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Abstract

:

Wastewater-based SARS-CoV-2 epidemiology (WBE) has been established as an important tool to support individual testing strategies. The Omicron sub-variants BA.4/BA.5 have spread globally, displacing the preceding variants. Due to the severe transmissibility and immune escape potential of BA.4/BA.5, early monitoring was required to assess and implement countermeasures in time. In this study, we monitored the prevalence of SARS-CoV-2 BA.4/BA.5 at six municipal wastewater treatment plants (WWTPs) in the Federal State of North Rhine-Westphalia (NRW, Germany) in May and June 2022. Initially, L452R-specific primers/probes originally designed for SARS-CoV-2 Delta detection were validated using inactivated authentic viruses and evaluated for their suitability for detecting BA.4/BA.5. Subsequently, the assay was used for RT-qPCR analysis of RNA purified from wastewater obtained twice a week at six WWTPs. The occurrence of L452R carrying RNA was detected in early May 2022, and the presence of BA.4/BA.5 was confirmed by variant-specific single nucleotide polymorphism PCR (SNP-PCR) targeting E484A/F486V and NGS sequencing. Finally, the mutant fractions were quantitatively monitored by digital PCR, confirming BA.4/BA.5 as the majority variant by 5 June 2022. In conclusion, the successive workflow using RT-qPCR, variant-specific SNP-PCR, and RT-dPCR demonstrates the strength of WBE as a versatile tool to rapidly monitor variants spreading independently of individual test capacities.






Keywords:


COVID-19 surveillance; SARS-CoV-2 monitoring; wastewater-based epidemiology (WBE); Omicron; BA.4; BA.5; variant of concern












1. Introduction


The severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) is the causative agent of the coronavirus disease 2019 (COVID-19). SARS-CoV-2 was identified in December 2019 in the Chinese metropolis of Wuhan and rapidly evolved into a global pandemic [1,2]. During the evolutionary process, nucleotide polymorphisms might arise in the SARS-CoV-2 genome, potentially affecting the viral transmissibility and the susceptibility to monoclonal antibodies (mAb) and antibodies from convalescent as well as vaccine-elicited sera [3]. In recent months, several lineages of the SARS-CoV-2 Omicron variant (B.1.1.529), including BA.1 and BA.2, have prevailed over the preceding Delta variant [4]. Compared to the predecessor variants, BA.1 and BA.2 were shown to exert increased immune escape to naturally acquired or vaccine-elicited neutralising antibodies [5,6,7,8,9]. The two most recent variants, BA.4 and BA.5, have high similarity to BA.2 and carry specific mutations in the spike protein, including Δ69/70, L452R, and F486V, while Q493 is found in the preceding variants BA.1 and BA.2 [10,11]. In particular, substitutions in spike position 452 (L452R, L452Q, L452M) are associated with a high reproduction number. BA.4 and BA.5 were shown to severely escape the antibodies elicited by the early Omicron infection, indicating advanced resistance to previous immunity [12,13]. Furthermore, the early published data report a more efficient spread in lung cells and the potentially higher pathogenicity of BA.4/BA.5 when compared with BA.2 [11]. Hence, due to the severe immune escape, high transmissibility, and unknown pathogenic potential, early monitoring of BA.4/BA.5 is required to consider the regulation of local countermeasures.



Using molecular reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) analysis the detection of SARS-CoV-2 gene fragments in wastewater was shown to correlate with the COVID-19 prevalence in the catchment area of the sewage treatment plant [14,15]. A wide variety of advanced detection methods, including RT-qPCR, digital (droplet) PCR (d(d)PCR), and genomic sequencing (NGS), were described to detect and quantify variant-specific RNA fragments [16,17,18,19,20,21,22]. For all the approaches, key substitutions of the novel variant, such as K417N for Omicron BA.1, were shown as suitable targets for molecular detection [16].



In this study, we demonstrate a step-wise coordinated workflow using the advantages of multiple PCR detection methods for the rapid tracking of the SARS-CoV-2 Omicron BA.4/BA.5 variant. Using an already available L452R-specific PCR assay and a variant-specific single nucleotide polymorphism PCR targeting E484A/F486V, we describe a rapid and cost-effective stepwise monitoring PCR approach, which might be applicable to the monitoring of future pandemics by adjusting the primer and probes.




2. Materials and Methods


2.1. Sewage Sampling


Wastewater samples (n = 72) were collected at six municipal wastewater treatment plants (WWTPs): Klaeranlage Emschermuendung (KLEM), Dortmund-Scharnhorst (DoS), Dortmund-Deusen (DoD), Bottrop (BOT), Dinslaken (DIN), and Duisburg-Alte-Emscher (DAE), all located in North Rhine-Westphalia (NRW)/Germany (Figure 1). The key properties of the WWTPs operated by the public German water board Emschergenossenschaft and Lippeverband are summarized in Table 1. Flow-proportional 24 h composite samples were collected after the grit chamber at the WWTP inlet using an installed autosampler. With the aim of a practical application, the settings of the installed automatic samplers of each WWTP were adopted from routine testing. In most cases, 12 successive samples were collected in 2-h intervals. The pumping time was set depending on the amount of wastewater for each WWTP.




2.2. Sample Processing and RT-qPCR Quantification of Viral RNA


Sample processing and RT-qPCR quantification of the viral RNA was performed as described previously [16]. Accordingly, 100 mL of each sample was filtered through electronegative membrane filters (0.45 µm pore size, Merck Millipore, Darmstadt, Germany) at a pressure of 6 bar using Nitrogen gas. After filtration, the filter was cut and placed into Lyses Tubes J (Analytik Jena, Jena, Germany). After addition of 1 mL DNA/RNA shield reagent (Zymo Research Europe, Freiburg im Breisgau, Germany), the samples were processed in a speed mill (SpeedMill plus, Analytik Jena) at room temperature and 50 Hz for 2 min and, subsequently, centrifuged at 10,000× g for another 2 min. The total RNA of the samples was isolated using the automated purification system InnuPure C16 touch (Analytik Jena, Jena) and the innuPREP AniPath DNA/RNA Kit IPC16 according to the manufacturer’s instructions. Accordingly, 400 µL of lysate was used for extraction and the total RNA was eluted in a volume of 100 µL using RNAse-free water. Subsequently, 5 µL of RNA was used for one-step RT-qPCR analysis performed in duplicates. The remaining RNA was stored at −80 °C.



The initial screening for the presence of the Omicron variant was performed at the cooperative laboratory of Emschergenossenschaft and Lippeverband in Essen, which is operated together with Ruhrverband, by analysis of the L452R mutation using the QuantiNova Pathogen +IC Kit (Qiagen, Hilden, Germany) on a qTOWER3 real-time-thermocycler (Analytic Jena, Jena, Germany) according to the manufacturers’ instructions. Data analysis was performed using qPCRsoft version 4.1.3.0 (Analytic Jena, Jena, Germany). In addition to the detection of the SARS-CoV-2 spike (N1/N2, amplicon length 72 bp and 67 bp, respectively), the Pepper Mild Mottle Virus (PMMoV) was used as a human fecal control (primer and probes provided by the manufacturer IDEXX). The L452R assay (amplicon length 106 bp) specificity and sensitivity for the detection of L452R-carrying SARS-CoV-2 variants were evaluated using inactivated authentic SARS-CoV-2 stocks derived by viral outgrowth assays and patient-derived swab samples (Supplementary Figure S1).



All the non-proprietary primer and probes used in this study are provided in Table 2. The performance of the detection assay was comparable to that of other labs, as evaluated in multiple interlab comparison studies.




2.3. Sample Processing for Digital PCR-Based SARS-CoV-2 Variant Detection and Quantification of Viral RNA


The wastewater samples were processed using an optimized workflow based on the previously described 4S method [24]. Forty milliliters of the wastewater samples was poured into a 50 mL tube containing 9.35 g sodium chloride and 400 µL of TE buffer (1 M Tris, 100 mM EDTA, pH 7.2). The samples were agitated until all the sodium chloride was dissolved and heat-inactivated at 70 °C for 45 min. Each sample was filtered twice through a 5 µM filter and mixed with 70% ethanol in a 1:1 ratio. Subsequently, the RNA was isolated using an adapted protocol of the Wizard Enviro TNA Kit (Promega, Walldorf, Germany). The RNA was eluted with 50 µL RNA-free water for subsequent analysis. The QIAcuity OneStep Advanced Probe Kit (Qiagen, Hilden, Germany) was used and the reaction was performed on a QIAcuity Digital PCR System (Qiagen, Hilden, Germany) using QIAcuity Nanoplate 26k 24-well plates (Qiagen, Hilden, Germany). Ten microliters of RNA was used for each reaction, performed in a 40 µL volume per reaction with two technical replicates. QIAcuity Software Suite_version 1.2.18 (Qiagen, Hilden, Germany) was used for the data analysis. The primer and probe sequences are described in Table 2. The remaining RNA was stored at −80 °C. The raw data of the dPCR analysis and further details on the data analysis and partitioning are available on request.




2.4. SARS-CoV-2 Variant-Specific Single Nucleotide Polymorphism PCR (SNP-PCR)


After initial screening for the presence of L452R, a variant-specific single nucleotide polymorphism PCR targeting E484A/F486V was performed to confirm BA.4/BA.5. SARS-CoV-2 Omicron variants BA.2, BA.4, BA.5 harbour the E484A mutation, but F486V is a unique mutation found in BA.4/BA.5. The proprietary primer and probes (SARS-CoV-2 VirSNiP Mutations Assay, Cat.-No. 53-0839-96) were purchased by TIB Molbiol Syntheselabor GmbH (Berlin, Germany). After cycling, a melting curve analysis was performed using a heating rate of 0.2 °C/second. A high melting peak (~60 °C) is an indication of the presence of the SARS-CoV-2 variants BA.4/BA.5, while BA.2 sequences yield a lower melting temperature peak (~53 °C) (Supplementary Figure S1).




2.5. Specificity Testing Using Authentic SARS-CoV-2 Isolates


Nasopharyngeal swab-derived authentic SARS-CoV-2 isolates and original sample material were used for specificity testing, as described previously [9,16]. Briefly, swab material was used for the viral outgrowth assays, using Caco2 and A549-AT cells [25,26]. All cell culture work involving infectious SARS-CoV-2 was performed under biosafety level 3 (BSL-3) conditions. Sample inactivation for further processing was performed with previously evaluated methods [27]. RNA from the temperature-inactivated SARS-CoV-2 was diluted and subsequently used for assay validation. To this end, we used a multiplex approach based on the simultaneous use of two differently labelled locked nucleic acid (LNA)-containing probes (Table 2) and performed allelic discrimination analysis (Supplementary Figure S1). The sequences of SARS-CoV-2 isolates used in this study are available at the NCBI Genbank repository: MT358638, MT358641 (parental B); MT358643 (parental B.1); MZ427280 (Alpha, B.1.1.7), MW822592 (Beta, B.1.351); MZ315141 (Delta, B.1.617.2), OL800702 (Omicron, BA.1), OM617939.1 (Omicron, BA.2), OP062266 (Omicron, BA.4), OP062267, OP062268 (Omicron, BA.5).




2.6. Epidemiological Data


The epidemiological data on SARS-CoV-2 cases in NRW, including the variant-specific portions in Germany, were obtained from the official data repository of the federal Robert Koch Institute (RKI), which is in charge of public health surveillance.




2.7. Next Generation Sequencing Analysis for Confirmation of the SARS-CoV-2 Omicron BA.4 and BA.5 Subvariants


For the next-generation sequencing (NGS) analysis, 200 mL of the untreated wastewater samples was concentrated using 100-kDa Centricon Plus-70 centrifugal ultrafilters (Merck). The RNA was extracted from the concentrate using the MagMAX Microbiome Ultra Nucleic Acid isolation kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. SARS-CoV-2 sequencing was performed on the Ion Torrent platform according to a previous study [17]. Briefly, the method allows the obtaining of nearly full coverage of the SARS-CoV-2 genome while generating amplicons ranging between lengths of 125–275 bp. Sequencing was performed using an Ion Torrent 540 chip on an Ion S5 sequencer (Thermo Fisher Scientific). The data analysis was performed directly on the Ion Torrent sequencer using the installed Ion Torrent Suite v5.12.2. Using the TMAP software included in the Ion Torrent Suite, the sequences were aligned to a SARS-CoV-2 reference genome (Wuhan-Hu-1 [GenBank accession numbers NC_045512 and MN908947.3]) and single-nucleotide variants (SNVs) were called using Variant Caller v5.16.0.5 with default parameters.





3. Results


3.1. Wastewater Surveillance Allows Early Detection of SARS-CoV-2 Omicron Variants BA.4/BA.5


Wastewater samples were collected at six municipal WWTPs located in North Rhine-Westphalia (NRW)/Germany (Figure 1). To monitor the occurrence of BA.4/BA.5, we used a primer/probe set that was already available for the detection of SARS-CoV-2 Delta (Supplementary Table S1). The assay was validated using several inactivated SARS-CoV-2 variants of concern (VoCs) and patient-derived swab samples for subsequent RT-qPCR analysis in a decentral laboratory near the WWTPs.



Wastewater samples were initially monitored for PMMoV used as a human fecal marker and the total SARS-CoV-2 RNA load (N1/N2) by RT-qPCR, showing an increasing viral load in all observed WWTP beginning on 1st June 2022 (Figure 2A). Concomitantly to this increase, lower ct values for the BA.4/BA.5 characteristic substitution L452R were observed using a target-specific PCR assay yielding the FAM signal for L452R and the Cy5 signal for L452, starting with a peak on the 23rd of May in the wastewater treatment plant Dinslaken (DIN) and on the 25th of May for the wastewater treatment plants in Dortmund-Deusen (DoD), Dortmund-Scharnhorst (DoS), Emschermuendung (KLEM), and Duisburg-Alte-Emscher (DAE) and on the 1st of June in Bottrop (BOT) (Figure 2B). A preceding increase of the ct values for L452 could already be observed on 18 May 2022 at most of the wastewater treatment plants. At DoS, this increase was observed with a delay of 5 days on 23 May 2022 (Figure 2B). A first rough estimation of the relative proportions of the L452R mutant based on the reciprocal ct values for L452/L452R revealed a more than 50% L452R fraction on 25 May 2022 for DoD and DAE, on 30 May 2022 for DoS, and on 1 June 2022 for KLEM, DIN, DAE, and BOT (Figure 2C). However, for the treatment plants DoD and DAE, a strong drop was observed in the follow-up measurement, which may be due to the non-absolute copy number determination of the RT-qPCR method.



This first evidence of the non-exclusive BA.4/BA.5 substitutions (L452R) was further subjected to a variant-specific single nucleotide polymorphism PCR targeting E484A/F486V.




3.2. Confirmation of Omicron BA.4/BA.5 by Variant-Specific Single Nucleotide Polymorphism PCR


To confirm that the L452R-based detection definitely originated from SARS-CoV-2 BA.4/BA.5, a variant-specific single nucleotide polymorphism PCR, which was available for the identification of BA.4 or BA.5 variants from nasopharyngeal swabs, was performed. A preceding validation of the assay also approved its use for the detection of substitution in wastewater samples (Supplementary Figure S1). Subsequently, consecutive samples collected at several sites were measured with this assay. The melting curve analysis of the amplicon products clearly confirmed the presence of a variant carrying E484A/F486V, which is exclusively found in BA.4/BA.5 (Figure 3). In agreement with the RT-qPCR-derived data, the comparison of the peaks of both E484A (present in BA.1/2) and E484A/F486V (specific for BA.4/BA.5) [28] revealed a shift towards E484A/F486V confirming the presence of BA.4/BA.5. A concomitant decrease of the E484A-specific peak confirmed this assumption.




3.3. Tracking the Mutation Fraction Using Digital PCR (dPCR)


As the assay for L452R was already predesigned to detect the SARS-CoV-2 Delta variant and evaluated for high specificity and sensitivity for BA.4/BA.5 (Supplementary Figure S1), this target was used as an applicable surrogate marker to track the course of the mutant fractions over time.



As shown in Figure 4A, only a minor difference when comparing the national and the NRW-specific 7-day incidence was observed during the study period (Figure 4A, left panel). Following individual testing, Omicron BA4./5 became the dominant variant in Germany on a national scale on 12th July 2022 (Figure 4A, right panel).



The dPCR-derived findings suggest that the Omicron variants BA.4/BA.5 occurred in the WWTP catchment area in a rapidly rising fraction (>40%) on the 25th of May in both the KLEM and the DoD WWTPs (Figure 4B). The decrease of the L452-specific signal clearly indicated the displacement of SARS-CoV-2 BA.2.



Ahead of the available public health data at this time point, the relative increase in the mutant fraction over time could be quantitatively monitored, confirming Omicron as the predominant variant on 26 June 2022. In agreement with the public health data, the dPCR-based quantification of total SARS-CoV-2 RNAs (N1/N2) precisely resembled the 7-day incidence. Of note, the strong increase in total SARS-CoV-2 RNA measured with an N1- and N2-specific assay strongly correlated with the dominance of L452R. Our data on the current BA.4/BA.5 monitoring demonstrate the strength of the successive workflow using RT-qPCR, variant-specific SNP-PCR, and RT-dPCR.




3.4. Confirmation of SARS-CoV-2 Omicron BA.4 and BA.5 by Next Generation Sequencing


In order to confirm the presence and to monitor the relative proportion of the BA.4 and BA.5 Omicron subvariants individually, the wastewater samples from DoD and KLEM were sequenced from three different time points. During the acute variant replacement phase, a PCR-assay for the discrimination of both SARS-CoV-2 Omicron subvariants, BA.4 and BA.5, was not available. Hence, only the NGS sequencing enabled a discrimination between the two subvariants and revealed BA.5 as the majority and BA.4 as the minority variant.



The fraction of the read abundance of the L452R mutation was also analyzed and is associated with BA.4 and BA.5 (Figure 5A). In a sample obtained from DoD on 16 May 2022, around 10% of the total SARS-CoV-2 read abundance was allocated to BA.4 and BA.5. By 7 June 2022, BA.4 and BA.5 constituted around 50% of the total fraction in the DoD and KLEM samples. Overall, from the middle of May to the end of June, an increase of 1 log10 in the read abundance of L452R mutation was observed (Figure 5B). Furthermore, the change was monitored in the read abundance of the mutations unique for BA.4 and BA.5, respectively (Figure 5C), i.e., D3N in M protein for BA.5 and P151S in N protein for BA.4. The reported dominance of BA.5 was based on the high abundance of the D3N mutation in all the samples. BA.4 was between 30–36% in the KLEM samples and 16% in the DoD sample from 28 June 2022 (Figure 5C). These data agreed with the allele frequency of the D3N and P151S mutations in those samples (Figure 5D). The allele frequency of D3N increased significantly over the sampling time in comparison to the allele frequency of the P151S mutation.



The incidence and variant prevalence of BA.2, BA.4, and BA.5 in Germany during the study period, as reported by the RKI (Supplementary Figure S2), was congruent with the NGS-derived data. With more than 90%, BA.5 was the pre-dominant variant in calendar week 29, 2022, while BA.4 was detectable in less than 5% of the cases. However, NGS analysis demonstrates regional differences (36% and 16% BA.4 in KLEM and DoD, respectively) in the spread and dynamics of the individual subvariants (Figure 5).





4. Discussion


The data from the wastewater-based SARS-CoV-2 epidemiology (WBE) were shown to correlate with the COVID-19 prevalence in the catchment area of the respective sewage treatment plants [14,15]. Depending on the WWTP, the catchment area, and the specific ratio of commuters or permanent residents, the WBE may even provide a reporting time advance of several days compared to the clinical findings. Hence, WBE can effectively support individual testing strategies and becomes even more important in times of declining testing willingness. In addition, WBE might be used to monitor the emergence of novel variants of concern (VoC) already at the early stages. Previous studies have shown that measuring the concentration of variant-specific SARS-CoV-2 RNA in wastewater can efficiently track regional variant dynamics [16,29,30,31].



In our study, WWTPs from a densely populated metropolitan area were investigated (Figure 1, Table 1). Nevertheless, within this study, which was conducted as part of the COVIDready project located in NRW in Germany, we included several representative wastewater treatment plants of different sizes. These range from 56,000 to 906,222 connected inhabitants (Table 1). However, compared to the more rural areas, even the smallest WWTP is still relatively large. The samples were collected during routine operation and no changes were made to the routine operation. Of note, commuters might reside during their work days in metropolitan areas, generating a regionally disproportionate high load in the wastewater, while, concomitantly, a correspondingly lower input would result in rural areas.



WBE is an inexpensive and non-invasive mass surveillance method compared to individual testing and thus represents a suitable surveillance complement in low- and middle-income countries [32]. Although centralized wastewater management systems might be limited in low-income settings, in contrast to the high costs of NGS sequencing, cost efficient RT-PCR-driven variant tracking might be more applicable [31,32].



The SARS-CoV-2 variant Delta was predominant until the end of 2021 but was rapidly displaced [29]. In a study performed by the COVIDready consortium in December 2021, we were able to identify the occurrence of the novel SARS-CoV-2 variant Omicron (BA.1) in wastewater from North Rhine-Westphalia (Germany) using a fast and efficient decentralized workflow [16]. The hallmark of this workflow was that previously existing detection assays, such as those for the detection of the K417N substitution originally validated for the detection of the Beta variant, were immediately available for the detection of new variants harboring the identical substitution. Subsequently, the confirmation and tracking of the variant was performed by NGS sequencing and digital PCR, respectively. Importantly, K417N was present in the Omicron BA.1 and BA.2 subvariants, but not in the previously dominant Delta variant. Hence, by simultaneous detection of the parental variant, a continuous transition of both variants could be tracked over time and quantified by digital PCR, not only in a relative but also in an absolute manner [16]. An initial screening using already available PCR assays allows early monitoring; however, careful evaluation of the assays for specificity is highly recommended. Many commercial PCR assays are able to detect the newly emerging variant, but may give false-positive signals for other variants [16]. For individual testing, these weak false-positive signals are negligible, as the sample usually contains a single variant. The wastewater matrix, however, is much more complex, as the sum of all the variants within the catchment area of a WWTP is covered simultaneously. The WWTP KLEM, for example, is connected to more than 900,000 nominal residents (Table 1).



The current detection of BA.4/BA.5 using a PCR assay detecting L452R originally developed for the detection of previous variants but not for targeting Omicron BA.1 and BA.2, again proved the effectiveness of the decentral workflow described above [16]. Initially, the primers and probes originally designed for the detection of the SARS-CoV-2 Delta-specific L452R substitution were rapidly validated using inactivated authentic viruses and evaluated for their suitability to detect BA.4/BA.5 (Supplementary Figure S1). In addition to the detection of characteristic but not exclusive mutations, the newly emerging variant needs to be confirmed and identified; this has been performed so far by cost- and time-intensive sequencing methods [33,34]. In this study, the initial workflow was further developed, and the verification of the emerging SARS-CoV-2 variant was replaced by a rapidly available, inexpensive, and excellent performing single nucleotide polymorphism PCR (SNP-PCR). Compared to the preceding variant, only a few substitutions in the spike gene, including L452R and F486V, might be used for discrimination. Using a variant-specific SNP-PCR targeting E484A/F486V, we confirmed the presence of SARS-CoV-2 Omicron BA.4/BA.5. Because of their rapid availability, variant-specific melting curve-based PCRs have proven to be a suitable method for rapid confirmation [35]. Of note, the time course was in excellent agreement with the dynamics quantified via dPCR on the basis of the L452R ratios. However, a limitation of this approach is the lack of discrimination capacity between BA.4 and BA.5. Hence, in order to finally distinguish BA.4 from BA.5, a variant-specific LNA assay targeting non-spike mutations (e.g., D3N or P151S in SARS-CoV-2 M and N, respectively) might be feasible. Alternatively, the exclusion of the previous variants by using already established assays might be applicable, although giving only an indirect proof.



Further approaches, such as the allele-specific RT-qPCR assay published by Lee and colleagues, are available [29]. This particular assay detects a stretch of spike mutations (493 to 498) that are suitable for discriminating Omicron BA.1 and BA.2 from other variants. In contrast to the LNA-based assay developed in our study, the allele-specific assay relies on a variant-specific forward primer, while the fluorescence signal is derived from a variant-independent probe [29].



Irrespective of the assay design, PCR genotyping allows real-time tracking and detection of circulating variants; however, it has limitations compared to NGS sequencing, which is able detect the whole genome even of unknown variants without the need of predesigned amplicon targets.



The incidence and variant prevalence of SARS-CoV-2 Omicron BA.2, BA.4, and BA.5 in NRW and Germany during the study, as reported by RKI, was congruent with the NGS-derived data. With 92.1%, BA.5 was the pre-dominant variant in calendar week 29, 2022, while BA.4 was detectable in less than 4.8%. Of note, these public health data were not available during the study period and might be biased due to the strongly declining testing willingness in Germany.



We conclude that a coordinated PCR-based workflow might serve as a robust and sensitive early warning system in pandemic control. We recommend implementing such a coordinated workflow in wastewater-based epidemiology as a complementary measure in addition to individual testing strategies. Using this established workflow synergistically with NGS, we will be able to rapidly adapt to and track the spread and dynamics of new SARS-CoV-2 variants and future pandemics.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v14091876/s1, Supplementary Figure S1. Specificity and sensitivity of PCR assays used in this study. Supplementary Figure S2. SARS-CoV-2 variant distribution in Germany based on public health data obtained from the official data repository of the federal Robert Koch Institute (RKI) in charge of national public health surveillance.





Author Contributions


A.W.: investigation, visualization, methodology, writing—review and editing; S.A.: investigation, visualization, methodology, writing—review and editing; J.S.: writing—review and editing, visualization, resources; C.M.-B.: investigation, writing—review and editing; D.B.: visualization, writing—review and editing; L.O.: investigation, methodology; S.C.: writing—review and editing, supervision, project administration; B.T.: project administration, supervision, resources, writing—review and editing; T.W.: writing—review and editing, supervision, project administration; S.L.: supervision, project administration; F.-A.W.: conceptualization, writing—review and editing, funding acquisition, project administration; M.W.: investigation, visualization, writing—original draft preparation, funding acquisition, conceptualization, supervision, validation. All authors have read and agreed to the published version of the manuscript.




Funding


This study has been performed with the support of the German Federal Ministry of Education and Research (BMBF) funding to the project COVIDready (grant number 02WRS1621A-D). Funding for the sequencing analysis was provided by BMBF under the project SARS-GenASeq (grant number 02WRS1602A-B). The responsibility for the content of this publication lies with the authors.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of the Ethics Committee of the Faculty of Medicine at Goethe University Frankfurt (2021-201, 20-864, and 250719).




Informed Consent Statement


Informed consent was not necessary due to the retrospective nature of this analysis.




Data Availability Statement


All sequences of SARS-CoV-2 variants used for assay validation are available at NCBI GenBank under the following accession numbers: MT358638, MT358641, MT358643, MZ427280, MW822592, MZ315141, OL800702, OM617939.1, OP062266, OP062267, OP062268, NC_045512, and MN908947.3.




Acknowledgments


We are thankful for the numerous donations to the Goethe-Corona-Fund of the Goethe University Frankfurt (AW, MW) and the support of our SARS-CoV-2 research. Furthermore, we would like to thank Christiane Pallas, Irina Jakobsche, Julia Banholzer, and Joanna Landgraf for their support conducting the analysis of the wastewater samples. We thank the employees of the water boards Emschergenossenschaft and Lippeverband (EGLV), and Ruhrverband for their participation in the sampling campaign and analyses.




Conflicts of Interest


The authors report supplies provided by QIAGEN GmbH and analytical equipment provided by Analytik Jena (Endress+Hauser Group) on loan for the duration of the project. Qiagen GmbH and Endress+Hauser are associated industry partners of the COVIDready consortium. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [Google Scholar] [CrossRef] [PubMed]

	



Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, R.K.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.; Consortium, C.-G.U.; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol. 2021, 19, 409–424. [Google Scholar] [CrossRef] [PubMed]

	



Viana, R.; Moyo, S.; Amoako, D.G.; Tegally, H.; Scheepers, C.; Althaus, C.L.; Anyaneji, U.J.; Bester, P.A.; Boni, M.F.; Chand, M.; et al. Rapid epidemic expansion of the SARS-CoV-2 Omicron variant in southern Africa. Nature 2022, 603, 679–686. [Google Scholar] [CrossRef] [PubMed]

	



Cele, S.; Jackson, L.; Khoury, D.S.; Khan, K.; Moyo-Gwete, T.; Tegally, H.; San, J.E.; Cromer, D.; Scheepers, C.; Amoako, D.G.; et al. Omicron extensively but incompletely escapes Pfizer BNT162b2 neutralization. Nature 2022, 602, 654–656. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Iketani, S.; Guo, Y.; Chan, J.F.; Wang, M.; Liu, L.; Luo, Y.; Chu, H.; Huang, Y.; Nair, M.S.; et al. Striking antibody evasion manifested by the Omicron variant of SARS-CoV-2. Nature 2022, 602, 676–681. [Google Scholar] [CrossRef]

	



Yu, J.; Collier, A.Y.; Rowe, M.; Mardas, F.; Ventura, J.D.; Wan, H.; Miller, J.; Powers, O.; Chung, B.; Siamatu, M.; et al. Neutralization of the SARS-CoV-2 Omicron BA.1 and BA.2 Variants. N. Engl. J. Med. 2022, 386, 1579–1580. [Google Scholar] [CrossRef]

	



Iketani, S.; Liu, L.; Guo, Y.; Liu, L.; Chan, J.F.; Huang, Y.; Wang, M.; Luo, Y.; Yu, J.; Chu, H.; et al. Antibody evasion properties of SARS-CoV-2 Omicron sublineages. Nature 2022, 604, 553–556. [Google Scholar] [CrossRef]

	



Wilhelm, A.; Widera, M.; Grikscheit, K.; Toptan, T.; Schenk, B.; Pallas, C.; Metzler, M.; Kohmer, N.; Hoehl, S.; Marschalek, R.; et al. Limited neutralisation of the SARS-CoV-2 Omicron subvariants BA.1 and BA.2 by convalescent and vaccine serum and monoclonal antibodies. eBioMedicine 2022, 82, 104158. [Google Scholar] [CrossRef]

	



Hachmann, N.P.; Miller, J.; Collier, A.Y.; Ventura, J.D.; Yu, J.; Rowe, M.; Bondzie, E.A.; Powers, O.; Surve, N.; Hall, K.; et al. Neutralization Escape by SARS-CoV-2 Omicron Subvariants BA.2.12.1, BA.4, and BA.5. N. Engl. J. Med. 2022, 387, 86–88. [Google Scholar] [CrossRef]

	



Kimura, I.; Yamasoba, D.; Tamura, T.; Nao, N.; Oda, Y.; Mitoma, S.; Ito, J.; Nasser, H.; Zahradnik, J.; Uriu, K.; et al. Virological characteristics of the novel SARS-CoV-2 Omicron variants including BA.2.12.1, BA.4 and BA.5. bioRxiv 2022, arXiv:bioRxiv:2022.2005.2026.493539. [Google Scholar] [CrossRef]

	



Cao, Y.; Yisimayi, A.; Jian, F.; Song, W.; Xiao, T.; Wang, L.; Du, S.; Wang, J.; Li, Q.; Chen, X.; et al. BA.2.12.1, BA.4 and BA.5 escape antibodies elicited by Omicron infection. Nature 2022, 608, 593–602. [Google Scholar] [CrossRef] [PubMed]

	



Quandt, J.; Muik, A.; Salisch, N.; Lui, B.G.; Lutz, S.; Kruger, K.; Wallisch, A.K.; Adams-Quack, P.; Bacher, M.; Finlayson, A.; et al. Omicron BA.1 breakthrough infection drives cross-variant neutralization and memory B cell formation against conserved epitopes. Sci. Immunol. 2022, eabq2427. [Google Scholar] [CrossRef] [PubMed]

	



Medema, G.; Heijnen, L.; Elsinga, G.; Italiaander, R.; Brouwer, A. Presence of SARS-Coronavirus-2 RNA in Sewage and Correlation with Reported COVID-19 Prevalence in the Early Stage of the Epidemic in The Netherlands. Environ. Sci. Technol. Lett. 2020, 7, 511–516. [Google Scholar] [CrossRef]

	



Westhaus, S.; Weber, F.A.; Schiwy, S.; Linnemann, V.; Brinkmann, M.; Widera, M.; Greve, C.; Janke, A.; Hollert, H.; Wintgens, T.; et al. Detection of SARS-CoV-2 in raw and treated wastewater in Germany—Suitability for COVID-19 surveillance and potential transmission risks. Sci. Total Environ. 2021, 751, 141750. [Google Scholar] [CrossRef]

	



Wilhelm, A.; Schoth, J.; Meinert-Berning, C.; Agrawal, S.; Bastian, D.; Orschler, L.; Ciesek, S.; Teichgräber, B.; Wintgens, T.; Lackner, S.; et al. Wastewater surveillance allows early detection of SARS-CoV-2 omicron in North Rhine-Westphalia, Germany. Sci. Total Environ. 2022, 846, 157375. [Google Scholar] [CrossRef]

	



Agrawal, S.; Orschler, L.; Tavazzi, S.; Greither, R.; Gawlik, B.M.; Lackner, S. Genome Sequencing of Wastewater Confirms the Arrival of the SARS-CoV-2 Omicron Variant at Frankfurt Airport but Limited Spread in the City of Frankfurt, Germany, in November 2021. Microbiol. Resour. Announc. 2022, 11, e0122921. [Google Scholar] [CrossRef]

	



Crits-Christoph, A.; Kantor, R.S.; Olm, M.R.; Whitney, O.N.; Al-Shayeb, B.; Lou, Y.C.; Flamholz, A.; Kennedy, L.C.; Greenwald, H.; Hinkle, A.; et al. Genome Sequencing of Sewage Detects Regionally Prevalent SARS-CoV-2 Variants. mBio 2021, 12, e02703-20. [Google Scholar] [CrossRef]

	



Izquierdo-Lara, R.; Elsinga, G.; Heijnen, L.; Munnink, B.B.O.; Schapendonk, C.M.E.; Nieuwenhuijse, D.; Kon, M.; Lu, L.; Aarestrup, F.M.; Lycett, S.; et al. Monitoring SARS-CoV-2 Circulation and Diversity through Community Wastewater Sequencing, the Netherlands and Belgium. Emerg. Infect. Dis. 2021, 27, 1405–1415. [Google Scholar] [CrossRef]

	



Martin, J.; Klapsa, D.; Wilton, T.; Zambon, M.; Bentley, E.; Bujaki, E.; Fritzsche, M.; Mate, R.; Majumdar, M. Tracking SARS-CoV-2 in Sewage: Evidence of Changes in Virus Variant Predominance during COVID-19 Pandemic. Viruses 2020, 12, 1144. [Google Scholar] [CrossRef]

	



Heijnen, L.; Elsinga, G.; de Graaf, M.; Molenkamp, R.; Koopmans, M.P.G.; Medema, G. Droplet digital RT-PCR to detect SARS-CoV-2 signature mutations of variants of concern in wastewater. Sci. Total Environ. 2021, 799, 149456. [Google Scholar] [CrossRef] [PubMed]

	



Ho, J.; Stange, C.; Suhrborg, R.; Wurzbacher, C.; Drewes, J.E.; Tiehm, A. SARS-CoV-2 wastewater surveillance in Germany: Long-term RT-digital droplet PCR monitoring, suitability of primer/probe combinations and biomarker stability. Water Res. 2022, 210, 117977. [Google Scholar] [CrossRef] [PubMed]

	



Centers for Disease Control and Prevention. CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel. Revision 2020, 3, 30. [Google Scholar]

	



Whitney, O.N.; Kennedy, L.C.; Fan, V.B.; Hinkle, A.; Kantor, R.; Greenwald, H.; Crits-Christoph, A.; Al-Shayeb, B.; Chaplin, M.; Maurer, A.C.; et al. Sewage, Salt, Silica, and SARS-CoV-2 (4S): An Economical Kit-Free Method for Direct Capture of SARS-CoV-2 RNA from Wastewater. Env. Sci. Technol. 2021, 55, 4880–4888. [Google Scholar] [CrossRef]

	



Widera, M.; Wilhelm, A.; Toptan, T.; Raffel, J.M.; Kowarz, E.; Roesmann, F.; Grozinger, F.; Siemund, A.L.; Luciano, V.; Kulp, M.; et al. Generation of a Sleeping Beauty Transposon-Based Cellular System for Rapid and Sensitive Screening for Compounds and Cellular Factors Limiting SARS-CoV-2 Replication. Front. Microbiol. 2021, 12, 701198. [Google Scholar] [CrossRef]

	



Bojkova, D.; Klann, K.; Koch, B.; Widera, M.; Krause, D.; Ciesek, S.; Cinatl, J.; Münch, C. Proteomics of SARS-CoV-2-Infected Host Cells Reveals Therapy Targets. Nature 2020, 583, 469–472. [Google Scholar] [CrossRef]

	



Widera, M.; Westhaus, S.; Rabenau, H.F.; Hoehl, S.; Bojkova, D.; Cinatl, J., Jr.; Ciesek, S. Evaluation of stability and inactivation methods of SARS-CoV-2 in context of laboratory settings. Med. Microbiol. Immunol. 2021, 210, 235–244. [Google Scholar] [CrossRef]

	



Alaa Abdel Latif, J.L.M.; Manar, A.; Ginger, T.; Cano, M.; Haag, E.; Zhou, J.; Zeller, M.; Hufbauer, E.; Matteson, N.; Wu, C.; et al. GISAID SARS-CoV-2 (hCoV-19) Mutation Reports. Available online: https://outbreak.info/compare-lineages?pango=BA.1&pango=BA.2&pango=BA.4&pango=BA.5&pango=Alpha&pango=Beta&pango=Gamma&pango=Delta&gene=S&threshold=80&nthresh=1&sub=false&dark=false (accessed on 29 June 2022).

	



Lee, W.L.; Armas, F.; Guarneri, F.; Gu, X.; Formenti, N.; Wu, F.; Chandra, F.; Parisio, G.; Chen, H.; Xiao, A.; et al. Rapid displacement of SARS-CoV-2 variant Delta by Omicron revealed by allele-specific PCR in wastewater. Water Res. 2022, 221, 118809. [Google Scholar] [CrossRef]

	



Wurtzer, S.; Levert, M.; Dhenain, E.; Accrombessi, H.; Manco, S.; Fagour, N.; Goulet, M.; Boudaud, N.; Gaillard, L.; Bertrand, I.; et al. From Alpha to Omicron BA.2: New digital RT-PCR approach and challenges for SARS-CoV-2 VOC monitoring and normalization of variant dynamics in wastewater. Sci. Total Environ. 2022, 848, 157740. [Google Scholar] [CrossRef]

	



Johnson, R.; Sharma, J.R.; Ramharack, P.; Mangwana, N.; Kinnear, C.; Viraragavan, A.; Glanzmann, B.; Louw, J.; Abdelatif, N.; Reddy, T.; et al. Tracking the circulating SARS-CoV-2 variant of concern in South Africa using wastewater-based epidemiology. Sci. Rep. 2022, 12, 1182. [Google Scholar] [CrossRef]

	



Shrestha, S.; Yoshinaga, E.; Chapagain, S.K.; Mohan, G.; Gasparatos, A.; Fukushi, K. Wastewater-Based Epidemiology for Cost-Effective Mass Surveillance of COVID-19 in Low- and Middle-Income Countries: Challenges and Opportunities. Water 2021, 13, 2897. [Google Scholar] [CrossRef]

	



Afzal, A. Molecular diagnostic technologies for COVID-19: Limitations and challenges. J. Adv. Res. 2020, 26, 149–159. [Google Scholar] [CrossRef] [PubMed]

	



Mardian, Y.; Kosasih, H.; Karyana, M.; Neal, A.; Lau, C.Y. Review of Current COVID-19 Diagnostics and Opportunities for Further Development. Front. Med. 2021, 8, 615099. [Google Scholar] [CrossRef] [PubMed]

	



Sit, B.H.M.; Po, K.H.L.; Cheung, Y.Y.; Tsang, A.K.L.; Leung, P.K.L.; Zheng, J.; Lam, A.Y.T.; Lam, E.T.K.; Ng, K.H.L.; Chan, R.C.W. Detection of SARS-CoV-2 VOC-Omicron using commercial sample-to-answer real-time RT-PCR platforms and melting curve-based SNP assays. J. Clin. Virol. Plus 2022, 2, 100091. [Google Scholar] [CrossRef]








[image: Viruses 14 01876 g001 550] 





Figure 1. The wastewater treatment plants monitored as part of this study. Regional representation of the municipal districts (dark gray) connected to the respective wastewater treatment plants in the German state of North Rhine-Westphalia. The sewage treatment plants are shown as white circles with black borders. Rivers are shown in blue, federal state borders in black. Cities are shown as black circles for further orientation. A general map of Germany to illustrate the overall view, indicating the colors, is given at the top right. 
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Figure 2. Monitoring of SARS-CoV-2 viral RNA fragments in six different wastewater treatment plants. Wastewater samples (single samples per day) were analyzed by RT-qPCR in two technical replicates for (A) the presence of SARS-CoV-2 viral load (red) using N1/N2 targets (simultaneously detected in a dual target assay), PMMoV (black line), and (B) Omicron BA.4/BA.5 characteristic mutation L452R in the SARS-CoV-2 spike. The corresponding reciprocal ct values (1/ct) are illustrated for each WWTP. The dotted line indicates the limit of detection (>ct = 40). (C) Red (L452R) and grey (L452) bars represent the ratio between BA.4/BA.5 and non-BA.4/BA.5 fractions estimated by calculating the ct values for both targets. For technical reasons, no data are available for DIN from 25 May 2022 and for BOT from 15 June 2022. 
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Figure 3. Confirmation of E484A/F486V substitution by melting curve PCR analysis. A variant-specific single nucleotide polymorphism PCR (SNP-PCR) targeting E484A/F486V was performed using RNA derived from the two WWTPs (A) KLEM and (B) DoD. The peak on the left (E484A) shows the specific melting temperature of an amplicon containing E484A, representing non-BA.4/BA5 SARS-CoV-2 RNA. Due to the low binding caused by mismatch, a lower temperature is required compared to E484A/F486V with a more efficient probe match. The color scheme is for orientation only and does not correlate with the proportion of the mutant. 
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Figure 4. Tracking of SARS-CoV-2 BA.4/BA.5 specific mutant fraction of L452R using digital PCR. (A) Seven-day incidence (left panel) and the SARS-CoV-2 Omicron BA.4/BA.5 mutant fraction (right panel) for NRW and Germany are indicated as available during the study period. Epidemiological data are based on individual testing and were obtained from official data repository of the German federal Robert Koch Institute (RKI). (B) SARS-CoV-2 Omicron BA.4/BA.5 and non-BA.4/BA.5 detection targeting the substitution L452R (left panel) for WWTPs DoD and KLEM. Total SARS-CoV-2 levels in WWTPs DoD and KLEM were quantified using a SARS-CoV-2-specific N1/N2 assay (right panel) (C) Overlay of the 7-day incidence in NRW compared to detected SARS-CoV-2 levels in wastewater of WWTPs DoD and KLEM (left panel). Overlay of the relative mutant fraction of SARS-CoV-2 Omicron BA.4/BA.5 as provided by RKI compared to the relative fraction of L452R determined in wastewater using RT-dPCR (right). 
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Figure 5. Sequencing of wastewater samples for confirmation of SARS-CoV-2 BA.4 and BA.5 subvariants. (A) Percentage abundance of BA.4 and BA.5 together in comparison to the other SARS-CoV-2 variants based on the read abundance of the L452R spike protein mutation. (B) Plot showing the increase in the read abundance of the L452R mutation, which is associated with BA.4 and BA.5 during the sampling period. (C) Percentage abundance of BA.4 and BA.5 based on their unique mutations, i.e., D3N for BA.5 and P151S for BA.4. (D) Allele frequency of the D3N and P151S mutations detected in the samples. 
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Table 1. Key properties of the six wastewater treatment plants sampled in this study. Data were obtained from ELWAS-WEB, an electronic water management system for administration in NRW (accessed 29 June 2022).
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	WWTP
	Acronym
	Nominal Number of Connected Residents
	Population Equivalent
	Annual Wastewater Flow in 2020 [m3/a]





	Emschermuendung
	KLEM
	906,222
	426,173
	348,703,426



	Dortmund-Scharnhorst
	DoS
	113,439
	45,342
	12,192,038



	Dortmund-Deusen
	DoD
	399,425
	185,144
	47,716,171



	Bottrop
	BOT
	732,816
	678,818
	131,203,662



	Duisburg Alte Emscher
	DAE
	242,172
	133,535
	35,807,933



	Dinslaken
	DIN
	56,812
	19,157
	3,812,870
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Table 2. Sequences of non-proprietary primers and probes used for SARS-CoV-2 detection. PMMoV, pepper mild mottle virus; IDT, purchased from Integrated DNA Technologies. “+N” indicates LNA positions. FAM, 5′ 6-FAM (Fluorescein) modification; ZEN, internal quencher for fluorescence-quenched probes (IDT). 3IABkFQ, 3′ Iowa Black FQ quencher; 3IAbRQSp, 3′ Iowa Black RQ quencher; Cy5, 5′ Cy5 fluorescence dye.
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	Primer/Probe
	Target Gene
	Sequence (5′-3′)
	Source





	N1 probe
	SARS-CoV-2 N
	FAM/ACCCCGCAT/ZEN/TACGTTTGGTGGACC/3IABkFQ/
	[23]



	N2 probe
	SARS-CoV-2 N
	FAM/ACAATTTGC/ZEN/CCCCAGCGCTTCAG/3IABkFQ/
	[23]



	N1 fwd
	SARS-CoV-2 N
	GACCCCAAAATCAGCGAAAT
	[23]



	N1 rev
	SARS-CoV-2 N
	TCTGGTTACTGCCAGTTGAATCTG
	[23]



	N2 fwd
	SARS-CoV-2 N
	TTACAAACATTGGCCGCAAA
	[23]



	N2 rev
	SARS-CoV-2 N
	GCGCGACATTCCGAAGAA
	[23]



	L452R fwd
	SARS-CoV-2 S
	CTTGATTCTAAGGTTGGTGGTAAT
	IDT, this study



	L452R rev
	SARS-CoV-2 S
	CGGCCTGATAGATTTCAGTTG
	IDT, this study



	L452R probe 1
	SARS-CoV-2 S
	Cy5/TA+C+C+T+GTATA+G+ATTG/3IAbRQSp
	IDT, this study



	L452R probe 2
	SARS-CoV-2 S
	FAM/TAC+C+G+GTA+TA+G+AT/3IABkFQ
	IDT, this study
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