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An unprecedented use of high-throughput sequencing for routine monitoring of SARS-CoV-2 viruses in patient samples has created a dataset of over 6 million SARS-CoV-2 genomes. To monitor genomes, deposited in the GISAID database, and to track the continuous sequence evolution of molecular assay oligonucleotide target sequences. A simple pipeline tool for non-experts was developed to mine this database for nucleotide changes in oligonucleotides and tested with the long oligonucleotides of a Recombinase polymerase amplification (RPA) assay targeting the RNA-dependent RNA polymerase (RdRP) gene of the SARS-CoV-2. Results indicate the emergence of a single nucleotide change in the reverse oligonucleotide from 0.03 to 26.23% (January to May 2021) in Alpha variant genomes, which however reduced to 17.64% by September after which the Alpha variant was completely displaced by the Delta variant. For all other variants, no relevant nucleotide changes were observed. The oligonucleotide screening pipeline allows efficient screening of nucleotide changes in oligonucleotides of all sizes in minutes.
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1. INTRODUCTION

The use of high-throughput sequencing platforms for monitoring SARS-CoV-2 genomes from patient samples has yielded an unprecedented 5,556,541 SARS-CoV-2 genome sequence entries in the GISAID database (1) by end of November 2021 (https://www.gisaid.org; accessed 2021-11-29). This huge number eclipses the collection of 45,888 complete HIV-1 genomes gathered during a 30-year period and indeed the total of 4,719,307 of all virus sequences in NCBI.

Designing and monitoring changes in oligonucleotides to keep molecular tests up to date necessitates rapid and scalable technologies to cope with the size of this input. The data load renders, traditional multiple sequence alignments (MAFT) unfeasible; generic alignment search tools, such as BLAST, are insufficient to screen such a database because their core algorithms allow automatic error correction, which is inadequate in the case of monitoring for sequence aberrations. In contrast, K-mer search techniques, in which K-mers are short sequences of K characters, are commonly used to scan vast databases for frequent patterns. This has been used to guide primer selection, where a K-mer is a PCR oligonucleotide of a specific length; it can even, in some cases, allow for the detection of degenerate oligonucleotides (2–4).

In order to monitor the RdRp gene target regions for the oligonucleotides of a SARS-CoV-2 RT-RPA (5) we sought to design an easy-to-use tool to search the GISAID database for nucleotide changes in the target regions using the capabilities of K-mer. Continuous monitoring of mutations was used for a temporal analysis of the rise of emerging nucleotide changes in individual oligonucleotides.



2. MATERIALS AND METHODS

All sequences of the SARS-CoV-2 variants B.1.1.17 (Alpha; United Kingdom), B.1.351 (Beta; South Africa), P.1 (Gamma; Brazil), B.1.617.2 (Delta, India), B.1.526 (Iota; NYC, USA), B.1.427/B.1.429 (Epsilon; USA, California), B.1.525 (Eta; Nigeria), C.37 (Lambda, Peru), B.1.621 (Mu, Colombia), B.1.1.529 (Omicron, South Africa) were retrieved from the GISAID database.

We devised a rapid and scalable method for searching the SARS-CoV-2 genome for oligonucleotide and used it to search the target sequences of an RdRP-RT-RPA amplicon, RdRP oligonucleotides, RdRP Probe, and complete amplicon (Supplementary Table S1; Supplementary Figure S1A).

To do so, we used K-mer of the exact size of the oligonucleotides to mine with great speed, through the genome using KAT v2.4.2 mode “sect” (6). Kat calculates the K-mer coverage across every genome and reports the primer-coverage/integrity. Partial genome sequences or sequence with substantial number of Ns, or gaps were excluded and marked as “fail.” Genome sequences reported with imperfect oligonucleotide presence (partial coverage) were then fully aligned against the oligonucleotides using Smith-Waterman local alignment (7) to accurately identify sequence variations. A python script, oligomutk, handles the pipeline and the reporting. Using the Docker platform, all processing can be done locally or on a cloud service. The outputs were organized hierarchically into the categories fail/pass, forward primer, reverse primer, amplicon. The script sortseq automatically sorts oligomutk output.

To allow temporal analysis, we downloaded the complete FASTA file, and the metadata file provided from GISAID and used the additional script typetempsort to sort the sequences according to type and month of collection. Graphs were generated using PRISM v9.1.

All scripts are freely available at https://github.com/aicuramedical/covidmutants. A readme file with guidance is provided.



3. RESULTS

In an early trial, a total of 505,666 whole genome sequences were retrieved for the five main SARS-CoV-2 variants. The number of individual genomes ranged from 202 to 167,069 per month (Supplementary Table S2). The oligomutk script provides a result table in a tabulation separated values (TSV) format which was sorted for the categories fail/pass, forward primer, reverse primer, probe. Failed sequences were analysed for degenerations and degenerated sequences were counted.

To monitor for emergence of individual mutations, the oligomutk outputs were analysed, and the percentages of mutations detected in all RPA oligonucleotides were plotted (Supplementary Figure S1B). The percentage of mutated sequences for Beta, Gamma, and Eta variants averaged at 0.38% (ranging from 0 to 1.82%; Supplementary Figure S1C). One nucleotide mutation in the forward primer emerged in 7.00% of Alpha variants in January, increasing to 23.36% percent in April (Supplementary Figure S1D). In contrast, we also observed that 19.50% of the Epsilon variants (USA, California) had altered sequences in January, which appeared to indicate a major deletion in the 5' region of the downstream primer of the RPA amplicon. However, a closer analysis of the sequences by MAFT showed sequencing/assembly errors. The number of discarded/erroneous sequences from January to April for this variant averaged at 6.56% (range 2.56–9.46%) and decreased to 2.71% by April, while the percentage of discarded sequences across all other variants averaged at 1.21% (range 0.48–2.07%) indicating most likely a general problem with sequencing quality for the sequencing performed for the Epsilon variant.

Since from April 2021, it was increasingly impossible to download monthly packages through the GISAID search function, we downloaded and analysed curated FASTA files available from GISAID for variants Alpha, Beta, Delta, Gamma and Iota at the beginning of September 2021, while continuing to manually download selected emerging variants Eta, Lambda, Kappa, and Mu. In total, 956,910 sequences were screened.

In general, the amount of mutated sequences across variants ranged from 0.12–0.66% but was determined at 13.30% for the Alpha variant, indicating that since April the emerging mutation in the forward primer sequence had not developed into a dominant sequence among the Alpha virus sequences.

In order to better manage the growing dataset of SARS-CoV-2 sequences on GISAID, all sequences downloaded from GISAID at the end of November were split into monthly packages for each lineage using the additional script typetempsort and analysed as before using oligomutk in combination with sortseq.

For the 3,679,450 sequences of the 10-month analysis discarded sequences ranged at a mean of 1.26 ± 0.59% (range 0.27–3.46%) across all variants while mutated sequences ranged at a lower level at a mean of 0.51 ± 0.48% (range 0.08–2.64%), respectively, with a significant difference as confirmed by unpaired t-test (P-value < 0.0001; Supplementary Figure S3).

The updated analysis confirmed that the emerging nucleotide change in the target sequence of the forward primer among the Alpha variant sequences soared from 0.03% in January to 26.23% by May but subsided to 17.64% by August, after which it disappeared entirely.



4. DISCUSSION

The sequence data submitted to GISAID until December 13th 2021 are dominated by sequences from the United Kingdom and the United States contributing in total 55.45% (24.12 and 31.33%, respectively) of the total of 6,022,997 SARS-CoV-2 sequences while the remaining sequences are submitted by 212 other entities. This constitutes a submission bias leading to an analysis bias, and it is necessary to rethink on how to extract a representative subset of SARS-CoV-2 sequences for analysis in futures studies. The percentage of mutated and discarded sequences across variants described here might be a starting point.

The mean percentage of discarded sequences due to sequencing errors at 1.26% was significantly higher (+0.75%) than the observed mean of mutated sequences in the RdRp oligonucleotide binding regions, indicating that frequencies > 1.26% need monitoring. Despite this bias and ongoing sequencing errors, the RdRp target gene sequence of the RPA, analysed as a whole, remained stable (Table 1), with a low-level occurrence of point mutations (Supplementary Tables S3, S4) which, however, did not develop into dominant strains. Since in general sequences discarded by oligomutk range at 0.91–2.11% (Figure 1; Supplementary Tables S3, S4) the surge of discarded sequences in the Epsilon variant from January to February to almost 30% and their subsequent rapid decline rapidly indicated a sequencing quality issue rather than the emergence of a deletion of half the reverse primer (Figure 1).


Table 1. Analysis of sequences downloaded from GISAID on 2021-09-06.
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FIGURE 1. Monthly analysis of SARS-CoV-2 variant genomes available from GISAID. The total number of sequences per month depicted by the blue bars (scale on the right-hand side of each panel). Mutated target sequences are red dots, while discarded sequences poor quality are shown as orange dots. The red line in the Alpha variant depicts the emerging mutant sequence for the forward primer (....................c...........).


Only one nucleotide mutation emerged in the Alpha variant sequences, which slowly accumulated in the first quarter of the year (Figure 1). The occurrence of the mutation in the forward primer target sequence already observed in the first trial was corroborated by the second and third trial but dropped from a maximum of 26.23% in May to 17.64% by August, indicating that the variant with this particular nucleotide change was not able to expand and persist any further. It became obsolete, when Alpha variants were replaced by the emerging Delta variant, which since has dominated the pandemic. It is assumed that the Delta variant emerged and displaced the Alpha variant so quickly because it inherently produces higher viral loads in patients, thus rendering it more transmissible (8, 9). The depletion of the Alpha variant we observed may have been caught up in this displacement from the Delta variant and therefore subsided before it could generate a larger foothold in the Alpha variant population. It has been shown that a single mutation at position 14,408 in the RdRp gene was associated with a higher number of point mutations in the SARS-CoV genome overall (10). The mutation observed here at position 15,233 is a silent mutation and therefore can not be connected to inherent RdRp property changes or Alpha variant fitness.

The pipeline altogether is easy to use and was shown to handle sequence packages in excess of 600,000 sequences at a time (Supplementary Table S3) and can be used for closely monitoring new emerging variants such as currently the Omicron variant (Figure 1).

RPA amplicons are generically robust toward degenerations (11) and have been shown to tolerate up to nine nucleotide changes across all three oligonucleotides and robustness for detecting a wide range of genotypes of a virus (12, 13). Single nucleotide variations, even if they can occur at almost every position of an oligonucleotide (Supplementary Table S5) are therefore not considered to be of concern for the efficiency of the RPA amplicon. However, it indicates that RdRp mutations in general may occur more frequently than expected and need monitoring.

RPA oligonucleotides are longer than real-time PCR primers and therefore can not be entered into an oligonucleotide mutation scanner tool offered by GISAID with nucleotide length restrictions for PCR primers, while the approach presented here is able to easily scan with the complete amplicon target (128-mer).

This scalable algorithm is a desirable alternative to monitor SARS-CoV-2 genomes submitted in the GISAID database for molecular assay designers using oligonucleotides longer than the average oligonucleotides used in PCR design.

The tool enables rapid post-design sequence monitoring to assess emergent nucleotide mutations to adjust the design if necessary.
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