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Amplicon-based sequencing methods are central in characterizing the diversity, transmission, and
evolution of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), but need to be rigorously
assessed for clinical utility. Herein, we validated the Swift Biosciences’ SARS-CoV-2 Swift Normalase
Amplicon Panels using remnant clinical specimens. High-quality genomes meeting our established li-
brary and sequence quality criteria were recovered from positive specimens, with 95% limit of detection
of 40.08 SARS-CoV-2 copies/PCR. Breadth of genome recovery was evaluated across a range of CT values
(11.3 to 36.7; median, 21.6). Of 428 positive samples, 413 (96.5%) generated genomes with <10%
unknown bases, with a mean genome coverage of 13,545� � SD 8382�. No genomes were recovered
from PCR-negative specimens (n Z 30) or from specimens positive for noneSARS-CoV-2 respiratory
viruses (n Z 20). Compared with whole-genome shotgun metagenomic sequencing (n Z 14) or Sanger
sequencing for the spike gene (n Z 11), pairwise identity between consensus sequences was 100% in
all cases, with highly concordant allele frequencies (R2 Z 0.99) between Swift and shotgun libraries.
When samples from different clades were mixed at varying ratios, expected variants were detected even
in 1:99 mixtures. When deployed as a clinical test, 268 tests were performed in the first 23 weeks, with
a median turnaround time of 11 days, ordered primarily for outbreak investigations and infection
control. (J Mol Diagn 2022, 24: 963e976; https://doi.org/10.1016/j.jmoldx.2022.05.007)
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Since the deposition of the first severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) whole genome
sequence (NC_045512.1) in January 2020, >4 million
SARS-CoV-2 genomes have been deposited to public data
repositories, far exceeding any other human pathogen.1,2

Such a feat has been made possible because of advances
in next-generation sequencing (NGS) technologies that
enable near real-time genomic surveillance.3e9 Viral whole-
genome sequencing (WGS) of laboratory-confirmed SARS-
CoV-2 isolates is frequently used in outbreak investigations,
deployment of public health interventions, development of
Pathology and American Society for Investiga
vaccines and therapeutics, and evaluation of vaccine and
antiviral effectiveness against emerging variants.4e6,10e15
tive Pathology. Published by Elsevier Inc. All rights reserved.
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Specific SARS-CoV-2 variants have been associated with
higher viral loads, lower vaccine effectiveness, and worse
outcomes, such as mortality.16e23 Notably, B.1.1.7 has been
associated with increased disease severity, prolonged hos-
pitalization, and higher mortality risk.16,18,19,21e24 In addi-
tion, recent studies have shown poorer outcomes for patients
infected with variants B.1.351 and P.1.23,25 In a clinical
setting, identification of specific viral mutations can aid in
the selection of monoclonal therapies,26e29 and viral
sequencing can be used to monitor the accumulation of
mutations during long-term viral replication in immuno-
compromised individuals.30 As treatment regimens expand,
validated WGS assays are needed not only for genomic
surveillance but also for high-quality, clinically actionable
data with rapid turnaround times.

Multiplexed amplicon sequencing methods have proven to
be faster, more sensitive, and more cost-effective than shotgun
and capture-based approaches, enabling genome recovery
across a wide range of viral loads.31,32 We previously tested
one such panel from Swift Biosciences and demonstrated
genome recovery up to a CT of 36 across a broad range of
isolates.33 Designed against the SARS-CoV-2 WuhaneHu-1
complete genome (https://www.ncbi.nlm.nih.gov/nuccore,
accession number NC_045512.2, last accessed July 12,
2022), the Swift Normalase Amplicon Panel (SNAP) primer
set amplifies 345 amplicons ranging from 116 to 255 bp
(average, 150 bp) in a single tube to cover the approximately
30-kb SARS-CoV-2 genome. This assay can generate li-
braries in<3 hours using an input concentration of only 10 to
100þ viral copies for single-strand cDNA or double-strand
cDNA synthesis. This can be followed by either manual
normalization or Swift Biosciences’ proprietary enzymatic
normalization of multiplexed libraries for equimolar pools.

For clinical use, sequencing assays need to be rigorously
validated, documented, and performed in Clinical Labora-
tory Improvement Amendmentseaccredited laboratories.
However, no specific guidelines currently exist for the
development and validation ofWGS assays for SARS-CoV-
2. We validated the Swift Biosciences’ one-tube SARS-
CoV-2 SNAPVersion 2.0dthe first clinical validation of an
NGS-based assay for WGS of SARS-CoV-2 to our knowl-
edgedaccording to US Food and Drug Administration’s
“Considerations for Design, Development, and Analytical
Validation of Next Generation Sequencing-Based in Vitro
Diagnostics Intended to Aid in the Diagnosis of Suspected
Germline Diseases” (https://www.fda.gov/media/99208/
download, last accessed January 4, 2021) and US Food
and Drug Administration’s “Submitting Next Generation
Sequencing Data to the Division of Antiviral Products
Guidance for Industry” Technical Specifications
Document (https://www.fda.gov/regulatory-information/
search-fda-guidance-documents/submitting-next-generation-
sequencing-data-division-antiviral-products-guidance-industry-
technical, last accessed August 19, 2021). Using clinical
specimens, the analytical sensitivity, analytical specificity,
limit of detection, accuracy, and precision (reproducibility
964
and repeatability) of the assay were evaluated,
establishing acceptance criteria for sequencing libraries
and output genomes. This assay is now available as a
clinically orderable test, with results returned to
physicians to aid in disease management and treatment. It
has been used in multiple vaccine trials, research studies,
validation of other NGS-based assays, and sequencing
SARS-CoV-2 for public health surveillance and outbreak
investigation.4,6,10,34e38

Materials and Methods

Performance Evaluation

Existing US Food and Drug Administration guidelines were
used for designing, developing, and establishing the
analytical validity of NGS-based tests for the diagnosis of
suspected germline diseases and development of antivirals
to clinically validate a multiplex amplicon sequencing
method for WGS of SARS-CoV-2 (Supplemental
Figure S1). The aim was to determine analytical sensi-
tivity (limit of detection), analytical specificity, accuracy,
and precision (reproducibility and repeatability) of the assay
using remnant clinical specimens described below.

Clinical Specimens

Use of deidentified remnant clinical specimens from Uni-
versity of Washington Virology Laboratory for SARS-CoV-2
testing was approved by the University of Washington
Institutional Review Board. Specimens were tested for
SARS-CoV-2 using one of the following PCR assays: CDC-
based Laboratory Developed Assays, Abbott m2000 (Abbott
Laboratories, Chicago, IL); Roche Cobas (Roche, Basel,
Switzerland); or Hologic Panther/Panther Fusion (Hologic,
Marlborough, MA).39,40 Samples used for analysis of speci-
ficity were tested using University of Washington Virology
Laboratory respiratory virus panel to identify noneSARS-
CoV-2 respiratory pathogens, including respiratory syncytial
virus, influenza virus type A, parainfluenza virus types 1, 2,
and 3, and human metapneumovirus.41

Laboratory-confirmed specimens used in this study came
from nasal or nasopharyngeal swabs collected in either
phosphate-buffered saline or viral transport medium that had
>500 mL volume remaining. This included SARS-CoV-
2epositive specimens (n Z 428), specimens negative for
both SARS-CoV-2 and other respiratory viruses (n Z 30),
and specimens positive only for other respiratory viruses
(n Z 20). Water was used as a negative control, and pre-
viously confirmed and sequenced SARS-CoV-2epositive
specimens were used as positive controls.

SARS-CoV-2 Virus Culture Isolates

For detection of within-sample variation, two previously
sequenced culture isolates from different clades were used:
jmdjournal.org - The Journal of Molecular Diagnostics
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WA-UW-20236 TM, EPI_ISL_4926371, Nextstrain clade
20A, and WA-UW-19433 TM, EPI_ISL_4926374, 20B. The
culture isolates had a viral load of 7 � 104 copies/mL and an
approximate CT of 20. Viruses were isolated from original
clinical specimens at the University of Vermont Biosafety
Level 3 (BSL-3) facility under an approved Institutional
Biosafety protocol, as previously.42 Vero E6-TMPRSS2 cells
[obtained from the Japanese Collection of Research Bio-
resources (JCRB) Cell Bank, JCRB number JCRB1819] were
inoculatedwith100mLof clinical sample, inoculated for 1 hour
at 37�C with rocking, washed with phosphate-buffered saline,
and overlaid with 1 mL standard Vero medium containing 2%
fetal bovine serum. Wells were monitored daily for the
appearance of cytopathic effect.43 Once cytopathic effect was
observed, supernatants were clarified to remove cellular debris
and prepared for RNA extraction by mixing 1:1 with Qiagen
Buffer AVL (Qiagen, Germantown,MD). The high viral loads
in supernatants after viral isolation (CT 10 and 9.5, respec-
tively) allowed preparation of multiple dilutions and mixtures.
The consensus sequences for the two samples differed at a total
of 16 positions, with 6 mutations unique to the 20A specimen
(C4633T, C10965T, T14643C, A20268G, C22482T, and
C28854T), 10 mutations unique to the 20B specimen
[G2144T, G3824A, G13348T, C15933T, G16968T,
T19839C, G28083T, and GGG(28881 to 28883)AAC], and 4
mutations common to both samples (C241T, C3037T,
C14408T, and A23403G). All positions are relative to the
SARS-CoV-2 isolate WuhaneHu-1 reference sequence
(NC_045512.2).

RNA Extraction and PCR

RNA was extracted from 200 mL of each specimen (nasal or
nasopharyngeal swabs in phosphate-buffered saline or viral
transport medium) and eluted to 100 mL on the MagNAPure
LC (Roche) using the manufacturer’s instructions. This was
followed by a confirmatory RT-PCR using AgPath-ID One-
StepRT-PCRkit (Life Technologies, Carlsbad, CA)withCDC
N1/N2 primers and probes for N gene following protocol and
concentrations.39,44 Specimens with N1/N2 CT �18 were
diluted to prevent inhibition in downstream procedures. For
measurement of analytical sensitivity, diluted RNA was also
quantified by reverse transcription digital droplet PCR (RT-
ddPCR) using the One-Step RT-ddPCR Advanced Kit for
Probes (Bio-Rad, Hercules, CA) with N2 primer/probe set.

Swift SNAP Library Preparation and Quality Control

Using SuperScript IV First-Strand Synthesis System (Thermo
Fisher, Waltham, MA), 11 mL of extracted RNA was sub-
jected to single-strand cDNA synthesis, and 10 mL of the
resulting single-strand cDNA was used for library preparation
using the Swift SARS-CoV-2 SNAP Version 2.0 kit (Swift
Biosciences, Ann Arbor, MI). First-strand synthesis and li-
brary preparation protocols were automated on liquid han-
dlers, Sciclone G3 NGSx iQ Workstation (PerkinElmer,
The Journal of Molecular Diagnostics - jmdjournal.org
Waltham, MA), following manufacturer’s instructions
(https://www.protocols.io/view/uw-virology-swift-snapv2-
protocol-byw4pxgw, last accessed October 18, 2021).
Libraries were quantified on a VICTOR Nivo Multimode
Microplate Reader (PerkinElmer) using the Quant-iT
dsDNA High Sensitivity kit (Life Technologies). Library
quality was inspected on the Agilent 4200 TapeStation
(Agilent Technologies, Santa Clara, CA) using TapeStation
D1000 DNA ScreenTape. Libraries with concentration �1.
35 ng/mL on the plate reader and �0.5 ng/mL (region con-
centration from 250 to 750 bp) on the TapeStation were
deemed accepted for sequencing. These cutoffs were deter-
mined on the basis of multiple runs of negative controls and
expected ranges of amplicon sizes (Supplemental Figure S2).
Libraries satisfying these criteria were enzymatically
normalized using Normalase to generate equimolar pools
using the Swift SARS-CoV-2 SNAP Version 2.0 kit.
Generated pools were sequenced on the Illumina NextSeq
500 (Illumina, San Diego, CA) using the NextSeq 500/550
High Output Kit version 2.5 (2 � 150 cycles). Positive and
negative controls were included on each run, and only
sequencing runs with >50% reads passing filter and >60%
of bases exceeding Phred quality scores of 30 were accepted.

Instrument Validation

After initial validation on the Illumina NextSeq 500, parallel
sets of libraries were run on Illumina NextSeq 2000 and
Illumina MiSeq instruments using 2 � 150 kits. Run, li-
brary, and genome quality metrics were assessed to ensure
they meet passing criteria, and consensus genomes and
allele frequencies were compared across the two runs.

Metagenomic Sequencing

Shotgun metagenomic sequencing [metagenomic NGS
(mNGS)] was performed as previously described.45,46

Briefly, 18 mL of extracted RNA from selected positive
specimens (CT � 25) was subjected to double-stranded
cDNA synthesis using the SuperScript IV First-Strand Syn-
thesis System followed by second-strand synthesis using
Sequenase version 2.0 (Thermo Fisher) and AMPure XP
(Beckman Coulter Life Sciences, Brea, CA) bead-based pu-
rification. Libraries were prepared from 6 mL of the cDNA
using Nextera Flex (Illumina) following manufacturer’s
protocols and sequenced on the NextSeq 500/550 (Illumina)
using the High Output Kit version 2.5 (75 cycles).

Illumina COVIDseq

A subset of samples was sequenced using an alternative
amplicon panel (Illumina COVIDseq) to evaluate the
robustness of variant identification among more recent
samples. The COVIDseq protocol was implemented on the
same liquid handler system (PerkinElmer Sciclone G3
NGSx iQ Workstation) and used to prepare libraries from
965
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extracted RNA. COVIDseq libraries were sequenced on an
Illumina Novaseq6000 instrument using a 1 � 100 read
format with a target of 2 million reads per sample.

Sanger Sequencing (Spike Gene)

Three amplicons covering the spike coding region
(NC_045512.2: 21252 to 22861, 22559 to 24395, and
24072 to 25572) were generated for each sample using
SuperScript III One-Step PCR Mix (Thermo Fisher)
(Table 1). Amplicons were purified using Qiagen columns
and eluted with 50 mL of elution buffer, and 2 mL of each
purified sample was run on a FlashGel (Lonza, Basel,
Switzerland). Samples with visible bands were Sanger
sequenced using four to eight separate sequencing primers
(IDT, Coralville, IA) (Table 2) and compared against cor-
responding NGS samples.

Genome Assembly and Data Analysis

Genomes from Swift SNAP libraries were assembled using
a custom pipeline, TAYLOR (https://github.com/greninger-
lab/covid_swift_pipeline, last accessed July 5, 2022),
described previously.33,47 Briefly, raw reads were adapter
and quality trimmed using BBDuk (https://jgi.doe.gov/data-
and-tools/bbtools, last accessed July 5, 2022), aligned to the
WuhaneHu-1 reference genome (NC_045512.2), and
trimmed of PCR primers using Primerclip (https://github.
com/swiftbiosciences/primerclip, last accessed July 5,
2022). Consensus genomes and variants were called using
BCFtools.48 For a genome to pass acceptability criteria,
>1 million raw reads, >750� mean genome coverage,
>1000� mean spike gene coverage, 100% of spike gene
with at least 200� coverage, and <10% unknown bases
(Ns) in the final consensus sequence were required. A
minimum of 6� per base coverage was required to call a
non-N base in the consensus sequence.
Table 1 Amplification Primers for Sanger Sequencing

Region Primer name Sequence

1 CoV-2 S_Amp-F1a 50-TGCGTCATCATCT
CoV-2 S_Amp-F1b 50-CAAACCACGCGAA
CoV-2 S_Amp-R1a 50-TGCTACCGGCCTG
CoV-2 S_Amp-R1b 50-AACGCAGCCTGTA

2 CoV-2 S_Amp-F2a 50-CAAACTTGTGCCC
CoV-2 S_Amp-F2b 50-CCGCATCATTTTC
CoV-2 S_Amp-R2a 50-GTGCACTTGCTGT
CoV-2 S_Amp-R2b 50-CAATTTGCACTTC

3 CoV-2 S_Amp-F3a 50-CAGATGCTGGCTT
CoV-2 S_Amp-F3b 50-TGGTGATTGCCTT
CoV-2 S_Amp-R3a 50-AACGCCAACAATA
CoV-2 S_Amp-R3b 50-GGAAGCGCTCTGA

Two forward and two reverse primers were designed to amplify each of three over
each combination is listed. The primers used for most samples are in bold; the ot
FlashGel.

966
For Sanger sequencing, reads were imported into Gene-
ious version 9.1.8 (Biomatters, Auckland, New Zealand),
trimmed with an error probability limit of 0.005, mapped to
the reference spike sequence (NC_045512.2: 21563 to
25384), and manually trimmed to the start and stop codons
for spike. Trimmed reads were de novo assembled, and the
final Sanger consensus sequence for spike was extracted.
Samples that passed quality control (QC) for Swift and had
a complete spike consensus sequence by Sanger were
included in the comparison. Consensus sequences for spike
were aligned using MAFFT version 7.45, and the number of
pairwise nucleotide differences between sequences was
compared.
Shotgun metagenomic sequencing and Illumina COV-

IDseq libraries were also analyzed using the same bio-
informatic pipeline (TAYLOR) but with settings adjusted to
omit primer trimming. Consensus sequences were aligned
using MAFFT version 7.45 (https://mafft.cbrc.jp/alignment/
software) and pairwise identity computed by comparing
nucleotide differences between Swift and shotgun
sequences. Allele frequencies for all single nucleotide
variants called by the TAYLOR pipeline at �1% were
compared between Swift and shotgun samples.
Probit analysis to determine limit of detection calcula-

tions was performed in SPSS version 26 (IBM, Armonk,
NY). Other statistical analyses and data visualizations were
performed using R (R Foundation for Statistical Computing,
Vienna, Austria; https://www.r-project.org).
Clinical Test Result Reporting

For clinical orders (https://testguide.labmed.uw.edu/public/
view/SARSEQ and https://testguide.labmed.uw.edu/public/
view/SAREPI, last accessed July 5, 2022), downstream
analysis is performed on consensus sequences for
samples that pass all QC criteria described above.
Consensus sequences are analyzed using Pangolin
Amplicon, bp

GAAGCAT-30 R1a R1b
CAAATAG-30 F1a 1743 1610
ATAGATT-30 F1b 1698 1565
AAATCATC-30

TTTTGGT-30 R2a R2b
CACTTTT-30 F2a 1840 1987
GGAAGAA-30 F2b 1726 1873
AGCCTCA-30

CATCAAA-30 R3a R3b
GGTGATA-30 F3a 1495 1525
AGCCATC-30 F3b 1470 1500
AAAACAG-30

lapping 1.5- to 2-kb regions of the spike coding region. Amplicon length for
her primers were used if these primers did not generate visible bands on a
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Table 2 Sequencing Primers for Sanger Sequencing

Region Part Primer name Sequence

1 1 CoV-2 S_Seq1-F1a 50-CAAATCCAATTCAGTTGTCTTCC-30

CoV-2 S_Seq1-F1b 50-TGGAGGAATACAAATCCAATTCA-30

CoV-2 S_Seq1-R1a 50-TAAAGCCGAAAAACCCTGAG-30

CoV-2 S_Seq1-R1b 50-TGAGGGAGATCACGCACTAA-30

2 CoV-2 S_Seq1-F2a 50-GGACCTTGAAGGAAAACAGG-30

CoV-2 S_Seq1-F2b 50-TGCGAATAATTGCACTTTTGA-30

CoV-2 S_Seq1-R2a 50-CTTTCCAGTTTGCCCTGGAG-30

CoV-2 S_Amp-R1b* 50-AACGCAGCCTGTAAAATCATC-30

2 1 CoV-2 S_Seq2-F1a 50-TGCAGATTCATTTGTAATTAGAGG-30

CoV-2 S_Amp-F2b* 50-CCGCATCATTTTCCACTTTT-30

CoV-2 S_Seq2-R1a 50-TGCACCAATGGGTATGTCAC-30

CoV-2 S_Seq2-R1b 50-CGCATATACCTGCACCAATG-30

2 CoV-2 S_Seq2-F2a 50-CTGCACAGAAGTCCCTGTTG-30

CoV-2 S_Seq2-F2b 50-CCCTGTTGCTATTCATGCAG-30

CoV-2 S_Seq2-R2a 50-TGTACCCGCTAACAGTGCAG-30

CoV-2 S_Seq2-R2b 50-GGTTGGCAATCAATTTTTGG-30

3 1 CoV-2 S_Seq3-F1a 50-ACTGTTTTGCCACCTTTGCT-30

CoV-2 S_Seq3-F1b 50-TTAACGGCCTTACTGTTTTGC-30

CoV-2 S_Seq3-R1a 50-AACCAGTGTGTGCCATTTGA-30

CoV-2 S_Seq3-R1b 50-GACAAATGGCAGGAGCAGTT-30

2 CoV-2 S_Seq3-F2a 50-CTTCCCTCAGTCAGCACCTC-30

CoV-2 S_Seq3-F2b 50-GAGGCTGAAGTGCAAATTGA-30

CoV-2 S_Seq3-R2a 50-TAGCGCGAACAAAATCTGAA-30

CoV-2 S_Seq3-R2b 50-AGGGAGTGAGGCTTGTATCG-30

Each amplicon was designed to be sequenced in two overlapping parts, with two forward and reverse primers for each part. The primers used for most
samples are in bold; the other primers were used if these primers did not yield usable Sanger sequences.
*Two amplification primers were used as sequencing primers if not used to generate the amplicons.

SARS-CoV-2 WGS Assay Validation
(https://pangolin.cog-uk.io, last accessed July 5, 2022) to
obtain PANGO lineage designations and Nextclade
(https://clades.nextstrain.org, last accessed July 5, 2022)
to generate Nextstrain clade assignments and a list of
mutations. The mutation list generated from Nextclade is
parsed to extract amino acid changes in spike. For
SARSEQ orders, the Phylogenetic Assignment of Named
Global Outbreak (PANGO) lineage, Nextstrain clade, and
list of amino acid changes in spike are returned along
with a free-text interpretation of these results. The
interpretation includes information about variants of
concern/variants of interest (VOCs/VOIs) and any known
phenotypic effects associated with specific mutations,
such as increased transmissibility or reduced
neutralization by monoclonal antibodies. Example reports
are shown in Supplemental Figure S3. For SAREPI
orders (requested for outbreak/cluster investigations),
consensus sequences passing QC criteria are aligned
using MAFFT version 7.45, and the total number of
pairwise nucleotide differences between sequences is
reported as a table along with SARSEQ results.
Bioinformatic Pipeline Validation

To assess the performance of the bioinformatic pipeline and
data processing steps, a set of benchmark data sets from the
The Journal of Molecular Diagnostics - jmdjournal.org
CDC were used (https://github.com/CDCgov/datasets-sars-
cov-2, last accessed October 1, 2021). These data sets
contain raw FASTQ files for samples generated using the
ARTIC protocol (https://artic.network/ncov-2019, last
accessed July 5, 2022), with results indicating PANGO
lineages, and designation as VOC/VOI. The TAYLOR
pipeline described above was run on the benchmark data
sets, with settings to perform primer trimming for ARTIC
amplicon primers, and consensus sequences and lineage
designations were compared against the results provided.
This analysis is performed each time there is a major
version change in our bioinformatic pipeline.
Results

Swift SNAP Assay Validation Using Clinical Specimens

Rigorous assay validation was performed using deidentified
clinical specimens received at the University of Washington
Virology Laboratory between September 21, 2020, and
October 19, 2020. Run- and sample-level acceptability
criteria were defined (see Materials and Methods), ensuring
multiple quality control checks at each stage of library
preparation and sequencing. All sequencing runs successfully
met run quality metrics with 93.24% average % Phred quality
scores of 30 (SD, 4.46%), 92.95% average % passing filter
967
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(SD, 5.65%), no amplification of negative controls, and
successful recovery of positive controls.

Limit of Detection of Swift SNAP Assay Is 40 Copies per
PCR

To determine the limit of detection of the assay, serial di-
lutions of extracted RNA were prepared from a positive
SARS-CoV-2 clinical sample (WA-UW-29702, EPI_-
ISL_603255). Multiple replicate libraries (n Z 4 to 20
replicates) (Table 3) were prepared for each dilution, with
target concentrations ranging from 500 to 5 copies/reaction.
The concentrations of the prepared dilutions were then
verified by quantitative RT-PCR (RT-qPCR) and RT-
ddPCR (Table 3). Measured concentrations by RT-qPCR
ranged from 698.0 to 7.8 copies/reaction. At concentra-
tions of �82 copies/reaction, high-quality genomes were
recovered in 100% of attempted replicates (n Z 4 to 20)
(Table 3 and Supplemental Table S1). On the basis of the
RT-qPCR concentrations, the lowest concentration at which
acceptable genomes were recovered 95% of the time was
defined as the limit of detection and determined by probit
analysis to be 40.08 copies/reaction or 1821.81 copies/mL
of original sample (Table 3 and Supplemental Table S1).

No Cross-Reactive Amplification of NoneSARS-CoV-2
Respiratory Virus Genomes

Assay specificity was evaluated by checking for cross-
reactivity to noneSARS-CoV-2 respiratory viruses using
clinical specimens positive for seasonal coronaviruses,
rhinovirus, human parainfluenza viruses (1, 2, 3, and 4),
respiratory syncytial virus, adenovirus, metapneumovirus,
influenza A virus, and influenza B virus (n Z 20 samples
total) (Supplemental Table S2).49 Only 15 of 20 (75%)
noneSARS-CoV-2 or other respiratory virus-positive
specimens met the library QC criteria to be sequenced. No
recoverable genomes were obtained from any of the 15
Table 3 Limit of Detection Determination Using Serial Dilutions
of a Positive Specimen in Replicates

Concentration,
copies/reaction

Replicates, n Passing genomes* % PassingyRT-qPCR RT-ddPCR

698.0 1080.7 4 4 100
309.1 599.0 20 20 100
157.5 287.0 20 20 100
82.0 ND 20 20 100
51.1 ND 20 19 95
14.8 ND 5 4 80
7.9 ND 5 2 40

*Number of genomes satisfying all acceptability criteria.
yPercentage of genomes satisfying all acceptability criteria.
ND, not determined; RT-ddPCR, reverse transcription digital droplet PCR;

RT-qPCR, quantitative RT-PCR.
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specimens, and the number of mapped reads ranged be-
tween 0 and 3114 reads, which represented <1% of post-
trimmed reads in all cases (Supplemental Table S2).

Recovery of High-Quality Genomes from Clinical
Samples across a Wide Range of Viral Loads and
Lineages

Breadth of genome recovery was evaluated using 428
SARS-CoV-2epositive clinical samples (nasopharyngeal,
nasal, or oropharyngeal swabs) across a range of CT values
(11.3 to 36.7; median, 21.6) and 30 SARS-CoV-2enegative
clinical samples. Of 428 positive samples, 413 (96.5%)
generated consensus genomes with <10% Ns, and overall
mean genome coverage was 13,545� � SD 8382� (Table 4
and Supplemental Table S3). The 15 samples that failed to
generate acceptable genomes had CT values ranging be-
tween 12.2 and 36.7 (median, 18.4). Of these 15 samples, 5
had raw reads <1 million, and all 15 had <100,000 mapped
reads, resulting in low mean genome coverage (0.1� to
133�; median, 20�) (Supplemental Table S3).
To assess genome recovery across lineages, a set of 146

samples that were sequenced by both Swift and an alternate
amplicon sequencing approach (Illumina COVIDseq) was
used. Of these, 132 samples (144/146 by Swift, and 133/146
by COVIDseq) generated consensus sequences with <10%
Ns by both methods and were included in the comparison.
These included 53 Alpha, 8 Delta, 16 Epsilon, and 24 Om-
icron samples, and 19 other VOCs/VOIs, including Beta (1),
Gamma (15), Iota (2), and Lambda (1) (Supplemental Table
S4). Lineages agreed between COVIDseq and Swift libraries
in 129 of 132 pairs (97.7%). Of the three discordant pairs,
broader lineages agreed (B.1.1.7 versus Q3, BA.1.1 versus
BA.1, and B.1 versus B.1.637) with the Swift library,
generating the finer-scale lineage designation.
The Swift SNAP panel has also been used to sequence

samples for genomic surveillance as part of the CDC’s
National SARS-CoV-2 Strain Surveillance program. Of 799
samples sequenced by Swift since April 2021, slightly
reduced overall genome coverage was observed with Delta
(10,987�; n Z 387) and Omicron (9815�; n Z 314)
specimens compared with non-Delta/Omicron lineages
(19,063�; n Z 98) but we continue to recover high-quality
sequences across these lineages (Supplemental Figure S4
and Supplemental Table S5).
Table 4 Genome Recovery from SARS-CoV-2 PCR-Positive and
PCR-Negative Clinical Specimens

CT Samples, N Passing genomes, n (%)

<15 60 56 (93)
15e20 123 118 (96)
20e25 109 106 (97)
25e30 97 91 (94)
>30 39 35 (90)
Negative 30 0
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Of the 30 samples that were PCR negative for SARS-CoV-
2, 17 did not meet presequencing library QC criteria [con-
centrations, �1.35 ng/mL on the plate reader and �0.5 ng/mL
(region concentration from 250 to 750 bp) on the TapeSta-
tion] and were not taken forward for sequencing. Of the
remaining 13 sequenced samples, the number of mapped
reads ranged between 0 and 5271, representing <0.5% of
post-trimmed reads. No SARS-CoV-2 genomes were recov-
ered from any of these samples (Supplemental Table S6).

Accurate Detection of Within-Sample Variation

RNA was extracted from two SARS-CoV-2 cultured viral
isolates from distinct clades (WA-UW-20236 TM, Next-
strain clade 20A, and WA-UW-19433 TM, 20B) with
multiple distinguishing mutations (see Materials and
Methods). Mixtures were prepared with ratios of 20A:20B
ranging from 0:100 to 50:50 to 100:0. Mutations were called
against the WuhaneHu-1 reference sequence (NC_045512)
and filtered to accept mutations with allele frequency >1%.
All expected mutations were identified at mixing ratios of
�5:95 (Table 5 and Figure 1). At mixing ratios of 1:99, four
of six of the expected low-frequency 20A mutations were
identified. In the remaining two mixtures, variants were
present but at allele frequencies of <1%, as would be ex-
pected on the basis of mixing at 1:99 (mean allele frequency
and depth: C4633T, 0.78% and 10,025�; C10965T, 0.96%
and 10,028�; n Z 3 replicates).

High Concordance with Sanger and Shotgun
Metagenomic Sequencing

To test whether assay results agreed with alternative
sequencing methods, a subset of clinical positive specimens
sequenced by Swift was subjected to Sanger sequencing of
the spike gene and shotgun mNGS. Full-length spike
consensus sequences obtained by Sanger sequencing were
compared against their corresponding Swift sequences for
14 positive specimens with CT � 30. All 14 specimens
selected for Sanger sequencing passed genome acceptability
criteria by Swift, whereas 11 of 14 (78.6%) generated a
Table 5 Variant Detection in Mixtures Prepared from Two Samples: 20

Mix
% 20A
specimen

% 20B
specimen

Common variants
detected (4 total*

1 0 100 4
2 1 99 4
3 5 95 4
4 10 90 4
5 50 50 4
6 100 0 4

*Expected variants common to both samples (n Z 4): C241T, C3037T, C14408
yVariants in 20A sample (n Z 6): C4633T, C10965T, T14643C, A20268G, C2248
zVariants in 20B sample (n Z 10): G2144T, G3824A, G13348T, C15933T, G169
20A, WA-UW-20236 TM; 20B, WA-UW-19433 TM.
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complete Sanger sequence for spike (Supplemental
Figure S5). Pairwise sequence identity between spike
consensus sequences for Sanger and Swift was 100% for all
11 samples (Supplemental Table S7).

Shotgun mNGS was performed on 14 samples with
CT � 25, and consensus sequences were obtained for all 14
samples, with mean genome coverage of 4304�
(SD, 9886�) and 0% to 1.3% Ns (Supplemental Table S8).
Pairwise sequence identity between shotgun and Swift se-
quences was 100% for all 14 sample pairs. For all single-
nucleotide variants identified at �1%, allele frequencies
were highly concordant between Swift and mNGS libraries
(R2 Z 0.99; Pearson correlation coefficientZ 0.99; P < 2.2
� 10�16) (Figure 2A). Of these variants, only 2 of 7421
(0.03%) had allele frequencies differing by >20% between
library preparation methods, attributable to poor sub-
genomic RNA mapping in the Swift library or noisy ends of
reads in the metagenomic library of one sample (WA-UW-
29702). Across the genome, depth of coverage ranged from
0� to 370,627� for Swift and from 0� to 130,281� for
mNGS (Figure 2B), with Pielou evenness >0.99 for both
mNGS and Swift libraries. The mean whole-genome
coverage in the Swift libraries (15,631�) was greater than
in the mNGS libraries (9981�). Notably, in one sample
(WA-UW-29751), a decrease in coverage at positions 27823
to 28233 in both Swift and mNGS samples, corresponding
to a 411-nucleotide deletion in ORF7b/8 that has been found
in other samples from Washington state, was observed (data
not shown).
High Assay Precision (Repeatability and
Reproducibility)

Precision was evaluated by testing the concordance of assay
results and quality metrics for specimens tested multiple
times on the same run (repeatability) and on different runs
(reproducibility). For repeatability, two replicate libraries
were prepared for 10 SARS-CoV-2epositive specimens on
the same library preparation plate on the liquid handler and
the same sequencing run. For reproducibility, 10 SARS-
CoV-2epositive specimens had libraries prepared 3 days
A and 20B

)
20A variants detected
(6 totaly)

20B variants detected
(10 totalz)

0 10
4 10
6 10
6 10
6 10
6 0

T, and A23403G.
2T, and C28854T.
68T, T19839C, G28083T, and GGG(28881 to 28883) AAC.
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Figure 1 Measured allele frequency (y axis) for all expected mutations in sample mixtures described in Table 5. Blue panels indicate mutations common to
WA-UW-20236 TM (20A) and WA-UW-19433 TM (20B) samples; orange panels, mutations expected in 20B sample; and purple panels, mutations expected in
20A samples. n Z 20 expected mutations.
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later and sequenced on a separate run by a different tech-
nician. All the replicates of the specimen on both the same
run and different runs yielded acceptable genomes with
highly correlated allele frequencies (Figure 3). Assay results
were also highly reproducible across different instruments,
including Illumina NextSeq 500, two separate NextSeq
2000s, and MiSeq (Supplemental Figures S6eS8).

Robust Pipeline Performance Using Benchmark Data Sets

The performance of our data processing pipelinewas evaluated
using CDC benchmark data sets of samples confirmed to be
VOC/VOI (nZ 16) and non-VOC/VOI (nZ 39) sequences.
970
The number of raw FASTQ reads ranged from 41,436 to
6,798,138 (median, 602,508) across both data sets
(Supplemental Table S9). After processing through our bio-
informatic pipeline, consensus genomes with <10% Ns were
obtained for all samples, withmean genome coverage between
159� and 28,122� (median, 2598�), and mean spike gene
coverage between 138� and 22,099� (median, 1954�).
PANGOandNextclade lineageswere compared for consensus
sequences generated by our pipeline against benchmark
deposited consensus genomes. Lineages agreed in 16 of 16
VOC/VOI samples and37of 39non-VOC/VOI samples. In the
two non-VOC samples where the lineages did not agree, the
discrepancy was found to be due to mixed populations being
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 2 Swift versus shotgun metagenomic next-generation sequencing (mNGS). A: Allele frequencies (AFs) are highly concordant between Swift and
mNGS libraries. B: Comparison of depth of coverage (log10 reads) versus genomic position relative to NC_045512 for specimens sequenced with both Swift
(right panels, orange) and mNGS (left panels, green). n Z 14 samples (A).

SARS-CoV-2 WGS Assay Validation
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Figure 3 Highly reproducible allele frequencies (AFs) across replicate libraries of 12 SARS-CoV-2epositive specimens sequenced on the same run (A) and
on different runs on a different day by a different technician (B). Dashed gray lines show lines of best fit by linear regression, and shaded gray bands
represent 95% CIs for the linear fit.
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reported using International Union of Pure and Applied
Chemistry ambiguities in the benchmark set versus the ma-
jority consensus base being reported by TAYLOR. After
masking ambiguous sites, consensus sequences in these
discrepant samples showed 100% pairwise identity.

Deployment of a High-Throughput NGS Assay in a
Clinical Setting: The UW Virology Experience

The UW Virology SARS-CoV-2 clinical sequencing assay
went live on March 3, 2021, and in the first 23 weeks since
972
launch, a total of 268 cases were processed (Figure 4). The
median turnaround time, defined as order to first result, was
11 days. Tests were indicated for infection control (in-
fections among patient-facing staff members), confirmation
of patient-staff transmission, and cluster investigations. The
diagnostic yield of VOCs identified in this period was 64%
(171 samples). Among clinical orders, the first sample of
B.1.617.2/Delta was detected in week 22.
Semi-annual proficiency testing was performed via a

sample exchange with a peer Clinical Laboratory
Improvement Amendments/College of American
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Figure 4 Weekly SARS-CoV-2 clinical whole-genome sequencing test volumes, along with the number of variants of concern (VOCs) detected in each week’s
batch.

SARS-CoV-2 WGS Assay Validation
Pathologistsecertified laboratory in which six blinded
specimens were exchanged and sequenced. Unblinding was
performed following the completion of the study to compare
the strains identified and the spike gene mutations detected.
Among proficiency testing samples exchanged, 100% of
PANGO lineages and 98% of spike gene mutations were
identified correctly.
Discussion

Tiling multiplex PCR amplicon panels are an attractive
option for high-throughput sequencing of SARS-CoV-2 as
they allow recovery of genomes from a wide range of viral
loads with relatively short workflows. Herein, we performed
systematic validation of the Swift SNAP protocol using US
Food and Drug Administration guidelines for other NGS-
based assays, to deploy the assay for routine clinical use in a
Clinical Laboratory Improvement Amendmentse and Col-
lege of American Pathologistseapproved facility. The Swift
SNAP assay demonstrated high sensitivity, with recovery of
full-length genomes at viral loads as low as 40.08 copies per
reaction, with the ability to faithfully recover allele fre-
quencies in mixed populations. The latter feature is of
particular importance in quantifying within-host variation to
track mutations with potential clinical significance
following vaccination or treatment. Recent studies have
suggested that amplicon sequencing provides a more accu-
rate representation of minor allele frequencies than capture-
based sequencing.31,50

The Swift SNAP panel produces short amplicons of
<255 bp that can be directly sequenced with short-read
technologies, like Illumina, without additional fragmenta-
tion. In contrast, the popular low-cost ARTIC panel gen-
erates amplicons of size approximately 400 bp that require
fragmentation before sequencing on Illumina platforms or
direct sequencing via Oxford Nanopore Technologies
(Oxford, UK).51,52 In addition, the larger number of
primers and overlapping amplicons in SNAP results in
The Journal of Molecular Diagnostics - jmdjournal.org
fewer amplicon dropouts compared with ARTIC-based
methods.52

Given the wide range of viral loads among SARS-CoV-2
specimens, it can be challenging to optimize multiplex
amplicon panels to simultaneously achieve high sensitivity
and evenness of genome coverage. The manufacturer-
recommended settings were found to be adequate for
genome recovery across the range of viral loads we see in
most clinical specimens. At low viral loads, the high
background of nonviral RNA can make genome recovery
challenging. In addition, the Swift SNAP protocol includes
an optional proprietary enzymatic normalization (Normal-
ase) step, which results in equimolar pools with even
coverage across samples and amplicons. This allows for
batching of samples with minimal sample reorganization.
Although additional cycles of amplification may help stretch
analytical sensitivity, this can result in an accumulation of
primer dimers that can affect overall run quality and may
amplify trace contaminants.52 Failure to generate high-
quality genomes was generally due to low viral load in
the original sample or, less frequently, due to pipetting er-
rors by the liquid handler.

One of the limitations of short-read sequencing using
reference-based approaches is the reduced ability to identify
large structural variants, long insertions and deletions, and
tandem duplicates. Long deletions often manifest as low-
coverage regions masked with ambiguous bases (Ns) and
require manual review to confirm that they are deletions
versus amplicon dropouts. In the current study, we saw one
example of this, and we have previously identified similar
deletions in ORFs 7a, 7b, and 8 using Swift.53

As SARS-CoV-2 continues to spread globally, accumu-
lating mutations across its genome, it is likely that some of
these mutations impact the performance of amplicon panels.
Our analysis of VOC/VOI samples shows that the Swift
panel continues to perform well against currently circulating
variants, albeit with reduced depth of coverage with Delta
and Omicron variants. Although the redundancy offered by
overlapping amplicons allows the Swift panel to tolerate
973
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some divergence, there may be a need to update or spike in
primers in the future.

Taken together, our results demonstrate the high sensi-
tivity, specificity, and reproducibility of the Swift SNAP
amplicon panel for SARS-CoV-2, which make it ideal for
clinical applications. Our protocol is available (https://
www.protocols.io/view/uw-virology-swift-snapv2-protocol-
byw4pxgw, last accessed October 18, 2021), with options
for automation via robotic liquid handling systems. In
addition, our study provides a framework for validating
amplicon sequencing methods that have proved to be an
important tool in our fight against coronavirus disease
2019 (COVID-19) and will be important for other
emerging pathogens.
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