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A B S T R A C T

The SARS-CoV-2 coronavirus pandemic has been an unprecedented challenge to global pandemic response
and preparedness. With the continuous appearance of new SARS-CoV-2 variants, it is imperative to imple-
ment tools for genomic surveillance and diagnosis in order to decrease viral transmission and prevalence.
The ADSSpike workflow was developed with the goal of identifying signature SNPs from the S gene associ-
ated with SARS-CoV-2 variants through amplicon deep sequencing. Seventy-two samples were sequenced,
and 30 mutations were identified. Among those, signature SNPs were linked to 2 Zeta-VOI (P.2) samples and
one to the Alpha-VOC (B.1.17). An average depth of 700 reads was found to properlycorrectly identify all
SNPs and deletions pertinent to SARS-CoV-2 mutants. ADSSpike is the first workflow to provide a practical,
cost-effective, and scalable solution to diagnose SARS-CoV-2 VOC/VOI in the clinical laboratory, adding a
valuable tool to public health measures to fight the COVID-19 pandemic for approximately $41.85 USD/reac-
tion.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

The COVID-19 pandemic’s causative agent is the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), first identified at
the end of 2019 in Wuhan, China (Wu et al., 2020). Following the
appearance of mutations in specific SARS-CoV-2 genes, different viral
phenotypes have emerged as the main threat to epidemic control.
These viral variants, known as variants of concern (VOC), and variants
of interest (VOI) are mutants that are associated with either increased
transmissibility, changes in epidemiological patterns or clinical pre-
sentation, increased virulence, decreased effectiveness of public
health and social measures for epidemic control, and/or decreased
effectiveness of available diagnostics, vaccines, and/or therapeutics.

Genomic surveillance of these mutants is essential for monitoring
viral spread and implementing targeted measures to reduce VOC/VOI
transmission. Current surveillance strategies rely on whole genome
sequencing (WGS) for identification of VOC/VOI, or assays to monitor
and detect known mutations. WGS using next generation sequencing
(NGS) approaches are based on commercially available sequencing
kits or international consortia-published protocols such as those
from the ARTIC network (COVID-19 ATIC, 2020). The majority of the
targeted assays rely on PCR amplification of a genomic region fol-
lowed by amplicon Sanger sequencing (Cabral et al., 2021;
Sanger Sequencing Solutions for SARS-CoV-2 Research - CA). Other
assays are based on reverse transcription quantitative polymerase
chain reaction (RT-qPCR) using TaqMan probes targeting specific
SNPs (Bier et al., 2021), amplicon melting curve analysis, or high
range melting analysis (Banada et al., 2021; Diaz-Garcia et al., 2021).
These targeted assays are limited to currently known SNPs related to
VOC/VOI and do not have the potential for rapid identification of new
mutations, especially during a pandemic where turnaround times are
a critical factor for molecular surveillance.

The SARS-CoV-2 S gene encodes for the surface glycoprotein of
the virus which mediates viral adhesion and entry into human host
cells. Mutations in the S-gene sequence in VOC/VOI have resulted in
amino acid changes in the S protein that affect the binding to the
human cell receptor ACE (Boehm et al., 2021; Hoffmann et al., 2020),
antibody recognition, vaccine efficacy, and antibody therapy efficacy
(Boehm et al., 2021). In addition, this gene represents an attractive
target for SARS-CoV-2 VOC/VOI identification, as signature SNPs,
insertions, and deletions can be easily identified in this region
through amplicon deep sequencing (ADS).

Here, a novel workflow using ADS of the S gene (ADSSpike) was
implemented to provide a scalable, high throughput, and unbiased
identification workflow for VOC/VOI from clinical SARS-CoV-2
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samples. In addition, ADSSpike simplifies the ARTIC Illumina V3 pro-
tocol (COVID-19 ARTIC, 2020) by incorporating Illumina overhangs
into PCR primers targeting 400 bp regions spanning the SARS-CoV-2
S gene, with the aim of reducing PCR cycles and thus chimera forma-
tion (Lahr and Katz, 2009; Sze and Schloss, 2019). To our knowledge,
ADSSpike is one of the first workflows to identify SNPs by employing
a SARS-CoV-2 S gene-targeted amplicon deep sequencing approach
across SARS-CoV-2 specimens. A previous pipeline discusses a similar
methodology; however several pitfalls compared to this pipeline
were observed Fass et al., 2021.

2. Methodology

2.1. Ethics statement

Ethical approval was obtained from the Conjoint Health Research
Ethics Board of the University of Calgary (REB 20-0567, REB 20-
0402). All archived specimens were de-identified prior to analysis in
this study.

2.2. Sample collection and nucleic acid extraction

Clinical nasopharyngeal swab and throat swab specimens (n = 72)
were collected and tested for SARS-CoV-2 by Alberta Precision Labo-
ratories between March 2020 and February 2021 as previously
described (Pabbaraju et al., 2021). RNA was extracted from 90 to 120
mL of sample using the Qiagen QIAamp� Viral RNA Mini Kit (Cat. No/
ID 52906, Qiagen, USA), following the manufacturer’s protocol with
slight modifications. Briefly, samples were digested with proteinase
K for 10 minutes at 56°C prior to extraction, and treated with DNAse I
(Promega) to remove any remaining DNA. Obtained RNA was eluted
in 2 centrifugation rounds of 40mL of nuclease-free water.

2.3. Amplicon deep sequencing (ADS) strategy

The ADS pipeline (Fig. 1) was designed to optimize sample prepa-
ration time. Briefly, extracted RNA was subjected to cDNA synthesis
before PCR amplification. Fourteen pairs of primers spanning the S
Fig. 1. Spike gene amplicon deep sequencing (ADS) pipeline named ADSSpike. The presented
sequencing, and data analysis (read filtering, alignment, SNP calling, and variant assessment)
gene and its adjacent regions, generating »400 bp amplicons, were
designed and adapted from published protocols (COVID-19 ARTIC,
2020) (Supplementary Table 1). The PCR amplification step was
designed to include the Illumina adapters (thus allowing PCR prod-
ucts to move directly to library preparation and sequencing while
reducing PCR artifacts and chimeric reads. Illumina adaptors fused to
the locus-specific primers is a strategy that has been used in the past
from previous protocols and was adapted from current protocols for
SNP calling and haplotype screening (Schnell et al., 2015;
16S Metagenomic Sequencing Library Preparation) with each primer
pair). The performance of a pooling strategy was evaluated, compar-
ing the sequencing results from PCR conducted either individually
(iPCR, conducting 14 individual PCR reactions each yielding 400 bp
amplicons), or as a pooled PCR (pPCR) strategy (one-pot PCR reaction
using the 14 primer pairs, generating mixed 400 bp amplicons from
each primer set). For each sample, the iPCR products were pooled
prior to purification and subsequent analysis (Supplementary Fig. 1).

2.4. cDNA synthesis and PCR amplification of the SARS-CoV-2 S Gene

The cDNA synthesis and PCR amplification of the SARS-CoV-2 S
gene are detailed in the Supplementary data. Briefly, the cDNA syn-
thesis was performed using the LunaScript� RT Supermix (New Eng-
land Biolabs, #E3010L) following the manufacturer’s protocol. The S
gene and its adjacent regions were amplified using 14 primer pairs,
followed by a single PCR run and SPRIselect bead purification (Beck-
man Life Science, USA). Three nuclease-free water negative controls
were used to assess potential amplicon contamination in the lab, as
well as to help tuning the parameters for SNP calling (Table 1).

2.5. Library preparation and sequencing

Fifteen mL of pooled purified amplicons per sample was sent to
the Center for Health Genomics and Informatics (CHGI) at the Univer-
sity of Calgary for library preparation and sequencing. Each sample
was indexed using the Nextera XT Index Kit V2 along with KAPA HiFi
polymerase. The indexed libraries were pooled and sequenced in an
Illumina MiSeq instrument (San Diego, CA) in paired-end mode
workflow was divided among 4 steps: sample processing, PCR and library preparation,
.



Table 1
Summary of the clinical samples used in this study.

Variables SARS-CoV-2 positive
(n = 68)

SARS-CoV-2
negative (n = 4)

P-value

Anatomical swabbing site (n = 72) 0.3058
Nasopharyngeal (n = 50) 46 4
Oropharyngeal (n = 22) 22 0

Swab and transport media (n = 72) 68 4 0.2567
Saline (n = 16) 16 0
Aptima (n = 19) 19 0
E-swab (n = 5) 5 0
UTM (n = 35) 28 4

RT-PCR E gene Ct value (n = 68), mean §SD [min, max] 22.83 § 4.77 [17.28, 35.73] N/A
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(2 £ 250 bp), using the Illumina MiSeq Reagent Kit V2 Nano (500
cycles), for a total of 1 million reads, with a 5% spike of Enterobacteria
phage PhiX control.

2.6. Read filtering and variant calling parameter optimization

Samples were submitted to the IDseq pipeline for adapter and
primer trimming, removal of low-quality reads, and removal of host
sequences (Kalantar et al., 2020). Reads were mapped using the Bur-
rows Wheeler Aligner (BWA) (Li and Durbin, 2009) against a SARS-
CoV-2 reference genome (GenBank MN908947.3 (Wu et al., 2020)).
Samtools was used for file indexing and sorting (Li et al., 2009), fol-
lowed by FreeBayes (Garrison and Marth, 2012) to perform SNP call-
ing and insertion/deletion (indel) identification. To determine which
parameters are best to identify SARS-CoV-2 VOC/VOI, a combination
of parameters were employed and the positive predictive value (PPV)
along with analytical sensitivity were computed. For this, a depth of
coverage (number of reads supporting a SNP or deletion) between 5
to 40 reads was tested, along with a fraction depth between 15% to
90% (fraction of reads supporting the SNP or deletion); a Phred score
of 20 was maintained across all parameter combinations. Assessment
details of the PPV and sensitivity are available in the Supplementary
data. Read depth and coverage, defined as the percentage of the S
gene covered by at least one read, were assessed by BEDTools
(Quinlan and Hall, 2010) and visualized with Tablet (Milne et al.,
2010).

2.7. Statistical analysis

Descriptive statistics regarding depth and coverage were per-
formed by including the mean § standard deviation. Non-parametric
Mann-Whitney tests were performed across the continuous varia-
bles, and a Fisher’s exact test was performed across categories with
discrete variables. A nonparametric Kruskal-Wallis test followed by
multiple-paired comparisons were carried out to determine differ-
ence in significance amongst coverage and Ct value groups. All statis-
tical tests were considered significant for adjusted p-values below
0.05. The statistical analysis and figure design were performed using
GraphPad Prism for Mac.

3. Results

3.1. Included samples

Seventy-two samples were selected and tested with ADSSpike (68
were positive for SARS-CoV-2, and 4 were negative). This sample size
was selected to aim for an average of 1,000 reads per amplicon per
positive sample, for a total of 14,000 reads per positive sample. Of the
tested samples, 50 were from nasopharyngeal swab, and 22 were
from throat swab. The majority of the samples were stored in UTM
(n = 35), followed by Aptima (n = 19), saline (n = 16), and E-swab
(n = 5). Ct values for the E gene RT-PCR amongst the positive samples
varied from 17.28 to 35.73, with a mean of 22.83. Samples were pre-
viously sequenced by an Illumina COVIDSeq SARS-CoV-2 NGS test,
where 3 samples were VOC/VOI (2 samples were Zeta/P.2, one sam-
ple was Alpha/B.1.1.7).
3.1.1. Preliminary sequencing assessment
A significant difference was observed in the purified DNA concen-

tration after S gene amplification when samples were grouped by
SARS-CoV-2 diagnosis (positive: 13.8 § 15.0 vs negative: 1.0 § 0.2
ng/mL; P-value = 0.03, Mann-Whitney test). Amplicons from 79 sam-
ples, including negative controls and paired samples, were sequenced
on Illumina MiSeq in paired-end mode. A total of 835,676 paired raw
reads were retrieved; of all reads, 1,210,743 were properly mapped
to the S gene reference sequence, with a median of 10,610 (Q1 and
Q3: [4432, 14877]), and a mean of 15,325 reads per sample. The posi-
tive samples displayed an average read depth of 869.81 § 477.37,
while the negative samples had an average read depth of 30.68 §
66.31 (Fig. 2A). Analysis of read depth by Ct value groups displayed
an expected pattern where the lowest Ct values tended to have a
higher read depth across the S gene (Fig. 2B). An average of 70.38%
coverage was observed for all samples, with 76.37% § 34.90% for the
SARS-CoV-2 positive samples and 33.18% § 13.46% for the negative
samples. An analysis of coverage by Ct value grouping shows a similar
trend, where there is a significantly different mean across groups
(Kruskal-Wallis test; P-value < 0.0001) (Fig. 2C). A multiple compari-
son paired-analysis test suggests significant difference by coverage
between Ct values of 15 to 20 vs 25 to 30 (adjusted P-value = 0.02),
15 to 20 vs 30 to 35 (adjusted P-value = 0.0002), and 20 to 25 vs 30 to
35 (adjusted P-value = 0.0003), detailed in the Supplementary data.
3.2. Assessment of parameter selection for variant calling

Seven parameter combinations of read depth and fraction depth
were analyzed for SARS-CoV-2 variant calling (Table 2). Our results
indicate that the highest PPV and sensitivity were obtained by 3 com-
binations: (1) read depth of 10 and depth fraction of 50%, (2) read
depth of 40 and depth fraction of 60%, and (3) read depth of 40 and
depth fraction of 70%. These combinations were able to capture all
the signature SNPs pertinent to the Alpha/B.1.1.7 strain and one of
the Zeta/P.2 VOI samples. Only one SNP was captured with the
remaining Zeta/P.2 strain by any of the combinations. Upon closer
inspection, no reads were generated in the region where the remain-
ing 2 SNPs were expected for the Zeta sample. The rest of the param-
eter combinations were not stringent enough (sacrificing positive
predictive value, and therefore analytical specificity), or were too
robust to capture real and expected SNPs (sacrificing analytical sensi-
tivity). Because a tie occurred amongst 3 parameter combinations, a
variant screening procedure was performed across all sequenced
samples.



Fig. 2. Read depth and coverage assessment. (A) Plot displaying the mean read depth distribution by individual nucleotide position. Depth was assessed by SARS-CoV-2 positive
iPCR samples, SARS-CoV-2 negative samples, and negative controls (NFWiPCR). The dashed purple line represents a 700 read depth. (B) Plot displaying the mean read depth distri-
bution by individual nucleotide position amongst Ct value groups. Depth was assessed by SARS-CoV-2 positive iPCR samples. (C) Side by side box plot of coverage by Ct value groups
assessed by a Kruskal-Wallis test and multiple-paired comparisons (*: adjusted P-value < 0.05; **: adjusted P-value < 0.01; ***: adjusted P-value < 0.001). (D) Dot plot displaying the
position-specific depth of the identified SNPs for the VOC/VOI (left) vs missed SNPs. The blue dashed line represents the lowest depth for a called SNP, and the red dashed line repre-
sents the highest depth recorded for a missed SNP.
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Variant calling between the top 3 parameters was performed.
Our analysis revealed that a read depth of 10 and a depth fraction
of 50% recorded 121 SNPs and deletions. A read depth of 40 and
depth fraction of 60% revealed a total of 119 SNPs and deletions,
and a read depth of 40 and depth fraction of 70% showed 118 SNPs
and deletions. After analysing each of the called variants amongst
these sets of combinations, our analysis revealed that 4 false posi-
tives were detected by the first approach, 3 false positives and 2
false negatives by the second, and 3 false positives and 3 false nega-
tives by the third. This suggests that a read depth of 10 and a depth
fraction of 50% has a PPV of 96.69%, while a read depth of 40 with a
depth fraction of 60% and 70% had a PPV of 97.45% and 97.43%,
respectively (Supplementary table 2). Nevertheless, when employ-
ing a read depth of 40% and a fraction depth of 60% and 70%, 2 and
3 false negatives were observed, decreasing the sensitivity to
98.29% and 97.43%, respectively. This revealed that a read depth of
10 and a depth fraction of 50% had gave the optimum values for
Table 2
Parameter iteration for PPV and sensitivity calculation in SARS-CoV-2 VOC/VOI.

Parameter combination Alpha/B.1.1.7 VOC
PPV and sensitivity

Read depth = 5; Depth fraction = 15% 22.5%; 100%
Read depth = 10; Depth fraction = 33% 100%; 100%
Read depth = 10; Depth fraction = 50% 100%; 100%
Read depth = 40; Depth fraction = 60% 100%; 100%
Read depth = 40; Depth fraction = 70% 100%; 100%
Read depth = 40; Depth fraction = 80% 100%; 88.89%
Read depth = 40; Depth fraction = 90% 100%; 77.78%
SNP calling and SARS-CoV-2 identification, and were therefore used
for variant analysis.

3.3. Read depth as a proxy for accurate SNP calling

The previously sequenced VOC/VOI samples, P739 (Alpha/B.1.1.7-
VOC; Ct value 27.17), P743 (Zeta/P.2-VOI; Ct value 23.68), and P744
(Zeta/P.2-VOI; Ctvalue 30.17), were used as controls to assess the
identification of VOC/VOI from the S gene sequences. The samples
had average read depths of 713, 699, and 406, respectively. The P739
sample contained all S gene mutations pertinent to the Alpha/B.1.1.7-
VOC (D69/70, D144/145, N501Y, A570D, D614G, P681H, T716I,
S982A, and D1118H). The P743 sample contained all the S gene muta-
tions associated with the Zeta/P.2-VOI (E484K, D614G, and V1176F);
in contrast, the P744 sample only showed the V1176F VOC-flagged
mutant, suggesting a minimum average read depth of 700 may be
required to identify all SNPs pertinent to VOC/VOI. A depth of 97 was
Zeta/P.2 VOI (sample 1)
PPV and sensitivity

Zeta/P.2 VOI (sample 2)
PPV and sensitivity

9.67%; 100% 1.47%; 33.33%
100%; 100% 16.67%; 33.33%
100%; 100% 100%; 33.33%
100%; 100% 100%; 33.33%
100%; 100% 100%; 33.33%
100%; 100% 100%; 33.33%
100%; 66.67% 100%; 33.33%



Fig. 3. Identified SNPs indels SARS-CoV-2 positive samples. (A) Non synonymous mutations, deletions, and nonsense mutants identified amongst the 64 iPCR SARS-CoV-2 positive
samples in the S and flanking ORF3a genes region. Blue dashed lines represent the receptor binding domain (RBD) delimited by the nucleotides 318 and 510, and its receptor bind-
ing motif (RBM). Red mutants are flagged for their presence in VOC/VOI. (B) Pie chart of the SNP type distribution. (C) Side-by-side bar chart of the read depth by SARS-CoV-2 posi-
tive samples with no SNPs detected vs samples with at least one identified SNP (D) Box plot of the 5 most prevalent mutants identified across all positive samples (n = 72).
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found to be the lowest acceptable for accurate SNP calling, while a
depth of 536 was the highest observed for missing a SNP (Fig. 2D).
We also observed that 55/76 (72.36%) samples had an 50% coverage,
a requirement for submission to the GISAID database (Shu and
McCauley, 2017).

3.4. SNP calling and variant confirmation

Sixty-eight samples from SARS-CoV-2 positive patients were suc-
cessfully sequenced. The negative samples did not display any SNPs
(coverage = 33.18% § 11.55%; depth: 30.68 § 66.31). Amongst the
positive samples, a total of 30 unique mutations were identified after
applying the thresholds for SNP calling, with a total frequency of 121
(Fig. 3A). Of these, 10/30 were synonymous (total frequency of 15/
121), 17/30 were nonsynonymous (total frequency of 102/121), one
was a nonsense mutation (total frequency of 1/121), and 2 were
indels (total frequency of 3/121) (Fig. 3B). Fifteen SARS-CoV-2 posi-
tive samples did not display any SNPs. These samples featured a sig-
nificantly lower read depth (mean = 168.05; SD = 105.71) compared
to those with at least 1 identified SNP (mean = 1040.39; SD = 71.86)
(P-value < 0.0001 Mann-Whitney test) (Fig. 3C).

The most commonly identified mutants were D614G (frequency
of 50/68 or 73.52%), followed by the Q57H mutant in the ORF3a gene
(frequency of 30/68 or 44.11%), L1224F (frequency 6/68 or 8.82%),
deletion 144/145 (frequency of 2/68 or 2.94%), and the synonymous
R628R mutant (frequency of 2/68 or 2.94%) (Fig. 3D). In addition, 4
independent samples had the A21583G synonymous mutant encod-
ing for L7L in the S gene, a variant that has not been recorded in the
literature.

3.5. Pooling strategy assessment

An alternative strategy was evaluated in order to test the efficacy
of a simplified experimental workflow (running one iPCR for each of
the 14 primer pairs vs pPCR with 14 primers pairs). A highly signifi-
cant difference between the aligned read depths was observed, with
a mean depth of 560§237.88 for the iPCR samples and 312.87 §
372.72 for the pPCR samples (P-value < 0.0001; paired t-test). On the
3 samples tested with the 2 approaches, a total of 5 mutations were
identified in the S gene, with a positive percent agreement of 80%.
One mutant was missed (D144/145) and had a read depth of 422 at
the flanking regions of the indel by the iPCR approach
(Supplementary Table 3).

4. Discussion

The close monitoring of SARS-CoV-2 mutants is imperative, espe-
cially for the continuous development of therapeutics, vaccines, and
for better understanding of pathogenesis. This study reports the
development of ADSSpike, a practical workflow for selective ADS of
the SARS-CoV-2 S gene. The overall workflow is an adaptation of the
international ARTIC V3 consortium protocol (COVID-19 ARTIC, 2020)
and is similar to the HiSpike pipeline (Fass et al., 2021). One key dif-
ference to HiSpike is the use of its relaxed parameters for SNP calling.
Indeed, screening for SNPs pertinent to SARS-CoV VOC/VOI with the
parameters employed by HiSpike (read depth of 15), revealed a PPV
below 25% in each case VOC/VOI analyzed (Table 2). In addition, the
HiSpike workflow has no mention of the fraction of reads employed
for base calling, a parameter of uttermost importance in the identifi-
cation of multiple SARS-CoV-2 strains in a single host. Despite men-
tioning HiSpike as a cost-effective tool, no cost description is
provided, which adds uncertainty to the methodology employed. The
HiSpike study does not provide enough information on SNPs detected
amongst negative controls or SARS-CoV-2 negative samples, and a
detailed cost analysis of the pipeline is missing. On the other hand,
similar results were recorded with the findings by Fass et al. in terms
of coverage decline when samples had a Ct value of 30 or higher.
ADSSpike was able to identify SNPs and deletions in clinical
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specimens that tested positive for SARS-CoV-2, and no non-specific
sequences were retrieved from the negative control samples, show-
ing the specificity of the workflow. The results presented here sug-
gest ADSSpike is an accurate SNP detection workflow regardless of
the SARS-CoV-2 lineage.

ADSSpike provides a practical, cost-effective, and scalable solution
to diagnose and monitor SARS-CoV-2 VOC/VOI in the clinical labora-
tory, adding a valuable tool to public health measures combatting the
COVID-19 pandemic for approximately $41.85 USD per reaction. Cur-
rent approaches to identify VOC/VOI are either based on capillary
sequencing, WGS, or targeted PCR or RT-PCR assays. Targeted assays
are commercially available but only cover existing mutations, mean-
ing new SNPs can be missed (Wang et al., 2021). A comparison of
cost, time, and overall advantages and limitations of SARS-CoV-
2 VOC/VOI methods was performed across current methodologies
(Supplementary table 4).

SARS-CoV-2 VOC detection using WGS by capillary sequencing or
NGS has been widely used for surveillance (Goncalves Cabecinhas
et al., 2021; Miller et al., 2020; Pillay et al., 2020; Shaibu et al., 2021).
In contrast to ADS, amplicon deep sequencing focuses on a specific
gene or genomic region, providing a greater sequencing depth and
coverage while reducing costs and data burden. Sanger-based
approaches have been previously employed (Bezerra et al., 2021;
Goes et al., 2021). These are either focused on a small window in the
S gene, and hence missing relevant SNPs flanking said region, or tar-
get SNPs prevalent to specific VOC/VOIs. While SNPs can be identified
using Sanger sequencing, mutations present in a minority of the sam-
ple population sequenced can be missed (Davidson et al., 2012;
G�omez-Romero et al., 2018).

ADSSpike data analysis employs thresholds based on high-quality
reads, Phred score, coverage, and cut-offs of 50% of reads supporting
the SNPs, as previously described (Kishikawa et al., 2019; Lerch et al.,
2017; Lerch et al., 2019; Phred Quality Score - an overview | Science-
Direct Topics; Song et al., 2016). Careful evaluation and SNP screening
showed these parameters to accurately call signature SNPs pertinent
to VOC/VOIs while minimizing the number of false negatives. Whilst
employing these parameters for variant calling, a total of 15 SARS-
CoV-2 positive samples did not show any SNPs, suggesting either an
identical gene to the reference employed, or insufficient to detect
mutations. Because of this, the read depth analysis performed across
SARS-CoV-2 positive samples suggests that a read depth below 170 is
not likely to detect any SNPs. The analysis performed here suggests
an average of 700 reads spanning the S gene as a minimum to detect
SNPs and correlate them to SARS-CoV-2 variants. Moreover, a work-
flow is proposed that could increase the likelihood of detecting SNPs,
and potentially a VOC/VOI, based on the initial average read depth
and coverage (Supplementary Fig. 2).

A limitation of the study is that the recommended 700 read depth
described is based on a small sample size (3 VOC/VOI samples) and is
therefore subject to a potential selection bias. To summarize, ADSS-
pike is one of the first workflows to target the SARS-CoV-2 S gene for
VOC-VOI detection by NGS amplicon deep sequencing. Additionally,
ADSSpike was able to detect the A21583G SNP in 4 independent sam-
ples, a mutation that has not been recorded in the literature. This sug-
gests that the presented workflow can identify SNPs in particular
population clusters that could be assessed for increased risk, spread,
and overall transmissibility. Moreover, the method here proposed
can be used as a faster and more feasible approach than WGS, with
even greater potential possible through use of a one pot primer-
pooled approach.

5. Conclusions

The emergence of SARS-CoV-2 variants calls for molecular surveil-
lance tools. The ADSSpike workflow provides a cost-effective, scal-
able and practical solution for SARS-CoV-2 variant identification,
including VOC/VOIs. Additionally, the experimental design has been
validated with the proper controls and parameter tuning to increase
its reliability for SNP calling. The primer mixture approach to amplify
the S gene may reduce the time to SNP detection, which is imperative
during a pandemic.
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