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Abstract

:

Mounting evidence suggests that solids are a reliable matrix for SARS-CoV-2 detection in wastewater, yet studies comparing solids-based methods and common concentration methods using the liquid fraction remain limited. In this study, we developed and optimized a method for SARS-CoV-2 detection in wastewater using moderate-speed centrifuged solids and evaluated it against an ultrafiltration reference method. SARS-CoV-2 was quantified in samples from 12 wastewater treatment plants from Alberta, Canada, using RT-qPCR targeting the N2 and E genes. PCR inhibition was examined by spiking salmon DNA. The effects of using different amounts of solids, adjusting the sample pH to 9.6–10, and modifying the elution volume at the final step of RNA extraction were evaluated. SARS-CoV-2 detection rate in solids from 20 mL of wastewater showed no statistically significant difference compared to the ultrafiltration method (97/139 versus 90/139, p = 0.26, McNemar’s mid-p test). The optimized wastewater solids-based method had a significantly lower rate of samples with PCR inhibition versus ultrafiltration (3% versus 9.5%, p = 0.014, Chi-square test). Our optimized moderate-speed centrifuged solids-based method had similar sensitivity when compared to the ultrafiltration reference method but had the added advantages of lower costs, fewer processing steps, and a shorter turnaround time.
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1. Introduction


The current COVID-19 pandemic has prompted a global surge in monitoring SARS-CoV-2 in wastewater as an additional and supplementary surveillance tool to inform public health authorities on disease burden. An important advantage of wastewater-based surveillance (WBS) over indicators such as clinical cases and hospitalization rates is that it provides a comprehensive snapshot of SARS-CoV-2 presence that includes symptomatic, asymptomatic, and pre-symptomatic carriers with the analysis of a single sample. SARS-CoV-2 WBS also has the potential to allow early detection of changes in disease burden in advance to clinical testing data and hospitalization rates [1,2]. Moreover, SARS-CoV-2 WBS is not affected by policies and delivery of clinical diagnostics provision, which can be limited by resource allocation and availability. For these characteristics, SARS-CoV-2 WBS represents a valuable tool particularly in locations where clinical testing has reached maximum capacity and test reports are lagging or not representative of actual disease burden. WBS has gained increasing importance since the start of the COVID-19 pandemic and as of the time of writing this manuscript, at least 55 countries have set up over 2300 sites for monitoring SARS-CoV-2 in wastewater [3].



While WBS historically has proven to be a valuable tool for monitoring the re-emergence of polio [4,5] and multiple other human viruses [6,7], wastewater is a complex and challenging matrix especially for molecular detection and quantification of pathogens. Wastewater composition includes a high content of organic matter, a wide range of PCR inhibitors [8,9], and it can vary significantly within hours [10,11]. In addition, most methods for virus detection from wastewater were developed and optimized for non-enveloped viruses which are more stable in aqueous environments than enveloped viruses like coronaviruses [12,13,14].



Most extraction methods use the liquid fraction of wastewater samples and, since viruses are typically found at low levels in wastewater, they frequently require virus concentration steps. There are multiple methods for virus concentration including but not limited to electropositive filtration, electronegative filtration, polyethylene glycol (PEG) precipitation, and ultrafiltration [15,16,17,18]. Even if these time-consuming, laborious, and costly virus concentration steps are used, virus recovery rates are frequently low. We have identified median recovery rates of 3% to 50% for different enteric viruses using ultrafiltration [14]. An interlaboratory reproducibility study by Pecson et al. [19], involving 32 laboratories and 36 different methods for quantification of SARS-CoV-2 in wastewater, reported recoveries for betacoronavirus OC43 with interlaboratory median values of 10%, 5.8%, 3.3%, and 3.6%, respectively, for methods using either no concentration steps, electronegative filtration, PEG precipitation, or ultrafiltration.



For virus detection purposes, it is not uncommon for some methods to remove wastewater solids prior to virus nucleic acids extraction to avoid filter clogging issues [16,20]. However, the partitioning and stability of viruses in solid or liquid fractions of wastewater samples can vary significantly by virus type. Growing evidence suggests that a considerable proportion of coronaviruses in wastewater are adsorbed on the solids fraction. Methods that include solids as well as liquid fractions reportedly perform better than those that exclude solids [16] and up to 26% of enveloped viruses versus 6% of nonenveloped viruses have been found to adsorb onto wastewater solids [21]. Based on analysis of primary sludge collected at a period of high COVID-19 activity, Peccia et al. [22] reported concentrations 1000 times higher than previously reported by others analyzing influent wastewater. At the time of manuscript preparation, several other groups have described the use of solids for the detection of SARS-CoV-2 in wastewater [17,18,23,24,25,26]. However, only a few studies provide first-hand data on the performance of solids-based methods compared to more conventional methods [17,25]. In this study, we present method optimization data toward improving the sensitivity of SARS-CoV-2 detection in moderate-speed centrifuged solids from post-grit influent wastewater. We also compared our solids-based method with a previously validated ultrafiltration reference method to assess detection rate, costs, simplicity, and turnaround times.




2. Materials and Methods


2.1. Wastewater Samples


Post-grit influent wastewater samples (400 mL, 24-h composite samples) were collected from 12 different wastewater treatment plants (WWTP) across 10 cities of Alberta, Canada: Edmonton, Calgary, Canmore, Red Deer, Banff, Fort Saskatchewan, Lethbridge, Grande Prairie, Medicine Hat and High River. Samples from each WWTP were collected between 16 October 2020, and 20 December 2020, at a frequency of three samples per week. Samples were stored at −20 °C in 500 mL bottles upon collection until weekly shipment and were immediately processed once received by the laboratory. Storage at −20 °C might have reduced detectable virus loads [27] but given that samples were run in parallel using both solids-based and ultrafiltration methods, it would have no impact on our comparative analyses. Prior to testing, samples were thoroughly mixed and quickly poured to assure that aliquots represented a homogeneous suspension for both, solids-based and ultrafiltration methods.




2.2. Ultrafiltration Method


Virus potentially present in wastewater samples was extracted and concentrated as previously described [14] with modifications as follows. Briefly, 100 mL of wastewater sample were spiked with 100 µL of a suspension of human coronavirus (HCoV) strain 229E (105 IU/mL titrated by TCID50) for monitoring virus recovery. The spiked samples were adjusted to pH 9.6–10 with 5N NaOH and mixed vigorously for 30 s. Samples were then centrifuged at 4500× g for 10 min to pellet solids; the liquid fraction was transferred into a new container and adjusted to pH 7–7.5 with 1.2N HCl. The viral particles present in the liquid fraction were concentrated by ultrafiltration using a Centricon Plus-70™ filter with a pore size or Nominal Molecular Weight Limit (NMWL) of 30 KDa (Merck Millipore, Carrigtwohill, Ireland) according to the manufacturer’s instructions, except the pre-rinse step which was eliminated. Filters were loaded with 70 mL of sample and centrifuged at 3000× g for 10 min at room temperature. The filtrate was discarded, and the same procedure was repeated for the rest of the sample for a total volume of 100 mL. The filtrate collection cup was removed, and the concentration cup was placed on top of the sample filter cup. The Centricon™ filter was then inverted carefully and centrifuged at 800× g for 2 min. The sample was collected from the concentration cup and adjusted to a final volume of 1 mL by adding phosphate-buffered saline (PBS). The concentrated samples were stored at −70 °C until RNA extraction.




2.3. Moderate-Speed Centrifuged Solids Method


A total of 100 mL of wastewater was spiked with 100 µL of a suspension of HCoV 229E (105 IU/mL titrated by TCID50) and centrifuged at 4500× g for 10 min at 4 °C. The supernatant was discarded, and the weight of the remaining wet solids fraction was recorded to calculate the number of viral genome copies present in 100 mL of wastewater. Different wet weights of solids (50 mg, 100 mg, 200 mg, 300 mg, or 400 mg) were aliquoted for RNA extraction; when required, an additional 100 mL aliquot of wastewater was spiked and centrifuged to supply sufficient solids for testing. For tests involving the effect of pH adjustment, the same solids obtained under Ultrafiltration method were used for analysis. For tests using solids from 20 mL of wastewater, a 20 mL aliquot of sample was centrifuged at 4500× g for 10 min at 4 °C. The supernatant was discarded, the weight of the resulting wet solids fraction was recorded, and the entire solids fraction was used for RNA extraction.




2.4. RNA Extraction


Viral RNA was extracted from ultrafiltration wastewater concentrates and solids fractions using the MagMAX™-96 Viral RNA isolation kit (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) and the King Fisher™ Flex Purification System (Thermo Fisher Scientific, Vantaa, Finland). The extraction process was performed according to the MagMAX manufacturer’s instructions with the following modifications. Input sample was either A) 400 µL of wastewater concentrate prepared as described under Ultrafiltration method mixed with 502 µL of Lysis/Binding Solution or B) wet solids (50 mg, 100 mg, 200 mg, 300 mg, 400 mg, or all solids obtained from 20 mL of wastewater, as described under Moderate-speed centrifuged solids method) were mixed with 200 µL of PBS and 502 µL of Lysis/Binding Solution (250 µL of Lysis/Binding Solution Concentrate, 2 µL of carrier RNA and 250 µL of 100% isopropanol); the resulting solids-PBS-Lysis/Binding Solution mixture was vortexed for 20 s and centrifuged at 14,000× g for 2 min and the entire supernatant (approximately 670 µL) was used for RNA extraction. The extraction process was set up in the King Fisher™ Flex system loading input sample (either A or B described above), 20 µL of Bead Mix and 5 µL of salmon testes DNA (0.5 μg/mL) in the sample plate, two washes of 300 µL each of Wash Solution 1 and two washes of 450 µL each of Wash Solution 2. In the final step, nucleic acids from solids were eluted either in 50 µL or 100 µL of elution buffer; all extracts from the ultrafiltration method were eluted with 100 µL of elution buffer.




2.5. RT-qPCR


SARS-CoV-2 detection and quantification was performed by RT-qPCR with primers and probes targeting genes E and N2 previously described by others [28,29] and summarized in Table S1. One-step RT-qPCR was carried out for both targets with a final reaction volume of 10 µL, containing 2.5 µL of 4× TaqMan™ Fast Virus 1-Step RT-PCR Master Mix (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania), 0.4 µL of 20 µM each forward and reverse primers, 0.2 µL of 10 µM TaqMan probe (Applied Biosystems, Foster City, CA, USA), 1.5 µL PCR grade H2O, and 5 µL of RNA extract. Thermocycler conditions consisted of 5 min at 50 °C for reverse transcription reaction, followed by 20 s at 95 °C for retrotranscriptase inactivation, and then 45 PCR amplification cycles of 3 s at 95 °C and 30 s at 60 °C. Amplification data were collected and analyzed with the 7500 Software version 2.0.5 (Applied Biosystems, Foster City, CA, USA). SARS-CoV-2 RNA levels were quantified from a standard curve included in each PCR run, prepared with a 10-fold dilution series ranging from 166 copies to 1.66 × 106 copies per PCR reaction of a SARS-CoV-2 RNA fragment enclosing the RT-qPCR gene E target, and were expressed as viral genome copies per 100 mL of wastewater. The same E fragment was used to create a standard curve for gene N2 using the same primers and probe sequences except that the probe had FAM as reporter dye and BHQ1 as a quencher. Samples were tested in duplicate for each gene. A sample was considered positive if at least two out of the total four RT-qPCR reactions tested positive. If salmon DNA tested positive or had a delayed Ct, SARS-CoV-2 quantification was attempted again on a 1:10 or 1:5 dilution of RNA extract. The limit of detection (95% LOD) of this RT-qPCR assay is two copies per reaction for the E gene [28].




2.6. Quality Control Processes


Virus recovery rates were evaluated by RT-qPCR quantification of spiked HCoV 229E in samples vs. a baseline control consisting of a mixture of 100 µL of 105 IU of 229E/mL and 900 µL of water. The reaction and thermocycler conditions were set up similarly as described above for SARS-CoV-2 but with primers and probes (Applied Biosystems, Foster City, CA, USA) by Vijgen et al. [30] (Table S1), which target the membrane protein M of HCoV 229E. A standard curve of 10-fold serial dilutions starting from 166 genome copies per PCR reaction of the E gene was included in each PCR run for virus quantification.



The detection of salmon testes DNA as a control for PCR inhibition was carried out as previously described [31], using a final reaction volume of 10 µL containing 5 µL of 2× Taqman™ Fast Universal PCR Master Mix, 0.5 µL of primer/probe mix (18 µM of each primer and 5 µM probe listed in Table S1), 2 µL of PCR grade water, and 2.5 µL of RNA extract. Thermocycler conditions were initial denaturation for 20 s at 95 °C, followed by 45 PCR amplification cycles of 3 s at 95 °C and 30 s at 60 °C. The presence of an inhibitory effect was defined as a delay by at least three cycles as compared to a distilled water control spiked with the same concentration of salmon DNA.



A negative control in the form of distilled water was included in each RNA extraction and RT-qPCR runs.




2.7. PMMoV Quantification


Pepper Mild Mottle Virus (PMMoV) levels in wastewater were determined to characterize it as a potential internal fecal biomarker for the normalization of wastewater dilution. The RT-qPCR reactions were set up with the primers and probes by Zhang et al. [32] (Table S1) and using 2.5 µL of 4× Taqman™ Fast Virus 1-Step RT-PCR Master Mix (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania), 0.5 µL of 10 µM each forward and reverse primers, 0.2 µL of 10 µM TaqMan probe (Applied Biosystems, Foster City, CA, USA), 1.3 µL PCR grade H2O, and 5 µL of RNA extract. Thermocycler conditions were the same as described above for SARS-CoV-2. For PMMoV quantification, a standard curve from a SARS-CoV-2 RNA fragment enclosing the E gene target was generated, as a substitute for a PMMoV target, using the primers and probe specified on Table S1, except that the probe had FAM as reporter dye and BHQ1 as a quencher.




2.8. Statistical Analysis


All statistical analyses were performed using R software (version 4.0.3). The association between solids weight and SARS-CoV-2 qPCR Ct values was evaluated using linear regression. The statistical significance in differences in detection rate between wastewater matrices and pH treatments were calculated as previously described [33], using McNemar’s mid-p test when discordant cases were <25 and the McNemar’s test without correction in other instances. The difference in proportions of samples with delayed or negative salmon DNA Ct values was calculated using the Chi-square test with Yates’ continuity correction and the alternative hypothesis that PCR inhibition rate is greater in solids versus ultrafiltration, except for solids from 20 mL, where the alternative hypothesis was that the proportion of samples with PCR inhibition is less in solids from 20 mL versus ultrafiltration. Comparisons of SARS-CoV-2 quantification between solids-based and ultrafiltration methods were evaluated by Spearman’s correlation analysis. Differences in yield of wet solid in terms of mg per 100 mL of wastewater across WWTP and differences in log genome copies of PMMoV per 100 mL of wastewater were analyzed using ANOVA and Tukey HSD for post hoc tests. In all tests, a p-value below 0.05 was considered statistically significant.





3. Results


3.1. Optimization of the Weight of Moderate-Speed Centrifuged Wastewater Solids Used as Input and Effect of pH Adjustment


To determine the weight of wet solids that can allow SARS-CoV-2 detection with minimum or no PCR inhibition, we first carried out an exploratory evaluation with 100 mg, 200 mg, 300 mg, and 400 mg of wet solids for three samples (Figure S1). Ct values for SARS-CoV-2 did not change as solids weight increased (p = 0.57 for gene E and p = 0.94 for gene N2, linear regression slope), however, Ct values for spiked salmon DNA indicated a high level of PCR inhibition, therefore, we continued further testing using no more than 100 mg of wet solids.



Our ultrafiltration reference method includes a step of pH adjustment to 9.6–10 prior virus concentration to release some of the viruses adsorbed on wastewater solids into the surrounding liquid fraction. While this pH adjustment increases the number of viral genomic targets when the liquid fraction is used for analysis, we hypothesized that it may negatively impact SARS-CoV-2 detection when analyzing the remaining solids fraction. Thus, we compared the performance of using 50 mg and 100 mg of solids as well as the effect of not adjusting versus adjusting the pH of the wastewater. In terms of detection rate, none of the four tested weight-pH adjustment combinations were statistically superior to the ultrafiltration method (Table 1). All wastewater samples included in this study had original pH values with a median of 7.6 (interquartile range 7.3–7.8). Adjusting the pH resulted in a lower detection rate compared to not adjusting the pH for 100 mg of solids (p = 0.04, McNemar’s p-mid test) but not for 50 mg solids (p = 0.13, McNemar’s test). The proportions of samples with delayed Ct values for salmon DNA, with each of the four solids treatments ranging from 37% to 56%, were significantly higher compared to that observed with the ultrafiltration method which had 10% (p < 0.001, Chi-square test) (Table 2).




3.2. Effect of Increasing Nucleic Acid Elution Volume


With the intention to further dilute the PCR inhibitors present in the nucleic acid extracts from wastewater solids, we explored the effect of doubling the volume of buffer used at the final elution step of nucleic acid extraction, from 50 µL to 100 µL. The SARS-CoV-2 detection rate from nucleic acid extracts prepared from 100 mg of solids and eluted in 100 µL of elution buffer was similar to that of extracts prepared by the ultrafiltration method (p = 0.12, McNemar’s test, Table 1). The percentage of samples with qPCR inhibition was also similar for both 100 mg of solids and the ultrafiltration method (10.4% and 9.5%, respectively, Table 2).




3.3. Input Sample Units of Measure: Weight versus Volume


To further simplify the solids-based method, we explored the alternative of using a fixed volume of wastewater for analysis instead of a fixed weight of solids. The median of wet solids yield (n = 176) was 492 (interquartile range, 69–1376) mg per 100 mL of post-grit wastewater with differences across WWTPs (p < 0.001, ANOVA) (Figure S2). Given that 100 mg represents about a fifth of the average weight present in 100 mL of wastewater, we performed comparison tests between 100 mg of solids and solids from 20 mL of wastewater. The yield of wet solids from 20 mL of wastewater (n = 143) had a median of 97 (interquartile range, 66–140) mg. Comparison in terms of SARS-CoV-2 detection rate showed no statistical differences between 100 mg of solids versus solids from 20 mL (p = 0.12, McNemar’s p-mid test) (Table 1). Among the discordant 20 mL-positive-100 mg-negative and 20 mL-negative-100 mg-positive samples, there was no significant difference in the proportion of samples yielding less than 100 mg of solids from 20 mL (69% versus 65%, respectively, Chi-square, p = 0.5).



Compared to the ultrafiltration reference method, analysis of solids from 20 mL showed no differences in terms of SARS-CoV-2 detection rates (p = 0.26, McNemar’s test) (Table 1). The rate of samples with PCR inhibition was significantly lower in solids from 20 mL (3%) versus the ultrafiltration method (9.5%) (p = 0.014, Chi-square) (Table 2).




3.4. 229 E Virus Recovery Data


Our ultrafiltration reference method for SARS-CoV-2 detection includes spiking of HCoV 229E to control for virus recovery. The rates of 229E recovery in wastewater solids were considerably lower compared to the ultrafiltration method, with a median of 0.07% (interquartile range, 0.03–0.16%) for 50 mg solids and a median of 0.09% (interquartile range, 0.05–0.17%) for 100 mg solids, whereas the ultrafiltration method had a median of 4.65% (interquartile range, 2.31–7.50%). Because SARS-CoV-2 is secreted in stools, a significant proportion of the virus is expected to be embedded in wastewater solids. This contrasts with the spiked HCoV 229E, which was added to the sample as a liquid suspension and could freely disperse into the liquid phase. Given that is likely that the partition of HCoV 229E was highly biased toward the liquid phase, HCoV 229E recovery rates were considered not to be representative of SARS-CoV-2 recovery and therefore, not measured in wastewater solids in subsequent tests. None of the data presented in this manuscript (solids or ultrafiltration methods) were corrected for HCoV 229E recovery rates.




3.5. Evaluation of Wastewater Moderate-Speed Centrifuged Solids for Quantification of SARS-CoV-2 Levels


Next, we examined how different concentrations of SARS-CoV-2 quantified using solids correlate with those quantified using ultrafiltration. SARS-CoV-2 log 10 copies per 100 mL of wastewater quantified using 100 mg solids, as well as solids from 20 mL of wastewater, correlated with those quantified using the ultrafiltration method with significant (p < 0.001) Spearman’s correlation coefficients ranging from 0.4 to 0.6. The coefficients were indicative of a moderate positive relationship for both genes, E and N2, meaning that as levels detected using solids increase, levels detected by ultrafiltration also tend to increase, although not in all instances (Figure 1).



As evidenced in all comparison plots, the distribution of discordant results ranged from 2 to above 3 logs, suggesting that these were not associated with low virus levels. Visual inspection of timeline plots of SARS-CoV-2 levels by WWTP did not show any trends or difference in performance between 100 mg of solids, solids from 20 mL of wastewater, and the liquid fraction (Figure 2).




3.6. Comparison of PMMoV Levels


PMMoV in wastewater solids was also quantified to assess its potential use as a biomarker for data normalization. PMMoV levels differed significantly when quantified in wastewater solids compared to the ultrafiltration method (p < 0.001, ANOVA), with median values of 8.98 × 106 (interquartile range, 6.38 × 106 –1.20 × 107) copies per 100 mL when using the ultrafiltration method, 1.71 × 106 (interquartile range, 1.52 × 106 –2.58 × 106) copies per 100 mL when using 100 mg solids and 8.34 × 105 (interquartile range, 5.14 × 105–1.10 × 106) copies per 100 mL when using solids from 20 mL (Figure 3). PMMoV levels quantified using ultrafiltration were significantly higher compared to those quantified using solids (p < 0.001 in all pairwise comparisons with solids, Tukey HSD). Quantification of PMMoV using 100 mg of solids also resulted in significantly higher virus load versus using solids from 20 mL of wastewater (p < 0.001, Tukey HSD).




3.7. Cost and Turnaround Time Comparison between Moderate-Speed Centrifuged Solids-Based Method and Ultrafiltration


A comparison of reagent costs and turnaround times associated with our solids-based method using 20 mL of wastewater versus the ultrafiltration reference method is presented in Table 3. The average cost per sample is 90 CAD for the ultrafiltration method and 45 CAD for the solids-based method. The cost of the solids-based method represents about 50% of the costs of the ultrafiltration method and the difference is largely attributed to the cost of the Centricon™ filter alone.



Besides an initial centrifugation step to separate wastewater solids, the solids-based method does not require additional steps prior to RNA extraction. In contrast, the ultrafiltration method entails a set of extra steps: adjusting the pH of the sample to 9.6–10 prior to solids separation, then adjusting sample pH back to 7–7.5 after solids separation, and lastly, a virus concentration step using the Centricon™ filter. The extra steps also result in an increased turnaround time. The solids method is faster, taking 2 h 30 min to complete, whereas the ultrafiltration method requires no less than 4 h 20 min (Table 3).





4. Discussion


While solid-based assays for detection of SARS-CoV-2 in wastewater have been previously developed and generally claimed to outperform influent-based methods, only a few studies [17,23,26] provide first-hand data in terms of detection rate and PCR inhibition. In addition, a majority of solids-based methods are coupled with PEG precipitation (Table 4) and thus require ultracentrifugation, which might not be readily available in most laboratories. In this study, we successfully optimized a method for SARS-CoV-2 detection and quantification in post-grit influent wastewater solids that does not require special consumables or equipment. Our data indicate that, compared to a reference ultrafiltration method, the performance of our solids-based method was equivalent in terms of detection rate and with significantly lower rates of PCR inhibition. Lower PCR inhibition rates should translate to more accurate quantification of SARS-CoV-2 levels and higher virus detection rates. Accordingly, with negative controls in all RT-qPCR showing no false-positive results, we identified more positive samples using solids from 20 mL compared to ultrafiltration, even though the difference was not statistically significant. A limitation of our study is that the probability of type II errors cannot be calculated since the assay sensitivity, a key factor in sample size calculation for McNemar’s test, for wastewater samples is not known and cannot be extrapolated from sensitivity determined by assay validation in clinical diagnostics [34,35,36]. On the other hand, the sample size in our study is considerably larger (median = 72, ranges from 65 to 139) than previous studies (median = 42, range 32 to 89) [17,23,25,26] and we included more wastewater treatment plants for sample variations.



Several factors might be facilitating SARS-CoV-2 detection in wastewater solids. SARS-CoV-2 is secreted in feces with reported concentrations ranging between 5 × 103 to 107.6 copies/mL [38] thus, wastewater solids represent a significant source or start point matrix where the virus would distribute to the aqueous fraction. In addition, coronaviruses appear to have an intrinsic preference to bind the wastewater solids. Based on experiments using spiked viruses, Ye et al. reported that about 26% of murine hepatitis virus (MHV, a member of the Coronavirus genus), and 22% of cystovirus ϕ6 (another enveloped virus), adsorbed to the solids fraction of wastewater compared to only 6% of non-enveloped bacteriophage MS2 (Levivirus) [21]. It has been hypothesized that the hydrophobic nature of the coronavirus envelope may be responsible for a reduced solubility of the virus in water, promoting virus adsorption to solids [39]. In support of this hypothesis, a study comparing seven different methods for SARS-CoV-2 detection in wastewater, reported that the only two methods that included the solids fraction outperformed those that used the liquid fraction [16].



The trade-off between sensitivity and PCR inhibition was a major hurdle in optimizing the adequate weight of the input sample for the solids-based method as procuring a higher number of viral RNA genome copies in the sample also leads to an increased content of PCR inhibitors. Sample dilution is a widely known strategy to decrease the effects of PCR inhibitors [8]. In our case, a concomitant modification of both, the amount of input sample as well as the RNA extract elution volume, allowed us to reduce the effect of PCR inhibitors present in wastewater to a level below that observed with the ultrafiltration reference method without compromising sensitivity. The LOD of the RT-qPCR assay used for virus quantification is two copies per reaction, which would be equivalent to 100 and 200 copies of SARS-CoV-2 per 100 mL of wastewater for the ultrafiltration reference method and our solids-20mL method, respectively.



The present study involved 12 different WWTPs and a total of 176 samples were used for the validation of our method for SARS-CoV-2 detection. This aspect provides robustness to our solids-based approach given that wastewater composition and solids content may vary drastically between WWTPs. Still, different WWTPs may present larger variations in solids content thus, the volume of input sample used for the solids-based method is a variable that may need to be adjusted on a case-by-case basis. Importantly, the performance of our method reported in this study is applicable to post-grit wastewater, and we strongly recommend further validation when implementing it for different wastewater matrices. We have identified that our method had lower performance when testing raw wastewater samples collected directly from manholes from long-term care facilities (data not shown), resulting in lower detection rates compared to our ultrafiltration reference method.



Our data support previous observations that the distribution of coronaviruses added for “spike-and-recovery” measurements to adjust for losses occurring throughout sample processing can be significantly lower in the solids-associated versus the aqueous fraction [20]. In our experiments, the human coronavirus strain 229E was recovered at a considerably lower rate when quantified in solids compared to the ultrafiltration method which includes the liquid fraction. The reasons for such a difference were unknown and beyond the focus of this study. It is possible that the relatively short period of time between spiking and removal of the aqueous fraction was not sufficient to allow 229E to penetrate, adsorb, and reach equilibrium in the solids phase to the same extent as SARS-CoV-2. In contrast to spiked HCoV 229E, a considerable fraction of SARS-CoV-2 is expected to remain associated with solids because the virus is secreted in stools from where it can progressively disperse into the liquid fraction of wastewater.



Interestingly, PMMoV was found at significantly lower levels of about one log difference when quantified using our solids-based method compared to the ultrafiltration reference method, providing further evidence that a majority of conventional methods for virus detection in wastewater are more efficient for non-enveloped viruses. The 100 mg solids matrix also had significantly more PMMoV genome copies compared to solids from 20 mL. This finding is compatible with our results for SARS-CoV-2 showing that 100 mg solids had a higher, although not statistically significant, detection rate than solids from 20 mL.



Lastly, we identified highly significant correlations between the quantitative levels of SARS-CoV-2 determined using moderate-speed centrifuged solids versus the ultrafiltration reference method. Our data, however, did not encompass a time frame long enough to allow comparison against indicators of COVID-case data (e.g., active cases, percentage of positive tests, hospitalization rates). SAR-CoV-2 levels in primary-clarified sludge have been reportedly used successfully by others to model disease dynamics at the community level [1,2], thus our post-grit influent solids-based method may also find application in tracking and predicting disease progression in populations.




5. Conclusions


Our study identified moderate-speed centrifuged solids of post-grit influent as a reliable sample matrix for the detection of SARS-CoV-2 in wastewater. In terms of detection rate, our optimized solids-based method performed comparably to the ultrafiltration reference method and has fewer processing steps, lower costs, and a shorter turnaround time. Our work contributes to the development of improved detection methods for enveloped viruses in wastewater and provides an optimal alternative in settings with limited resources and equipment. Future studies should be focused on studying the feasibility of using the data from this solids-based method to model and predict disease dynamics.
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Figure 1. Correlation of SARS-CoV-2 levels in wastewater quantified using moderate-speed centrifuged solids versus an ultrafiltration reference method. The x- and y-axis scales represent the logarithm (log 10) of SARS-CoV-2 genome copies per 100 mL of wastewater. Spearman’s correlation coefficients (ρ) and the corresponding p-values are shown for all pairwise comparisons (gene E and N2 data) between 100 mg of solids, solids from 20 mL, and the ultrafiltration reference method. 
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Figure 2. Timeline trends of SARS-CoV-2 levels in post-grit influent wastewater as quantified using moderate-speed centrifuged solids and an ultrafiltration reference method. Only a subset of samples was tested using 100 mg solids because weighting wet solids is labor-intensive, time-consuming, and not practical for routine analysis. 
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Figure 3. PMMoV levels in wastewater quantified by different methods. Differences in PMMoV Log 10 copies per 100 mL of wastewater were identified (ANOVA, p < 0.001). Results from Tukey HSD post hoc test are shown with horizontal bars and significance code: p < 0.001 ‘***’. 
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Table 1. Effect of different amounts of wastewater solids and pH adjustment on SARS-CoV-2 detection compared to an ultrafiltration-based method.
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	Method a
	Method b
	Concordant

Positive
	Concordant

Negative
	Discordant

a + b −
	Discordant

a − b +
	n
	p-Value 1





	50 mg solids,

pH not adjusted,

50µL elution
	Ultrafiltration
	14
	37
	10
	12
	73
	0.68



	50 mg solids,

pH 9.6–10,

50 µL elution
	Ultrafiltration
	9
	39
	7
	17
	72
	0.04



	100 mg solids,

pH not adjusted,

50 µL elution
	Ultrafiltration
	15
	28
	14
	11
	68
	0.55



	100 mg solids,

pH 9.6–10,

50 µL elution
	Ultrafiltration
	13
	37
	7
	13
	70
	0.19



	100 mg solids,

pH not adjusted

100 µL elution
	Ultrafiltration
	57
	13
	17
	9
	96
	0.12



	Solids from 20 mL,

pH not adjusted

100 µL elution
	100 mg solid,

pH not adjusted

100 µL elution
	45
	6
	4
	10
	65
	0.12



	Solids from 20 mL,

pH not adjusted 100 µL elution
	Ultrafiltration
	74
	26
	23
	16
	139
	0.26







1 The statistical significance of differences between methods a and b were calculated using McNemar’s mid-p test if discordant cases were < 25 or the McNemar’s test without correction if discordant cases were ≥ 25.
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Table 2. Comparison of PCR inhibition rates.
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	Method
	Fraction of Samples with Negative or Delayed (≥34) Salmon DNA Ct Values
	%
	Chi-Square Statistic
	p-Value





	50 mg solids,

pH not adjusted,

50 µL elution
	32/73
	43.8
	43.77
	<0.001



	50 mg solids,

pH 9.5–10,

50 µL elution
	28/72
	38.9
	33.303
	<0.001



	100 mg solids,

pH not adjusted,

50 µL elution
	38/68
	55.9
	69.691
	<0.001



	100 mg solids,

pH 9.5–10,

50 µL elution
	26/70
	37.1
	29.468
	<0.001



	100 mg solids,

pH not adjusted,

100 µL elution
	10/96
	10.4
	0.0040
	0.47



	Solids from 20 mL, pH not adjusted,

100 µL elution
	4/139
	3.0
	4.8815
	0.014



	Ultrafiltration
	23/243
	9.5
	-
	-
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Table 3. Comparison of consumables costs and turnaround times.






Table 3. Comparison of consumables costs and turnaround times.










	Step
	Ultrafiltration
	Moderate-Speed Centrifuged Solids 1





	Costs per sample (CAD):
	
	



	   Virus extraction and plastic ware (pipette tips, microfuge tubes, etc.)
	5
	4



	   Virus concentration (Centricon™ filter)
	44
	0



	   RNA extraction reagents
	6
	6



	   RT-PCR and PCR reagents 2
	35
	35



	   Total cost of consumables
	90
	45



	Minimum turnaround time 3:
	
	



	   Separation of solids/liquid fractions
	15 min
	15 min



	   Virus extraction and concentration:

   pH adjustments and filtration through Centricon™ column
	1 h 50 min
	Not applicable



	   RNA extraction
	1 h
	1 h



	   RT-PCR
	1 h 15 min
	1 h 15 min



	   Total minimum turnaround time
	4 h 20 min
	2 h 30 min







1 Using 20 mL of wastewater as input sample. 2 Includes five targets: SARS-CoV-2 genes E and N2, HuCoV 229E, PMMoV, salmon DNA. 3 Estimated time for running one sample and controls; times might increase depending on the number of samples.













[image: Table] 





Table 4. Previous studies describing solids-based methods for SARS-CoV-2 detection in wastewater.
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	Research Group
	Solids Type
	Method for Separation of Solids 1
	PEG

Addition
	PCR Inhibition Test





	Peccia et al. [1]
	Primary sludge
	None, sludge used directly for RNA extraction
	No
	Samples (n = 5) were spiked with a target RNA and tested undiluted and diluted (5× and 25×). No significant differences in Ct values were identified between diluting versus no diluting samples



	Balboa et al. [26]
	Primary sludge,

biological sludge,

thickened sludge,

digested sludge
	None, sludge used directly for PEG precipitation
	Yes
	Used RT-qPCR Allplex™ internal control. Inhibition was identified in 2 out of 50 samples



	Kitamura et al. [17]
	Raw influent solids
	1840× g

for 30 min
	No
	Used PMMoV as indicator of RT-PCR inhibition. PMMoV levels were similar between WWTPs but were lower in solids compared to those in the supernatant/liquid fraction



	D’Aoust et al. [2,18]
	Influent post grit solids,

primary clarified sludge
	Gravity settled for 1h at 4 °C
	Yes
	Inhibition identified by comparing RT-qPCR and RT-ddPCR results and after testing diluted samples (2× and 5×)



	Graham et al. [23]

Wolfe et al. [37]
	Primary settled solids
	24,000× g

for 30 min at 4 °C
	Yes
	Identified at high frequency after testing undiluted and diluted (10× and 50×) samples.



	Kocamemi et al. [24]
	Primary sludge,

waste activated sludge
	7471× g

for 30 min at 4 °C
	Yes
	Did not report inhibition tests



	Tomasino et al. [25]
	Raw influent solids
	4700× g

for 30 min at 4 °C
	No
	Did not report inhibition tests







1 Prior PEG, if PEG was added.
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