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K e Y   P O i n t S

•  The high mutation rate of 
coronaviruses results in shifts 
of cycle threshold (Ct) values 
in multigene-target in vitro 
diagnostic medical device 
regulation polymerase chain 
reaction (PCR) assays.

•  We provide a theoretical 
framework to build simple 
logistic regression models 
based on Ct values of a widely 
used commercial severe acute 
respiratory syndrome coronavirus 
2 (SARS-CoV-2) PCR assay.

•  This framework is validated 
against whole-genome 
sequencing as a gold standard for 
screening the B.1.351 variant of 
concern using the Allplex SARS-
CoV-2 Assay.
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a B S t r a c t

Background: Detection of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) variants of concern associated with immune escape is important to safe-
guard vaccination efficacy. We describe the potential of delayed N gene amplification in 
the Allplex SARS-CoV-2 Assay (Seegene) for screening of the B.1.351 (20H/501.V2, variant of 
concern 2 [VOC.V2], South African SARS-CoV-2 variant) lineage.

Methods: In a study cohort of 397 consecutive polymerase chain reaction–positive 
samples genotyped by whole-genome sequencing, amplification curves of E/N/S-RdRP 
targets indicated delayed N vs E gene amplification characteristic of B.1.351. Logistic 
regression was used to calculate a VOC.V2 probability score that was evaluated as a sep-
arate screening test in an independent validation cohort vs sequencing.

Results: B.1.351 showed a proportionally delayed amplification of the N vs E gene. In 
logistic regression, only N and E gene cycle thresholds independently contributed to B.1.351 
prediction, allowing calculation of a VOC.V2 probability score with an area under the 
curve of 0.94. At an optimal dichotomous cutoff point of 0.12, the VOC.V2 probability score 
achieved 98.7% sensitivity at 79.9% specificity, resulting in a negative predictive value 
(NPV) of 99.6% and a positive predictive value of 54.6%. The probability of B.1.351 increased 
with an increasing VOC.V2 probability score, achieving a likelihood ratio of 12.01 above 0.5. 
A near-maximal NPV was confirmed in 153 consecutive validation samples.

Conclusions: Delayed N vs E gene amplification in the Allplex SARS-CoV-2 Assay can be 
used for fast and highly sensitive screening of B.1.351.

i n t r O D U c t i O n

In December 2020, an unexpected rise in severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infections in the United Kingdom was attributed to the emergence of a new 
SARS-CoV-2 variant of concern (VOC), lineage B.1.1.7 (20I/501.V1, VOC 202012/01), first de-
tected by an efficient national-scale genomic surveillance network. B.1.1.7 shows a 40% to 70% 
higher transmission rate than the ancestral wild-type SARS-CoV-2 lineages first identified in 
Wuhan (A/B.1),1,2 mainly explained by the N501Y amino acid substitution in the spike-receptor 
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binding domain (S-RBD) that increases the affinity of S-RBD for the 
human angiotensin-converting enzyme 2 receptor 7- to 19-fold.3,4 
B.1.1.7 rapidly became the dominant strain in the United Kingdom and 
many European countries.5 Its spread could be accurately monitored 
by an accidental interference by 1 of its defining mutations, the spike 
69/70 deletion (69.70del), in the widely used TaqPath polymerase 
chain reaction (PCR) (Thermo Fisher Scientific), resulting in a charac-
teristic signature with preserved amplification of N gene and ORF1ab 
gene targets but S gene target failure (SGTF, or S dropout). Though 
recent data indicate that B.1.1.7 is overall 60% more deadly than the 
ancestral B.1 lineage,6,7 it does not appear to display immune escape. 
B.1.1.7 appears refractory to N-terminal domain (NTD)–targeting 
antibodies but not to the S-RBD–neutralizing antibodies induced by 
all currently approved vaccines,4,8 with generally preserved in vitro 
neutralization convalescent sera after wild-type virus infection and 
by immune sera after the BNT162b2 (Pfizer/BioNTech) and AZD1222 
(AstraZeneca/Oxford)4,9,10 vaccines.

In an example of convergent evolution, the N501Y mutation in-
dependently arose in several other SARS-CoV-2 lineages, such as the 
B.1.351 (20H/501.V2, VOC 2) in South Africa11 and the P.1 (20J/501Y.
V3, VOC 3)  in Brazil.12 Both lineages had higher infectivity than 
the wild-type virus and rapidly achieved regional dominance. In 
another, more concerning example of convergent evolution, the 
B.1.351 and P.1 lineages share the additional E484K spike mutation 
that was independently confirmed as a powerful driver of clinical 
immune escape. This partial immune escape explains the resur-
gence of coronavirus disease 2019 (COVID-19) in Manaus, Brazil, 
by P.1 in a population with 76% seroprevalence13 and the absence 
of protective immunity of prior wild-type infection to B.1.351 in the 
placebo arms of the NVX-CoV2373 vaccine trial in South Africa.

The impact of various SARS-CoV-2 mutations/variants on im-
mune escape was mainly derived from several small-scale in vitro 
pseudovirus neutralization studies using polyclonal convales-
cent sera or monoclonal antibodies after wild-type (non-VOC) 
infections and polyclonal sera after vaccination with the current 
first-generation S-RBD–targeted vaccines. Introduction of E484K 
in a B.1.1.7 background leads to a 6-fold lower neutralization by 
convalescent sera.3,4 Also, vaccine efficacy is reduced: P.1 shows a 
moderately (2- to 3-fold) lower neutralization by messenger RNA-
1273 and BNT162b2 vaccine sera.8 In the case of B.1.351, the effect 
is more pronounced, likely because of the additional effects of the 
NTD mutations in this lineage, leading to 6- to 12-fold lower neu-
tralization by both vaccines.8,14,15 These effects are consistently con-
firmed in vivo. Recent data collected in South Africa showed a drop 
in vaccine efficacy to prevent moderate to severe COVID-19 by the 
B.1.351 lineage compared with non-VOC strains: from 95.6% to 50% 
for the NVX-CoV2373 (Novavax) vaccine, from 72% to 57% for Ad26.
COV2.S (Janssen), and a complete loss of efficacy of the AZD1222 
vaccine (66.7% for all variants to 10.6% for B.1.351).16

These findings indicate that early detection of emerging variants 
with immune escape, such as B.1.351 and P.1, at the population level 
is important for a data driven monitoring of vaccination efficacy, 
even though the impact on individual patient management is min-
imal. Intense population-wide surveillance requires a combination 

of several test strategies: unbiased surveillance by whole-genome 
sequencing (WGS), the flexible introduction of targeted reflex PCR 
assays for lineage-defining mutations in the spike protein (ie, at 
positions N501, D253, or Q677) or mutations associated with poten-
tial immune escape (ie, at positions E484, L452, or S477) depending 
on regional strain prevalence but also the intelligent use of subtle 
variations in standard SARS-CoV-2 PCR amplification curves. The 
latter could allow fast, high-throughput, low-cost screening of 
emerging VOCs, as illustrated by the impact of the SGFT/S  gene 
dropout for B.1.1.7 surveillance,1,17,18 rendering variant screening 
available for health care systems with limited resources.

In this article we describe delayed amplification of the N gene 
target characteristic of the B.1.351 variant in the Allplex SARS-CoV-2 
Assay (Seegene), which is currently used in high volumes in more 
than 70 countries. The N gene delay was investigated in a study co-
hort of SARS-CoV-2 isolates containing a representative number of 
wild-type lineages B.1.1.7 and B.1.351. A probability score was calculated 
for the presence of B.1.351 VOC 2 (VOC.V2 probability score) based on 
E/N/S-RdRP cycle threshold (Ct) values. We subsequently studied the 
diagnostic power of this new VOC.V2 probability score as separate test 
result in an independent validation cohort, as a stand-alone test, and 
in conjunction with N501Y and 69.70del mutation–specific PCR assays.

M a t e r i a l S  a n D   M e t H O D S

Samples
The study was performed on consecutive samples of subjects 
(inpatients and outpatients) who underwent SARS-CoV-2 PCR 
testing and WGS as part of routine diagnostic workup and base-
line or active surveillance for VOCs; samples were allocated to a 
study cohort or a validation cohort. The study cohort consisted 
of 397 unique viral isolates, including 141 501Y.V1 clades (UK vari-
ant—hence, the B.1.1.7 lineage), 78 501Y.V2 clades (South African 
variant—hence, the B.1.351 lineage), and 178 samples with other 
SARS-CoV-2 clades that did not belong to any of the 3 currently 
recognized VOC clades (hence, non-VOC lineages). The study 
cohort was representative of regional prevalence as measured by 
unbiased surveillance by the Belgian National WGS consortium 
for which AZ Delta acts as a sentinel hub. Non-VOC Pangolin 
lineages included B.1.0, B.1.162, B.1.214, B.1.221, B.1.258, B.1.160, 
B.1.177, B.1.1.222, and B.1.1.29. The validation cohort contained 153 
unique viral isolates: 60 non-VOCs, 57 B.1.1.7 clades, 29 B.1.351 
clades, and 7 20J/501Y.V3 clades (Brazilian variant—hence, P.1). 
For detailed lineage composition of study and validation cohorts, 
see Supplemental Table 1 (all supplemental materials can be 
found at American Journal of Clinical Pathology online). The study 
was performed on analytical leftover samples and secondary use 
of data and samples obtained during standard-of-care diagnostic 
workup. It was performed according to the Helsinki Declaration, 
with full respect for individuals’ right to confidentiality and with a 
waiver of informed consent for COVID-19–related diagnostics and 
modeling, approved by the AZ Delta ethical committee (Clinical 
Trial No. IRB B1172020000008).
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RNA Extraction, Reverse Transcription–PCR for Detection 
of SARS-CoV-2, and Reflex PCR for N501Y and 69.70del
RNA was extracted from nasopharyngeal swabs using the STARMag 
96  ×  4 Viral DNA/RNA 200 C Kit (Seegene Technologies) on the 
Hamilton STARlet workstation, followed by real-time PCR using 
the Allplex SARS-CoV-2 Assay. PCR amplification was run on a 
CFX96 real-time thermal cycler (Bio-Rad Laboratories), and data 
were analyzed with the SARS-CoV-2 Viewer (Seegene). The assay 
simultaneously detects 4 different SARS-CoV-2 genes, resulting in 
separate Ct values for the E and N genes and 1 combined Ct value for 
the RdRP  and S genes (S/RdRP) (for the raw data, see Supplemen-
tal Table 1). For a subset of PCR-positive samples in the study and 
validation cohorts (for the raw data, see Supplemental Table 2), 2 
key mutations for VOCs in the spike protein were detected by reflex 
testing using the Novaplex SARS-CoV-2/H-UK (N501Y and 69-70del) 
Assay (Seegene). Therefore, a new RNA extraction was performed 
on the original sample, using the STARMag 96  ×  4 Universal kit, 
followed by manual PCR setup and amplification on a CFX96 ther-
mal cycler. Reflex PCR targets the N501Y amino acid substitution 
(A23063T) characteristic of VOC.V1-V3 and the HV 69-70 deletion 
(21,765-21,770 deletion—hence, 69.70del) that, in the presence of 
the N501Y mutation, is highly suggestive of B.1.1.7. A conserved se-
quence in the RdRP  gene is co-amplified as internal control, and 
negative results for N501Y/69.70del were considered true negative 
only if the RdRP  internal control had a Ct value less than 33. For 
multicenter interlaboratory validation, a secondary data analysis 
was performed on a second validation set of n  =  308 consecutive 
samples analyzed by an independent laboratory (AZ Sint-Lucas 
Brugge Hospital) with the Allplex SARS-CoV-2 Assay using an al-
ternative RNA extraction on the Maelstrom 9600 platform (Taiwan 
Advanced Nanotech [TANBead]) followed by thermal cycling on the 
CFX96 device.

SARS-CoV-2 WGS and Clade Calling
As the reference method for genomic fingerprinting of viral 
clades, WGS was performed using the research-use-only 
AmpliSeq for Illumina SARS-CoV-2 Research Panel on the Illumina 
MiSeq sequencer (40 samples on MicroV2 flow cell) accord-
ing to the manufacturer’s standard protocol: 7  µL RNA was 
reverse-transcribed using AmpliSeq complementary DNA synthe-
sis for Illumina, followed by amplification of 237 virus-specific 
amplicons covering more than 99% of the 30-kb reference ge-
nome, aiming at a median coverage above 200×, minimal cover-
age for mutation calling of 10×, a minimum of 30,000 reads per 
sample, and a maximum of 1-kb bases below minimal coverage. 
A  consensus sequence was constructed using an in-house pipe-
line containing Trimmomatic for trimming (USADELLAB.org), 
alignment by the Burrows-Wheeler Aligner, mutation calling by 
Freebayes, and inspection of sequence quality using the Integra-
tive Genomics Viewer. Clade calling on the consensus FASTA file 
was done by both Pangolin lineage assignment (version 2.3.2, 
https://pangolin.cog-uk.io) and Nextclade (version 0.14.1, https://
clades.nextstrain.org) web tools, and only concordant clade call-
ing results were used for further analysis (Supplemental Table 1). 
All sequences were uploaded to GISAID.

Statistics
Statistical analysis was performed using MedCalc software, ver-
sion 12.2.1. Data are expressed as medians (25th-75th percentiles), 
and we used the Mann-Whitney U test to test statistical difference 
between groups. Confidence intervals (CIs) for likelihood ratios 
(LRs) were calculated using the method described by Simel et  al.7 
Comparisons of Ct values within and between sample subsets 
were made using Spearman rank correlation and Passing-Bablok 
regression analysis. Concordance analysis of integrated results for 
N501Y/69.70del reflex PCR and VOC.V2 probability scores with 
WGS was conducted by calculation of Cohen κ agreement coeffi-
cient (linear weights).

Different prediction models were trained using the Python scikit-
learn library (ie, logistic regression, support vector machines, ran-
dom forest trees, BaggingClassifier, and gaussian Naive bayes). Best 
accuracy and area under the curve (AUC) was achieved using logistic 
regression (for an overview of accuracy and the AUC of various tested 
models, see Supplemental Table 3). The logistic regression classifier 
was validated and further adopted in the MedCalc statistical tool, 
which offers the benefit of interpretability. The cutoff for the logistic 
regression model was optimized to yield optimal recall for detecting 
the presence of the B.1.351 variant.

r e S U l t S

Distinct E, N, and S/RdRP Ct Profiles 
Among SARS-CoV-2 Viral Lineages
Retrospective analysis of the study cohort (n = 397) indicated var-
iations in the distribution profiles of E/N/S-RdRP Ct values among 
non-VOCs, B.1.1.7, and B.1.351  FIGURE 1A ,  TABLE 1 . In all clades 
except B.1.351, the N gene amplified earlier, with left-shifted Ct N 
vs Ct S/RdRP and Ct E (P < .05). B.1.351 was distinct from all other 
clades, showing a right-shifted (delayed) N gene amplification 
in the Allplex SARS-CoV-2 Assay. In the independent validation 
cohort (n = 153), which also contained 7 P.1 isolates, this delayed 
N gene amplification was confirmed as a characteristic feature 
of the B.1.351 lineage  FIGURE 1B ,  TABLE 1 . Correlation analyses 
of Ct values indicated an identical amplification profile of E and 
S/RdRP in all strains  FIGURE 1C ,  TABLE 2  and graphically illus-
trate that the delayed N amplification vs both S/RdRP  FIGURE 1D  
and E  FIGURE 1E  in the B.1.351 lineage is clearly proportional 
(slope  =  1.21; 95% CI, 1.13-1.28) for N vs E  TABLE 2 , indicating a 
gradually more pronounced N gene amplification delay at lower 
viral loads.

Combined Use of Ct Values for Detection of the 
B.1.351 Lineage: VOC.V2 Probability Score
Next, logistic regression analysis was conducted to investigate 
whether Ct values could predict the presence of the B.1.351 lineage in 
individual patient samples in the study cohort, resulting in a fast and 
inexpensive screening tool. In a model that included all 3 PCR targets, 
Ct E (P < .0001) and Ct N (P < .0001) but not S/RdRP (P = .5662) inde-
pendently contributed to prediction of B.1.351 infection. Repeating the 
regression analysis with only Ct E and Ct N indicated that a lower Ct 
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E value and a higher Ct N value had strong diagnostic power to detect 
B.1.351 (AUC = 0.94; 95% CI, 0.91-0.96). It allowed the calculation of a 
VOC.V2 probability score (p) for each individual sample using the fol-
lowing formula: ln(p/[1 − p]) = 0.9449 + 1.44091 × CtNgene − 1.51860 
× CtEgene (Supplemental Table 3). The distribution of this VOC.V2 
probability score for all non-VOC clades, B.1.1.7, and B.1.351 is plotted 
in  FIGURE 2A . As expected, B.1.351 isolates had significantly higher 

VOC.V2 probability scores (P < .0001), although partially overlapping 
with other lineages.

The VOC.V2 probability score was further investigated as an 
independent single test result and its diagnostic power for indi-
vidual patient samples evaluated. Remote operator characteristic 
analysis  FIGURE 2B  showed an AUC of 0.94 (95% CI, 0.91-0.96), 
with an optimal cut-point of 0.12  TABLE 3  for dichotomous test 
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FIGURE 1 Distribution of Allplex SARS-CoV-2 Assay (Seegene) E/N/S-RdRP cycle threshold (Ct) values in B.1.1.7, B.1.351 and all non–variant of concern 
(VOC) lineages combined. A, B, Plotted distribution of raw Ct values (x-axis) of the E, S/RdRP, and N gene targets in the study (A, n = 397) and validation 
(B, n = 153) cohorts in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) lineages genotyped by whole-genome sequencing: B.1.1.7, 
B.1.351, P.1 (only present in the validation cohort) and all other, non-VOC lineages combined.
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use, resulting in a sensitivity of 98.7% (95% CI, 93.1%-100.0%) 
and specificity of 79.9% (95% CI, 75.1%-84.2%) for screening of 
the B1.351 lineage. At a prevalence (pretest probability) of 19.6% of 
B.1.351 in our study cohort, this process resulted in a high negative 
predictive value (NPV) of 99.6% and a positive predictive value 
(PPV) of 54.6%  TABLE 3 .

Calculation of LRs for different VOC.V2 probability score result 
intervals showed that the probability of SARS-CoV-2 B.1.351 vari-
ant increased with increasing score  FIGURE 2C ,  TABLE 3 . A score of 
0.12 or less almost completely ruled out B.1.351, with an LR of 0.02 
(95% CI, 0.00-0.11), while scores above 0.50 strongly increased 

the probability, with LRs of 12.01 (95% CI, 7.21-20.02). Relations of 
post-test and pretest probabilities for the proposed VOC.V2 proba-
bility score intervals are shown in  FIGURE 2D , illustrating the score’s 
power to detect B.1.351 and taking the prevailing prevalence of this 
lineage in the population as a pretest probability. The clinical util-
ity of the LR is summarized in a diagnostic algorithm in  FIGURE 2E .

Validation of the VOC.V2 Probability 
Score in an Independent Cohort
The VOC.V2 probability score calculated from the study co-
hort was then tested in an independent validation cohort of 153 
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FIGURE 1 (cont) C-E, Correlation analysis (see also  TABLE 2 ) of Ct values of the E vs S/RdRP channel (C), the N vs S/RdRP channel (D), and the N vs E 
channel (E) in the indicated SARS-CoV-2 lineages.
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consecutive samples analyzed by WGS and PCR. This validation 
cohort contained a prevalence  TABLE 1  similar to B.1.1.7 (39.2%) 
and B.1.351 (19.0%) but also contained 7 (4.6%) P.1 isolates. Over-
all, diagnostic performance was identical, with a 100% NPV and 
53.7% PPV using the optimal cut-point of 0.12 and increasing 
probability of B.1.351 screening with increasing VOC.V2 probabil-
ity score, attaining an LR of 17.82 (95% CI, 8.05-39.41) at scores 
above 0.50.

Integration of the VOC.V2 Probability Score 
With Reflex PCR for N501Y and 69.70del for 
Rapid, Cost-effective VOC Detection
A subset (n  =  172) of study and validation cohort samples was 
additionally analyzed by targeted PCR for N501Y  and 69.70del 
mutations in the spike protein (Supplemental Table 2). As shown 
in  FIGURE 3A , the combined use of the N amplification delay in 
the basic E/N/S-RdRP PCR assay with these 2 biologically relevant 
mutations allowed for a rapid and cost-effective discrimination of 
the 3 VOCs in our population (B.1.1.7, B.1.351, and P.1). All 3 share 
the N501Y mutation. The additional presence of 69.70del indicates 
B.1.1.7. Strains carrying N501Y  but not 69.70del can be discerned 
as either B.1.351 or P.1 based on VOC.V2 probability score above or 
below 0.12, respectively.  FIGURE 3B  shows the concordance of this 
simplified diagnostic approach vs the gold standard of WGS, with 
excellent agreement (weighted κ = 0.987 [95% CI, 0.969-1.000]).

Multicenter Validation
To evaluate the interlaboratory robustness of the VOC.V2 probabil-
ity score, an additional validation was performed using the Allplex 
SARS-CoV-2 Assay Ct E/S-RdRP/N data obtained from an inde-
pendent laboratory that used an alternative RNA-extraction setup. 
In a cohort containing 308 consecutive SARS-CoV-2 PCR-positive 

samples (n = 68 B.1.351, n = 73 non-VOC lineages, and n = 167 B.1.1.7 
isolates as measured by WGS) (Supplemental Table 4), the VOC.
V2 probability score achieved a sensitivity of 100% (95% CI, 94.7%-
100%) at 60.8% (95% CI, 54.4%-67.1%) specificity using binary 
thresholding with a single cutoff of 0.12. All B.1.351 isolates showed 
a VOC.V2 probability score above 0.5, a cutoff associated with an LR 
of 12.6 (95% CI, 8.2-19.5).

Time Sensitivity of Ct Modeling
The VOC.V2 probability score was optimized to screen for B.1.351 
in an epidemiological context with the prevalence of several viral 
lineages, as described in  TABLE 1 . The subsequent rise to dom-
inance of B.1.1.7 and, more recently B.1.617.2 (the Delta  variant), 
with outcompetition of B.1.351, evidently affects this time sensitive 
modeling. Virtual implementation of the VOC.V2 probability score 
in a context dominated by B.1.617.2 indicates that VOC.V2 proba-
bility scores of B.1.617.2 isolates (median, 0.37 [interquartile range 
(IQR), 0.12-0.55]; n = 482) are significantly (P < .0001) lower than 
those of B.1.351 (median, 0.77 [IQR, 0.60-0.91] in the validation 
cohort [n  =  29]). However, the extensive overlap of their VOC.V2 
probability score distribution clearly precludes their confident dis-
tinction at an individual sample level in the hypothetical scenario of 
their co-occurrence (Supplemental Table 5, Supplemental Figure 1) 
and underlines the time sensitivity of the actual modeling and the 
conceptual need for continuous adaptation as a function of shifts in 
lineage prevalences.

D i S c U S S i O n

This article describes a VOC.V2 probability score calculated by 
regression modeling of the Ct values of the widely used Allplex 

TABLE 1 Cycle Threshold Characteristics of Distinct SARS-CoV-2 Lineages on the Allplex SARS-CoV-2 Assaya

Patient Group Non-VOC B.1.1.7 (20I/501Y.V1) B.1.351 (20H/501Y.V2) P.1(20J/501Y.V3)

Study cohort (n = 397)     

No. (%) 178 (44.8) 141 (35.5) 78 (19.6) –

Ct E gene, median (IQR) 18.7 (16.8-21.2) 20.6 (18.0-24.9)b 19.1 (16.8-21.9)c –

Ct S/RdRP gene, median (IQR) 18.4 (16.2-20.6) 20.7 (18.3-24.8)b 18.5 (16.5-21.3)c –

Ct N gene, median (IQR)d 17.3 (14.9-19.6) d,e 18.6 (15.9-23.1)b,d,e 20.1 (17.4-22.7)f –

Validation cohort (n = 148)     

No. (%) 60 (39.2) 57 (37.3) 29 (19.0) 7 (4.6)

Ct E gene, median (IQR) 20.2 (16.8-23.4) 20.5 (18.1-24.2) 20.5 (18.2-25.0) 18.6 (18.2-23.3)

Ct S/RdRP gene, median (IQR) 20.3 (16.6-23.3) 20.6 (18.5-25.0) 20.6 (17.5-25.0) 18.4 (17.6-22.2)

Ct N gene, median (IQR) 19.0 (15.3-22.4) 18.4 (15.8-22.1)d,e 22.3 (19.4-26.5)c,f,g 17.0 (15.8-21.9)

Ct, cycle threshold; IQR, interquartile range; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; VOC, variant of concern.
aThe table lists the prevalences of the indicated SARS-CoV-2 clades in the study cohort and validation cohort and their median (IQR, 25th-75th percentiles) Ct values on the Allplex 

SARS-CoV-2 Assay (Seegene). From left to right: all non-VOC lineages combined (for the detailed composition, see Supplementary Table 1), the B.1.1.7 UK variant (20I/501Y.V1 clade, 
VOC.V1), the South African B.1.351 lineage (20H/501Y.V2 clade, VOC.V2), and the Brazilian P.1 lineage (20J/501Y.V3, VOC.V3). Letters indicate corresponding statistical differences as 
calculated by Mann-Whitney U testing.

bIndicates differences of VOC.V1 with non-VOCs for which P < .05 was considered statistically significant.
cIndicates differences of VOC.V2 with VOC.V1 for which P < .05 was considered statistically significant.
dIndicates differences of the Ct N gene with the Ct E gene for which P < .05 was considered statistically significant.
eIndicates differences of the Ct N gene with the Ct S/RdRP gene for which P < .05 was considered statistically significant.
fIndicates differences of VOC.V2 with non-VOCs for which P < .05 was considered statistically significant.
gIndicates differences of VOC.V2 with VOC.V3 for which P < .05 was considered statistically significant.
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SARS-CoV-2 Assay. As a stand-alone test, this derived score can 
screen for infection by the South African B.1.351 (20H/501.V2) 
VOC with a sensitivity approaching 100% at an acceptable speci-
ficity of approximately 80%. Its high sensitivity thus ensures that 
all relevant samples are selected for subsequent reflex testing 
by mutation-specific PCRs or WGS, 2 tests that achieve near-
maximal specificity.

The methodological strengths of our study are (1) its use of inde-
pendent training and validation cohorts, both sufficiently sized and 
consisting of consecutive and representative samples; (2) the use 
of WGS as the gold standard to unambiguously determine clinical 
truth (exact viral lineage); and (3) the subsequent validation of our 
VOC.V2 probability score on PCR data obtained from an independ-
ent laboratory with a different RNA-extraction setup, highlighting 
that the model is robust and can also be implemented on Allplex 
SARS-CoV-2 Assay Ct data from other labs generated by other types 
of liquid handlers or thermal cyclers.

Limitations of our study are, first, that its application for B.1.351 
screening is transferable only to labs that use the Allplex SARS-
CoV-2 Assay, similar to the limitation of the SGFT feature in the 
TaqPath assay. Second, this application is time sensitive: the rel-
atively high mutation rate of coronaviruses results in a rapid evo-
lutionary rate. During preparation of the present report, both the 
B.1.1.7 and B.1.351 lineages have subsided and have been replaced 
by the B.1.617.2 lineage as the dominant strain, rendering B.1.351 
screening obsolete.

The possible impact of our findings on SARS-CoV-2 surveillance 
is predominantly conceptual and situated at epidemiological level 
1. The VOC.V2 probability score provided an immediate suggestion 
for an emerging VOC (B.1.351) based on the Ct results of the stand-
ard PCR (typically within 12 to 24 hours after sample reception), 
thus avoiding a delay of 24 hours to several days compared with 
mutation-specific PCR and WGS, respectively. This timing had no 
direct impact on individual patient management. It is also uncer-
tain if this rapid screening assisted in the regional containment of 
B.1.351 because this strain was clearly outcompeted by increasingly 
infectious variants—first B.1.1.7, and then B.1.617.2. Yet, scores such 
as our VOC.V2 probability score can be easily implemented on any 
multitarget SARS-CoV-2 PCR assay and, once modeled on any given 
assay or platform, can be exchanged with other users of this same 
assay or platform at no additional cost. The underlying N gene am-
plification delay in B.1.351 isolates in the widely used Allplex SARS-
CoV-2 Assay is thus comparable to a similarly informative artefact, 
the SGFT in the equally widely used TaqPath PCR assay. The latter 
formed the basis of a cost-effective 2-step screening approach for 
B.1.1.7 implemented in many countries and yielding dense epidemi-
ological data.17,18

Conceptually, our study shows that additional relevant diagnostic 
information can be extracted from raw PCR data and outlined an ap-
proach that can be iterated for other PCR assays, provided that a lab 
has access to a gold standard method for viral genotyping. Our study 
thus provides a straightforward framework for similar modeling on 
other PCR platforms for early detection of newly emerging viral strains. 
It provides a fast and cost-effective screening tool for the concerning 
B.1.351 SARS-CoV-2 variant based on secondary use of data from a 
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FIGURE 2 Diagnostic performance of the variant of concern (VOC).V2 probability score for detection of the B.1.351 variant vs all other lineages. A, 
Distribution of calculated VOC.V2 probability scores of non-VOC samples combined (n = 178), B.1.1.7 samples (n = 141), and B.1.351 samples (n = 78) 
in the study cohort. B, Receiver operating characteristic curve of the VOC.V2 probability score for detection of B.1.351 vs all other lineages combined 
(see also  TABLE 3 ). C, Likelihood (left y-axis) of the indicated result intervals of the VOC.V2 probability scores given the status of B.1.351 vs the status of 
non-VOCs or B.1.1.7 combined. Likelihood ratios (LRs) are shown on the right y-axis. D, Posttest probability for B.1.351 as a function of pretest probability 
and of the result interval of the VOC.V2 probability score. E, Summary of the diagnostic algorithm of the VOC.V2 probability score for screening of B.1.351.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcp/article/157/5/731/6415253 by H

asselt U
niversity user on 01 June 2022



© american society for clinical pathology 739Am J Clin Pathol 2022;157:731-741
https://doi.org/10.1093/ajcp/aqab186

De Smet et al  |  N  G E N E  D E L AY  F O R  S C R E E N I N G  O F  B. 1 . 3 5 1  S A R S - C OV- 2  L I N E A G E

TA
B

LE
 3

 D
ia

gn
os

tic
 P

er
fo

rm
an

ce
 o

f t
he

 V
O

C
.V

2 
P

ro
ba

bi
lit

y 
S

co
re

 in
 th

e 
S

tu
dy

 a
nd

 V
al

id
at

io
n 

C
oh

or
ts

 U
si

ng
 S

in
gl

e 
C

ut
of

f o
r 

M
ul

tip
le

 R
es

ul
t I

nt
er

va
ls

a

V
O

C
.V

2 
Pr

ob
ab

ili
ty

 S
co

re
B.

1.
35

1
A

ll 
O

th
er

 L
in

ea
ge

s 
C

om
bi

ne
d

LR
 (9

5%
 C

I)
Sn

, %
 (9

5%
 C

I)
Sp

, %
 (9

5%
 C

I)
PP

V
, %

 (9
5%

 C
I)

N
PV

, %
 (9

5%
 C

I)
A

cc
ur

ac
y,

 %
 (9

5%
 C

I)

St
ud

y 
co

ho
rt 

(n
 =

 3
97

)
n 

=
 7

8
n 

=
 3

19
–

–
–

–
–

–

 
Si

ng
le

 c
ut

of
f (

di
ch

ot
om

ou
s)

 
 

 
 

 
 

 
 

 
 

<
0.

12
1

25
5

0.
02

 (0
.0

0-
0.

11
)

98
.7

 (9
3.

1-
10

0.
0)

79
.9

 (7
5.

1-
84

.2
)

54
.6

 (4
6.

0-
63

.0
)

99
.6

 (9
7.

8-
10

0.
0)

83
.6

 (7
9.

7-
86

.9
)

 
 

≥0
.1

2
77

64
4.

92
 (3

.9
5-

6.
13

)

 
M

ul
tip

le
 re

su
lt 

in
te

rv
al

s
 

 
 

 
 

 
 

 

 
 

0.
00

-0
.1

2
1

25
5

0.
02

 (0
.0

0-
0.

11
)

–
–

–
–

–

 
 

0.
12

-0
.2

5
9

25
1.

47
 (0

.7
2-

3.
03

)

 
 

0.
25

-0
.5

0
21

23
3.

73
 (2

.1
8-

6.
39

)

 
 

0.
50

-1
.0

0
47

16
12

.0
1 

(7
.2

1-
20

.0
2)

Va
lid

at
io

n 
co

ho
rt 

(n
 =

 1
53

)
n 

=
 2

9
n 

=
 1

24
–

–
–

–
–

–

 
Si

ng
le

 c
ut

of
f (

di
ch

ot
om

ou
s)

 
 

 
 

 
 

 
 

 
 

<
0.

12
0

99
0.

00
 (0

.0
0-

0.
34

)
10

0.
0 

(8
8.

1-
10

0.
0)

79
.8

 (7
1.

7-
86

.5
)

53
.7

 (3
9.

6-
67

.4
)

10
0.

0 
(9

6.
3-

10
0.

0)
83

.6
 (7

7.
0-

88
.7

)

 
 

≥0
.1

2
29

25
4.

96
 (3

.4
9-

7.
04

)

 
M

ul
tip

le
 re

su
lt 

in
te

rv
al

s
 

 
 

 
 

 
 

 

 
 

0.
00

-0
.1

2
0

99
0.

00
 (0

.0
0-

0.
34

)
–

–
–

–
–

 
 

0.
12

-0
.2

5
1

11
0.

39
 (0

.0
5-

2.
89

)

 
 

0.
25

-0
.5

0
3

8
1.

60
 (0

.4
5-

5.
68

)

 
 

0.
50

-1
.0

0
25

6
17

.8
2 

(8
.0

5-
39

.4
1)

C
I, 

co
nf

id
en

ce
 in

te
rv

al
; L

R,
 li

ke
lih

oo
d 

ra
ti

o;
 N

PV
, n

eg
at

iv
e 

pr
ed

ic
ti

ve
 v

al
ue

; P
PV

, p
os

it
iv

e 
pr

ed
ic

ti
ve

 v
al

ue
; S

n,
 s

en
si

ti
vi

ty
; S

p,
 s

pe
ci

fic
it

y;
 V

O
C

, v
ar

ia
nt

 o
f c

on
ce

rn
.

a D
ia

gn
os

ti
c 

pe
rf

or
m

an
ce

 o
f t

he
 V

O
C

.V
2 

pr
ob

ab
ili

ty
 s

co
re

 a
s 

a 
se

pa
ra

te
 te

st
 re

su
lt

 fo
r d

et
ec

ti
on

 o
f t

he
 B

.1.
35

1 l
in

ea
ge

 c
om

pa
re

d 
w

it
h 

al
l o

th
er

 li
ne

ag
es

 c
om

bi
ne

d 
(n

on
-V

O
C

, B
.1.

1.7
, a

nd
 P

.1)
 w

as
 a

ss
es

se
d 

us
in

g 
a 

di
ch

ot
om

ou
s 

si
ng

le
-c

ut
of

f a
pp

ro
ac

h 
or

 b
y 

us
in

g 
LR

s 
(L

R,
 9

5%
 C

I)
 fo

r t
he

 in
di

ca
te

d 
m

ul
ti

pl
e 

re
su

lt
 in

te
rv

al
s 

in
 th

e 
st

ud
y 

(u
pp

er
 p

an
el

) a
nd

 v
al

id
at

io
n 

(l
ow

er
 p

an
el

) c
oh

or
ts

. F
or

 d
ic

ho
to

m
ou

s 
us

e,
 fr

om
 le

ft
 to

 ri
gh

t: 
Sn

, S
p,

 P
PV

, N
PV

 w
it

h 
95

%
 C

I. 
PP

V 
an

d 
N

PV
 b

as
ed

 o
n 

th
e 

ob
se

rv
ed

 
pr

ev
al

en
ce

s 
of

 B
.1.

35
1 i

n 
st

ud
y 

an
d 

va
lid

at
io

n 
co

ho
rt

s 
re

sp
ec

ti
ve

ly
.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcp/article/157/5/731/6415253 by H

asselt U
niversity user on 01 June 2022



© american society for clinical pathology740 Am J Clin Pathol 2022;157:731-741
https://doi.org/10.1093/ajcp/aqab186

         |   O r i g i n a l  a r t i c l e

widely used SARS-CoV-2 PCR. More generally, it outlines a straight-
forward strategy to create greater diagnostic value from available data.
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