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Quick differentiation of the circulating variants and the emerging recombinant variants of SARS-CoV-2 is essential to monitor their transmission. However, the widely used gene sequencing method is time-consuming and costly when facing the viral recombinant variants, because partial or whole genome sequencing is required. Allele-specific real time RT-PCR (qRT-PCR) represents a quick and cost-effective method in SNP genotyping and has been successfully applied for SARS-CoV-2 variant screening. In the present study, we developed a panel of 3 multiplex allele-specific qRT-PCR assays targeting 12 key differential mutations for quick differentiation of SARS-CoV-2 recombinant variants (XD and XE) and Omicron subvariants (BA.1 and BA.2). Two parallel multiplex qRT-PCR reactions were designed to separately target the protype allele and the mutated allele of the four mutations in each allele-specific qRT-PCR assay. The variation of Cp values (ΔCp) between the two multiplex qRT-PCR reactions was applied for mutation determination. The developed multiplex allele-specific qRT-PCR assays exhibited outstanding analytical sensitivities (with limits of detection [LoDs] of 2.97-27.43 copies per reaction), wide linear detection ranges (107-100 copies per reaction), good amplification efficiencies (82% to 95%), good reproducibility (Coefficient of Variations (CVs) < 5% in both intra-assay and inter-assay tests) and clinical performances (99.5%-100% consistency with Sanger sequencing). The developed multiplex allele-specific qRT-PCR assays in this study provide an alternative tool for quick differentiation of SARS-CoV-2 recombinant variants (XD and XE) and Omicron subvariants (BA.1 and BA.2).
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Introduction

The current circulating Omicron variant of SARS-CoV-2 has diverged into at least three subvariants (BA.1, BA.2 and BA.3) (Desingu and Nagarajan, 2022). Dozens of mutations were observed in the Omicron variants, among which at least 6 mutations were unique in the BA.1 subvariant (NSP3: L1266I; NSP6: I189V; Spike: S371L, G446S, T547K, and L981F) (Yu et al., 2022), and at least 6 mutations were unique in the BA.2 subvariant (NSP1: S135R, NSP3: T24I, NSP6: F108L, Spike: A27S, V213G, R408S) (Majumdar and Sarkar, 2022). The BA.2 subvariant is becoming the predominant strain of SARS-CoV-2 by replacing the BA.1 subvariant with a higher transmissibility (Chen and Wei, 2022). It is reported that BA.2 could potentially evade natural and vaccine-induced immunity, rather than BA.1 (Bartsch et al., 2022). The discrepancies in transmissibility and pathogenicity between the BA.1 and BA.2 subvariants make it necessary to conduct differential diagnosis of the Omicron subvariants in COVID-19 patients (Hamill et al., 2021).

Along with the predominant circulation of the Omicron variants, several recombinant variants of SARS-CoV-2 have emerged (He et al., 2022; UK Health Security Agency, 2022; Wertheim et al., 2022). Among the Omicron-recombinant variants (UK Health Security Agency, 2022), the XD variant is from recombination of the Delta variant and the Omicron BA.1 subvariant at the site nt 21643 (numbered as the prototype strain NC_045512.2, the same hereafter) and the site nt 25581; the XE variant is a recombinant variant between the Omicron BA.1 and BA.2 subvariants at the site nt 11537; the XF variant is a recombinant between the Delta variant and the Omicron BA.1 subvariant at the site nt 5386. Besides the Omicron-recombinant variants, Alpha-Epsilon (Wertheim et al., 2022) and Beta-Delta (He et al., 2022) recombinant variants were also reported. Although the pathogenicity and transmissibility of the SARS-CoV-2 recombinant subvariants remain largely undetermined and required further evaluation, previous reports have suggested elevated transmissibility and enhanced pathogenicity of the recombinant coronaviruses (Phillips et al., 1999; Su et al., 2016). Quick differentiation approaches are required to monitor the transmission of SARS-CoV-2 recombinant variants.

While gene sequencing (Sanger sequencing or Next Generation Sequencing) is a commonly applied strategy for viral variant identification (Srivastava et al., 2021), differentiation of massive recombinant variants is time and cost-consuming because of requiring partial or whole viral genome sequencing. Allele-specific real time RT-PCR (qRT-PCR) integrate the advantages of real-time PCR and allele-specific PCR, representing a highly sensitive and time-saving method for SNP genotyping (Gaudet et al., 2009). Allele-specific qRT-PCR has been successfully applied for identification of SARS-CoV-2 mutations, exhibiting a promising potential in differentiation of viral variants (Graber et al., 2021; Wang et al., 2021).

In the present study, we developed a panel of three multiplex allele-specific qRT-PCR assays, targeting 12 key mutations for differentiation of the Omicron BA.1 and BA.2 subvariants and the recombinant XD and XE variants of SARS-CoV-2.



Materials and methods


Ethical statement

The use of desensitized clinical specimens for evaluation of the developed allele-specific qRT-PCR assays was approved by the Ethics Committee of Shanxi University with a project identification code SXULL2022035.



Viral genome sequence analysis and primer/probe design

A total of 1,093,239 genome sequence of SARS-CoV-2 with high quality (< 1% Ns) deposited in GISAID (https://www.gisaid.org) were retrieved. Sequence alignment was performed by using the Muscle algorithm implemented in MEGA v7.0 (Kumar et al., 2016). The key mutations in Omicron BA.1 and BA.2 subvariants (Table 1) were confirmed and viral genomic regions suitable for primer/probe design were selected with the help of Primer Express v3.0 (Applied Biosystems, CA, USA). Primers and probe were designed according to the following principles: choosing regions with GC content of 40-60%; an amplicon of 75-250bp; avoiding regions with secondary structure; avoiding regions with long (> 4) repeats of single bases; avoiding the guanine (G) at the 5’ end of probes; all the selected primers have similar Tm (between 59°C and 61°C) and Tm of the corresponding probes were 5-10°C higher.


Table 1 | Primers & probes for the developed multiplex allele-specific qRT-PCR assays.





Plasmid construction and RNA transcript preparation

The viral NSP1, NSP3, NSP6, and Spike genes were synthesized and separately inserted into a plasmid pEasy-T1 (TransGen Biotech, Beijing, China), linearized by digestion with restriction enzyme for RNA transcript preparation by using the RiboMAX™ Large Scale RNA production System (Promega, WI, USA) according to the manufacturer’s instructions. Concentration of the RNA transcript was measured by using NanoDrop (Thermo Fisher Scientific, MA, USA). Copy number of the transcript was calculated by using the following formula: copy number (copies/ml) = 6.02×1023 copy/mol × molarity (mol/L)/Molecular Weight (g/mol). The quantified RNA transcript was then 10-fold diluted with RNase-free water as templates for development of the allele-specific qRT-PCR assays.



Formulation and procedures of the developed multiplex allele-specific qRT-PCR assays

Takara Onestep PrimeScript™ III RT-qPCR Mix (Takara, Dalian, China) was used to build the multiplex qRT-PCR assays. Each reaction mix consisted of 10 μl One Step PrimeScript™ III RT-qPCR Mix, 0.4 μl forward primer (10 μM), 0.4 μl reverse primer (10 μM), 0.4 μl probe (5 μM), 2 μl RNA template, supplemented with RNase free water to a final volume of 25 μl (the concentration of each set of primers & probe (0.05 μM to 0.5 μM for each primer, and 0.025 μM to 2.5 μM for each probe) was evaluated in advance to reach an optimal work concentration). Each reaction was run in triplicate with 96-well plates by using a Roche LightCycler 480 (Roche, IN, USA). The thermocycling conditions for each qRT-PCR assay were as follows: 52°C 15 min for reverse transcription, 95°C 10 sec for thermal inactivation of the reverse transcriptase, followed by 45 cycles of 95°C 30 sec and 60°C 1min for PCR amplification (a thermal gradient experiment (58°C-62°C) was performed in advance to reach an optimal work temperature for annealing and extension). Fluorescence acquisition was set at the annealing/extension step of each cycle.



Methodological evaluations of the developed multiplex allele-specific qRT-PCR assays

To determine the analytical sensitivity of the developed allele-specific multiplex qRT-PCR assays, we used the above mentioned in vitro transcribed RNA of the viral genes as templates. The quantified RNA transcript was 2-fold serially diluted from 100 copies/μl to 0.1 copies/μl, and subjected to each of the multiplex allele-specific qRT-PCR assay. Limit of detection (LoD, defined as the minimum detected concentration at 95% probability) for each qRT-PCR assay was determined through the Probit regression analysis implemented in SPSS v22.0 (IBM, IL, USA).

Linear detection range and amplification efficiency of the multiplex allele-specific qRT-PCR assay were determined by using 10-fold serially diluted RNA transcript of the viral genes as templates. Fitting curves generating from the quantity of RNA transcripts and the corresponding Cp values were applied for determination of the linear detection ranges of the qRT-PCR assays. Correlation coefficient (R2) in the fitting curve (ranging from 0-1, with the value closer to 1 suggesting higher linearity) was applied for evaluation of the detection linearity, with the threshold for good linearity being defined as R2 > 0.99. Amplification efficiencies of the qRT-PCR assays were evaluated by calculating the slope of the fitting curve, and defined as 10 (-1/slope)-1. The value of amplification efficiency was ranged from 0 to 1, with a value closer to 1 indicating a higher amplification efficiency.

Reproducibility of the multiplex allele-specific qRT-PCR assays were evaluated by using the parameter “Coefficient of Variation (CV)”, which was calculated by the standard deviation of a Cp value for an RNA dilution divided by the men Cp values for all replicates of the same RNA dilution. Intra-assay and inter-assay reproducibility were assessed by the results of three replicates in one run and the results of three runs in three days, respectively.

Specificity of the multiplex allele-specific qRT-PCR assays were evaluated by checking possible cross-reactivity between the developed qRT-PCR assays and the nucleic acids from common respiratory viruses (including coronaviruses (NL63, OC43 and 229E), influenza viruses (A and B), parainfluenza viruses (types 1-4), and respiratory syncytial virus) and respiratory bacteria (including Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus and Pseudomonas aeruginosa).



Clinical performance of the developed multiplex allele-specific qRT-PCR assays

To further evaluate the performance of the developed multiplex allele-specific qRT-PCR assays, we conducted assay validation with a total of 105 nasopharyngeal swabs. SARS-CoV-2 nucleic acid detection was performed by using a previously reported assay (Liu et al., 2020; Xiao et al., 2021), and confirmed by Sanger sequencing. A volume of 20 μl RNA was extracted from 200 μl of each nasopharyngeal swab containing viral transport medium by using the Trizol RNA extraction method (Rio et al., 2010). Assay validation was performed by using 2 μl of the extracted RNA as template for each 20 μl qRT-PCR reaction system.



Statistical analysis

All qRT-PCR experiments were performed in triplicate, and data are expressed as mean ± s.d. (the standard deviation). Fitting curves between the quantity of RNA transcript and the corresponding Cp values were generated by using Excel® Microsoft® 365. The amplification efficiency of a qRT-PCR assay was defined as 10 (-1/slope)-1, whereas “slope” represents the slope of the fitting curve. R2 of the fitting curve was applied for description of the correlation coefficient between the quantity of RNA transcripts and the corresponding Cp values. The LoDs of the developed qRT-PCR assays were determined by using the Probit regression analysis module implemented in SPSS 22.0 at the 95% probability level. The kappa index evaluating the agreement between results of Sanger sequencing and the developed qRT-PCR assay was calculated by using the Kappa and the McNemar crosstab statistics implemented in SPSS 22.0.




Results


Description and result interpretation of the developed multiplex allele-specific qRT-PCR assays

A panel of 3 multiplex allele-specific qRT-PCR assays targeting 12 key mutations (Figure 1A) were developed for differentiation of the SARS-CoV-2 XD and XE recombinant variants and the Omicron BA.1 and BA.2 subvariants (Table 1). Each assay contained two parallel reactions targeting the prototype allele and the corresponding mutated allele of each mutation, respectively. Each reaction contained 4 TaqMan hydrolysis probes targeting 4 mutations, labeled with 5’-FAM-BHQ1-3’, 5’-VIC-BHQ1-3’, 5’-CY3-BHQ2-3’, and 5’-CY5-BHQ2-3’, respectively. The Forward primer was designed to be allele specific, with one additional mutation at the 3’ terminus to amplify the mismatch effect. The variation of Cp values (ΔCp) between the two parallel reactions induced by primer-target mismatch was employed to differentiate the prototype allele and the mutated allele (Figure 1B). A mutation was determined to occur if the Cp value in the mutated allele targeting reaction was smaller than that in the prototype allele targeting reaction. The threshold was set as ΔCp > 2 according to the performance of all the three developed assays. If ΔCp ≤ 2, a repeated test is required to confirm the result. Viral variant was identified according to the obtained unique mutation patterns of the Omicron subvariants and recombinant variants of SARS-CoV-2 (Figure 1C).




Figure 1 | The principle and covered viral mutations of the developed multiplex allele-specific qRT-PCR assays. (A) The viral genomic locations of the 12 targeted mutations in the developed multiplex allele-specific qRT-PCR assays are shown, including 6 unique mutations in Omicron BA.1 subvariants (NSP3: L1266I, NSP6 I189V, Spike: S371L, Spike G446S, Spike T547K, Spike: L981F), 6 unique mutations in Omicron BA.2 subvariants (NSP1: S135R, NSP6: F108L, Spike A27S, Spike V213G, Spike R408s). The horizontal solid color lines represent the genome of the variant and subvariants of SARS-CoV-2. The vertical dashed lines indicate the boundary of viral genes. (B) The principle of the developed assays. The allele-specific qRT-PCR assays consist of two parallel reactions targeting the prototype allele and the mutated allele of each mutation, respectively. The inaccurate matched primers & probe to viral RNA generates a higher Cp value, while the accurate matched primers & probe to viral RNA generates a lower Cp value. The variation of Cp values (ΔCp) between the prototype allele targeting and the mutate allele targeting reactions was employed to determine if a mutation occurred. (C) A total of 12 mutations were enrolled in the developed assays, with 4 unique mutation patterns to identify the Omicron subvariants BA.1 and BA.2, and the recombinant variants XD and XE of SARS-CoV-2. The mutation pattern for the Omicron subvariants BA.1 and BA.2 were colored in green and red, respectively, those for the recombinant variants XD and XE were colored accordingly.





Analytical sensitivities of the developed multiplex allele-specific qRT-PCR assays

The analytical sensitivities of the developed qRT-PCR assays were represented with limit of detection (LoD), defined as the minimum detected template concentration at 95% probability (calculated through the Probit regression analysis). Using a 2-fold serially diluted in vitro transcribed RNA (from 200 to 0.1 copies per reaction) as templates, the LoDs for the prototype allele targeting reactions of the developed multiplex allele-specific qRT-PCR assays were determined to be 3.06-27.43 copies per reaction (Table 2, Figure 2), while the LoDs for the mutated allele targeting reactions were 2.97-23.65 copies per reaction (Table 2, Figure 3). These results suggested outstanding analytical sensitivities of the developed multiplex allele specific qRT-PCR assays.


Table 2 | Linear detection ranges and amplification efficiencies of the developed multiplex allele-specific qRT-PCR assays.






Figure 2 | Determination of limits of detection for the developed multiplex allele-specific qRT-PCR assays to detect the prototype RNA of SARS-CoV-2. Limits of detection (LoDs) for the developed qRT-PCR assays to detect the prototype RNA of SARS-CoV-2 were determined by the Probit Regression (Dose-Response analysis) implemented in SPSS v22.0. qRT-PCR was performed by using the in vitro transcribed viral prototype RNA (2-fold dilution from 200 copies/reaction to 0.1 copies per reaction) as templates. The obtained Cp values and the corresponding copy number of viral RNA were applied for Probit Regression analysis. Probit curves for assay 1 [NSP1: S135R (a1), NSP6: I189V (a2), Spike: A27S (a3), and Spike: S371L (a4)], assay 2 [NSP6: F108L (b1), Spike: G446S (b2), Spike: T547K (b3) and Spike: L981F (b4)], assay 3 [NSP3: T24I (c1), NSP3: L1266I (c2), Spike: V213G (c3), and Spike: R408S (c4)] are shown. The inner solid line (in red) is a Probit curve. The outer dotted lines (in dark blue) are 95% CI.






Figure 3 | Determination of limits of detection for the developed multiplex allele-specific qRT-PCR assays to detect the Mutated RNA of SARS-CoV-2. Limits of detection (LoDs) for the developed qRT-PCR assays to the mutated RNA (covering all the alleles in Table 1) of SARS-CoV-2 were determined by the Probit Regression (Dose-Response analysis) implemented in SPSS v22.0. qRT-PCR was performed by using the in vitro transcribed mutated RNA (2-fold dilution from 200 copies/reaction to 0.1 copies per reaction) as templates. The obtained Cp values and the corresponding copy number of viral RNA were applied for Probit Regression analysis. Probit curves for assay 1 [NSP1: S135R (a1), NSP6: I189V (a2), Spike: A27S (a3), and Spike: S371L (a4)], assay 2 [NSP6: F108L (b1), Spike: G446S (b2), Spike: T547K (b3) and Spike: L981F (b4)], assay 3 [NSP3: T24I (c1), NSP3: L1266I (c2), Spike: V213G (c3), and Spike: R408S (c4)] are shown. The inner solid line (in red) is a Probit curve. The outer dotted lines (in dark blue) are 95% CI.





Linear detection ranges and amplification efficiencies of the developed multiplex allele-specific qRT-PCR assays

Linear detection range serves as a key indicator of qRT-PCR performance, which is defined as the span of signal intensities that display a linear relationship between quantity of RNA transcript and corresponding Cp values. By using a 10-fold diluted in vitro transcribed RNA as templates, the linear detection ranges of the developed multiplex allele-specific qRT-PCR assays were determined with the parameter Coefficient of Correlation (R2, ranging from 0-1, the value closer to 1 represents stronger correlation). In the prototype allele targeting reactions (Table 2), the linear detection ranges were 107-10-1 copies per reaction (R2 > 0.99) for the alleles of A27S (Spike), G446S (Spike), T547K (Spike), L981F (Spike), T24I (NSP3), and L1266I (NSP3), while the other prototype allele targeting reactions exhibited linear detection ranges of 107-100 copies per reaction (R2 > 0.99). Meanwhile, all the mutated allele targeting reactions exhibited linear detection ranges of 107-10-1 copies per reaction (Table 2).

Amplification efficiency, defined as ratio of the actual amplicon number to the theoretical amplicon number from the same original template, with an efficiency value of 100% representing two copies of amplicon generated from one available template. We tested the amplification efficiencies of the developed assays by using the 10-fold diluted in vitro transcribed RNA as templates. The amplification curves of the prototype template (Figure 4) and the mutated template (Figure 5) exhibited approximately equal interval, indicating good amplification efficiencies of the developed assays. We further calculated the amplification efficiencies by using the formula: amplification efficiency = 10 (-1/slope) -1, in which the slope was from the fitting curve between the quantity of RNA transcript and the corresponding Cp values. The amplification efficiencies were ranged from 85% to 95% for the prototype allele targeting reactions, and ranged from 82% to 93% for the mutated allele targeting reactions (Table 2). These results demonstrated wide linear detection ranges and good amplification efficiencies of the developed multiplex allele-specific qRT-PCR assays for differentiation of SARS-CoV-2 recombinant variants (XD and XE) and the Omicron subvariants (BA.1 and BA.2).




Figure 4 | Amplification curves for the developed multiplex allele-specific qRT-PCR assays against the prototype genes of SARS-CoV-2. The viral prototype genes (NSP1, NSP3, NSP6 and Spike) were in vitro transcribed and 10-fold diluted from 107 copies/reaction (2.33×107, 4.45×107, 3.10×107, 6.82×107 for NSP1, NSP3, NSP6 and Spike, respectively) to 10-1 copies/reaction. Two parallel reactions targeting the prototype allele and the mutated allele of the developed assays were performed by using the in vitro transcribed and serially diluted prototype RNA as template. The amplification curves for the prototype allele targeting reactions (in dark blue) were then merged with those of the corresponding mutated allele targeting reactions (in red). The amplification curves for assay 1 [NSP1: S135R (a1), NSP6: I189V (a2), Spike: A27S (a3), and Spike: S371L (a4)], assay 2 [NSP6: F108L (b1), Spike: G446S (b2), Spike: T547K (b3) and Spike: L981F (b4)], assay 3 [NSP3: T24I (c1), NSP3: L1266I (c2), Spike: V213G (c3), and Spike: R408S (c4)] are shown.






Figure 5 | Amplification curves for the developed multiplex allele-specific qRT-PCR assays against the mutated genes of SARS-CoV-2. The viral mutated genes (NSP1, NSP3, NSP6 and Spike) covering all the mutations listed in Table 1 were in vitro transcribed and 10-fold diluted from 107 copies/reaction (8.59×107, 8.83×107, 6.92×107, 2.45×107 for NSP1, NSP3, NSP6 and Spike, respectively) to 10-1 copies/reaction. Two parallel reactions targeting the prototype allele and the mutated allele of the developed assays were performed by using the in vitro transcribed and serially diluted mutated RNA as template. The amplification curves for the mutated allele targeting reactions (in red) were then merged with those of the corresponding prototype allele targeting reactions (in dark blue). The amplification curves for assay 1 [NSP1: S135R (a1), NSP6: I189V (a2), Spike: A27S (a3), and Spike: S371L (a4)], assay 2 [NSP6: F108L (b1), Spike: G446S (b2), Spike: T547K (b3) and Spike: L981F (b4)], assay 3 [NSP3: T24I (c1), NSP3: L1266I (c2), Spike: V213G (c3), and Spike: R408S (c4)] are shown.





Reproducibility and specificities of the developed multiplex allele-specific qRT-PCR assays

The intra-assay and inter-assay reproducibility of the developed qRT-PCR assays were separately assessed by using Coefficient of Variation (CV) between quantity of RNA template and the corresponding Cp values in triplicate repeated tests. For the intra-assay reproducibility (Table 3), the CVs were 0.04-3.32 in the prototype allele targeting reactions and were 0.04-2.66 in the mutated allele targeting reactions. For the inter-assay reproducibility (Table 4), the CVs were 0.32-4.68 in the prototype allele targeting reactions and were 0.46-4.26 in the mutated allele targeting reactions. These results suggested good intra- and inter-assay reproducibility (with Coefficient of Variation less than 5%) of the developed multiplex allele-specific qRT-PCR assays for differentiation of SARS-CoV-2 recombinant variants and the Omicron BA.1 and BA.2 subvariants.


Table 3 | Intra-assay reproducibility of the developed multiplex allele-specific qRT-PCR assays.




Table 4 | Inter-assay reproducibility of the developed multiplex allele-specific qRT-PCR assays.



No cross-reaction was observed between the developed qRT-PCR assays and other coronavirus (including NL63, OC43 and 229E), influenza viruses, parainfluenza viruses, respiratory syncytial virus, and common respiratory bacteria (Figure 6), suggesting good specificity of the developed multiplex allele-specific qRT-PCR assays.




Figure 6 | Evaluation of cross-reactivity between the developed assays and common respiratory viruses and pathogenic bacteria. The nucleic acids from the other coronaviruses (including NL63, OC43 and 229E), other respiratory viruses (including influenza viruses, parainfluenza viruses, and respiratory syncytial virus) and pathogenic bacteria (including Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus and Pseudomonas aeruginosa) were used as templates (n=16) to check the cross-reactivity between the developed assays and common respiratory pathogens. The amplification curves for assay 1 [NSP1: S135R (a1), NSP6: I189V (a2), Spike: A27S (a3), and Spike: S371L (a4)], assay 2 [NSP6: F108L (b1), Spike: G446S (b2), Spike: T547K (b3) and Spike: L981F (b4)], assay 3 [NSP3: T24I (c1), NSP3: L1266I (c2), Spike: V213G (c3), and Spike: R408S (c4)] are shown.





Clinical performance of the developed multiplex allele-specific qRT-PCR assays

A total of 105 clinical specimens were used to evaluate the clinical performance of the developed assays, which were tested for SARS-CoV-2 by a previously reported assay and confirmed by Sanger sequencing. Of the 105 clinical specimens (Table 5), 12 were Omicron BA.1 positive, 2 were Omicron BA.2 positive, 1 was variant XD positive, and 1 was variant XE positive by the developed assays, whereas 13 were Omicron BA.1 positive, 2 were Omicron BA.2 positive, 1 was variant XD positive, and 1 was variant XE positive by Sanger sequencing. Thus, the sensitivities of the developed assays against Sanger sequencing to detect the Omicron subvariants BA.1, BA.2 and the recombinant variants XD and XE were 92%, 100%, 100%, and 100%, respectively. The specificities of all the developed assays against Sanger sequencing to detect the Omicron subvariants BA.1, BA.2 and the recombinant variants XD and XE were 100%. The consistencies for the Omicron subvariants BA.1, BA.2 and the recombinant variants XD and XE between the developed assays and Sanger sequencing were 99.5% (Kappa=0.955, P>0.05), 100% (Kappa=1.000, P>0.05), 100% (Kappa=1.000, P>0.05), and 100% (Kappa=1.000, P>0.05), respectively. These results suggested good clinical performance of the developed multiplex allele-specific qRT-PCR assays.


Table 5 | Clinical performance of the developed multiplex qRT-PCR assays for Omicron subvariants (BA.1 and BA.2) and recombinant variants (XD and XE) of SARS-CoV-2.






Discussion

The desprepant transmissibility among Omicron subvariants and potential impacts of the recombinant variants of SARS-CoV-2 call for quick viral variant screening method to effectively monitor the viral transmission. Allele-specific qRT-PCR is an easy-to-perform and wide applicable method in SNP screening, representing a potential basic technology for developing viral variant screening assay. In the present study, we developed a panel of 3 multiplex allele-specific qRT-PCR assays targeting 12 key viral mutations for differentiation of SARS-CoV-2 recombinant variants (XD and XE) and the Omicron subvariants (BA.1 and BA.2).

Several technologies have been applied for screening of viral mutations. Sanger sequencing is one of the reliable methods to detect the rapidly emerging SARS-CoV-2 variants by providing a detailed view of mutations (Wang et al., 2021). Nevertheless, Sanger sequencing is time-consuming, a longer turnaround time to deal with, requiring expensive sequencer. Droplet digital RT-PCR also has been applied for screening of SARS-CoV-2 variants with the advantages of sensitive absolute quantification (Perchetti et al., 2021), but requiring costly apparatus. Next generation sequencing (NGS) based whole-genome sequencing (WGS) represents a promising strategy in searching viral mutations by providing a more comprehensive view of the viral genomic variations (Bull et al., 2020). However, the NGS based WGS costs higher and requires professional skills, making it hard for wide application especially in the developing areas. When facing the task of SARS-CoV-2 recombinant variant identification, the limitations of the above-mentioned technologies are multiplied, because multiple genomic regions are required to reach a clear conclusion.

qRT-PCR represents a promising approach in viral mutation screening with the advantages of time and cost effective, easy to manage, and wide applicable (Corman et al., 2020). qRT-PCR based short-amplicon high-resolution melting analysis (SA-HRM) was applied for SARS-CoV-2 variant screening, allowing cost-effective genotyping of single-nucleotide differences by the differential melting pattern of a short double-stranded DNA molecule (Diaz-Garcia et al., 2021) While SA-HRM is less specific and less robust than TaqMan assays, its results should be confirmed by TaqMan assays or DNA sequencing, making the overall processes time-consuming and costly.

Allele-specific qRT-PCR method provides a potential strategy in screening viral mutations, which has been widely used for SNP screening (Gaudet et al., 2009; Ngai et al., 2010; Cuenca et al., 2013). Although several allele-specific qRT-PCR assays have been developed for detecting SARS-CoV-2 variants either from clinical specimens (Borsova et al., 2021) or from waste water (Graber et al., 2021), a comprehensive assay covering the current circulating Omicron subvariants and the recent emerged recombinant variants of SARS-CoV-2 is lacking. To meet this demand, we developed and analytically validated a panel of 3 multiplex allele-specific qRT-PCR assays for differentiation of SARS-CoV-2 recombinant variants XD and XE, and the Omicron subvariants BA.1 and BA.2. The developed assays exhibited better or comparable analytical sensitivities with the previously reported allele-specific qRT-PCR assays for SARS-CoV-2 variants (Borsova et al., 2021; Wang et al., 2021; Garson et al., 2022). Based on the achievements of previous reports in detecting SNPs of West Nile virus (Worwa et al., 2014), genetic lineage of the infectious bursal disease virus (Tomas et al., 2017), recombination of infectious laryngotracheitis virus (Loncoman et al., 2017), and the developed assays for detecting SARS-CoV-2 Omicron subvariants and recombinant variants in the present study, we reached a conclusion that allele-specific qRT-PCR could be generalized as a methodology for quick differentiation of viral sublineages and recombination events.

As a potential shortcoming of the developed assays in this study, the unobserved or subsequent appearing mutations in the targeting area of the primers and probes could affect the performance of the assays by increasing the uncontrolled mismatch. To overcome this shortcoming, we select the unique mutations of the SARS-CoV-2 recombinant variants and the Omicron subvariants that are far away from the other existed viral mutations. Nevertheless, further evaluation is required to assess the potential influence of future mutations occurred in the targeting area of the primers and probes of the developed assay. Another potential shortcoming of the developed assays is possible disturbance of result interpretation by the intra-/inter- assay Cp variation between the prototype allele targeting reaction and the mutated allele targeting reaction. Because all the intra- or inter- assay Cp variations were no more than 5% (Tables 3, 4) (that is to say, the highest variation of Cp ≤ 35×5% =1.75), we thus set the threshold as ΔCp > 2 to avoid results misinterpretation induced by intra-/inter-assay Cp variations.

In summary, a panel of 3 multiplex allele-specific qRT-PCR assays was developed for differentiation of SARS-CoV-2 recombinant variants and the Omicron subvariants. The developed assays exhibited outstanding analytical sensitivities (LoDs: 2.97-27.43 copies per reaction), wide linear detections ranges (from 107 copies per reaction to 100 copies per reaction), good amplification efficiencies (82% to 95%), good reproducibility (CVs < 5% in both intra-assay and inter-assay tests), and good specificity (not cross-reacted with other common respiratory viruses and bacteria). The developed assays provide an alternative tool for quick differentiation of SARS-CoV-2 recombinant variants XD and XE, and the Omicron BA.1 and BA.2 subvariants.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics statement

This study has been reviewed and approved by the Ethics Committee of Shanxi University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

JL and CW contributed to conception and design of the study. ZG, JC, RC, JN, JZ, YY, and XY performed the laboratory work. JC, GM, HL, and YD recruited participants to the study. JL and JX performed the statistical analysis. JL wrote the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.





Funding

This study has been funded by the Key R & D project of Shanxi Province (202102130501001 to JL, 202003D31005/GZ to CW, 202003D31003/GZ to JL).





Acknowledgments

We thank Prof. Eric Leroy from University of Montpellier and Prof. Eric Westhof from University of Strasbourg for their valuable suggestions on the conception and design of the study, and critical comments on the draft of the manuscript.




Conflict of interest

Authors GM and HL were employed by Shanxi Guoxin Caregeno Biotechnology Co., Ltd, Taiyuan, China.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

 Bartsch, Y., Cizmeci, D., Kang, J., Gao, H., Shi, W., and Chandrashekar, A. (2022). BA.2 evasion of vaccine induced binding and functional non-neutralizing antibodies. medRxiv. doi: 10.1101/2022.02.25.22271511

 Borsova, K., Paul, E. D., Kovacova, V., Radvanszka, M., Hajdu, R., Cabanova, V., et al. (2021). Surveillance of SARS-CoV-2 lineage B.1.1.7 in Slovakia using a novel, multiplexed RT-qPCR assay. Sci. Rep. 11 (1), 20494. doi: 10.1038/s41598-021-99661-7

 Bull, R. A., Adikari, T. N., Ferguson, J. M., Hammond, J. M., Stevanovski, I., Beukers, A. G., et al. (2020). Analytical validity of nanopore sequencing for rapid SARS-CoV-2 genome analysis. Nat. Commun. 11 (1), 6272. doi: 10.1038/s41467-020-20075-6

 Chen, J., and Wei, G. W. (2022). Omicron BA.2 (B.1.1.529.2): High potential to becoming the next dominating variant. J. Phys. Chem. Lett. 13 (17), 3480–3489. doi: 10.1021/acs.jpclett.2c00469

 Corman, V. M., Landt, O., Kaiser, M., Molenkamp, R., Meijer, A., Chu, D. K., et al. (2020). Detection of 2019 novel coronavirus, (2019-nCoV) by real-time RT-PCR. Euro Surveill 25 (3), 2000045. doi: 10.2807/1560-7917.ES.2020.25.3.2000045

 Cuenca, J., Aleza, P., Navarro, L., and Ollitrault, P. (2013). Assignment of SNP allelic configuration in polyploids using competitive allele-specific PCR: application to citrus triploid progeny. Ann. Bot. 111 (4), 731–742. doi: 10.1093/aob/mct032

 Desingu, P. A., and Nagarajan, K. (2022). Omicron BA.2 lineage spreads in clusters and is concentrated in Denmark. J. Med. Virol. 94 (6), 2360–2364. doi: 10.1002/jmv.27659

 Diaz-Garcia, H., Guzman-Ortiz, A. L., Angeles-Floriano, T., Parra-Ortega, I., Lopez-Martinez, B., Martinez-Saucedo, M., et al. (2021). Genotyping of the major SARS-CoV-2 clade by short-amplicon high-resolution melting (SA-HRM) analysis. Genes (Basel) 12 (4), 531. doi: 10.3390/genes12040531

 Garson, J. A., Badru, S., Parker, E., Tedder, R. S., and McClure, M. O. (2022). Highly sensitive and specific detection of the SARS-CoV-2 delta variant by double-mismatch allele-specific real time reverse transcription PCR. J. Clin. Virol. 146, 105049. doi: 10.1016/j.jcv.2021.105049

 Gaudet, M., Fara, A. G., Beritognolo, I., and Sabatti, M. (2009). Allele-specific PCR in SNP genotyping. Methods Mol. Biol. 578, 415–424. doi: 10.1007/978-1-60327-411-1_26

 Graber, T. E., Mercier, E., Bhatnagar, K., Fuzzen, M., D'Aoust, P. M., Hoang, H. D., et al. (2021). Near real-time determination of B.1.1.7 in proportion to total SARS-CoV-2 viral load in wastewater using an allele-specific primer extension PCR strategy. Water Res. 205, 117681. doi: 10.1016/j.watres.2021.117681

 Hamill, V., Noll, L., Lu, N., Tsui, W. N. T., Porter, E. P., Gray, M., et al. (2021). Molecular detection of SARS-CoV-2 strains and differentiation of delta variant strains. Transbound Emerg. Dis. doi: 10.1111/tbed.14443

 He, Y., Ma, W., Dang, S., Chen, L., Zhang, R., Mei, S., et al. (2022). Possible recombination between two variants of concern in a COVID-19 patient. Emerg. Microbes Infect. 11 (1), 552–555. doi: 10.1080/22221751.2022.2032375

 Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33 (7), 1870–1874. doi: 10.1093/molbev/msw054

 Liu, Y., Wang, Y., Wang, X., Xiao, Y., Chen, L., Guo, L., et al. (2020). Development of two TaqMan real-time reverse transcription-PCR assays for the detection of severe acute respiratory syndrome coronavirus-2. Biosaf Health 2 (4), 232–237. doi: 10.1016/j.bsheal.2020.07.009

 Loncoman, C. A., Hartley, C. A., Coppo, M. J., Vaz, P. K., Diaz-Mendez, A., Browning, G. F., et al. (2017). Development and application of a TaqMan single nucleotide polymorphism genotyping assay to study infectious laryngotracheitis virus recombination in the natural host. PloS One 12 (3), e0174590. doi: 10.1371/journal.pone.0174590

 Majumdar, S., and Sarkar, R. (2022). Mutational and phylogenetic analyses of the two lineages of the omicron variant. J. Med. Virol. 94 (5), 1777–1779. doi: 10.1002/jmv.27558

 Ngai, K. L., Lam, W. Y., Lee, N., Leung, T. F., Hui, D. S., and Chan, P. K. (2010). Allele-specific conventional reverse-transcription polymerase chain reaction as a screening assay for discriminating influenza a H1N1 (H275Y) oseltamivir-resistant and wild-type viruses. J. Med. Virol. 82 (8), 1295–1298. doi: 10.1002/jmv.21783

 Perchetti, G. A., Zhu, H., Mills, M. G., Shrestha, L., Wagner, C., Bakhash, S. M., et al. (2021). Specific allelic discrimination of N501Y and other SARS-CoV-2 mutations by ddPCR detects B.1.1.7 lineage in Washington state. J. Med. Virol. 93 (10), 5931–5941. doi: 10.1002/jmv.27155

 Phillips, J. J., Chua, M. M., Lavi, E., and Weiss, S. R. (1999). Pathogenesis of chimeric MHV4/MHV-A59 recombinant viruses: The murine coronavirus spike protein is a major determinant of neurovirulence. J. Virol. 73 (9), 7752–7760. doi: 10.1128/JVI.73.9.7752-7760.1999

 Rio, D. C., Ares, M. Jr., Hannon, G. J., and Nilsen, T. W. (2010). Purification of RNA using TRIzol (TRI reagent). Cold Spring Harb. Protoc. (6), pdb.prot5439. doi: 10.1101/pdb.prot5439

 Srivastava, S., Banu, S., Singh, P., Sowpati, D. T., and Mishra, R. K. (2021). SARS-CoV-2 genomics: An Indian perspective on sequencing viral variants. J. Biosci. 46 (1), 22. doi: 10.1007/s12038-021-00145-7

 Su, S., Wong, G., Shi, W., Liu, J., Lai, A. C. K., Zhou, J., et al. (2016). Epidemiology, genetic recombination, and pathogenesis of coronaviruses. Trends Microbiol. 24 (6), 490–502. doi: 10.1016/j.tim.2016.03.003

 Tomas, G., Hernandez, M., Marandino, A., Techera, C., Grecco, S., Hernandez, D., et al. (2017). Development of an RT-qPCR assay for the specific detection of a distinct genetic lineage of the infectious bursal disease virus. Avian Pathol. 46 (2), 150–156. doi: 10.1080/03079457.2016.1228827

 UK_Health_Security_Agency (2022) Technical briefing 39. SARS-CoV-2 variants of concern and variants under investigation in England. Available at: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1063424/Tech-Briefing-39-25March2022_FINAL.pdf.

 Wang, H., Miller, J. A., Verghese, M., Sibai, M., Solis, D., Mfuh, K. O., et al. (2021). Multiplex SARS-CoV-2 genotyping reverse transcriptase PCR for population-level variant screening and epidemiologic surveillance. J. Clin. Microbiol. 59 (8), e0085921. doi: 10.1128/jcm.00859-21

 Wertheim, J. O., Wang, J. C., Leelawong, M., Martin, D. P., Havens, J. L., Chowdhury, M. A., et al. (2022). Detection of SARS-CoV-2 intra-host recombination during superinfection with alpha and epsilon variants in new York city. Nat. Commun. 13 (1), 3645. doi: 10.1038/s41467-022-31247-x

 Worwa, G., Andrade, C. C., Thiemann, T. C., Park, B., Maharaj, P. D., Anishchenko, M., et al. (2014). Allele-specific qRT-PCR demonstrates superior detection of single nucleotide polymorphisms as genetic markers for West Nile virus compared to Luminex(R) and quantitative sequencing. J. Virol. Methods 195, 76–85. doi: 10.1016/j.jviromet.2013.09.014

 Xiao, Y., Li, Z., Wang, X., Wang, Y., Wang, Y., Wang, G., et al. (2021). Comparison of three TaqMan real-time reverse transcription-PCR assays in detecting SARS-CoV-2. J. Virol. Methods 288, 114030. doi: 10.1016/j.jviromet.2020.114030

 Yu, J., Collier, A. Y., Rowe, M., Mardas, F., Ventura, J. D., Wan, H., et al. (2022). Neutralization of the SARS-CoV-2 omicron BA.1 and BA.2 variants. N Engl. J. Med. 386, 1579–1580. doi: 10.1056/NEJMc2201849



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Li, Gao, Chen, Cheng, Niu, Zhang, Yang, Yuan, Xia, Mao, Liu, Dong and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-953027-g006.jpg
Spike: S371L

Spike: A27S

NSP1: S135R

SpikeL L981F

Spike: T547K

n
O
4
4
O
o)
=<
o
n

NSP6: F108L

Spike: R408S

Spike: V213G

NSP3: L1266

NSP3: T24I






OEBPS/Images/fcimb-12-953027-g001.jpg
>
@

Delta =Spike—
isa7aL | =) Primers & probe
BA1 INSP3 1G446S | w
) iL12661 T547K x
‘ |L981F %
: i T
sa2 NSP1 INSP3 iA27S | 510
"~ S135R iT241 V213G ! 8
H iR408S | c
i { i 8
i 21643 25581 a
XD t Spike Spike/ORF3a £
i i 3
=
1)
XE 2z
i)
[}
i H (14
0 10,000 20,000 30,000 0
Nucleotide (numbered as the reference strain NC_045512.2)
Cycles
C

Subjvariant NSP1 NSP6 Spike Spike NSP6 Spike Spike Spike NSP3 NSP3 Spike Spike
S135R 1189V A27S S371L  F108L  G446S  T547K  L981F T241 L12661 V213G R408S

BA.1
BA.2
XD

XE






OEBPS/Images/fcimb-12-953027-g003.jpg
Q
KN

Probability

(o
KN

Probability

Probability

0.5 1

O ™, ~
Seo ~.
~
S ~
~< S
~ ~
S S
S ~

1

0.9

0.5

0

NSP1: S135R

ey
f”
-

25
Copy number

NSP6: F108L

25
Copy number

NSP3: T24I

25
Copy number

50

50

50

a2 NSP6: 1189V
>
3 wof
S |
o |

=0 25 50

Copy number

b2 Spike: G446S
>
2wl
QO O}/
o :'
D- 'l

|

25 50
Copy number

c2 NSP3: L1266l
>
2 of
O O
e /
o

o

0 25 50 75

Copy number

a3 Spike: A27S
>
S |
g9
x|

0 25 50

Copy number

b3 Spike: T547K
>
S 0|/
S
g |

o

0 25 50
Copy number

c3 Spike: V213G
>
20
o0 O
° |
o

ol

0 25 50

Copy number

Spike: S371L

Probability

25 50

Copy number

Spike: L981F

o
N

Probability

0 25 50
Copy number

c4 Spike: R408S
>
29
o
o

o

0 25 50

Copy number





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Development of a panel of three multiplex allele-specific qRT-PCR assays for quick differentiation of recombinant variants and Omicron subvariants of SARS-CoV-2

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Ethical statement

          



          		

            Viral genome sequence analysis and primer/probe design

          



          		

            Plasmid construction and RNA transcript preparation

          



          		

            Formulation and procedures of the developed multiplex allele-specific qRT-PCR assays

          



          		

            Methodological evaluations of the developed multiplex allele-specific qRT-PCR assays

          



          		

            Clinical performance of the developed multiplex allele-specific qRT-PCR assays

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Description and result interpretation of the developed multiplex allele-specific qRT-PCR assays

          



          		

            Analytical sensitivities of the developed multiplex allele-specific qRT-PCR assays

          



          		

            Linear detection ranges and amplification efficiencies of the developed multiplex allele-specific qRT-PCR assays

          



          		

            Reproducibility and specificities of the developed multiplex allele-specific qRT-PCR assays

          



          		

            Clinical performance of the developed multiplex allele-specific qRT-PCR assays

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb.2022.953027_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Development of a panel of
three multiplex allele-specific
gRT-PCR assays for quick
differentiation of recombinant
variants and Omicron
subvariants of SARS-CoV-2





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Assay Allele Cp values (mean * s.d.) for the 10-fold diluted in vitro R* Slope Efficiency LoD

transcribed prototype RNA template (95%
. [))
107+ 10° 10° 10* 10° 10° 10" 10° 10"
Prototype allele Assay NSPL:  7.63+ 1172 1591 2121 2518 2925 3293 3665 - 09978 -3.60 090 10.87
targeting reactions 1 SI35R 001 £012 +005 +015 +003 +004 =017 +0.34 (7.76-
21.95)
NSP6:  7.55+ 1199 1646 2202 2616 3039 3424 3808 - 09974 -355 091 1234
1189V 001 £010 +009 +022 +001 +005 +025 +077 (9.12-
21.88)
Spike: 779+ 1166 1565 2076 24.66 2864 3216 3590 3938 09981 -3.46 095 334 (261-
A278 002 £008 +006 +0.17 003 +003 019 =053 =088 6.16)
Spike: 857+ 1207 1695 2205 2555 2972 3371 3743 - 09978  -3.66 088 3.06 (2.33-
S37IL 007 £033 £030 +026 +056 +052 088 +0.99 6.72)
Assay NSP6: 887+ 1301 1863 2473 2922 3321 3618  39.36 - 09867 -3.58 0.90 7.42 (5.83-
2 FIOBL 009 041 +043 +038 £037 +052 062 +LI0 11.70)
Spike: 810+ 1145 1609 2100 2441 2856 3233 3579 3874 09978 -362 0.89 448 (3.59-
G446S 006 +035 £033 +031 +059 +055 +090 =+086 +1.13 7.24)
Spike: 735+ 1120 1474 1854 2218 2584 2967 3402 3874 09995 -3.46 0.95 13.88
T547K 006 +004 +008 +003 +004 =006 =002 =045 + 112 (10.76-
21.90)
Spike:  7.85+ 1205 1593 2071 2399 2758 3264 3576  39.84 09983 -348 0.94 1621
L98IF 004 002 +005 =011 +005 *007 005 *029 =028 (11.68-
32.78)
Assay NSP3:  7.92% 1157 1501 1958 2260 2578 3115 3387 3763 09970 -3.75 0.85 10.46
3 T241 009  £002 +003 £009 +005 *005 =009 *021 =056 (8.31-
15.70)
NSP3: 790+ 1165 1666 2019 2444 2805 3369 3701 3853 09980 -3.49 093 14.53
L1266 004 009 +007 *048 +0.16 +009 =041 +*113 =092 (11.36-
2231)
Spike: 800+ 1201 1727 2095 2542 29.16 3501 3852 - 09981 -368 0.87 19.70
V213G 005  +000 009 +054 018 £0.07 +042 =128 (14.56-
34.58)
Spike: 800+ 1151 1630 1966 2386 2740 3295 3598 - 09977 -357 091 27.43
R408S 004 £008 +0I3 +048 £012 +0.12 042 +077 (19.03-
63.19)
Assay Allele Cp values (mean + s.d.) for the 10-fold diluted in vitro transcribed mutated RNA ~ R* Slope Efficiency LoD (95%
template CI)
107 10° 10° 10" 10° 10* 10" 10° 10"
Mutated allele Assay NSPL: 683+ 1086 1449 1806 2197 2557 2928 3291 3511 09979 -3.61 0.89 11.89
targeting reactions 1 SI35R 004 003 +002 +004 +002 +003 008 +039 =045 (9.25-
18.27)
NSP6: 748+ 1138 1500 1869 2259 2613 2990 336+ 3618 09989 -365 0.88 5.76 (4.29-
1189V 004 007 +004 +004 +001 +006 =006 040 +048 10.96)
Spike: 774+ 1141 1483 1833 2210 2566 2929 3303 3567 09993 -3.58 0.90 3.00 (2.24-
A27S 005 £008 +005 +008 +002 +001 =005 +0.54 =048 7.89)
Spike: 685+ 1070 1424 1804 2168 2534 2917 3252 3624 09999 -3.67 0.87 297 (2.24-
S37IL 001 013 +002 £002 +003 +004 =008 +0.18 =090 7.89)
Assay NSP6:  7.82+ 1166 1535 1988 2305 2646 3123 3425 3870 09989 -3.83 0.82 19.94
2 FI08L 002 £002 +003 £007 +006 +008 =002 +027 =118 (14.43-
39.16)
Spike: 842+ 105 1474 1810 2182 2549 29.13 3267 3615 09977 -358 090 557 (4.34-
G465 002 017 +005 *004 +002 +003 =004 *014 =043 9.58)
Spike: 686+ 10.83 1415 1780 2134 2530 2892 3249 3502 09988 -3.58 0.90 1432
T547K 007 +006 +006 +001 +006 =003 =027 =016 +0.63 (10.97-
23.37)
09993 -3.60 0.90
Spike:  7.55+ 1136 1474 1835 2191 2586 2953 3317 3592 19.34
L98IF 006 +0.12 +003 £003 +003 +004 =031 *014 =072 (14.98-
30.17)
Assay NSP3:  7.51+ 1099 1422 1776 2120 2509 2866 3233 3483 09990 -349 093 19.81
3 T241 005 £008 +004 +003 +003 +002 =030 *021 =029 (14.73-
35.16)
NSP3: 677+ 1061 1405 1763 2085 2512 2893 3275 3571 09992 -3.66 0.88 23.65
L1266] 0.8 002 +006 *008 +020 +003 =003 +037 =038 (16.53-
34.48)
Spike: 745+ 1113 1468 1818 2144 2576 2959 3345 3694 09993 -371 0.86 18.19
V213G 019  +003 £007 +007 +026 +001 =007 =042 +0.16 (14.54-
26.07)
Spike: 751+ 1081 1415 1764 2077 2500 2876 3254 3611 09988 -3.60 0.90 18.28
R408S 007 001 +007 +006 +024 +001 004 +037 =031 (14.20-
28.27)

“The started concentrations for the prototype genes of NSP1, NSP3, NSP6 and Spike were 2.33x107, 4.45x107, 3.10x107, 6.82x10” copies per reaction, respectively. # The started
concentrations for the mutated genes of NSP1, NSP3, NSP6 and Spike were 8.59x107, 8.83x107, 6.92x107, 2.45x10” copies per reaction, respectively. Fitting curves between the quantity of
RNA transcripts and the corresponding Cp values were generated by using Excel® Microsoft® 365. R” of the fitting curve represented the correlation coefficient between the quantity of RNA
transcripts and the corresponding Cp values. The amplification efficiency of a qRT-PCR assay was defined as 10 “°P)_1 in which slope is the slope of the fitting curve.
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Assay Allele Coefficient of variation = (CV) of Cp Values for the 10-fold diluted in vitro
transcribed prototype RNA template

107+ 10° 10° 10* 10° 10* 10 10° 10"

Prototype allele targeting reactions Assay 1 Spike: S371L 1.32 124 0.68 1.14 0.39 0.52 1.23 2.55 -
Spike: G446S 2.36 145 1.26 1.68 0.32 0.49 116 263 -
Spike: T547K 0.65 1.03 1.68 1.36 0.88 0.68 0.95 239 291
Spike: L981F 178 1.58 192 224 1.55 1.21 1.62 231 -
Assay 2 Spike: A27S 0.84 2.69 112 1.88 201 2.58 1.68 2.38 -
NSP6: F108L 0.97 2.53 1.89 211 1.66 2.35 2.46 3.25 3.61
NSP6: 1189V 129 1.68 2.12 1.68 1.90 1.35 0.87 1.66 3.97
NSP1: S135R 144 1.65 3.57 287 1.30 1.56 2.86 344 2.65
Assay 3 NSP3: T241 0.98 0.62 1.26 2.05 2.58 3.65 1.52 241 3.02
NSP3: L12661 1.62 155 1.63 1.55 3.06 2.51 2.62 169 3.54
Spike: V213G 252 1.68 1.29 3.67 1.29 2.57 2.66 4.02 =
Spike: R408S 125 143 1.85 2.96 245 2.39 4.68 351 =
Assay Allele Coefficient of variation (CV) of Cp Values for the 10-fold diluted in vitro transcribed mutated RNA
template
107° 10° 10° 10" 10° 10° 10" 10° 10"
Mutated allele targeting reactions  Assay 1 Spike: S371L 236 2.59 0.68 0.79 0.88 0.68 1.28 2.68 3.87
Spike: G446S 132 4.26 2.04 1.02 1.03 0.82 150 323 4.32
Spike: T547K 2.03 1.25; 1.25 0.46 1.48 0.47 0.96 254 4.08
Spike: L981F 2.58 2.87 3.64 123 244 1.12 1.97 2.87 3.66
Assay 2 Spike: A27S 1.78 112 0.58 152 131 1.35 125 335 3.82
NSP6: F108L 1.36 2:99 0.96 2.96 2.16 1.88 233 245 193
NSP6: 1189V 2.65 238 1.88 L12 1.82 0.92 3.76 4.03 176
NSP1: S135R 2.14 271 132 1.67 1.73 0.69 328 325 2.56
Assay 3 NSP3: T241 132 L16 1.53 131 0.82 0.77 343 173 2.08
NSP3: L12661 329 2.50 2.06 172 245 0.83 0.67 1.98 287
Spike: V213G 2.68 136 1.61 143 3.26 0.58 0.87 267 324
Spike: R408S 1.61 1.58 3.18 1.58 353 0.49 0.82 2.89 3.65

“Coefficient of variation, representing the reproducibility of the developed assay, was defined as the result of the standard deviation of Cp values divided by the mean Cp values of the
triplicate QRT-PCR reactions using the same RNA template.

“The started concentrations for the prototype genes of NSP1, NSP3, NSP6 and Spike were 2.33x107, 4.45x107, 3.10x107, 6.82x10” copies per reaction respectively.

#The started concentrations for the mutated genes of NSP1, NSP3, NSP6 and Spike were 8.59x107, 8.83x107, 6.92x107, 2.45x10” copies per reaction, respectively.
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Assay Allele Coefficient of variation = (CV) of Cp Values for the 10-fold diluted in vitro
transcribed prototype RNA template

107+ 10° 10° 10* 10° 10* 10 10° 10"

Prototype allele targeting reactions Assay 1 NSP1: S135R 0.13 1.02 0.31 0.71 0.12 0.14 0.52 093 -
NSP6: 1189V 0.13 0.83 0.55 1.00 0.04 0.16 0.73 2.02 -
Spike: A27S 0.26 0.69 0.38 0.82 0.12 0.10 0.59 1.48 223
Spike: $371L 0.82 2.73 177 L18 2.19 175 2.61 2.64 -
Assay 2 NSP6: F108L 1.01 3.15 231 154 127 157 171 2.79 -
Spike: G446S 0.74 3.06 2.05 1.48 242 1.93 2.78 240 292
Spike: T547K 0.82 0.36 0.54 0.16 0.18 0.23 0.07 132 2.89
Spike: L981F 178 0.17 0.31 0.53 0.21 0.25 0.15 0.81 0.70
Assay 3 NSP3: T241 114 017 020 046 0.22 019 029 062 149
NSP3: 051 0.77 0.42 2.38 0.65 032 122 3.05 2.39
L12661
Spike: 0.63 0.83 0.52 2.58 0.71 0.24 120 332 -
V213G
Spike: R408S 0.50 0.70 0.80 2.44 0.50 0.44 127 2.14 -
Assay Allele Coefficient of variation (CV) of Cp Values for the 10-fold diluted in vitro transcribed mutated RNA
template
107 * 10° 10° 10 10° 10° 10! 10° 10"
Mutated allele targeting reactions ~ Assay 1 NSP1: S135R 0.59 0.28 0.14 0.22 0.09 0.12 0.27 119 1.28
NSP6: 1189V 0.53 0.62 0.27 0.21 0.04 0.23 0.20 L19 133
Spike: A27S 0.65 0.70 0.34 0.44 0.09 0.04 0.17 1.63 135
Spike: $371L 1.61 1.21 0.14 0.11 0.14 0.16 0.27 0.55 2.48
Assay 2 NSP6: F108L 1.53 0.17 0.20 0.35 0.26 0.30 0.06 0.79 3.05
Spike: G446S 0.24 1.67 0.34 0.22 0.09 0.12 0.14 0.43 119
Spike: T547K 1.02 0.55 0.42 0.06 0.28 0.12 0.93 0.49 1.80
Spike: L981F 0.79 1.06 0.20 0.16 0.14 0.15 1.05 0.42 2.00
Assay 3 NSP3: T241 067 0.73 028 017 0.14 008 1.05 065 083
NSP3: 2.66 0.19 043 045 0.96 012 0.10 113 106
L12661
Spike: 255 0.27 0.48 0.39 1.21 0.04 0.24 1.26 0.43
V213G
Spike: R408S 0.93 0.09 0.49 0.34 L16 0.04 0.14 114 0.86

“Coefficient of Variation, representing the reproducibility of the developed assay, was defined as the result of the standard deviation of Cp values divided by the mean Cp values of the
triplicate qQRT-PCR reactions using the same RNA template.

“The started concentrations for the prototype genes of NSP1, NSP3, NSP6 and Spike were 2.33x107, 4.45x107, 3.10x107, 6.82x10’ copies per reaction respectively.

#The started concentrations for the mutated genes of NSP1, NSP3, NSP6 and Spike were 8.59x107, 8.83x107, 6.92x107, 2.45x107 copies per reaction, respectively.
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Forward primer (5~

TAATAAAGGAGCTGGTGGCCATTGT

CTGTCATGTTTTIGGCCAGAGCTA

CCAGAACTCAATTACCCCGTG

CTGTGTTGCTGATTATTCTGTCCTATATAAATC

GGATATGGTTGATACTAGTTTGTCTGGATT

CTTGGAATTCTAACAATCTTGATTCTAAGGATG

ACAAATGTGTCAATTTCAACTTCAATGGTTTTAC

TIGGTGCAATTTCAAGTGTTITAAATGATAACC

GTGCAAGGTTACAAGAGTGTGAATATGAC

GTAGGAGACATTATACTTAAACCAGCAAATAATACTT

AATATATTCTAAGCACACGCCTATTAATTTTGT

GATTCATTTGTAATTAGAGGTGATGAAGTCTGA

TAATAAAGGAGCTGGTGGCCATTGG

TGTCATGTTTTTGGCCAGAGCTG

AACCAGAACTCAATTACCCCGTT

CTGTGTTGCTGATTATTCTGTCCTATATAAACT

GGATATGGTTGATACTAGTTTGTCTGGATA

CTTGGAATICTAACAATCTTGATTCTAAGGATA

ACAAATGTGTCAATTTCAACTTCAATGGTTTTAA

TIGGTGCAATTTCAAGTGTTITAAATGATAACT

GTGCAAGGTTACAAGAGTGTGAATATGAT

GTAGGAGACATTATACTTAAACCAGCAAATAATACTA

AATATATTCTAAGCACACGCCTATTAATTITGG

GATTCATITGTAATTAGAGGTGATGAAGTCTGC

Frode (5

FAM-CGGCGCCGATCTAAAGTCATTTGACTTAGGCGAC-BHQL

VIC-TTGGCCTCTTTTGTTTACTCAACCGCTACTTTAGACTGACTC-
BHQL

Cy3-CTTGGTTCCATGCTATACATGTCTCTGGGACCAATGGT-BHQ2
Cy5-AGGTGATGAAGTCAGACAAATCGCTCCAGGGC-BHQ2

FAM-CCTTATGACAGCAAGAACTGTGTATGATGATGGTGCTAGGA
BHQL

VIC CAACTGAAATCTATCAGGCCGGTAGCACACCTTGT BHQI
Cy3-CTGCCTTTCCAACAATTTGGCAGAGACATTGCTGACACBHQ2
Cy5-CTTTCACGTCTTGACAAAGTTGAGGCTGAAGTGCA-BHQ2

FAM-TGAGAAGTGCTCTGCCTATACAGTTGAACTCGGTACAGAAG
BHQ

VIC-CAGAAGAGGTTGGCCACACAGATCTAATGGCTGC BHQ1

Cy3-CGTGATCTCCCTCAGGGTTTTTCGGCTTTAGAACC-BHQ2

Cy5-CGCTCCAGGGCAAACTGGAAAGATTGCTG-BHQ2
FAM-CGGCGCCGATCTAAAGTCATTTGACTTAGGCGAC BHQI

VICTTGGCCTCTTTTGTTTACTCAACCGCTACTITAGACTGACTC
BHQL

Cy3-CTTGGTTCCATGCTATACATGTCTCTGGGACCAATGGT-BHQ2
Cy5-AGGTGATGAAGTCAGACAAATCGCTCCAGGGC-BHQ2

FAM-CCTTATGACAGCAAGAACTGTGTATGATGATGGTGCTAGGA
BHQL

VIC.CAACTGAAATCTATCAGGCCGGTAGCACACCTTGT BHQI
Cy3-CTGCCTTTCCAACAATTTGGCAGAGACATTGCTGACAC BHQ2
Cy5-CTTTCACGTCTTGACAAAGTTGAGGCTGAAGTGCA-BHQ2
FAM-TGAGAAGTGCTCTGCCTATACAGTTGAACTCGGTACAGAAG
BHQL

VIC-CAGAAGAGGTTGGCCACACAGATCTAATGGCTGC BHQL

Cy3-CGTGATCTCCCTCAGGGTTTTTCGGCTTTAGAACC-BHQ2

€y5-CGCTCCAGGGCAAACTGGAAAGATTGCTG-BHQ2

Reverse primer (5'-3)

CCACAGAAGTTGTTATCGACATAGCG

GTGGGAGTAGTCCCTGTGAATTC

CCATCATTAAATGGTAGGACAGGGTTATC
GTAAATTGCGGACATACTTATCGGC

GGAAATGGCTTGATCTAAAGCATTACC

CATTAGTGGGTTGGAAACCATATGATTGT
ATGGTGTAATGTCAAGAATCTCAAGTGTC
TTGATTGTCCAAGTACACACTCTGAC

GGTGTAAGTAATTCAGATACTGGTTGCAAAG

GGGTTTTCAAACCTAATACTCTAGATAATTCATTAGG

CACCAGGAGTCAAATAACTTCTATGTAAAGC

GGTAATTATAATTACCACCAACCITAGAATCAAG
CCACAGAAGTTGTTATCGACATAGCG

GTGGGAGTAGTCCCTGTGAATTC

CCATCATTAAATGGTAGGACAGGGTTATC
GTAAATTGCGGACATACTTATCGGC

GGAAATGGCTTGATCTAAAGCATTACC

CATTAGTGGGTTGGAAACCAT

ATTGT

ATGGTGTAATGTCAAGAATCTCAAGTGTC

GTTGAGTCACATATGTCTGCAAACTTTG

GGTGTAAGTAATTCAGATACTGGTTGCAAAG

GGGTTTTCAAACCTAATACTCTAGATAATICATTAGG

CACCAGGAGTCAAATAACTTCTATGTAAAGC

GGTAATTATAATTACCACCAACCTTAGAATCAAG
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Youden’s
Index
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0.955
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Sensitivity =TP/(TP+EN) x 100%, specificity = TN/(TN+EP) x 100%, PPV (positive predictive value) = TP/(TP+EP) x 100%, NPV (negative predictive value) = TN/(TN+EN) x 100%,
Agreement = (TP+TN)/(TP+FP+TN+FN) x 100%, whereas TP, TN, FP and FN represent the number of true positive, true negative, false positive, and false negative, respectively. Youden’s
Index = (sensitivity + positivity)-1. Kappa index, assessing the agreement between Sanger sequencing and the developed multiplex qRT-PCR assays, was calculated by the Kappa and the
McNemar crosstab statistics implemented in SPSS 22.0.





