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Introduction: Wastewater-based genomic surveillance of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) provides a comprehensive approach to characterize evolutionary patterns and distribution of viral types in a population. This study documents the molecular epidemiology of SARS-CoV-2, in Northern South Africa, from January 2021 to May 2022.

Methodology: A total of 487 wastewater samples were collected from the influent of eight wastewater treatment facilities and tested for SARS-CoV-2 RNA using quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). SARS-CoV-2 positive samples with genome copies/mL ≥1,500 were subjected to allele-specific genotyping (ASG) targeting the Spike protein; 75 SARS-CoV-2 positive samples were subjected to whole genome sequencing (WGS) on the ATOPlex platform. Variants of concern (VoC) and lineages were assigned using the Nextclade and PangoLIN Software. Concordance for VoC between ASG and WGS analyses was determined. Sequence relationship was determined by phylogenetic analysis.

Results: Seventy-five percent (365/487) of the influent samples were positive for SARS-CoV-2 RNA. Delta and Omicron VoC were more predominant at a prevalence of 45 and 32%, respectively, and they were detected as early as January and February 2021, while Beta VoC was least detected at a prevalence of 5%. A total of 11/60 (18%) sequences were assigned lineages and clades only, but not a specific VoC name. Phylogenetic analysis was used to investigate the relationship of these sequences to other study sequences, and further characterize them. Concordance in variant assignment between ASG and WGS was seen in 51.2% of the study sequences. There was more intra-variant diversity among Beta VoC sequences; mutation E484K was absent. Three previously undescribed mutations (A361S, V327I, D427Y) were seen in Delta VoC.

Discussion and Conclusion: The detection of Delta and Omicron VoCs in study sites earlier in the outbreak than has been reported in other regions of South Africa highlights the importance of population-based approaches over individual sample-based approaches in genomic surveillance. Inclusion of non-Spike protein targets could improve the specificity of ASG, since all VoCs share similar Spike protein mutations. Finally, continuous molecular epidemiology with the application of sensitive technologies such as next generation sequencing (NGS) is necessary for the documentation of mutations whose implications when further investigated could enhance diagnostics, and vaccine development efforts.

KEYWORDS
 SARS-CoV-2, WBE genomic surveillance, viral evolution, genetic characterization, RBD mutation analysis


1 Introduction

The coronavirus disease (COVID-19), caused by the severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) is an acute respiratory infection (ARI) that has ravaged the world, causing over 696 million infections, with a mortality of over 6.9 million, as of October 2023 (1). South Africa alone has recorded over 4.07 million infections, and well over 102,000 deaths, as of October 2023. Throughout the pandemic, molecular epidemiology studies have been instrumental in providing information about viral genome organization, and mutational profiles, as well as the development of drug targets for treatment and vaccines to decrease mortality in those infected with SARS-CoV-2. This has been achieved mainly through whole genome sequencing (WGS), since it reveals critical epidemiological information (2) for virus classification, tracking global lineage transmission, and monitoring viral evolution (3, 4).

Over the course of 3 years of the pandemic, SARS-CoV-2 has evolved rapidly, due to its high mutation rate, estimated to be between 10−5 and 10−3 (5) that significantly impacts viral protein structures, function, and immunogenic characteristics (6, 7). These characteristics are strongly associated with the immunological response and clinical outcome in humans. The Spike protein (S-protein) of the virus functions mainly in binding to human cellular entry receptors (angiotensin-converting enzyme 2 – ACE2), which allows infection (8). Since the beginning of the COVID-19 pandemic, mutations detected in the S-protein have been used to characterize variants of concern (VoCs) and variants of interest (VOI) that arose over time. Both VoCs and VOIs are classified based on their potential impact, with VoCs regarded as posing the highest risk on the population. The WHO has classified five VoCs, which include: Alpha, Beta, Gamma, Delta, and Omicron (9).

By May 2020, the D614G mutation was widely reported to have overtaken the original Wuhan strain, and was observed in over 78% of clinical samples worldwide (10). As the pandemic progressed, specific key mutations developed in the S-protein of the virus, which led to increased infectivity and transmissibility. Mutations N501Y, DelH69V70, and P681H developed next, and were then classified as the Alpha variant (B.1.1.7), first detected in the UK in September 2020 (11). By December 2020, mutations N501Y, E484K, and K417N were reported, and classified as the Beta VOC (B.1.351). This variant was detected in South Africa (12), and it became the most dominant variant detected in 80% of SARS-CoV-2 genomes in the country. A month later, the Gamma variant (P.1) was reported in Brazil, as well as travelers from Brazil, arriving in Japan (13). In May 2021, a more infectious SARS-CoV-2 strain with increased mortality (14) spread rapidly through India and was termed the Delta variant (B.1.617.2). By December 2021, the Omicron variant was detected in South Africa, and rapidly spread around the world. From December 2021 to September 2023, the Omicron variant and its sub-lineages (BA.1, BA.2, BA.3, BA.4, BA.5, XBB, EG.5), including BA.1/BA.2 circulating recombinant forms (CRFs) are responsible for current COVID-19 cases worldwide (see footnote 2). Variant-defining mutations of these VoCs have functional implications with clinical significance which affect treatment and vaccine therapies. Thus, continuous characterization of SARS-CoV-2 in different populations is necessary since such data can be added to genomic repositories, and utilized to improve drug design and vaccine therapies.

One major method implemented in SARS-CoV-2 genetic characterization for detection of new circulating variants has been through genomic surveillance, which has mainly been achieved through the WGS of individual patient clinical samples. However, the drawback of this type of genomic surveillance is that data is only obtained from patients, who are tested in healthcare centers. Thus, SARS-CoV-2 genetic diversity in asymptomatic individuals, as well as those who do not seek attention in healthcare facilities, and some communities may be underestimated. Wastewater-based epidemiology (WBE) has proven to be an asset in the identification of COVID-19 hotspots and tracking the trends of infection in the community (15–17). Applying this population-based approach for SARS-CoV-2 genomic surveillance offers the added advantage of tracking the geographical distribution and predicting VoC occurrence in the population. Alongside WGS, allele specific genotyping (ASG) has been utilized as a tool for routine monitoring of SARS-CoV-2 variants in the population (18–20). Compared to whole genome sequencing, by next generation sequencing, allele-specific genotyping is less expensive and can be implemented on a larger scale in resource-limited settings. In this study, wastewater samples were used to describe the molecular epidemiology and genetic characteristics of SARS-CoV-2 in the Vhembe and Mopani districts, of Limpopo province, South Africa.



2 Materials and methods


2.1 Sample collection, processing and total RNA extraction

Samples were collected from seven wastewater treatment plants (WWTPs) and one waste stabilization ponds (WSP) in the Vhembe and Mopani districts in Limpopo, South Africa (Figure 1). These WWTPs and WSPs were selected based on their functionality, accessibility and feasibility to collected repeated sampling based on resources available. Influent wastewater grab samples (500 mL) were collected at the raw inlet after the grid point from each of the sites once every week on a Monday over 17 months (January 2021 to May 2022). Samples were transported to the laboratory at 4°C and were processed for total RNA extraction. Samples were processed using a modified protocol described by Johnson et al. (21). Briefly, approximately 50–300 mL of wastewater influent (depending on the turbidity of the sample) was centrifuged at 3500 g for 20 min. The resulting pellet (~5 mL) was used for total RNA extraction using the QIAGEN RNeasy PowerSoil Kit (QIAGEN, Germany) according to the manufacturer’s protocol (‘RNeasy ® PowerSoil ® Total RNA Kit Handbook’, 2017). Total RNA concentration and purity were determined using a NanoDrop Spectrophotometer. The efficiency of this protocol has been described by (22).
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FIGURE 1
 Map of South Africa indicating the wastewater treatment plants (WWTPs) and waste stabilization pond (WSP) in the Vhembe and Mopani districts.




2.2 SARS-CoV-2 quantification and variant of concern determination


2.2.1 SARS-CoV-2 quantification by real-time PCR, quality control and results analysis

SARS-CoV-2 detection in wastewater samples was achieved by reverse transcription-quantitative polymerase chain reaction (RT-qPCR), using the iTaq Universal probes reaction mix one-step reaction kit (Bio-Rad Laboratories, Richmond, CA, USA) alongside primer/probe sets targeting the Nucleocapsid gene (N-gene). This was done using cycling conditions in a protocol developed by (23) and modified by (21). All reactions were performed in duplicates and run as a multiplex reaction in the QuantStudio™ 5 Real-Time PCR System. Analysis to determine the SARS-CoV-2 genome copy number in samples with positive amplification was done following a protocol previously described by (24).



2.2.2 Allele-specific genotyping for SARS-CoV-2 mutation detection

To determine the circulating VoCs in the communities, genotypic analysis through an allele-specific qRT-PCR was performed for mutations pertaining to the Spike gene (S-gene) of SARS-CoV-2. For this study, SNP genotyping was done for some signatory mutations belonging to the Alpha, Beta, Delta, and Omicron VoCs. Only samples with SARS-CoV-2 concentration ≥ 1,500 g.c./mL were included for analysis, using the 7 TaqMan SARS-CoV-2 Mutation Panels, from ThermoFisher Scientific (Applied Biosystems), with the same cycling conditions as previously described by (19).



2.2.3 Whole genome sequencing, genome assembly, lineage assignment and variant determination

SARS-CoV-2 RNA libraries were produced using the ATOPlex (MGI-Tech) protocol as previously described (19) and sequencing was done using the DNBSEQ-G400 instrument at the SAMRC Genomics Centre. Sequence data were analyzed using the Geneious version 2023.0 software as previously described (25). Consensus sequences were subjected to the Nextclade tool, for SARS-CoV-2 variant calling, clade assignment, and mutation determination for the viral genes. The Phylogenetic Assignment Named Global Outbreak LINeages (PangoLIN) interface is also in-built within the Nextclade database, for lineage assignment. Consensus sequences were also subjected to the COVID-19 Lineage Assigner PangoLIN tool for SARS-CoV-2 variant calling and lineage determination. SARS-CoV-2 variant calling and lineage assignment obtained from both tools were compared to confirm the assignment given. The phylogenetic relation between SARS-CoV-2 genomes from this study and the retrieved full-length SARS-CoV-2 genomes was determined by phylogenetic analysis, using the MEGA 11 software (neighbor-joining method). The proportion of duplicates was calculated using 1,000 bootstraps replicate.



2.2.4 Genetic diversity of SARS-CoV-2 viruses in the study sites compared to those around the world

Previously published full-length SARS-CoV-2 sequences from the Limpopo province, South Africa, and other countries classified as Alpha, Beta, Delta, and Omicron VoCs were downloaded from the Global Initiative on Sharing Avian Influenza Data (GISAID) database. These previously published SARS-CoV-2 sequences (henceforth referred to as “reference sequences”), were imported to the Geneious v2023.0 software, and aligned with study sequences having similar VoC assignment, using the MAFFT v7.490 parameters. Genetic diversity of each variant was determined by comparing the mutations present in the study sequence to those in the reference sequence. This was done for all four VoCs detected in the study site. Furthermore, the MEGA 11 software was used to compute the estimates of evolutionary divergence between sequences.



2.2.5 Comparison between allele-specific variant genotyping and WGS in VoC determination

Samples that were subjected to allele-specific variant genotyping and WGS were compared to infer whether they yielded similar VoC assignments. Key mutations in the Spike gene coding for Alpha (N501Y, DelH69V70, P681H), Beta (N501Y, E484K, K417N), Delta (L452R, P681R) and Omicron (N501Y, DelH69V70, P681H, K417N) VoCs, were used for SNP VoC determination. For samples subjected to WGS, VoC assignment was determined by Nextclade. To determine whether samples subjected to both techniques had the same variant call, the presence of key mutations in the S-gene (using the allele-specific genotyping criteria) were investigated for both techniques.





3 Results


3.1 Molecular epidemiology of SARS-CoV-2 in the Vhembe and Mopani districts (January 2021 to May2022)

Out of 487 samples collected from eight wastewater treatment sites, 75% (365/487) were positive for SARS-CoV-2 RNA by qRT-PCR. Of these, 80 met ASG criteria. One-fifth (75/365) of the SARS-CoV-2 positive samples detected throughout the 17 months’ surveillance period (January 2021 to May 2022) were used for WGS. Eighty percent (60/75) of these sequences passed QC and were successfully analyzed using the Nextclade and PangoLIN software. These sequences are submitted to the NCBI SARS-CoV-2 SRA database, under project number: PRJNA980445.3

Full length genome sequences obtained from the ATOPlex MGI sequencing platform, showed that the Delta variant was most dominant (45%) across the study sites, closely followed by the Omicron variant (31.7%) throughout the surveillance period. The Beta VoC occurred at low frequencies (5%), while the Alpha VoC was not detected in any of the study sites. Both tools (PangoLIN and Nextclade) did not assign a specific VoC name for 18% (11/60) of the study sequences, but assigned the lineage and clade for these sequences, and thus were designated as “unassigned,” for the purpose of classification in this study.

The Beta VoC was only sparsely observed between July – December 2021, as well as in January 2022. Interestingly, Delta and Omicron VoCs were detected during this phasing out of the second wave. This was observed in January and February 2021 for the Delta and Omicron VoCs, respectively (Figure 2). As surveillance continued, the Delta VoC circulation was dominant in the study sites and was most prevalent between April – August 2021. Omicron VoC was also in continuous circulation at all sites but only became more prominent between December 2021 and January 2022. Figure 2 illustrates the distribution of the VoCs observed throughout the surveillance period and the overall occurrence of the detected variants.
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FIGURE 2
 Trend and distribution of full genome SARS-CoV-2 variants of concern in the Vhembe and Mopani districts during the 17 months’ study period. (A) Distribution of SARS-CoV-2 VoCs between January 2021 to May 2022. The Delta variant was most dominant between April and August 2021, followed by Omicron which was more prominent between December 2021 and January 2022; the “unassigned” variants were most prominent between April and July 2021, while the Beta variants were sparsely detected between July and December 2021. (B) Pie chart illustrating the cumulative frequency of variant occurrence.




3.2 Genetic characteristics of SARS-CoV-2 in the study sites

The obtained SARS-CoV-2 whole genomes sequences ranged between 29,842–29,903 kilobases (kb) for the obtained 60 viruses throughout the surveillance. The identified Beta, Delta, Omicron, and “unassigned” variants belonged to 12 lineages and 11 clades. The lineages detected include: B.1, B.1.1, B.1.1.174, B.1.351, B.1.617, B.1.617.2, B.1.1.529, AY.45, BA.1, BA.2, BA.4, BE.1 (alias BA.5.3.1.1). Lineage AY.45, associated with the Delta variant was first detected in January 2021, while lineage B.1.1.529 associated with the Omicron variant first occurred in February 2021 (see Table 1).



TABLE 1 Frequency of occurrence of Lineages occurring in the study sites throughout the study period.
[image: Table1]

Eleven clades namely: 20A, 20B, 20H, 21A, 21I, 21J, 21K, 21L, 21M, 22A, and 22B were detected at the study sites throughout the surveillance period. Clade 21J, associated with the Delta variant was first observed in January 2021, while Clade 21 M associated with the Omicron variant first occurred in February 2021 (see Table 2). Figures 3, 4 illustrate the distribution and frequency of the lineages and clades detected.



TABLE 2 Frequency of occurrence of clades occurring in the study sites throughout the study period.
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FIGURE 3
 Distribution and percentage occurrence of SARS-CoV-2 lineages detected at the study sites. Lineage B.1.351 represents the Beta VoC; B.1.617.2, AY.39, AY.45 represent the Delta VoC; B.1.1.529, BA.1, BA.2, BA.4, BE.1 represent the Omicron VoC. The remaining lineages B.1, B.1.1, B.1.617, and B.1.1.174 represent the “unassigned” variants. (A) Illustration of the diversity of lineages detected at different time points of assessment. (B) Overall percentage occurrence of each of the 12 lineages detected throughout the surveillance period. (NB: Sequences were not available for Mar-21, Sep-21, Oct-21, Feb-22, Mar-22).
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FIGURE 4
 Distribution and percentage occurrence of SARS-CoV-2 clades detected at the study sites. Distribution and percentage occurrence of SARS-CoV-2 lineages detected in the study sites. Clade 20H represents the Beta VoC; 21A, 21I, 21J represent the Delta VoC; 21K, 21L, 21M, 22A, 22B represent the Omicron VoC. The remaining clades (20A and 20B) represent the “unassigned” variants. Fig (A) illustrates the diversity of lineages detected at different time points of assessment. Fig (B) highlights the overall percentage occurrence of each of the 11 clades detected throughout the surveillance period. (NB: Sequences were not available for Mar-21, Sep-21, Oct-21, Feb-22, Mar-22).


Phylogenetic analysis of full-length sequences was applied to corroborate the results obtained through variant, lineage and clade assignment obtained from the PangoLIN and Nextclade tools, as well as determine the closest relationship of the 11 sequences that were “unassigned” using the whole genome sequencing method. Interestingly, these “unassigned” study sequences clustered with Alpha and Delta variant sequences. Specifically, 2/11 (18.2%) “unassigned” study sequences clustered with Delta variant study and reference sequences. Three “unassigned” study sequences (3/11; 27.3%) clustered with Alpha variant reference sequences, while the remaining 7/11 (54.5%) “unassigned” study sequences clustered with each other (Figure 5).
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FIGURE 5
 Full length phylogenetic relationship between study sequences and reference sequences (indicated with colored shapes) from South Africa with 1,000 bootstrap iterations. The blue branches highlight all lineages (B.1.617.2, AY.39, AY.45) and clades (21A, 21I, 21J) associated with the Delta variant. The purple branches show all lineages (B.1.1.529, BA.1, BA.2, BA.4, BE.1) and clades (21K, 21L, 21M, 22A, 22B) associated with the Omicron variant. The green branches highlight lineage B.1.351 and clade 20H associated with the Beta variant. The red branches highlight lineage B.1.1.7 and clade 20I associated with the Alpha variant. Sequences with a black star are those assigned a lineage (B.1, B.1.1, B.1.617, and B.1.1.74) and clade (20A and 20B) by the Nextclade and PangoLIN tools, but not a specific variant name. Phylogenetic analysis shows some of these sequences clustering with the Alpha and Delta variants. However, others “unassigned” sequences still clustered with each other.




3.3 Full length intra-variant genetic diversity among study sequences

Investigation of the intra-variant genetic diversity among the study sequences belonging to the same variant showed little variability occurring within them. Among the Beta variant sequences, the intra-genetic variability ranged between 0.0003 and 0.0018. Similarly, minor differences in genetic diversity was observed between the Delta (0.00–0.0012) and Omicron (0.00–0.0018) variant study sequences. Among the unassigned study sequences, however, a slightly higher variability (0.00–0.0022) was observed.



3.4 Mutations in the S-protein receptor-binding domain

A total of 12 mutations were detected in the receptor-binding domain (RBD) of the Beta variant study sequences, with two of them (K417N and N501Y) occurring at a higher frequency. Among the Delta variant study sequences, two previously described RBD mutations (L452R and T478K) occurred at a higher frequency compared to the three novel mutations (A361S, V327I, D427Y) also detected in some sequences (Table 3). Within the RBD of the Omicron study sequences, 18 common mutations were detected, the highest among all the variants. However, mutations D405N and R408S, which are commonly detected in lineages BA.2, BA.4, and BA.5 were completely absent in the study sequences classified as BA.2, BA.4, and BA.5 lineages. Of the 11 unassigned study sequences, 2/11 (18.2%) had no mutations in the RBD region, whereas, in the other 9/11 (81.8%), mutation Q498H was the most prevalent. Details of the frequency of occurrence of mutations detected in the RBD are presented in Table 3.



TABLE 3 Frequency of occurrence of S-protein RBD mutations in the study sequences.
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3.5 Genetic diversity within the S-protein RBD

Beta variant study sequences (n = 3) were compared to previously published Beta variant sequences obtained from GISAID. These reference sequences originated from the Limpopo province (n = 4), South Africa (n = 9), other African nations (n = 29), the Americas (n = 2), Europe (n = 15), Asia, and the Middle East (n = 22). Mutation E484K, has been associated with reduced neutralizing activity of human polyclonal sera induced in convalescent and vaccinated individuals (26). This mutation was absent in all Beta variant study sequences, but was present in all reference sequences (see Table 4). The average evolutionary divergence between the Beta variant study and reference sequences was estimated to be 0.0006, showing similarity between them.



TABLE 4 Frequency of occurrence of key mutations at the RBD of the S-protein defining the Beta VoC between different viral populations from different countries or continent.
[image: Table4]

Delta variant study sequences (27) were compared to reference Delta variant sequences (n = 71) from GISAID. These previously published sequences originated from the Limpopo province (n = 7), South Africa (n = 12), other African nations (n = 32), the Americas (n = 4), Europe (n = 12), Asia, and the Middle East (n = 9). One out of 27 (3.7%) of the Delta variant study sequences, carried the amino acid (aa) Tryptophan (W) in place of Arginine (R) at position 452. Three previously undescribed novel mutations (V327I, A361S, and D427Y) were detected in the study sequences, but not the reference sequences. The evolutionary divergence between the study and reference sequences was estimated to be 0.0008, showing a close similarity between the sequences (see Table 4).

Omicron study sequences were compared to 54 Omicron reference sequences obtained from GISAID. The proportion of Omicron lineages downloaded was as follows: 7/54 (12.9%) were of BA.1 lineage, 25/54 (46.3%) for BA.2, 2/54 (3.7%) sequences were of BA.4 lineage and BA.5 occurred at 20/54 (37%). Of the 18 RBD mutations in the Omicron variant, only mutations D405N and R408S, belonging to the BA.2, BA.4, and BA.5 lineages, were completely absent in the study sequences. These mutations are known to evade humoral immunity elicited by Omicron BA.1 infection. However, they were present at high frequencies in the reference sequences. Even with these differences, the average evolutionary divergence (0.0015) between the Omicron study and reference sequences was low.

“Unassigned” study sequences which clustered with the Alpha variant (n = 9) after phylogenetic analysis (Figure 5) were compared to Alpha variant reference sequences originating from Limpopo province (n = 4), South Africa (n = 8), other African nations (n = 40), the Americas (n = 4), Europe (n = 13), Asia, and the Middle East (n = 13). Mutation N501Y was the only common mutation found in the RBD of the study and reference sequences. This mutation increases ACE2 binding affinity, causing the virus to become more infectious. This mutation was completely absent in the study sequences, but present at high frequency (>60%) in the other populations. The average evolutionary divergence (0.001) between the study and reference sequences was also low.



3.6 Allele-specific variant genotyping versus WGS in VoC determination

Of the 80 samples that met the criteria for allelic variant genotyping, 41/80 (51.3%) were subjected for whole genome sequencing. For 21/41 (51.2%) samples evaluated by both techniques, concordance was observed between the S-gene-defining mutations and variant assignment. For 13/41 (31.7%) samples, at least one S-gene defining mutation was observed in both techniques, but with a different variant assignment. Interestingly, there were 7/41 (17%) samples in which no concordance existed between mutations detected by allelic variant genotyping or variant assignment in both techniques.




4 Discussion

Wastewater-based genomic surveillance of SARS-CoV-2 provides a comprehensive approach to characterize evolutionary patterns and distribution of viral types in a population, since wastewater is known to contain an aggregate of SARS-CoV-2 viruses from multiple individuals, which occur at low concentrations in various states of genomic integrity. In this study, wastewater samples were used to describe the molecular epidemiology and genetic characteristics of SARS-CoV-2 in two districts (Vhembe and Mopani), of South Africa. The Delta and the Omicron VoCs were detected in the study sites by January and February of 2021, respectively, predating reports from the South African National Institute of Communicable Diseases (NICD) which documented the appearance of these variants in the country in May and November 2021, respectively (27). Both variants were detected in the study sites toward the end of the second wave (January – February 2021) when the Beta variant was still predominant in South Africa.

Nine lineages and nine clades were identified at the study sites throughout the surveillance period. Lineage AY.45 or B.1.617.2 (Clade 21J) was the most dominant lineage and mostly predominated during the third wave (May – September 2021) of infections in South Africa, the South African National Institute for Communicable Disease (NICD) reported (See footnote 4). The fourth wave in South Africa which began on 06 December 2021 saw the predominance of the Omicron VoC among the population, with lineage BA.1 being responsible for most infections in the population. Earlier reports of the BA.1 lineage occurrence in the population indicate that this lineage spread from the Gauteng province to other provinces in South Africa, and to two regions of Botswana from late October to November 2021 (28). Interestingly, our data shows that this variant was circulating in the study population as early as April 2021 (Supplementary Table S1), and its dominance (47.4%) occurred throughout the surveillance period. Our findings are contrary to other wastewater-based surveillance studies conducted in Cape Town, South Africa, which reported the complete replacement of lineage BA.1 with lineage BA.2 by mid-January 2022 in 31 WWTPs (19). The first appearance of lineage BA.4 likely occurred in mid-December 2021, with phylogeographic analysis indicating probable dispersal from Limpopo province to Gauteng province, and subsequently to other provinces. Similarly, lineage BA.5 is reported to have emerged in early January 2022, and dispersed from the Gauteng province to other provinces in South Africa (29). In our study, the earliest detection of lineage BA.4 was in May 2021, while lineage BA.5 was observed by August 2021. These observations highlight the advantage of using WBE as a surveillance approach for early detection of lineages that were already circulating in the population, but only became dominant in individuals much later. In addition, the little intra-variant genetic diversity between the study sequences and previously published reference sequences further corroborates the silent circulation of these lineages prior to detection in individuals. Similar observations of early detection of cryptic lineages through wastewater surveillance studies have also been previously reported (30, 31), where nonsynonymous mutations detected in wastewater only became dominant in the population at a later stage of the COVID-19 epidemic.

In terms of genetic diversity within the Spike gene RBD of the study sequences, some peculiarities were observed. For example, mutation E484K in the Beta variant was absent from all the Beta variant study sequences. Mutation E484K in the RBD of the Beta variant enhances viral binding affinity to human ACE2, as well as reduced antibody neutralizing effect in convalescent and vaccinated individuals (26). This is relevant because the S-protein RBD facilitates SARS-CoV-2 infectivity, transmission, and antibody-mediated neutralization (32–35). Thus, the absence of this mutation in our Beta variant study sequences may explain why the Beta variant was sparsely detected (5%) in our study sites. Secondly, three novel mutations were detected in the RBD of the Delta variant. Investigating the implication of these mutations is needed to understand their role in viral infectivity and pathogenicity. Next, mutations L425R and T478K in the RBD of the Delta variant are associated with increased affinity with ACE2 (36). While these mutations occurred at high frequencies (96.3%) in Delta variant study sequences, a change in amino acid at position 452 (R→W; L452W) was also observed, though at a lower frequency (3.7%). This new change, alongside the three previously undescribed mutations (V327I, A361S, and D427Y) require further investigation. Reports have shown that, while some neutralizing antibodies are effective against BA.2.12.1, BA.4 and BA.5 Omicron subvariants, mutations S371F, D405N and R408S undermine most sarbecovirus-neutralizing antibodies (37). The absence of mutations D405N and R408S in the RBD from all the Omicron sequences from the current study have several implications. First, while this study showed occurrence of the Omicron variant in the study sites as early as February 2021, the absence of these mutations may have probably influenced its continuous, but dormant circulation in the population. Secondly, the absence of these mutations may explain why the fourth wave of COVID-19 infections, characterized by the Omicron VoC had a decreased severity in the study area. Although high SARS-CoV-2 viral loads were detected in wastewater in the study sites, fewer clinical cases were reported. This may have been due to an increase in vaccine uptake in these communities.

The S-gene RBD of study sequences which the PangoLIN and Nextclade tools only assigned lineages and clades revealed the absence of specific variant defining-mutations which are used in classifying SARS-CoV-2 strains belonging to a specific variant. This may have been the reason why they were only assigned lineages and clades, but not a specific variant name. Mutation Q498H was the most common mutation of these “unassigned variants.” The presence of this mutation is associated with increased binding affinity of the viral spike protein to the ACE2 receptor, which facilitates viral entry during (38). The presence of this mutation also boosts binding of other RBD variants, which could imply an increased infectivity for the population in the presence of this mutation.

Utilizing the current data to further investigate minority variants occurring at lower thresholds in the Spike RBD could potentially predict the next nonsynonymous mutations that may generate another lineage, which may occur in the population. This is relevant because, although the WHO has announced the end of the COVID-19 pandemic, new Omicron subvariants are constantly emerging, with the latest being of lineage (39), as of July 2023. This highlights the need for constant genomic surveillance, at a population level. Additionally, it could also contribute to vaccine development efforts (40), as well as facilitate designation of improved ASG panels. In South Africa, population-based genomic surveillance through WBE is led by the South African Collaborative COVID-19 Surveillance System (SACCESS) network, which was established in 2021. It operates in collaboration with the NICD and the South African Medical Research Council (SAMRC). The goal of this network is to develop standard methodology for the identification and sequencing of SARS-CoV-2 from wastewater (41). This nationwide wastewater surveillance is comparable to what has been established in other nations such as the Netherlands, Australia, England, Turkey (42), and the European 100 cities program. These systems have been implemented by the governmental public health arms of these nations for monitoring SARS-CoV-2 occurrence which will serve as an early warning system, and aid with public health policy decisions.

Allele-specific genotyping has been shown to be a cost-effective method for monitoring variants (43). Our findings indicate that variant assignment determined by allele-specific or single nucleotide polymorphism (SNP) genotyping was 51.2% accurate when compared to results obtained through WGS. This low accuracy could be due to the fact that the presence of at least one mutation does not necessarily prove the occurrence of a variant, since these variants share ≥1 mutation (44). In this study, mutations pertaining to the S-gene were used to detect the occurrence of Alpha, Beta, Delta, and Omicron VoCs in the study sites. The N501Y mutation is shared by all variants except Delta; delH69V70 and mutation P681H are common to both Alpha and Omicron variants; K417N is common to both Beta and Omicron, while mutation L452R is present in both the Delta variant and Omicron BA.4 and BA.5 lineages. This could lead to assigning more than one variant per sample, which may not be a true reflection of variant occurrence. To optimize this technique, and improve variant calling, mutations specific to each variant could be included (45).

In conclusion, the current study demonstrates that population-based approaches in genomic surveillance may be advantageous over individual-specific approaches. This study has shown that Delta and Omicron lineages were in circulation in the population earlier than previous reports from South Africa have stated. Furthermore, genetic characterization of SARS-CoV-2 in the study sites has revealed novel mutations whose implications need further investigation.
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