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A B S T R A C T

We evaluated the performance of SARS-CoV-2 TaqMan real-time reverse-transcription PCR (RT-qPCR) assays
(ThermoFisher) for detecting 2 nonsynonymous spike protein mutations, E484K and N501Y. Assay accuracy
was evaluated by whole genome sequencing (WGS). Residual nasopharyngeal SARS-CoV-2 positive samples
(N = 510) from a diverse patient population in New York City submitted for routine SARS-CoV-2 testing dur-
ing January-April 2020 were used. We detected 91 (18%) N501Y and 101 (20%) E484K variants. Four samples
(0.8%) were positive for both variants. The assay had nearly perfect concordance with WGS in the validation
subset, detecting B.1.1.7 and B.1.526 variants among others. Sensitivity and specificity ranged from 0.95 to
1.00. Positive and negative predictive values were 0.98�1.00. TaqMan genotyping successfully predicted the
presence of B.1.1.7, but had significantly lower sensitivity, 62% (95% CI, 0.53, 0.71), for predicting B.1.526
sub-lineages lacking E484K. This approach is rapid and accurate for detecting SARS-CoV-2 variants and can
be rapidly implemented in routine clinical setting.

© 2022 Elsevier Inc. All rights reserved.
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1. Introduction

The pandemic of COVID-19 caused by SARS-CoV-2 rapidly spread
to other countries, including the United States. Since the SARS-CoV-2
virus emerged there have been multiple SARS-CoV-2 variants circu-
lating globally [1]. While variants of SARS-CoV-2 are not new, there
has been a drastic change in the number of mutations the virus has
accumulated in short periods of time, causing concern around the
world [2,3]. These variants range from having increased transmissi-
bility or even potentially increased severity of disease and resistance
to therapy and/or vaccine becoming an issue of significant public con-
cern [4]. Since May 2021 the U.S. Center of Disease Control and Pre-
vention (CDC) and the European Centre for Disease Prevention
Control (ECDC) have identified numerous SARS-CoV-2 lineages as
variants of concern or interest (VOC/VOI) [5]. These lineages all share
certain spike proteins mutations, including E484K and N501Y. Of spe-
cial concern were the B.1.1.7 (also 501Y.V1, Alpha) and the B.1.526
(Iota) lineages identified in the United Kingdom (UK) during the fall
of 2020 and in New York City (NYC) in early 2021 [6,7], respectively.
These variants have been characterized by numerous distinct muta-
tions in the spike protein [4,7]. The B.1.1.7 SARS-CoV-2 lineage is
defined by 17 amino acid changes, including 8 changes in the spike
protein (Rambaut et al., 2020). Of particular interest is the N501Y
mutation in the receptor-binding domain of the spike protein. This
mutation affects the receptor binding domain (RBD) of the spike pro-
tein, improving the virus’ ability to enter human cells and increase
infectivity. The B.1.526 lineage is defined by 16 amino acid changes, 7
of which are present in the spike protein [7] and include the E484K
mutation. Other VOCs, B.1.351 (originating in South Africa) and P.1
(Brazil) [8,9] harbor both the N501Y and E484K mutations.

Routine sequencing of the SARS-CoV-2 genome from positive
samples provides crucial insights into viral evolution and can support
outbreak and surveillance analysis as well as clinical management
[9,10]. Whole genome sequencing (WGS) is the best way to truly con-
firm the emergence of new strains of COVID-19. This involves analyz-
ing the entire SARS-CoV-2 genome (at least 29,000 bp), making it
much more complicated, time-consuming, and expensive than a PCR
test [9,10]. It also requires special expertise.

In this study we have used targeted PCR assays to rapidly identify
the N501Y and E484K mutations suggestive of the B.1.1.7 and B.1.526
SARS-CoV-2 variants in New York City during January�April 2020.
We also performed orthogonal whole genome next generation

http://crossmark.crossref.org/dialog/?doi=10.1016/j.diagmicrobio.2022.115789&domain=pdf
https://paperpile.com/c/C8flTl/roWR
mailto:har2006@med.cornell.edu
https://doi.org/10.1016/j.diagmicrobio.2022.115789
https://doi.org/10.1016/j.diagmicrobio.2022.115789
http://www.ScienceDirect.com
http://www.elsevier.com/locate/diagmicrobio


2 P. Velu et al. / Diagnostic Microbiology and Infectious Disease 104 (2022) 115789
sequencing (NGS) testing on a subset of samples to confirm these lin-
eages.
2. Methods

2.1. Clinical specimens

The study used remnant sample from nasopharyngeal swabs in
viral transport medium (NP-VTM) used in standard of care testing of
patients with suspected COVID-19 infection. Positive SARS-CoV-2
specimens with a cycle threshold (CT) value <30 were included. A
total of 615 samples tested on the Roche 6800, Hologic Panther
Fusion or rapid PCR testing systems (Roche LIAT and BioFire) were
collected between January 1 and April 30, 2021, and used for the
study (Fig. 1). The study was approved by Weill Cornell Medicine
institutional review board (WCM-IRB).
2.2. TaqMan real time PCR

Extraction of total nucleic acid (TNA) from 200uL of NP-VTM sam-
ples was performed using an off-board lysis viral inactivation step
followed by automated extraction of total nucleic acid (TNA) using
the QIAsymphony DSP Virus/Pathogen Mini Kit coupled on the QIA-
symphony SP (Qiagen, Germantown, MD) as previously described
[10]. Positive control material was obtained from Twist Bioscience
(San Francisco, CA). Two previously reported mutations in SARS-CoV-
2 were selected for the analysis based on their association with
numerous emergent lineages: N501Y (A23063T) and E484K
(G2301A) in the spike gene. Genotyping analysis was performed
using Custom TaqMan� Gene Expression Assays and the ABI Quant-
Studio Real-Time PCR system (ThermoFisher Scientific, Waltham,
MA) as described in the Supplemental Methods. Variant calls were
assigned automatically based on the genotype-specific position of
the spectral plots. Sequence variants were called ‘‘undetermined’’ if
they clustered in proximity to the negative (water) controls (<1 fluo-
rescence units), showed an abnormal spectral plot, or did not cluster
tightly (outliers) (Fig. 2).
Fig. 1. Flowchart of samples assayed by TaqMan RT-qPCR and whole genome sequenc-
ing during the study period.
2.3. Whole genome sequencing (WGS)

Accuracy was validated by whole-genome sequencing (WGS) on a
cohort of 395 NP-VTM specimens as described in the Supplemental
Methods. Briefly, NP-VTM samples were extracted using the Mag-
MAX Viral Pathogen Nucleic Acid Isolation kit on the KingFisher Flex
Purification system (ThermoFisher). SARS-CoV-2 targeted assay
libraries were prepared using Molecular Loop Viral RNA Target Cap-
ture Kit (Molecular Loop) according with manufacturer’s recommen-
dations. Libraries were then quantified and sequenced on a NovaSeq
6000 sequencer with 2£ 150bp reads. Following quality check, single
end reads were mapped against the SARS-CoV-2 genome reference
using BWA-MEM v0.7.17 [11]. Genome sequences were determined
by molecule alignment pileup consensus calling with a minimum
support of 5 molecules. SARS-CoV-2 lineage and clade classification
were determined by Phylogenetic Assignment of Named Global Out-
break (pangolin, https://cov-lineages.org/resources/pangolin.html).
PANGO lineage names were assigned by pangolin v2.4.1 and pango-
LEARN June 5, 2021.

2.4. Statistical analysis

Continuous data were compared with ANOVA or Kruskal-Wallis,
whereas categorical data were compared with Fisher exact test or x2
test. Positive and negative predictive values (PPV, NPV) were
reported with 95% confidence interval (CI), using NGS as the refer-
ence method. Statistical analyses were performed using R version
4.1.2 (November 1, 2021.)

3. Results

3.1. TaqMan real time PCR testing

During the period between January 2021 and April 2021 we eval-
uated 615 samples from 566 unique patients. Of those 27/566 (4.8%)
failed for both SNPs (Fig. 1). The cycle threshold (Ct) values for the
failed samples tended to be higher (Ct> 29) compared to the geno-
typed samples. Among the successfully genotyped samples, we iden-
tified 37 patients (56 samples) with repeated testing. No discordant
results were observed. For standardization, we used the first non-
missing observation for each patient. We identified 101/510 (20%)
positive for E484K, while 91/510 (18%) were positive for the N501Y
variant. Four patients (0.8%) tested positive for both mutations. The
mean (SD) Ct values were 21.6 (15.2�29.75), 21.7 (13.1�29.9) and
20.7 (13.0�29.5) for the E484K, N501Y and SARS-CoV-2 non-variant
viruses, respectively. Ct Values ranged between 13 to 31.74 (Table 1).
No significant difference in mean Ct values among the specimens
positive for non-variant and variant viruses was observed (P-
value = 0.16).

3.2. Correlation of RT-PCR mutation screen with WGS SARS-CoV-2
sequencing

In addition to validating the TaqMan assays performance charac-
teristics, we assessed the assay analytical performance with WGS as a
reference method. During that time, we tested 391 samples from
unique patients by WGS and RT-qPCR. Among the samples assessed
by both methods the sensitivity and specificity, for E484K and N501Y
were 0.95 (95% CI, 0.880.99) and 1.00 (95% CI, 0.98�1.00) and 1.00
(0.94, 1.00) and 1.00 (0.99, 1.00), respectively (Table 2). Among the
sequenced N501Y-positive samples we identified 61/391 (15.6%) pos-
itive by RT-qPCR. There were no false positive or false negative for
N501Y by qRT-PCR (NPV and PPV, 100%, 95%CI, 0.99, 1.00). For
E484K, there were 76 (19.4%) positive by both methods. Of the 80
samples positive by WGS 4 tested negative by RT-qPCR, while 1 sam-
ple was positive by RT-qPCR and negative by WGS. The positive and
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Fig. 2. Examples of TaqMan allelic discrimination plots. SARS-CoV-2 N501Y and E484K variants were amplified by sequence-specific primers followed by detection with 2 fluoro-
genic probes with different reporter dyes for each probe. Wild type (WT) variants are shown in red (VIC), while the mutated variants are shown in blue (6FAM). Sample position is
determined by signal intensity of the corresponding variants on the X-axis and Y-axis. "X" indicates no template control (NTC) and failed amplification.

Table 1
Cohort demographics by SARS-CoV-2 variants.

Variable Category E484K: N = 94 N501Y: N = 86 Other: N = 349 P-value Test

Gender Female 44 (56 %) 34 (53 %) 173 (54 %) 0.91 x2
Male 34 (44 %) 30 (47 %) 148 (46 %)

Age Mean (SD) 44.65 (26.13) 44.78 (23.64) 49.07 (27.2) 0.22 Kruskal-Wallis
-Median (IQR) 41.5 (25.25, 67.75) 46 (31.5, 61.25) 52 (29, 71)
-Range (0.75, 96) (0.17, 95) (0.08, 101)

Ct Value Mean (SD) 21.59 (4.69) 21.71 (4.69) 20.68 (4.78) 0.16 Kruskal-Wallis
-Median (IQR) 20.95 (18, 25.4) 21.2 (17.4, 26.6) 20.2 (16.8, 24.7)
-Range (13.1, 29.9) (15, 29.75) (10.5, 29.8)

Race/Ethnicity Asian 12 (22 %) 5 (11 %) 44 (18 %) 0.35 x2
African American 12 (22 %) 8 (18 %) 34 (14 %)
Other 7 (13 %) 7 (16 %) 54 (22 %)
White 24 (44 %) 24 (55 %) 109 (45 %)
Hispanic or Latino 10 (19 %) 9 (22 %) 51 (22 %) 0.89 x2
No Hispanic or Latino 42 (81 %) 31 (78 %) 178 (78 %)

Table 2
Validation of rapid RT-qPCR against whole-genome next-generation sequencing.

Whole-genome sequencing results

Mutation E484K N501Y
RT-qPCRa Detected Not detected Detected Not detected

No. detected 76 1 61 0
No. not detected 4 310 0 330
Sensitivity 0.95 (0.88, 0.99) 1.00 (0.94, 1.00)
Specificity 1.00 (0.98, 1.00) 1.00 (0.98, 1.00)
PPV (95% CI) b 0.99 (0.93, 1.00) 1.00 (0.99, 1.00)
PPV (95% CI) c 0.99 (0.97, 1.00) 1.00 (0.99, 1.00)
a RT-qPCR relative to whole genome sequencing.
b PPV = positive predictive value.
c NPV = negative predictive value.
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negative predictive values for E484K RT-qPCR were 99% (NPV, PPV,
95% CI, 0.93, 1.00 and 0.97, 1.00, respectively). The false positive sam-
ple had a Ct value of 15.1 and was classified as B.1.243. All the 4 false
negative samples were classified as B.1.526. Of those only 1 had high
Ct (29.44) that can explain the discrepancy. No repeat testing was
performed; therefore, we cannot rule out pipetting or other errors.
The RT-qPCR successfully predicted the presence of B.1.1.7 and the 2
P.1/B.1351 VOCs, but it had significantly low sensitivity 62% (95% CI,
0.53, 0.71) for predicting B.1.526 variants (Table 3).

The distribution of PANGO lineage among the RT-qPCR screened
samples is presented in Fig. 3, Table 4 and Suppl. Table 1. The earliest
cases with B.1.1.7 and B.1.526 were identified in mid-January 2021,



Table 3
Comparison of whole-genome sequencing with the PCR mutation assays by lineage.

Whole-genome sequencing results

Mutation assaya Detected Not detected Sensitivity Specificity PPV NPV

B.1.1.7 (N501Y+)
Detected 51 8 1.00 (0.93, 1.00) 0.98 (0.95, 0.99) 0.86 (0.75, 0.94) 1.00 (0.99, 1.00)
Not detected 0 328

B.1.526 (E484K+)
Detected 71 6 0.62 (0.53, 0.71) 0.98 (0.95, 0.99) 0.92 (0.84, 0.97) 0.86 (0.82, 0.90)
Not Detected 43 268

P.1/B.1351 (E484K+/N501Y+)
Detected 2 0 1.00 (0.16, 1.00) - - -
Not Detected 0 0

Wild-type (E484K-/N501Y-)
Detected 212 0 0.95 (0.91, 0.98) 1.00 (0.97, 1.00) 1.00 (0.98, 1.00) 0.92 (0.86, 0.96)
Not Detected 11 127

PPV = Positive predictive value; NPV = Negative predictive value.
a RT-qPCR relative to whole genome sequencing.
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after which these variants were found in every batch of samples
tested. The first cases of P.1 and B.1.351, harboring both p.N501Y and
p.E484K were identified in mid-March 2021, with no substantial
increase. Other cases of interest included the E484K positive R.1 and
Q.3. By early March 2021, B.1.1.7 became the predominant strain in
our cohort before surpassed by B.1.526. Among the 241 that were
wild type (WT) by RT-qPCR, more commonly assigned lineages were
B.1.2 (19%), B1 (15%), B1.1.434 (8%), B.243 (4%) and B.1575 (4%)
(Fig. 2). Among 59 N501Y-positive specimens by RT-qPCR with line-
age information, 53 (89%) were classified as B.1.1.7 and the remain-
der 11% were B.623 (5%) and B.1.604, B.1.1, B.1.2 each 2%. Among 77
samples with isolated E484K, 74 (96%) were classified as B.1.526 and
Fig. 3. Increasing prevalence of SARS-CoV-2 Spike E484K and N501Y variants from January
number of cases per week for each combination of spike variants as detected by the rapid v
as determined from WGS is shown in B. Four cases of Other (non-B lineage) include C.31 (N
R.1 (N501Y-/E484K+) identified byWGS.
the remainder 4% were B.1.2, B.1.243, and B.1619. Two samples with
E484K and N501Y sequencing information were P.1 and B.1.351 line-
ages. Of the 118 B.1.1526 variants by WGS 43 (36%) did not carry the
E484K change, while all B.1.1.7 variants were N501Y-positive.

4. Discussion

The rapid emergence of SARS-CoV-2 VOC during 2020 necessi-
tated the development of rapid diagnostics in support of clinical and
surveillance needs. In this study we describe the development of
mutation-specific RT-PCR assays to screen for SARS-CoV-2 variants
rapidly and reliably in a clinical laboratory setting. These assays use
to May 2021. The earliest detected variants in our study were collected in January. The
ariant assay is shown in A and the number of cases per week for each pangolin lineage
501Y-/E484K-), C.37.1 (Lambda; N501Y-/E484K-), P.1 (Gamma; E484K+/N501Y+) and



Table 4
SARS-CoV-2 lineage distribution of RT-qPCR screened variants.

RT-qPCR results

PANGO lineage E484K (N = 73) N501Y (N = 58) N501Y and E484K (N = 2) Other (N = 109)

B.1.1 0 (0 %) 1 (2 %) 0 (0 %) 4 (1 %)
B.1.1.7 0 (0 %) 50 (86 %) 0 (0 %) 0 (0 %)
B.1.2 1 (1 %) 1 (2 %) 0 (0 %) 51 (19 %)
B.1.243 1 (1 %) 0 (0 %) 0 (0 %) 10 (4 %)
B.1.351 0 (0 %) 0 (0 %) 1 (33 %) 0 (0 %)
B.1.411 0 (0 %) 1 (2 %) 0 (0 %) 0 (0 %)
B.1.526 69 (95 %) 0 (0 %) 0 (0 %) 44 (16 %)
B.1.604 0 (0 %) 1 (2 %) 0 (0 %) 0 (0 %)
B.1.619 1 (1 %) 0 (0 %) 0 (0 %) 0 (0 %)
B.1.623 0 (0 %) 3 (5 %) 0 (0 %) 0 (0 %)
P.1 0 (0 %) 0 (0 %) 1 (33 %) 0 (0 %)
Q.3 0 (0 %) 1 (2 %) 0 (0 %) 0 (0 %)
R.1 1 (1 %) 0 (0 %) 0 (0 %) 0 (0 %)

PANGO lineage classification performed with pangolin v2.4.1 and pangoLEARN June 5, 2021.
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TaqMan chemistry to target 2 important sequence variants in the
RBD spike region. The assay has excellent concordance with the
SARS-CoV-2 variant mutations identified byWGS.

TaqMan-based real time PCR is an accurate, rapid, and a quantifi-
able method for detecting known single nucleotide variants (SNVs).
The primers and probes design is flexible, allowing optimal placement
of primers in the region flanking the SNV site and rapid implementa-
tion with newly emerging variants. The probe also includes a minor
grove binder moiety greatly increasing the stability and specificity of
the probe hybridization, and the use of an nonfluorescent quencher in
place of the TAMRA quencher dye maximizes spectral performance.

SARS-CoV-2 has mutated innumerable times, with some variants
potentially impacting efficacy of treatments and vaccines, stressing
the importance of continued surveillance of viral changes. With the
evolving virus, reliable and accurate information are critical for iden-
tifying these changes to be able make informed and effective deci-
sions for overall public health. There have been 5 SARS-CoV-2 VOCs
including the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta, and
Omicron variants, as well as 4 variants of interest (VOIs) including
the Eta, Iota, Kappa, and Lambda variants have been recognized by
the WHO as of late November 2021. The spike p.N501Y and p.E484K
have been identified as the most important functional changes com-
mon to all variants except the Delta, resulting in increased affinity of
the spike protein to ACE2 receptors and subsequent enhanced entry
into the host cells.

While WGS is required to confirm the identity of emerging var-
iants, this technology is expensive and time consuming for routine
use. Using TaqMan assays we were able to rapidly identify the emer-
gence of B.1.1.7 and the B.1.526 variants in our cohort. The first cases
were detected in early January 2021. By early spring these variants
rose to alarmingly high numbers, accounting for approximately 70%
of the cases in NYC. This agrees to other studies of these variants in
NYC and elsewhere who reported similar findings [7,12]. The high
percentage of the 2 variants highlights its apparent transmissibility
compared to the WT variants that were concurrently circulating in
NYC. Although, across states there has been an increase in B.1.1.7 as
the growth of B.1.526 slowed down, indicative of the higher fitness of
B.1.1.7 [13].

Mutation-specific assays for detecting SARS-CoV-2 mutations
have now been implemented by other laboratories with great success
[12,14�16]. In our study we found that while the N501Y mutation
was an excellent marker for B.1.1.7, this was not the case for E484K
and B.1.526. Although within B.1.526, the largest sub-clade is defined
by E484K, 2 other distinct sub-clades are each defined by S477N;
both mutations located within the RBD of spike. One of these sub-lin-
eages defined by S477N has been later designated B.1.526.2. A closely
related lineage, B.1.526.1 is defined by other spike mutations
including L452R [13]. WGS studies have shown the early emergence
of the B.1.526 E484-positive strain in multiple clonal backgrounds,
including the B.1.243 that emerged in Arizona as well as B.1.1.7
+E484K in Pennsylvania [17−19]. Variants which contain the E484K
mutations have been shown to be partially or completely resistant to
certain therapeutic monoclonal antibodies, and less susceptible to
neutralization by convalescent plasma shown to help fight SARS-
CoV-2 infection [7,20], supporting the importance of accurate lineage
determination. This approach also has excellent specificity and sensi-
tivity in identifying VOC and related lineages such as the P.1 and
B.1351 variants. Mutation specific assays are also superior to the use
of S-gene drop out in the 3-target (H69-V70del) diagnostic RT-PCR
assay reported by numerous labs for identifying B.1.1.7, since numer-
ous non-VOC strains also carry the H69/V70 deletions [12,15,16].
Zelyas et al., in their study have identified numerous cases with the
H69/V70 deletion without N501Y belonging to the B.1.525 lineage
which was not considered a VOC [12].

In this study 5 N501Y and 3 E484K-positive samples were
found to belong to other B.1 lineages that were not VOCs. This
may be due to erroneous lineage assignments as well as other
technical errors. All the B.1.1.7 variants were N501Y-positive.
However, of the B.1.1526 positive by WGS 36% did not carry the
E484K change. All these variants were also negative for the
L452R mutation but were positive for S477N by WGS and thus
designated as B.1.1526.2.

SARS-CoV-2 variants are characterized by their transmissibility,
disease severity and ability to evade the immune system. The B.1.1.7
variant has been associated with increased transmissibility and
potentially higher viral levels, while the B.1.526 E484K-positive vari-
ant (Iota) has shown resistance to therapeutic antibodies [3,7]. The
present study did not identify any difference in age, gender, or race
between the E484K or N501Y VOCs and the WT SARS-CoV-2 group
(data not shown). There was also no difference in the samples Ct val-
ues between the different groups. Although N501Y was shown to
have increased viral replication in human upper respiratory airways
[3], other studies did not indicate a substantial difference in VOC
transmissibility among different age groups [4].

One advantage of the TaqMan SNP genotyping assay used in this
study is that it can be readily implemented in routine clinical work. It
allows standardization and improved assay performance across labo-
ratories compared to laboratory-developed tests. The assay is highly
scalable, allowing testing a few or hundreds of samples to identify 1
or many mutations with a methodology that is well established. In
our hands this enabled timely identification of the rise of cases with
B.1.1.7 and B.1.1526 variants in our patient population. This is espe-
cially pertinent to rapid determination of appropriate therapy for
individual patient care.
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In summary, real time TaqMan assays is an effective method for
rapid screening of known SARS-CoV-2 variants from patient speci-
men, applicable for most diagnostic laboratories within a pandemic
setting. WGS is still required to confirm the identity of certain var-
iants and for general surveillance.
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