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Prompt and accurate pathogen identification, by diagnostics and sequencing, is an effective tool for tracking and potentially curbing pathogen spread. Targeted detection and amplification of viral genomes depends on annealing complementary oligonucleotides to genomic DNA or cDNA. However, genomic mutations that occur during viral evolution may perturb annealing, which can result in incomplete sequence coverage of the genome and/or false negative diagnostic test results. Herein, we demonstrate how to assess, test, and optimize sequencing and detection methodologies to attenuate the negative impact of mutations on genome targeting efficiency. This evaluation was conducted using in vitro-transcribed (IVT) RNA as well as RNA extracted from clinical SARS-CoV-2 variant samples, including the heavily mutated Omicron variant. Using SARS-CoV-2 as a current example, these results demonstrate how to maintain reliable targeted pathogen sequencing and how to evaluate detection methodologies as new variants emerge.
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Introduction

Global public health and research communities have rallied in an unprecedented manner to combat the COVID-19 pandemic. These efforts include extensive diagnostic testing to identify infected individuals and genomic sequencing to reveal the emergence of novel mutations within the SARS-CoV-2 RNA genome. These combined diagnostic and sequencing efforts helped the World Health Organization (WHO) classify populations of SARS-CoV-2 into variants based on shared characteristics such as genomic sequence and transmission dynamics (1).

As early as Spring 2020, the global community began to take note of an increasing number of Covid-19 cases attributed to emerging SARS-CoV-2 variants (Figure 1A) (2, 3). The variants considered the greatest threat to global public health have been labeled as “Variants of Concern” (VOC) by the WHO, including Alpha, Beta, Gamma, Delta, and Omicron (1). The most widespread VOC thus far is Omicron, largely because it possesses genomic mutations that impart heightened transmissibility and immune-evasion relative to other SARS-CoV-2 variants (4–6). Public health authorities and researchers continue to utilize genomic sequencing to identify SARS-CoV-2 variants, track transmission chains, and assess the impact of novel mutations on current therapeutics or diagnostic assays.
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FIGURE 1
SARS-CoV-2 variants necessitate continual assessment of primers utilized for sequencing as variants overlap with primer sites. (A) Timeline representing the emergence of SARS-CoV-2 variants as determined by continual variant monitoring via sequencing. (B) Analysis of Delta and Omicron variants overlapping with primers from several SARS-CoV-2 primer schemes. Orange vertical lines mark mutation locations along variant strains. Blue and red arrowheads mark primer locations and orientations; red arrowheads are primers that overlap with mutation sites in one or more variant strains. (C) Zoom-in of primer-variant overlap analysis in the S gene to N gene region of the genome.


The most widely applied and cost-effective SARS-CoV-2 sequencing methodologies use PCR to amplify overlapping segments across the genome. This approach was previously applied by the ARTIC Network for sequencing and monitoring Zika and Ebola, and then was quickly adapted for tracking SARS-CoV-2 (7). PCR requires annealing of primers to specific sites in the target genome, which can be disrupted by genetic mutations. Each of the most employed genomic sequencing primer schemes have been impacted by mutations acquired at primer target sites (Figure 1B). For genomic sequencing applications, failure to target and amplify the genome prior to library preparation results in amplicon loss (dropout), which generates gaps in genome coverage. For nucleic acid-based diagnostic assays, amplification failure could prevent viral detection and result in a false negative or inconclusive result. While sequencing and detection workflows can be designed to minimize the chances of a mutation disrupting their efficacy (8, 9), viruses continuously evolve and acquire mutations that necessitate re-assessment and optimization of these methodologies.

Herein, we demonstrate effective strategies to overcome genome mutation-related issues in sequencing and to evaluate diagnostic efficacy. Our evaluation of whole genome sequencing for a number of VOCs, using several common SARS-CoV-2 primer schemes identified several amplicon dropouts. We improved genomic coverage for VOCs by incorporating alternative SARS-CoV-2 primer schemes that were conscientiously designed to avoid targeting genomic sites with high mutation rates. The improved primer schemes include the VarSkip primers and more recent versions of ARTIC primer schemes. We also demonstrated how to evaluate the efficacy of a molecular diagnostic test that targets a site containing a mutation found in one VOC. Specifically, we assessed the impact of an Omicron mutation on the U.S. Centers for Disease Control and Prevention (CDC) 2019-nCoV panel, which has been granted Emergency Use Authorization (EUA) and incorporated into many diagnostic tests. Our assessment of two different amplification protocols concluded that 2019-nCoV target detection was unperturbed by the Omicron variant. These results demonstrate how to evaluate and overcome potential challenges from variant mutations to amplification-based methodologies.



Results


Mutations in SARS-CoV-2 variant genomes disrupt targeted whole-genome amplification

A complete genomic sequence is the ultimate resource for assessing potential impacts to sequencing and detection workflows. If the variant sequence is already determined, bioinformatic analysis can anticipate potential sequencing challenges by aligning the primer schemes to the known genomic sequence (Figures 1B,C). If mutations overlap with targeted priming sites, they may decrease amplification efficiency, resulting in amplicon dropouts and an incomplete genomic sequence.

Although bioinformatic analysis may reveal an overlap between a mutation and a target primer site, not all mutations will disrupt amplification. For example, mutations aligning with the 5’ end of a primer are less likely to inhibit amplification than mutations on the 3’ end. Consequently, a primer scheme should be experimentally tested to determine if mutations are detrimental and how significant their effects are. To demonstrate this point, we used the ARTIC V3 primer formulation included in the NEBNext ARTIC SARS-CoV-2 FS Library Prep Kit (E7658) to generate sequencing libraries for the Wuhan-1 cultured viral RNA and clinical RNA for Delta and Omicron SARS-CoV-2 variant samples. The ARTIC V3 primer scheme was designed by the ARTIC Network based on the original Wuhan-1 sequence and therefore provides complete coverage of that strain (10, 11) (Figure 2A). However, as the virus accumulated mutations, variant strains emerged and amplicon dropouts appeared (Figure 2A, red arrowheads). The Omicron variant contains the most mutations of any variant discovered to date, many of which coincide with sites targeted by primer sequences for amplicon PCR, and correspondingly, it also produces the most sequencing dropouts. Clinical RNA samples are not always readily available to a research laboratory. In these cases, commercially available synthetic or purified nucleic acids can be beneficial. Using these synthetic RNAs corresponding to the Beta, Gamma, and Delta variants, we were able to identify dropout sites where mutations disrupted amplification with the ARTIC V3 primer scheme (Supplementary Figure 1, red arrowheads). A limitation of using these RNA templates is that they consist of six separate RNA fragments and amplicons that bridge across the ends of the fragments will not amplify (Supplementary Figure 1, black arrowheads). As our data illustrate, regardless of sample types, clinical or synthetic RNA, primer sets need to be reevaluated and optimized to mitigate mutation-related impacts.
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FIGURE 2
SARS-CoV-2 standard and variant genome coverage improves with multi-reference-based primer schemes. Integrative Genome Viewer visualization of read coverage across the SARS-CoV-2 genome (0–4,000 log scale). Genome coverage tracks for ATCC-1986 standard Wuhan-1 cultured RNA control templates in gray, clinical Delta sample templates in blue, and clinical Omicron sample templates in orange. Red arrowheads point to amplicon dropouts with < 100× coverage. The number of bases with less than 100× coverage are listed in the inset beside each genome coverage track. (A) Coverage of the SARS-CoV-2 genomes with ARTICv3 primers. (B) Coverage of SARS-CoV-2 genomes with ARTIC v4, ARTIC v4.1, VarSkip Short, and VarSkip Short v2 primers. (C) Coverage of SARS-CoV-2 genomes with Midnight-1200 and VarSkip Long primers.




Resilient pathogen-targeting primer design strategies improve genome coverage across variants

The success and utility of pathogen sequencing is principally measured in terms of genome coverage. In this study we compared genome coverage profiles for the initial SARS-CoV-2 strain, as well as the Delta and Omicron variants using several SARS-CoV-2 primer sets (Figure 2). The primer schemes we examined represent a range of primer set design strategies (Supplementary Table 1). For example, ARTIC v3 and Midnight-1200 primers are early single-reference genome primer sets, while ARTIC v4, ARTIC v4.1, and all VarSkip primers are multi-reference genome primer sets. Of note, the VarSkip Short and VarSkip Long primer schemes involved the use of more than a million reference sequences to avoid frequent mutations, whereas the ARTIC v4+ primers utilized a handful of VOC sequences circulating at the time of design to avoid specific mutations. A clear result seen through this study is that targeted pathogen sequencing benefits from the use of multiple references during initial primer scheme design. Our data show improved genome coverage across multiple samples and variants when comparing single reference primer schemes (i.e., ARTICv3 and Midnight-1200) and multi-reference primer schemes (i.e., ARTICv4.1, VarSkip Short v2, and VarSkip Long) (Figures 2A–C). However, multiple dropouts were seen with the initial multi-reference ARTICv4 and VarSkip Short primer schemes when sequencing an Omicron variant genome, due to the presence of several novel mutations in Omicron that were not prevalent in the references for those primer schemes (Figure 2B). Nevertheless, when multiple reference genomes for a pathogen are utilized to design primers against that genome, common variant sites can be avoided and thus a more resilient primer scheme design is generated.

We also found increased resilience to variants with the longer amplicon-based primer schemes (Midnight-1200 and VarSkip Long) in terms of a decreased likelihood for any given mutation to overlap with a primer binding site and therefore decreased probability of a variant-based amplicon dropout (Figures 1B,C, 2C). However, when a primer binding site in a long-amplicon primer set is negatively influenced by a variant, a larger gap in genome coverage results relative to the dropouts seen with shorter-amplicon primer schemes (Figures 2A–C). Thus, there is a cost-benefit analysis that must be considered when determining amplicon size in amplicon-based pathogen sequencing.



Both primer spike-in and primer replacement strategies can be utilized to adjust primer schemes in response to novel variants

A carefully considered primer design can provide a degree of resilience to a primer scheme, however, no design is infallible. When variants do overlap with primer binding sites and primer efficiency assessments show a clear effect on genome coverage, primer schemes must be adjusted in response. The two most common approaches for altering primer schemes in response to novel variants include primer spike-ins and primer replacements. Both techniques require the design of new primers to avoid problematic variant sites and to rescue amplicon dropouts. The primer spike-in tactic is a fast, economic way to update an existing primer scheme, while the primer replacement approach requires more time and resources. The primer schemes examined in this study that represent these two separate strategies are the ARTICv4.1 and VarSkip Short v2 primers, respectively (Supplementary Table 1). Both primer scheme updates were designed to address the myriad of novel variant sites found in Omicron.

The ARTICv4.1 primer scheme published by the ARTIC network in December 2021 differs from the previous ARTIC v4 primer scheme by the inclusion of 11 additional primers. These 11 primers can be ordered individually and spiked into existing commercially available ARTICv4 primer mixes, with six primers spiked into Primer Mix 1 and five primers spiked into Primer Mix 2 (12–14). The VarSkip Short v2 primer scheme was published and made commercially available in February 2022. VarSkip Short v2 differs from the previous version by the replacement of 10 primers (15). Our data confirmed that both the ARTICv4.1 spiked-in primer mixes and VarSkip Short v2 updated primer mixes effectively rescued dropouts seen with an Omicron variant clinical sample (Figure 2B). Thus, both strategies can be successfully applied. Given that the spike-in tactic uses less resources, applying this approach for simple patches is practical, except in the case of large numbers of amplicon dropouts where the primer replacement approach is more appropriate.



The SARS-CoV-2 Omicron variant contains a mutation overlapping with the centers for disease control and prevention N1 target

Variant mutations may also decrease the effectiveness of molecular diagnostic tests, which use quantitative PCR to amplify and detect nucleic acids. Quantitative PCR (qPCR) is the gold standard for diagnosing COVID-19 due to its high sensitivity and accuracy. In most qPCR diagnostic assays, the amplification signal is detected in real time using a fluorescent probe. The probe anneals to the target amplicon and the fluorophore is released by DNA polymerase cleavage of the probe. Consequently, these tests can be sensitive to variant mutations since both amplification and detection require efficient annealing of oligonucleotides to target sequences. It is therefore essential to monitor the emergence of variants and to evaluate the impact of the mutations on virus detection to avoid false negative results.

In February 2020, the CDC released a qPCR-based laboratory test called the CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel, which targets two sites on the SARS-CoV-2 Nucleocapsid (N) gene, namely 2019-nCoV_N1 and 2019-nCoV_N2. The CDC SARS-CoV-2 assay targets have been granted EUA and have subsequently been incorporated in various SARS-CoV-2 diagnostic assays. As the Omicron variant emerged, we used the NEB Primer Monitor tool1 to assess the potential impact of its mutations on the CDC 2019-nCoV panel. The Primer Monitor tool revealed a C to U mutation at genomic position 28,311, which corresponds to the 3rd nucleotide from the 5’ end of the 2019-nCoV_N1 probe target sequence (Figures 3A,B). Given the location of this mismatch, it is unlikely that the CDC 2019-nCoV_N1 target would fail completely but impacts to assay sensitivity cannot be dismissed. Below we describe general strategies for quickly testing the impact of variant mutations on qPCR-based detection.
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FIGURE 3
The Omicron N gene contains a mutation targeted by the 2019-nCoV_N1 detection probe. The CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel includes two primer-probe sets that target the SARS-CoV-2 N gene, named 2019-nCoV_N1 and 2019-nCoV_N2. (A) Visual depiction of Omicron variant mutation within the N1 probe site generated using the Primer Monitor online tool (Tableau worksheet exported from Primer Monitor tool, primer set name “NEB Luna qPCR/CDC”). The Omicron variant from Gauteng, South Africa and the mutation are annotated with a red box and an arrow, respectively. (B) Schematic representation of the two CDC primer-probe sets. Each set includes one forward primer (F), one reverse primer (R), and one fluorescent probe (P). The SARS-CoV-2 Omicron variant has a C to U mutation at position 28,311, which is within the 2019-nCoV_N1 probe (P1) target sequence. Not drawn to scale.




Quantitative PCR detection using RNA extracted from in vitro-transcribed RNA input

One strategy for evaluating SARS-CoV-2 detection assays is to use commercially available templates by purchasing synthetic DNA (to prepare RNA) or RNA, but the synthesis and delivery of the DNA/RNA may delay testing by weeks. Alternatively, one could use IVT RNA as the input template for evaluating detection assays. This is ideal when a clinical sample of a new variant is not available, and the evaluation is time sensitive. In fact, preparation of IVT RNA containing the mutation of interest can be completed within 1 week (Supplementary Figure 2A). The IVT RNA strategy requires a plasmid containing the target sequence with a T7 promoter, such as the SARS-CoV-2 Positive Control plasmid (N2117S) that contains the full N gene (GenBank MN908947.3). To generate an RNA template to evaluate the Omicron mutation’s impact on CDC 2019-nCoV_N1 detection efficiency, the appropriate Omicron variant mutation was incorporated into the N gene sequence using the Q5 Site-Directed Mutagenesis Kit. Mutant and wild-type RNA templates were subsequently generated by T7 RNA Polymerase to test whether the Omicron mutation at position 28,311 disrupted qPCR efficacy (Supplementary Figure 2B). Correct size and high purity were confirmed via agarose gel electrophoresis (Supplementary Figure 2C).

Next, we compared amplification of the mutant RNA template to the wild-type N gene RNA template using the NEB SARS-CoV-2 RT-qPCR Multiplex Assay Kit (E3019). This assay kit simultaneously detects the N1 (HEX), N2 (FAM), and human RNase P (Cy5) targets. The N1 and N2 targets were amplified efficiently across a 7-log dilution series (107-10 copies/reaction) of mutant and wild-type input RNAs (Figures 4A,B). In these experiments, the N2 primer-probe set can also serve as an internal control to correct minor differences in RNA template input because the Omicron variant does not have a mutation within the region targeted by the N2 primers or the probe (Figure 3A). The mutant RNA crossed threshold ∼1 cycle faster than wild-type RNA, likely due to slightly higher input amount. After correcting the RNA input amount based on the N2 target, there is less than a 0.2 difference in the average delta Cq for the N1 target amplification between the mutant and wild-type RNA (Figures 4C,D). This is well within normal day-to-day and user-to-user variation and suggests equivalence in amplification speed. Importantly, the mutation did not decrease assay sensitivity as 27 out of 27 reactions with low RNA copy number (10 copies per reaction) were detected for the wild-type and mutant RNA with both the N1 and N2 targets (Figure 4E). We also checked amplification efficiency using the SalivaDirect workflow. SalivaDirect is a simplified, non-invasive, and flexible SARS-CoV-2 diagnostic platform granted EUA by the FDA (16). It uses the CDC 2019-nCoV_N1 primer-probe set as the only detection target for SARS-CoV-2 along with human RNase P as an internal control. Amplification using the SalivaDirect conditions was unimpeded by the N1 Omicron mutation (Supplementary Figure 3). Consequently, we conclude that both the NEB SARS-CoV-2 Multiplex Assay Kit and the SalivaDirect amplification conditions can reliably detect the Omicron N gene using the CDC 2019-nCoV_N1 primer-probe set.
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FIGURE 4
The NEB SARS-CoV-2 multiplex assay efficiently detects N gene IVT RNA carrying the Omicron mutation (A–E) and clinical Omicron RNA (F,G) with the CDC 2019-nCoV_N1 primer-probe set. Amplification efficiency in panels (A–D) was evaluated in triplicate over a 7-log range (107-10 copies/reaction) of synthetic N gene RNA for wild-type (black) vs. the Omicron variant (green). Detection sensitivity (E) was evaluated with 10 copies of RNA per reaction with 27 replicates per condition. All reactions tested with 10 copies of input RNA were detected by qPCR. Both the N1 (green) and N2 (blue) targets were efficiently amplified from clinical Omicron RNA samples using the NEB Luna SARS-CoV-2 RT-qPCR Multiplex Assay Kit, which includes the CDC 2019-nCoV_N1 and 2019-nCoV_N2 primer-probe sets (F,G). Cq values for each clinical sample shown (G) are included in Supplementary Table 2.




Quantitative PCR detection using RNA extracted from clinical samples

When possible, it is also important to determine whether the variant mutations impact detection of clinical samples. In contrast to the IVT RNA approach, RNA extracted from the variant virus has the added benefit that it includes all the genomic mutations. We validated the IVT RNA results described above using Omicron viral RNA extracted from clinical samples. Using the SARS-CoV-2 Multiplex RT-qPCR Assay Kit, both the N1 and N2 targets were efficiently detected from Omicron RNA (example from a single sample shown in Figure 4F). Cq values will vary among clinical samples due to differing amounts of input RNA (viral load will vary from patient to patient and day-to-day during an infection). To account for these differences, we compared the N1 target Cq relative to the N2 target, which does not contain a mutation in the Omicron variant, for each sample. We also compared N1 and N2 target detection from non-Omicron (that do not contain mutations targeted by this assay) and Omicron clinical samples. To evaluate the detection speed for the N1 target, we calculated the delta Cq between N2 and N1 for each sample (Supplementary Table 2 and Figure 4G). The difference in detection speed within each sample were comparable between the non-Omicron and the Omicron groups, suggesting N1 target detection is not compromised in the Omicron clinical samples.




Discussion

All viruses mutate and evolve over time, which necessitates regular reevaluation of sequencing and detection workflows to sustain their accuracy and reliability. Our results describe how to conduct these evaluations using either commercially available control RNA templates or RNA extracted from clinical SARS-COV-2 samples, and we demonstrate how to generate RNA templates for diagnostic evaluations in a timely manner when neither of the two options are available. While these results focused on reacting to emerging SARS-CoV-2 variants, the targeted sequencing and diagnostic assay approaches highlighted here are generally applicable to other pathogens and organisms.

Widespread application of genomic sequencing has become an essential epidemiological tool for monitoring and controlling the spread of SARS-CoV-2. Sequencing reveals the mutational signature of the virus, which not only identifies the type of variant but also informs about potential impacts to therapies and diagnostic assays. Consequently, sequencing approaches are optimized toward maximizing genome coverage. Careful design of overlapping amplicon primer schemes helps to mitigate the potential impact of acquired mutations on genome sequencing coverage. When a mutation causes an amplicon dropout to occur, the primer set must be reevaluated and optimized. Our evaluation of five different primer sets concluded that the NEB VarSkip Long primer set achieved the greatest sequence coverage, with respect to Omicron sequencing despite the drastic increase and unique pattern of mutations seen in this variant. The advantage seen with the VarSkip Long primer set in this case, can be attributed to the primer scheme design approach. This VarSkip Long design approach minimized the number of overall primer sites and is based on over one million SARS-CoV-2 reference genome sequences to avoid the more frequently mutated genome sites. However, if RNA templates are degraded or additional genome variants arise that negatively impact VarSkip Long primer binding, then the length of even a single amplicon dropout would impact more of the genome than multiple amplicon dropouts seen with a primer scheme based on short amplicons. In practice, VarSkip Short v2’s balance of amplicon length (∼550 bp) and effectiveness on a range of sample types has proven to be the most effective in our hands. To obtain complete coverage of unusual genomes, access to multiple primer schemes has proven essential. Once sufficient genomic coverage is obtained, researchers can assess and respond to viral genome mutations that could impact therapeutics or diagnostic assays.

The U.S. Food and Drug Administration issued guidelines for evaluating the impact of variants on COVID-19 detection tests (17). These guidelines breakdown important considerations for both design and testing of molecular diagnostic assays. Importantly, molecular assays should be designed to target the genomes of the currently circulating variants and to include redundancy to help maintain performance as future variants emerge. Redundancy is built into the assays by targeting multiple sites within the genome. This strategy proved to be important for detection of several of the SARS-CoV-2 variants, including Alpha and Omicron. When these variants first emerged, several commonly used PCR tests failed to detect the heavily mutated S gene (called S gene dropout). However, because many of these assays also targeted other sites, the virus was still detected, and the S gene dropout signature was used to help track variant progression. The Omicron genome also contained an N gene mutation corresponding to the CDC-designed N1 target probe sequence in the 2019-nCoV panel, which has been incorporated into many diagnostic assays. Fortunately, our evaluation of the performances of two different amplification conditions found the N1 site is efficiently detected with the CDC 2019-nCoV_N1 primer-probe set, despite the target probe sequence mutation. Our evaluation has determined that the mutation does not diminish amplification performance using the CDC 2019-nCoV_N1 primer-probe set in our optimized conditions using purified RNA; however, wastewater surveillance work published in a medRxiv preprint suggests the mutation alters the N1 probe binding efficiency during ddPCR (18). Interestingly, the ddPCR approach used the same CDC 2019-nCoV-N1 primer-probe set. It is therefore essential that each assay workflow is evaluated for variant detection efficacy if the primer-probe set harbors a mutation. Once a mutation is detected within a testing target, our IVT RNA approach described herein can be utilized to evaluate the diagnostic test efficacy in a timely manner. Furthermore, this strategy can be applied to other nucleic acid based diagnostic tests, including LAMP (19).

As more variants emerge, it is essential that developers continuously track new mutations and assess their potential impact on sequencing, therapeutic, and diagnostic assays. This process includes aligning the primer/probe sequences against genomes found in limited-access databases such as GISAID or public INSDC resources (e.g., Genbank), to evaluate whether novel mutations may impact the assays. The NEB Primer Monitor tool (see footnote text 1) can assist in identifying potentially problematic mutations by continually monitoring registered primer-probe sets for overlapping mutations (20). While the Primer Monitor has been implemented with a simple reference alignment approach, graph genomes have been effectively used to represent other complex populations (21). SARS-CoV-2 mutation patterns have mostly resulted in short deletions and substitutions, so graph genome techniques have not been required. Future variants with more divergence from the NC_045512 reference sequence might benefit from a more sophisticated graph genome approach. As previously noted, the tool revealed an overlap between an Omicron mutation at position 28,311 and the CDC 2019-nCoV_N1 probe target sequence (Figure 3A). We have also used the Primer Monitor tool to evaluate other mutations in SARS-CoV-2 variants overlapping with the CDC 2019-nCoV panel. After testing, we found that some of these mutations decreased assay sensitivity (20), whereas others, such as the AY43 (Delta) variant, did not impact N gene assay sensitivity (Supplementary Figure 4). We also determined that N gene assay sensitivity was unaffected by the mutations contained in a new Omicron variant (BA.5, data not shown). Tracking the emergence of new mutations and testing the performance of primer-probe sets with the variant sequences by qPCR will help ensure the continued reliability of COVID-19 diagnostic tests.


Methods


Clinical delta and omicron RNA collection and extraction

For clinical samples, RNA extractions were performed as described (22) following NEB’s protocol for RNA extraction from saliva utilizing the Monarch Total RNA Miniprep Kit (T2010). The final total RNA was eluted in either 50 or 100 μl of nuclease free water prior to storage at –20°C for less than 1 week or –80°C for long term storage.



SARS-CoV-2 genomic sequencing

The NEBNext ARTIC SARS-CoV-2 FS Library Prep Kit (E7658) and workflow were followed to generate targeted amplicons and sequencing libraries. Either deidentified clinical samples or commercially available RNA controls were utilized as templates for cDNA synthesis and amplification. For commercially available templates, one-thousand genomic copies of standard or variant SARS-CoV-2 viral gRNA controls (ATCC® VR-1986 from ATCC; SARS-CoV-2 RNA Control 16, 17, 18, and 23 from Twist Bioscience, representing the Beta, Gamma, Kappa, and Delta variants, respectively) in 100 ng of Universal Human Reference RNA (ThermoFisher® QS0639) were used. For deidentified clinical samples, no Universal Human Reference RNA was added, and equal input volumes were used for cDNA synthesis and amplification across the various targeted amplification reactions, regardless of the targeting primer set. Amplicons were generated using either the NEBNext ARTIC SARS-CoV-2 primer pools (ARTICv3), NEBNext VarSkip Short SARS-CoV-2 primer pools, ARTICv4 primer pools, or IDT xGEN SARS-CoV-2 Midnight-1200 Amplicon Panel (10007184). Libraries were constructed using the NEBNext ARTIC SARS-CoV-2 FS Library Prep Kit (Illumina) and sequenced on a MiSeq® instrument (2 × 75 bp). The Galaxy IWC SARS-CoV-2 reference based assembly workflow was used to produce consensus sequences and calculate coverage depth per base (23–47).



Bioinformatic analysis of primer-variant overlaps

Bioinformatic analysis of primer-variant overlaps followed procedures outlined on the Primer Monitor Tool webpage. Publicly available sequences for each viral lineage were aligned to the NC_045512.2 reference sequence [minimap2 –r 10,000 –score-N = 0, 2.17 (39), samtools 1.11 (31, 32, 43)]. Variants > 2% frequency (freebayes 2.2.0) (44) were evaluated for overlap with primer regions (bedtools (Version 2.29.2) (42) and displayed (Geneious Prime 2021.0.3). Due to the rapid increase in omicron sequences, BA.1, BA.2, BA.4, and BA.5 lineage variants were identified by classifying recent consensus sequences submitted to GISAID using pangolin—usher (Version 4.0.5) (28) before alignment (minimap 2.2) (39) and variant calling (2% frequency threshold). Variants were manually filtered to remove Delta contamination. Exclusion criteria: Variants present in Omicron lineage sequences and Delta lineage sequences that dropped in frequency between November 2021 and January 2022 were excluded.



Preparation of in vitro-transcribed RNA

To generate the SARS-CoV-2 N gene RNA harboring the C to U mutation at position 28,311, site-directed mutagenesis (Q5 Site-Directed Mutagenesis Kit, NEB E0554S) was performed using the SARS-CoV-2 Positive Control (N gene) plasmid (NEB N2117) as a template, and the mutation was confirmed by Sanger Sequencing. The wild-type and mutant N gene RNA was subsequently synthesized by in vitro transcription (HiScribe T7 High Yield Synthesis Kit, NEB E2040) from linearized plasmids containing either wild-type or mutant N genes, respectively. The resulting RNA was purified using the Monarch RNA Cleanup Kit (NEB, E2050) and quantitated with the Qubit RNA BR Assay Kit (ThermoFisher Scientific, Q33224) to calculate the RNA copy number. The purity and quality of the plasmids and RNA were assessed on a 1.2% agarose gel, electrophoresed for 1 h in 0.5x Tris-Borate-EDTA Buffer.



RT-quantitative PCR amplification of in vitro-transcribed RNA

To evaluate the impact of the 28,311 C to U mutation on the 2019-nCov_N1 target detection, a 7-log dilution series (107–10 copies/reaction) was prepared for both the wild-type and the mutant RNA, with 10 ng of Jurkat total RNA (BioChain, R1255815-50) included as an internal control. The mutant and wild-type target RNA were subsequently amplified using either the NEB Luna SARS-CoV-2 RT-qPCR Multiplex Assay Kit (E3019) or the Luna Universal Probe One-Step RT-qPCR Kit (NEB E3006) following the SalivaDirect RT-qPCR amplification protocol (16). For sensitivity evaluations, 27 reactions containing 10 copies/reaction were performed using either wild-type or mutant RNA. Briefly, for the Luna SARS-CoV-2 RT-qPCR assay, the N1 (HEX), N2 (FAM), and RP (Cy5) targets were simultaneously detected using the following cycling conditions: carryover prevention (25°C for 30 s), cDNA synthesis (55°C for 10 min), initial denaturation (95°C for 1 min) and 45 cycles of denaturation (95°C for 10 s) and annealing/elongation (60°C for 30 s) plus a plate read step. For the SalivaDirect RT-qPCR, the Luna Universal Probe One-Step RT-qPCR Kit (NEB E3006) was used to detect the N1 (FAM) and the RP (Cy5) targets simultaneously using the following cycling conditions: cDNA synthesis step (52°C for 10 min), initial denaturation (95°C for 2 min) and 45 cycles of denaturation (95°C for 10 s) and annealing/elongation (55°C for 30 s) plus a plate read step. The qPCR data was collected on a Bio-Rad CFX96 qPCR instrument (96-well, 20 μl reactions).



RT-quantitative PCR amplification of RNA extracted from clinical Omicron specimens

For the clinical sample, 2 μL of the extracted RNA was used in the Luna SARS-CoV-2 RT-qPCR assay as described above, and the data was collected on a Bio-Rad CFX96 qPCR instrument (96-well).
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