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The changing nature of the SARS-CoV-2 pandemic poses unprecedented challenges to the world's health systems. Emerging spike gene variants jeopardize global efforts to produce immunity and reduce morbidity and mortality. These challenges require effective real-time genomic surveillance solutions that the medical community can quickly adopt. The SARS-CoV-2 spike protein mediates host receptor recognition and entry into the cell and is susceptible to generation of variants with increased transmissibility and pathogenicity. The spike protein is the primary target of neutralizing antibodies in COVID-19 patients and the most common antigen for induction of effective vaccine immunity. Tight monitoring of spike protein gene variants is key to mitigating COVID-19 spread and generation of vaccine escape mutants. Currently, SARS-CoV-2 sequencing methods are labor intensive and expensive. When sequence demands are high sequencing resources are quickly exhausted. Consequently, most SARS-CoV-2 strains are sequenced in only a few developed countries and rarely in developing regions. This poses the risk that undetected, dangerous variants will emerge. In this work, we present HiSpike, a method for high-throughput cost effective targeted next generation sequencing of the spike gene. This simple three-step method can be completed in < 30 h, can sequence 10-fold more samples compared to conventional methods and at a fraction of their cost. HiSpike has been validated in Israel, and has identified multiple spike variants from real-time field samples including Alpha, Beta, Delta and the emerging Omicron variants. HiSpike provides affordable sequencing options to help laboratories conserve resources for widespread high-throughput, near real-time monitoring of spike gene variants.
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INTRODUCTION

Mutations of SARS-CoV-2 spike protein accompanied the transformation of COVID-19 from a local outbreak in Wuhan, China (1–4) into a worldwide pandemic (5–8), inflicting morbidity and mortality on currently over 266 million people with more than 5 million deaths. COVID-19 has severely disrupted health and educational systems, and continues to wreak social, cultural, and economic havoc in afflicted countries. The spike protein, a homotrimeric class I fusion protein, is responsible for the ability of the SARS-CoV-2 virus to recognize and bind to the host cell receptor angiotensin converting enzyme 2 (ACE2) (9–14), and to induce subsequent membrane fusion and viral entry into the host cell (15, 16). It is thought that mutations in the spike protein promoted the initial zoonotic event of coronavirus jump from animal reservoir to human (17–19), and that continued changes of SARS-CoV-2 spike protein in COVID-19 patients promotes increasing adaptation of the virus to the human host (20–22). Indeed, mutations in the SARS-CoV-2 spike protein have resulted in vastly increased transmissibility, infectivity and viral load in humans (6, 7, 23–25).

The spike protein is the target of SARS-CoV-2 convalescent neutralizing antibodies of which over 90 percent target its receptor binding domain (RBD) (26). Therefore, the SARS-CoV-2 spike protein has been selected as the primary target of vaccines (27) and anti-viral drugs (10). Every new mutation in the spike gene is a potential threat to vaccine and drug efficacy. Clearly, the spike protein's crucial roles in both infectivity and susceptibility to neutralization, and its high tendency to mutate make it the most important sequencing target for monitoring circulating viruses.

Now, 2 years into the pandemic, we observe multiple new, predominantly spike protein variants, with superior transmissibility that are changing the dynamics of the pandemic (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/).

The SARS-CoV-2 variants Alpha (GISAID GRY, Pango lineage B.1.1.7), and to lesser extent Beta (GISAID GH/501Y.V2, Pango lineage B.1.351) and Gamma (GISAID GR/501Y.V3, Pango lineage P.1) (28–30) dominated worldwide outbreaks during the first half of 2021 (GISAID-NextStrain). The Alpha variant has eight non-synonymous mutations and deletions located in the spike gene (https://virological.org/t/preliminary-genomic-characterization-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563). Among these changes are those that significantly affect the binding process to the host cell: N501Y in the RBD, which increases binding affinity to ACE2 (31) and P681H in the S1-S2 furin cleavage site, which was shown to promote entry into respiratory epithelial cells and transmission in animal models (Figure 1). The Beta variant is characterized by eight mutations in the spike protein, including three at critical residues, K417N, E484K, and N501Y, of the RBD (28). Apparently, these mutations evolved independently in the Gamma variant (https://virological.org/t/genomic-characterization-of-an-emergent-sars-cov-2-lineage-in-manaus-preliminary-findings/586). The E484K mutation of these variants has been associated with reduced potency of anti-spike neutralizing antibodies (32). Since June 2021 the Delta variant (GISAID G/478K.V1, Pango lineage B.1.617.2 and all AY sublineages) completely overtook other variants and is leading in prevalence worldwide (GISAID-NextStrain). The Delta variant contains multiple spike protein substitutions (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html, https://covariants.org/variants/21A.Delta). Specifically, L452R may increase transmissibility by stabilizing the interaction with the ACE2 receptor and reduces neutralization by antibodies, and P681R enhances systemic infection and membrane fusion (https://doi.org/10.1101/2021.06.11.448011, https://doi.org/10.1101/2021.06.17.448820). The Delta variant is considered to be twice as infective and more virulent to unvaccinated patients than all previous variants (https://www.cdc.gov/coronavirus/2019-ncov/variants/delta-variant.html). In November 2021 the world was shocked by the appearance of the heavily mutated SARS-CoV-2 variant Omicron (GISAID GR/484A, Pango lineage B.1.1.529 and Nextstrain clade 21K). The Omicron variant possess more than 30 mutations in its spike gene. Preliminary results indicate higher infection rate than any previous corona variants and increased ability to escape neutralizing antibodies and to infect convalescent and immunized persons (https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern, https://www.cdc.gov/coronavirus/2019-ncov/variants/omicron-variant.html).
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FIGURE 1. Spike gene scheme with mutations occurring in variants of concern. The spike protein encoded by the spike gene is a large protein of 1,237 amino acids that contains key structural motifs. The figure shows the places of these motifs as well as the location of key amino acid changes that occur in important variants. In parentheses, the start and end of each motif. NTD, N terminal domain (light blue); RBD, Receptor Binding Domain (yellow); FP, Fusion Peptide (black); HR1 and HR2, Heptapeptide Repeat Sequence 1 and 2 (purple); TM, Trans Membrane (green); CD, Cytoplasmic domain (gray).


The joint appearance of multiple spike protein mutations increases concern that new super-spreading variants are on the rise.

In acknowledgment that prompt identification of new variants via genome sequencing is key to outbreak control, emergency public health next generation sequencing (NGS) initiatives have been launched worldwide. The CDC SPHERES (SARS-CoV-2 Sequencing for Public Health Emergency Response, Epidemiology, and Surveillance) program in the US and its ECDC parallel in Europe (European Centre for Disease Prevention and Control. Sequencing of SARS-CoV-2) as well as the COVID-19 Genomics Consortium UK (CoG-UK, https://www.cogconsortium.uk/) are leading examples. A US group has reported monitoring the GISAID (http://www.gisaid.org/) repository database of worldwide SARS-CoV-2 genomic sequences for mutations in the spike gene, associated with frequency shifts at regional and global levels (https://cov.lanl.gov/) (6).

The vast majority of sequences submitted to public depositories originate from Europe and North America (http://www.gisaid.org/). Unfortunately, NGS resources are generally out of reach for developing countries and consequently new variants are likely to evolve undetected from such regions (33). In addition, resources are often stretched even in developed countries, resulting in inadequate coverage.

In this work, we present HiSpike, a simple, high-throughput and cost efficient, 3-step targeted NGS method for full sequencing of the spike encoding gene of SARS-CoV-2. HiSpike can be readily adapted to the workflow of standard laboratories engaged in sequencing. We demonstrate that HiSpike provides results per the spike gene identical to results obtained using the ARTIC protocol, the most used sequencing approach for whole genome sequencing of SARS-CoV-2 (https://artic.network/ncov-2019). We show that HiSpike reliably detects major clade defining mutations in the spike gene including the Delta and Omicron variants. While the ARTIC protocol is an expensive, labor-intensive process, and commonly (for Illumina users) requires 4–5 days, the HiSpike method is generic, high-throughput, easily implemented and obtains sequences in <2 days and at a fraction of the cost.



RESULTS

To detect on a large scale SARS-CoV-2 variants of high concern, we set out to assemble a sequencing protocol with the following guidelines: The protocol must be high-throughput, accessible to standard laboratories that engage in sequencing, inexpensive with the possibility to use low cost generic reagents, simple, and with a short turnaround time. Because all current and likely future SARS-CoV-2 variants of high concern are based on spike gene mutations (Figure 1) we focused the sequencing to this region.

To achieve this goal, the HiSpike method for high-throughput cost effective sequencing of the SARS-CoV-2 spike gene was developed. In the HiSpike method, nucleic acid (NA) samples were converted to spike libraries for sequencing on a MiSeq (Illumina) instrument, the most common NGS sequencing platform used worldwide. The HiSpike method can generate high-throughput sequence data from NA samples within 30 h and involves three simple steps: two consecutive reactions, RT-PCR1 and PCR2, and a single cleanup step of the pooled MiSeq library (Figures 2A,B). The RT-PCR1 converts the viral spike RNA to cDNA, which is amplified using tailed primers to produce spike amplicons with forward and reverse universal tails (Figure 2B). The spike annealing sites of these primers were primarily derived from the established ARTIC V3 primers for tiling PCR amplicons along the SARS-CoV-2 genome with additional 8 primers designed to improve sequencing coverage (Supplementary File 8). Similar to the ARTIC scheme, the RT-PCR1 was conducted in two multiplexed reactions to produce two overlapping sets of ~400 bp spike gene amplicons enclosed by forward and reverse universal tails. These amplicons were combined and subjected to PCR2, which added unique dual indexes and the Illumina P5 and P7 flow cell adaptors to each sample (Figure 2B).
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FIGURE 2. HiSpike method illustration (A). HiSpike three-step protocol outline (B). HiSpike RT-PCR1 and PCR2 Illumina library preparation.


A series of experiments were initially done to optimize and simplify reaction conditions, primer properties, and enzymatic settings to robustly produce high quality libraries by the HiSpike method (data not shown). The optimized RT-PCR1 conditions eliminated the need for equilibration between samples due to the limited primer levels (0.045 μM) that were maxed out during the 45 PCR cycles. Consequently, similar dsDNA amplicon levels in each sample were found and roughly maintained throughout the sequencing process (An example of a MiSeq sample read distribution is shown in Supplementary File 1). In this study, all HiSpike libraries were sequenced with MiSeq's smallest and fastest flow cell the V2 Nano kit. In a typical 250-bp paired-end run, we obtained about 2 million reads and could simultaneously sequence 96 samples.

For preliminary assessment of the HiSpike sequencing results, four samples representing different variants (S-0007, S-0031, S-0043, and S-0044, Supplementary File 2), also were sequenced using the traditional Sanger method. The Sanger primers were designed to generate six overlapping PCR fragments that cover the entire spike gene (Supplementary File 3). The sequences obtained using HiSpike and Sanger were identical. Next, to assess the sequencing performance of the HiSpike method, we compared its sequence results to spike gene sequences obtained with the established ARTIC whole genome sequencing method which has been recommended by leading international organizations such as the WHO and ECDC (https://www.who.int/publications/i/item/9789240018440 and https://www.ecdc.europa.eu/sites/default/files/documents/Sequencing-of-SARS-CoV-2-first-update.pdf). Both methods were used to compare 90 positive SARS-CoV-2 samples. These samples spanned a variety of viral loads as indicated by their Ct values, as measured in a real-time RT-PCR assay. The HiSpike method was much simpler to perform, with significantly shortened time to acquisition of results and greatly reduced cost (respectively, Supplementary Files 4, 5).

Among the 90 samples, 88 showed identical sequences. Only two samples showed a single nucleotide difference. These differences appeared in samples with relatively high Cts (28 and 30), indicating low levels of viral NA in the original samples. The sequence coverage of 70 samples was > 90% in both methods and an overall visualization of their spike gene sequences identity level is shown in Figure 3. The white diagonal line represents full spike gene identity (0 SNPs) between pairs of the same samples sequenced by HiSpike and ARTIC methods. The spike sequences generated by HiSpike differentiated various clades (Figure 4; Supplementary File 2) into Nextclade branches that were similar to those assigned via ARTIC V3 whole genome sequencing. Notably, similar high spike gene coverage in both the ARTIC and HiSpike methods was observed for most of the samples (Supplementary Files 6A,B).


[image: Figure 3]
FIGURE 3. Comparison between ARTIC and HiSpike methods. Spike gene sequences of 70 samples (with > 90% spike sequence coverage in both ARTIC and HiSpike methods) were compared using a heat-map. Gray shades between white and black indicate 0 to 10 SNPs respectively. HiSpike sequences were aligned based on a hierarchical clustering tree (shown to the right) vertically and the ARTIC sequences of the same samples were aligned horizontally to the HiSpike samples. Pairs of the same sample are represented in the diagonal line (outlined in red). Sample 11 (counting from the left) exhibits a single SNP difference between the HiSpike and Artic results; all the other samples show identical sequences.
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FIGURE 4. Phylogenetic tree based on spike gene sequences generated by the HiSpike method. Spike gene sequences of 441 samples generated by the HiSpike method were uploaded to the Nextclade platform. SARS-CoV-2 clades are illustrated by different colors and locations on the rectangular tree. The X axis indicates the number of mutations relative to the reference full viral genome. HiSpike sequences are represented by the full circles on a background of the Nextclade's global representative clade tree of December 8 2021.


The validated HiSpike sequencing capacities and short turnaround time from NA extraction to spike gene sequence acquisition led to the selection of this method in Israel for nationally urgent sequence assignments of positive COVID-19 cases. These included travelers arriving from countries with a high incidence of spike variants of concern, instances of reinfection, severely ill patients, and hospitalized pregnant women. A total of 306 clinical positive SARS-CoV-2 NA samples arrived on five different occasions during 2 critical weeks in January (January 14 to 28, 2021). During this time, a global spread of variants of concern (e.g., Alpha, Beta, and Gamma) forced lockdowns in many countries including Israel, while massive COVID-19 immunization efforts took place. Samples were processed upon arrival and the average time from sample to sequence was <30 h. The HiSpike method identified 119 Alpha variants and 7 Beta variants among other multiple clade branches (Figure 4; Supplementary File 2).

To determine HiSpike's limit of detection, we plotted the Ct value (as the viral load indicator, determined by real-time RT-PCR) and spike gene sequence coverage breadth. To this end, we analyzed 396 samples comprised of the validation sample set and the urgent clinical samples. These samples showed Ct values ranging from 11 to 40. The median coverages of samples were as follows: for Ct 11 - 25, Ct 25–30, Ct 30–35, and Ct 35−40, respective median coverages were 99.3, 93.0, 47.3, and 17.3% (Figure 5A). Notably, samples in this study were collected from several clinical laboratories that use various extraction systems and SARS-CoV-2 determination methods. In rare cases, we observed low coverage in samples with Cts below 25 (Figure 5A) which likely represented poor quality or degraded NA, and in our experience similar low coverage of these samples was also apparent when using the ARTIC method.


[image: Figure 5]
FIGURE 5. Spike sequence breadth and depth as a function of different sample Ct levels. Spike gene sequences of 396 samples were divided to 6 groups based on their Ct values (up to 15, 15–20, 20–25, 25–30, 30–35, and over 35). The number (n) of sample in each group is in brackets. (A). The percentage of spike gene coverage, with at least 5 reads, at different Ct levels is shown by Boxplots. The Boxplots represent the coverage breadth value distributions from the lower to the upper quartiles. The inner horizontal line indicates the median. The vertical whiskers extend to the most extreme data point which is no more than 1.5 times the interquartile range. More extreme data points are drawn as circles. (B). Sequence coverage depth along the spike gene. The average coverage depth was plotted, on a logarithmic scale, along the genome positions. Lines were smoothed by a sliding window of length 20. At coverage depth x5 the spike gene region encoding the receptor binding domain is marked with a red line and annotated (RBD and in brackets its amino acid location).


We next assessed the average coverage depth along the spike gene with relation to its Ct. This parameter is important because it provides insights into the coverage expectancy along the spike sequence. As seen in Figure 5B, the average coverage depth along the spike gene varied. At Cts of 25–30, the average coverage depth was more than 100. At Cts above 30 there was a significant decline and more regions remained below the five independent reads cut off (Figure 5B). Notably, key parts of the RBD in the spike gene were amplified and sequenced at coverage of 5 reads or more even in samples with high Cts (over 30), allowing detection of mutations like N501Y (Figure 5B, RBD red bar).

These results indicate that the HiSpike method is highly robust and suitable for full spike gene sequencing of samples with Ct values up to 30. This is similar to the specifications previously shown for ARTIC based amplicons (34) and other SARS-CoV-2 sequencing methods (35). Importantly, key regions in the spike gene such as the RBD (Figure 5B) will likely be detected also in samples with very low virus content.

In June 2021 Delta variant overtook all previous variants and become the worldwide dominant corona variant. In November 2021, the heavily mutated Omicron variant emerged. To assess the performance of HiSpike method to sequence contemporary variants, we performed an in-silico analysis of the primer scheme followed by an in-vitro confirmation. The RT-PCR1 HiSpike primers (Supplementary File 8) were tested in-silico for matching to current SARS-CoV-2 variants. The matching was performed on 286 current GISAID sequences (of sampling dated 15 - 30 November 2021) that included different Delta variants (clades 21A, 21I, 21J) and the newly emerging Omicron variant.

The analysis showed that 39 (out of 42) primers maintain perfect alignment with most of the variants (Supplementary Files 11, 12). Three primers termed: 3_F1_HiSpike, 4_R_HiSpike, and 11_F_HiSpike showed mismatches to a large number of the tested sequences (Supplementary File 11). Primer 3_F1_HiSpike showing a single mismatch to ~43% of the sequences has a backup primer 3_F2_HiSpike and is not expected to affect the assay performance. Primer 11_F_HiSpike showed a single mismatch to the majority of the sequences. Because this mismatch is 7 bases upstream to its 3' end, we do not expect it to significantly affect its annealing capability and elongation of its target. Primer 4_R_HiSpike showed 8 mismatches to the majority of the sequences all of which located 15 bases upstream to its 3' end and, therefore, the annealing of this primer may be affected. Nevertheless, 4_R_HiSpike is a reverse primer and therefore, participates in the initial cDNA generation step that is performed at 45°C. We expect that at this low temperature this primer will preserve its ability to bind and participate in cDNA synthesis. Once this primer binds, all following PCR steps should have a full binding site on the cDNA.

Next, we validated the performance of the HiSpike method in-vitro on a collection 42 contemporary SARS-CoV-2 samples. These samples included 40 Delta variant sub lineages (clades 21A, 21I, and 21) and two Omicron variants (clade 21K). The HiSpike results showed the coverage breadth of the sample set was in correlation to the sample viral load. Samples with Cts between 20 and 25 showed an average coverage breadth of ~ 88 %. Notably, HiSpike demonstrated a sequence coverage that was above 95 % for all different representatives of the Delta variants and most importantly for the emerging Omicron variant. As observed with earlier variants, also in the current variants the samples with lower viral loads (Cts above 25) showed a decline in coverage breadth. Nevertheless, even in these samples we obtained enough sequence information to detect the variant's mutation signatures and determine clades with the nextclade web tool (Supplementary File 13; Figure 4). Together, the in silico and in vitro results show that in spite of SARS-CoV-2 evolution the HiSpike method maintains its relevance as a powerful tool for spike gene sequencing.



MATERIALS AND METHODS

All methods were performed in accordance with the relevant guidelines and regulations: all samples used in this study were collected in accordance with the Public Health Ordinance of the State of Israel and directives of the Israel Ministry of Health (325589721 and 485090420).

The study has been approved by the Institutional Review Board of the Sheba Medical Center #7045-20-smc. The approval covers using remains of clinical samples for assessing new approaches for diagnosis of SARS-2 and waives the need for informed consent. We hereby state that our laboratory has permission to receive remains of SARS-CoV-2 samples from source laboratories.

For user convenience we have included an instruction manual for implementing the HiSpike method in Supplementary File 7.


Sample Source and Characterization

Positive COVID-19 samples of either primary nasopharyngeal swabs or extracted NA were collected from various COVID-19 laboratories in Israel. NA samples were stored at −80°C prior to use and primary samples were kept at 4°C (up to 72 h) prior to extraction. Viral inactivation of swab samples was performed using Lysis Buffer (Seegene) at a buffer to sample volume ratio of 0.75 (200 μl buffer: 267 μl sample) for 10 min at room temperature. From total volume of 400 μl, 50 μl of NA samples were extracted using automated instruments of MagNA Pure (Roche) or magLEAD (Precision System Science Co., Ltd.).

The cycle thresholds (Cts) of SARS-CoV-2 positive samples were determined either by the source lab or, in unknown cases, in house using Allplex 2019-nCoV qPCR kit (Seegene). The qPCR reactions were performed according to the manufacturer's instructions. Briefly, reactions were comprised of 25 μL, consisting of 17 μL master mixes (Buffer, RNase-free water and 2019-nCoV MOM and Enzyme) and 8 μL NA templates. Reactions were added to 96-well plates each of which included a positive and a negative control. The qPCRs were performed on a CFX96 Touch instrument (Bio-Rad) with the following conditions: 20 min reverse transcriptase step at 50°C, 15 min heat-start step at 95°C, and 45 cycles of 15 second denaturing period at 95°C followed by a combined annealing and extension step at 58°C for 30 s. Finally, the Ct values of E, RdRP, and N genes were determined using the Seegene Viewer software (Seegene). For simplicity, in this work we used the average Ct of all three genes.



HiSpike Library Preparation

Primers used in this study were manufactured by metabion or IDT and are shown in Supplementary Files 3, 8, 9.

RT-PCR1 primers contained 3' annealing sequences corresponding to sites along the spike gene and 5' forward or reverse universal tails (denoted in the sequence below by upper case letters). A primer binding site, an Illumina component for initiation of reads 1 and 2 (denoted below with lower case letters), was located between the universal tails and the annealing regions resulting in the following strands: 5'TCGTCGGCAGCGTCagatgtgtataagagacag[spike annealing sense sequence]3'and 5'GTCTCGTGGGCTCGGagatgtgtataagagacag[spike annealing antisense sequence] 3' for the forward and reverse primers respectively (Supplementary File 8). The spike annealing sites (indicated in square brackets) were mostly derived from the SARS-CoV-2 V3 ARTIC primers for tiling amplicons (https://artic.network/resources/ncov/ncov-amplicon-v3.pdf) and in some cases, additional primers with alternative annealing sequences were added to increase the sequencing coverage (Supplementary File 8).

The PCR2 primers termed F-P5 (i01–i12) and R-P7 (i01–i08) contained the following sequences: 5'AATGATACGGCGACCACCGAGATCTACAC[i5]tcgtcggcagcgtc3' and 5'CAAGCAGAAGACGGCATACGAGAT[i7]gtctcgtgggctcgg3' respectively (Supplementary File 9). Each primer in the primer pair harbored a unique 8 base index, denoted i5 or i7, and a 3' sequence (in lower case letters) of the forward and reverse universal tails that anneal and amplify the RT-PCR1 products, thereby adding the dual index and unidirectional P5 and P7 termini.


Step 1 of the HiSpike Method-Library Preparation: RT-PCR1

Two 10 μL multiplex RT-PCR1 reactions were composed of either primer mix 1 or mix 2 using SensiFast (Meridian Bioscience). The reaction consisted of 5 μL 2x SensiFAST, 0.2 μL RiboSafe RNase Inhibitor, 0.1 μL Reverse transcriptase, 0.7 μL H2O, and 1 μL of primer mix set 1 or 2 (0.45 μM of each primer), and 3 μL NA template. The RT-PCR was performed on a Biometra TOne 96 Standard Thermal Cycler instrument (Analytik Jena) with the following conditions: 10 min reverse transcriptase step at 45°C, 4 min heat-start step at 95°C, and 45 cycles of 15 s denaturing period at 95°C, annealing of 30 s at 60°C and elongation at 72°C for 30 s. The products of corresponding samples from reaction sets 1 and 2 were combined and used as the template for PCR2.



Step 2 of the HiSpike Method - Library Preparation: PCR2

PCR2 was performed using KOD Hot Start DNA Polymerase (Merck Millipore). Reactions were set to 15 μL and contained 4 μL of each of the uniquely indexed primers F-P5 (1.2 μM) and R-P7 (1.2 μM), 1.0 μL RT-PCR template, 1.5 μL 10X Buffer, 1.5 μL dNTPs (2 mM each), 1.5 μL MgSO4 (25 mM), 1.2 μL H2O, and 0.3 μL KOD Hot Start DNA Polymerase (1 U/ μL). Reactions were performed on a Biometra TOne 96 Standard Thermal Cycler instrument (Analytik Jena) with the following conditions: 4 min hot-start step at 95°C, and 15 cycles of 15 s denaturing period at 95°C, annealing of 30 s at 58°C and elongation at 72°C for 30 s.




Library Cleanup and MiSeq Loading (Step 3 of the HiSpike Method)

Products of PCR2 were pooled by collecting 4 μL from each well. The pooled library was diluted 1: 3 (sample: H2O) and purified using the ProNex Size-Selective Purification System (Promega) at a ratio of 1.4: 1 (ProNex chemistry: sample) according to the manufacturer's instructions. In Short, 70 μL beads and 50 μL diluted sample were mixed and incubated for 10 min and placed on a magnetic stand for 2 min. The supernatant was discarded and the resin was washed twice by two consecutive 1-min washes using 200 μl of Wash Buffer each. After discarding the second portion of wash buffer, the resin was allowed to air-dry for 5 min. It was then removed from the magnetic stand and resuspended with 50 μL elution buffer for 5 min. Finally, the sample was placed on the magnetic stand for 1 min and the eluted purified HiSpike library was collected. The dsDNA concentration of the purified HiSpike library was determined by Denovix QFX Fluorometer, using the DeNovix dsDNA High Sensitivity assay.

The HiSpike library, with an expected fragment average size of 550 bp, was examined by agarose gel electrophoresis (1.7%) and on the Fragment Analyzer 5200 (Agilent) with HS NGS Fragment (1–6,000bp) kit. The purified library was diluted to 4 nM and denatured by mixing 5 μl of library with 5 μL 0.2 N NaOH for 5 min. The denatured library was further diluted to 12 pM and a 1% PhiX control (PhiX Control v3) was added. Sequencing of all HiSpike samples in this study were performed on an Illumina MiSeq platform using a 250-bp paired-end read v2 Nano kit (Cat. # MS-103-1003). For user convenience, we included a typical MiSeq sample sheet for 96 indexes in Supplementary File 10.



Sanger Sequencing

To obtain the full sequence of the spike gene (3822 bp) six sets of primers were designed (Supplementary File 3). Amplicons, with overlapping regions of ~100bp, were generated using PCRBIO GO One-step RT-PCR kit (Cat. # PB10.53-10) according to the manufacturer's instructions and sequenced using ABI 3500 Bioanalyzer. Data analysis was performed using the Geneious software package (https://www.geneious.com/).



ARTIC V3 Protocol for SARS-CoV-2 Full Genome Sequencing

RNA in extracted NAs was reverse transcribed to single strand cDNA using SuperScript IV (ThermoFisher Scientific, Waltham, MA, USA) as per manufacturer's instructions. SARS-CoV-2 specific primers designed to capture SARS-CoV-2 whole genome (version 3, https://github.com/artic-network/artic-ncov2019/blob/master/primer_schemes/nCoV-2019/V3/nCoV-2019.tsv) - total 218 primers, divided into two primer pools designed by Josh Quick from ARTIC Network) were used to generate double strand cDNA and amplify it via PCR using Q5 Hot Start DNA Polymerase (NEB) (36). Briefly, each sample underwent two parallel PCR reactions with primer pool 1 or 2 and 5X Q5 reaction buffer, 19 mM dNTPs and nuclease-free water. The resulting DNA was combined and quantified with a Denovix QFX Fluorometer, using the DeNovix dsDNA High Sensitivity assay as per manufacturer's instructions, and 1ng of amplicon DNA in 5 μL per sample was used for the library preparation. Libraries were prepared using the NexteraXT library preparation kit and NexteraXT index kit V2 as per manufacturer's instructions (Illumina, San Diego, CA, USA). Pooled libraries were purified with AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA) and the pooled library concentration was determined by Denovix QFX Fluorometer, using the DeNovix dsDNA High Sensitivity assay. The pooled library validation and mean fragment size was determined by Fragment Analyzer 5200 (Agilent) with the HS NGS Fragment (1-6,000 bp) kit. The mean fragment size was ~350 bp, as expected. The molarity concentration of the library was calculated and diluted to 4 nM, denatured and further diluted to 12 pM. Finally, the sample was loaded on MiSeq Reagent Kit v3 (600-cycle, Cat. # MS-102-3003) and a paired end 151X2 program was set.



Sequence Clean-Up, Mapping and Determination of Coverage (Bioinformatics Analysis)

Trimmomatic-0.36 was used for quality trimming of the raw read sequences, by clipping 3' read ends with sliding window quality lower than 15 in a window of 4 nucleotides, and at the same time trimming the 5' primer sequence used for targeting the virus genome, by cropping 30 nucleotides from the head of the read. Reads with < 50 bases remaining length were filtered out. The resulting reads were mapped to the spike gene of the Wuhan-Hu-1 reference genome (NCBI Reference Sequence NC_045512.2) using bwa v0.7.12-r1039 MEM algorithm. Samtools 1.10 was used for sorting, merging pileup, and consensus sequence was created with ivar 1.0 with minimum quality score threshold to count base of 15, and minimum depth to call consensus of 5. Point coverage depth was determined with samtools depth with base quality threshold of 15 and mapping quality threshold of 15. Coverage breadth was defined as the ratio of the reference sequence covered by X5 depth or more. FASTA sequences were uploaded to Nextclade (https://clades.nextstrain.org/). Nextclade is a web-tool that identifies differences between reference and user uploaded genomes. For each uploaded sequence, Nextclade provided a complete list of established and new spike gene mutations, both in nucleotide and amino acid notation.



In-silico Primer Match Testing

Two hundred and eighty six high quality SARS-COV2 genome sequences, with <20 Ns, and patient information with collection dates between November 15 to 30 2021, were downloaded from GISAID database (https://www.gisaid.org/). The R package “Biostrings” was used to find the HiSpike primer annealing regions in the genome sequences, allowing none to 6 mismatches. Supplementary File 11 shows for each primer, in how many genomes it was found with perfect match, in how many it was found with either 1, 2, 3, 4, 5, or 6 mismatches, and in how many genomes it was not found when allowing maximum 6 mismatches. Supplementary File 12 shows for each SARS-COV2 clade, the average number of primer sequences that match genomes belonging to this clade with perfect match, the average number primers that match with 1, 2, 3, 4, 5, or 6 mismatches, and the average number of primers that are not found when allowing maximum 6 mismatches, in this strain's genomes.



Data Availability

The HiSpike generated sequences are available to the public at the NCBI BioProject number PRJNA751747.




DISCUSSION

The SARS-CoV-2 virus is likely to continue to evolve over time in human populations. Real-time monitoring of the circulating strains by sequencing is essential to combat the current pandemic. The spike protein centrality in viral infectivity, transmissibility, and reactivity with neutralizing antibodies is currently the most important element for sequence monitoring. Globally, multiplex tiling PCR methods, such as ARTIC, on Illumina platforms are leading the full genome sequencing of SARS-CoV-2. While serving as an essential tool for genomic epidemiology, these methods are relatively time consuming, labor intensive and expensive, and consequently their use is limited for many laboratories, and out of reach in developing countries (33). The HiSpike method is an attractive option to fill in this gap. Using this method, one can produce high quality sequencing libraries in three short steps, RT-PCR1, PCR2, and library cleanup making the assay simple and inexpensive (Supplementary Files 4, 5).

The RT-PCR1 primer annealing sites along the spike gene were derived from the well-established ARTIC primers (https://www.protocols.io/view/ncov-2019-sequencing-protocol-v3-locost-bh42j8ye), plus 8 in-house newly designed primers to achieve adequate coverage. The addition of these in-house newly designed primers improve the coverage breadth and method robustness as demonstrated by the in-silico analysis (Supplementary File 11) and successful sequencing of all tested variants, including various Delta clades and the emerging Omicron. Due to the continuous evolution of SARS-CoV-2, primers for detection and sequencing methods must be reassessed periodically and updated as necessary.

The 5' end of HiSpike primers contained for simplification and streamlining, forward and reverse universal tails. The tail design of RT-PCR1 and PCR2 HiSpike primers shares similar characteristics with our patent pending method (37). Notably, Gohl et al. (33) also incorporated these adapter tails to ARTIC V3 primers for full genome sequencing. Although, Gohl's method required four PCR pools instead of the original ARTIC two pools, it significantly reduced the cost and labor of classic ARTIC methods. Here we show that HiSpike is a much simpler method that: (1) requires (similar to original ARTIC version) only two pools per sample, (2) generates cDNA and target amplification in a single RT-PCR1 step, and (3) does not require library normalization because it is achieved by substantial consumption of the limited levels of PCR1 primers. HiSpike is also flexible, as it can be performed with generic reagents that are widely available from various manufactures (Supplementary File 5). In this study, we used SensiFAST SYBR Hi-ROX Kit (Cat. # BIO-92005) and KOD Hot Start DNA Polymerase (Cat. # 71086) for RT-PCR1 and PCR2 respectively. Yet, high quality libraries also were obtained with Xpert One-Step RT-PCR Kit (grisp Cat. GE50.0100) for RT-PCR1 and TaKaRa Ex Taq (TaKaRa Cat. # RR001A) for PCR2 (data not shown). The simplicity and reagent flexibility together with its low cost make HiSpike significantly more accessible and suitable for a wider community.

Library preparation is the major cost input for SARS-CoV-2 sequencing. Therefore, the new library preparation protocol that we have implemented for HiSpike, significantly cuts this cost. For instance, in Israel, while library preparation of 96 samples using ARTIC method cost 4,516 USD, using HiSpike the method cost 81 USD (Supplementary File 5). HiSpike further cuts the sequencing cost since the spike gene represents only 12.8% of the SARS-CoV-2 genome, allowing the load of many more samples on the same flowcell. This also makes the method remarkably useful for high-throughput sequencing. The HiSpike method can adequately sequence 96 samples using the cheapest and fastest MiSeq's Nano kit. In a typical run, we obtained about 2 million reads. The MiSeq Reagent Kit V2 (500-cycles) (Cat. # MS-102-2003) offers more than 10 fold reads per run (24–30 million). Therefore, at the same cluster density, using this kit, it is possible to sequence nearly 1000 samples per flow cell. Other whole genome sequencing methods ((34), and ARTIC V3) require the most expensive MiSeq Reagent Kit V3 (600-cycle) (Cat. # MS-102-3003) that gives 44–50 million reads per run. Using HiSpike we can expect to sequence with necessary and sufficient clade and variant detection accuracy, up to 2,400 samples in a single MiSeq Reagent Kit V3 run.

According to GISAID data nearly 80% of the deposited SARS-CoV-2 whole genome sequences were generated using Illumina platforms. These methods have proven most effective for high resolution epidemiologic purposes in which short time to sequence and high volume is not the primary desire. Using NovaSeq instruments (Illumina) coupled with robotic liquid handlers for library preparation, laboratories are now able to significantly increase throughput and reduce the processing time. However, these are highly demanding resources. Another option for shortening time to results is the Oxford nanopore technique (ARTIC's original method) which can achieve sample to sequence in <24 h. However, this method is not high-throughput and its high price per sample is prohibitive for many laboratories. Proof of concept for a more affordable sequencing approach using the Oxford nanopore technique has been recently published (https://doi.org/10.1038/s41598-021-95563-w). This study, which cites our HiSpike method, adopted the same philosophy of sequencing the spike gene alone.

These methods enable low resource laboratories to perform high volumes of samples in a short time.

As indicated, for the HiSpike method we chose to use the smallest and cheapest nanorun MiSeq kit. Consequently, compared to ARTIC we obtained a slightly lower coverage for low viral loads samples (Supplementary File 6A). In such samples, the coverage deficiencies were focused at four positions, nucleotides 755–775, 1226–1235, 2257, and 3739–3747 (Supplementary File 6B). Nevertheless, these positions did not encompass the key spike gene regions such as the RBD (Supplementary File 6B), and only one position fell within the RBD but has not to date been involved in a mutation defining a variant of concern.

Low viral load may result from various reasons including low sample quality, poor nucleic acid extraction yield, inadequate storage or transportation and more. In these cases it is recommended to resample the patients and possibly increase viral concentration before sequencing. In many cases low viral load indicates post COVID19 status in which remnants of fragmented nucleic virus material can be detected by PCR for weeks. Such fragmented material is extremely difficult to sequence, makes it impossible to receive full genome coverage. As a policy, the Israeli Corona sequencing consortium consider samples with Cts above 33 inadequate for sequencing using the commercial Illumina COVIDseq method.

Our main focus for HiSpike development, was to offer a fast, simple and cheap alternative for SARS-CoV-2 sequencing. Therefore, by intention we selected the smallest kit of MiSeq sequencer (nanorun). However, we speculate that for low viral load sample the user can dedicate more reads per sample. We observed this phenomena by sequencing the same library of 45 samples twice on the smallest MiSeq sequencer kit (unpublished data). The coverage breadth of the combined runs for samples with high Cts (above 25) was significantly higher than each run alone indicating, that increasing the reads (flow cell space) will increase sequence coverage breadth. Therefore, in specific cases where higher sequence coverage of low viral load samples (Ct > 25) is desired one may choose to use a larger sequencing kit or reduce the number of samples per flow cell.

Methods that require less reads per sample, also save expensive storage space and computation resources for analysis. Essential web platforms like GISAID (https://www.gisaid.org/) allow submission of complete or nearly complete genomes, while they also perform multiple analyses that are focused on the spike gene such as spike protein mutation surveillance. However, a much needed spike dedicated database for sequence deposit and global sharing for comparison and variant alerts, has yet to be established.

We have enumerated the strengths of HiSpike and its desirable features and benefits. Nevertheless, HiSpike has limitations, chief among them being that it does not sequence genomic regions outside the spike gene, which are covered by other protocols for whole genome sequencing (34, 38–40). To the best of our knowledge, mutations outside the spike gene that affect transmissibility are not common. The most important aspect of this limitation is that molecular epidemiology including its uses for high-resolution clade definition and outbreak profiling to aid contact tracing, is mostly effective at the whole genome level.

As far as we know, HiSpike is the first validated tool for specifically sequencing the spike gene to monitor mutations of high concern in clinical samples. To ease transitions to the HiSpike method, we included a detailed user instruction manual (Supplementary File 7). We propose using HiSpike for routine sequencing of positive SARS-CoV-2 samples for near real-time monitoring of emerging spike mutations. In this manner, public health resources can help contain potential super spreading or vaccine-escape variants, even before these variants cause frequency shifts at the local, regional, or global levels.
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