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Abstract

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variant
of concern (VoC) Omicron (B.1.1.529) has rapidly spread around the world,
presenting a new threat to global public human health. Due to the large number
of mutations accumulated by SARS-CoV-2 Omicron, concerns have emerged over
potentially reduced diagnostic accuracy of reverse-transcription polymerase chain
reaction (RT-qPCR), the gold standard diagnostic test for diagnosing coronavirus
disease 2019 (COVID-19). Thus, we aimed to assess the impact of the currently
endemic Omicron sublineages BA.4 and BA.5 on the integrity and sensitivity of RT-
gPCR assays used for coronavirus disease 2019 (COVID-19) diagnosis via in silico
analysis. We employed whole genome sequencing data and evaluated the potential
for false negatives or test failure due to mismatches between primers/probes and
the Omicron VoC viral genome.

Methods: In silico sensitivity of 12 RT-gPCR tests (containing 30 primers and probe
sets) developed for detection of SARS-CoV-2 reported by the World Health
Organization (WHO) or available in the literature, was assessed for specifically
detecting SARS-CoV-2 Omicron BA.4 and BA.5 sublineages, obtained after
removing redundancy from publicly available genomes from National Center for
Biotechnology Information (NCBI) and Global Initiative on Sharing Avian Influenza
Data (GISAID) databases. Mismatches between amplicon regions of SARS-CoV-2
Omicron VoC and primers and probe sets were evaluated, and clustering analysis of
corresponding amplicon sequences was carried out.

Results: From the 1164 representative SARS-CoV-2 Omicron VoC BA.4 sublineage
genomes analyzed, a substitution in the first five nucleotides (C to T) of the
amplicon's 3'-end was observed in all samples resulting in 0% sensitivity for assays
HKUnivRdRp/Hel (mismatch in reverse primer) and CoremCharite N (mismatch in
both forward and reverse primers). Due to a mismatch in the forward primer's 5’-end
(3-nucleotide substitution, GGG to AAC), the sensitivity of the ChinaCDC N assay
was at 0.69%. The 10 nucleotide mismatches in the reverse primer resulted in 0.09%
sensitivity for Omicron sublineage BA.4 for Thai N assay. Of the 1926 BA.5
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sublineage genomes, HKUnivRdRp/Hel assay also had 0% sensitivity. A sensitivity of
3.06% was observed for the ChinaCDC N assay because of a mismatch in the
forward primer's 5'-end (3-nucleotide substitution, GGG to AAC). Similarly, due to
the 10 nucleotide mismatches in the reverse primer, the Thai N assay's sensitivity
was low at 0.21% for sublineage BA.5. Further, eight assays for BA.4 sublineage
retained high sensitivity (more than 97%) and 9 assays for BA.5 sublineage retained
more than 99% sensitivity.

Conclusion: We observed four assays (HKUnivRdRp/Hel, ChinaCDC N, Thai N,
CoremCharite N) that could potentially result in false negative results for SARS-CoV-
2 Omicron VoCs BA.4 and BA.5 sublineages. Interestingly, CoremCharite N had 0%
sensitivity for Omicron Voc BA.4 but 99.53% sensitivity for BA.5. In addition,
66.67% of the assays for BA.4 sublineage and 75% of the assays for BA.5 sublineage
retained high sensitivity. Further, amplicon clustering and additional substitution
analysis along with sensitivity analysis could be used for the modification and
development of RT-gPCR assays for detecting SARS-CoV-2 Omicron VoC

sublineages.

KEYWORDS

1 | INTRODUCTION

The emergence of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) B.1.1.529 lineage presents a new threat to global
public human health and coronavirus disease 2019 (COVID-19)
pandemic containment efforts.! Due to an unprecedented number of
mutations, the high potential for transmission and immune escape,
both leading to rapid global spread and an increasing number of
cases, the World Health Organization (WHO) labeled B.1.1.529
as Omicron Variant of Concern (VoC) and has called for immediate
global action in response.?

SARS-CoV-2 is a positive-sense, single-stranded RNA virus, with
a genome of ~30000 base pairs in length.®> As officially recom-
mended by the WHO* and International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC)® the current gold standard
diagnostic assay for detecting SARS-CoV-2 in human specimens is a
Nucleic Acid Amplification Test (NAAT); more specifically, a quantita-
tive reverse-transcription polymerase chain reaction (RT-gPCR), to
detect viral RNA in clinical specimens, most commonly, from
nasopharyngeal or oropharyngeal swabs. RT-qPCR employs three
oligonucleotides: a forward primer, a reverse primer, and a probe,
which specifically hybridize with respective sequence targets in the
SARS-CoV-2 genome between where the forward and reverse
primers recognize.® Subsequent amplification of the viral genome
and production of a fluorescence indicator by the probe during
repeated application cycles, leads to the identification and possible
quantification of SARS-CoV-2 RNA.® Given the high accuracy and

amplicon, BA.4 sublineage, BA.5 sublineage, COVID-19, detection, in silico sensitivity
assessment, mismatches, Omicron, primers and probes, RT-gPCR, SARS-CoV-2, substitutions,
variant, whole genome sequencing data

rapid turnaround times, NAAT are the most widely used tests by
clinical laboratories for COVID-19 diagnostics.” However, this
accuracy is threatened by the rapid evolution of SARS-CoV-2, in
which some RT-gPCR assays may lose sensitivity due to mutations in
the viral genome of newly evolving SARS-CoV-2 VoC.%”

The most likely sources of RT-gPCR false negative results are
preanalytical errors.® Problems can arise from specimen collection (e.g.,
swab), handling, transport and storage, inappropriate and/or inadequate
swab quality, and/or volume.® Other analytical errors, such as testing
carried out outside of the reasonable diagnostic window, as well as
mismatches between primers/probes and viral genome due to emerging
mutations, remain a threat to diagnostic accuracy in the context of novel
SARS-CoV-2 VoC.2 Mutations located in regions hybridizing with the 3'-
end of primers are the most sensitive, with a single mismatch in an
annealing site leading to inhibition of amplification and potential reduced
diagnostic accuracy and/or false negative results.” > Mutations located
in regions hybridizing with 5’-end of primers or other annealing segments
of the oligonucleotide may have a more variable impact. Nevertheless,
2-3 mismatches in such regions may result in reduced RT-gPCR
performance.” 3

Given that SARS-CoV-2 Omicron VoC displays a high mutational
profile, evaluation of all diagnostic assays (molecular and antigen
immunoassays) should be urgently performed to ensure diagnostic
accuracy and proper identification of COVID-19 cases. Indeed, the
United States (US) The food and Drug Administration (FDA) has
already noted potential issues with several diagnostic assays in the
context of the SARS-CoV-2 Omicron VoC.'* With respect to
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TABLE 1

>10% mismatches in the annealing sites of

primers and probes

No. of

Mismatches in the first five nucleotides of

the primer's 3’ end

No. of

False negative

results®

Target

Assay gene

Sensitivity (%)

Substitutions in genome

genome

Substitutions in genome

genomes

Assay name

99.74

3

Pb TGACTAAGTCTCATCGGCGGGCACG

1

SigmAldr Sé

S-6

11

Pb AGACTAAGTCTCATCTGCGGGCACG

Pb AGACTAAGTCTCATCGGCGGGTACG

1

100.00

Huang E

12

Note: Results were obtained from 1164 BA.4 sublineage genomes. The mismatches are shown in bold and underline. The forward (Fw) and reverse (Rv) primers, and probe (Pb) sequences are directed from

5'-3". The Rv primer sequences are reverse complemented. The substitutions represent mutations in the genome sequences.”*” represents that no mismatches are obtained by SCREENED.

Abbreviation: gRT-PCR, quantitative reverse-transcription polymerase chain reaction.
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RT-gPCR, previous in silico studies evaluating less mutated variants
have demonstrated several mismatches, including mutations located
in oligonucleotide annealing sites, which may reduce the sensitivity
for some NAAT.”1>1¢ Besides, there is a need for development of
primers specific for Omicron VoC due to several mutations in the
currently available primer target genes.'*

RT-gPCR primers and probes are generally designed to hybridize
with relatively conserved sequences in the SARS-CoV-2 RNA genome,
with most assays targeting one or more of the coding sequences for Spike
(S), Envelope (E), and Nucleocapsid (N) structural proteins and Open
Reading Frame (ORF) ORF1ab, which encodes the viral RNA-dependent
RNA polymerase (RdRp).>~"151¢ Mutations in all of the above genes
are observed in the SARS-CoV-2 Omicron VoC, including over
30 nonsynonymous mutations in the S, a nonsynonymous mutation in
the E, multiple amino acid substitution, and a deletion in the N, and
multiple nonsynonymous mutations in ORF1ab. The nonstructural protein
(nsp)12, the RdRp which is a defined target for multiple antiviral drugs,
such as molnupiravir’” and remdesivir® is encoded by ORFlab. An
overview of the mutations found in the sublineages of SARS-CoV-2
Omicron VoC is provided in Table 1.1

Here, we aimed to assess the potential impact of Omicron VoC on
the integrity of RT-qPCR assays currently used for COVID-19 diagnosis
and evaluate the potential for false negatives or test failure due to
mismatches between primers/probes and viral genome. The primers and
probes used in this study are those for which the sequences are publicly
available and thus we were able to analyze them. Most of the RT-gPCR
assays used in this study are the World Health Organization (WHO)
recommended publicly available RT-gPCR tests for SARS-CoV-2
detection mentioned in their published technical guidance,20 while
others were identified in the literature. Ideally, the evaluation of
diagnostic assays should be performed in vitro by qualified personnel at
clinical and research laboratories. However, the limited access to the
Omicron VoC, including the multiple sublineages, limited availability
of reagents and assays due to global laboratory shortages, and lack of
personnel as recently noted in a survey by the American Association
of Clinical Chemistry (AACC)*! and all primers/probes needed to
perform such comprehensive evaluation has decelerated the assess-
ment. Therefore, a bioinformatics approach, using an in silico specificity
(sensitivity) evaluation, as recently demonstrated by Gand et al.,”*®
Khan et al.,'® and Nayar et al.® can be useful for initial and rapid
evaluation. Thus, it is critical to take full advantage of the immense
efforts of the scientific community, especially in South Africa, to
generate whole genome sequencing (WGS) data that are made publicly
available in databases such as National Center for Biotechnology
Information (NCBI) and Global Initiative on Sharing Avian Influenza Data
(GISAID).

In this study, the in silico sensitivity of 12 RT-gqPCR tests
(containing 30 primers and probe sets) developed for detection of
SARS-CoV-2 was assessed for detecting SARS-CoV-2 BA.4 and BA.5
Omicron VoCs sublineages as classified by Pangolin, obtained after
removing redundancy from publicly available genomes from NCBI
and GISAID databases. Mismatches between the amplicon regions of
the SARS-CoV-2 Omicron VoC and primers and probe sets were
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evaluated and clustering analysis of corresponding amplicon
sequences was carried out. Moreover, we have used an in silico
approach to design primers specific for BA.4 and BA.5 sublineages,

which will facilitate the development of more accurate primers.

2 | METHODOLOGY

2.1 | Data set

Whole genome sequencing data of the SARS-CoV-2 Omicron
(B.1.1.529) VoCs BA.4 and BA.5 sublineage were downloaded from
GISAID EpiCoV (https://www.epicov.org, 3905, and 4207 genome
sequences, respectively) and NCBI virus (https://www.ncbi.nlm.nih.
gov/labs/virus/, 660 and 567 genome sequences) databases on
June 2, 2022. The geographical distribution of genome sequences
is shown in Figure 1. To minimize the sequencing errors, the
filters used for selecting data from GISAID were, “Complete” which
means only complete genome sequences (>29 000 nt) were
selected, and “low coverage excl,” that is, entries with more than
5% unknowns (“Ns”) were excluded. For NCBI genomes, data were
selected based on filters, “SARS-CoV-2" as the virus (taxid:
2697049), “Homo sapiens” as the host (taxid: 9606), and “BA.4"
or “BA.5" as the Pango lineage. A total of 30 primers and probes
sets were evaluated, which are parts of 12 RT-qPCR tests
developed for detecting SARS-CoV-2.

2.2 | Selection of representative genomes by
sequence identity clustering

The clustering of Omicron VoC sequences was performed to remove
redundancy in the data set. All the downloaded sequences were
clustered using CD-HIT-EST version 4.6.8 (https://github.com/
weizhongli/cdhit) (developed by Weizhong Li's lab at UCSD, USA)
setting sequence identity cut-off equal to 1.0 (other parameters were
left at default settings). Representative genomes of lower quality,
that is, showing more than three ambiguous nucleotides (such as “N”)
in the genomic regions targeted by the evaluated RT-gPCR assays

9 0
( A) 1% . 1%
25%
36% 2%
= Africa = Asia = Europe = North America = Oceania = South America

were removed. A total of 3539 clusters of sequences were obtained
from CD-HIT-EST for SARS-CoV-2 Omicron BA.4 sublineage, and
3566 clusters for BA.5 sublineage. Total sequences after removing
redundancy and taking high-quality sequences were 1164 for BA.4
and 1926 for BA.5 sublineage of Omicron VoC.

2.3 | Evaluation of in silico analytical sensitivity
The evaluation of the RT-qPCR tests was done through in silico
sensitivity analysis. A theoretical positive RT-gPCR signal (the primers
could successfully anneal to the genome sequence) was considered
based on the criteria used by SCREENED version 1.0 (polymeraSe
Chain Reaction Evaluation through largE-scale miNing of gEnomic
Data) developed by Vanneste et al., Belgium.*® The settings used by
SCREENED for a positive RT-gPCR signal are:

(i) No mismatch was observed in the initial five nucleotides of
primers' 3'-end;
(i) Total number of mismatches was not more than 10% of
oligonucleotides length; and,
(iii) 90% or more of the oligonucleotides sequence accurately aligned

with their targets.” 1315

The sensitivity is known as the potential of a method to detect
varying targets by a positive relation. Therefore, the in silico
sensitivity was calculated as the ratio of the number of genomes
detected, that is, producing a positive RT-qPCR signal to the total
number of genomes analyzed.

The in silico sensitivity was evaluated as shown in Equation (1).

SARS - CoV - 2 genomes detected
SARS - CoV - 2 genomes analyzed
SARS - CoV - 2 genomes detected
SARS - CoV - 2 genomes analyzed

Sensitivity (%) = ( ) x 100

Sensitivity (%) = [ ] x 100.

1

The in silico sensitivity of an assay is more qualitative than
quantitative as it signifies whether the genome is detected and could

relate to the diagnostic sensitivity of the assay.

®) %
15%
1%
65%
= Africa = Asia Europe = North America = Oceania = South America

FIGURE 1 Geographical distribution of (A) 1164 BA.4 and (B) 1926 BA.5 sublineage genomes.
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2.4 | Design of SARS-CoV-2 primers specific to
Omicron VoCs BA.4 and BA.5 sublineage

The sequences representing Wuhan-Hu-1, Alpha, Beta, Gamma,
Delta, Lambda, Mu, Omicron BA.4 and Omicron BA.5 SARS-CoV-2
variants of concern were aligned using MAFFT version 7 developed
by Katoh et al., Japan?? with default parameters. SARS-CoV-2
genome Wuhan-Hu-1 was considered as the reference for the

alignments (GenBank accession: NC_045512). The alignments were

MEDICAL VIROLOGY

viewed using Jalview software (version 2 by Waterhouse et al., UK).2®
The regions of the SARS-CoV-2 Omicron BA.4 and BA.5 sublineage
genome, containing mutations compared to the reference genome,
were considered for development of BA.4 and BA.5 specific primers.
The characteristics of the designed primers were then assessed using
Primer-BLAST (by Ye et al., USA).?* We selected 10 primer pairs
based on the low self-complementarity for total annealing, max 6
nucleotides, and also for annealing in the 3' region, max 4

nucleotides.

TABLE 2 Amplicon clusters among the SARS-CoV-2 Omicron BA.4 sublineage sequences amplified by the evaluated primers and probes

and percentage of genomes within the largest three clusters.

Assay Target gene Assay name No. of clusters Cluster | (%) Cluster 1l (%) Cluster Il (%)
1 N ChinaCDC N 15 98.1 0.6 0.17
1 ORF1ab ChinaCDC ORF1ab 9 98.7 0.43 0.26
2 RdRp P1 CoremChariteRdRp P1 4 96.9 2.23 0.77
2 RdRp P2 CoremChariteRdRp P2 4 96.9 2.23 0.77
2 = CoremCharite E 5 99.23 0.09 0.09
2 N CoremCharite N 10 97.16 1.2 0.95
3 RdRp I1P2 Pasteur RdRp IP2 8 98.45 0.86 0.17
3 RdRp IP4 Pasteur RdRp IP4 4 99.74 0.09 0.09
3 E Pasteur E 5 99.23 0.52 0.09
4 N-1 USCDC N1 6 99.4 0.26 0.09
4 N-2 USCDC N2 4 96.9 2.92 0.09
4 N-3 USCDC N3 6 97.5 1.2 0.94
5 N Japan N 13 95.45 2.92 0.69
6 ORF1b/NSP14 HKFacMed ORF1b/ 12 98.19 0.86 0.17
nsp14
6 N HKFacMed N 9 96.48 2.92 0.09
7 N Thai N 9 98.54 0.43 0.26
8 RdRp/Hel HKUnivRdRp/Hel 7 99.31 0.17 0.17
8 S HKUniv S 14 92.53 5.67 0.34
8 N HKUniv N 6 98.88 0.69 0.17
9 ORF1a RoujianLu ORF1a 3 99.83 0.09 0.09
10 RdRp Won RdRp 4 96.9 2.23 0.77
10 S Won S 2 99.91 0.09 0
10 = Won E 5 99.23 0.51 0.09
10 N Won N 11 99.14 0.09 0.09
11 N-1 SigmAldr N1 19 97.42 0.6 0.34
11 N-2 SigmAldr N2 19 97.42 0.6 0.34
11 ORF1a-3 SigmAldr ORF1ab3 16 91.5 6.01 1.2
11 ORF1a-4 SigmAldr ORF1ab4 17 91.32 6.01 1.2
11 S-5 SigmAldr S5 15 93.73 3.6 0.69
11 S-6 SigmAldr Sé 21 92.61 3.6 0.69
12 E Huang E 4 99.74 0.09 0.09
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(Continued)

TABLE 3

Mismatches in the first five nucleotides of the primer's 3’ end >10% Mismatches in the annealing sites of primers and probes

No. of

False-negative

results*

No. of

Target

Assay gene

Sensitivity (%)

Substitutions in genome

genome

Substitutions in genome

genomes

Assay name

99.74

Pb AGACTAAGTCCCATCGGCGGGCACG

Pb AAACTAAGTCTCATCGGCGGGTACG

SigmAldr Sé

S-6

11

Pb AGACTAAGTCTAATCGGCGGGCACG

Pb AGACTAAGTCTCATCGGCGGGTACG

Pb AGACTAAGTCTCATCGTCGGGCACG

100.00

Huang E

12

Note: Results were obtained from 1926 BA.4 sublineage genomes. The mismatches are shown in bold and underline. The forward (Fw) and reverse (Rv) primers, and probe (Pb) sequences are directed from

5'-3". The Rv primer sequences are reverse complemented. The substitutions represent mutations in the genome sequences. “*” represents that no mismatches are obtained by SCREENED.

Abbreviation: gRT-PCR, quantitative reverse-transcription polymerase chain reaction.

SHARMA ET AL.

3 | RESULTS

SCREENED was used for investigating the in silico sensitivity of
30 primers and probe sets from 12 RT-gPCR assays targeting different
regions of the SARS-CoV-2 genome. After data preprocessing, we
utilized 1164 representative genomes from BA.4 sublineage and 1926
from BA.5 sublineage SARS-CoV-2 Omicron VoCs genomes.

3.1 | Determination of sensitivity for RT-qPCR
assays

3.1.1 | For SARS-CoV-2 Omicron VoC BA4
sublineage

Our results in Table 1 indicate that all of the 1164 BA.4 sublineage
genomes produced a false negative (genome could not be amplified in
silico by the RT-qPCR assay) result for HKUnivRdRp/Hel and
CoremCharite N assay because of substitution in the first five
nucleotides of the amplicon for reverse primer's 3' end (C to T), and
thus resulting in 0% sensitivity of this test. A sensitivity of 0.69% was
observed for the ChinaCDC N assay owing to a mismatch in the
forward primer's 5'end (3-nucleotide substitution, GGG to AAC),
resulting in a false negative result for as many as 1153/1164
genomes. For the Thai N assay, 1163/1164 genomes could not be
detected correctly, yielding 0.09% sensitivity mainly because of
10 nucleotide mismatches in the reverse primer. A sensitivity of
100% was obtained for assays CoremCharite E, Pasteur RdRp IP4,
Pasteur E, USCDC N1, HKFacMed ORF1b/nsp14, HKUniv S, HKUniv
N, RoujianLu ORF1a, Won RdRP, Won S, Won E, and Huang E as
presented in Table 1, which means that these assays resulted in in
silico amplification of all BA.4 sublineage genomes included in our
analysis. All other assays showed a sensitivity of more than 99%
except USCDC N2 (i.e., a sensitivity of 97.08%).

3.1.2 | For SARS-CoV-2 Omicron BA.5 sublineage

Results in Table 3 indicate that all of the 1926 BA.5 sublineage genomes
produced a false negative (genome could not be amplified in silico by
the RT-qPCR assay) result for HKUnivRdRp/Hel assay because of
substitution in the first five nucleotides of the amplicon for reverse
primer's 3" end (C to T), thus resulting in 0% sensitivity of this test. A
sensitivity of 3.06% was observed for the ChinaCDC N assay owing to a
mismatch in the forward primer's 5’ end (3-nucleotide substitution,
GGG to AAC), resulting in a false negative result for 1862/1926
genomes. For the Thai N assay, 1890/1926 genomes could not be
detected correctly, which yielded 0.21% sensitivity mainly because of
10 nucleotide mismatches in the reverse primer. A sensitivity of 100%
was obtained for assays ChinaCDC ORF1ab, CoremCharite E, Pasteur E,
Japan N, HKFacMed ORF1b/nsp14, HKUniv S, Won RdRP, Won S,
Won E, SigmAldr N1, and Huang E as presented in Table 3, which means
that these assays resulted in in silico amplification of all BA.5 sublineage
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genomes included in our analysis. All other assays showed a sensitivity
of more than 99%.

3.2 | Analysis of the amplicon clusters

SCREENED also clustered the amplicon sequences from all genomes
analyzed in our study targeted by the evaluated primers/probes. For

each RT-gPCR assay, genomes were clustered based on the identical

TABLE 4 Amplicon clusters among
the SARS-CoV-2 Omicron BA.5

sublineage sequences amplified by the
evaluated primers and probes and 1 N
percentage of genomes within largest

Target

Assay gene

1 ORF1lab
three clusters.

2 RdRp P1

2 RdRp P2

2 E

2 N

3 RdRp IP2

3 RdRp 1P4

3 E

4 N-1

4 N-2

4 N-3

5 N

6 ORF1b/
NSP14

6 N

7 N

8 RdRp/Hel

8 S

8 N

9 ORF1la

10 RdRp

10 S

10 E

10 N

11 N-1

11 N-2

11 ORF1a-3
11 ORF1la-4

11 S-5
11 S-6
12 E

MEDICAL VIROLOGY

amplicon sequence, where the greater number of clusters represents
a higher diversity of the genomic region. The total number of clusters
obtained for each assay and redistribution of genomes in the top
three clusters (from largest to smallest) are shown in Tables 2 and 4
for BA.4 and BA.5 sublineages respectively. For BA.4, SigmAldr S6
showed the largest amplicon diversity with 21 clusters followed by
SigmAldr N1 and N2 with 17 clusters. For BA.5, CoremCharite N
andSigmAldr N2 showed the largest diversity with 25 clusters
followed by SigmAldr N1 and SigmAldr S6 with 24 clusters.

No. of Cluster Cluster Cluster
Assay name clusters 1 (%) 11 (%) 111 (%)
ChinaCDC N 17 96.21 2.49 0.31
ChinaCDC ORF1ab 9 98.7 0.88 0.1
CoremChariteRdRp P1 7 96.94 2.23 0.57
CoremChariteRdRp P2 7 96.94 2.23 0.57
CoremCharite E 4 99.37 0.67 0.05
CoremCharite N 25 97.46 0.36 0.31
Pasteur RdRp 1P2 15 98.29 0.36 0.31
Pasteur RdRp 1P4 8 99.53 0.1 0.1
Pasteur E 4 99.22 0.67 0.05
USCDC N1 20 75.03 23.68 0.21
USCDC N2 6 99.69 0.1 0.05
USCDC N3 18 89.87 7.42 1.25
Japan N 12 99.12 0.21 0.16
HKFacMed ORF1b/ 13 98.6 0.31 0.26
nspl4

HKFacMed N 9 99.38 0.21 0.1
Thai N 19 75.03 22.43 1.04
HKUnivRdRp/Hel 11 98.8 0.31 0.26
HKUniv S 13 90.7 5.3 2.13
HKUniv N 9 99.06 0.26 0.2
RoujianLu ORF1a 10 99.22 0.26 0.16
Won RdRP 8 96.88 2.23 0.57
Won S 7 99.64 0.1 0.05
Won E 4 99.22 0.67 0.05
Won N 18 98.23 0.31 0.26
SigmAldr N1 24 95.53 25 0.21
SigmAldr N2 25 95.48 25 0.21
SigmAldr ORF1ab3 20 93.25 3.27 21
SigmAldr ORF1ab4 22 93.15 3.27 21
SigmAldr S5 15 97.3 1.5 0.36
SigmAldr Sé 24 96.31 15 0.36
Huang E 4 99.22 0.67 0.05
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FIGURE 2 Alignment of VoCs with primer pair 4 specific to BA.4 and BA.5 sublineage. VoC, variant of concern.

TABLE 6 Assays with potentially false negative results based on in silico analysis

—Wl LEY 13 of 15

22820 22830
CAA)
CAA)
CAA)
CAA)
CAA)
CAA)
CAA)
CCAA

Assay Source/Country BA.4 | BAS
1 Chinese Center for Disease Control and Prevention, China
2 Charité Hospital, Germany
3 Pasteur Institute, France
4 Centers for Disease Control and Prevention, USA
5 National Institute of Infectious Diseases, Japan
6 Li Ka Shing Faculty of Medicine, The University of Hong Kong,
China
7 Ministry of Public Health, Thailand
8 University of Hong Kong/Queen Elizabeth Hospital, China
9 Lu et al., China
10 Won et al., Korea
11 Sigma-Aldrich, USA
12 Huang et al., China

Note: Red indicates risk of false negatives (low sensitivity, <99% for all primers and probes in assay). Green indicates low risk of false negative (high

sensitivity, 299% for all primers/probes in assay).

3.3 | Primers specific for BA.4 and BA.5 sublineage
Table 5 represents the seven designed primers specific for BA.4 and BA.5
sublineage, two primers specific for BA.4, and one primer specific for
BA.5. These primers target ORF1ab, S, E, M, N, ORF6, ORF7a, and ORF8
regions of the SARS-CoV-2 genome. These primers have high specificity,
low self-complementarity, and optimum GC content and Tm required for
annealing of primers with the genome in vitro. Figure 2 represents the
alignment of the VoCs with primer pair 4, showing the specificity towards
BA.4 and BA.5 sublineage.

4 | DISCUSSION

With an increasing number of mutations in SARS-CoV-2 emerging VoCs,
as in B.1.1.529 (also commonly known as “Omicron”), the evaluation of
current RT-qPCR assays used for detecting SARS-CoV-2 is important for
accurate diagnosis of acute viral infection. Evaluation of these assays in
the wet laboratory is limited in this rapidly evolving SARS-CoV-2 Omicron

VoC outbreak, because of the time constraint and lack of representative
strains available for clinical laboratories, as previously noted.?> Therefore,
an in silico approach was used to evaluate the sensitivity of current
RT-qPCR assays (Table 6) using the whole genome sequencing data of
SARS-CoV-2 Omicron VoCs BA.4 and BA.5 (particularly from the publicly
available GISAID database), and employing suitable bioinformatics
tools.”?> Using our in silico approach for primer design, we take into
account many more sequences than traditionally done, thus enabling the
design of highly accurate and flexible primers that are then tested against
many sequences (unlike traditional primer design). This approach could
help researchers design primers in a quick and rapid manner. From the
NIHRIO COVID-10 directory,?® which compiles the diagnostic landscape
of SARS-CoV-2 globally, the majority of the nucleic acid tests (NAT) that
are capable of recognizing the Omicron variant use the N1, N2, and
ORF1ab genes to detect the presence of the virus. Since our study
demonstrated that poor sensitivity is independent of the target gene
amplified (e.g., both ChinaCDC and Hong Kong University N assays
amplified the N gene, but ChinaCDC N assay had poor sensitivity), it may
be difficult to track each assay used in the market. This is because
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product information documents provided by different companies for their
respective regulatory agencies do not usually include the protocol from
the country or company of origin from which the target gene was
determined. Hence, we recommend organizations such as the WHO issue
statements to biotechnology companies manufacturing COVID-19 NAT
test kits that would ensure the accuracy and validity of their target gene
protocol.

One of the limitations of the study is the lack of experimental
validation. While there are disparities between in silico and in vitro
experiments, experimental validation would be time-demanding in such a
manner that by the date this would be accomplished, the virus would
have indeed mutated again and the work irrelevant. Hence, to screen and
identify potential issues with the diagnostic performance of assays in an
extremely rapid manner following the emergence of new variants, in silico
analysis was performed. As such, laboratories around the world would be
aware of potential issues and be enabled with the data provided in our

article to explore further and design appropriate wet lab experiments.

5 | CONCLUSION

In our in silico analysis evaluating 12 RT-qPCR assays with a total of 30
primers and probes, for SARS-CoV-2 Omicron BA.4 and BA.5 sublineage,
four assays (HKUnivRdRp/Hel, ChinaCDC N, Thai N, CoremCharite N)
demonstrated potential for false negatives. Many mutations in the
SARS-CoV-2 Omicron VoC genomes led to the low sensitivity of the
included RT-gPCR assays because the new mutated sequences do not
anneal with the retained sequences of the primers for the given tests.
Apart from the sensitivity analysis, the amplicon sequence clustering and
design of specific primers revealed the potential new primer and probe
sequences that could be used for the development of RT-gPCR tests for
detecting the SARS-CoV-2 Omicron VoC sublineages. As the number of
SARS-CoV-2 Omicron VoC sequences is increasing rapidly, our analysis
on a larger data set could reveal more mutations and amplicon clusters,
thus providing more insights into the specificity of RT-qPCR assays. The
effect of mismatches in primers and probe sets revealed in this study on
the sensitivity of RT-gPCR assays could be further investigated in the wet
laboratory for the preparation of more specific diagnostics for SARS-CoV-
2 Omicron VoC detection. Lastly, given the number of unresolved
potential issues with COVID-19 diagnosis testing with respect to
Omicron VoC, symptomatic patients, vulnerable patients, or those with
high-risk contact with infected patients, but testing negative, should be
confirmed as being “true” negative by using a second assay (ie.,
alternative RT-gPCR or SARS-CoV-2 antigenic assays).
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