

  water-16-01193




water-16-01193







Water 2024, 16(8), 1193; doi:10.3390/w16081193




Communication



Comparative Inactivation of the RNA of the Delta and Omicron Variants of SARS-CoV-2 in Wastewater of Five Municipalities in Southeast Germany



Michael Geissler and Roger Dumke *





Institute of Medical Microbiology and Virology, University Hospital Carl Gustav Carus, Technische Universität Dresden, Fetscherstrasse 74, 01307 Dresden, Germany









*



Correspondence: roger.dumke@tu-dresden.de; Tel.: +49-351-4586577; Fax: +49-351-4586310







Citation: Geissler, M.; Dumke, R. Comparative Inactivation of the RNA of the Delta and Omicron Variants of SARS-CoV-2 in Wastewater of Five Municipalities in Southeast Germany. Water 2024, 16, 1193. https://doi.org/10.3390/w16081193



Academic Editor: Alejandro Gonzalez-Martinez



Received: 25 March 2024 / Revised: 16 April 2024 / Accepted: 18 April 2024 / Published: 22 April 2024



Abstract

:

During the COVID-19 pandemic, wastewater-based epidemiology has been extensively used as a helpful tool for evaluation of the epidemic situation in catchments of wastewater treatment plants. In this context, knowledge about the rate of virus inactivation in wastewater is important for characterization of the influence of retention times in sewers on virus concentrations, of the storage periods before analysis in the laboratory, on virus elimination during treatment and for modeling approaches. In the present study, we genotyped SARS-CoV-2 in the respiratory tract specimens of infected patients and spiked the raw wastewater of five treatment plants with aliquots of these samples. The test preparations were incubated under practically relevant temperature conditions (14 °C) over 31 days. The linear decay rates resulted in comparable T90 values (30.5 d) for the Delta and the Omicron BA1 variants of SARS-CoV-2 without differences in using the E or S gene of the virus as the target for amplification. In contrast, the origin of wastewater influenced the inactivation rate of both variants significantly, with the mean T90 values varying between 24.3 and 53.1 days in the wastewater from the five plants. The data suggest that the inactivation rate of SARS-CoV-2 in wastewater is more strongly determined by the composition of the water than by the virus variant.
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1. Introduction


The quantitative and qualitative detection of SARS-CoV-2 in the influents of wastewater treatment plants (WWTPs) is an excellent example to demonstrate the value of wastewater-based epidemiology (WBE) as an additional approach to monitoring the circulation of infectious diseases in the human community [1]. Beyond WWTPs, wastewater from institutions housing vulnerable persons (e.g., retirement homes, hospitals) can be monitored. In contrast to clinical approaches, WBE is independent of the kind and extent of the test procedures in the population and includes infected patients with mild symptoms. Based on the fecal excretion of viruses by many infected patients [2], numerous studies have confirmed the suitability of SARS-CoV-2 detection in wastewater for following or even predicting the incidence of infections in the population served by the WWTP [3,4,5]. Recently, the research on wastewater surveillance of SARS-CoV-2 has been focused on optimizing the methods of virus concentration and virus detection and the normalization of data [6,7,8,9]. In contrast, relatively little is known about the persistence of viruses in wastewater. Understanding their inactivation processes and determining virus stability is not only important for risk and modeling approaches but also for evaluation of the influence of the time between the excretion of and the arrival of feces at a WWTP, of the transport and storage of samples before analysis on the virus concentrations detected in the laboratory [10] and of virus removal in wastewater treatment processes [11].



In recent years, the evolution of SARS-CoV-2 after countless infections of immunized and non-immunized persons worldwide has resulted in the emergence of variants that have temporarily dominated in human populations [12]. Whereas the follow-up of clinically common variants in wastewater has been documented in many reports [13], data on the differences between variants regarding their quantitative potential for fecal excretion are not available. In addition, studies investigating the differences in the environmental stability of SARS-CoV-2 variants are rare. Inactivation experiments on surfaces have demonstrated conflicting results relating to the persistence of SARS-CoV-2 variants [14,15,16,17,18,19,20]. To our knowledge, comparative investigations of the decay rates of variant strains in wastewater do not exist, and the genotype of the virus is often not specified in many reports.



Viruses in aquatic environments are exposed to many inactivating factors. Whereas particular mechanisms of inactivation can be neglected in sewers (e.g., UV light), mainly temperature and the activity of accompanying organisms (bacteria, protozoa) have been shown as important for virus persistence [21]. Furthermore, sewer biofilms have an influence on RNA stability and distribution [22,23]. Due to different temperatures of incubation, comparison of the results of previous SARS-CoV-2 persistence studies is difficult. In most cases, 4 °C and 20/25 °C have been, used which are only partially comparable to the conditions in the sewers of countries with a temperate climate. In long-term experiments (at least 30 days), the time to achieve a 90% reduction (one log) in SARS-CoV-2 (T90) in untreated wastewater ranged between 2.8 and 52 days (4 °C), while it took approximately 13 days at 20 °C, respectively [24,25]. It is important to note that different spike material was added to the wastewater (gamma-irradiated virus after propagation in cell culture, endogenous virus, aliquots of clinical samples), which might have influenced the decay rates in different reports. In addition, the results of infectivity tests have confirmed that, in comparison to RNA, the T90 of infectious viruses was strongly reduced to values between 10.4 h and 5.5 days (4–24 °C), probably depending on the virus titer [26,27,28]. Whereas the persistence of SARS-CoV-2 in generally different water matrices (like wastewater, autoclaved wastewater, treated wastewater, river and seawater, tap water) has been investigated in several studies [24,27,29], data on virus stability in raw wastewater from different locations are limited.



Based on the current gaps in our understanding of the inactivation of SARS-CoV-2, the aim of the present study was to assess the stability of the RNA of the Delta and Omicron variants in wastewaters from five treatment plants in Germany. All the assays were performed at 14 °C to simulate approximately the actual temperature of wastewater in the local sewers [30] and were repeated to investigate the variability in the virus decay in the influents of all the plants included in the study. The use of two targets in the genome of SARS-CoV-2 for amplification allowed us to draw conclusions about the influence of the real-time quantitative PCR method on the results, which was found to be an important aspect of virus persistence data in previous studies [25,31,32]. Parallel detection of crAssphages can enable a comparison of the decay rates of SARS-CoV-2, and they are a common indicator of fecal pollution in water [33].




2. Materials and Methods


2.1. Wastewater Samples


Between October 2022 and May 2023, composite (24 h) untreated wastewater samples were collected from five WWTPs in Saxony, Germany, receiving wastewater from different population sizes. The main characteristics of the plants and sewer systems are summarized in Table S1. The concentration of SARS-CoV-2 was determined (background) as reported [5], and the samples were stored at 4 °C and used for the inactivation experiments within 24 h.




2.2. Inactivation Experiments


Randomly selected SARS-CoV-2-positive throat swab fluids from patients with symptoms of respiratory tract infections were aliquoted immediately after testing and used for whole genome sequencing, as described recently [34], to determine the virus variant present in the samples. After aliquoting, the remaining samples were frozen (−80 °C) and were not further thawed until the start of the inactivation experiments. Each swab fluid was used only once. According to the measured Ct values in the real-time PCR, the throat samples were diluted with PBS (phosphate-buffered saline) to obtain comparable numbers of SARS-CoV-2 genome copies. The diluted samples (25 µL each) were used to spike the wastewater (4 mL, plastic tubes), which was incubated using over-head shaking (60×/min) at 14 °C in dark in a cooled incubator. During an incubation period of four weeks, each wastewater was sampled six times on the same days (0, 3, 6, 12, 24 and 31).




2.3. RNA Extraction and Virus Detection and Quantification


The nucleic acids of the viruses in the wastewater samples (200 µL each) were prepared using RNeasy columns as recommended by the manufacturer (QIAGEN) and treated to remove the PCR inhibitors (Zymo Research, Irvine, CA, USA). After storage at 4 °C, detection of SARS-CoV-2 using real-time quantitative PCR (RTqPCR) was performed within 3 h after sampling, as reported [5]. Briefly, a commercial kit (Altona, Hamburg, Germany) amplifying the E and S genes of SARS-CoV-2 (RealStar SARS-CoV-2 RT-PCR kit 1.0) was used as recommended by the manufacturer. The amplifications were carried out in triplicate using a QuantStudio5 thermocycler. Positive and negative controls were included in all the runs. Samples were considered positive if amplification was positive in at least two of the three replicates with Ct values ≤ 40. The virus concentrations were calculated with the standard curve of a commercial RNA standard of SARS-CoV-2 (Wuhan strain; Twist Bioscience, San Francisco, CA, USA). Detection and quantification of the naturally occurring crAssphages in WWTP 1 were performed as described recently [35]. All the steps of sample processing and virus detection were strictly separated in different laboratories.




2.4. Inactivation Rate, Calculation of T90 and Statistical Analysis


The measured mean concentrations of the genome copies (E- or S-gene-based) were linearized using logarithmic transformation, and the time for a one log reduction (90%) in the SARS-CoV-2-specific RNA concentration (T90) was calculated as described [36]. The goodness of fit of the linear regression was characterized by the coefficient of determination (r2). A paired t-test was used to compare the mean T90 values obtained from different experimental runs (variables: virus variants, E and S gene, origin of wastewater, SARS-CoV-2 and crAssphages), considering α < 0.05 as significant.





3. Results


The maximal background of SARS-CoV-2 in all the wastewaters used in the inactivation experiments was below 0.2% of the concentration in the spiked samples and thus can be neglected for evaluation of the decay rates of the specified virus variants used for spiking. Overall, 38 independent stability experiments with the wastewaters of five WWTPs were performed in this study (19 for each Delta and Omicron variant, Table S2). The virus concentrations at the start of the inactivation experiments (day 0) varied between 4.6 × 105 to 8.8 × 106/mL (Delta variant) and 2.7 × 105 to 7.2 × 106/mL (Omicron variant), respectively. Linearization of the time-dependent concentrations of SARS-CoV-2 resulted in a mean coefficient of determination of 0.924 ± 0.062 (range: 0.712 to 0.996) and first-order decay rate constants between 0.024 and 0.148 (mean of experiments with the Delta variant: 0.089 ± 0.029; Omicron variant: 0.084 ± 0.024), respectively (Table S2). Based on the averaged constants from all the experiments, mean T90 values of 30.5 ± 17.6 (Delta variant) and 30.5 ± 11.5 days (Omicron variant) were calculated (Figure 1), demonstrating a comparable persistence of both variants in the wastewater. However, the relatively high standard deviations of the T90 values indicate a broad range of stability data at the same temperature. One reason for this result might be a locally and time-dependent variable influence of the substances in the five wastewater sources used in the study. For WWTPs 1–5 under comparable experimental conditions (the same aliquots of a clinical sample added to the water of all the WWTPs), mean T90 values of 26.1, 24.3, 53.1, 36.6 and 26.1 days were measured (Figure 2), showing statistically significant differences in some cases (e.g., WWTP 3). These differences are independent of the SARS-CoV-2 variant used to spike the aliquots of the same wastewater sample (Figure 3). The variant-specific decay and its variability at any treatment plant corresponded largely to the averaged T90 values in the wastewater of the different WWTPs (Figure 2). Parallel detection of SARS-CoV-2 and crAssphages was performed in some of the samples from treatment plant 1. The decay kinetics resulted in mean T90 values of 21.1 ± 2.6 (SARS-CoV-2) and 61.9 ± 14.9 days (crAssphages), demonstrating a statistically significant difference in the persistence of both viruses (Figure 4). After the use of the E and S genes as targets for amplification in the investigated wastewater samples, slightly lower T90 values for the S gene (30.5 ± 14.7 vs. 28.6 ± 14.1 days without statistical significance, n = 38) and the same differences between the samples of the WWTPs as described were found. This result was independent of the virus variant.




4. Discussion


In principle, the use of fresh SARS-CoV-2-positive stool samples can be considered the best raw material to use to spike wastewater for inactivation experiments. In the present study, SARS-CoV-2 from the clinical material of infected patients was used to calculate the decay of viral RNA in the wastewater. It cannot be excluded that the single freezing/thawing of the swab fluids might have had an influence on the integrity of the structures of the virus surface in comparison with particles obtained immediately after propagation in cell cultures. This aspect is equally important for comparison with the virus persistence rates measured in different studies. In general, the loss of infectivity of viruses is faster than the degradation of RNA. As an example, the strain hCoV-19/USA-WA1/2020, NR-52281 (lineage A) was used to spike wastewater samples, and a decay of infectivity (T90) of 10.8 h was determined [28]. It is of note that the virus aliquots were also frozen before use in these inactivation experiments. Furthermore, the results of the cultivation assays confirmed that the rate of infectious viruses in stool samples of COVID-19 patients is relatively low, and so far, only non-infectious virus particles have been detected in raw wastewater [4,37,38], indicating a partial degradation of viruses during the intestinal passage of SARS-CoV-2 and its transport to WWTPs. After using pasteurization, freeze–thaw and detergent treatments on viruses in wastewater, Robinson et al. [38] have suggested the presence of intact but non-infectious virus particles in wastewater. Thus, it can be assumed that the spike material in the present study is largely representative of the SARS-CoV-2 data measured in wastewater monitoring.



Here, statistically significant differences between the T90 values in the wastewater of the five WWTPs were demonstrated. A couple of in-sewer factors have been identified that may determine virus concentrations and, as a consequence, virus stability [39]. Among them, temperature is the most important parameter, but further, more locally specific factors, like the pH, chlorination or discharge of industrial wastewater, may play a role in virus inactivation processes. Due to the complex composition of wastewater and the variety of multifactorial interactions between viruses and the water matrix, it can be hypothesized that experimental differentiation between the influencing parameters is difficult to determine. Additionally, the time-dependent fluctuation in the concentrations of substances in wastewater further complicates their evaluation for virus stability. The relatively high standard deviation of the mean T90 values in WWTPs 3 and 4 (Figure 3 and Figure 4) could be discussed in this context. Comparable studies addressing this aspect of variation in SARS-CoV-2 persistence are rare. Using ddPCR for detection, Beattie et al. [40] added bovine coronavirus to the wastewater of three plants and found no differences in their concentrations in unpasteurized samples. In contrast, Roldan-Hernandez et al. [32] confirmed changes in T90 values by a factor of up to 6 in primary settled solids from two WWTPs, which was independent of the incubation temperature and virus species (SARS-CoV-2 and the non-enveloped pepper mild mottle virus (PMMoV)). Further studies are necessary to determine the practical range of virus inactivation rates in natural wastewaters from various catchments incubated at environmentally relevant temperatures.



With a mean T90 value of 30.5 days, the decay rate measured here is largely consistent with a previous study. Using amplification of SARS-CoV-2 RNA (not infectivity) and incubation at a comparable temperature (15 °C), a T90 of 20.4 days for gamma-irradiated SARS-CoV-2 (Beta variant) was determined [24]. Besides variable spiking material, the experimental design of other reports differs greatly in relation to temperature [25,41,42,43], the type of water [29], the performance of the infectivity assays [26,27,28,29,44], the duration of incubation [45] or the use of primary settled solids as a matrix in their stability experiments [32]. Additionally, the initial concentration of the virus copies at the start of the incubation experiments might be of importance to T90 values [36]. In the present report, we focused on spiked but otherwise unmodified wastewater samples incubated at a defined temperature typical for a moderate climate and detected changes in the concentration of SARS-CoV-2 RNA, as undertaken in monitoring programs. Despite an optimized quantification of E gene copies using triplicate amplification of the RNA in each sample, linearization of the decay resulted in a broad range of T90 values. This is in accordance with the variability in measured persistence in other studies [31,36] and demonstrates the fundamental difficulty of comparing virus stabilities between different experiments. According to the many factors determining the persistence process, it must be assumed that the calculated T90 values reflect the result of a combined influence of the specific conditions in an experimental approach on viral RNA and can only be conditionally transferred to the stability of the same virus/RNA in other wastewaters.



In the present study, a statistically significant difference (factor of 2.9 of mean T90 values) between the mean decay rate of SARS-CoV-2 and the crAssphages was found. Data on the differences in persistence between SARS-CoV-2 and indicator viruses are inconsistent. Ahmed et al. [24] confirmed comparable inactivation of SARS-CoV-2 and murine hepatitis virus (MHV) in various types of water. The origins of both viruses were different (gamma-irradiated stock of SARS-CoV-2 and pooled fecal samples of MHV-infected mice), which could have had an influence on decay. Here, we used endogenous crAssphages in their naturally occurring state in wastewater. After incubation at a temperature of 12 °C, Burnet et al. [31] measured T90 values between 5.7 and 7.0 days (depending on the target used for amplification) for SARS-CoV-2, whereas the concentration of the common fecal indicator PMMoV remained constant over a period of 27 days. In a further study, the relation between PMMoV and SARS-CoV-2 stability in settled solids of raw wastewater depends on the incubation temperature and the origin of the wastewater sample [32]. Similar results were found in river water and seawater, demonstrating stable concentrations of both virus species at 4 °C but higher T90 values for PMMoV at 20 °C [29]. Using non-spiked raw sewage from university dormitories, Li et al. [42] reported strongly different ratios of T90 values for SARS-CoV-2 and PMMoV. These findings indicate that the persistence of the viral indicators of fecal water contamination does not completely correspond to the inactivation rates of SARS-CoV-2 and requires further investigations.



The results of this study suggest that the typical retention time of wastewater in sewer systems (<24 h) does not significantly affect the concentration of excreted SARS-CoV-2 RNA measured at a WWTP. This is independent of the virus variant present in the sample. Furthermore, many reports have confirmed the prolonged stability of viruses (including coronavirus) at lower temperatures, such as 14 °C. If short-term storage of the samples cannot be avoided due to limited laboratory capacities and/or logistic problems, the combined effect of the retention time in the sewer and of refrigerated storage seems of limited importance to the significance of the results of SARS-CoV-2 wastewater monitoring [26,40]. Regarding the circulation of different SARS-CoV-2 variants in wastewater, the comparable stability of the RNA of the Delta and Omicron variants indicates the suitability of WBE for evaluating the epidemiological situation in the catchment of WWTPs, and it can be expected that reliable data during further virus evolutions could be collected. Studies investigating the comparable persistence of different variants in wastewater are very rare. In a recent report, Sherchan et al. [44] used an infectivity assay and found T90 values of 17.7 (Delta variant) and 15.3 h (Omicron variant) at room temperature. Despite the strong methodological difference (infectivity vs. RNA decay) in comparison to the present study, the similar stability of both variants was confirmed. However, future inactivation experiments under defined and practically relevant conditions will be helpful to characterize the persistence of newly developed variants with dominant occurrence in the human population.




5. Conclusions


After incubation at 14 °C, the RNA persistence of the Delta and Omicron variants of SARS-CoV-2 in untreated wastewater from different treatment plants was compared. In the same water samples, calculation of the T90 values of both variants as well as the use of the E or S gene as an amplification target resulted in comparable decay rates for both variants. In contrast, statistically significant differences in the RNA stability in water from different plants were found, demonstrating a remarkable influence of local/temporal changes in the composition of the wastewater matrix on virus persistence.
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