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Abstract

High viral transmission in the COVID-19 pandemic has enabled SARS-CoV-2 to acquire
new mutations that may impact genome sequencing methods. The ARTIC.v3 primer pool
that amplifies short amplicons in a multiplex-PCR reaction is one of the most widely used
methods for sequencing the SARS-CoV-2 genome. We observed that some genomic inter-
vals are poorly captured with ARTIC primers. To improve the genomic coverage and variant
detection across these intervals, we designed long amplicon primers and evaluated the per-
formance of a short (ARTIC) plus long amplicon (MRL) sequencing approach. Sequencing
assays were optimized on VR-1986D-ATCC RNA followed by sequencing of nasopharyn-
geal swab specimens from fifteen COVID-19 positive patients. ARTIC data covered 94.47%
of the virus genome fraction in the positive control and patient samples. Variant analysis in
the ARTIC data detected 217 mutations, including 209 single nucleotide variants (SNVs)
and eight insertions & deletions. On the other hand, long-amplicon data detected 156 muta-
tions, of which 80% were concordant with ARTIC data. Combined analysis of ARTIC + MRL
data improved the genomic coverage to 97.03% and identified 214 high confidence muta-
tions. The combined final set of 214 mutations included 203 SNVs, 8 deletions and 3 inser-
tions. Analysis showed 26 SARS-CoV-2 lineage defining mutations including 4 known
variants of concern K417N, E484K, N501Y, P618H in spike gene. Hybrid analysis identified
7 nonsynonymous and 5 synonymous mutations across the genome that were either ambig-
uous or not called in ARTIC data. For example, G172V mutation in the ORF3a protein and
A2A mutation in Membrane protein were missed by the ARTIC assay. Thus, we show that
while the short amplicon (ARTIC) assay provides good genomic coverage with high through-
put, complementation of poorly captured intervals with long amplicon data can significantly
improve SARS-CoV-2 genomic coverage and variant detection.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative pathogen for
COVID-19 disease, continues to impact the global population with a growing number of vari-
ants [1]. Community spread is the predominant mechanism leading to the increasing inci-
dence of COVID-19 disease world-wide. SARS-CoV-2 genome sequencing data suggest that
several novel variants and regional strains are emerging in the United States [2, 3]. Whole
genome sequencing (WGS) analysis of these viruses enables high resolution genotyping of cir-
culating viruses to identify emerging strains [4, 5]. Genome sequencing is a powerful tool that
can be used to understand the transmission dynamics of outbreaks and the evolution of the
virus over time [6]. Phylogenetic analysis of WGS data can reveal a virus’s origin and genetic
diversity of circulating strains of the virus [7, 8]. With the ongoing pandemic, SARS-CoV-2 is
getting ample opportunities to replicate and incorporate new mutations that can potentially
impact virus characteristics such as transmissibility as reported in the cases of the B.1.1.7 line-
age in England, B.1.351 lineage in South Africa and B.1.617.2 in India [9-12]. In addition, the
abundance of mutations in new strains can also impact the performance of diagnostic and
research methods that were developed based on the original reference genome from the begin-
ning of the pandemic last year [13-15]. Therefore, methods and strategies of virus detection
and genome sequencing need to be updated.

The ARTIC network protocol is one of the most widely used methods to sequence the
SARS-CoV-2 genome [8, 16]. Two pools of primers in this assay amplify multiple short ampli-
cons to assemble the entire genome. An increasing number of mutations in emerging strains
poses one potential challenge to this strategy, as mutated primer binding sites may cause
amplicon dropout or uneven sequencing coverage resulting in the loss of information or inac-
curate data. To address this issue, we developed a new approach that amplifies each specimen
using both, short and long amplicon primers to uniformly capture the entire viral genome.
This approach offers two potential benefits. First, a smaller number of primers needed to
amplify the entire genome reduces the chance of encountering a mutated site. Second, besides
single nucleotide changes, deletions and insertions can be captured more effectively with lon-
ger amplicons and sequencing reads. Here, we present our approach to supplement ARTIC’s
short amplicon sequences with long-amplicons to generate more complete and high-quality
sequencing data for mutation detection and phylogenetic analysis (Fig 1A).

Materials and methods
a. Sample

We used ATCC VR-1986D as our positive control RNA and a human dendritic cell RNA as
our negative control to test our own primer design (MRL-Primer) and ARTIC primers. Next,
we tested RNA from fifteen SARS-CoV-2 virus positive nasopharyngeal swabs received in uni-
versal transport media. Alinity M SARS-CoV-2 AMP Kit on an automated Alinity system was
used for qPCR. Samples with Ct value <30 were used for investigation. Samples were de-iden-
tified and analyzed with a waiver from UT Southwestern Institutional Review Board. Study
specimens were de-identified before authors have access to them. Research team had no access
to any identifying information.

b. Primers

We designed our own set of primers that amplify long-amplicons spanning 1.5-2.5Kb of the
SARS-CoV-2 viral genome. Details on our primer sequences are provided in S1 File. ARTIC
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Fig 1. Study rationale and assay design. Panel A illustrates the study’s rationale and sketches the layout of the ARTIC and MRL
primer pools across the SARS-CoV-2 genome. Small and long arrows indicate short and long amplicons, respectively. Red
arrows indicate a mutation with potential to alter the primer binding site. Panel B shows the design of the three assays developed
and assessed in the present study. Assay-1 is based on short-amplicons generated with the ARTIC primer pool. Assay-2 is based
on long-amplicons made with MRL primers followed by short-read sequencing on MiSeqDx. Assay-3 is based on long-
amplicons sequenced by long read sequencing technology on MinION platform.

https://doi.org/10.1371/journal.pone.0261014.g001

data was generated using ARTIC nCoV-2019 V3 Panel primers [16] purchased from Inte-
grated DNA technologies (IDT).

c. Assays and protocol

We developed three assays to sequence the SARS-CoV-2 genome and assessed their perfor-
mance in the present study (Fig 1B). In Assay-1, virus genome was amplified using the ARTIC
primer pool only and sequenced on the MiSeqDx Illumina platform. In second assay, we used
our own primer design (MRL Primer) to generate 19 long amplicons of 1.5-2.5Kb size to cap-
ture the complete genome of the virus. These long amplicons were then fragmented into 300-
500bp sizes and sequenced on the MiSeqDx platform. The third assay also used our own prim-
ers (MRL Primers), but the long-amplicons were directly sequenced on the long-read sequenc-
ing platform, MinION, from Oxford Nanopore Technology (ONT). Finally, the performance
of the individual assays as well as the combined assays, (Hybrid 1 & Hybrid 2), were assessed.
Step 1: RNA extraction and quality control. RNA was extracted from nasopharyngeal
swabs using the Chemagic Viral DNA/RNA 300 Kit H96 (Cat# CMG-1033-S) on a Chemagic
360 instrument (PerkinElmer, Inc.) following the manufacturer’s protocol. A sample plate, elu-
tion plate, and a magnetic beads plate were prepared using an automated liquid handling
instrument (Janus G3 Reformatter workstation, PerkinElmer Inc). In brief, an aliquot of 300ul
from each sample, 4uL Poly(A) RNA, 10pL proteinase K and 300pL lysis buffer 1 were added
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to respective wells of a 96 well plate. The sample plate, elution plate, (60uL elution buffer per
well) and magnetic beads plate (150uL beads per well) were then placed on a Chemagic 360
instrument and RNA was extracted automatically with an elution volume of 60uL. No direct
quantification of extracted RNA was done due to small concentration. Ct values of <30 was
used as inclusion criterion.

Step 2: cDNA synthesis and PCR amplification of SARS CoV-2 genome using gene-spe-
cific primers. We used Invitrogen SuperScript™ III One-Step RT-PCR System with Plati-
num™Taq High Fidelity DNA Polymerase (Catalog Number: 12574-035) to make and amplify
cDNA. SARS Cov-2 gene-specific primer set MRL-design and ARTIC design were synthesized
from IDT. The MRL primer set included two primer pools (19 pairs, about 1.5Kb to 2.5Kb/
amplicon, Tm 59-60°C), whereas ARTIC CoV-2019 primer pools included 109 pairs (about
400nt/ amplicon, Tm 60-62°C). Both primers were used to amplify ATCC VR-1986D genomic
RNA from severe acute respiratory syndrome-related coronavirus 2 Positive control. We also
used a negative control of Human RNA extracted from monocyte-derived dendritic cells
(MDDCs) to test our assay. We started with 0.1 ng of ATCC VR-1986D RNA (8000 genome
copies), 100 ng of human MDDCs RNA, and 3-6 ul of Covid -19 patient RNA (RT-PCR Ct
value 30) as an input RNA amount per each cDNA synthesis reaction. Reverse transcription
was performed at 50°C for 30 min, followed by denaturation at 94°C for 2 min. PCR amplifica-
tion involved 35 cycles (95°C for 30 s, 55°C for 1 min, 68°C for 4.5 min) followed by a final
extension at 68°C for 10 min. Reaction products from two primer pools were combined and a
bead-based cleanup was performed. Agencourt AMPure XP beads by Beckman Coulter (Cata-
log# A63881) were used for purification. Then, the cDNA quantity was measured using the
Picogreen method. Quant-iT™ PicoGreen dsDNA Assay kit by Invitrogen with Catalog #
P7589 and a PerkinElmer plate reader (PerkinElmer Victor X3, 2030 Multilabel Reader) were
used in the assessment; and the cDNA quality was verified with a Bioanalyzer (Agilent High
Sensitivity DNA kit, Catalog # 5067-4626).

Step 3: NGS workflow- amplicon library preparation and quality control. We used the
Kapa HyperPlus Library Preparation Kit (Catalog #KK8514) to construct our sequencing
libraries. The cDNA input amount for each library preparation was between 50-500 ng due to
the limitation of cDNA quantity. We started with a 5-minute 37°C enzymatic fragmentation
for the cDNA amplicons generated by MRL-primer. Since ARTIC amplicon size w is already
around 400bp, no fragmentation was performed on these replicates. Then end-repair, A-tail-
ing, and UMI adapter ligation were performed on the amplicons. After the ligation step, we
performed a double-sided size selection with AMPure XP beads followed by 4 to 8 PCR cycles
to amplify adapter ligated fragments. Finally, the amplified libraries were purified by AMPure
XP beads to form the final libraries. The libraries’ quantity was measured with Picogreen, and
the quality was verified with a Bioanalyzer (Agilent DNA 1000 kit, catalog # 5067-1504). In
addition, we did qPCR to check the adapter ligation efficiency using Applied Biosystems 7500
Real-Time PCR instrument.

Step 4: MiSeqDx sequencing. About 20pM barcoded libraries were sequenced on MiS-
eqDx sequencer using 600 cycle v3 flow cell kit. About 5% PhiX DNA was added to the
sequencing run to increase diversity. The summary of sequencing metrics is given in Table 1.

Step 5: Nanopore library preparations and sequencing. The leftover cDNA amplicons
from step 2 were used to generate libraries for long-read sequencing analysis on MinION.
EXP-NBD104 and SQK-LSK109 kits were used with Oxford Nanopore’s (ONT) native barcod-
ing protocol (Version: NBE_9065_v109_revV_14Aug2019) to construct the libraries. Due to
limited sample concentration, this assay was only done on positive control ATCC RNA and 3
patient samples. Library preparation was performed according to the manufacturer’s recom-
mended protocol. Native barcoded libraries were pooled in equimolar concentrations and
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loaded onto a MinION sequencer using a R9.4 flow cell. Sequencing was run for 48 hours. The
FASTS5 data was basecalled using ONT’s Guppy pipeline.

Data analysis

After trimming and removing the adapters, FASTQ files were mapped with bowtie2 [17] to
the SARS-CoV-2 genome (NC_045512.2). To facilitate reproducibility, analysis samples were
processed using the publicly available nf-core/viralrecon pipeline version 1.1.0 implemented
in Nextflow 20.01.0 using Singularity 3.3.0 (10.5281/zen0odo.3901628) [18-20]. Briefly, reads
were trimmed using fastp [21], and de novo assembly was performed by spades, metaspades,
unicycler, and minia. Variant calling was done by bcftools [22] using viral genome
NC_045512.2, and variants were filtered where the BAQ was less than 20 or had a depth less
than 10 reads. Minimum allele frequency for calling variants was set to 0.25, max was 0.75. De
novo assembly was performed using spades, CoronaSPAdes, metaspades, unicycler and minia.
Quast and Icarus were used to summarize contig and assembly statistics where the reference
viral genome was NC_045512.2. FASTQ files from Illumina MiSeqDx runs were generated
using bcl2fastq2. Sequencing reads were trimmed using Cutadapt (min Q30, adapter presence,
shorter than 50 bases). The presence of host reads was detected using Kraken 2, the host
genome version used was GRCh38 [23]. Fast5 files from Mk1C runs were base called and
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demultiplexed with guppy (GPU enabled), PycoQC, FastQC and NanoPlot were used for
sequencing QC visualizations [24]. The ARTIC network bioinformatics pipeline (https://
github.com/artic-network/artic-ncov2019) was also used to generate a comprehensive view of
our Oxford Nanopore long reads. Briefly, reads were mapped to NC_045512.2 with Minimap2
and BAM files were sorted and indexed [25]. Variants were called using Nanopolish where
ploidy was set to 1 [26]. The minimum allele frequency was 0.15, the minimum flanking
sequence was 10 bases, and at most, 1000000 haplotypes were considered. Combination of Illu-
mina MiSeq paired end reads and Oxford Nanopore Mk1C long reads were assembled using
SPAdes, hybrid assembly stats were summarized with Quast. Contiguous scaffolds were visual-
ized with bandage (https://github.com/rrwick/Bandage). Pipeline automation was done by cre-
ating Nextflow workflows (v20.01.0).

Results
Assay-1: Short-amplicon sequencing results

We generated more than 500K sequencing reads on each study sample including the positive
control ATCC SARS-CoV-2 RNA and fifteen COVID-19 positive patients that had their naso-
pharyngeal swabs tested by RT-PCR for the presence of SARS-CoV-2. All the patient samples
had RT-PCR Ct values <30 (Table 1). The ARTIC primer generated >80% pass filter sequenc-
ing reads. The summary of sequencing metrics is given in Table 1. As shown, 99.26% of the
sequencing reads on ATCC SARS-CoV-2 RNA mapped to SARS-CoV-2 reference genome
(NC_045512.2). Similarly, over 90% of the sequencing reads in patient samples also mapped to
the reference genome, except for a few samples (Table 1, Fig 2A). These viral reads in positive
control and patient samples accounted for >94% of the virus genome (Table 1, Fig 2B). Vari-
ant analysis detected 209 single nucleotide variants (SNVs) and 8 deletions & insertions (S2
File). Of these 28 mutations were SARS-CoV-2 lineage defining variants including several vari-
ants of concern i.e. K417N, E484K, N501Y, P618H and variants of interest i.e. L18F, 69-70
Del, D80A, Y144Del, 1L242Del, A570D, A701V and T7161. Interestingly most of these new
mutations were detected in a more recently collected samples. Variant analysis showed a range
of mutations starting from minimum 14 and maximum 38 mutations per sample. Phylogenetic
Assignment of Named Global Outbreak Lineages (PANGOLIN) lineage analysis on study sam-
ples identified four samples with B.1.1.7, three samples with B.1.2, two samples with B.1.617.1
and at least one sample with A, B.1.351, B.1.427, B.1.527, B.1.575.1 and P.1.1 lineages

(Table 1). Interestingly, two specimens, A4 and B10 were assigned B.1.617.1 lineage that repre-
sent Kappa strain.

Assay-2: Long-amplicon based sequencing results

Next, we analyzed the sequencing data generated with MRL primers: Assay-2. This assay did
not include sample NP2 due to insufficient material. The sequencing metrics are described in
Table. This assay generated 2-5 million sequencing reads on patient specimens. The percent-
age of reference mapped reads and genomic fractions are given in Table 1. The percentage of
viral genome mapped reads and genomic fraction covered with MRL primers showed more
variations among samples (Fig 2C and 2D. Variant analysis on assay-2 data identified a total of
156 mutations in study samples which included 152 SNVs and 4 insertion & deletion variants
(S3 File). Of these 156 mutations, 125 (80%) were concordant with those called in the short-
amplicon data, assay-1. The low coverage samples showed genotypic discordance in two data
sets due to poor genomic coverage in either assay. Long-amplicon data captured 20 key lineage
defining mutations including spike gene variants of concern K417N, E484K, N501Y and
P618H (S3 File). Overall, long-amplicon assay detected 12 mutations that were either
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ambiguous or not at all called in ARTIC assay (54 File). Further in-depth analysis of the ambig-
uous base calls in assay-1 or assay-2 revealed that the observed discrepancy was either due to
insufficient sequencing read depth or incorrect read alignments.

Assay-1 & Assay-2 combined (Hybrid-1) analysis

To improve the sequencing coverage across poorly captured genomic segments in individual
assays, we merged the sequencing reads from assay-1 and assay-2 to generate a hybrid assem-
bly and then called the variants again. The hybrid data set has about 4-12 Million reads per
sample (Table 1). As shown in Fig 2E and 2F, hybrid-I data improved both percentage of virus
genome mapped reads as well as a fraction of covered genome (Fig 2E and 2F). This eventually
improved variant detection overall and the resolution of lineage assignments, at least in one
sample (NP1). Fig 2G summarizes unique and shared number of variants in individual and
hybrid analyses. As shown, 125 variants were common in all the three analyses. Hybrid data
identified a total of 218 mutations in study samples which included 210 SNVs and 8 insertion
& deletion variants (S5 File). Investigation of mutations that were ambiguous in ARTIC data
showed poor read quality and poor sequencing coverage across these 12 positions in the
ARTIC data (Fig 2H).

Next, analysis of sequencing coverage in short (ARTIC) and long amplicon (MRL) data
identified genomic intervals that were poorly captured in ARTIC assay (Fig 3). As illustrated
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in Fig 3A, short amplicon data in positive control ATCC RNA and four patient samples (NP1,
NP3, A4, A10) shows genomic intervals that exhibit a sudden drop (<10 sequencing reads) in
sequencing coverage across the Spike, ORF3a and E gene regions. On the other hand, long-
amplicon sequencing on the exact same set of samples shows relatively uniform coverage
across this region (Fig 3B green tracks). The colored lines on the coverage tracks indicate the
detected mutations in patient samples. As shown, mutation, i.e.,Q57H in the genomic region
that have good uniform sequencing coverage in both assays, was consistently picked up by
both short (Panel 3A) as well as long-amplicon data (Panel 3B). However, a nonsynonymous
mutation G172V in ORF3a gene at nt25907(G — T), and a synonymous mutation A2A in M
gene at nt26528(A — G) located in the poorly captured region in ARTIC assay, were missed in
short amplicon data (Panel A), whereas the long-amplicon data did detect G172V in samples
NP1 and NP3, and A2A mutation in sample A10 (Panel B). Next, analysis of merged short and
long-amplicon sequences confirmed this mutation with high confidence in Hybrid data as
shown in Fig 3C. Overall hybrid data improved the detection of 12 mutations that were either
ambiguous or not called in ARTIC data due to poor sequencing coverage or alignment issues
(S4 File). Thus, hybrid data identified final set of 214 high confidence mutations that were
included in-depth downstream phylogenetic analysis (S6 File).

Lineage assignment and phylogenetic analysis on high confidence mutations

We assessed the mutation load in patient specimens that were collected several months apart. As
shown in Fig 4A, first five samples (NP1-NP5, blue bars) were collected during the months of Jan-
uary-February 2021, whereas remaining ten samples (C6-A5, red bars) were collected during the
months of May-June 2021. Consistent with literature that SARS-CoV-2 virus in gaining on an
average 1-2 mutations per month, our data show increased number of mutations (~1.4 time) in
May June specimens as compared to those collected in Jan-Feb 2021 (Fig 4A). It was further sup-
ported by the appearance of Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1.1) and Kappa
(B.1.617.1) strains of virus in more recent samples (Fig 4A). The highest number of mutations in
samples with B.1.617.1, B.1.1.7 and P.1.1. lineage of virus is consistent with literature documented
trend of ongoing evolution in SARS-CoV-2 genome. Lineage assignment were mostly consistent
between ARTIC only and Hybrid data except for NP1 sample which was assigned B.1.2 in ARTIC
data, whereas Hybrid data assigned it B.1.596 lineage. Next, hybrid data analysis showed 8 muta-
tions that were quite common (>40% frequency, blue label color) in study sample cohort (Fig
4B). These are shown with solid color bars in the Fig 4B. Amino acid changes in these common
variants are indicated on the top of each bar. In addition, many CDC noted variants of concern
and variants of interest were also observed to be accumulating in spike gene region (highlighted
with red font color). This analysis also showed that several common and low frequency mutations
are emerging in the Spike, Membrane and Nucleocapsid gene regions (Fig 4B).

There are endemic human coronaviruses HCoV-229E, NL63, OC43, and HKU1 that cause
upper and lower respiratory tract infections in children and adults [27-29]. SARS-CoV-2
resembles these endemic viruses, original severe acute respiratory syndrome coronavirus
(SARS-CoV-1) and Middle Eastern respiratory syndrome (MERS-CoV) [30]. So, to explore
the evolutionary history and relationship among these different coronaviruses, we performed
phylogenetic analysis on the study samples. A maximum likelihood phylogenetic tree was con-
structed on various endemic strains and present study specimens. As shown in Fig 5, all the
endemic strains formed a tight clade that evolves into MERS, SARS1 and SARS-CoV-2 viruses.
Except two study samples C6 and B11 that shared the clade with SARS and original SARS--
CoV-2 strain (ATCC), all NP1-NP5 samples that represent SARS-CoV-2 virus in January-Feb-
ruary 2021 formed one tight clade. On the other hand, most of the recently collected study
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specimens formed a distinct clade which showed significant genetic diversity and heterogene-
ity, suggesting ongoing viral evolution (Fig 5).

Assay-3: MRL long-read sequencing analysis on MinlON

To assess the performance of our MRL primers with the long-read sequencing pipeline from
Oxford Nanopore Technology, we sequenced the long amplicons from the ATCC positive
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control and three patient samples (NP1, NP3 & NP4) on MinION R.9.4.1 flow cell for 48
hours. These samples were selected based on the amount of available RNA sample. As summa-
rized in S7A File, we generated 500K-1 million sequencing reads on each sample on MinION.
More than 80% of the sequencing reads were mapped to the viral genome (Fig 6A). The geno-
mic fraction covered was >95% in all four samples (Fig 6B, S7A File). We mapped the nano-
pore sequencing data to the reference genome and called the variants. In total, 77 mutations
were detected in the nanopore sequencing data, of which 50 were concordant with ARTIC
assay-1, and 48 were concordant with MRL assay-2 data from Illumina short-read sequencing
(S6 File). Of 77 mutations, 72 were SNVs and 5 were insertion & deletions (S7B File). How-
ever, these insertions and deletions were only detected in nanopore data, so further validation
and confirmation is needed. We also combined MRL long-read sequences with ARTIC short-
read sequences as Hybrid-II data and observed improvement in the percent of reads mapping
to the viral genome as well as in overall genomic coverage (Fig 6C and 6D). As shown in case
of ATCC RNA, we observed that long-read sequencing data has more uniform sequencing
coverage across the deletion-prone region of the spike gene than short-read ARTIC data. MRL
long-read data shows uniform depth of coverage across the 2KB interval in the spike gene
region as compared to short-amplicon data for ATCC positive control (Fig 6E and 6F). The
bottom panel (Fig 6G) shows a snapshot of UCSC genome browser across the spike gene
region where several micro and major deletions have been reported recently in emerging line-
ages of the SARS-CoV-2 virus (Fig 6G).
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Discussion

High viral transmission in the ongoing COVID-19 pandemic is enabling SARS-CoV-2 to
mutate at a faster rate, resulting in an abundance of new mutations in the genome [8, 31-34].
Since most of the currently used PCR primers, protocols, and sequencing strategies were
developed on the original reference genome from the beginning of the pandemic, mutations in
new strains of the virus might impact diagnostic and research methods [35]. The ARTIC
primer pool that amplifies multiple short amplicons in a multiplex-PCR reaction is a widely
used method to sequence the SARS-CoV-2 genome [16, 33, 36]. However, as no method is per-
fect, researchers have identified issues with existing short amplicon-based methods and pro-
vided potential alternative solutions [37-39]. Data from the present study (Fig 3) and others
show that some key regions of the genome are poorly captured with ARTIC primers [40]. This
could be due to poor performance of some primer pairs in multiplexed PCR due to either sub-
optimal PCR conditions within the assay or emerging mutations on primer binding sites [41].
Our approach to capture and assemble the genome using both short and long-amplicons
improve the chance of capturing mutations in the intervals that may have uneven sequencing
coverage on ARTIC assay. This strategy allows for variant calling with high confidence. Accu-
rate detection of all the mutations in the virus genome is important for correct phylogenetic
lineage assignment and functional studies. Although, overall lineage assignments in ARTIC
and Hybrid data were the same, but we did observe improved resolution of lineage in case of
NP1 sample which was assigned B.1.2 lineage in ARTIC assay and B.1.596 in Hybrid assay. We
observed that on 8 of the 12 mutations that were not called in ARTIC assay had very poor
sequencing depth i.e. <20 reads and the remaining 4 seems to have issues with read alignments
that require further investigation. Similarly, the MRL assay did not picked 79 mutations that
were detected in ARTIC assay. We speculate that it could be due to unsuccessful amplification

PLOS ONE | https://doi.org/10.1371/journal.pone.0261014  January 13, 2022 13/17


https://doi.org/10.1371/journal.pone.0261014.g006
https://doi.org/10.1371/journal.pone.0261014

PLOS ONE

SARS-CoV-2 Genome sequencing assay

of some long amplicons in some samples due to poor Viral RNA complexity as a long RNA
template is essential to generate long amplicons. Therefore, samples with degraded RNA may
not yield good data with long amplicon PCR. This suggests that sequencing each sample with
both short and long amplicon primers can provide more complete and comprehensive geno-
mic coverage to accurately detect true mutations across the genome. The two primer set
approach also allows confirmation of low frequency novel mutations and excludes sequencing
and analysis related artifacts. We admit that sequencing with two sets of primers would
increase the cost of reagents and processing time in the protocol. However, it is worth it for
the accuracy and completeness of the genomic data, especially given that the virus is still
mutating and several new mutations are currently emerging globally. Our assay can be
employed to investigate clinically complicated specimens that require complete genomic cov-
erage, such as those with large structural mutations. Although our findings are based on a
small number of samples, but we have demonstrated a strategy to capture the mutations in
SARS-CoV-2 genome more accurately and efficiently.
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