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ABSTRACT Fast and effective methods are needed for sequencing of the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) genome to track genetic mutations and
to identify new and emerging variants during the ongoing pandemic. The objectives
were to assess the performance of the SARS-CoV-2 AmpliSeq research panel and S5 plug-
in analysis tools for whole-genome sequencing analysis of SARS-CoV-2 and to compare
the results with those obtained with the MiSeq-based ARTIC analysis pipeline, using met-
rics such as depth, coverage, and concordance of single-nucleotide variant (SNV) calls. A
total of 191 clinical specimens and a single cultured isolate were extracted and sequenced
with AmpliSeq technology and analysis tools. Of the 191 clinical specimens, 83 (with
threshold cycle [CT] values of 15.58 to 32.54) were also sequenced using an Illumina
MiSeq-based method with the ARTIC analysis pipeline, for direct comparison. A total of
176 of the 191 clinical specimens sequenced on the S5XL system and prepared using the
SARS-CoV-2 research panel had nearly complete coverage (.98%) of the viral genome,
with an average depth of 5,031�. Similar coverage levels (.98%) were observed for 81/
83 primary specimens that were sequenced with both methods tested. The sample with
the lowest viral load (CT value of 32.54) achieved 89% coverage using the MiSeq method
and failed to sequence with the AmpliSeq method. Consensus sequences produced by
each method were identical for 81/82 samples in areas of equal coverage, with a single
difference present in one sample. The AmpliSeq approach is as effective as the Illumina-
based method using ARTIC v3 amplification for sequencing SARS-CoV-2 directly from
patient specimens across a range of viral loads (CT values of 15.56 to 32.54 [me-
dian, 22.18]). The AmpliSeq workflow is very easily automated with the Ion Chef and S5
instruments and requires less training and experience with next-generation sequencing
sample preparation than the Illumina workflow.
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Anovel coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
was first identified in December 2019 (1) and rapidly spread around the world,

infecting hundreds of millions and killing hundreds of thousands of people to date (2).
The first confirmed case in New York State (NYS) was reported on 1 March 2020, after
which NYS quickly became the epicenter of the pandemic in the United States. Rapid
methods to track genetic changes have been essential for understanding the evolution
and transmission dynamics of the virus (3–5). Currently, there remains a pressing need
for increased sequencing efforts to identify the spread of new variants as quickly as
possible. Thermo Fisher Scientific AmpliSeq panels have been used effectively in the
past for rapid, time-effective, and cost-effective whole-genome sequencing (WGS)
when faced with a viral outbreak (6). When combined with the highly automated Ion
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Chef system and the S5XL sequencing platform, they can provide sequence data with
short turnaround time but minimal hands-on time, making it an ideal system for gener-
ating information during an active outbreak.

In this study, we evaluated the Thermo Fisher Scientific Ion AmpliSeq SARS-CoV-2
research panel (7) and its ability to sequence the genomes of SARS-CoV-2 directly from
patient samples from NYS in the early months of the outbreak. To create the SARS-
CoV-2 AmpliSeq panel, amplicon primers were designed in two pools, to cover all line-
ages of SARS-CoV-2 available at the GISAID site (https://www.gisaid.org) in late January
2020, which reacted with high analytical specificity and no cross talk with other coro-
naviruses. In silico analysis confirms that the panel should detect all recently identified
variants, including B.1.1.7 and B.1.351 (A. Geachy, personal communication). The
design covers 99.6% of the total SARS-CoV-2 genome.

As a comparison, a subset of the same clinical samples were sequenced using an
Illumina-based method with the ARTIC v3 amplification primers. Shortly after publication of
the first SARS-CoV-2 sequence, a group of scientists representing the ARTIC network devel-
oped a PCR amplicon enrichment method for sensitive and cost-effective WGS. The first
iteration of the v1 primer set for SARS-SoV-2 was designed in January 2020 for use with
Nanopore sequencing technology, with the flexibility to be adapted for other next-genera-
tion sequencing (NGS) platforms (8). There have been several iterations and improvements
of the primer design (9). In this comparative study, we used primer set v3 (https://github
.com/artic-network/artic-ncov2019/tree/master/primer_schemes/nCoV-2019), with modifi-
cations described in the supplemental material. Here, our aims were to evaluate how effec-
tive the AmpliSeq-based approach was in sequencing the SARS-CoV-2 genome and to
compare the results with those from an Illumina-based workflow using the ARTIC primer
set and analysis pipeline. We report on the depth and coverage metrics over a wide range
of viral loads and on the concordance of single-nucleotide variant (SNV) calling and lineage
assignment between the two methods.

MATERIALS ANDMETHODS
Viral RNA and clinical samples. A total of 192 samples, which had previously tested positive for

SARS-CoV-2 with the CDC 2019-novel coronavirus (2019-nCoV) real-time reverse transcription (RT)-PCR
diagnostic panel, were selected from the Wadsworth Virology Laboratory archive for sequencing. Of the
192 samples, 191 were primary clinical specimens, including 122 nasopharyngeal swab samples, 7 oro-
pharyngeal swab samples, 52 nasooropharyngeal swab samples, and 10 swab samples of unknown ori-
gin, from the initial outbreak of SARS-CoV-2 in NYS. Initial testing for SARS-CoV-2 was performed for
diagnostic purposes. All additional testing was performed with approval from the NYS institutional
review board under studies 07-022 and 02-054. The threshold cycle (CT) values of these specimens
ranged from 15.56 to 36.94, with a median CT value of 22.41. Based on prior experience with AmpliSeq
panels for viral targets such as mumps virus, measles virus, and Zika virus, samples with a maximum
real-time CT value of 28 were selected, except for cases of special clinical significance. A cultured isolate
with a published sequence (SARS-CoV-2/human/USA/WA-CDC-WA1/2020) was included for control pur-
poses. Positive samples that had been collected from patients across multiple counties of NYS during
the first 2 months of the outbreak, with collection dates ranging from 29 February 2020 to 29 April 2020,
were selected for sequencing to provide maximum geographic and temporal diversity at the time this
study was conducted. Complete metadata of clinical specimens are available at GISAID. Viral RNA was
extracted on easyMAG instruments (bioMérieux, Raleigh, NC) according to the manufacturer’s instruc-
tions, with 110ml of sample eluted into 110ml.

Ion Torrent AmpliSeq panel sequencing. cDNA was synthesized using the SuperScript VILO cDNA
synthesis kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions, using 10 ml of
RNA extract. Libraries were prepared on the Ion Chef system as described in the Ion AmpliSeq library
preparation on the Ion Chef system user guide. Samples were amplified for 17 cycles with a 4-min exten-
sion time. The Ion AmpliSeq SARS-CoV-2 research panel, supplied by Thermo Fisher Scientific for this
study, contained 247 primer pairs designed to cover the SARS-CoV-2 genome with 125- to 275-bp over-
lapping amplicons. Amplified samples were then sequenced on the Ion S5XL system (Thermo Fisher
Scientific), as described in the Ion S5 and Ion S5XL instrument user guide, using Ion 530 chips (Thermo
Fisher Scientific), initially with 16 samples per chip. Later runs were increased to 32 samples per 530 chip
without any changes in library preparation.

Illumina MiSeq sequencing. Amplicon WGS of SARS-CoV-2 was performed using a modified version of
the COVID-19 ARTIC v3 Illumina library construction and sequencing protocol V.2 (https://www.protocols.io/
view/covid-19-artic-v3-illumina-library-construction-an-be3wjgpe?) in the Applied Genomics Technology
Core at the Wadsworth Center. Briefly, cDNA was synthesized by incubating SuperScript IV reverse transcrip-
tase (Invitrogen, Carlsbad, CA, USA) with random hexamers, deoxynucleoside triphosphates (dNTPs), RNase
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inhibitor, and 5 ml of extracted RNA. The reaction mixture was incubated at 25°C for 5 min, at 42°C for 50
min, and then at 70°C for 10 min, on a SimpliAmp thermal cycler (Thermo Fisher Scientific). Amplicons were
generated with two premixed ARTIC v3 primer pools (Integrated DNA Technologies, Coralville, IA, USA).
Additional primers to supplement those that showed poor amplification efficiency were identified (https://
github.com/artic-network/artic-ncov2019/tree/master/primer_schemes/nCoV-2019) and ordered separately
from Integrated DNA Technologies as a 100mM stock. Modified pools were generated from these primers as
described in the supplemental material.

PCR conditions were 98°C for 30 s, followed by 24 cycles of 98°C for 15 s and 63°C for 5 min, with a
final 65°C extension for 5 min. Amplicons from pool 1 and pool 2 reactions were combined, purified
with AMPure XP beads (Beckman Coulter, Brea, CA, USA) with a 1:1 bead/sample ratio, eluted in 10 mM
Tris-HCl (pH 8.0), and quantified with the Quant-IT double-stranded DNA (dsDNA) assay kit on an ARVO
X3 multimode plate reader (Perkin Elmer, Waltham, MA, USA). Libraries were generated using the
Nextera DNA Flex library preparation kit with Illumina index adaptors and sequenced on a MiSeq instru-
ment (Illumina, San Diego, CA, USA). Samples were sequenced using 300 � 150-bp paired-end reads,
with 94 samples and 2 negative-control samples multiplexed per run.

Data analysis. For Ion Torrent-generated data, reads were processed with the S5 software plug-ins
coverageAnalysis, IRMAreport (10), AssemblerTrinity (11, 12), variantCaller (Torrent Suite software v5.12,
with germline low-stringency settings according to the TS5.12 user guide), and GenerateConensus (Ion
AmpliSeq SARS-CoV-2 Insight research assay user guide). CoverageAnalysis was set to a minimum depth
of 50 reads. The consensus sequence was taken directly from the IRMAreport and GenerateConsensus
fasta output and compared to sequences manually assembled in Geneious v9.1.8 using the fastq data
files. In Geneious, reads were trimmed using bbduk (http://jgi.doe.gov/data-and-tools/bb-tools) for qual-
ity and assembled with respect to SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank accession number
MN908947) as a reference. Consensus sequences derived from the Torrent Suite software v5.12 (settings
according to the TS5.12 user guide) were compared with those generated by Illumina sequencing.

For data generated on the Illumina MiSeq system, reads were processed by the ARTIC Nextflow pipe-
line (https://github.com/connor-lab/ncov2019-artic-nf/tree/illumina). Briefly, reads were trimmed with
TrimGalore (https://github.com/FelixKrueger/TrimGalore) and aligned to the reference assembly (strain
Wuhan-Hu-1 [GenBank accession number MN908947]) by BWA (13). Primers were trimmed and consen-
sus sequences were generated with iVar (14). Positions were required to be covered to a minimum
depth of 50 reads, and variants were required to be present at a frequency $0.75. All consensus sequen-
ces were assigned to lineages by Pangolin v.2.0.4 (PangoLEARN v3/16/21) (15).

Data availability. Raw reads for all samples sequenced in this study have been deposited in
GenBank under BioProject accession number PRJNA757011. Individual SRA and GISAID accession num-
bers and tabulated details of raw and mapped reads are available in Table S1 in the supplemental
material.

RESULTS

Of the 191 clinical specimens processed for Ion S5 AmpliSeq sequencing, 176 returned
high-quality sequences with at least 98% coverage of the SARS-CoV-2 genome and an av-
erage depth of 5,031�. The consensus obtained from the culture isolate was identical to
the published sequence (SARS-CoV-2/human/USA/WA-CDC-WA1/2020 [GenBank acces-
sion number MN985325]). Four samples had .50� genome coverage ranging from
60.12% to 93.89%. Of the samples that failed to sequence, 3 had low viral loads, with real-
time CT values of 32.54 to 36.86, and presumably levels were too low to amplify. Eight sam-
ples did not produce any reads because of a failure in the library preparation on the Ion
Chef for unknown reasons; the 24 additional samples on that chip were sequenced suc-
cessfully. The 11 failures were removed from further analysis. All 180 high-quality genome
sequences have been submitted to GISAID (see Table S1 in the supplemental material for
GISAID accession numbers).

Of the 180 patient samples that produced sequences, 176 had a minimum coverage
depth of 50� for more than 98% of the genome, as measured by the coverageAnalysis
plug-in. The average read depth of the samples sequenced on 530 chips containing 16
samples was 8,015�, which decreased to 3,413� when the number of samples was
increased to 32 samples per chip. However, this did not lead to any decrease in ge-
nome coverage (.50�).

For specimens sequenced using the AmpliSeq method, the variantCaller plug-in
detected an average of 7.3 mutations in the 180 clinical specimens (collected from
counties across NYS from 29 February 2020 to 29 April 2020), compared to the Wuhan-
CoV-2 reference genome (GenBank accession number MN908947). Nearly all of the var-
iants were SNVs (Table 1). Deletions were also identified in 6 of the clinical specimens
(Table 1), while no insertions were detected. Frameshift deletions were detected in two
samples, i.e., a single-nucleotide deletion in open reading frame 3a (ORF3a) and a two-
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nucleotide deletion in ORF6, both resulting in premature stop codons (Table 2). A total
of 19 unique lineages were detected in the 180 samples that produced sequences with
the AmpliSeq workflow.

A subset of 83 of the primary patient specimens that were sequenced using the
AmpliSeq method were also sequenced with a modified ARTIC protocol on the Illumina
MiSeq sequencing platform. The two methods provided similar (.98%) coverage of the
SARS-CoV-2 genome except for two specimens, with the specimen with the lowest viral
load (real-time CT value of 32.54) failing with the AmpliSeq method (Fig. 1B). The average
depth of the samples sequenced with the MiSeq method was 2,810.3�, with 94 samples
and 2 negative-control samples multiplexed per run, compared to 8,015� and 3,413� av-
erage depth for 16 and 32 samples, respectively, processed on the Ion Torrent (see Table
S1 for per-sample metrics for each sequencing method).

For specimens sequenced with both methods, Pangolin assigned the same lineage
in 81/82 cases. For one specimen (IDR2000018637), the AmpliSeq consensus was
assigned to B.1, while the MiSeq consensus was assigned to B. This was due to the
presence of more ambiguous bases (n = 12 bases) in the MiSeq consensus sequence,
rather than discrepancies in SNV calling. Both methods called the same SNVs in 81/82
of the clinical specimens, with a single difference in IDR2000045078, which did not
affect lineage assignment. All other areas of equal coverage were identical between
the two methods.

TABLE 2 Deletions detected in clinical specimens of SARS-CoV-2a

Region Type Effect Genomic position Coverage (×)
ORF1ab Nonframeshift H81Q; amino acids 82–87 deleted 508–525 2,186

Nonframeshift Amino acids 140–142 deleted 686–694 5,512
ORF3a Frameshift Premature stop introduced 26162 2,403
ORF6 Frameshift Premature stop introduced 27267–27268 4,431
39 UTRb Noncoding Unknown 29730–29744 1,151, 4,133
aThe deletion mutations shown are those detected with the read coverage of the region from the Ion Torrent AmpliSeq data. Deletions were confirmed following
propagation in culture.

bThe deletion in the 39 untranslated region (UTR) was detected in two samples; all others were observed only once.

TABLE 1 Nonsynonymous SNVs detected in clinical specimens of SARS-CoV-2a

Coding region and
genomic position Codon change

Amino acid
change No. (%)

ORF1ab
490 GAU!GAA D75E 6 (3.3)
1059 ACC!AUC T265I 136 (75.1)
3177 CCU!CUU P971L 6 (3.3)
11916 UCA!UUA S3884L 11 (6.1)
14408 CCU!CUU P4715L 158 (87.3)
18736 UUU!CUU F6158L 6 (3.3)
19684 GUA!UUA V6474L 5 (2.8)

S
23403 GAU!GGU D614G 159 (87.8)

ORF3a
25563 CAG!CAU Q57H 147 (81.2)
26144 GGU!GUU G251V 6 (3.3)

ORF7a
27635 UCA!UUA S81L 5 (2.8)

ORF8
28077 GUG!CUG V62L 6 (3.3)
28144 UUA!UCA L84S 12 (6.6)

aThe nonsynonymous mutations listed are those that were detected in at least 2 of the 181 clinical samples that
were sequenced successfully. Specimen collection dates ranged from 29 February 2020 to 29 April 2020.
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DISCUSSION

Monitoring the genomic evolution of viruses is imperative for a full understanding of
their mutation rates, diversity, potential for development of drug resistance and vaccine
evasion, and potential for pathogenesis or virulence changes. However, NGS methods
can be time-consuming and, especially in the face of a major outbreak, there is a need
for rapid, simple, high-throughput methods that are convenient and may be readily
deployed to multiple sites. We have had past success using the Ion Torrent AmpliSeq
panels and S5 platform to sequence viral pathogens such as Zika virus, mumps virus,
and measles virus. One major advantage of AmpliSeq panels with automated Ion Chef
instruments is that one person can generate all of the libraries with minimal hands-on
time. Following cDNA synthesis, the entire library preparation and templating procedure
is performed on the Ion Chef. A single Ion Chef run takes about 15 min of hands-on time
and about 7 h of run time to create eight libraries. Templating is most efficient when 64
libraries are created, which takes 15 min of hands-on time and 15 h to run. In total, it
takes about 79 h to complete library preparation and templating of 64 libraries using a
single instrument, with only about 2 h of hands-on time (Fig. 2). The sequencing reaction
can be started immediately after templating and takes about 2.5 h per chip, with data
analysis beginning immediately after the first chip has finished sequencing and usually
taking about 6 to 8 h. In contrast, MiSeq library preparation following cDNA synthesis
takes about 7 to 8 h of hands-on time, with 8 h of instrument time and an additional
24 h to run the sequencing reaction on the MiSeq sequencer. Compared to the
AmpliSeq protocol, the Illumina workflow used here requires significantly more hands-

FIG 1 (A) Genome coverage of the 181 primary samples that returned sequences using the AmpliSeq
method, compared to the CT value obtained with the CDC 2019-nCoV real-time RT-PCR diagnostic
panel as an indication of viral load. The percentage of bases with at least 20� coverage was reported
by the CoverageAnalysis plug-in. (B) Genome coverage of the 83 samples that were processed with
both the AmpliSeq Ion Torrent and Illumina MiSeq ARTIC methods.
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on time and a trained technician. However, there are ways to automate much of the
Illumina library preparation workflow as well, with the addition of third-party instrumen-
tation and programming.

When considering the ability to scale up each protocol, one of the significant hur-
dles for the Ion Torrent workflow is that the Ion Chef instrument can create only 8
libraries at a time. Higher throughput can be achieved by increasing the number of Ion
Chef instruments used to create libraries or by using Thermo Fisher Scientific 96- or
384-well-plate-based AmpliSeq library kits, which can then be sequenced together on
a larger chip. While not compatible with the Ion Chef, the plate-based workflow can be
automated using additional instrumentation and programming. The Illumina workflow
can be readily scaled up for sequencing on NextSeq instruments, following multiple
completions of the library preparation described here. The total cost of reagents can
change based on the quantity of reagents purchased and other factors. Additionally,
test volume and subsequent batch size impact efficiency, which can dramatically affect
global costs per sample. Our cost analysis shows that the cost per sample due to
reagents would remain higher for the AmpliSeq protocol when operating at maximum
efficiency, compared to Illumina methods.

Sequencing on the S5XL system allows for real-time data analysis and the return of
sequences within several hours after initiation of the sequencing reaction. The analysis
plug-ins are included with the instrument itself. The IRMAreport and GenerateConsensus
plug-ins return fasta files of the consensus genomes to further streamline the process.
However, compared to manual curation, the IRMAreport output was less accurate near the
ends of the genome. GenerateConsensus is a more recent analysis plug-in that allows
users to set different thresholds for base calls in homopolymeric regions, separately from

FIG 2 Workflow for each of the methods described and the associated preparation and incubation times for each step. The ARTIC
Illumina workflow is for 94 samples and 2 negative-control samples, and the AmpliSeq workflow is for 64 samples using a single
Ion Chef instrument. QC, quality control.
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the rest of the genome, improving the accuracy of base calling in those areas. These con-
sensus sequences are generated using a previously completed VariantCaller run, allowing
users to set their own threshold for SNV calls. This plug-in was run on a subset of the S5
Ion Torrent data produced in this study; results were compared to consensus sequences
produced by IRMA with manual editing and were found to be identical (data not shown).
The VariantCaller plug-in can also be used to analyze minor allele frequency, which may
be of further research interest, such as for measuring intrahost diversity.

The Nextflow-adapted ARTIC bioinformatics pipeline employed to process Illumina-
generated reads in the cloud is freely available and is designed to be highly parallelized.
The number of virtual machines (VMs) deployed is automatically determined by the
number of samples, which should theoretically yield the same processing time for differ-
ent batch sizes. Consensus sequences were typically generated in 30 min, but processing
time can vary according to machine availability in different regions and the time of day.
In addition to consensus sequences, the Nextflow pipeline provides quality-trimmed
fastq files, primer-trimmed BAM alignment files, and VCF files with information on var-
iants (SNVs and indels), including minor variants. Thus, the ARTIC pipeline offers more
transparency than the Ion Torrent plug-in, with intermediate data files being available
for additional analyses. However, establishing the necessary accounts in the cloud, prop-
erly configuring VMs, and installing and running Nextflow software and the ARTIC pipe-
line require both information technology and bioinformatics expertise, which might be
prohibitive for some laboratories. The ARTIC bioinformatics pipeline can be installed
locally with the Conda package manager (https://docs.conda.io) but currently processes
only Nanopore MinION-generated reads. Alternatively, the individual components that
constitute the Nextflow ARTIC pipeline, such as TrimGalore, BWA, and iVAR, can be freely
and locally installed. While this approach negates the need for a cloud account and the
expertise for navigating in this environment, it still requires some bioinformatics training.

Of the 15 samples that produced less than 98% genome coverage, 8 were prepared to-
gether on a single Ion Chef run and failed to produce usable sequences for unknown reasons,
returning less than 50 reads per sample. Four samples produced partial genome coverage,
ranging from 60.12% to 93.89%. The remaining 3 patient samples were complete failures and
had previously generated CT values in real-time RT-PCR ranging from 32.54 to 36.94, indicat-
ing poor specimen quality or viral loads too low to amplify. We hypothesize that increasing
the amount of specimen loaded for extraction, reducing the volume eluted, and increasing
the cycle number during library preparation may improve the chances of attaining sequences
for weakly positive samples. For this reason, our current extraction protocol for sequencing
high-CT specimens with clinical significance uses concentrated extraction (1 ml into 25ml) on
an easyMAG system. Previous studies have shown the Swift Biosciences amplicon panel to
have a higher sensitivity than that reported here when used with Illumina MiSeq sequencing
(16), and it may be better suited for sequencing samples with extremely low viral loads.

Interestingly, we detected five unique deletions in our 181 clinical specimens. These
deletions were first identified using the AmpliSeq method but were confirmed using
the Illumina MiSeq ARTIC method following propagation in culture, providing strong
evidence that these are real deletions. Two unique frameshift deletions were confirmed
with both methods, and the effects of these deletions on factors such as growth
kinetics and fitness are currently being investigated.

In conclusion, the AmpliSeq chemistry combined with the Ion Chef and S5XL instruments
provides an effective, rapid, simple, and highly automated option for generating WGS data
for SARS-CoV-2 specimens. Results were highly comparable in sensitivity, SNV calling, and
lineage assignment to sequences generated with the ARTIC primer-based Illumina workflow.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.04 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.5 MB.
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