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Abstract

:

Currently, the reference method for identifying the presence of variants of SARS-CoV-2 is whole genome sequencing. Although it is less expensive than in the past, it is still time-consuming, and interpreting the results is difficult, requiring staff with specific skills who are not always available in diagnostic laboratories. The test presented in this study aimed to detect, using traditional real-time PCR, the presence of the main variants described for the spike protein of the SARS-CoV-2 genome. The primers and probes were designed to detect the main deletions that characterize the different variants. The amplification targets were deletions in the S gene: 25–27, 69–70, 241–243, and 157–158. In the ORF1a gene, the deletion 3675–3677 was chosen. Some of these mutations can be considered specific variants, while others can be identified by the simultaneous presence of one or more deletions. We avoided using point mutations in order to improve the speed of the test. Our test can help clinical and medical microbiologists quickly recognize the presence of variants in biological samples (particularly nasopharyngeal swabs). The test can also be used to identify variants of the virus that could potentially be more diffusive as well as not responsive to the vaccine.
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1. Introduction


Since the appearance of SARS-CoV-2 in late 2019, many people worldwide have presented with severe pneumonia at hospitals [1]. Over time, the number of patients rapidly increased. Community transmission of the virus, as well as anti-viral treatments, can promote mutations in the virus, resulting in a more virulent and diffusive virus with a potentially higher mortality rate [2,3]. Indeed, another aspect that can act on virus evolution is the mutation rate, which is a function of accuracy in replication; the latter also represents the intrinsic rate that guides the genetic changes upon which selection can act [4].



Even though most of the emerging mutations do not have a substantial impact on the spread of the virus or on its virulence, many others can provide selective advantages, which can be summarized as increased transmissibility, the ability to escape from the host’s immune response, resistance to anti-viral drugs, and vaccine effectiveness [2,5,6,7,8]. The world has faced five main variants of SARS-CoV-2 defined as variants of concern (VOCs): variant B.1.17 from the United Kingdom, variant P.1 from Brazil and Japan, variant B1.617.2 from India, and variants B1.351 and B.1.1.529 from South Africa. In May 2021, the WHO proposed an easier way to identify these variants: Alpha, Gamma, Delta, Beta, and Omicron [5,6,7,8,9,10].



All these variants likely have not had an impact on the mortality rate but led to increased transmissibility, especially for Gamma and Beta, in which point mutations K417N and E484K could weaken the effectiveness of vaccines, all of which resulted in a worsening of the epidemiological situation across the globe [11,12].



A worrying aspect concerns Omicron; this variant has numerous mutations and deletions, some of which are also present in other VOCs [13,14]. Moreover, Omicron can evade humoral immune protection developed after vaccination [15]. Over time, several Omicron subvariants have been identified and divided into three main sublineages, BA.1 (B.1.1.529.1), BA.2 (B.1.1.529.2), and BA.3 (B.1.1.529.3) [16]. Recently, BA.4 and BA.5, lineages that both contain the amino acid substitutions L452R, F486V, and R493Q in the spike receptor-binding domain compared with BA.2, have been added to the list of variants [17]. Presently, BA.4/5 lineage subvariants represent approximately 77.1% of all Omicron-related lineages. In addition, BQ.1 and BF.7, which are two of many BA.4/5 subvariants, are worrisome because they show increased immune evasion as well as resistance to monoclonal antibodies. Furthermore, BF.7 contains R346Twhile BQ.1, defined by ECDC as a variant of interest, shows both K444T and N460K spike mutations [18,19].



To identify and trace these variants, researchers have been using whole genome sequencing (WGS) [20,21,22,23,24]. WGS, although it represents the standard, is a time-consuming and expensive technique that is mainly available in large laboratories or in national reference laboratories. On the other hand, WGS has the great advantage of helping in defining emerging variants that can be lineage-specific and can be used for proper identification [25,26]. Nevertheless, for the early identification of such variants, it is desirable to use a molecular system that is both easy to use and affordable [27]. Additionally, the National Institute of Health published a framework to detect Omicron BA.4/BA.5 subvariants through real-time PCR. The reported PCR assays that target specific mutations can be a useful tool for the timely detection of variants/subvariants, including Omicron BA.4/BA.5 [28,29,30].



Here, we present a TaqMan-based real-time PCR designed to characterize SARS-CoV-2 variants. The real-time PCR assay uses a master mix to simultaneously detect the main deletions associated with the variants described above, located in the spike protein and ORF1a genes. Our assay employed six sets of primers and probes for the identification of variants, and one set dedicated to the amplification of the beta-actin gene was used as an amplification control.




2. Materials and Methods


2.1. Samples


This study did not include human participants but, rather, leftover samples. For our assay, we used nucleic acids (NCs) that had already been extracted from 400 nasopharyngeal swabs (NPSs) routinely processed using the Nimbus instrument (Seegene, Inc., Seoul, Republic of Korea). NPSs were delivered to the microbiology laboratory of our hospital from March 2021 to March 2022. Any positive NPSs were determined to be positive in the base results obtained by using a commercial system, namely, Allplex TM 2019-nCov Assay-Seegene, and by the method described in our previous work [27]. The NCs included in our study were randomly selected among positive NPSs whose CTs were ≤38. NCs were stored at −80 °C before testing. To ensure the RNA integrity of the stored NCs, they were retested by our assay [20]. The criteria for inclusion of NCs were the presence of the same genes detected at the time of the first amplification as well as a comparable number of CTs (those of the first amplification ± 2). NCs for which the presence of the genes detected in the first evaluation was not confirmed were excluded. Five μL of the eluate was used for our assay.



As a positive control in our assay, we used commercial samples designed to detect the Alpha, Beta, Gamma, and Delta variants from Twist Bioscience, namely, Twist Synthetic SARS-CoV-2 RNA Controls 15, 16, 17, and 18 for Alpha, Beta, Gamma, and Delta identification, respectively (Twist Bioscience, San Francisco, CA, USA).




2.2. Primers and Probes


For the identification of the specific deletions, our multiplex real-time PCR assay used six sets of primers and probes. Although the test was performed on known positive samples, an internal control was nevertheless included (beta-actin gene). Table 1 reports the primer and probe sequences as well as labeling fluorophores for each probe. Primers and probes were both synthesized by Metabion International AG (Metabion, Planegg, Germany) and by Bio-Fab (Rome, Italy).




2.3. PCR Conditions


The working solution contained a mix of six primers and probes in a single tube, and the final concentration for each reaction is shown in Table 1. Taq DNA Polymerase and Reverse Transcriptase qPCRBIO Probe 1-Step Go No-ROX (cat. PB2543) were used according to the manufacturer’s instructions (PCR BIOSYSTEMS, PCR Biosystems Ltd., London, UK). Real-time PCR conditions were as follows: reverse transcription for 10 min at 45 °C, RT inactivation/Taq DNA polymerase activation for 2 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 30 s at 60 °C. Real-time PCR tests were run on an Amplilab real-time machine (Adaltis srl, Guidonia Montecelio, Italy). The results of our multiplex PCR assay are shown in Table 2. The specificity of our assay was evaluated by performing a PCR test in which the working solution was tested on a mix containing all the positive controls: Twist Synthetic SARS-CoV-2 RNA Controls 15, 16, 17, and 18 (Twist Bioscience) and an aliquot of a positive clinical sample known to be the Omicron variant. The sensitivity of our assay was explored by using a 10-fold serial dilution of each control from Twist Bioscience as well as an Omicron positive sample.




2.4. Sequence Analysis


To confirm the presence of the deletions in the products obtained from our multiplex PCR assay, amplicons from a separate amplification of a large part of the S gene (containing all deletions) were sequenced by the Sanger method using either the sequencing service by Bio-Fab research (Bio-Fab research, Rome, Italy) or by in-house sequencing performed using BigDye Terminators V1.1 (Applied Biosystems, Foster City, CA, USA) and analyzed with ABI Prism 310 (Applied Biosystems). The following primers were used: S seq F 5′ CCA CTA GTC TCT AGT CAG TGT GT 3′ and S seq R 5′ GAG AGG GTC AAG TGC ACA GT 3′ (this work).



All methods described were carried out in accordance with relevant guidelines and regulations.





3. Results


The results of our assay performed on commercial samples provided by Twist Bioscience were in total agreement with those reported in the IFU. At the time of our study, a sample for the Omicron variant was not yet available, so to confirm the performance of our method in characterizing this variant, we used a sample known to be classified as Omicron (the sample was processed by NGS and belonged to a set of specimens of SARS-CoV-2 processed in a national survey of SARS-CoV-2).



From a total of 400 NCs processed by our assay, we obtained the following results: 100 NCs (100/400; 25%) were positive for Alpha, 200 were positive for Omicron (200/400, 50%), eight (8/400; 2%) were positive for Beta, and four (4/400; 1%) were positive for Delta. Gamma was not detected in the specimens analyzed. The remaining samples were identified as SARS-CoV-2 strains (wild type) and/or as variants other than Alpha, Beta, Gamma, Delta, or Omicron.



To confirm the nature of the variants identified by our assay, samples were analyzed by sequencing. An overall agreement of 98% was recorded between the sequencing and PCR results. In particular, 100 samples showed a sequence compatible with deletions 69–70 (Alpha variant), eight samples were confirmed as Beta and four as Delta. Two hundred samples, without deletions 69–70 and showing the FAM signal, were classified as positive for the Omicron variant. Mixed electropherograms with overlapping peaks were observed in ten samples. Finally, the remaining 78 samples did not show deletions or relevant mutations when compared with the wild-type strain. Figure 1 reports sequences of a variant with a 69/70 and 3675/3677 deletion, while Figure 2 shows a mixed electropherogram. The latter was likely due to the presence of two viral genomes simultaneously in the same samples. The possible presence of two different lineages was also reported by Benites et al. and by Richard L Tillett et al. [3,30]. Table 2 reports the interpretation of the results of our assay. It must be considered that the presence of the variant was ascertained by comparing the signals registered in the different channels (FAM, ROX, Cy5, Cy5.5) after the amplification assay. In fact, the Alpha, Beta, and Gamma variants have the deletion on ORF1a in common, while deletions 69–70 are only present in the Alpha variant, and deletion 25/27 is present in Omicron. Deletion 241/243 characterizes the Beta variant. Thus, if in our assay there were signals for two fluorophores (TX RED, CY5.5) (identifying deletion 241/243 as well as 3675–3677), it would mean that the Beta variant was present. Otherwise, in the presence of a unique signal for the fluorophore (Cy5) (157/158 deletion), we can conclude that the sample is positive for the Delta variant. A combination other than those described may indicate a new mutation or a coinfection of several variants. The sensitivity and specificity of our test are reported in Figure 3 and Figure 4, respectively. No cross-reaction has been recorded (Figure 3) while the sensitivity is equal to 10 reaction copies (Figure 4).




4. Discussion


VOC 202012/01 (known as Alpha) was the first variant identified in the southern United Kingdom in December 2020, although it traced back to September 2020 [14]. It rapidly became the predominant variant in circulation in the UK and became a variant of concern due to its increased transmissibility [31,32]. The UK implemented stricter non-pharmaceutical interventions (NPIs) to reduce transmission [14]. Additionally, in Denmark, community transmission of VOC 202012/01 was observed, and in response, the country strengthened and prolonged containment measures. In December 2020, the variant 501Y.V2 (now Beta) was first identified in South Africa and quickly became one of the most prevalent variants. Additionally, this variant was characterized by increased transmissibility, and starting in January 2021, it was identified in ten EU/EEA countries (starting with France) as well as in Israel and the UK [33]. Starting in December 2020, the SARS-CoV-2 lineages B.1.617.1, B.1.617.2, and B.1.617.3 (also known as Delta) were first reported in India, and then the same variants were increasingly detected in many other countries [13]. This is the variant that quickly spread around the world until the arrival of the newest isolated variant once again in South Africa, known today as Omicron. The world is facing a rapid diffusion of new variants and subvariants (BA.4, BA.5, BQ.1, and BF.7) [15,19]. On the basis of previous experiences, the increasing proportion of new variants/subvariants might have a substantial impact on transmissibility, severity and/or immunity, which likely has an effect on the epidemiological situation in the EU/EEA [19,29].



Therefore, it appears clear that to contain the spread of such variants, their timely identification is extremely urgent and necessary. The reference method to identify variants of SARS-CoV-2 is whole genome sequencing; however, as stated above, it is expensive, time-consuming, and limited to large and reference laboratories only. Our system was proven to be helpful since the detection of the main variant of the virus was faster and more affordable. The method is a simple real-time PCR assay, and it does not require expensive instrumentation. Our assay is easy to use and can be introduced in every laboratory, even in those that may not have advanced sequencing systems available. Its advantage is that every hospital will be able to quickly detect/identify variant circulation to promptly implement the infection control measures required to prevent further transmission in their setting [34,35].



Our assay helped us to quickly confirm the presence of different variants among our specimens and to exclude others. Since our test is based on the direct detection of the presence of deletions, it is not affected by the possible co-presence of wild-type SARS-CoV-2 in the specimens (which indicates a coinfection). As a matter of fact, some of the diagnostic tests commercially available base their detection of variants on the absence of S gene amplification; this design fails in the presence of a coinfection or a reinfection (a condition that may generate the co-presence of two types of viruses in the same sample), and the test could result in false negatives. A possible limitation of our paper is that among the samples included in this study, no Gamma variant was detected. However, starting from the evidence that our assay correctly identified Gamma, using a commercially available specific positive control, we can speculate that our real-time PCR can also work when used on NSF specimens.




5. Conclusions


The results of our assay allow us to have a concrete idea of the real circulation of variants in our area. Initially, it was surprising to observe how the Omicron variant was already so strongly present in our territory. Currently, Omicron is strongly represented in our country, and this finding explains the massive and prolonged diffusion of the virus [14]. In the present day, as in many other countries in the EU/EEA, we are observing an increasing diffusion of BA.5 as well as of other VOCs due to the attenuation of restraint measures [16,19,36]. Global and rapid diffusion of SARS-CoV-2 increases its ability to mutate, which represents a terrible application of the prediction of the Nobel Prize laureate, Joshua Lederberg, who defined the fight against microbes as our wits versus their genes.







Author Contributions


Conceptualization, M.F. and C.F.; methodology, E.S.P. and P.Z.; validation, M.F., C.F., R.G., and S.G.; formal analysis, M.F., C.F. and R.G.; investigation, M.F., E.S.P. and P.Z.; data curation, M.F., C.F. and R.G.; writing—original draft preparation, M.F. and C.F.; writing—review and editing, M.F., C.F. and R.G.; visualization, M.F., C.F., and R.G.; supervision M.F., C.F., and R.G.; project administration, M.F. All authors have read and agreed to the published version of the manuscript.




Funding


This study did not benefit from any financial support.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Independent Ethics Committee PTV 102/20.




Informed Consent Statement


Patient consent was waived because the study used leftover specimens, that is, remnants of specimens collected for routine analysis that would have been discarded.




Data Availability Statement


Not applicable.




Acknowledgments


We wish to thank the COVID team (Anna Altieri, Maria Cristina Bossa, Silvia Minelli, David Di Cave, Cartesio D’Agostini, Pier Paolo Paba, Domenico Ombres, Francesco Saputo, and Marco Ciotti: Laboratory of Microbiology, Polyclinic of “Tor Vergata”, Rome, Italy) for the support in processing the nasopharyngeal swabs.




Conflicts of Interest


Marco Favaro has received a research grant Adaltis s.r.l. The remaining authors declare no conflict of interest.




References


	



Boni, M.F.; Lemey, P.; Jiang, X.; Lam, T.T.-Y.; Perry, B.W.; Castoe, T.A.; Rambaut, A.; Robertson, D.L. Evolutionary origins of the SARS-CoV-2 sarbecovirus lineage responsible for the COVID-19 pandemic. Nat. Microbiol. 2020, 5, 1408–1417. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.-W.; Wang, S.-F. SARS-CoV-2 Entry Related Viral and Host Genetic Variations: Implications on COVID-19 Severity, Immune Escape, and Infectivity. Int. J. Mol. Sci. 2021, 22, 3060. [Google Scholar] [CrossRef]

	



Tillett, R.; Sevinsky, J.; Hartley, P.; Kerwin, H.; Crawford, N.; Gorzalski, A.; Laverdure, C.; Verma, S.; Rossetto, C.; Jackson, D.; et al. Genomic evidence for reinfection with SARS-CoV-2: A case study. Lancet Infect. Dis. 2020, 21, 52–58. [Google Scholar] [CrossRef]

	



Amicone, A.; Borges, V.; Alves, M.J.; Isidro, J.; Zé-Zé, L.; Duarte, S.; Vieira, L.; Guiomar, R.; Gomes, J.P.; Gordo, I. Mutation rate of SARS-CoV-2 and emergence of mutators during experimental evolution. Evol. Med. Public Health 2022, 10, 142–155. [Google Scholar] [CrossRef]

	



Abdool Karim, S.S.; de Oliveira, T. New SARS-CoV-2 Variants—Clinical, Public Health, and Vaccine Implications. N. Engl. J. Med. 2021, 384, 1866–1868. [Google Scholar] [CrossRef] [PubMed]

	



Bakhshandeh, B.; Jahanafrooz, Z.; Abbasi, A.; Goli, M.B.; Sadeghi, M.; Mottaqi, M.S.; Zamani, M. Mutations in SARS-CoV-2; Consequences in structure, function, and pathogenicity of the virus. Microb. Pathog. 2021, 154, 104831. [Google Scholar] [CrossRef] [PubMed]

	



European Centre for Disease Prevention and Control (ECDC). SARS-CoV-2-Increased Circulation of Variants of Concern and Vaccine Rollout in the EU/EEA, 14th Update; ECDC: Stockholm, Sweden, 2021. [Google Scholar]

	



European Centre for Disease Prevention and Control (ECDC). SARS-CoV-2 Variants of Concern; ECDC: Stockholm, Sweden, 2021. [Google Scholar]

	



PANGO Lineages. Lineage B.1.617. PANGO Lineages. 2021. Available online: https://cov-lineages.org/lineages/lineage_B.1.617.html (accessed on 20 September 2022).

	



GISAID Tracking of Variants: G/452R (B.1.617+). Available online: https://www.gisaid.org/hcov19-variants/ (accessed on 25 July 2022).

	



Davidson, A.D.; Williamson, M.K.; Lewis, S.; Shoemark, D.; Carroll, M.W.; Heesom, K.J.; Zambon, M.; Ellis, J.; Lewis, P.A.; Hiscox, J.A.; et al. Characterisation of the transcriptome and proteome of SARS-CoV-2 reveals a cell passage induced in-frame deletion of the furin-like cleavage site from the spike glycoprotein. Genome Med. 2020, 12, 68. [Google Scholar] [CrossRef] [PubMed]

	



Lauring, A.S.; Hodcroft, E.B. Genetic Variants of SARS-CoV-2—What Do They Mean? JAMA 2021, 325, 529–531. [Google Scholar] [CrossRef] [PubMed]

	



European Centre for Disease Prevention and Control (ECDC). Emergence of SARS-CoV-2 B.1.617 Variants in India and Situation in the EU/EEA. May 2021. Available online: https://www.ecdc.europa.eu/sites/default/files/documents/Emergence-of-SARS-CoV-2-B.1.617-variants-in-India-and-situation-in-the-EUEEA.pdf (accessed on 10 February 2022).

	



European Centre for Disease Prevention and Control (ECDC). Risk Assessment: Risk Related to the Spread of New SARS-CoV-2 Variants of Concern in the EU/EEA—First Update Jan 2021. Available online: https://www.ecdc.europa.eu/en/publications-data/covid-19-risk-assessment-spread-new-variants-concern-eueea-first-update (accessed on 24 February 2022).

	



Chekol Abebe, E.; Tiruneh, G.; Medhin, M.; Behaile, T.; Mariam, A.; Asmamaw Dejenie, T.; Mengie Ayele, T.; Tadele Admasu, F.; Tilahun Muche, Z.; Asmare Adela, G. Mutational Pattern, Impacts and Potential Preventive Strategies of Omicron SARS-CoV-2 Variant Infection. Infect. Drug Resist. 2022, 15, 1871–1887. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Karuppanan, K.; Subramaniam, G. Omicron (BA.1) and sub-variants (BA.1.1, BA.2, and BA.3) of SARS-CoV-2 spike infectivity and pathogenicity: A comparative sequence and structural-based computational assessment. J. Med. Virol. 2022, 94, 4780–4791. [Google Scholar] [CrossRef] [PubMed]

	



Desingu, P.A.; Nagarajan, K. The emergence of Omicron lineages BA.4 and BA.5, and the global spreading trend. J. Med. Virol. 2022, 94, 5077–5079. [Google Scholar] [CrossRef] [PubMed]

	



Qu, P.; Evans, J.P.; Faraone, J.; Zheng, Y.M.; Carlin, C.; Anghelina, M.; Stevens, P.; Fernandez, S.; Jones, D.; Lozanski, G.; et al. Distinct Neutralizing Antibody Escape of SARS-CoV-2 Omicron Subvariants BQ.1, BQ.1.1, BA.4.6, BF.7 and BA.2.75.2. bioRxiv 2022. preprint. [Google Scholar] [CrossRef]

	



European Centre for Disease Prevention and Control. SARS-CoV-2 Variants of Concern as of 8 December 2022; ECDC: Stockholm, Sweden, 2022. [Google Scholar]

	



European Centre for Disease Prevention and Control. Sequencing of SARS-CoV-2. 23 December 2020; ECDC: Stockholm, Sweden, 23 December 2020. [Google Scholar]

	



Oude Munnink, B.B.; Nieuwenhuijse, D.F.; Stein, M.; O’Toole, Á.; Haverkate, M.; Mollers, M.; Kamga, S.K.; Schapendonk, C.; Pronk, M.; Lexmond, P.; et al. Rapid SARS-CoV-2 whole-genome sequencing and analysis for informed public health decision-making in the Netherlands. Nat. Med. 2020, 26, 1405–1410. [Google Scholar] [CrossRef] [PubMed]

	



Maljkovic Berry, I.; Melendrez, M.C.; Bishop-Lilly, K.A.; Rutvisuttinunt, W.; Pollett, S.; Talundzic, E.; Morton, L.; Jarman, R.G. Next Generation Sequencing and Bioinformatics Methodologies for Infectious Disease Research and Public Health: Approaches, Applications, and Considerations for Development of Laboratory Capacity. J. Infect. Dis. 2019, 221, S292–S307. [Google Scholar] [CrossRef] [PubMed]

	



WHO. Sequencing of SARS-CoV-2A Guide to Implementation for Maximum Impact on Public Health, 8 January 2021. Available online: https://www.who.int/publications/i/item/9789240018440 (accessed on 25 July 2022).

	



Lambisia, A.W.; Mohammed, K.S.; Makori, T.O.; Ndwiga, L.; Mburu, M.W.; Morobe, J.M.; Moraa, E.O.; Musyoki, J.; Murunga, N.; Mwangi, J.N.; et al. Optimization of the SARS-CoV-2 ARTIC Network V4 Primers and Whole Genome Sequencing Protocol. Front. Med. 2022, 9, 836728. [Google Scholar] [CrossRef] [PubMed]

	



Deng, X.; Gu, W.; Federman, S.; du Plessis, L.; Pybus, O.G.; Faria, N.R.; Wang, C.; Yu, G.; Bushnell, B.; Pan, C.Y.; et al. Genomic surveillance reveals multiple introductions of SARS-CoV-2 into Northern California. Science 2020, 31, 582–587. [Google Scholar] [CrossRef] [PubMed]

	



Mei, H.; Kosakovsky Pond, S.; Nekrutenko, A. Stepwise Evolution and Exceptional Conservation of ORF1a/b Overlap in Coronaviruses. Mol. Biol. Evol. 2021, 38, 5678–5684. [Google Scholar] [CrossRef] [PubMed]

	



Favaro, M.; Mattina, W.; Pistoia, E.S.; Gaziano, R.; Di Francesco, P.; Middleton, S.; D’Angelo, S.; Altarozzi, T.; Fontana, C. A new system in qualitative RT-PCR detecting SARS-CoV-2 in biological samples: An Italian experience. Sci. Rep. 2021, 11, 18955. [Google Scholar] [CrossRef]

	



Detection of SARS-CoV-2 Omicron BA.4/BA.5 Subvariants through Real-Time PCR. NIH, V1. Available online: https://www.nih.org.pk/wp-content/uploads/2022/07/Detection-of-Omicron-BA.4-BA.5-through-real-time-PCR.pdf (accessed on 3 July 2022).

	



Implications of the Emergence and Spread of the SARS-CoV-2 Variants of Concern BA.4 and BA.5 for the EU/EEA. Available online: https://www.ecdc.europa.eu/en/news-events/implications-emergence-spread-sars-cov-2-variants-concern-ba4-and-ba5 (accessed on 3 July 2022).

	



da Silva Francisco, R., Jr.; Benites, L.F.; Lamarca, A.P.; de Almeida, L.G.; Hansen, A.W.; Gularte, J.S.; Demoliner, M.; Gerber, A.L.; de CGuimarães, A.P.; Antunes, A.K.; et al. Pervasive transmission of E484K and emergence of VUI-NP13L with evidence of SARS-CoV-2 co-infection events by two different lineages in Rio Grande do Sul, Brazil. Virus Res. 2021, 296, 198345. [Google Scholar] [CrossRef]

	



Davies, N.G.; Abbott, S.; Barnard, R.C.; Jarvis, C.I.; Kucharski, A.J.; Munday, J.D.; Pearson, C.A.B.; Russell, T.W.; Tully, D.C.; Washburne, A.D.; et al. Estimated transmissibility and impact of SARS-CoV-2 lineage B.1.1.7 in England. Science 2021, 372, eabg3055. [Google Scholar] [CrossRef]

	



Ferguson, N.; Laydon, D.; Nedjati Gilani, G.; Imai, N.; Ainslie, K.; Baguelin, M.; Bhatia, S.; Boonyasiri, A.; Cucunuba Perez, Z.; Cuomo-Dannenburg, G.; et al. Impact of Non-Pharmaceutical Interventions (NPIs) to Reduce COVID-19 Mortality and Healthcare Demand; Imperial College COVID-19 Response Team: London, UK, 2020. [Google Scholar] [CrossRef]

	



Tang, J.W.; Toovey, O.; Harvey, K.N.; Hui, D. Introduction of the South African SARS-CoV-2 variant 501Y.V2 into the UK. J. Infect. 2021, 82, e8–e10. [Google Scholar] [CrossRef] [PubMed]

	



Tang, X.; Wu, C.; Li, X.; Song, Y.; Yao, X.; Wu, X.; Duan, Y.; Zhang, H.; Wang, Y.; Qian, Z.; et al. On the origin and continuing evolution of SARS-CoV-2. Natl. Sci. Rev. 2020, 7, 1012–1023. [Google Scholar] [CrossRef] [PubMed]

	



Epidemiological Update: SARS-CoV-2 Omicron Sub-Lineages BA.4 and BA.5. Epidemiological Update 13 May 2022. Available online: https://www.ecdc.europa.eu/en/news-events/epidemiological-update-sars-cov-2-omicron-sub-lineages-ba4-and-ba5 (accessed on 14 July 2022).

	



New Omicron Sub-Lineage Likely to Cause Further Increase in COVID-19 Cases. Available online: https://www.ecdc.europa.eu/en/news-events/new-omicron-sub-lineage-likely-cause-further-increase-covid-19-cases (accessed on 25 October 2022).








[image: Viruses 15 00353 g001 550] 





Figure 1. Portion of S gene sequence (of the SARS-CoV-2 genome): Wild type and variant showing the deletions 69–70 and portion of ORF1a gene with deletion 3675/3677. 






Figure 1. Portion of S gene sequence (of the SARS-CoV-2 genome): Wild type and variant showing the deletions 69–70 and portion of ORF1a gene with deletion 3675/3677.



[image: Viruses 15 00353 g001]







[image: Viruses 15 00353 g002 550] 





Figure 2. Electropherogram showing the sequence of samples in which more than one SARS-CoV-2 variant was present. 
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Figure 3. Specificity test of our assay. 
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Figure 4. Sensitivity test of our assay. 
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Table 1. List of primers, probes, and their concentrations used in our assay.
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	Primers
	Sequences
	Concentration of Primer and Probe in Each Reaction





	Forward D 69–70 (Alpha)
	5′ GTT CCA TGC TMT CTC TGG G 3′
	16 picomoli/µL



	Reverse 69–70
	5′ GTG GTA AAC ACC CAA AAA TG 3′
	8 picomoli/µL



	Forward D 25–27 (Omicron)
	5′ AAC CAG AAC TCA ATC ATA CAC 3′
	16 picomoli/µL



	Reverse 25–27
	5′ GTA TAG CAT GGA ACC AAG TA 3′
	8 picomoli/µL



	Forward D 241–243 (Beta)
	5′ GGT TTC AAA CTT TAC ATA G 3′
	4 picomoli/µL



	Reverse 241–243
	5′ ACC AGC TGT CCA ACC TGA AG 3′
	2 picomoli/µL



	Forward Δ 3675–3677(Alpha/Beta/Gamma)
	5′ GGT TGA TAC TAG TTT GAA GC 3′
	0.28 picomoli/µL



	Reverse 3675–3677
	5′ ACT CTC CTA GCA CCA TCA TCA 3′
	0.28 picomoli/µL



	Forward D 157–158 (Delta)
	5′ AGT TGG ATG GAA AGT GGA GTT TAT
	0.56 picomoli/µL



	Reverse 157–158
	5′ ACC CTG AGG GAG ATC ACG C
	0.56 picomoli/µL



	beta-actin F
	5′ GAG GGT GAA CCC TGC AAA AG
	2.5 picomoli/µL



	beta-actin R
	5′ CCC TCT AAG GCT GCT CAA TG
	2.5 picomoli/µL



	Probes
	Labeling fluorophores
	



	Alpha/Beta/Gamma probe
	5′ Cy5,5 TGC CTG CTA GTT GGG TGA TGC GT 3′ BHQ3
	0.175 picomoli/µL



	Alpha probe
	5′ FAM TTG GTA CTA CTT TAG ATT CGA AGA3′BHQ 1
	2.52 picomoli/µL



	Delta probe
	5′ Cy5 CTA GTG CGC CTA ATT GCA CTT TTGA 3′ BHQ3
	0.28 picomoli/µL



	Beta probe
	5′ TxRed GTT ATT TGA CTC CTG GTG ATT 3′ BHQ2
	2.0 picomoli/µL



	Omicron probe
	5′ FAM CAC ACG TGG TGT TTA TTA CCC TGA C 3′ BHQ1
	4 picomoli/µL



	beta-actin probe
	5′ HEX GGT GGG GCA GTG GGG GCC ACC TTGT 3′ BHQ1
	3 picomoli/µL
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Table 2. Possible results of our assay and interpretation criteria for samples with a CT ≤ 38.
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Fluorophores

	
FAM

	
ROX

	
Cy5

	
Cy5.5

	
HEX

	
Variant Detected




	
Interpretation

	
Δ 69/70 and 25/27

	
S Δ 241/243

	
S Δ 157/158

	
ORF1a Δ 3675–3677

	
IC

	






	
Signals on each channel

	
POS

	
NEG

	
NEG

	
POS

	
POS

	
ALPHA




	
NEG

	
POS

	
NEG

	
POS

	
POS

	
BETA




	
NEG

	
NEG

	
NEG

	
POS

	
POS

	
GAMMA




	
NEG

	
NEG

	
POS

	
NEG

	
POS

	
DELTA




	
POS

	
NEG

	
NEG

	
NEG

	
POS

	
OMICRON




	
NEG

	
NEG

	
NEG

	
NEG

	
POS

	
Wild Type or unknown variant








Table 2: An observed combination other than those described could indicate a new mutation or a coinfection of different variants.
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