangoLEARN algorithm within Pangolin) (8). It is therefore important to strive for the best
coverage across the genome (i.e., a small amount of missing data), and “sufficient read
depth,” as mentioned above, is therefore a function of this. More even coverage in ampli-
con-based sequencing can, for example, be achieved by balancing primer sets.

Instead of average depth, other factors such as variant reporting capacity, mapping
quality, as well as interpretation of data play a larger role. This is an important point for
diagnostic laboratories with respect to operational costs. The importance of this was
highlighted by center 14, which sequenced to by far the highest depth but had difficul-
ties with lineage and cluster assignments despite very good variant calling. Upon
receiving a preliminary report, center 14 reexamined its analysis pipeline and found
that it had used an outdated Pangolin and pangoLEARN version. The Pango lineage
nomenclature is dynamic, meaning that the nomenclature system develops as SARS-
CoV-2 evolves, and lineage definitions and names can change over time (8). The pilot
EQA provided valuable feedback for the center to improve its workflows.

Cluster assignment, on the other hand, highlighted another challenge for the devel-
opment of any EQA: communication and interpretation. The majority of other centers
determined a cluster as a putative transmission cluster that differs between 0 and max-
imally 2 SNPs (thresholds vary slightly) (see supplemental methods in the supplemen-
tal material). Two centers had difficulties, which could be resolved upon feedback.
Center 12 had interpreted the terminology “cluster” differently and instead reported
the Nextclade assignment (10); center 14 in turn deemed samples NGS1 and NGS4 to
belong to a single cluster. While they share an ancestor, most other laboratories
deemed them sufficiently different to assign them to two separate clusters. In fact,
they differ in 27 SNPs, whereas the other true clusters (clusters B, C, and E in Table 3)
had 0 to 1 SNPs between genomes. This highlights that there is a certain element of
subjectivity in data interpretation when lacking clear definitions as well as the need to
clarify the objective of the task (in this case the assessment of transmission clusters
rather than simply related sequences in a phylogenetic tree).

An important factor for routine sequencing is cost. In general, the amplicon-based
protocols used in this study consist of a reverse transcription step, an amplification
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step, library preparation, and sequencing. As the first two steps are mostly the same
for different sequencing technologies, cost is driven mainly by library preparation and
sequencing itself. Here, Oxford Nanopore sequencing allows faster data generation
due to real-time base calling, while sequencing on an Illumina machine typically takes
slightly more than a day (11). Cost-wise, the price per sample will decrease with
increasing throughput. But the many library preparation kits available as well as the
wide range of sequencing machines used here (Table 1) make comparisons between
the centers difficult.

All protocols used by the participating centers in this EQA used amplicon-based
sequencing, and primer bias can have an influence on sequencing accuracy. Here, primer
sets vary between laboratories (Table 1). For the Artic v3 primers (which are public), we find
no apparent bias in the data reported here compared to the other primer panels. However,
centers 7 and 8 used the same primer panel but did not detect the variant G21255C in sam-
ples NGS3, -6, and -8 (Fig. 1C, F, and H). This SNP is present in almost all representatives of
lineage B.1.177 (12). Whether this failure in detection is truly due to primer bias cannot be
conclusively answered, however, as commercial primer sequences are often not public. A
possibility to deal with this issue bioinformatically is to trim primer sequences prior to as-
sembly. Nevertheless, primer bias is a real issue if it leads to dropouts. Fortunately, this is
actively monitored by the community. For example, dropouts of the Artic v3 panel have
been reported, especially for Beta and Delta variants. For this reason, a new primer panel
has been developed to avoid high-frequency variant sites in the newer lineages (13).

Factors not assessed in this pilot EQA. This pilot EQA focused on reporting find-
ings related to consensus genome sequences but did not include minority variant
reporting. Center 15 reported issues with contamination for sample NGS8, yet lineage
and cluster assignments were successful as the key sites were not affected. However,
some contamination spilled over into the consensus genome as evidenced by a num-
ber of wrong variant calls (Fig. S1H). Similarly, some laboratories reported mixed loci as
SNPs in their reports, although we were mostly interested in fixed changes.
Differentiating between contamination and true, albeit rare, mixed infections or possi-
ble in-host evolution can be very difficult, especially in a clinical setting with high sam-
ple throughput. Assessment of contamination and analysis of minority variants would
allow the provision of more detailed feedback to the laboratories. Contamination, for
example, would likely be an isolated event for a center, resulting in mixed sites, while a
true mixture would be prevalent across all centers. At the same time, it would offer an
interesting analytical challenge, particularly if samples with true mixed infections were
sent to participants.

Conclusion and lessons learned. The first ESGMD-SSM pilot EQA of SARS-CoV-2
sequencing was overall a success. Most centers generated whole-genome sequences
and correctly identified all lineages and clusters. Additionally, there was a consensus
regarding the majority of called SNPs despite the strong effect that missing data and
unreported deletions (although present in the data) had on the scores of some. This
suggests an overall high quality in each participating center. The standardized report-
ing of important variations in the genome should be the focus of improvement for
some bioinformatic pipelines. The most critical aspect was coverage across the ge-
nome, which correlated with correct lineage and cluster assignments.

For a follow-up EQA, the variables and format of the variables to document have to
be more clearly defined. Moreover, minority variants should be included to some
degree from samples with mixed infections. Information on primer sets for amplicon-
based methods should be carefully recorded, especially in light of new virus lineages.
Instead of culture supernatants, it might also be of interest to include primary patient
samples diluted in a clinical collection matrix as well as an empty control. Finally, to
trigger a discussion on cluster definition, samples with high similarity but 2 to 5 SNP
differences could also be included.

The COVID-19 pandemic required a rapid global laboratory response involving the
development and rollout of new diagnostic assays and diagnostic platforms on an un-
precedented scale. In response to the emergence and spread of virus variants of
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concern, WGS is increasingly being utilized not only for surveillance but also for diag-
nostic purposes, thus necessitating the rapid deployment and sharing of quality assur-
ance schemes. This EQA pilot provides proof of feasibility for the development and
operationalization of an EQA for WGS in a pandemic context, and lessons learned from
its design, delivery, and results should inform future pandemic preparedness.

SUPPLEMENTAL MATERIAL
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