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The targeted screening and sequencing approaches for COVID-19 "% Alpha (HV deletioﬁ?
surveillance need to be adjusted to fit the evolving surveillance objectives which — “~<"
necessarily change over time. We present the development of variant screening 5 ABG multiplex
assays that can be applied to new targets in a timely manner and enable Gamma (K417T) =P RT-qPCR assay
multiplexing of targets for efficient implementation in the laboratory. By targeting Omi
the HV69/70 deletion for Alpha, K417N for Beta, K417T for Gamma, and HV69/ . (Hn:]lc(;';rel tion, K417N) .
70 deletion plus K417N for sub-variants BA.1, BA.3, BA.4, and BA.5 of Omicron, :
we achieved simultaneous detection and differentiation of Alpha, Beta, Gamma, Delta (T478K, P681R) Delta multiplex
and Omicron in a single assay. Targeting both T478K and P681R mutations » RT-qPCR assay
enabled specific detection of the Delta variant. The multiplex assays used in
combination, targeting K417N and T478K, specifically detected the Omicron sub-variant BA.2. The limits of detection for the five
variants of concern were 4—16 copies of the viral RNA per reaction. Both assays achieved 100% clinical sensitivity and 100%
specificity. Analyses of 377 clinical samples and 24 wastewater samples revealed the Delta variant in 100 clinical samples
(nasopharyngeal and throat swab) collected in November 2021. Omicron BA.1 was detected in 79 nasopharyngeal swab samples
collected in January 2022. Alpha, Beta, and Gamma variants were detected in 24 wastewater samples collected in May—June 2021
from two major cities of Alberta (Canada), and the results were consistent with the clinical cases of multiple variants reported in the
community.
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SARS-CoV-2, variants of concern, multiplex RT-qPCR assays, single nucleotide mutation, clinical analysis of viral RNA,
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of the pandemic, detection of SARS-CoV-2 variants has been

The SARS-CoV-2 virus continues to mutate and evolve used for (i) guiding public health contact-tracing investigations
rapidly, resulting in many variants and sub-variants."~° with the‘ ob]ectn./e to contain .newly dﬁtected. varl.antsA of
These variants carry various mutations that confer increased concern in a part1cula.r §eograp hic area; (11) the 1def1t1ﬁcat10n
infectivity and evasion of immune response. Many of the of variants to 4etermlne likely su.s”cep'tlbllhty or re51‘st'ance to
mutations are located in the spike (S) protein (Table S1).° ménoclgnal .antlbody treatment; (iii) linking w.1th clinical a.nd
The World Health Organization (WHO) has designated five epldemlologlcal. data. to better ugders?and dlseas.e severljcy,
variants of concern (VOCs): Alpha (B.1.1.7 and descendant brea.kthrough' infections, ) and I'EI.nfecthI.lS assoc.lated with
lineage), Beta (B.1.351 and descendant lineage), Gamma (P.1 particular variants; and. (iv) sgrvelllance 1nf9rmat10n as one
and descendant lineage), Delta (B.1.617.2 and descendant of jcbe many factors in public health policy and strategy
lineage), and Omicron (B.1.1.529 and sub-variants and decisions. ) ) ) ,

descendant lineages).S Continuing evolution of Omicron has . Sequer.lcmg approaches p1;ov1de the hlgheSt resolutlon. of
resulted in a family of sub-variants: BA.1, BA.2, BA.3, BA 4, information and are essential for detecting new emerging

BA.S, XBB.LS, and XBB.1x>® Due to its high vaccine variants but suffer from timeliness and capacity issues, while
S, .L.S, dx -

breakthrough capability, the Omicron variant is prevailing in

areas with high vaccination rates.” In contrast, in regions where February 9, 2023 e
populations are not vaccinated, the variants with less vaccine- April 5, 2023

breakthrough capability, such as Alpha, Beta, and Gamma, April 7, 2023

could coexist. April 21, 2023

The detection of SARS-CoV-2 variants is an important
component of COVID-19 surveillance. Depending on the stage
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complementary “targeted screening” assays can be much more
timely and enable screening of a higher proportion of COVID-
19 positive cases in a community or jurisdiction. The challenge
with targeted screening tests is the need to constantly update
and optimize targets included in the assays. Targeted screening
and sequencing approaches need to be adjusted to fit the
evolving surveillance objectives throughout the pandemic.

In this study, we present an approach for the development of
variant screening assays that can be applied to new targets and
new variants in a timely manner. We chose target mutations
that confer increased infectivity and evasion of immune
response, which favor the survival of new variants. These
mutations are naturally selected and may appear in future
SARS-CoV-2 variants.”®> Therefore, these targets used for
identification of the current variants have the potential to be
used for detection of future newer variants. We recognize that
SARS-CoV-2 strains and variants continue to evolve, but our
approach is adaptable in a timely manner to newer targets for
newer variants.

The following reagents and materials were purchased from the
respective suppliers: Proteinase K and RLT Lysis buffer from QIAgen
(Germantown, MD, USA), TaqPath 1-Step RT-qPCR Master Mix,
CG, and RNA-grade glycogen from Thermo Fisher Scientific
(Carlsbad, CA, USA), NEB Luna Universal Probe One-Step RT-
qPCR Kit from New England BioLabs (Whitby, Ontario, Canada),
CDC N1 primer-probes 2019-nCoV RUO kit from Integrated DNA
Technologies (Coralville, 1A, USA), Proteinase K Inhibitor from
Millipore Sigma (Oakville, Ontario, Canada), RNasin Plus RNase
Inhibitor from Promega (Madison, WI, USA), SPRIselect magnetic
beads from Beckman Coulter (Brea, CA, USA), polyethylene glycol
Bio Ultra 8000 from Millipore Sigma, and 2-mercaptoethanol of
biotechnology grade from BioShop Canada (Burlington, Ontario,
Canada).

Purified RNA from the wild-type SARS-CoV-2 and variants Alpha,
Beta, Gamma, and Delta was used as positive controls and was
provided by our colleagues in the Li Ka Shing Institute of Virology,
University of Alberta. The pure RNA was diluted in THE RNA
Storage Solution (Thermo Fisher Scientific) containing 1.2 U/uL of
RNasin Plus RNase Inhibitor. The dilutions were kept at —80 °C.

TagMan minor groove binder (MGB) probes were obtained from
Applied Biosystems (Waltham, CA, USA). Other oligonucleotides
were obtained from Integrated DNA Technologies. Primers and
probes were designed using Primer Express 3.0.1 software. The
sequences of primers, probes, and amplicons are summarized in Table
1.

Two hundred and twenty nasopharyngeal and throat swab samples
were collected at a COVID Assessment Site in Alberta, Canada, in
November 2021 and another 157 nasopharyngeal swab samples were
collected in Alberta in January 2022. RNA from these nasopharyngeal
and throat swab samples was extracted by our colleagues in the
Provincial Laboratory for Public Health, Alberta Precision Labo-
ratories. These are accredited clinical laboratories, responsible for
province-wide clinical testing and diagnosis of COVID-19 using the
MagMAX Viral/Pathogen Nucleic Acid Kit in combination with the
KingFisher Flex System. The extracted RNA was kept at —80 °C.

Wastewater sewage samples were collected in May and June of 2021
from two wastewater treatment plants located in Calgary and
Edmonton, two major cities in the province of Alberta, Canada.
Raw sewage from a post grit chamber located between the influent
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and primary treatment was collected from a 24 h composite sampler.
The collected samples were labeled with the date, time, and sampling
location. All the samples were stored at 4 °C after collection and
immediately shipped to the laboratory for analysis.

Both the liquid and solid phases of wastewater sewage samples
were processed to capture viral materials for the subsequent
analysis.>’ An 80 mL aliquot of each wastewater sewage sample was
centrifuged at 3000 rpm for 30 min. The resulting supernatant was
transferred into a separate tube. The remaining solid pellet was re-
suspended in beef extract solution (3% w/v beef extract in 0.05 M
glycine, pH 9.0) at a volume ratio of 1:5. The pellet suspension was
agitated at 800 rpm for 30 min at room temperature on a shaker
followed by centrifugation at 10,000g for 10 min, and the resulting
supernatant was transferred into a new tube and neutralized with HCL.
The neutralized supernatant was combined with the supernatant from
the initial centrifugation step. Then, MgCl, (1 M) was added to the
combined supernatant to reach the final concentration of 25 mM
MgCl,. This mixture was then filtered through an electronegative
membrane filter, which was made of nitrocellulose mixed ester and
had a diameter of 47 mm and a pore size of 0.45 um (Millipore
Sigma). The membrane with the captured viruses was subsequently
used to extract viral RNA.

The RNA of viruses captured on the electronegative membrane was
extracted utilizing the RNA extraction method that we previously
developed.”” A viral inactivation and RNA preservation (VIP) buffer
was used to break the viral capsule and preserve the released viral
RNA. The released viral RNA was concentrated on magnetic beads.
The magnetic beads were resuspended in 30 yL of RNase-free water
containing 90 ng/uL of Proteinase K inhibitor and 40 units of RNasin
Plus RNase Inhibitor.

Then, 5 uL of the resultant bead solution was used as the input
sample for the subsequent analysis, including the detection of total
SARS-Cov-2 RNA using the N1 assay (CDC) as described
previously.*”

The NEB Luna Universal Probe One-Step RT-qPCR Kit was used to
perform all assays. Primers-probe sets for each of the K417N, K417T,
T478K, and P681R mutations and the HV69/70 deletion targets were
designed using Primer Express 3.0.1 software, and their sequences are
summarized in Table 1. Annealing temperatures and concentrations
of primers and probes were optimized for each of the single target
assays: HV69/70 deletion and K417N, K417T, T478K, and P681R
mutations. For optimization of the primer concentrations, a range of
concentrations (100 to 800 nM) of each forward primer were paired
with different concentrations of its corresponding reverse primer.
Probe concentrations from 50 to 500 nM were tested in the
optimization experiments. Each singleplex assay was conducted to test
variant RNA containing specific mutations and the wild-type SARS-
CoV-2 RNA in parallel at annealing temperatures ranging from 55 to
65 °C to find the optimal temperature capable of differentiating
mutations from the wild-type sequence. The optimized conditions for
each assay are shown in Supporting Information Table S2.
RT-qPCRs (20 uL of total reaction volume) for each singleplex
assay contained 10 uL of Luna Universal One—Step Reaction Mix
(2x), 1 pL of Luna WarmStart RT Enzyme Mix (20X), optimal
concentrations of the corresponding forward primer, reverse primer,
and probe for each assay (shown in Table S2), and S uL of the
template (sample). RT-qPCR thermal cycling conditions were as
follows: 55 °C for 10 min, 95 °C for 1 min, and 45 cycles of 95 °C for
10 s and 60—64 °C annealing temperature (specified in Table S2) for
1 min. All the RT-qPCR assays were performed on a QuantStudio 3
Real-Time PCR System (Applied Biosystems, Thermo Fisher
Scientific) using the QuantStudio Design & Analysis Software v1.5.1.

https://doi.org/10.1021/acsmeasuresciau.3c00005
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The ABG multiplex assay conditions were optimized on the basis of
three singleplex assays targeting the HV69/70 deletion and K417N or
K417 T mutation (Table S2). The ABG multiplex RT-qPCRs (20 uL
of total reaction volume) contained 10 xL of Luna Universal One—
Step Reaction Mix (2xX), 1 yL of Luna WarmStart RT Enzyme Mix
(20x), 100 nM of each forward primer, 800 nM of each reverse
primer, 250 nM of probe for the HV69/70 deletion target, SO0 nM of
each probe for the K417N and K417T mutation targets, and 5 uL of
sample (template). The multiplex RT-qPCR thermal cycling
conditions were as follows: 55 °C for 10 min, 95 °C for 1 min, and
45 cycles of 95 °C for 10 s and 61 °C annealing temperature for 1
min. The ABG multiplex RT-qPCR assays were performed on a
QuantStudio 3 Real-Time PCR System and data analyzed using the
QuantStudio Design & Analysis Software v1.5.1 (Applied Biosystems,
Thermo Fisher Scientific). This instrument has four spectral channels,
with one channel used for the reference and a maximum of three
channels for a multiplex assay in a single run.

The Delta assay targeting both T478K and P681R mutations was
optimized on the basis of the two singleplex assays for these targets.
The Delta assay multiplex RT-qPCRs (20 uL of total reaction
volume) contained 10 uL of Luna Universal One—Step Reaction Mix
(2%X), 1 uL of Luna WarmStart RT Enzyme Mix (20X), 400 nM of
forward primer for the T478K target, 100 nM of forward primer for
the P681R target, 800 nM of each reverse primer, 250 nM of each
probe for the T478K and P681R mutation targets, and 5 yL of sample
(template). The multiplex RT-qPCR thermal cycling conditions were
as follows: 55 °C for 10 min, 95 °C for 1 min, and 45 cycles of 95 °C
for 10 s and 64 °C for 1 min. The Delta assay was conducted on the
same instrument as the ABG assay.

The dynamic range for these five singleplex RT-qPCR and two
multiplex RT-qPCR assays was determined by testing 10-fold serial
dilutions of quantified pure RNA in triplicate. The log values of the
copies of pure SARS-CoV-2 variant RNA were plotted against the
corresponding Ct values to generate standard curves (Figures S1 and
S2). The slope of each standard curve was used to calculate the RT-
qPCR efficiency of each assay using the following equation: E = —1 +
10C1/5p¢) where E represents PCR efficiency.

The analytical sensitivity of the two assays was determined by
testing twofold serial dilutions of variant RNA. The limit of detection
(LOD) for the ABG multiplex RT-qPCR assay was determined by
testing Alpha, Beta, and Gamma RNA ranging from 4 to 250 copies/
reaction. The LOD of the Delta multiplex RT-qPCR assay was
determined by testing Delta RNA ranging from 8 to 250 copies/
reaction. In the ABG assay, reactions containing 16—250 copies of
RNA were conducted in six replicates, while reactions containing 4
and 8 copies of RNA were performed in 10 replicates. In the Delta
assay, reactions containing 32—250 copies of RNA were conducted in
six replicates, while reactions containing 8 and 16 copies of RNA were
performed in 10 replicates. The LOD was defined as the lowest RNA
concentration detected in all of 10 replicates. Ct values over 40 were
considered as a non-detectable threshold.

The analytical specificity of the ABG and Delta assays was
determined by testing ~10° copies of wild-type SARS-CoV-2, Alpha,
Beta, Gamma, and Delta RNA individually using the ABG and Delta
multiplex RT-qPCR assays.

The variability of multiple analyses between days and within the
same day of the ABG and Delta assays was determined using samples
containing high (Ct value of ~20) and low (Ct value greater than
~34) amount of Alpha, Beta, and Gamma RNA (for the ABG assay)
and Delta RNA (for the Delta assay), respectively. All samples were
tested in five replicates, each set on three different days.
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Using the ABG assay, we tested 79 samples of Omicron sub-
variant BA.1 positive and 78 samples of SARS-CoV-2 negative.
These samples were provided by the Provincial Laboratory for
Public Health, Alberta Precision Laboratories (APL), Alberta,
Canada. Omicron sub-variant BA.1 positive samples were
confirmed by APL using an in-house multiplex RT-qPCR assay
targeting the E gene, HV69/70 deletion, and N501Y mutation.
We also applied the ABG assay to test RNA samples extracted
from wastewater samples collected from Edmonton and
Calgary, Alberta, Canada, in May and June of 2021.

Using the Delta assay, we tested 100 samples of Delta
variant positive and 120 samples of SARS-CoV-2 negative.
These samples were provided by APL. The Delta variant was
confirmed by APL using genome sequencing.

The variability of the ABG and Delta assays was determined by
calculating percent coefficients of variation (%CV) for high
and low viral load samples. Clinical sensitivity (true positives/
[true positives + false negatives] X 100%), clinical specificity
(true negatives/[true negatives + false positives] X 100%),
positive predictive value (PPV) (true positives/[true positives
+ false positives] X 100%), and negative predictive value
(NPV) (true negatives/[true negatives + false negatives] X
100%) of the ABG and Delta assays were calculated in
comparison with the reference methods. The results of the
ABG assay were compared with those obtained by our
reference lab (APL). The results of the Delta assay were
compared with those obtained by APL using genome
sequencing.

The five SARS-CoV-2 variants of concern carry many
mutations in the spike (S) protein of the virus (Table S1).
Identification of each variant usually requires sequencing of the
spike protein gene (S gene) within the SARS-CoV-2 RNA.
Alternatively, the S gene with specific mutations or
combination of mutations unique to each variant could be
analyzed and used as a marker for the variant.

We considered the important S gene mutations that are
known to play critical roles in the viral infection. As briefly
described below, we compared and identified a combination of
mutations that can be used to detect the five variants and
differentiate among them. Specific mutations included the
HV69/70 deletion and the K417N, K417T, T478K, and
P681R mutations. The HV69/70 deletion, which is the loss of
two amino acids at positions 69 and 70 within the spike
protein, results from the deletion of 6 nucleotides (21765—
21770) in the S gene. The amino acid changes at positions
K417N, K417T, T478K, and P68IR of the spike protein each
result from a single nucleotide mutation. Our analysis and
comparison of these common or unique mutations in the five
variants led us to design two multiplex RT-qPCR assays. The
ABG assay, targeting the HV69/70 deletion and the K417N
and K417T mutations, detects and differentiates the Alpha,
Beta, and Gamma variants. The Delta assay, targeting the
T478K and P681R mutations, detects and identifies the Delta
variant. Omicron, including sub-variants BA.1, BA.3, BA.4, and

https://doi.org/10.1021/acsmeasuresciau.3c00005
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BA.S, is detected using the ABG assay on the basis of both the
HV69/70 deletion and the K417N mutation. The BA.2 sub-
variant of Omicron can be identified on the basis of K417N
and T478K mutations.

To improve discrimination between targets with a single
nucleotide difference, we incorporated the TagMan MGB
probes for fluorescence detection. The MGB at the 3’ end of
probes can stabilize probe-target hybrids and ?Provide better
discrimination of a single nucleotide mismatch.”>**

Prior to conducting the multiplex RT-qPCR assay, we first
optimized the concentration of the primers-probe set for each
target in each single target RT-qPCR assay. The optimal
concentrations of the primers-probe sets are listed in Table S2.
We also determined the optimal annealing temperatures, 61 °C
for the HV69/70 deletion assay and 60 °C for the K417N and
K417T assays, which enabled the discrimination of each
mutation from the wild-type sequence of SARS-CoV-2 (Table
S2). Under the optimal conditions, the PCR efficiency for the
three targets involving HV69/70 deletion and K417N and
K417T mutations was 96, 97, and 96%, respectively (Figure
S1). Efﬁciencz in the range of 90—110% is considered excellent
performance.”*>°

To perform the ABG multiplex RT-qPCR assay in a single
tube, we combined the primers and probes of the three targets
at the optimized concentrations. We further fine-tuned the
overall annealing temperature (61 °C) of the ABG assay for
maximum discrimination of all the three targets from the wild-
type sequence. To evaluate whether the amplification efficiency
of three targets in the ABG assay was compromised, we
conducted the ABG multiplex assay and three single target
assays in parallel. We found that for a wide range of
concentrations (107, 10* or 10° copies) of Alpha, Beta, and
Gamma RNA, the ACt value between singleplex and ABG
multiplex assays for each target was less than 1 (Table S3). The
ABG multiplex assay achieved RT-qPCR efliciency of 94—95%
for all three targets in the same reaction tube (Table 2, Figure

Table 2. RT-qPCR Efficiencies and LODs of ABG Assay and
Delta Assay for the Detection of SARS-CoV-2 Variants of
Concern

multiplex RT-gPCR limit of detection
RT-qPCR assay target efficiency (%)“  (copies per reaction)”’
ABG HV69/70 9s 4
deletion
K417N 94 8
K417T 95 8
Delta T478K 99 16
P681R 105 16

“RT-qPCR efficiency = —1 + 10V SIOPe), where the sloge refers to the
slope of standard curves (Figures S1 and S2). “The detailed
information regarding the LOD of the two assays for the five targets
is shown in Table S4 and Table SS.

S1). These results indicate that having similar amplification
efficiencies for all three targets in both singleplex and multiplex
assays meets the criteria of optimal performance.

Using the same process, we optimized primer-probe sets and
annealing temperature for the targets involving the T478K and
P681R mutations (Table S2). The PCR amplification
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efficiency was 95% for the T478K target and 90% for the
P681R target in the singleplex format (Figure S2). We
compared the performance of the Delta multiplex assay for
both targets with the corresponding single target assay. We
found that the ACt value between singleplex and multiplex
assays for each target at identical concentrations (10% 10% or
10° copies) was less than 1 (Table S3). The efficiency of the
Delta multiplex assay for targets T478K and P681R was 99 and
105%, respectively (Table 2, Figure S2). These results indicate
that the performance and conditions of the Delta multiplex
assay were optimal.””*°

We determined the LOD of both ABG and Delta multiplex
assays by analyzing viral RNA of Alpha, Beta, Gamma, and
Delta variants. We performed 6—10 replicate analyses using
viral RNA, with each reaction containing 4—250 copies of the
viral RNA. Our results show that as few as 4 copies of RNA of
Alpha variant (HV69/70 deletion) were consistently detected
in 10 replicate analyses using the ABG assay (Table S4). Beta
(K417N target) and Gamma (K417T target) were consistently
detected in all 10 replicate analyses when there were 8 or more
copies of viral RNA. Similarly, the Delta multiplex assay for
both T478K and P681R targets provided consistent positive
detection in all 10 replicates when there were 16 or more
copies of viral RNA (Table SS). These results represent LOD
of 4, 8, 8, and 16 copies of the viral RNA of Alpha, Beta,
Gamma, and Delta variants.

We evaluated the specificity of the ABG multiplex and Delta
assays by analyzing RNA of the variants (Alpha, Beta, Gamma,
and Delta) and wild-type SARS-CoV-2. The positive signal
from the ABG assay was observed only when the specific target
corresponding to the Alpha, Beta, or Gamma variant was
present (Figure 1). Similarly, the positive signals from the
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Figure 1. Specificity of ABG (top) and Delta (bottom) multiplex RT-
gqPCR assays on testing the wild-type SARS-CoV-2 and its four
variants: Alpha, Beta, Gamma, and Delta. WT denotes wild-type.
NTC denotes no target control. ND denotes not detectable.
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Table 3. Clinical Sensitivity, Specificity, PPV, and NPV of Delta and ABG Multiplex RT-qPCR Assays”

genome
sequencing results
for Delta and
multiplex
RT-qPCR assay
results for
Omicron sub-
variant BA.1
provided by APL

multiplex assay

multiplex assay result positive negative
Delta assay (T478K and P681R) positive 100 0
negative 0 120
ABG assay positive 79 0
(HV 69/70 deletion and K417N)
negative 0 78

79/79 (100%)

sensitivity

100/100 (100%)

PPV
100/100 (100%)

specificity NPV

120/120 (100%) 120/120 (100%)

79/79 (100%)

78/78 (100%) 78/78 (100%)

“Nasopharyngeal and throat swab samples (220) were collected in November 2021 and were analyzed for the Delta variant. Nasopharyngeal swab
samples (157) were collected in January 2022 and were analyzed for Omicron sub-variant BA.1. APL is Alberta Precision Laboratories. PPV,
positive predictive value; NPV, negative predictive value. Samples positive for both T478K and P681 R targets were determined as positive for
Delta variant. Samples positive for both the HV69/70 deletion and K417N mutation targets were deemed as positive for Omicron sub-variant BA.1.

Delta assay for both T478K and P681R mutations were
observed only when the RNA of Delta variant was present
(Figure 1). These results demonstrate good analytical
specificity of both the ABG and Delta multiplex RT-qPCR
assays.

We evaluated the reproducibility of both assays by
performing five replicate analyses each on three different
days. Using the ABG assay, we analyzed samples containing 8
or 50,000 copies of viral RNA of Alpha, Beta, and Gamma in
equal numbers. The coefficient of variation (CV) within the
same day ranged from 0.3 to 1.8%, and the CV ranged from 1.1
to 2.3% between days (Table S6). We also analyzed samples
containing 16 or 50,000 copies of RNA of the Delta variant
using the Delta assay. The intra- and inter-day variations were
0.5—1.7% and 0.9—2.7%, respectively (Table S6).

To demonstrate the application of the new assays, we analyzed
157 nasopharyngeal swab samples collected in Alberta,
Canada, in January 2022. The ABG assay correctly detected
79 positives for Omicron sub-variant BA.1 (Table S7) and 78
negatives for SARS-CoV-2, which corresponds to a clinical
sensitivity of 100% and a clinical specificity of 100% (Table 3).

We compared the Ct values obtained from the ABG assay
for both the HV69/70 deletion and K417N mutation with the
Ct values obtained by our reference lab (APL) using RT-qPCR
for the E gene (Figure 2). The three sets of Ct values from the
analysis of the same 79 NPS samples were significantly
correlated (p < 0.0001), with Pearson correlation coefficients
of 0.96—0.97 (Figure 2). According to the clinical diagnostic
methodology conducted in January 2022 when Omicron BA.1
was the predominant variant in the tested community, samples
testing positive for both the HV69/70 deletion and N501Y
mutation were considered positive for Omicron sub-variant
BA.1. Thus, we compared the Ct values obtained from the
ABG assay with the Ct values of the assay that targeted N501Y.
Significant correlations (p < 0.0001), with a Pearson
correlation coefficient of 0.96, indicate agreement of the
ABG multiplex assay results with the results of the reference
lab (Figure 2).
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Figure 2. Correlation between Ct values obtained using the ABG
assay for the HV69/70 deletion and K417N mutation targets in the S
gene and Ct values provided by the reference lab for the E gene (top)
and the NSO1Y target in the S gene (bottom). The nasopharyngeal
swab samples were collected in Alberta, Canada, in January 2022.

To evaluate the performance of our Delta assay for clinical
samples, we analyzed a total of 220 nasopharyngeal and throat
swab samples collected at a COVID Assessment Site in
Alberta, Canada, in November 2021. These samples were
previously analyzed by APL usin_g their in-house singleplex RT-
gqPCR targeting the E gene,2 and positive samples were
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confirmed to be Delta using genome sequencing. Among these
samples, 100 samples were Delta variant positive (Table S8)
and 120 samples were SARS-CoV-2 negative. The overall
results of our Delta multiplex RT-qPCR assay showed 100
positives and 120 negatives, fully consistent with the results of
APL. Furthermore, the Ct values obtained using our Delta
assay for both the T478K and P681R targets in the S gene
correlated with the Ct values obtained by APL for the analysis
of the E gene. The Pearson correlation coefficients were 0.94—
0.97, and correlations were significant (p < 0.0001) (Figure 3).
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Figure 3. Correlation between Ct values obtained using the Delta
assay for the T478K and P681R mutation targets in the S gene and Ct
values provided by the reference lab for the E gene. Nasopharyngeal
and throat swab samples were collected in Alberta, Canada, in
November 2021.

To demonstrate the application of the assays for wastewater
surveillance, we applied the ABG multiplex assay to analyze
wastewater samples for detection of variants Alpha, Beta, and
Gamma. We analyzed the wastewater samples collected from
Calgary and Edmonton, Alberta, Canada, from May 16 to June
22, 2021. We found that Alpha was the dominant variant in
wastewater during this sampling period. With the exception of
only one sample collected from Edmonton, all other 23
wastewater samples contained detectable RNA of the Alpha
variant. The concentrations were 14—862 copies per 100 mL
of wastewater samples from Calgary and 5—366 copies per 100
mL of wastewater samples from Edmonton (Figure 4; Table
S9). Beta was detected in 2 of 12 Calgary wastewater samples
and 4 of 12 Edmonton wastewater samples. The concen-
trations were 2—28 copies per 100 mL of wastewater. Gamma
was detected in S of 12 Calgary samples and 6 of 12 Edmonton
samples. The relative concentrations of Alpha, Beta, and
Gamma detected in wastewater are in concordance with the
number of clinical cases caused by these three VOCs during
the period of wastewater sampling, from May 16 to June 22,
2021. As reported by Alberta Health Services (Figure S3),
Alpha was the variant leading to the most clinical COVID-19
cases during that sampling period. The cases caused by
Gamma were much fewer than those caused by Alpha and
more than those caused by Beta.”®

The total copies of Alpha, Beta, and Gamma in each sample
were lower than the total number of SARS-CoV-2 RNA
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Figure 4. Detection of Alpha, Beta, and Gamma in wastewater
samples collected from two major cities, Calgary (top) and Edmonton
(bottom), of Alberta, Canada, from May 16 to June 22, 2021.

determined using the CDC SARS-CoV-2 N1 assay (Table S9),
indicating that the majority of SARS-CoV-2 RNA present in
wastewater during the sampling period was from the wild-type
SARS-CoV-2. These results suggest extended virus shedding
from patients infected by the wild-type SARS-CoV-2, and the
new variants emerging in the community. These findings are
consistent with those reported in other studies.””*° Hokajirvi
et al.’* reported that the SARS-CoV-2 viral particle and RNA
were stable over 1 month in wastewater at 4 °C, which is the
typical water temperature in Alberta during the time of
sampling.

Monitoring SARS-CoV-2 variants is an important component
of COVID-19 surveillance throughout the pandemic. We
recognize that as assays targeting unique mutations are
developed and evaluated, SARS-CoV-2 is undergoing further
mutations and evolving into new variants and sub-lineages.
Therefore, it is challenging to keep up with the continuing
mutations of SARS-CoV-2 and the changing surveillance
needs. For assays to have the potential to detect new variants,
it is important to choose naturally selected mutations. Many
studies have confirmed that natural selection is the dominant
mechanism of SARS-CoV-2 evolution. Viral evolution selects
mutations that are able to strengthen viral infectivity and
enhance immune escape.”” Thus, mutations in the current
variants of concern may appear in future SARS-CoV-2
variants.”” Using naturally selected mutations as targets,
through the examples of the multiplex assays for the five
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variants of concern, we show an approach that can be applied
to assays for new variants in a timely manner and enables
multiplexing of targets for efficient implementation in the
laboratory.

A number of mutations in the dominant variants are located
in the spike (S) protein of SARS-CoV-2 (Table S1).”* Many
of these mutations are naturally selected, conferring increased
infectivity and evasion of immune response.l_3 For example,
mutation NS01Y, located in the receptor-binding domain
(RBD) of the S protein, confers elevated affinity for host
receptors.” Mutation E484K enhances binding affinity for host
receptors while diminishing antibody binding.'’ Mutations
K417N and K417T moderately decrease the affinity of the S
protein to host receptors while facilitating immune evasion."’
Mutation D614G confers a moderate advantage for trans-
missibility and infectivity.”® The HV69/70 deletion confers a
twofold higher level of infectivity as well as higher disease
severity based on hospitalizations and fatalities.'”'> Mutation
T478K, located in the region of interaction with the host
receptor, diminishes the neutralizing activity of antibodies.”"”
Mutation P681R enhances the cleavage of the full-length spike
protein to SI and S2, leading to increased virial replication.'*

As a consequence of the diverse combination of the
mutations associated with the increased infectivity and capacity
of immune evasion in different variants of concern,'® Beta and
Gamma variants are more lethal than Alpha. The Delta variant
caused a significantly increased vaccine breakthrough com-
pared with Alpha, Beta, and Gamma.'” Patients infected with
the Delta variant had higher hospital admission and fatality
rates than patients infected with the Alpha variant.'® Patients
infected with the Omicron variant had higher vaccine
breakthrou%h albeit lower hospitalization rates and less disease
severity.">"”'**° Omicron sub-variants BA.4 and BA.S are
about 36% more infectious than BA.2."> The lower hospital-
ization rates and seemingly less disease severity with Omicron
sub-variants may at least be partially attributable to the prior
exposure of the population through infections and/or multiple
immunizations, as well as to the virus-specific characteristics.

Sequencing of SARS-CoV-2 strains has provided crucial
information about the mutations within its genome. While
extremely useful, genome sequencing has a long turnaround
time and high costs and is not available in many places due to a
lack of resources and expertise. By targeting unique mutations
present in variants, RT-qPCR offers a faster and less expensive
approach to detect a specific variant for routine surveillance.
For example, on the basis of the HV69/70 deletion in the S
gene of the Alpha variant, many jurisdictions used S gene
target failure (SGTF) to indicate the occurrence of Alpha. The
SGTF method can only indicate Alpha and Omicron (BA.1,
BA.3, BA4, and BA.S) containing the HV69/70 deletion,
whereas Beta, Gamma, Delta, and Omicron BA.2 lacking the
HV69/70 deletion cannot be detected. The SGTF method
cannot discriminate a specific variant among the five variants of
concern.”’

To detect and identify variants of concern, a few studies
reported multiple RT-qPCR assays.”” >’ Most studies
identified a partial list of variants such as Alpha and Delta,*”
Delta,”” or Omicron.”* Only one study”” reported a two-
reaction multiplex RT-qPCR genotyping assay to differentiate
five variants by examining six different mutations simulta-
neously. However, this genotyping assay is expensive because
the primers and probes targeting all six mutations are required
at the same time even when only a single variant is being
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detected. In one reaction, mutations L452R, E484K, and
NSO1Y were targeted. In the second reaction, HV69/70
deletion and K417N and T478K mutations were used as
targets. HV69/70 deletion and N501Y mutation positive were
interpreted as Alpha. K417N, E484K, and N501Y mutations
positive were interpreted as Beta. E484K and NS501Y
mutations positive were interpreted as Gamma. Thus, two
reactions involving all six pairs of primers and six probes must
be used at the same time to discriminate Alpha, Beta, and
Gamma. Similarly, two multiplex RT-PCRs were required to
target L452R and T478K mutations for the detection of the
Delta variant.

In our study, we first aligned the S gene sequences and
identified unique and naturally selected mutations as the
targets of analysis. We chose the minimum combination of the
targets so that all five variants can be detected simultaneously
(Table S1). Among the five variants of concern, Alpha contains
the HV69/70 deletion, Beta contains the K417N mutation,
Gamma contains the K417T mutation, Delta contains the
T478K and P681R mutations, Omicron BA.2 contains the
K417N and T478K mutations, and Omicron BA.1, BA.3, BA 4,
and BA.S contain the combination of the HV69/70 deletion
and K417N and T478K mutations. To specifically identify the
five variants of concern with minimum targets, we chose the
HV69/70 deletion for Alpha, K417N for Beta, K417T for
Gamma, the combination of the T478K and P681R mutations
for Delta, the combination of the K417N and T478K
mutations for Omicron BA.2, and the combination of the
HV69/70 deletion and K417N mutation for Omicron BA.1,
BA.3, BA.4, and BA.S.

By targeting five mutations in variants of concern, our
multiplex RT-qPCR assays enable simultaneous detection and
identification of five variants of concern as well as the
discrimination of Omicron sub-variant BA.2 from other
Omicron sub-variants. We chose five naturally selected
mutations as multiplex RT-qPCR targets and incorporated
the MGB probes to improve the discrimination of single
nucleotide mutations. By targeting the HV69/70 deletion and
the K417N and K417T mutations in the S gene, our first
multiplex RT-qPCR assay (the ABG assay) enabled detection
and differentiation of Alpha (HV69/70 deletion), Beta
(K417N mutation), and Gamma (K417T mutation). When
the Delta variant emerged, we were able to develop the Delta
assay within a week using the same strategy that we used to
develop the ABG assay. By targeting both T478K and P681R
mutations in the S gene, our multiplex RT-qPCR assay enabled
the detection and identification of the Delta variant. As the
virus continues to evolve into Omicron and its sub-variants,
naturally selected mutations including HV69/70 deletion,
K417N, and T478K reappear in the new variants. Our already
developed ABG assay, targeting a combination of the HV69/
70 deletion and K417N mutation, enabled the detection of
sub-variants BA.1, BA.3, BA.4, and BA.S. The use of both ABG
and Delta assays, targeting the K417N and T478K mutations,
enabled the discrimination of the BA.2 sub-variant of Omicron.
As of March 15, 2023, the currently circulating variant of
interest is XBB.1.5, which is a combination of Omicron
BA.2.10.1 and BA.2.75 sublineages, according to the
information from WHO.® This variant contains the K417N
and T478K mutations, which can be detected and discrimi-
nated from the previous dominant variants Omicron BA.4 and
BA.S using our two assays. Therefore, our multiplex RT-gPCR
assays used in combination achieved our objective of
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simultaneous detection and differentiation of the five variants
of concern and have the potential to be used for detection of
newer variants. The strategy and similar considerations should
be useful for designing multiplex assays for newer variants
(strains, lineages) in a timely manner.

Applications of the multiplex assays to the analysis of clinical
and wastewater samples demonstrated the detection of all five
variants of concern. Alpha, Beta, and Gamma were detected in
wastewater samples collected in May—June 2021; Delta was
detected in nasopharyngeal and throat swab samples collected
in November 2021; whereas Omicron BA.1 was detected in
nasopharyngeal swab samples collected in January 2022. The
LODs of all the targets in the ABG and Delta assays ranged
from 4 to 16 copies per reaction. The multiplex assays and the
strategy involved in their development can be adapted for the
detection of naturally selected mutations in future dominant
variants. This strategy is also suitable for developing an assay
for the detection of other viruses and their variants.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c0000S.

Amino acid changes in the spike protein of variants of
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