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ABSTRACT Tools to detect SARS-CoV-2 variants of concern and track the ongoing
evolution of the virus are necessary to support public health efforts and the design
and evaluation of novel COVID-19 therapeutics and vaccines. Although next-generation
sequencing (NGS) has been adopted as the gold standard method for discriminat-
ing SARS-CoV-2 lineages, alternative methods may be required when processing
samples with low viral loads or low RNA quality. To this aim, an allele-specific probe
PCR (ASP-PCR) targeting lineage-specific single nucleotide polymorphisms (SNPs) was
developed and used to screen 1,082 samples from two clinical trials in the United Kingdom
and Brazil. Probit regression models were developed to compare ASP-PCR performance
against 1,771 NGS results for the same cohorts. Individual SNPs were shown to readily
identify specific variants of concern. ASP-PCR was shown to discriminate SARS-CoV-2
lineages with a higher likelihood than NGS over a wide range of viral loads. The compara-
tive advantage for ASP-PCR over NGS was most pronounced in samples with cycle thresh-
old (CT) values between 26 and 30 and in samples that showed evidence of degradation.
Results for samples screened by ASP-PCR and NGS showed 99% concordant results. ASP-
PCR is well suited to augment but not replace NGS. The method can differentiate SARS-
CoV-2 lineages with high accuracy and would be best deployed to screen samples with
lower viral loads or that may suffer from degradation. Future work should investigate
further destabilization from primer-target base mismatch through altered oligonucleotide
chemistry or chemical additives.
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The ongoing evolution of SARS-CoV-2 leading to emergence of variants of concern
(VoC) and variants of interest (VoI) has highlighted the need for broadly accessible

methods for detecting and tracking SARS-CoV-2 mutations. Next-generation sequencing
(NGS) with a collection of different methods and protocols has been adopted as the gold
standard approach for detecting SARS-CoV-2 variants. Several targeted and untargeted
whole-genome NGS methods have been deployed for sequencing SARS-CoV-2, including
the tiling amplicon-based ARTIC protocol and targeted enrichment transcriptome sequencing
(RNA-seq)-based veSeq protocol (1, 2).

Tools to identify the emergence of novel SARS-CoV-2 variants and track their spatial
spread are necessary to support public health interventions. Single nucleotide polymorphisms
(SNPs) such as S:D614G may be associated with increased transmissibility (3). VoC Alpha
(Pangolin: B.1.1.7 and Q.*), Beta (Pangolin: B.1.351), Gamma (Pangolin: P.1 and P.1.*), Delta
(Pangolin: B.1.617.2 and AY.*), and Omicron (Pangolin: BA.*) have constellations of mutations
that, to various degrees, appear to impact transmissibility, severity, and evasion of vaccine-
derived adaptive immune responses (4). Rapid identification of novel lineages through NGS
is necessary for accurate characterization and risk assessment. However, recovering whole-
genome sequences for samples with low viral load is challenging and RNA quality must be
high, conditions that may not be met in samples taken from patients late in infection or in
settings where optimal sample handling and storage are not available (5, 6). In particular,
high levels of RNA degradation during storage or transport of primary material or RNA can
severely impact the effectiveness of amplicon-based protocols such as ARTIC, the most pop-
ular SARS-CoV-2 sequencing technique (1), because of the generation of 400-bp amplicons
in its preamplification step.

Here, we describe the development and application of a PCR-based, high-throughput
method for SARS-CoV-2 lineage designation—allele-specific probe PCR (ASP-PCR)—and
describe its application in two patient cohorts. ASP-PCR leverages differential binding
affinities of two fluorescently labeled probes differing in a base overlapping a SNP site to des-
ignate SNPs at lineage-informative locations in the SARS-CoV-2 genome. The method uses
similar amplicon length (120 to 200 bp) and technology as real-time quantitative PCR
(RT-qPCR) and is therefore more robust to degraded RNA than ARTIC and accessible to
most microbiology laboratories. Validation data for ASP-PCR have been presented elsewhere
(7, 8). Here, ASP-PCR was applied to samples from two clinical trials to detect three SNPs in the
SARS-CoV-2 genome.

The Randomized, Embedded, Multifactorial, Adaptive Platform Trial for Community-
Acquired Pneumonia (REMAP-CAP) Immunological Domain trial with principal patient
representation from the United Kingdom recruited 2,097 patients to a convalescent plasma
trial from 9 March 2020 to 18 January 2021 (9, 10). Crucially, reports indicate the emergence
of the antigenically distinct Alpha (Pangolin: B.1.1.7) variant in the United Kingdom from
November 2020, overlapping trial recruitment (11). Indeed, our previously published data indi-
cated that .80% of new infections by the end of trial recruitment were due to Alpha (7). To
detect and differentiate those infections, the spike mutation S:D1118H was targeted by ASP-
PCR. The COV003 trial is a phase III trial of the ChAdOx1 nCoV-19 vaccine in Brazil that over-
lapped the emergence of both the Gamma (Pangolin: P.1) and P.2 variants in the country (12,
13). For these, ASP-PCR assays were designed targeting the spike mutation S:K417T for
Gamma and ORF1a:L3468V for P.2.

In both trials, we compared the ability of ASP-PCR and the veSeq NGS method to
perform lineage designation. While not as widely used as the ARTIC protocol, veSeq involves
bait capture rather than amplicons and as such is more resistant to RNA fragmentation and
degradation, which was necessary given RNA quality in the COV003 trial, and allows for robust,
quantitative assessment of viral minor populations. As not all samples were tested by both
methods, probit regression models for each technique were derived to allow direct method
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comparison. These models clearly demonstrated the increased sensitivity of ASP-PCR over
NGS for specific allele genotyping and lineage discrimination.

MATERIALS ANDMETHODS
Study design. Samples used for method development and assessment in this study were collected

as part of two clinical trials conducted during periods of VoC and VoI emergence in their study locations.
The variants were hypothesized to have an impact on outcomes seen within these trials; thus, highly
sensitive methods for identifying specific variants were sought and developed. All samples were proc-
essed by ASP-PCR, NGS, or both methods, and no sample results were excluded from this study.

Sample collection. The REMAP-CAP Immunological Domain was an international, open-label, random-
ized convalescent plasma trial enrolling patients aged 18 years or older receiving intensive care-level organ
support. Patients were eligible given admission to intensive care within 48 h of hospital admission and a pos-
itive SARS-CoV-2 microbiological test. A full trial protocol and efficacy results are available elsewhere (9, 10).
Oropharyngeal or nasopharyngeal swabs were taken prior to randomization, transported to a central aca-
demic hospital and frozen at 280°C, shipped on dry ice to a central testing laboratory, and processed as
described below.

COV003 is a participant-blinded, randomized, controlled phase 3 multisite trial that began in Brazil
on 23 June 2020 assessing the efficacy of the ChAdOx1 nCoV-19 vaccine against symptomatic SARS-
CoV-2 infection. Efficacy, safety data, the full study protocol, and exploratory analysis of lineage-specific
efficacy are available elsewhere (8, 14, 15). Volunteers recruited for the trial were 18 years or older and
at high risk of exposure (e.g., health care workers). Volunteers who developed primary COVID-19 symp-
toms were asked to contact their study site. Nasopharyngeal swab samples that were separately con-
firmed SARS-CoV-2 positive using commercial nucleic acid amplification test (NAAT) assays at local labo-
ratories were shipped to a central testing laboratory and processed as described below.

Ethics statement. REMAP-CAP and COV003 were conducted according to the principles of the latest
version of the Declaration of Helsinki (version Fortaleza 2013). REMAP-CAP was performed in accordance
with regulatory and legal requirements (EudraCT number: 2015-002340-14) and was approved by
London-Surrey Borders Research Ethics Committee London Centre (18/LO/0660). COV003 was approved
by the Brazilian National Research Ethics Committee (ref: 32604920.5.0000.5505) and the Oxford Tropical
Research Ethics Committee (ref: 20-36).

Nucleic acid extraction. REMAP-CAP samples and research reagent 19/304 (National Institute of Biological
Standards and Control [NIBSC]) containing encapsulated, quantified full-length SARS-CoV-2 RNA were extracted
using either the QIAamp viral RNA minikit (Qiagen) as described previously or the Quick-DNA/RNA viral kit (Zymo
Research) (7). COV003 samples were extracted using the Quick-DNA/RNA viral kit as described previously (8).

Real-time quantitative PCR. SARS-CoV-2 viral RNA was detected and quantified by real-time quanti-
tative PCR (RT-qPCR) as previously described using oligonucleotides listed in Table S1 in the supplemental ma-
terial (ATDBio) (7). SARS-CoV-2 RNA was quantified using a standard curve of research reagent 19/304 serially
diluted from 10,000 copies/reaction to 100 copies/reaction (REMAP-CAP) or 1,000 copies/reaction to 10 copies/
reaction (COV003). RT-qPCR cycle threshold (CT) values were converted to copy number/reaction by use of the
standard curve and to international units (IU)/milliliter by the conversion rate in the product sheet.

ASP-PCR. SNP sites targeted for lineage discrimination were chosen based on their lineage-specific
predictive value estimated using publicly available sequence data published on GISAID (16).

ASP-PCR was performed using the QuantiTect probe RT-PCR kit (Qiagen) with 5mL of extracted RNA in
a 25-mL reaction volume on an Applied Biosystems StepOnePlus real-time PCR system using the genotyping
program. SNPs were designated based on their clustering with discrimination controls. Serially diluted cDNA
aliquots of sequence-confirmed samples were used as discrimination controls; ultrapure water served as neg-
ative controls. Samples that failed to achieve a change in signal in either probe greater than those of the no-
template controls or lacked evidence of amplification were designated “undetermined.” Reaction conditions
(annealing and extension temperature and time and oligonucleotide concentrations) were optimized using
serially diluted cDNA generated from samples of known lineage. The RT-PCR settings for each ASP-PCR are
described in Table S2.

To test the effects of modified oligonucleotides, the D1118H/Alpha ASP oligonucleotide set was
redesigned using locked nucleic acids (LNA) over the SNP site (Table S1). To measure the impact of low-
molecular-weight amides on differentiation, 2-pyrrolidinone (Merck) was added to the qPCR master mix
at a reaction concentration of 0.4 M as recommended in the work of Chakrabarti and Schutt (17).

Next-generation sequencing. Samples were sequenced using the veSeq NGS protocol as described
previously (2). An extended NGS method description is available in the supplemental material. Two
approaches were used to assess lineage assignment by veSeq. NGS-SNP evaluated variant calls at the same
sites of interest targeted by ASP-PCR. Consensus sequences with no coverage over the site of interest were
deemed “undetermined.” NGS-Pangolin assessed the ability of the widely used Pangolin tool (v3.1.11 for
REMAP-CAP and v.2.4.2 for COV003) to make a lineage designation (specifically, testing whether sequences
meet the default quality control) (18). Degraded samples were defined as those with high viral loads ($106 IU/
mL) but poor genome coverages (#20,000 bases with read depth of at least two reads).

Data analysis. Probit regression models were generated using base function ‘glm’ in R version 4.0.4
(19). Model outputs are available in the supplemental material. Confidence intervals were generated in
consultation with open-source code and methods published by Gavin Simpson on his website (20).

Predictive performance. Method performance on representative data sets was estimated by sum-
ming the probit function output for each individual sample. IU/milliliter, N gene CT value (Tso et al. [21]), or
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mean ORF1ab CT value (Choudhuri et al. [22]) were used as the model input variable depending on meta-
data availability.

Data availability. Data used to generate figures and statistical analysis in this paper are available
from the corresponding author upon request. Broader clinical trial data are available from the corre-
sponding authors of the cited manuscripts.

RESULTS
SNP positive and negative percent agreement. To assess the suitability of different

SNP targets for lineage specification in the ASP-PCR platform, global sequencing data pub-
lished as part of the GISAID repository were utilized, leveraging the collation performed by
https://www.Outbreak.info (16, 23). The country-specific positive percent agreement (PPA),
negative percent agreement (NPA), positive predictive value (PPV), and negative predictive
value (NPV) for various lineage-defining SNPs were calculated (Table 1). Despite being
designed when few sequencing data were available, the SNPs used in this study were
shown to be robust and highly accurate for lineage discrimination. Within the United
Kingdom, the S:D1118H SNP is present in 99.90% of Alpha infections and detection of the
SNP gives a 99.93% chance that the sample is Alpha. The ORF1a:L3468V SNP proved to be
overall the best SNP to target P.2 with the highest PPV of analyzed SNPs of 99.69%. For
Gamma, the S:K417T SNP demonstrated the lowest PPA among the 10 SNPs analyzed
(93.72%) but still maintained very high PPV (99.42%). SNP selection for ASP-PCR cannot
solely be on the measure of PPV and NPV and must also consider target suitability for ASP-
PCR design (see Discussion).

Analyses of potential target SNPs at a global scale for Alpha, Gamma, P.2, and other
VoC/VoI are included in the supplemental material as reference (see Table S3).

ASP-PCR and NGS performance. RNA was extracted from primary oropharyngeal
or nasopharyngeal samples from SARS-CoV-2-infected participants in the REMAP-CAP and
COV003 trials and processed via either ASP-PCR, NGS, or both methods. For REMAP-CAP,
this included 717 samples for ASP-PCR and 1,130 samples for NGS (661 by both methods).
For COV003, this included 365 samples for ASP-PCR and 641 samples for NGS (353 by both
methods). NGS results were assessed either for their ability to produce a lineage using the
Pangolin software (18) (NGS-Pangolin) or for base calling over the SNPs targeted by ASP-
PCR (NGS-SNP).

In terms of raw performance, ASP-PCR, NGS-Pangolin, and NGS-SNP successfully typed
61.8%, 33.8%, and 39.5% of samples tested in REMAP-CAP and 81.9%, 65.8%, and 59.8% in
COV003, respectively (Fig. 1A to C and Fig. 2A to C, respectively). For direct comparison, the
NGS-Pangolin and ASP-PCR results for samples tested by both methods were compared.
NGS-Pangolin was used for comparison as a more standard method. The most common
combination of results was being successfully typed by ASP-PCR and not typed by NGS-
Pangolin (37.4% in REMAP-CAP, 48.4% in COV003, Table 2). Samples were not randomized to
screening method, so direct comparison of raw performances may not be appropriate. High-
viral-load samples successfully sequenced early in screening were diverted from ASP-PCR; sam-
ples with insufficient viral load for sequencing were tested only by ASP-PCR. This selection
bias led to significantly different viral load distributions between screening methods (P = 0.015
for REMAP-CAP and P = 6.3e26 for COV003, Kolmogorov-Smirnov test; see Fig. S1 in the sup-
plemental material). REMAP-CAP samples tested by ASP-PCR had significantly lower median
viral load than NGS (4.40e4 IU/mL versus 1.08e5 IU/mL, P = 0.002, Mann-Whitney U test) as
did those in COV003 (4.72e6 IU/mL versus 2.01e7 IU/mL, P = 8.85e26, Mann-Whitney U test).

To facilitate direct comparisons of the methods, probit regression models were derived
for both methods and trials to predict the likelihood of producing a lineage designation
(Fig. 1D and Fig. 2D). Across the entire range of viral loads seen in either trial, the probit
regression models demonstrated the clear superiority of ASP-PCR over both NGS-SNP and
NGS-Pangolin for making a lineage designation. This advantage was most pronounced in
samples with CT values in the range of 26 to 30.

Concerns regarding the quality of RNA from several recruitment sites in COV003,
motivated by shorter-than-expected average read lengths, prompted investigation of
the utility of ASP-PCR for degraded samples. Degraded samples were defined as those
that returned a viral load estimate of.106 IU/mL (CT value;26 or less in CDC N1 RT-qPCR
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TABLE 1 Country-specific performance of lineage-defining SNPse

aCalculated as number of lineage with SNP/total number of lineage.
bCalculated as number of nonlineage without SNP/total number of nonlineage.
cCalculated as number of lineage with SNP/total number with SNP.
dCalculated as number of nonlineage without SNP/total number without SNP.
eMetric cells colored according to within-lineage percentiles. SNP cells colored according to the average of the four metrics. VoC and VoI sublineages
included as their parent lineages. Analysis includes 3,776,750 sequences deposited up until 26 September 2021.
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assay) but fewer than 20,000 bases with a read depth of at least two. Subsetting analysis
to these samples (n = 113 for ASP-PCR, n = 118 for NGS-Pangolin and NGS-SNP) or those
that were nondegraded (all samples that did not meet criteria for degradation; n = 252 for
ASP-PCR, n = 523 for NGS-Pangolin and NGS-SNP), the advantages of ASP-PCR are clear
(Fig. 3). ASP-PCR was minimally impacted by the sample degradation status, successfully
typing 95.6% of the 113 total degraded samples tested by ASP-PCR, while the utility of
both NGS-Pangolin and NGS-SNP was massively compromised, typing only 11.0% and
0.0% of the 118 degraded samples processed by NGS, respectively.

For the 179 REMAP-CAP samples with paired ASP-PCR and NGS-Pangolin results, lineage
designation was concordant for 99% (178/179) of samples. Base calling the sample indicated

FIG 1 Performance of ASP-PCR and NGS in REMAP-CAP trial. (A to C) Individual method performance on REMAP-CAP samples. Integers indicate total
samples tested in 1-log data bins. (D) Probit regression of likelihood of lineage designation success for ASP-PCR, NGS-SNP, and NGS-Pangolin with 95%
confidence intervals derived from REMAP-CAP samples.
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S:1118D and a false positive for ASP-PCR. For the 122 COV003 samples with paired ASP-PCR
and NGS-Pangolin results, designations were concordant for 85% (104/122) of samples. All 18
discordant samples were called Gamma or P.2 by the ASP-PCR. However, this discrepancy was
likely due to Pangolin miscalls due to low sequence coverage, as 17/18 of these discordant
samples were assigned as a parent lineage of Gamma and P.2 by Pangolin (B.1.1 or B.1.1.28).
These samples were subsequently typed as Gamma or P.2 by phylogenetic reconstruction
(see methods in the supplemental material), leading to a more accurate assessment of con-
cordance for COV003 of 99% (121/122).

Predicted performance. The output of a probit regression is a link function describing
the likelihood of an outcome given an input variable. To estimate the utility of ASP-PCR over

FIG 2 Performance of ASP-PCR and NGS in COV003 trial. (A to C) Individual method performance on COV003 samples. Numbers above indicate total
samples in 1-log data bins. (A) Probit regression of likelihood of lineage designation success for ASP-PCR, NGS-SNP, and NGS-Pangolin with 95% confidence
intervals derived from COV003 samples.
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larger, potentially more representative populations, the REMAP-CAP S:D1118H/Alpha ASP-
PCR, NGS-Pangolin, and NGS-SNP probit regression models were applied over published
data sets containing CT or viral load data (Table S4) (21, 22). The advantage of ASP-PCR seen
in both the hospitalized and community testing cohorts was driven by large proportions of
samples in the CT 26 to 30 range. In the Tso et al. (21) data set of 57,517 samples from com-
munity testing, ASP-PCR was predicted to successfully type 96.3% of samples versus only
67.9% for NGS-Pangolin and 62.9% for NGS-SNP.

Effect of molecular modifications. Altered reaction chemistry that increases the
destabilization of a single base mismatch between primer and target may improve the
performance of ASP-PCR for low-viral-load samples. To measure the effects of the addition
of low-molecular-weight amides, oligonucleotides modified with LNA, or both treatments, a
panel of 83 samples of various viral loads from REMAP-CAP were reextracted from the pri-
mary samples and used to screen effects on ASP-PCR performance. In samples untreated
with 2-pyrrolidinone, modification of oligonucleotides to LNA was associated with a statisti-
cally significant increase in typing percentage (P = 0.04, Fisher’s exact test) (Fig. 4). The
improvement came from increased likelihood of typing low-viral-load samples (Fig. S2). The
general trend was to increase typing percentage with LNA and decrease with 2-pyrolidi-
none, but the other comparisons did not reach significance. While the addition of 0.4 M 2-
pyrrolidinone did decrease the raw signal observed for the discriminating probe, this
improvement in discrimination came at the expense of lineage designation for viral load
samples of all concentrations (Fig. S2 and S3).

DISCUSSION

The benefits of NGS extend far beyond lineage designation and can be applied to answer
numerous research questions of public health importance including identifying genomic sites
under positive selection, in-depth molecular epidemiology, and detection of novel variants (1).
Perhaps most importantly to this project, the design of ASP-PCR oligonucleotides and the very
knowledge of what lineages to target are entirely dependent on the generation and dissemi-
nation of SARS-CoV-2 sequences produced via NGS. However, as evidenced here, there exist
multiple use cases where ASP-PCR could be applied to improve variant identification. In gen-
eral, ASP-PCR would be best deployed in studies where the lineages of interest are known,
requiring publicly available sequencing data in the study location; the expected frequency of
the target lineage in the study population can be estimated; and there are not cocirculating
SARS-CoV-2 variants that contain the target SNP for the study period.

Appropriate SNP selection is the key to the interpretability of ASP-PCR data. The global
PPV and NPV estimates presented in Table S3 in the supplemental material are biased due
to the analysis assuming random selection of any sequence that has been sequenced during
the pandemic (ignoring sweeps of novel variants at different points in time) and equal
sequencing coverage globally. Geographic and temporal restrictions for sequence analysis
increase the accuracy of PPV and NPV estimates and could allow use of targets that appear
less suitable in the global analysis. This impact is demonstrated in directly comparing Table 1
and Table S3. In contrast, the global PPA and NPA values are less susceptible to these

TABLE 2 Samples tested by ASP-PCR and NGS

NGS-Pangolin result

ASP-PCR result, % (no. with result/total no.)a

Successfully typed Not typed
REMAP-CAP performance
Successfully typed 27.1 (179/661) 0.01 (5/661)
Not typed 37.4 (247/661) 34.8 (230/661)

COV003 performance
Successfully typed 34.6 (122/353) 0.04 (14/353)
Not typed 48.4 (171/353) 13.0 (46/353)

aPerformance of samples tested by both methods (n = 661 for REMAP-CAP and n = 353 for COV003). Percentages
may not sum to 100% due to rounding.
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assumptions and should be the starting point for designing novel ASP-PCR oligonucleotide
sets before refinement using temporally and location-specific restrictions. A drawback of
ASP-PCR deployment is that designs may need to be updated as new variants arise or
sequencing coverage improves. Selecting rare mutations (e.g., ORF1a:L3468V for P.2) rather
than those potentially undergoing selection (e.g., epitopes in the spike receptor-binding do-
main [RBD]) may mitigate the risk posed by convergent evolution.

Practically, ASP-PCR may also prove a useful alternative for analyzing stored samples
where estimated viral loads are too low for NGS or where sample integrity suffers from
known or suspected degradation. ASP-PCR, with lower implementation costs and quicker
turnaround than NGS, may bemost appropriately used in settings where patients may present

FIG 3 Impact of degraded RNA in COV003 samples on method performance. (A) Genome coverage of COV003 samples plotted versus sample viral load.
Samples with #20,000 bases with $2 reads and viral loads of .106 IU/mL were defined as degraded (red box). (B to D) Individual method performance on
COV003 degraded and nondegraded samples. Numbers above indicate total samples in 1-log data bins.
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with lower viral loads and SARS-CoV-2 lineage data would be informative, such as in guiding
treatment with monoclonal antibodies in hospitals and treatment centers. Lastly, the method
may be an attractive alternative to NGS in resource-limited areas due to its reduced reagent
costs, use of general microbiology equipment, and lower necessary operational technical
expertise.

Other attempts have been made to leverage RT-PCR to identify SARS-CoV-2 variants.
S gene target failure (SGTF) using the ThermoFisher TaqPath assay indirectly detects the
S:H69/V70del. Lee et al. designed an Alpha/B.1.1.7 allele-specific PCR based on the S:H69/
V70del, S:Y144del, and S:A570D mutations with mismatches in the 39 end of the forward
primer (24). A potential weakness is that the method does require at least two independent
AS-PCRs to perform lineage identification for individual samples, although an approach using

FIG 4 Effect of molecular modification on S:D1118H/Alpha ASP-PCR performance. Percentage of total samples successfully typed using approach described
in Materials and Methods. P values from Fisher’s exact test. Lineage designations (e.g., wild type [WT] or Alpha/B.1.1.7) were concordant for all samples for all methods.
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pooled samples, as described in the study, could be used for local lineage prevalence estima-
tion. Babiker et al. constructed a multiplex ASP-PCR based on SNP identification from dropout
of signal for probes targeting S:K417 and the S:E484K and S:N501Y mutations, although these
are uninformative for variant identification (Table S3) (25). The Vogels et al. multiplex RT-
qPCR method discriminates Alpha, Beta, Gamma, and others by targeting the deletions
ORF1a:3675–3677del and S:69/70del (26). It can also discriminate Delta, BA.1, and BA.2.
Lastly, Harper et al. designed a genotyping panel for identifying 19 SNPs based on PCR
Allele Competitive Extension (PACE) chemistry and allele-specific forward primers (27).
Multiplexed reactions to designate multiple SNPs in a single reaction would be highly ad-
vantageous, but variable target performance (as seen in the work of Harper et al. [27])
would have to be carefully avoided or the assay sensitivity would be limited to the low-
est-performing oligonucleotide target. Lee et al. (24) and Harper et al. (27) both based their
designs on 39 mismatches being lethal for PCRs, but experimental evidence challenges that
assumption (28). In addition, several commercial companies are now offering SARS-CoV-2
PCR assays based on the principles of ASP-PCR, but researchers will typically require knowl-
edge of which SNPs have been targeted and their specificity for strain identification in their
research areas. They may find greater cost-effectiveness and adaptability with in-house-
designed oligonucleotides.

The drop in performance for some high-viral-load samples for both NGS methods in
COV003 versus REMAP-CAP was thought to be due to fragmentation of RNA during sample
storage, as evidenced by shorter-than-expected library insert size and variable performance on
samples from different recruitment sites (8). The RT-qPCR and ASP-PCR amplicon length likely
impacted their respective performance for COV003 samples, as highly fragmented RNA may
not have had intact RNA spanning primer binding sites. For COV003, the shorter amplicon (S:
K417T/Gamma) performed slightly better for high-viral-load samples, but the confidence inter-
vals overlapped for all viral loads (Fig. S4). The ability of ASP-PCR to, on rare occasions, desig-
nate lineages on COV003 samples negative via N gene qPCR but not the REMAP-CAP trial is
likely also due to the loss of the N gene target but not other genome regions.

One major benefit of ASP-PCR is the flexibility and adaptability to target new SARS-
CoV-2 SNPs as they arise. In our experience, SNP targets should fulfill most or all of the
following criteria to ease design and optimization:

� Follow best practices for primer/probe design as specified by the RT-PCRmix being used,
including for GC content, presence of GC clamp, and avoidance of dinucleotide repeats
and runs of bases. Place the targetmismatch in or near themiddle of the probe.

� If possible, choose a target SNP with an adenine/uracil up- and downstream of the
mismatched base to increase the energetic cost of the mismatch.

� All oligonucleotides for ASP-PCR should be designed to melt at similar temperatures
(contrasting with best practice for RT-qPCR).

� Optimization should begin with the annealing/extending temperature;5°C below the
lowest probe melting temperature (Tm). Decrease the temperature to increase raw signal;
increase the temperature to increase discrimination. Reaction conditions cannot easily be
predicted computationally, and optimization should leverage cDNA aliquots of sequence-
confirmed samples.

� Label both probes with bright fluorophores, such as 6-carboxyfluorescein (FAM)
and VIC/HEX (6-carboxy-2,4,4,5,7,7-hexachlorofluorescein).

Previous research on improving the specificity of PCR has shown that addition of
low-molecular-weight amides can reduce the amplification of off-target PCR products
(17). It is theorized that the mechanism of action for organic additives is destabilization
of template double-helices (29); this effect would partially explain the drops in raw signal
seen in samples treated with 2-pyrrolidinone and decreased amplification for most sam-
ples. Modifications that increase the relative destabilization caused by a single base mismatch
(as with locked nucleic acids) rather than disrupting binding dynamics of all oligonucleotides
(as with 2-pyrrolidinone) should be prioritized. These modifications would further support the
development of multiplexed ASP-PCR assays as the effective reaction temperature range
would be expanded and could accommodate a wider range of target primers.
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ASP-PCR is a highly accurate and sensitive method for discriminating SARS-CoV-2
lineages, and its application to support specific research aims is well supported by the data
presented in this study. The flexibility of the assay will allow for novel designs for emerging
variants (such as Omicron) that can be readily validated and implemented using the lessons
learned presented here.
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