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Abstract: Throughout the coronavirus disease 2019 (COVID-19) pandemic, severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) has continuously evolved, resulting in new variants,
some of which possess increased infectivity, immune evasion, and virulence. Such variants have
been denoted by the World Health Organization as variants of concern (VOC) because they have
resulted in an increased number of cases, posing a strong risk to public health. Thus far, five VOCs
have been designated, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron
(B.1.1.529), including their sublineages. Next-generation sequencing (NGS) can produce a significant
amount of information facilitating the study of variants; however, NGS is time-consuming and
costly and not efficient during outbreaks, when rapid identification of VOCs is urgently needed. In
such periods, there is a need for fast and accurate methods, such as real-time reverse transcription
PCR in combination with probes, which can be used for monitoring and screening of the popu-
lation for these variants. Thus, we developed a molecular beacon-based real-time RT-PCR assay
according to the principles of spectral genotyping. This assay employs five molecular beacons
that target ORF1a:∆S3675/G3676/F3677, S:∆H69/V70, S:∆E156/F157, S:∆N211, S:ins214EPE, and
S:∆L242/A243/L244, deletions and an insertion found in SARS-CoV-2 VOCs. This assay targets
deletions/insertions because they inherently provide higher discrimination capacity. Here, the design
process of the molecular beacon-based real-time RT-PCR assay for detection and discrimination of
SARS-CoV-2 is presented, and experimental testing using SARS-CoV-2 VOC samples from reference
strains (cultured virus) and clinical patient samples (nasopharyngeal samples), which have been
previously classified using NGS, were evaluated. Based on the results, it was shown that all molecular
beacons can be used under the same real-time RT-PCR conditions, consequently improving the time
and cost efficiency of the assay. Furthermore, this assay was able to confirm the genotype of each of
the tested samples from various VOCs, thereby constituting an accurate and reliable method for VOC
detection and discrimination. Overall, this assay is a valuable tool that can be used for screening and
monitoring the population for VOCs or other emerging variants, contributing to limiting their spread
and protecting public health.

Keywords: COVID-19; SARS-CoV-2; variants of concern; molecular beacons

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is the causative
agent of coronavirus disease 2019 (COVID-19), emerged in December 2019 in Wuhan,
China [1]. SARS-CoV-2 quickly began to spread around the world, and the World Health
Organization (WHO) declared it a pandemic by March 2020 [2]. As of December 2022,
SARS-CoV-2 has been responsible for approximately 650.7 million cases and 6.7 million
deaths worldwide [3,4], which is a testament to the overwhelmingly high transmission and
infection capabilities of the virus.
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The sustained transmission and replication of SARS-CoV-2, coupled with evolutionary
pressures, such as the hosts’ immune system, antivirals, and vaccination, have contributed
to the continuous evolution of this virus, the accumulation of mutations, and the differenti-
ation of SARS-CoV-2 viral genomes into new variants [5–14]. In fact, the WHO has denoted
certain SARS-CoV-2 viral genomes that have emerged over the course of the pandemic
as variants of concern (VOCs) due to the risk they pose to public health as a result of
their increased infectivity, immune evasion, and virulence (Figures 1 and 2) [13–15]. Five
VOCs have been denoted thus far, Alpha (WHO Greek alphabet nomenclature) (B.1.1.7,
Pango classification system), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron
(B.1.1.529), including their sublineages (Figures 1 and 2) [13,16]. These VOCs have led to
new outbreaks and waves, with massive surges of new SARS-CoV-2 infections, which have
prompted global screening efforts for their identification and monitoring [17–19].
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Figure 1. A schematic representation of SARS-CoV-2 variants of concern (VOCs). The VOC clas-
sification according to the WHO (The World Health Organization) nomenclature, as well as the
Pango lineage, are written above each virion. Virions of Alpha (B.1.1.7) (green), Beta (B.1.351) (yel-
low), Gamma (P.1) (dark blue), Delta (B.1.617.2) (light blue), and BA.1 sublineage of the Omicron
(B.1.1.529) VOC/lineages (purple) are shown [39]. The gray arrows indicate the month of the VOC
designation by the WHO [13]. The gray bracket shows other sublineages of Omicron (B.1.1.529)
in addition to BA.1 that have been prevalent: BA.2 (dark pink), BA.4 (orange), and BA.5 (dark
orange) [40]. The illustration of the spike proteins on the colored virions underneath the names of
each VOC/lineage, as also seen in figures below, was produced by PyMol (Version 2.4.1, Schrödinger,
LLC, https://www.pymol.org, accessed on 18 February 2021) and is based on data derived and
adapted from Protein Data Bank entry 6XEY [41,42], as well as other sources used to outline spike
protein domains [43–52].

https://www.pymol.org
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Figure 2. A graphical depiction of S protein mutations of SARS-CoV-2 VOCs. The figure shows
the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (BA.1, BA.2, BA.4,
BA.5) VOCs/lineages (colored virions). The colored cylinder on the top part of the figure shows the
domains of the S protein based on Wuhan-Hu-1 [43–52]. The gray cylinders show the mutations
found in different SARS-CoV-2 VOCs, as indicated with black arrows. The mutations indicated
in the S protein of each VOC were derived from data provided by the WHO (The World Health
Organization) [13].

The most detailed method to identify such variants and the mutations they encompass
is next-generation sequencing (NGS) [18,20–22]. Although NGS can yield a large amount
of information, it requires a greater amount of time to yield results than methods based on
polymerase chain reaction (PCR), and, as such, it is not an ideal approach during outbreaks
caused by an emerging variant or when the incidence of infection is high [18,20]. A more
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suitable PCR-based method that allows for detection and tracking of variants such as VOCs
is real-time reverse transcription PCR (real-time RT-PCR), especially when combined with
probes, such as molecular beacons, as it yields results in a short amount of time [18,19,23–25].
Additionally, this method is accessible to the majority of laboratories around the world,
especially in resource-limited settings, because it is not costly to implement [20].

Consequently, we developed a molecular beacon-based real-time RT-PCR method
to detect and discriminate between VOCs according to an adaptation of the principles
of spectral genotyping [26]. This assay employs a combinatorial pattern-based reporting
system to achieve discrimination by using multiple molecular beacons at the same time,
each targeting different deletions/insertion, found in different genome locations of SARS-
CoV-2. The reason for targeting deletions and an insertion for this assay was owing to
the high discriminatory power they inherently confer as a result of the larger nucleotide
difference between genomes with and without the deletions/insertion [27,28]. Specifically,
the molecular beacons designed for this assay target five deletions and one insertion
involving the ORF1a and S genes of SARS-CoV-2 VOCs (ORF1a:∆S3675/G3676/F3677,
S:∆H69/V70, S:∆E156/F157, S:∆N211, S:ins214EPE, and S:∆L242/A243/L244). Targeting
such mutations is important because they reportedly confer increased infectivity and
immune evasion [29–33]. Additionally, ORF1a:∆S3675/G3676/F3677 and S:∆H69/V70
have been found in several VOCs [34,35] (Figure 2).

Moreover, molecular beacons were selected as probes due to the high specificity
they offer and the extensive expertise and experience of our laboratory in molecular
beacon technology [23–26,36,37]. Molecular beacons comprise a loop section (the target
recognition sequence), a stem composed of two short sequences complementary to each
other, a fluorescent dye covalently attached at the 5′-end, and a quencher attached at the 3′-
end [23,24]. As a result of this structure, molecular beacons remain closed in the absence of
their target but open, hybridize, and fluoresce when the target is present. Molecular beacons
are therefore characterized by higher specificity in contrast to linear probes that do not
require the thermodynamically costly dissociation of a stem to bind to their target [23–25,38].
Hence, molecular beacons are ideal tools for the detection and discrimination purposes
required for this assay.

Herein, the development of a molecular beacon-based real-time RT-PCR assay for
detection and discrimination of SARS-CoV-2 is explained from the design process to testing
using SARS-CoV-2 samples from reference strains (cultured virus) and clinical patient
samples. Using this assay, effective and rapid screening of the population for SARS-CoV-2
VOCs can be achieved to track these variants and stop their spread, helping to safeguard
public health.

2. Materials and Methods
2.1. Molecular Beacon and Primer Design

The molecular beacons and primers used for this assay were created de novo (Table 1).
The assay focused on the ORF1a and S gene regions of SARS-CoV-2 VOCs: Alpha (B.1.1.7),
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (BA.1, BA.2, BA.4, BA.5) (BA.3
had never risen to prevalence [40,53,54]). These regions contain the targets of the molecular
beacons: the deletions ORF1a:∆S3675/G3676/F3677, S:∆H69/V70, S:∆E156/F157, S:∆N211,
and S:∆L242/A243/L244 as well as the insertion S:ins214EPE, with each of them reported
to be highly prevalent in specific VOCs (Figure 3) [13,53,55]. ORF1a:∆S3675/G3676/F3677
is a set of three amino acid (aa) deletions found in Alpha, Beta, Gamma, and Omicron (BA.2,
BA.4, BA.5). S:∆H69/V70 is a two-aa deletion in Alpha and Omicron (BA.1, BA.4 and BA.5).
S:∆E156/F157 involves a two-aa deletion in Delta (also reported as S:∆F157/R158 [56,57]).
S:∆N211 and S:ins214EPE are a one-aa deletion and a three-aa insertion in Omicron (BA.1),
respectively. S:∆L242/A243/L244 involves a three-aa deletion in Beta (also reported as
S:∆L241/L242/A243 [58]) (Figure 3) [13,53,55]. It is important to note that selecting dele-
tions/insertion as targets was crucial for the purposes of this assay, as they introduce a
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larger nucleotide difference in contrast to single-nucleotide polymorphisms (SNPs), thereby
increasing the discriminatory capacity of the assay [27,28].
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Figure 3. The deletion and insertion profiles of SARS-CoV-2 variant lineages focusing on the ORF1a
and S proteins. (A) The genomic organization of SARS-CoV-2. Small regions of 75 amino acids
(aa) (3645-3720 aa of ORF1a protein numbering) and 220 aa (50–270 aa of S protein numbering)
are isolated using dotted lines. The Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2),
and Omicron (BA.1, BA.2, BA.4, and BA.5) and their sublineages (variants of concern, VOCs) are
depicted in gray cylinders along with the locations of the ORF1a:∆S3675/G3676/F3677, S:∆H69/V70,
S:∆E156/F157, S:∆N211, and S:∆L242/A243/L244 deletions and one insertion S:ins214EPE. The
worldwide overall prevalence (%) for the period of 10 October to 7 November 2022 is depicted next
to each cylinder and was identified using the CoV-Spectrum website (https://cov-spectrum.org/,
date accessed 14 November 2022) [53]. (B) The S protein deletion and insertion profiles of the Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (BA.1, BA.2, BA.4, and BA.5)
and their sublineages are depicted. The presence of deletions/insertion is denoted by the symbol (+);
absence is denoted by the symbol (−). Variant lineages were selected in accordance with their global
public health significance as denoted by the World Health Organization.

https://cov-spectrum.org/
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Table 1. Oligonucleotide PCR primers, target amplicons, and molecular beacons used in the real-time RT-PCR assay.

Designation a Target
Gene Sequence Position b

Amplicon
Length
(nts) c

Gene Accession
Number d

Reference
e

PCR Primers
11,232 (F) ORF1a CTGCTAGTTGGGTGATGCG 11,232–11,250 MN908947.3 This study
11,339 (R) ORF1a GTAACACTACAGCTGATGCATACA 11,316–11,339 MN908947.3 This study
21,696 (F) S CCTCAGTTTTACATTCAACTCAGGAC 21,696–21,721 MN908947.3 This study
21,816 (R) S GGTAGGACAGGGTTATCAAACC 21,795–21,816 MN908947.3 This study
21,962 (F) S CAATTTTGTAATGATCCATTTTTGGRTGT 21,962–21,990 MN908947.3 This study
22,094 (R) S CCATAAGAAAAGGCTGAGAGACATATTC 22,067–22,094 MN908947.3 This study
22,131 (F) S GGGAATTTGTGTTTAAGAATATTGATGG 22,131–22,158 MN908947.3 [36]
22,208 (F) S CTCCCTCAGGGTTTTTCGG 22,208–22,226 MN908947.3 This study
22,277 (R) S GAAACCTAGTGATGTTAATACCTATTGGC 22,249–22,277 MN908947.3 [36]
22,342 (R) S AGCTGTCCAACCTGAAGAAGAA 22,321–22,342 MN908947.3 This study
26,355 (R) E AAGCGCAGTAAGGATGGCTA 26,336–26,355 MN908947.3 [36]

Target Amplicons

T∆S3675/G3676/F3677 ORF1a CTGCTAGTTGGGTGATGCGTATTATGACATGGTTGGATATGGTTGATACTAGTTTGAAGCTAAAAGA 11,232–11,339 99 MN908947.3 This studyCTGTGTTATGTATGCATCAGCTGTAGTGTTAC

T∆H69/V70 S CCTCAGTTTTACATTCAACTCAGGACTTGTTCTTACCTTTCTTTTCCAATGTTACTTGGTTCCATGCTA 21,696–21,816 115 MN908947.3 This studyTCTCTGGGACCAATGGTACTAAGAGGTTTGATAACCCTGTCCTACC

T∆E156/F157 S CAATTTTGTAATGATCCATTTTTGGGTGTTTATTACCACAAAAACAACAAAAGTTGGATGGAAAGTG 21,962–22,094 127 MN908947.3 This studyGAGTTTATTCTAGTGCGAATAATTGCACTTTTGAATATGTCTCTCAGCCTTTTCTTATGG

T∆N211ins214EPE S
GGGAATTTGTGTTTAAGAATATTGATGGTTATTTTAAAATATATTCTAAGCACACGCCTATTATAGTG

22,131–22,277 153 MN908947.3 This studyCGTGAGCCAGAAGATCTCCCTCAGGGTTTTTCGGCTTTAGAACCATTGGTAGATTTGCCAATAGGTAT
TAACATCACTAGGTTTC

T∆L242/A243/L244 S CTCCCTCAGGGTTTTTCGGCTTTAGAACCATTGGTAGATTTGCCAATAGGTATTAACATCACTAGGTT 22,208–22,342 126 MN908947.3 This studyTCAAACTTTACATAGAAGTTATTTGACTCCTGGTGATTCTTCTTCAGGTTGGACAGCT

TIPC N/A GGGAATTTGTGTTTAAGAATATTGATGGTTAGCTGCTGTTTACAGTCCAAGATGGTAGTATTCTTGCT N/A 96 N/A [36]AGTTACACTAGCCATCCTTACTGCGCTT
Molecular Beacons f

MB∆S3675/G3676/F3677 ORF1a HEX-CGCAGCCCTTTTAGCTTCAAACTAGTATCAACCATATCGGCTGCG-DABCYL 11,267–11,306 MN908947.3 This study
MB∆H69/V70 S HEX-GCCGTCCAGAGATAGCATGGAACCAAGACGGC-DABCYL 21,750–21,777 MN908947.3 This study

MB∆E156/F157 S HEX-CTCGGCGAATAAACTCCACTTTCCATCCAACGCCGAG-DABCYL 22,014–22,044 MN908947.3 This study
MB∆N211ins214EPE S HEX-CACCCCATCTTCTGGCTCACGCACTATGGGGTG-DABCYL 22,193–22,207 MN908947.3 This study

MB∆L242/A243/L244 S HEX-CGGCCTGGTCAAATAACTTCTATGTAAAGTTTGAAACCTAGCAGGCCG-DABCYL 22,269–22,311 MN908947.3 This study
MBIPC N/A FAM-GCCCACGTACCATCTTGGACTGTAAACAGCAGCCGTGGGC-DABCYL N/A N/A [36]

a PCR primer, oligonucleotide, and molecular beacon names as these appear in the text; Orientation of the PCR primer is indicated in parenthesis: F, forward; R, reverse. b Posi-
tions/numbering correspond to Wuhan-Hu-1 (GenBank accession number: MN908947.3). In the case of molecular beacons, the positions correspond to the target recognition sequences
of the probe. c Amplicon length denotes the size in nucleotides (nts) of the target amplicons for each of the genes (S, ORF1a) as well as the internal positive control (IPC). The primers
for IPC are 22,131 (F) and 26,355 (R) [36]. d The SARS-CoV-2 reference genome Wuhan-Hu-1 (GenBank accession number: MN908947.3) was used for the numbering indicated for
the oligonucleotides used in this assay. The identification and isolation of suitable SARS-CoV-2 genomic regions containing the deletions/insertion ORF1a:∆S3675/G3676/F3677,
S:∆H69/V70, S:∆E156/F157, S:∆N211, S:ins214EPE, and S:∆L242/A243/L244 was performed though the generation of multiple sequence alignments (MSA), using sequences down-
loaded from GISAID’s database (accessed on 5 July 2021 and 29 November 2021) [59], respective to each VOC, and the SARS-CoV-2 reference genome Wuhan-Hu-1. The design of
primers, target amplicons, and molecular beacons was completed using these MSAs. e The sources of the oligonucleotides used for the real-time RT-PCR assay. f Underlined regions
denote the stem of the molecular beacons; FAM denotes (6-carboxy fluorescein); HEX, (N-HEX-6-Aminohexanol); and DABCYL, (N-[4-(4-dimethylamino) phenylazo] benzoic acid).
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The identification and isolation of suitable SARS-CoV-2 genomic regions containing
the abovementioned deletions/insertion was performed through the generation of multiple
sequence alignments (MSAs) using sequences downloaded from GISAID’s database [59]
(accessed on 5 July 2021 and 29 November 2021) with respect to each VOC. Additionally,
the reference genome Wuhan-Hu-1 (GenBank accession number MN908947.3) [60,61] was
included in the MSAs, which were performed using MAFFT web server version 7 (https:
//mafft.cbrc.jp/alignment/server/ accessed on 5 July 2021 and 29 November 2021) [62,63]
and viewed with the AliView program version 1.26 [64]. The primers and molecular
beacons used in this assay were designed based on the identification of these regions.

Each primer was designed to have a high GC content to ensure binding to its target,
and each primer pair amplifies small regions surrounding the target. These target am-
plicons encompassing SARS-CoV-2 deletions/insertion are 99–153 nucleotides (Table 1).
The melting temperature (Tm) of the primers was calculated using the Integrated DNA
Technologies, Inc. (IDT) Oligo Analyzer tool (Integrated DNA Technologies, Inc., Coralville,
IA, USA) (https://eu.idtdna.com/pages last accessed on 2 December 2021).

Each molecular beacon was designed such that the stems were complementary to
each other, five to seven nucleotides long, and had a high GC content (Table 1, Figure 4).
All molecular beacons were labeled with N-HEX-6-aminohexanol (HEX) fluorophore at
the 5′-end and N-[4-(4-dimethylamino) phenylazo] benzoic acid (DABCYL) at the 3′-end.
The loop section of the molecular beacons that contains the sequence complementary to
the target is 21-34 nucleotides long and high in GC content (Table 1, Figure 4). Once
each molecular beacon was designed, its folding properties and structure along with the
thermodynamic details were examined using the Mfold server for nucleic acid folding
and hybridization prediction (http://www.unafold.org/mfold/applications/dna-folding-
form.php, last accessed on 2 December 2021) [65]. These design steps were taken to ensure
that the molecular beacons only open in the presence of their target while retaining a closed
conformation in its absence. In addition to designing molecular beacons and primers, short
oligonucleotide sequences complementary to the loop section of each molecular beacon,
termed correct targets, were designed to assess the behavior of the molecular beacons
in the presence of their targets. Furthermore, oligonucleotides termed incorrect targets
were designed to examine the behavior of the molecular beacons in the presence of a
non-fully complementary SARS-CoV-2 target. Specifically, these incorrect targets are based
on Wuhan-Hu-1 and include the relative regions of the genome targeted by the molecular
beacons; however, as this reference genome is classified as B lineage [12], it does not contain
any of the deletions/insertion found in the five VOCs targeted by the molecular beacons.
Moreover, we provide the option of an internal positive control (IPC) designed using
sections of the S, E, M, and N genes of the SARS-CoV-2 reference genome Wuhan-Hu-1
(MN908947.3) (explained in detail in [36]).

The design process was concluded by examining the thermodynamic compatibilities
of the molecular beacons with the primers and targets (correct and incorrect). This step
ensured that no primer self-dimers or heterodimers formed and that the Tm of the molecular
beacon–correct target complex was higher than the molecular beacon–incorrect target
complex, such that the molecular beacon bound with its correct target more strongly than
with the incorrect target. The molecular beacons, primers, and targets were synthesized by
Biosearch Technologies (Risskov, Denmark).

https://mafft.cbrc.jp/alignment/server/
https://mafft.cbrc.jp/alignment/server/
https://eu.idtdna.com/pages
http://www.unafold.org/mfold/applications/dna-folding-form.php
http://www.unafold.org/mfold/applications/dna-folding-form.php
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Figure 4. Graphic illustration of the genome of SARS-CoV-2 and the regions targeted by the assay.
(A) The regions targeted by the assay are indicated in the highlighted area. (B) The start and end
locations of these regions are demonstrated by the nucleotide positions in the visually amplified area.
(C) Target regions are further magnified to show the amplicons that include the five deletions and
one insertion (ORF1a:∆S3675/G3676/F3677, S:∆H69/V70, S:∆E156/F157, S:∆N211, S:ins214EPE, and
S:∆L242/A243/L244). The sequences of primers and molecular beacons are shown in bold, and their
targets are shown in black boxes. The numbers shown for the probes and primers are based on the
SARS-CoV-2 reference genome Wuhan-Hu-1 (GenBank: MN908947.3). The gray spheres (left side
of each beacon) indicate the quencher DABCYL (N-[4-(4-dimethylamino) phenylazo] benzoic acid)
at the 3′-end of the molecular beacon; the orange spheres (right side of each beacon) indicate the
fluorophore HEX (N-HEX-6-aminohexanol) beacon at the 5′-end.
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2.2. Thermal Profiles of Molecular Beacons

Melting curve analysis was performed using a 7900HT Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) to assess the thermodynamic characteristics of
the molecular beacons. The molecular beacons were tested with no target in the presence of
the correct target and the incorrect target. The final reaction volume of the molecular beacon
with no target was 25 µL and consisted of 5 µL of 4× TaqPath™ 1-Step Multiplex Master
Mix (No ROX) (Life Technologies, Frederick, MD, USA), 3 µL (5 pmol/µL) of molecular
beacon, and 17 µL of nuclease-free H2O. The reactions with the target (correct or incorrect)
also contained 1 µL of target (100 pmol/µL) (correct/incorrect) and 16 µL of nuclease-free
H2O (instead of 17 µL). The PCR cycling conditions consisted of 1 cycle for 2 min at 95 ◦C,
followed by 50 cycles split into two steps: the first step, during which fluorescence data
were collected, was at 80 ◦C for 30 s, decreasing by 1 ◦C per cycle; the second step was
at 80 ◦C for 10 s, decreasing by 1 ◦C per cycle. Fluorescence was measured at 535 nm for
HEX and was recorded at each cycle. Following the completion of the run, the fluorescence
signal data were normalized and plotted.

2.3. Real-Time RT-PCR

Real-time RT-PCR was performed using a 7900HT Fast Real-Time PCR System (Ap-
plied Biosystems, Foster City, CA, USA) with 4× TaqPath™ 1-Step Multiplex Master Mix
(No ROX) (Life Technologies, Frederick, MD, USA). Each 30 µL reaction consisted of 5 µL
of RNA, 7.5 µL of 4× TaqPath™ 1-Step Multiplex Master Mix, 1.5 µL of 20 pmol/µL of
each primer, 3.0 µL of 5 pmol/µL molecular beacon, and 11.5 µL of nuclease-free H2O.
The primers and molecular beacons used are shown in Table 1. The reverse transcription
cycling conditions consisted of 1 cycle at 25 ◦C for 2 min, followed by 1 cycle at 53 ◦C
for 10 min and 1 cycle at 95 ◦C for 2 min. This was followed by 5 cycles at 95 ◦C for 3 s
and 53 ◦C for 30 s. Finally, 35 cycles at 95 ◦C for 3 s and 53 ◦C for 30 s were performed,
during which data collection occurred. In these runs, no-template controls (NTCs) (nuclease
free H2O) and SARS-CoV-2 RNA BetaCoV/Germany/BavPat1/2020 p.1” grown in cell
culture, B.1 lineage (EVAg, Charité, Berlin, Germany) or UVE/SARS-CoV-2/2020/FR/702
(MT777677.1) (EVAg, Charité, Berlin, Germany) were used as negative controls. A sample
was considered positive when the fluorescence signal exceeded the threshold line before the
40th cycle. Following the completion of the run, the fluorescence signal data were plotted.

2.4. Reference and Clinical Samples Used to Test the Assay

The assay was tested using a panel of reference samples derived from cultured SARS-
CoV-2 virus (Vero E6 cells) obtained from European Virus Archive goes Global (EVAg,
Charité, Berlin, Germany) (Table 2). These samples correspond to the first four VOCs,
Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2). Additionally, a fifth
sample of the B.1 lineage was received and used as a negative control during the real-time
RT-PCRs performed with these reference samples because it does not contain any of the
deletions/insertion targeted by this assay. No Omicron, a VOC that emerged at a later date
(November 2021), samples were available at the time of the order to EVAg (27 July 2021).
The five reference samples were received by our laboratory, the Laboratory of Biotechnology
and Molecular Virology of the University of Cyprus (BMV UCY), in lyophilized form and
stored at −20 ◦C until processing.
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Table 2. Real-time RT-PCR results of SARS-CoV-2 human clinical samples and reference samples.

Samples a WHO VOC (Pango Lineage) d

Real-Time RT-PCR Result e

∆S3675/G3676/F3677 or
∆L3674/S3675/G3676 ∆H69/V70 ∆E156/F157 ∆N211ins214EPE ∆L242/A243/L244

EVAg b

MT777677.1 B.1 − − − − −
BetaCoV/Germany/BavPat1/2020 p.1 B.1 − − − − −

EPI_ISL_918165 Alpha (B.1.1.7) + + − − −
EPI_ISL_1834082 Beta (B.1.351) + − − − +
EPI_ISL_877769 Gamma (P.1) + − − − −
EPI_ISL_2838050 Delta (B.1.617.2) − − + − −

Clinical Samples c

BMV2539 Delta (B.1.617.2) − − + − −
BMV2543 Delta (B.1.617.2) − − + − −
BMV2542 Delta (B.1.617.2) − − + − −

BMV5679 Omicron (BA.1) + + − + −
BMV4354 Omicron (BA.1.15) + + − + −
BMV5890 Omicron (BA.1) + + − + −
BMV5872 Omicron (BA.1.17) + + − + −
BMV5687 Omicron (BA.1) + + − + −

BMV8083 Omicron (BA.2) + − − − −
BMV6824 Omicron (BA.2) + − − − −
BMV7517 Omicron (BA.2) + − − − −
BMV7015 Omicron (BA.2) + − − − −
BMV7067 Omicron (BA.2) + − − − −

BMV8468 Omicron (BA.4) + + − − −
BMV8444 Omicron (BA.4) + + − − −
BMV8436 Omicron (BA.4) + + − − −
BMV8054 Omicron (BA.4) + + − − −
BMV8072 Omicron (BA.4) + + − − −

BMV7629 Omicron (BA.5.1) + + − − −
BMV8220 Omicron (BE.1.1) + + − − −
BMV8173 Omicron (BA.5.8) + + − − −
BMV8056 Omicron (BA.5.1) + + − − −
BMV8177 Omicron (BA.5.2) + + − − −

a The samples used to test the present assay. For the panel of reference samples under “EVAg”, the GenBank and GISAID accession numbers are provided. For the EVAg reference
sample BetaCoV/Germany/BavPat1/2020 p.1, only the virus name is provided. For the samples under “Clinical Samples”, the laboratory identification number given by the Laboratory
of Biotechnology and Molecular Virology at the University of Cyprus (BMV UCY) is provided. b The panel of freeze-dried SARS-CoV-2 variants grown in cell culture and the purified
RNA of Coronavirus strain BetaCoV/Germany/BavPat1/2020 p.1 grown in cell culture were received from the EVAg (European Virus Archive goes Global) Organization. c The
clinical samples that were selected to be tested by the present assay are part of the study of the Genomic Epidemiology of the SARS-CoV-2 Epidemic in Cyprus ([66] and manuscript
in preparation for publication), which were collected under the ongoing collaboration between the BMV UCY and the Ministry of Health. Bioethical approval was received by the
Cyprus National Bioethics Committee (EEBK 21.1.04.43.01) for the use of these samples. To ensure patient anonymity, all the samples received by BMV UCY were double coded to
ensure no connection between the samples and the corresponding study subjects could be made. The collection and use of the samples were in accordance with the relevant guidelines
and regulations of the Cyprus National Bioethics Committee. d SARS-CoV-2 Variants of Concern (VOC), Alpha, Beta, Gamma, Delta, and Omicron, are as denoted by the World
Health Organization (WHO) (WHO Greek alphabet nomenclature). The lineages (and sublineages) in parentheses are based on the Pangolin-lineage (Pango Lineage) SARS-CoV-2
classification system. The B.1 lineage is a direct descendant of the B lineage, which was the original SARS-CoV-2 lineage that was discovered first at the start of the pandemic. e The assay
targets specific deletions and one insertion present across the VOC lineages: ORF1a:∆S3675/G3676/F3677, S:∆H69/V70, S:∆E156/F157, S:∆N211ins214EPE, and S:∆L242/A243/L244
(https://covariants.org/ date last accessed 1 December 2022) [55]. Detectable real-time RT-PCR amplification signal (CT values ≤ 40), a positive result, indicating the presence of the
targeted deletion assayed in this experiment, is denoted by the symbol (+). Undetectable signal (CT values > 40), a negative result, indicating the absence of the targeted deletion assayed
in this experiment, is denoted by (−).

https://covariants.org/
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In addition to the EVAg panel of reference samples, the assay was tested using clinical
samples (Table 2) that were derived from the study of the Genomic Epidemiology of the
SARS-CoV-2 Epidemic in Cyprus ([66] and manuscript in preparation for publication),
which were collected under the ongoing collaboration between our laboratory (BMV UCY),
the Ministry of Health, NIPD Genetics, and the other members of the Cypriot Comprehen-
sive Molecular Epidemiological Study on SARS-CoV-2 (COMESSAR) Network. Bioethical
approval for the use of these samples was granted by the Cyprus National Bioethics Com-
mittee (EEBK 21.1.04.43.01). To ensure patient anonymity, all samples received by BMV
UCY were double coded to ensure that no connection between the samples and correspond-
ing study subjects could be made. The collection and use of the samples were in accordance
with the relevant guidelines and regulations of the Cyprus National Bioethics Committee.

These clinical samples were collected during the period of October 2021 to August
2022 by NIPD Genetics and processed at their facilities. The extraction of RNA from these
nasopharyngeal samples, real-time RT-PCR, and NGS are explained in detail in our previous
publication on the molecular epidemiology of Cyprus [67]. Our laboratory was initially
provided with the near-full SARS-CoV-2 NGS sequences of these samples that were used for
studying the genomic epidemiology of the SARS-CoV-2 epidemic in Cyprus, through which
lineages were identified. Nasopharyngeal samples were subsequently received and used
for the development of the present assay. These samples were stored at -80 ◦C upon arrival
at BMV UCY until processing. The lineages of each of the clinical sample sequences were
reconfirmed using Pangolin Webtool [68] (Pangolin-data version v1.14, Pangolin version
4.1.1, https://pangolin.cog-uk.io/, accessed on 7 September 2022) (Table 2). However, it is
important to note that only samples of Delta and Omicron (including their sublineages)
were available/stored by NIPD Genetics, and, as such, there were no clinical samples of
the Alpha, Beta, and Gamma VOCs to be tested using this assay. Nonetheless, this was not
considered an issue because these VOCs were covered by the panel of reference samples
from EVAg.

Once the panel of reference samples and clinical samples were stored at BMV UCY,
RNA extraction was performed using a QIAmp Viral RNA Mini Kit (Qiagen, Hilden,
Germany) and the QIAcube Connect machine (Qiagen, Hilden, Germany) in accordance
with the manufacturer’s specifications. For the panel of reference samples, which were
in lyophilized form, this entailed reconstitution with 200 µL of sterile distilled water (per
EVAg’s specifications). Thus, there was sufficient volume for only one RNA extraction
because the volume requirement of the RNA extraction protocol is 140 µL of the initial
sample. This volume limitation also applied to the clinical samples, precluding the use
of samples with a volume less than 140 µL. Once the RNA extraction was completed, the
assay was tested using the abovementioned real-time RT-PCR protocol (Section 2.3).

3. Results
3.1. Molecular Beacon Thermal Denaturation Profiles

Following the melting curve analyses of each molecular beacon, the fluorescence for
the beacon–target hybrids (correct and incorrect) and for the beacon without target was
plotted against temperature to ascertain their thermal characteristics, as well as to identify
the window of discrimination. The window of discrimination is denoted as the range of
temperatures at which the complex of the molecular beacon with the correct target had
the highest fluorescence difference compared to the molecular beacon with the incorrect
target and the molecular beacon without the target. Once the window of discrimination
was identified, an optimal temperature within it was selected and used as the annealing
temperature for real-time RT-PCR. As shown in Figure 5, the mean melting temperature of
the molecular beacons without a target was ~64.2 ◦C, which was approximately the same as
the mean melting temperature (64 ◦C) estimated during the design part of the assay using
Mfold [65]. The largest difference in fluorescence signal (the window of discrimination)
between all molecular beacons without target and all molecular beacon-target (correct and

https://pangolin.cog-uk.io/
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incorrect) hybrids ranged from 45 to 60 ◦C, with the mean temperature within this window
being 52.5 ◦C (Figure 5).
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Figure 5. Thermal denaturation profiles of molecular beacons for the deletions/insertion
ORF1a:∆S3675/G3676/F3677, S:∆H69/V70, S:∆E156/F157, S:∆N211ins214EPE, and
S:∆L242/A243/L244, and the internal positive control (IPC). Melting curve analysis was
used to determine the thermal denaturation profiles of the molecular beacons. The figure
demonstrates normalized fluorescence thermal transitions of molecular beacons: without target
shown in black, beacon–correct target complexes shown in blue, and beacon–incorrect target
interaction shown in turquoise. The y-axis represents the normalized fluorescence data; the x-axis
represents the temperature. The pink-highlighted area represents the temperature that was selected
for the discrimination between the molecular beacon–correct target complex versus the molecular
beacon–incorrect target.
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Thus, taking into account the melting temperatures of the beacons (~64.2 ◦C), the
mean temperature of the windows of discrimination (52.5 ◦C), and the estimated mean
melting temperature of the primers (~55 ◦C) using IDT, the temperature selected for the
annealing stage of real-time RT-PCRs was 53 ◦C (Figure 3, pink highlighted area). This was
further supported by the mean melting temperatures of the molecular beacon–correct and
incorrect target hybrids, which were estimated to be ~55 ◦C and ~45 ◦C, respectively. The
selected temperature of 53 ◦C not only coincides with our previous molecular beacon-based
real-time RT-PCR assay [36] but also allows for all reactions to be performed during the
same run, thereby improving the time and cost efficiency of the assay.

3.2. Real-Time RT-PCR Testing Results

The assay was tested using the reference and clinical samples presented and explained
in Section 2.4. A representation of the performance of each molecular beacon with samples
encompassing the correct and incorrect targets, as well as no target, is shown in Figure 6; the
full list of the real-time RT-PCR testing results is provided in Tables 2 and S1. Each molecu-
lar beacon was tested with every sample, and the pattern of positive “+” (presence of the
targeted deletion/insertion) and negative “−” (absence of the targeted deletion/insertion)
results enabled the discrimination of VOCs (Figure 3 and Table 2). As the negative con-
trols of the B.1 lineage do not encompass any of the deletions/insertion found within
the five VOCs, there was no fluorescence with any of the molecular beacons, as expected
(Table 2). This pattern of full negative “−” results indicated that with this assay, these B.1
samples were correctly determined to not be any of the five VOCs. The reactions with the
Alpha reference sample showed a positive “+” result with the molecular beacons targeting
ORF1a:∆S3675/G3676/F3677 and S:∆H69/V70 and “−“ results with the other three molec-
ular beacons. This pattern of results is in agreement with the expected results shown in
Figure 3; therefore, this assay was able to identify the presence of the targeted deletions
with respect to the Alpha VOC. It is important to note that the pattern of “+” and “−“ for
Alpha is the same as that for Omicron BA.4 and BA.5 (and their sublineages), and this assay
correctly identified the presence of ORF1a:∆S3675/G3676/F3677 and S:∆H69/V70 for all
clinical samples classified as BA.4 and BA.5 (Table 2). However, Alpha is denoted as a pre-
viously circulating VOC by the WHO [13], and for the recent period of October–November
2022, Omicron BA.4 was significantly less represented than BA.5, with 4.31% and 75.17%
worldwide prevalences, respectively (Figure 3) [53]. Similarly, the same correct pattern of
results was found for Gamma and Omicron BA.2, with only ORF1a:∆S3675/G3676/F3677
being identified, and none of the other four deletions/insertion were detected. Similar to
Alpha, the Gamma VOC is denoted as a previously circulating VOC, but Omicron BA.2 is
still in circulation (Figure 3, Table 2) [13]. Conversely, the Beta, Delta, and Omicron BA.1
reference and clinical samples displayed a distinct pattern of results, as a molecular beacon
was designed to identify a unique target for each of their respective VOCs. Specifically,
the unique target of the Beta VOC used was S:∆L242/A243/L244, and the other target
for Beta was ORF1a:∆S3675/G3676/F3677, which, as seen above, is common to Alpha,
Beta, Gamma, and Omicron (BA.2, BA.4, BA.5). The results of the Beta reference sample
correctly indicated “+” for ORF1a:∆S3675/G3676/F3677 and S:∆L242/A243/L244, and
the results for all other molecular beacons were “−“ (Figure 3, Table 2). The unique target
for Delta was S:∆E156/F157, and the results for all Delta reference and clinical samples
were “+” only for this target and “−” for all others, as expected. The unique target for
Omicron BA.1 was S:∆N211ins214EPE, which includes a deletion and an insertion; the
other target was S:∆H69/V70, which is common to Alpha and Omicron (BA.1, BA.4, and
BA.5). The results for all Omicron BA.1 clinical samples were correctly identified as “+” for
both S:∆H69/V70 and S:∆N211ins214EPE. Additionally, for all Omicron BA.1 samples, the
molecular beacon targeting ORF1a:∆S3675/G3676/F3677 indicated “+”, even though this
deletion is not common to Omicron BA.1 [55]. This is due to the molecular beacon identi-
fying the three-aa deletion ORF1a:∆L3674/S3675/G3676, which is common to Omicron
BA.1 and is similar to ORF1a:∆S3675/G3676/F3677 [35,55]. This shows that the molecular
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beacon MB∆S3675/G3676/F3677 was able to identify both ORF1a:∆S3675/G3676/F3677
and ORF1a:∆L3674/S3675/G3676, as genomes with these deletions only differ by one
nucleotide at the region targeted by the molecular beacon [35]. Nonetheless, this did not
impact the ability of the assay to detect and discriminate samples classified as Omicron
BA.1. Notably, Omicron BA.1 has been de-escalated by the European Centre for Disease
Prevention and Control (ECDC) and is detected at extremely low levels [40,53], and both
the aforementioned Beta and Delta VOCs are denoted as previously circulating VOCs [13].Life 2023, 13, x FOR PEER REVIEW 19 of 25 
 

 
 

Figure 6. Uniplex real-time RT-PCR for the five different SARS-CoV-2 VOC deletions and one
insertion (ORF1a:∆S3675/G3676/F3677, S:∆H69/V70, S:∆E156/F157, S:∆N211ins214EPE, and
S:∆L242/A243/L244) and the IPC. The normalized fluorescence signal graph is shown for the
molecular beacons and their respective correct targets as well as an incorrect target. The correct target
amplification curve is indicated with orange dots, the incorrect target amplification is indicated with
blue dots, and the negative control (no-template control, NTC) is indicated with black dots. The
y-axis represents fluorescence; the x-axis represents the thermal cycles. The intermittent red line
indicates the threshold cycle.



Life 2023, 13, 304 15 of 20

4. Discussion

Since the beginning of the COVID-19 pandemic, new variants have emerged, with a
few of them being denoted as VOCs, given their high impact on public health [69]. These
variants have often led to massive surges in SARS-CoV-2 infections, highlighting the urgent
need for their quick identification and monitoring to stop their spread and safeguard public
health [17–19]. The detection and discrimination of such variants during these outbreak
periods can be accomplished through methods with a quick turnaround time, such as
real-time RT-PCR, especially when combined with probes, such as molecular beacons [70].
In fact, molecular beacons are ideal for detecting mutations and discriminating variants be-
cause they are characterized by extraordinary sensitivity and specificity [23–25]. Moreover,
they only require a short amount of time for design, synthesis, and testing, making them
the perfect tool during high incidence, when speed is of utmost importance [38].

The molecular beacon-based real-time RT-PCR assay presented in this manuscript
not only outlines a method for the detection and discrimination of VOCs but also, more
importantly, presents an approach that can be applied to any emerging variant. The lat-
ter has already been showcased with the emergence of Omicron in November 2021 [71].
Specifically, this assay was originally designed to detect the first four VOCs, which, as
shown in Table 2 and Figure 6, it accurately does so with high specificity, and was rapidly
adapted with a molecular beacon designed to target the Omicron (BA.1) S:∆N211 deletion
and S:ins214EPE insertion, which are unique among VOCs [55]. Similarly, the results of
this study showed that the molecular beacon targeting the S:∆N211 S:ins214EPE insertion
is highly specific and did not react with any other targets. In addition to ∆N211ins214EPE
Omicron (BA.1), the deletions S:∆E156/F157 (Delta) and S:∆L242/A243/L244 (Beta), which
are unique among VOCs, were targeted. Focusing on these deletions was important for
the assay’s goal to be able to discriminate between VOCs; however, recurrent mutations
were also targeted to increase the flexibility and applicability of the assay. This strategy
of targeting recurrent mutations is important for the purposes of this assay as it allows
for a molecular beacon to still be used in the case that a lineage falls out of circulation
and another one encompassing the same mutation targeted by the beacon emerges. This
exact scenario occurred with Alpha, Beta, and Gamma, for which a molecular beacon
was designed to target the ORF1a:∆S3675/G3676/F3677 recurrent deletion [13,35,53,55].
All three of these variants carrying this deletion are denoted as previously circulating
VOCs by the WHO [13], yet ORF1a:∆S3675/G3676/F3677 was identified again in Omicron
BA.2, BA.4, and BA.5 [13,35,53,55]. Notably, Omicron BA.1 (de-escalated, low preva-
lence [40]) has a similar mutation, ORF1a:∆L3674/S3675/G3676; the molecular beacon
MB∆S3675/G3676/F3677 can also detect it, as genomes with these deletions only show
a single-nucleotide difference in the target recognized by the beacon [35,55] (explained
in Section 3.2). Although the molecular beacon for ORF1a:∆S3675/G3676/F3677 was de-
signed prior to the emergence of Omicron BA.1, the fact that ORF1a:∆L3674/S3675/G3676
is also detected using this beacon can serve as a potential increase in the number of combi-
nations for the pattern-based discrimination system used for this assay (Table 2). Similar
to ORF1a:∆S3675/G3676/F3677, the recurrent deletion S:∆H69/V70 [34] was also used to
increase the flexibility and applicability of the assay, and it is found in Alpha and Omicron
(BA.1, BA.4 and BA.5). As noted above, only Omicron BA.2, BA.4, and BA.5 are currently
circulating, with BA.5 constituting the overwhelming majority of infections (Figure 3) [53].
Thus, the strategy outlined for this assay shows how it can be employed for detection and
discrimination of VOCs and also how it can be easily adapted or retain its relevance in the
event of emergence and re-emergence of the targeted mutations.

The molecular beacons used in this assay displayed high specificity in identifying
their intended target and discriminating against the incorrect target, as the results show
that there was no fluorescence with incorrect targets (Figure 6). This can also be attributed
to the decision to focus solely on deletions/insertion as targets for the molecular bea-
cons, in contrast to other presently available assays [18,20,38,70,72,73], due to the high
discrimination power that deletions/insertions inherently offer as targets, since they are
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characterized by at least a three-nucleotide difference [27,28]. This decision to focus on
deletions/insertions stemmed from one of the scopes of the design of this assay, which was
to promote this methodology to laboratories that intend to employ SARS-CoV-2 detection
assays, even if they do not necessarily possess extensive experience in molecular beacon
design. Despite the prowess of molecular beacons to detect only their target, even at a
one-nucleotide difference [23–25], the intricacies of designing molecular beacons that can
detect SNPs also pose the risk of false-negative results in the case that there is another
mutation within the target recognition sequence [38]. Although this can certainly be solved
by redesigning the molecular beacon [38], the probability of SARS-CoV-2 acquiring an SNP
within the target sequence remains [9,15]. Nonetheless, the usefulness of targeting SNPs
with molecular beacons is valuable, especially when designed with necessary expertise and
precautions [26,38]; indeed, the combinations for the pattern-based discrimination nature
of the assay can be expanded through the addition of these mutations as targets.

Despite the strengths of this assay listed above, it was limited by the number of clinical
samples tested because certain VOCs were not available in storage. Regardless, validation
of the assay can be performed by testing it with a significantly larger number of clinical
samples with known lineages (through NGS) and concentrations, which was not provided
for the clinical samples used in the present study. The latter can also provide the sensitivity
and limit of detection of the assay. Alternatively, the limit of detection can be obtained by
constructing standard curves using in vitro RNA transcripts, as explained in our previous
publications of molecular beacon-based real-time RT-PCR assays [36,37]. Furthermore, the
assay can be validated through external quality assessments and using blinded samples
from Quality Control for Molecular Diagnostics (QCMD) or the WHO [36,74]. Taking
these steps will provide the necessary basis for this assay to be implemented in clinical or
commercial settings.

This study lays down the foundational work and presents the methodology, as well
as the completed designs for primers and molecular beacons, for this assay, which can be
extrapolated for private use, commercialization, and clinical testing. Importantly, this assay
has immense potential for growth, as the repertoire of primers and molecular beacons
(Table 1) can be exponentially expanded upon, with an increasingly higher number of com-
binations that can be used to detect future circulating variants; or even have an increased
resolution to be able to discriminate between their sublineages. The presented strategy,
methodology, and constructs of this assay are a valuable asset to any laboratory aiming
to classify positive SARS-CoV-2 samples and discern the circulating VOCs in a region.
Additionally, it can be assimilated into other already existing assays or even be adapted for
the detection and discrimination of other pathogens. However, it is always important to
exercise caution and examine the genetic variability of SARS-CoV-2 within the targeted re-
gions of both the primers and molecular beacons to ensure that any accumulated mutations
within those regions do not impede the functionality of the assay. One of the strengths of
this assay is that it can be easily and swiftly adapted if the above scenario occurs.

In conclusion, we provide an accurate and reliable uniplex molecular beacon-based
real-time RT-PCR assay that can be used for detection and discrimination of VOCs. This assay
includes five molecular beacons designed to target ORF1a:∆S3675/G3676/F3677, S:∆H69/V70,
S:∆E156/F157, S:∆N211ins214EPE, and S:∆L242/A243/L244 deletions/insertion, and each
separate reaction with these molecular beacons can be run under the same conditions, with
cost and time efficiency. The assay is able to accurately identify the correct VOCs when
tested using reference samples from cultured virus received from EVAg (Charité, Berlin,
Germany), as well as clinical samples previously classified by NGS. Therefore, this assay can
be used for rapid and accurate screening and monitoring of the population for SARS-CoV-2
to stop the spread of such variants, contributing to the protection of public health.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/life13020304/s1, Table S1: Real-time RT-PCR threshold cycle (Ct) results of SARS-CoV-2 human
clinical samples and reference samples.

https://www.mdpi.com/article/10.3390/life13020304/s1
https://www.mdpi.com/article/10.3390/life13020304/s1


Life 2023, 13, 304 17 of 20

Author Contributions: Conceptualization, L.G.K.; methodology, J.H.R., A.A. and A.C.C.; software,
A.C.C., A.A., J.H.R., C.C. and G.S.; validation, J.H.R., A.C.C., A.A., C.C., G.S. and L.G.K.; formal
analysis, J.H.R., A.A., A.C.C. and L.G.K.; investigation, J.H.R., A.C.C., A.A., C.C., G.S. and L.G.K.;
resources, L.G.K.; data curation, J.H.R., A.C.C. and A.A.; writing—original draft preparation, A.C.C.
and A.A.; writing—review and editing, J.H.R., A.C.C., A.A. and L.G.K.; visualization, J.H.R., A.C.C.,
A.A., C.C., G.S. and L.G.K.; supervision, L.G.K.; project administration, L.G.K.; funding acquisition,
L.G.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was co-funded by the Ministry of Health of the Republic of Cyprus, the Uni-
versity of Cyprus and the Cyprus Academy of Sciences, Letters, and Arts through research funds
awarded to Professor Leondios G. Kostrikis.

Institutional Review Board Statement: The SARS-CoV-2 samples were analyzed after receiving
approval by the Cyprus National Bioethics Committee (EEBK 21.1.04.43.01, 6 September 2022). The
samples were coded with a laboratory or patient identification number, and then were further coded
with a new laboratory identification number to ensure no connection of the samples could be made
to the corresponding study subjects. The collection and use of the samples were in accordance with
the relevant guidelines and regulations of the Cyprus National Bioethics Committee.

Informed Consent Statement: Patient consent was waived by the Cyprus National Bioethics Com-
mittee (EEBK 21.1.04.43.01) due to the anonymity and double-coding of the samples.

Data Availability Statement: The results will be available upon request from the corresponding author.

Acknowledgments: We would like to thank the University of Cyprus for their support. We would
also like to thank the Ministry of Health of the Republic of Cyprus and NIPD Genetics for providing
the clinical samples needed to test the assay.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zheng, J. SARS-CoV-2: An Emerging Coronavirus that Causes a Global Threat. Int. J. Biol. Sci. 2020, 16, 1678–1685. [CrossRef]

[PubMed]
2. Demoliner, M.; Gularte, J.S.; Girardi, V.; Almeida, P.R.; de Weber, M.N.; Eisen, A.K.A.; Fleck, J.D.; Spilki, F.R. SARS-CoV-2 and

COVID-19: A perspective from environmental virology. Genet. Mol. Biol. 2021, 44. [CrossRef] [PubMed]
3. CSSE JHU, C. for S.S. and E. (CSSE) at J.H.U. (JHU) COVID-19 Dashboard. Available online: https://gisanddata.maps.arcgis.

com/apps/dashboards/bda7594740fd40299423467b48e9ecf6 (accessed on 14 December 2022).
4. Dong, E.; Du, H.; Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect. Dis. 2020, 20,

533–534. [CrossRef] [PubMed]
5. Chavda, V.P.; Apostolopoulos, V. COVID-19 vaccine design and vaccination strategy for emerging variants. Expert Rev. Vaccines

2022, 21, 1359–1361. [CrossRef] [PubMed]
6. DeGrace, M.M.; Ghedin, E.; Frieman, M.B.; Krammer, F.; Grifoni, A.; Alisoltani, A.; Alter, G.; Amara, R.R.; Baric, R.S.;

Barouch, D.H.; et al. Defining the risk of SARS-CoV-2 variants on immune protection. Nature 2022, 605, 640–652. [CrossRef]
[PubMed]

7. Chavda, V.P.; Hanuma Kumar Ghali, E.N.; Yallapu, M.M.; Apostolopoulos, V. Therapeutics to tackle Omicron outbreak.
Immunotherapy 2022, 14, 833–838. [CrossRef] [PubMed]

8. Chavda, V.P.; Patel, A.B.; Vaghasiya, D.D. SARS-CoV-2 variants and vulnerability at the global level. J. Med. Virol. 2022, 94,
2986–3005. [CrossRef]

9. Chen, J.; Wang, R.; Wei, G.-W. Review of the mechanisms of SARS-CoV-2 evolution and transmission. arXiv 2021, arXiv:2109.08148.
10. Singh, J.; Pandit, P.; McArthur, A.G.; Banerjee, A.; Mossman, K. Evolutionary trajectory of SARS-CoV-2 and emerging variants.

Virol. J. 2021, 18, 166. [CrossRef]
11. Tang, X.; Ying, R.; Yao, X.; Li, G.; Wu, C.; Tang, Y.; Li, Z.; Kuang, B.; Wu, F.; Chi, C.; et al. Evolutionary analysis and lineage

designation of SARS-CoV-2 genomes. Sci. Bull. 2021, 66, 2297–2311. [CrossRef]
12. Rambaut, A.; Holmes, E.C.; O’Toole, Á.; Hill, V.; McCrone, J.T.; Ruis, C.; du Plessis, L.; Pybus, O.G. A dynamic nomenclature

proposal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat. Microbiol. 2020, 5, 1403–1407. [CrossRef] [PubMed]
13. The World Health Organization (WHO). Tracking SARS-CoV-2 Variants. Available online: https://www.who.int/en/activities/

tracking-SARS-CoV-2-variants/ (accessed on 22 November 2022).
14. Tao, K.; Tzou, P.L.; Nouhin, J.; Gupta, R.K.; de Oliveira, T.; Kosakovsky Pond, S.L.; Fera, D.; Shafer, R.W. The biological and

clinical significance of emerging SARS-CoV-2 variants. Nat. Rev. Genet. 2021, 22, 757–773. [CrossRef] [PubMed]
15. Flores-Vega, V.R.; Monroy-Molina, J.V.; Jiménez-Hernández, L.E.; Torres, A.G.; Santos-Preciado, J.I.; Rosales-Reyes, R. SARS-CoV-

2: Evolution and Emergence of New Viral Variants. Viruses 2022, 14, 653. [CrossRef] [PubMed]

http://doi.org/10.7150/ijbs.45053
http://www.ncbi.nlm.nih.gov/pubmed/32226285
http://doi.org/10.1590/1678-4685-gmb-2020-0228
http://www.ncbi.nlm.nih.gov/pubmed/33710254
https://gisanddata.maps.arcgis.com/apps/dashboards/bda7594740fd40299423467b48e9ecf6
https://gisanddata.maps.arcgis.com/apps/dashboards/bda7594740fd40299423467b48e9ecf6
http://doi.org/10.1016/S1473-3099(20)30120-1
http://www.ncbi.nlm.nih.gov/pubmed/32087114
http://doi.org/10.1080/14760584.2022.2112571
http://www.ncbi.nlm.nih.gov/pubmed/35949150
http://doi.org/10.1038/s41586-022-04690-5
http://www.ncbi.nlm.nih.gov/pubmed/35361968
http://doi.org/10.2217/imt-2022-0064
http://www.ncbi.nlm.nih.gov/pubmed/35678049
http://doi.org/10.1002/jmv.27717
http://doi.org/10.1186/s12985-021-01633-w
http://doi.org/10.1016/j.scib.2021.02.012
http://doi.org/10.1038/s41564-020-0770-5
http://www.ncbi.nlm.nih.gov/pubmed/32669681
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
http://doi.org/10.1038/s41576-021-00408-x
http://www.ncbi.nlm.nih.gov/pubmed/34535792
http://doi.org/10.3390/v14040653
http://www.ncbi.nlm.nih.gov/pubmed/35458383


Life 2023, 13, 304 18 of 20

16. Choi, J.Y.; Smith, D.M. SARS-CoV-2 variants of concern. Yonsei Med. J. 2021, 62, 961–968. [CrossRef] [PubMed]
17. Mohapatra, R.K.; Kuppili, S.; Kumar Suvvari, T.; Kandi, V.; Behera, A.; Verma, S.; Kudrat-E-Zahan; Biswal, S.K.; Al-Noor, T.H.;

El-ajaily, M.M.; et al. SARS-CoV-2 and its variants of concern including Omicron: A never ending pandemic. Chem. Biol. Drug
Des. 2022, 99, 769–788. [CrossRef]

18. Migueres, M.; Lhomme, S.; Trémeaux, P.; Dimeglio, C.; Ranger, N.; Latour, J.; Dubois, M.; Nicot, F.; Miedouge, M.;
Mansuy, J.M.; et al. Evaluation of two RT-PCR screening assays for identifying SARS-CoV-2 variants. J. Clin. Virol. 2021, 143,
104969. [CrossRef] [PubMed]

19. Vega-Magaña, N.; Sánchez-Sánchez, R.; Hernández-Bello, J.; Venancio-Landeros, A.A.; Peña-Rodríguez, M.; Vega-Zepeda, R.A.;
Galindo-Ornelas, B.; Díaz-Sánchez, M.; García-Chagollán, M.; Macedo-Ojeda, G.; et al. RT-qPCR Assays for Rapid Detection of
the N501Y, 69-70del, K417N, and E484K SARS-CoV-2 Mutations: A Screening Strategy to Identify Variants With Clinical Impact.
Front. Cell. Infect. Microbiol. 2021, 11. [CrossRef] [PubMed]

20. Ting, Y.; Ye, X.; Rongrong, Z.; Xiaohong, Z.; Zehui, C.; Su, L.; Zihan, X.; Yiqun, L.; Yongyou, Z.; Qingge, L. Accessible and
Adaptable Multiplexed Real-Time PCR Approaches to Identify SARS-CoV-2 Variants of Concern. Microbiol. Spectr. 2022, 10,
e03222-22. [CrossRef]

21. Bull, R.A.; Adikari, T.N.; Ferguson, J.M.; Hammond, J.M.; Stevanovski, I.; Beukers, A.G.; Naing, Z.; Yeang, M.; Verich, A.;
Gamaarachchi, H.; et al. Analytical validity of nanopore sequencing for rapid SARS-CoV-2 genome analysis. Nat. Commun. 2020,
11, 6272. [CrossRef]

22. John, G.; Sahajpal, N.S.; Mondal, A.K.; Ananth, S.; Williams, C.; Chaubey, A.; Rojiani, A.M.; Kolhe, R. Next-Generation Sequencing
(NGS) in COVID-19: A Tool for SARS-CoV-2 Diagnosis, Monitoring New Strains and Phylodynamic Modeling in Molecular
Epidemiology. Curr. Issues Mol. Biol. 2021, 43, 845–867. [CrossRef]

23. Tan, W.; Wang, K.; Drake, T.J. Molecular beacons. Curr. Opin. Chem. Biol. 2004, 8, 547–553. [CrossRef] [PubMed]
24. Tyagi, S.; Kramer, F.R. Molecular Beacons: Probes that Fluoresce upon Hybridization. Nat. Biotechnol. 1996, 14, 303–308. [CrossRef]

[PubMed]
25. Tyagi, S.; Bratu, D.P.; Kramer, F.R. Multicolor molecular beacons for allele discrimination. Nat. Biotechnol. 1998, 16, 49–53.

[CrossRef] [PubMed]
26. Kostrikis, L.G.; Tyagi, S.; Mhlanga, M.M.; Ho, D.D.; Kramer, F.R. Spectral genotyping of human alleles. Science 1998, 279,

1228–1229. [CrossRef] [PubMed]
27. Shin, J.W.; Shin, A.; Park, S.S.; Lee, J.-M. Haplotype-specific insertion-deletion variations for allele-specific targeting in Hunting-

ton’s disease. Mol. Ther.-Methods Clin. Dev. 2022, 25, 84–95. [CrossRef] [PubMed]
28. Sherrill-Mix, S.; Van Duyne, G.D.; Bushman, F.D. Molecular Beacons Allow Specific RT-LAMP Detection of B.1.1.7 Variant

SARS-CoV-2. J. Biomol. Tech. 2021, 32, 98–101. [CrossRef] [PubMed]
29. Singh, P.; Sharma, K.; Singh, P.; Bhargava, A.; Negi, S.S.; Sharma, P.; Bhise, M.; Tripathi, M.K.; Jindal, A.; Nagarkar, N.M. Genomic

characterization unravelling the causative role of SARS-CoV-2 Delta variant of lineage B.1.617.2 in 2nd wave of COVID-19
pandemic in Chhattisgarh, India. Microb. Pathog. 2022, 164, 105404. [CrossRef]

30. McCallum, M.; Walls, A.C.; Sprouse, K.R.; Bowen, J.E.; Rosen, L.E.; Dang, H.V.; De Marco, A.; Franko, N.; Tilles, S.W.; Logue, J.;
et al. Molecular basis of immune evasion by the Delta and Kappa SARS-CoV-2 variants. Science 2021, 374, 1621–1626. [CrossRef]

31. Harari, S.; Tahor, M.; Rutsinsky, N.; Meijer, S.; Miller, D.; Henig, O.; Halutz, O.; Levytskyi, K.; Ben-Ami, R.; Adler, A.; et al. Drivers
of adaptive evolution during chronic SARS-CoV-2 infections. Nat. Med. 2022, 28, 1501–1508. [CrossRef]

32. Zhou, D.; Dejnirattisai, W.; Supasa, P.; Liu, C.; Mentzer, A.J.; Ginn, H.M.; Zhao, Y.; Duyvesteyn, H.M.E.; Tuekprakhon, A.; Nutalai,
R.; et al. Evidence of escape of SARS-CoV-2 variant B.1.351 from natural and vaccine-induced sera. Cell 2021, 184, 2348–2361.e6.
[CrossRef]

33. Pastorio, C.; Zech, F.; Noettger, S.; Jung, C.; Jacob, T.; Sanderson, T.; Sparrer, K.M.J.; Kirchhoff, F. Determinants of Spike infectivity,
processing, and neutralization in SARS-CoV-2 Omicron subvariants BA.1 and BA.2. Cell Host Microbe 2022, 30, 1255–1268.e5.
[CrossRef] [PubMed]

34. Meng, B.; Kemp, S.A.; Papa, G.; Datir, R.; Ferreira, I.A.T.M.; Marelli, S.; Harvey, W.T.; Lytras, S.; Mohamed, A.; Gallo, G.; et al.
Recurrent emergence of SARS-CoV-2 spike deletion H69/V70 and its role in the Alpha variant B.1.1.7. Cell Rep. 2021, 35, 109292.
[CrossRef] [PubMed]

35. Kistler, K.E.; Huddleston, J.; Bedford, T. Rapid and parallel adaptive mutations in spike S1 drive clade success in SARS-CoV-2.
Cell Host Microbe 2022, 30, 545–555.e4. [CrossRef] [PubMed]

36. Chrysostomou, A.C.; Hezka Rodosthenous, J.; Topcu, C.; Papa, C.; Aristokleous, A.; Stathi, G.; Christodoulou, C.; Eleftheriou, C.;
Stylianou, D.C.; Kostrikis, L.G. A Multiallelic Molecular Beacon-Based Real-Time RT-PCR Assay for the Detection of SARS-CoV-2.
Life 2021, 11, 1146. [CrossRef] [PubMed]

37. Hadjinicolaou, A.V.; Farcas, G.A.; Demetriou, V.L.; Mazzulli, T.; Poutanen, S.M.; Willey, B.M.; Low, D.E.; Butany, J.; Asa, S.L.;
Kain, K.C.; et al. Development of a molecular-beacon-based multi-allelic real-time RT-PCR assay for the detection of human
coronavirus causing severe acute respiratory syndrome (SARS-CoV): A general methodology for detecting rapidly mutating
viruses. Arch. Virol. 2011, 156, 671–680. [CrossRef] [PubMed]

38. Dikdan, R.J.; Marras, S.A.E.; Field, A.P.; Brownlee, A.; Cironi, A.; Hill, D.A.; Tyagi, S. Multiplex PCR Assays for Identifying all
Major Severe Acute Respiratory Syndrome Coronavirus 2 Variants. J. Mol. Diagnostics 2022, 24, 309–319. [CrossRef] [PubMed]

http://doi.org/10.3349/ymj.2021.62.11.961
http://www.ncbi.nlm.nih.gov/pubmed/34672129
http://doi.org/10.1111/cbdd.14035
http://doi.org/10.1016/j.jcv.2021.104969
http://www.ncbi.nlm.nih.gov/pubmed/34509927
http://doi.org/10.3389/fcimb.2021.672562
http://www.ncbi.nlm.nih.gov/pubmed/34123874
http://doi.org/10.1128/spectrum.03222-22
http://doi.org/10.1038/s41467-020-20075-6
http://doi.org/10.3390/cimb43020061
http://doi.org/10.1016/j.cbpa.2004.08.010
http://www.ncbi.nlm.nih.gov/pubmed/15450499
http://doi.org/10.1038/nbt0396-303
http://www.ncbi.nlm.nih.gov/pubmed/9630890
http://doi.org/10.1038/nbt0198-49
http://www.ncbi.nlm.nih.gov/pubmed/9447593
http://doi.org/10.1126/science.279.5354.1228
http://www.ncbi.nlm.nih.gov/pubmed/9508692
http://doi.org/10.1016/j.omtm.2022.03.001
http://www.ncbi.nlm.nih.gov/pubmed/35356757
http://doi.org/10.7171/jbt.21-3203-004
http://www.ncbi.nlm.nih.gov/pubmed/35027867
http://doi.org/10.1016/j.micpath.2022.105404
http://doi.org/10.1126/science.abl8506
http://doi.org/10.1038/s41591-022-01882-4
http://doi.org/10.1016/j.cell.2021.02.037
http://doi.org/10.1016/j.chom.2022.07.006
http://www.ncbi.nlm.nih.gov/pubmed/35931073
http://doi.org/10.1016/j.celrep.2021.109292
http://www.ncbi.nlm.nih.gov/pubmed/34166617
http://doi.org/10.1016/j.chom.2022.03.018
http://www.ncbi.nlm.nih.gov/pubmed/35364015
http://doi.org/10.3390/life11111146
http://www.ncbi.nlm.nih.gov/pubmed/34833022
http://doi.org/10.1007/s00705-010-0906-7
http://www.ncbi.nlm.nih.gov/pubmed/21221674
http://doi.org/10.1016/j.jmoldx.2022.01.004
http://www.ncbi.nlm.nih.gov/pubmed/35121139


Life 2023, 13, 304 19 of 20

39. Manjunath, R.; Gaonkar, S.L.; Saleh, E.A.M.; Husain, K. A comprehensive review on Covid-19 Omicron (B.1.1.529) variant. Saudi
J. Biol. Sci. 2022, 29, 103372. [CrossRef]

40. European Centre for Disease Prevention and Control (ECDC). SARS-CoV-2 Variants of Concern as of 1 December 2022. Available
online: https://www.ecdc.europa.eu/en/covid-19/variants-concern (accessed on 1 December 2022).

41. Bateman, A.; Martin, M.J.; O’Donovan, C.; Magrane, M.; Alpi, E.; Antunes, R.; Bely, B.; Bingley, M.; Bonilla, C.; Britto, R.; et al.
UniProt: The universal protein knowledgebase. Nucleic Acids Res. 2017, 45, D158–D169. [CrossRef]

42. Liu, L.; Wang, P.; Nair, M.S.; Yu, J.; Rapp, M.; Wang, Q.; Luo, Y.; Chan, J.F.W.; Sahi, V.; Figueroa, A.; et al. Potent neutralizing
antibodies against multiple epitopes on SARS-CoV-2 spike. Nature 2020, 584, 450–456. [CrossRef]

43. Ma, J.; Acevedo, A.C.; Wang, Q. High-Potency Polypeptide-based Interference for Coronavirus Spike Glycoproteins. bioRxiv 2021.
[CrossRef]

44. Zhu, C.; He, G.; Yin, Q.; Zeng, L.; Ye, X.; Shi, Y.; Xu, W. Molecular biology of the SARs-CoV-2 spike protein: A review of current
knowledge. J. Med. Virol. 2021, 93, 5729–5741. [CrossRef] [PubMed]

45. Khelashvili, G.; Plante, A.; Doktorova, M.; Weinstein, H. Ca(2+)-dependent mechanism of membrane insertion and destabilization
by the SARS-CoV-2 fusion peptide. Biophys. J. 2021, 120, 1105–1119. [CrossRef] [PubMed]

46. Wang, P.; Nair, M.S.; Liu, L.; Iketani, S.; Luo, Y.; Guo, Y.; Wang, M.; Yu, J.; Zhang, B.; Kwong, P.D.; et al. Antibody Resistance of
SARS-CoV-2 Variants B.1.351 and B.1.1.7. Nature 2021, 593, 130–135. [CrossRef] [PubMed]

47. Kim, S.; Lee, J.H.; Lee, S.; Shim, S.; Nguyen, T.T.; Hwang, J.; Kim, H.; Choi, Y.O.; Hong, J.; Bae, S.; et al. The progression of sars
coronavirus 2 (Sars-cov2): Mutation in the receptor binding domain of spike gene. Immune Netw. 2020, 20, 1–11. [CrossRef]
[PubMed]

48. Mittal, A.; Manjunath, K.; Ranjan, R.K.; Kaushik, S.; Kumar, S.; Verma, V. COVID-19 pandemic: Insights into structure, function,
and hACE2 receptor recognition by SARS-CoV-2. PLoS Pathog. 2020, 16, e1008762. [CrossRef]

49. Huang, Y.; Yang, C.; Xu, X.F.; Xu, W.; Liu, S.W. Structural and functional properties of SARS-CoV-2 spike protein: Potential
antivirus drug development for COVID-19. Acta Pharmacol. Sin. 2020, 41, 1141–1149. [CrossRef]

50. Xia, X. Domains and Functions of Spike Protein in Sars-Cov-2 in the Context of Vaccine Design. Viruses 2021, 13, 109. [CrossRef]
51. Gobeil, S.M.C.; Janowska, K.; McDowell, S.; Mansouri, K.; Parks, R.; Manne, K.; Stalls, V.; Kopp, M.F.; Henderson, R.; Edwards,

R.J.; et al. D614G Mutation Alters SARS-CoV-2 Spike Conformation and Enhances Protease Cleavage at the S1/S2 Junction. Cell
Rep. 2021, 34, 108630. [CrossRef]

52. Sasaki, M.; Uemura, K.; Sato, A.; Toba, S.; Sanaki, T.; Maenaka, K.; Hall, W.W.; Orba, Y.; Sawa, H. SARS-CoV-2 variants with
mutations at the S1/ S2 cleavage site are generated in vitro during propagation in TMPRSS2-deficient cells. PLoS Pathog. 2021, 17,
e1009233. [CrossRef]

53. Chen, C.; Nadeau, S.; Yared, M.; Voinov, P.; Xie, N.; Roemer, C.; Stadler, T. CoV-Spectrum: Analysis of globally shared SARS-CoV-2
data to identify and characterize new variants. Bioinformatics 2022, 38, 1735–1737. [CrossRef]

54. Johnson, R.; Mangwana, N.; Sharma, J.R.; Muller, C.J.F.; Malemela, K.; Mashau, F.; Dias, S.; Ramharack, P.; Kinnear, C.;
Glanzmann, B.; et al. Delineating the Spread and Prevalence of SARS-CoV-2 Omicron Sublineages (BA.1–BA.5) and Deltacron
Using Wastewater in the Western Cape, South Africa. J. Infect. Dis. 2022, 226, 1418–1427. [CrossRef] [PubMed]

55. Hodcroft, E.B. CoVariants: SARS-CoV-2 Mutations and Variants of Interest. Available online: https://covariants.org/ (accessed
on 1 December 2022).

56. Liu, J.; Liu, Y.; Xia, H.; Zou, J.; Weaver, S.C.; Swanson, K.A.; Cai, H.; Cutler, M.; Cooper, D.; Muik, A.; et al. BNT162b2-elicited
neutralization of B.1.617 and other SARS-CoV-2 variants. Nature 2021, 596, 273–275. [CrossRef] [PubMed]

57. Shiakolas, A.R.; Kramer, K.J.; Johnson, N.V.; Wall, S.C.; Suryadevara, N.; Wrapp, D.; Periasamy, S.; Pilewski, K.A.; Raju, N.;
Nargi, R.; et al. Efficient discovery of SARS-CoV-2-neutralizing antibodies via B cell receptor sequencing and ligand blocking.
Nat. Biotechnol. 2022, 40, 1270–1275. [CrossRef] [PubMed]

58. Tegally, H.; Wilkinson, E.; Giovanetti, M.; Iranzadeh, A.; Fonseca, V.; Giandhari, J.; Doolabh, D.; Pillay, S.; San, E.J.; Msomi, N.;
et al. Detection of a SARS-CoV-2 variant of concern in South Africa. Nature 2021, 592, 438–443. [CrossRef] [PubMed]

59. Khare, S.; Gurry, C.; Freitas, L.; Schultz, M.B.; Bach, G.; Diallo, A.; Akite, N.; Ho, J.; Lee, R.T.C.; Yeo, W. GISAID’s Role in Pandemic
Response. China CDC Wkly. 2021, 3, 1049. [CrossRef]

60. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; et al. A new coronavirus
associated with human respiratory disease in China. Nature 2020, 579, 265–269. [CrossRef]

61. Chan, J.F.W.; Siu, G.K.H.; Yuan, S.; Ip, J.D.; Cai, J.P.; Chu, A.W.H.; Chan, W.M.; Abdullah, S.M.U.; Luo, C.; Chan, B.P.C.; et al.
Probable Animal-to-Human Transmission of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Delta Variant
AY.127 Causing a Pet Shop-Related Coronavirus Disease 2019 (COVID-19) Outbreak in Hong Kong. Clin. Infect. Dis. 2022, 75,
e76–e81. [CrossRef]

62. Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT online service: Multiple sequence alignment, interactive sequence choice and
visualization. Brief. Bioinform. 2019, 10, 1160–1166. [CrossRef]

63. Kuraku, S.; Zmasek, C.M.; Nishimura, O.; Katoh, K. aLeaves facilitates on-demand exploration of metazoan gene family trees on
MAFFT sequence alignment server with enhanced interactivity. Nucleic Acids Res. 2013, 41, W22–W28. [CrossRef]

64. Larsson, A. AliView: A fast and lightweight alignment viewer and editor for large datasets. Bioinformatics 2014, 30, 3276–3278.
[CrossRef]

http://doi.org/10.1016/j.sjbs.2022.103372
https://www.ecdc.europa.eu/en/covid-19/variants-concern
http://doi.org/10.1093/nar/gkw1099
http://doi.org/10.1038/s41586-020-2571-7
http://doi.org/10.1101/2021.04.05.438537
http://doi.org/10.1002/jmv.27132
http://www.ncbi.nlm.nih.gov/pubmed/34125455
http://doi.org/10.1016/j.bpj.2021.02.023
http://www.ncbi.nlm.nih.gov/pubmed/33631204
http://doi.org/10.1038/s41586-021-03398-2
http://www.ncbi.nlm.nih.gov/pubmed/33684923
http://doi.org/10.4110/in.2020.20.e41
http://www.ncbi.nlm.nih.gov/pubmed/33163249
http://doi.org/10.1371/journal.ppat.1008762
http://doi.org/10.1038/s41401-020-0485-4
http://doi.org/10.3390/v13010109
http://doi.org/10.1016/j.celrep.2020.108630
http://doi.org/10.1371/journal.ppat.1009233
http://doi.org/10.1093/bioinformatics/btab856
http://doi.org/10.1093/infdis/jiac356
http://www.ncbi.nlm.nih.gov/pubmed/36017801
https://covariants.org/
http://doi.org/10.1038/s41586-021-03693-y
http://www.ncbi.nlm.nih.gov/pubmed/34111888
http://doi.org/10.1038/s41587-022-01232-2
http://www.ncbi.nlm.nih.gov/pubmed/35241839
http://doi.org/10.1038/s41586-021-03402-9
http://www.ncbi.nlm.nih.gov/pubmed/33690265
http://doi.org/10.46234/ccdcw2021.255
http://doi.org/10.1038/s41586-020-2008-3
http://doi.org/10.1093/cid/ciac171
http://doi.org/10.1093/bib/bbx108
http://doi.org/10.1093/nar/gkt389
http://doi.org/10.1093/bioinformatics/btu531


Life 2023, 13, 304 20 of 20

65. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 2003, 31, 3406–3415.
[CrossRef] [PubMed]

66. Chrysostomou, A.C.; Vrancken, B.; Haralambous, C.; Alexandrou, M.; Aristokleous, A.; Christodoulou, C.; Gregoriou, I.;
Ioannides, M.; Kalakouta, O.; Karagiannis, C.; et al. Genomic Epidemiology of the SARS-CoV-2 Epidemic in Cyprus from
November 2020 to October 2021: The Passage of Waves of Alpha and Delta Variants of Concern. Viruses 2023, 15, 108. [CrossRef]

67. Chrysostomou, A.C.; Vrancken, B.; Koumbaris, G.; Themistokleous, G.; Aristokleous, A.; Masia, C.; Eleftheriou, C.; Ioannou, C.;
Stylianou, D.C.; Ioannides, M.; et al. A Comprehensive Molecular Epidemiological Analysis of SARS-CoV-2 Infection in Cyprus
from April 2020 to January 2021: Evidence of a Highly Polyphyletic and Evolving Epidemic. Viruses 2021, 13, 1098. [CrossRef]
[PubMed]

68. O’Toole, Á.; Scher, E.; Underwood, A.; Jackson, B.; Hill, V.; McCrone, J.T.; Colquhoun, R.; Ruis, C.; Abu-Dahab, K.; Taylor, B.;
et al. Assignment of epidemiological lineages in an emerging pandemic using the pangolin tool. Virus Evol. 2021, 7, veab064.
[CrossRef] [PubMed]

69. Aleem, A.; Akbar Samad, A.B.; Slenker, A.K. Emerging Variants of SARS-CoV-2 And Novel Therapeutics Against Coronavirus
(COVID-19); StatPearls Publishing: Treasure Island, FL, USA, 2022.

70. Mariana, A.; AliReza, E.; Stephen, J.P.; George, B.; Antoine, C.; Kirby, C.; Nahuel, F.; Jessica, D.F.; Jennifer, L.G.; Julianne, V.K.; et al.
Real-Time RT-PCR Allelic Discrimination Assay for Detection of N501Y Mutation in the Spike Protein of SARS-CoV-2 Associated
with B.1.1.7 Variant of Concern. Microbiol. Spectr. 2022, 10, e00681-21. [CrossRef]

71. Fan, Y.; Li, X.; Zhang, L.; Wan, S.; Zhang, L.; Zhou, F. SARS-CoV-2 Omicron variant: Recent progress and future perspectives.
Signal Transduct. Target. Ther. 2022, 7, 141. [CrossRef] [PubMed]

72. Padmapriya, B.; Raquel, G.; Sukalyani, B.; Abby, C.; Deanna, S.; Robert, J.; Soumitesh, C.; David, A. A Simple Reverse Transcriptase
PCR Melting-Temperature Assay To Rapidly Screen for Widely Circulating SARS-CoV-2 Variants. J. Clin. Microbiol. 2021, 59,
e00845-21. [CrossRef]

73. Jiang, W.; Ji, W.; Zhang, Y.; Xie, Y.; Chen, S.; Jin, Y.; Duan, G. An Update on Detection Technologies for SARS-CoV-2 Variants of
Concern. Viruses 2022, 14, 2324. [CrossRef]

74. Etievant, S.; Bal, A.; Escuret, V.; Brengel-Pesce, K.; Bouscambert, M.; Cheynet, V.; Generenaz, L.; Oriol, G.; Destras, G.; Billaud, G.;
et al. Performance Assessment of SARS-CoV-2 PCR Assays Developed by WHO Referral Laboratories. J. Clin. Med. 2020, 9, 1871.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1093/nar/gkg595
http://www.ncbi.nlm.nih.gov/pubmed/12824337
http://doi.org/10.3390/v15010108
http://doi.org/10.3390/v13061098
http://www.ncbi.nlm.nih.gov/pubmed/34207490
http://doi.org/10.1093/ve/veab064
http://www.ncbi.nlm.nih.gov/pubmed/34527285
http://doi.org/10.1128/spectrum.00681-21
http://doi.org/10.1038/s41392-022-00997-x
http://www.ncbi.nlm.nih.gov/pubmed/35484110
http://doi.org/10.1128/JCM.00845-21
http://doi.org/10.3390/v14112324
http://doi.org/10.3390/jcm9061871

	Introduction 
	Materials and Methods 
	Molecular Beacon and Primer Design 
	Thermal Profiles of Molecular Beacons 
	Real-Time RT-PCR 
	Reference and Clinical Samples Used to Test the Assay 

	Results 
	Molecular Beacon Thermal Denaturation Profiles 
	Real-Time RT-PCR Testing Results 

	Discussion 
	References

