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The purpose of this study was to determine the feasibility of facility-level wastewater surveillance 

in the detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in skilled 

nursing facility (SNF) wastewater using three concentration methods, as well as a proof-of-

concept for antimicrobial resistance (AR) genes/organisms detection. Wastewater effluent samples 

were collected from an SNF over an 8-week period. Wastewater was concentrated using 

electronegative membrane filtration (enMF), polyethylene glycol precipitation, and Nanotrap® 

magnetic virus particles (NP). Quantification of the genome copy concentration from SARS-

CoV-2 and bovine respiratory syncytial virus (BRSV), a SARS-CoV-2 surrogate spiked into all 

samples, was performed with droplet digital polymerase chain reaction (ddPCR). Wastewater 

sample aliquots were also enriched in microbiological culture media and screened for organisms 

with AR phenotypes on selective and differential agars. Multiplex real-time PCR was used to 

detect a broad array of carbapenem resistance genes. SARS-CoV-2 was detected and quantified 

from a single enMF-concentrated wastewater sample. The highest concentration of BRSV 

came from enMF-concentrated samples. Klebsiella, Enterobacter, Citrobacter, and Escherichia 
coli exhibiting AR phenotypes were successfully detected using culture-dependent approaches. 

Culture-independent, multiplex PCR indicated that blaKPC was the main carbapenemase gene 

detected in wastewater samples. Facility-level wastewater surveillance could be a useful strategy 

for SNFs.

Graphical Abstract

Keywords

antimicrobial resistance; SARS-CoV-2; skilled nursing facility; wastewater surveillance

INTRODUCTION

Wastewater-based epidemiology (WBE) has been a valuable public health surveillance 

tool used for monitoring the consumption of pharmaceuticals, illicit drugs, poliovirus, as 

well as exposure to chemical and other biological agents of public health concern (Orive 

et al. 2020; Huizer et al. 2021). During the global outbreak of the beta-coronavirus, 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the use of WBE and 
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associated wastewater surveillance methods proved to be a complementary monitoring 

tool in estimating real-time infection and coronavirus disease 2019 (COVID-19) burden 

in the community (Medema et al. 2020; Wu et al. 2020). SARS-CoV-2 genetic material 

and antimicrobial resistance (AR) genes/organisms can be shed through stool and remain 

detectable in wastewater both at the community-level (i.e., wastewater treatment plants) and 

at the facility level (e.g., primary schools, universities, and hospitals) (Wang et al. 2005; 

Acosta et al. 2021; Colosi et al. 2021; Harris-Lovett et al. 2021; Scott et al. 2021; Fielding-

Miller et al. 2023). Wastewater surveillance in congregate settings, primarily university 

dormitories, has demonstrated its utility for the detection of SARS-CoV-2 (Gibas et al. 

2021; Corchis-Scott et al. 2023). In the case of skilled nursing facilities (SNFs), residents 

were some of the most impacted individuals during the spread of SARS-CoV-2 (Abrams 

et al. 2020; Lau-Ng et al. 2020). SNF residents are a high-risk, high-acuity population 

typically having underlying, chronic medical conditions (D’Adamo et al. 2020), which likely 

contributed to the high mortality rates recorded during the early stages of the pandemic. As 

a result, several monitoring strategies, including testing of residents and healthcare workers 

coupled with facility-level wastewater surveillance, have been evaluated and used to inform 

guidelines for protecting these high-risk populations (Lee et al. 2021; Shrader et al. 2021; 

Tsoungui Obama et al. 2021). These enhanced surveillance strategies may also be extended 

to monitoring AR, an additional public health concern impacting SNFs. Determining success 

for detecting SARS-CoV-2 and antimicrobial-resistant threats at the SNF level and other 

long-term care facility equivalents has the potential for actionable results with public health 

impact.

Wastewater surveillance methods can provide trend data for specific targets in communities, 

university/college campuses, and prisons, representing hundreds to hundreds of thousands 

of individuals. Capturing the pathogen signal in a resident/patient population at an SNF 

also presents challenges due to the population being in the tens to hundreds and with 

only a limited portion of the population being mobile and capable of using the toilet 

and conducting hygienic practices (e.g., bathing or showering, sink use). Additionally, the 

erratic, low-flow effluent from the building contains debris and fresh residues from laundry, 

kitchen, etc. that can impact the detection of the target microorganism. While there are a few 

hospital wastewater surveillance studies published that demonstrate associations between 

SARS-CoV-2 detected in wastewater and clinical cases (Wang et al. 2005; Acosta et al. 

2021; Colosi et al. 2021), there are only two peer-reviewed published studies currently 

available regarding SARS-CoV-2 detection in United States nursing homes (Gamage et 

al. 2024; Keck et al. 2024). In the work of Gamage et al. (2024), grab samples were 

collected and concentrated using centrifugation and ultrafiltration methods to demonstrate 

60% sensitivity in detecting a SARS-CoV-2 infected resident. A study by Keck et al. 

study (2024) utilized 24 h composite samples and exclusion-based sample preparation to 

demonstrate a 48% sensitivity for identifying SARS-CoV-2 infections (Keck et al. 2024). 

An additional study conducted outside the United States applied an aluminum adsorption-

precipitation concentration method (Davó et al. 2021). There is limited and inconsistent 

application of successful wastewater surveillance methods at the congregate-level to evaluate 

recovery for SARS-CoV-2 (CDC 2023a), and multiple studies in this setting are important to 

determine long-term feasibility.
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In the few peer-reviewed papers regarding wastewater surveillance for AR genes, where 

five different isolation and detection approaches were taken, all the studies were conducted 

outside the United States (White et al. 2016; Buelow et al. 2018; Cahill et al. 2019; 

Buelow et al. 2020; Kagambèga et al. 2023). Implementing wastewater surveillance for 

AR organisms and genes in a SNF population or long-term care equivalent within the 

United States has yet to be thoroughly evaluated. A recent report by the National Academies 

of Sciences on wastewater-based disease surveillance highlighted the importance of facility-

level testing as a more effective form of disease surveillance compared to community-wide 

surveillance, particularly when it comes to determining the spread of antibiotic resistance 

(National Academies of Sciences & Medicine 2024). Differing from SARS-CoV-2, where 

detection of the virus indicates an infection, detection of a bacterial pathogen and associated 

antimicrobial genes is complicated by colonized individuals contributing to this signal and 

even the natural environmental reservoir, not necessarily an active infection. If wastewater 

surveillance for AR is possible at SNFs in order to supplement infrequent point prevalence 

surveys, the gains in understanding would outweigh the challenges faced in attempting to 

reduce the estimated 35,000 deaths, 2.8 million infections, and $4.1–$5.1 billion spent in the 

United States per year with increased surveillance (CDC 2019). The AR focused targets for 

this project were the carbapenem genes blaKPC, blaNDM, blaVIM, and blaOXA-like, as these 

genes are responsible for a majority of resistant infections in facilities with high risk, high 

acuity populations and are recognized global AR threats.

This paper describes a pilot application of wastewater surveillance at an SNF in the Atlanta-

metro area during the fall of 2021, with a primary focus on evaluating three methods 

for concentrating wastewater samples followed by DNA/RNA extraction and detection/

quantification of genetic material from SARS-CoV-2, and endogenous and exogenous virus 

surrogates. Two of the three methods, electronegative membrane filtration (enMF) and 

polyethylene glycol precipitation (PEG), have traditionally been used for concentrating 

viruses from a variety of environmental matrices, including wastewater (La Rosa et al. 

2020; Wu et al. 2020). The third, Nanotrap® magnetic virus particles (NP), is a more recent 

technological development for capturing viral particles in wastewater and environmental 

matrices and was included to evaluate how it compares to the more traditional methods. 

Additionally, enriched wastewater samples were assessed for the presence of carbapenem 

resistance genes and AR Gram-negative Enterobacterales using selective agars and PCR 

assays typically used for clinical isolates. These findings will help to further inform potential 

approaches and considerations for wastewater surveillance, particularly at SNFs.

MATERIALS AND METHODS

This study was approved by the CDC COVID-19 Response Laboratory Task Force 

and met the CDC safety policies and recommendations in the CDC/NIH Biosafety in 
Microbiological and Biomedical Laboratories (Meechan & Potts 2020). This activity was 

reviewed by CDC and was conducted consistent with applicable federal law and CDC 

policy.§
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Facility description and field sampling

Wastewater effluent samples were collected from a 200-bed SNF in the Atlanta-metro area 

(Georgia, USA) from September to November 2021. A survey at enrollment and eight 

weekly questionnaires were conducted to collect facility-level and epidemiological data 

(e.g., census, wastewater access), the number of residents with an active or within 30 days 

of a SARS-CoV-2 infection, and the number of confirmed SARS-CoV-2-infected residents 

who were able to use the toilet. Three of the weekly questionnaires were not able to 

be collected due to staffing turnover. At the beginning of enrollment in this study, the 

SNF had 168 residents and 181 healthcare personnel, with 88 and 74%, respectively, fully 

vaccinated against COVID-19 (fully vaccinated defined as receiving a 2-dose mRNA series 

or single dose Janssen vaccine ≥ 14 days prior) (CMMS 2021). The SNF had a designated 

5-bed COVID-19 unit. Clinical services provided at this SNF included wound, ostomy, 

and indwelling medical device care. During this pilot, on two of the 8 weeks, resident 

toilet-use in the facility was measured at 21% (35 of 164) and 40% (66 of 164), potentially 

contributing to the wastewater effluent.

Twenty-four hour composite samples (n = 18) and grab samples (n = 5) were collected 

from a manhole outside of the SNF building using an Avalanche Portable Refrigerated 

Autosampler (Teledyne ISCO, Lincoln, NE, USA) (McHugh 2023). When possible, flow-

based composite samples were collected using an Avalanche add-on ISCO 730 Bubbler 

Flow Module connected to a flow meter insert (Teledyne ISCO, Lincoln, NE, USA). 

Time-based composite samples were collected in lieu of flow-based, whenever heavy debris 

present in the wastewater effluent caused accuracy errors. Grab samples were collected 

when neither flow nor time-based samples were possible. Composite samples were collected 

four times per week as possible, based on laboratory workflow and personnel capacity.

Wastewater controls

Four wastewater controls were used in this study. Bovine respiratory syncytial virus (BRSV) 

(Inforce3 Respiratory Vaccine, Zoetis Inc., Kalamazoo, MI USA) and human coronavirus 

OC43 (OC43) (ATCC, Manassas, VA USA) served as exogenous controls and pepper mild 

mottle virus (PMMoV) (CDC, Atlanta, GA USA) and the cross-assembly phage Carjivirus 
communis (Turner et al. 2023) (herein referred to as CrAssphage) (IDT, Coralville, IA USA) 

served as endogenous controls. BRSV was prepared according to manufacturer instructions 

and served as a whole process control and a virus surrogate for SARS-CoV-2. BRSV 

was spiked into wastewater samples prior to concentration methods. OC43 was prepared 

according to manufacturer instructions and served as an independent extraction control and 

was spiked into concentrated samples prior to RNA extraction. PMMoV and CrAssphage 

served as human fecal indicators.

A synthetic 2019_nCoV RNA construct (CDC, Atlanta, GA USA) was used as a positive 

control to ensure proper amplification and detection during droplet digital PCR (ddPCR). 

In addition, customized gene fragments were obtained for the endogenous controls PMMoV 

(CDC, Atlanta, GA USA) (Table S1A-Supplementary Information) and CrAssphage (IDT, 

Coralville, IA USA) (Table S1A-Supplementary Information), and prepared according to 

manufacturer instruction. All controls were included in each ddPCR assay and were run 
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using two different dilutions (varied according to control) to check for the presence of 

PCR inhibitors (Loeb et al. 2020). All standard control nucleic acid concentrations were 

determined using ddPCR. To avoid degradation, all controls were prepared as single-use 

aliquots and stored at −80 °C for later use.

Wastewater sample preparation: Pre-concentration

Composite wastewater samples were stored at 4 °C for 18–24 h with tracked, chain-of-

custody once collected in the field. Wastewater (400 ml) was transferred to a sterile, 500 

ml Nalgene bottle (containing a magnetic stir bar) and spiked with 400 μl of BRSV at 

a mean concentration (min-max) of 1.16 × 101 gc/μl (0.31–47.20), as a whole process 

control. A negative control, herein referred to as blank, consisted of a 300 ml aliquot of 

autoclaved tap water (ATW), which was transferred to a sterile, 500 ml Nalgene bottle 

(containing a magnetic stir bar) and spiked with 300 μl of nuclease-free water. Wastewater 

and blank bottles were mixed at 120 rpm for 30 min (Barnstead/Thermolyne, Dubuque, IA 

USA). After mixing, the wastewater and blank samples were split to evaluate three separate 

concentration methods. Aliquots of 100 ml were transferred to 250 ml Nalgene bottles for 

PEG and enMF methods, while an aliquot of 40 ml was transferred to a 50 ml conical tube 

for the nanoparticle method (NP). The remaining wastewater was held at 4 °C for 24 h in the 

event replication was needed for any assay.

Virus concentration methods

PEG precipitation: PEG precipitation was performed as described elsewhere with some 

modification (Ye et al. 2016; Ahmed et al. 2020a, 2020b; Graham et al. 2021). PEG 8000 

(Fisher Scientific, Waltham, MA, USA) and sodium chloride (Fisher Scientific, Waltham, 

MA USA) were added to both the 100 ml blank (ATW + nuclease-free water) and 

wastewater samples at concentrations of 8% (w/v) and 0.2 M (final), respectively. Blank 

and wastewater sample bottles were incubated statically at 4 °C for 2 h then concentrated by 

centrifugation for 30 min at 20,000 ×g at 4 °C. The supernatant was discarded, and pellet 

re-suspended in 2.5 ml 1X phosphate buffered saline (PBS). Prior to viral RNA extraction, 

the wastewater sample was spiked with 200 μl of OC43 as an extraction control, while blank 

samples were spiked with 200 μl of nuclease-free water. Samples were briefly mixed by 

pipetting and 200 μl were transferred to 2 ml microcentrifuge tubes in preparation for RNA 

extraction.

Nanotrap® magnetic virus particles (NPs): Concentration by magnetic NPs was 

performed according to manufacturer suggestions with slight modification of sample 

volumes processed and RNA extraction kits used (Patnaik et al. 2020; Rasile 2021). Briefly, 

blank (ATW + nuclease-free water) and wastewater samples were transferred to separate 

50 ml conical tubes in 40 ml aliquots and allowed to sit for 10 min at room temperature. 

Six hundred microliters (150 μl/10 ml sample) of Ceres Nanotrap® Magnetic Virus Particles 

(currently Nanotrap® Microbiome A Particles) (Ceres Nanosciences, Manassas, VA USA) 

were added to both blank and wastewater samples and mixed by gently inverting 2–3 times, 

followed by incubation for 20 min at room temperature. Following incubation, tubes were 

placed in a DynaMag™ 50 magnetic rack (Thermo Fisher Scientific, Waltham, MA, USA) 

for 20 min at room temperature to separate NPs from the samples. The supernatant was 
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removed, and NPs were re-suspended in 200 μl of 1X PBS. Prior to viral RNA extraction, 

the wastewater sample was spiked with 200 μl of OC43 as a molecular extraction control, 

while blank samples were spiked with 200 μl of nuclease-free water. Samples were briefly 

mixed by pipetting and 200 μl were transferred to 2 ml microcentrifuge tubes in preparation 

for RNA extraction.

Electronegative membrane filtration: enMF was performed as described elsewhere, 

with the following modifications (Ahmed et al. 2020a). Magnetic filter funnels (Pall 

Corporation, Port Washington, NY, USA) were mounted onto a multi-position filter 

manifold (MilliporeSigma, Burlington, MA, USA) and loaded with 0.45 μm pore-size, 

47-mm diameter enMFs (Fisher Scientific, Waltham, MA, USA). Filters were pre-moistened 

with 5 ml 1X PBS. Magnesium chloride (MgCl2-6H2O) (Fisher Scientific, Waltham, MA, 

USA) was added to 100 ml of both blank (ATW + nuclease-free water) and wastewater 

samples to a final concentration of 25 mM. Using a serological pipette, 100 ml of blank and 

wastewater samples were transferred and passed through the pre-moistened filter funnels. 

The enMFs were aseptically transferred to 2 ml PowerBead, bead beating tubes, containing 

0.70 mm garnet beads (Qiagen, Germantown, MD, USA). Prior to viral RNA extraction, 

the wastewater sample was spiked with 200 μl of OC43 as a molecular extraction control, 

while blank samples were spiked with 200 μl of nuclease-free water in preparation for RNA 

extraction.

Viral nucleic acid extraction: Viral nucleic acid was extracted using the AllPrep® 

PowerViral® DNA/RNA Kit (Qiagen, Germantown, MD, USA) with slight modification 

involving a homogenizer versus agitation with a vortex to ensure separation of sample 

from the filter after concentration. For the enMF method, 600 μl of buffer PM1 and 6 

μL of β-mercaptoethanol (Millipore Sigma, Burlington, MA, USA) were added into each 

bead beating tube. Bead beating tubes were homogenized using a Precellys® Evolution 

24 tissue homogenizer (Bertin Technologies, Rockville, MD, USA) under the following 

conditions: 3 × 20 s at 10,000 rpm at a 10 s interval. Following homogenization, tubes 

were centrifuged at 13,000 ×g for 1 min to pellet and extraction was completed according 

to manufacturer’s specifications. Samples concentrated by PEG precipitation and NPs were 

extracted according to manufacturer’s specifications. All extracted nucleic acid samples 

were eluted to a final volume of 100 μl and stored at −80 °C for downstream quantification 

and analysis.

Water quality testing: Additional grab samples were collected at the end of composite 

sample collection to perform physicochemical tests in the field including conductivity 

(μS/cm) via the Oakton CON 6+ Handheld Conductivity Meter (Cole-Parmer, Vernon 

Hills, IL, USA), temperature (°C), and pH via the Oakton pHTestr® 50 Waterproof 

Pocket pH Tester 50 Series (Cole-Parmer, Vernon Hills, IL, USA), and free and total 

chlorine levels via the DR300 Pocket Colorimeter, Chlorine, Free + Total (Hach Company, 

Loveland, CO, USA). The reagents used for free and total chlorine were DPD Free 

Chlorine Reagent Powder Pillows, 10 ml (Hach Company, Loveland, CO, USA) and DPD 

Total Chlorine Reagent Powder Pillows, 10 ml (Hach Company, Loveland, CO, USA). 

Additional parameters including total organic carbon (TOC; mg/l), total organic nitrogen 
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(TON; mg/l), total dissolved solids (TDS; mg/l), total suspended solids (TSS; mg/l), 

and biochemical oxygen demand (BOD; mg/l) were tested by an external environmental 

laboratory (Analytical Environmental Services, Inc., Atlanta, GA, USA).

Escherichia coli and total coliforms: Escherichia coli (E. coli) and total coliforms 

were detected and quantified using an IDEXX Colilert-18 assay kit (IDEXX Laboratories, 

Inc. Westbrook, ME, USA) according to manufacturer instructions, where E. coli fluoresced 

under UV light (6-W, 365 nm). A random composite (1 ml) of E. coli-positive Colilert-18 

(IDEXX) samples (n = 24) was extracted from five positive wells, or 20% per plate, using 

a 3 ml syringe. Samples were stored at −80 °C in 25% glycerol for downstream analysis of 

AR genes.

AR screening

Culture-dependent: Wastewater samples were screened for carbapenem-resistant 

Enterobacterales (CRE) and extended-spectrum β-lactamase (ESBL)-producing organisms 

using two selective chromogenic media, mSuperCARBA (mSC) (DRG International, 

Springfield, NJ, USA) for selection of CRE, and CHROMagar ESBL (DRG International, 

Springfield, NJ, USA) for selection of ESBL-producing Gram-negative bacteria. Phenotypic 

characterization of the isolates followed the mSC and ESBL selective agar product inserts, 

where Klebsiella spp., Enterobacter, spp. and Citrobacter spp. colonies were blue and E. 
coli colonies were pink. Frozen, E. coli-positive Colilert-18 samples (IDEXX) were thawed 

and 100 μl was either plated directly on mSC and CHROMagar ESBL (direct-plating) 

or inoculated in 5 ml tryptic soy broth (TSB) and incubated overnight at 35 °C (TSB-

enriched) followed by plating 100 μl on mSC and CHROMagar ESBL. A random subset 

of all the colonies (i.e., mixture of typical and atypical colonies; n = 28) were selected 

for Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF; MALDI 

Biotyper) (Bruker Daltonics, Billerica, MA USA) using the Bruker and CDC MicrobeNet 

databases (https://microbenet.cdc.gov/) to confirm identification (Suzuki et al. 2020).

Culture-independent: Magnetic filter funnels (Pall Corporation, Port Washington, NY, 

USA) were mounted onto a multi-position filter manifold (MilliporeSigma, Burlington, MA, 

USA) and loaded with 0.45 μm pore-size, 47-mm diameter electronegative membrane filters 

(enMFs; Fisher Scientific, Waltham, MA, USA). Ten milliliters of wastewater was filtered 

(n = 23) and frozen (−80 °C) until DNA extraction using the DNeasy® PowerWater® kit 

(Qiagen, Germantown, MD, USA). The composite E. coli-positive Colilert-18 (IDEXX) 

samples (1 ml; n = 23) were extracted using the Thermal NaOH Bacterial Lysate method 

(CDC 2024). Extracted (filters) and lysed (positive E. coli Coliert-18 composites) samples 

were frozen (−20 °C) until multiplex real-time polymerase chain reaction (PCR) was 

performed. Carbapenemase-producing genes were identified using multiplex real-time PCR 

for the blaKPC, blaNDM, blaVIM, and blaOXA-48-like carbapenemase-producing genes by 

assays as previously described (CDC 2011; Lutgring et al. 2018; Prussing et al. 2021).
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Detection of SARS-CoV-2, process controls (BRSV, OC43), and endogenous controls 
(CrAssphage, PMMoV) by ddPCR

ddPCR assays for the detection and quantification of SARS-CoV-2 and its viral surrogates 

(BRSV, OC43, CrAssphage, and PMMoV) were performed using a Bio-Rad QX200 manual 

droplet generator system (Bio-Rad, Hercules, CA, USA). Nucleic acid extracts were used 

as a template and analyzed using One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad, 

Hercules, CA, USA) or ddPCR Supermix for Probes (No dUTP) kit (Bio-Rad, Hercules, 

CA, USA). SARS-CoV-2 and BRSV were detected using the 2019-nCoV CDC triplex 

probe assay (dEXS28563542, Bio-Rad, Hercules, CA, USA). OC43 and CrAssphage were 

detected using a singleplex assay. For the triplex assay, 8 μl of RNA was added to 5.5 μl 

of One-Step Advanced Supermix, 1.1 μl of 15 mM dithiothreitol (DTT), 2.2 μl of reverse 

transcriptase (RT), 1.1 μl of 20X triplex probe assay, and 4.1 μl RNase-free water in a final 

volume of 22 μl. For the singleplex assay used to detect OC43, 8 μl of RNA was added 

to 5.5 μl of One-Step Advanced Supermix, 1.1 μl of 300 mM DTT, 2.2 μl of RT, 1 μl of 

forward and reverse primers, 0.3 μl of probe (final concentrations were 900 nM of primers 

and 250 nM of probe), and 2.9 μl RNase-free water in a final volume of 22 μl. For the 

singleplex assay used to detect CrAssphage, 2 μl of DNA was added to 11 μl of ddPCR 

Supermix for Probes (No dUTP), 1 μl of forward and reverse primers, 0.3 μl of probe (final 

concentrations were 900 nM of primers and 250 nM of probe), and 6.7 μl nuclease-free 

water in a final volume of 22 μl. Sequences for all primers and probes used in this study 

are detailed in Table S1B (Supplementary Information) (Boxus et al. 2005; Dare et al. 2007; 

Stachler et al. 2017; Greaves et al. 2020; Lu et al. 2020). For droplet generation, 20 μl of 

reaction mixture and 70 μl of droplet generation oil were added to the droplet generator 

cartridges and droplets were formed using the droplet generator. Forty microliters of droplets 

were carefully transferred to a semi-skirted 96-well ddPCR plate, sealed using the PX1 Plate 

Sealer, and transferred to a C1000 touch thermal cycler. The amplification of the triplex 

assay and singleplex (OC43) were performed as follows: 1 cycle of 60 min at 50 °C and 10 

min at 95 °C, 40 cycles of 30 s at 94 °C and 1 min at 55 °C, 1 cycle of 10 min at 98 °C 

and a 30 min hold at 4 °C. The amplification of the singleplex assay for CrAssphage was 

performed as follows: 1 cycle of 10 min at 95 °C, 40 cycles of 30 s at 94 °C and 1 min at 60 

°C, 1 cycle of 10 min at 98 °C and a 30 min hold at 4 °C. All steps were run using a ramp 

rate of 2 °C/s.

Each run was performed using positive controls (synthetic 2019_nCoV RNA control (CDC), 

BRSV, OC43, CrAssphage, and PMMoV) and negative controls (extraction blanks and non-

template controls). Technical triplicates were run for each sample including controls. To test 

for PCR inhibition, each template was run and analyzed using two dilution factors (undiluted 

and 2-fold) for all assays. After amplification, plates were transferred to the droplet reader. 

Reactions with less than 10,000 total droplets were repeated. Data were analyzed using 

QuantaSoft™ AnalysisPro Software and reported as genomic copies per microliter (gc/μl) 

of wastewater. For analysis, the mean of triplicate samples was determined. Samples were 

considered positive if >3 positive droplets were detected for SARS-CoV-2 N1 or N2 markers 

in 2 of 3 triplicate samples. Results were considered detected, but not quantifiable if there 

were <3 positive droplets in any of the triplicate samples, and negative if no droplets were 
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detected. Final results were expressed as log10 genomic copies/microliter (log10 gc/μl) using 

Equation (1) (Graham et al. 2021; 2023).

SARS-CoV-2 sequencing

One sample, positive for SARS-CoV-2 with a real-time PCR cycle threshold (Ct) value 

of 29.7 was sequenced, where a Ct threshold of 31 has been determined for full 

genome sequence coverage. SARS-CoV-2 genome-tiling amplicons (300–500 bp long) 

were produced in a multiplex PCR reaction using template cDNA generated by reverse 

transcription with random hexamers as described previously (Paden et al. 2020). The 

genome sequences were obtained by next-generation sequencing using the Illumina DNA 

Library Prep kit strategy (Illumina Inc., San Diego, CA, USA) on a MiSeq instrument 

(Illumina Inc., San Diego, CA, USA). Additional sequencing was attempted using a separate 

set of longer amplicons (800–1,000 bp) with the Nanopore GridION Sequencer (Oxford 

Nanopore Technologies, Oxford, UK) as confirmation of template availability. Sequences 

were analyzed using the CFSAN Wastewater Analysis Pipeline (Kayikcioglu et al. 2023) 

with Freyja (version freyja, version 1.3.11) to identify variants; a list of typical mutations 

for SARS-CoV-2 variants was obtained from COV-Spectrum (Chen et al. 2022). Genome 

consensus sequences were generated through mapping reads to the SARS-CoV-2 Wuhan-

Hu-1 genome (GenBank accession no. NC_045512.2) with the iterative refinement meta-

assembler (Shepard et al. 2016). The sequences were analyzed by aligning each consensus 

genome with the Wuhan-Hu-1 genome sequence (Hall 1999). The available sections were 

compared with the known locations for determining a variant.

Recovery efficiency and statistics

Recovery efficiency was calculated as described elsewhere (Graham et al. 2021; Graham et 

al. 2023), where any dilutions conducted for the RNA sample template prior to ddPCR are 

reflected in the ddPCR output ‘C’:

Equation #1

Statistical analysis

Descriptive statistics were conducted on 10 water quality parameters to characterize 

water quality including pH, temperature (°C), conductivity (μS/cm), biological oxygen 

demand (BOD), total dissolved solids (TDS), total suspended solids (TSS), total organic 

nitrogen (TON), total organic carbon (TOC), total coliforms, and E. coli (Supplementary 

Information-Table S2). E. coli was not recovered from wastewater samples in two instances 
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due to unknown facility factors, not related to measured water quality parameters and, as a 

result, were excluded from the analysis.

For the exogenous and endogenous controls, BRSV, PMMoV, and crAssphage, evaluated 

using three different methods, non-detects were substituted with half the minimum detected 

concentration prior to undergoing log10 transformation. The Shapiro–Wilk test was used to 

assess the normality of these datasets, indicating a non-normal distribution. Consequently, 

non-parametric methods were employed for further analysis. The Kruskal–Wallis test was 

used to compare recovered concentrations of BRSV, PMMoV, and crAssphage by three 

different concentration methods. A Dunn’s post-hoc test with Bonferroni adjustment was 

used to analyze pairwise differences between methods. All analyses and figures were 

produced using R software (version 4.2.2). A significance level (alpha) of 0.05 was set 

for all tests, and differences were considered significant when p-values were below this 

threshold.

RESULTS

Water quality, E. coli, and total coliforms

The wastewater parameters: pH, temperature, electrical conductivity, BOD, TDS, TSS, TOC, 

and TON are shown in Table S2 (n = 23) (Supplementary Information), where the means 

(standard deviation) were 10.1 (1.3), 24.1 °C (1.8), 432.5 μS/cm (205.7), 207.7 mg/l (203.1), 

278.4 mg/l (155.4), 103.3 mg/l (87.6), 113.1 mg/l (71.2) and 14.7 mg/l (11.00), respectively. 

Culture-dependent analysis using Colilert-18 demonstrated the presence of E. coli (5.0 

log10 MPN/100 ml; 95% CI 2.1 to 6.4 log10 MPN/100 ml) and total coliforms (6.0 log10 

MPN/100 ml; 95% CI 2.9 to 7.4 log10 MPN/100 ml). E. coli was not significantly correlated 

with any water quality parameters (n = 21; rs < 0.42, p-value > 0.05). Total coliforms and E. 
coli concentrations over time for each sampling date are illustrated in Supplementary Figure 

S1.

AR screening

The percentage of E. coli-positive Colilert-18 (IDEXX) composites exhibiting an 

antimicrobial-resistant phenotype on the selective agars are summarized in Figure 1. The 

highest percentages were observed in the ESBL-producing Klebsiella, Enterobacter, and 

Citrobacter (KEC) species at 88% (21 of 24) and 83% (20 of 24) for direct plating and 

TSB-enriched methods, respectively. ESBL-producing E. coli isolates were observed in 

67% (direct plating; 16 of 24) and 42% (TSB-enriched; 10 of 24) of samples. Carbapenem-

resistant KEC were observed in 67% (direct plating; 16 of 24) and 63% (TSB-enriched; 

15 of 24) of samples. Finally, the least observed isolates were the carbapenem-resistant E. 
coli at 4% (direct plating; 1 of 24) and 0% (TSB-enriched; 0 of 24). Overall, MADLI-TOF 

confirmed the following species were identified on mSC agar: Aeromonas hydrophilia (n = 

1), E. coli (n = 1), Klebsiella pneumoniae (n = 1); whereas the following were identified 

on CHROMagar ESBL: E. coli (n = 4), Klebsiella pneumoniae (n = 1), Enterobacter 
bugandensis (n = 3), Enterobacter asburiae (n = 1), Raoultella ornithinolytica (n = 1), 

Citrobacter braakii (n = 1), Citrobacter freundii (n = 1), Providencia stuartii (n = 1), and 

Klebsiella oxytoca (n = 1).
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Eighteen (78%) of 23 filtered wastewater samples were positive for the blaKPC gene, while 

all samples were negative for blaNDM, blaVIM, and blaOXA-48-like genes (Lenz et al. 2025). 

No carbapenemase-producing genes were detected in the 23 E. coli-positive Colilert-18 

(IDEXX) composites.

Detection and quantification of BRSV and OC43 by RT-ddPCR

The recovered concentrations of BRSV by method are shown in Figure 2(a). The highest 

concentrations recovered were observed for enMF, with a median concentration of 0.60 

log10 gc/μl wastewater (n = 23). NP and PEG yielded median concentrations of −0.28 log10 

gc/μl and −0.23 log10 gc/μl (n = 23), respectively. The average volume contained within 

each droplet was 0.85 nL (Pinheiro et al. 2012). The fraction of positive droplets ranged 

from 0 to 0.9905. A Shapiro–Wilk test indicated that our data did not meet the assumption 

of normality. A non-parametric analysis using a Kruskal–Wallis test indicated no significant 

difference between the concentration method groups (H(2) = 4.97, p-value = 0.08). The 

median (min-max) percent recoveries for BRSV were as follows: 69.84% (0.004–948.75%) 

for enMF, 13.02% (1.27–70.86%) for NP, and 12.88% (1.64–112.00%) for PEG.

Median (min-max) percent recoveries of the extraction control, OC43, by the method were 

1.31% (0.00–3.68%), 1.50% (0.66–2.73%), and 1.53% (0.75–3.92%) for enMF, NP, and 

PEG (n = 23), respectively.

Endogenous virus controls and concentration methods

CrAssphage was detected at median concentrations (min-max) of 0.89 (−0.53 to 1.80) log10 

gc/μl, −0.41 (−1.44 to 0.70) log10 gc/μl, and 1.35 (−3.60 to 2.35) log10 gc/μl for PEG, 

NP, and enMF, respectively (n = 23) (Figure 2(b)). A non-parametric analysis using a 

Kruskal–Wallis test indicated a significant difference in crAssphage detection between the 

concentration method groups (H(2) = 20.41, p-value < 0.00005). A Dunn’s post-hoc test 

with Bonferroni adjustment was used to further analyze the pairwise differences between 

methods. Significant differences were observed between enMF and NP (Z = 4.06, p-value 

< 0.005) and between NP and PEG (Z = −3.74, p-value < 0.005). However, the comparison 

between enMF and PEG was not statistically significant (Z = 0.323, p-value = 1.0).

PMMoV was detected at median concentrations (min-max) of −1.02 (−1.51 to −0.16) log10 

gc/μl, −1.75 (−2.87 to −0.97) log10 gc/μl, and −0.42 (−1.88 to 0.70) log10 gc/μl for PEG, 

NP, and enMF respectively (n = 23) (Figure 2(c)). A non-parametric analysis using a 

Kruskal–Wallis test indicated a significant difference in PMMoV detection between the 

concentration method groups (H(2) = 26.62, p-value < 0.000005). A Dunn’s post-hoc test 

with Bonferroni adjustment was used to further analyze the pairwise differences between 

methods. Significant differences were observed between enMF and NP (Z = 4.72, p-value 

< 0.005) and between NP and PEG (Z = −4.17, p-value < 0.005). However, the comparison 

between enMF and PEG was not statistically significant (Z = 0.55, p-value = 0.87).

SARS-CoV-2 detection

SARS-CoV-2 was detected and quantified from an enMF-concentrated wastewater sample 

on 26 October 2021 (week 6) at −1.36 log10 gc/μl and −1.56 log10 gc/μl for the N1 and 
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N2 gene primers, respectively. Questionnaire data from the corresponding week indicated 

a single known case, isolated within the COVID-19 unit, who was able to use the toilet 

during the week of wastewater surveillance and NHSN data confirmed cases in two 

residents and one staff. CrAssphage was detected at 1.68 log10 gc/μl. Sequencing confirmed 

the presence of SARS-CoV-2, but the specific variant cannot be confidently established. 

Illumina sequencing of pooled 300–500 bp amplicons and Nanopore sequencing of separate 

800–1,000 bp amplicons both recovered approximately 35% of the SARS-CoV-2 genome; 

the same regions of the genome were obtained from each sequencing attempt. The available 

sequence contained only a single complete gene, ORF3a. The Delta variant is assigned 

based on variation at 29 sites across 8 genes (Chen et al. 2022). With only a single complete 

gene present, it was not possible to confidently identify the variant in the sample. This 

sample likely does not contain enough SARS-CoV-2 genomic material to obtain a complete 

genome sequence, as the second, long-amplicon sequencing attempt did not provide any 

further information. Additional week-by-week questionnaire epidemiological data related 

to SARS-CoV-2 cases in the facility, toilet use, and wastewater SARS-CoV-2 detection is 

provided as Supplementary Information (Table S3) (CDC 2021).

DISCUSSION

The importance of WBE as a public health monitoring tool was highlighted during the 

height of the COVID-19 pandemic (Gamage et al. 2024). SNFs and other long-term 

care facilities were heavily impacted by the pandemic, highlighting the potential role that 

wastewater surveillance, coupled with clinical testing, could play in detecting transmission 

and informing infection control measures. The wastewater surveillance study by Gamage 

et al. (2024) highlighted the utility of WBE over eight distinct facilities and demonstrated 

how in some cases wastewater surveillance served as an early indicator of asymptomatic or 

presymptomatic SARS-CoV-2 residents; however, they noted that it was not reliable enough 

to replace other established practices (Gamage et al. 2024). Keck et al. (2024) suggest 

that ‘such testing (wastewater) could provide an early warning to trigger enhanced clinical 

testing or infection prevention activities’ (Keck et al. 2024). To that end, protocols should 

be developed carefully as factors such as sample type, frequency of collection, concentration 

methods, and type of analytical detection (e.g., RT-PCR vs ddPCR) can impact the 

reproducibility of wastewater surveillance results (Pecson et al. 2021). Establishing clear 

standard operating procedures that incorporate quality control parameters along with optimal 

method sensitivity is also important (Pecson et al. 2021).

Additionally, the characteristics of SNF wastewater effluents and their associated water 

quality parameters (e.g., pH, temperature, BOD, and TSS) should be considered, as they 

may have an impact on the detection of microbial targets. In this study, these parameters 

did not appear to greatly impact the recovery of endogenous controls in the wastewater 

likely due to the short residence time (i.e., minutes) from the point of flush to the point of 

sampling. Taking the factors of variable front-end concentration methods, macro-pollutants, 

and small populations into consideration, this study successfully demonstrated the detection 

of SARS-CoV-2, endogenous controls, and antimicrobial-resistant genes/organisms at the 

SNF level.
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A review by Achak et al. (2021) highlighted how hospital wastewater can be a source 

of both micro- and macro-pollutants, including pathogenic microorganisms which can be 

a source of disease transmission (Achak et al. 2021). The physicochemical properties 

of facility wastewater effluents could provide insight into the disease burden at a given 

facility; therefore, there is value in measuring water quality parameters. In this study, for 

example, measured values for conductivity, BOD, TSS, total coliforms, and E. coli fell 

within the ranges previously reported for hospital and urban wastewaters (Verlicchi et al. 

2012). It should be noted that any cleaning or disinfection interventions facility personnel 

undertake could impact the recovery of target microorganisms. It was also noted that 

recovery of E. coli was impacted in at least two of our samples, and despite discussions 

with facility administrators and personnel, no external facility factors could be attributed 

to these occurrences including the water quality parameters measured. Future use of facility-

level data can be helpful in understanding how facility signals align with community-level 

contributions.

One of the primary aims of this study was to determine which wastewater concentration 

method would provide the best recovery with minimal processing time. The concentration 

methods evaluated included traditional methods (e.g., enMF and PEG precipitation) and 

a more novel approach utilizing magnetic NPs. The recovery of both endogenous and 

exogenous viral targets using all three methods, combined with ddPCR for detection, 

suggested that each of the methods was a viable option for the wastewater surveillance 

approach in this study. When it came to detecting the exogenous control BRSV, we noted no 

statistical difference between enMF, PEG, and NP. However, the percent recovery range for 

enMF was greater than those observed for PEG and NP. Unlike crAssphage and PMMoV, 

BRSV is spiked into the wastewater samples and has a relatively short residence time in the 

wastewater matrix before concentration. It is possible that this difference in residence time, 

compared to the endogenous controls, may have resulted in no clear distinction between 

the three methods tested. Notably, the single positive SARS-CoV-2 sample in this study 

was recovered by enMF, but not from the other two concentration methods, suggesting 

that enMF may provide a bit more flexibility in its ability to capture a target organism, 

particularly when its presence in the wastewater is highly variable or limited. Unfortunately, 

with only a single positive SARS-CoV-2 sample and several samples that were detectable 

but not quantifiable (DNQ), the data was insufficient to conduct a proper analysis of the 

sensitivity and specificity of these methods. The results of this study do not necessarily point 

to enMF performing the best; however, taking into account that it was the only method that 

yielded a sample with detectable and quantifiable genetic material from SARS-CoV-2, and 

it provided a relatively quick and efficient workflow, made it stand out among the methods 

tested. Notably, rapid turnaround times and streamlined workflows were also observed 

for the NP method. Thus, for future wastewater surveillance studies, these concentration 

methods may be considered.

Wastewater surveillance of AR bacteria and genes was of particular interest to this study to 

understand their presence in the SNF population, particularly during clinical presentations of 

SARS-CoV-2 early in the pandemic. One of the goals was to pilot selective agars, typically 

used for clinical screening, to screen for multi-drug-resistant organisms in wastewater, as 

well as evaluate front-end approaches from filtered or enriched samples directly to PCR 
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from SNF wastewater. Various clinically and environmentally relevant bacterial isolates, 

exhibiting carbapenem-resistant and extended-spectrum β-lactamase-producing phenotypes, 

were successfully isolated and confirmed using MALDI-TOF. The TSB enrichment after 

Colilert-18 was not beneficial in increasing carbapenem-resistant or ESBL-producing 

phenotype detection as compared to direct plating.

The molecular detection of the blaKPC gene from filtered wastewater samples via PCR 

was successful, whereas E. coli-positive Colilert-18 samples did not yield any carbapenem 

resistance gene detection. It should be noted that the filters represented 10 ml of wastewater, 

went through a more robust extraction process, and did not bias growth. Although molecular 

detection of resistance genes was achieved from filtered wastewater samples, a limitation 

of this study is the lack of resistance mechanism confirmatory PCR for isolates exhibiting 

AR phenotypes. Future studies should include this confirmatory PCR testing to determine 

if the resistance mechanism is present in the isolates and also correlate it to available 

facility-level clinical data. This study relied on both culture- and non-culture-based methods 

that were compatible with the facility sampling schedule, sample storage capacities, and 

laboratory workflow. An examination of the Antimicrobial Resistance and Patient Safety 

Portal data of the percent AR from healthcare-associated infection types (i.e., catheter-

associated urinary tract infections, central line-associated bloodstream infections, surgical 

site infections) in Georgia in 2021 indicated that 7.8 and 6.6% were associated with 

carbapenem-resistant Klebsiella and Enterobacter, respectively, whereas only 0.8% were 

associated with carbapenem-resistant E. coli (CDC 2023b). Although recovered from an 

environmental source and not directly from patients, in this study a greater percentage of 

the isolates that exhibited a carbapenem-resistant phenotype were in the Klebsiella and 

Enterobacter genera and a much lower percentage was observed for E. coli. While the AR 

data presented here and the application of wastewater surveillance at healthcare facilities 

is nascent, evaluating existing specimen approaches for wastewater samples is a feasible 

starting place. Expanding these approaches to complement existing patient care data and 

infection control practices could bridge knowledge gaps and challenges raised by public 

health agencies (CDC 2022).

Similarly, this study also provided some insight into the relationship between real-time, 

patient case data and the ability of wastewater surveillance to capture corroborating data 

on the levels of viral circulation in specific populations. Although linking sequencing data 

from wastewater samples to positive clinical samples was beyond the scope of this study and 

limited by the facility’s capacity at the time, it is interesting to note that during the same 

period (September–November 2021), data provided by reporting facilities to both Centers 

for Medicare & Medicaid Services and the Georgia Department of Public Health (GADPH) 

indicated reductions in both COVID-19 cases and hospitalizations among nursing home 

residents (CMMS 2021). For example, according to the GADPH, rolling 7- and 14-day 

percent positive thresholds decreased by nearly 50% from month to month (September–

November 2021), indicating a reduction in SARS-CoV-2 infections during this period. 

During our study period, only one of eighteen composite wastewater samples had detectable 

levels of SARS-CoV-2 that could be quantified by ddPCR. Sequencing data confirmed 

the presence of SARS-CoV-2 but could not confidently assign the variant, although the 

circulating variant at the time in Georgia was delta. In several instances there were samples 
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that were DNQ, suggesting that additional factors such as waste discharge from the facility 

and variable shedding rates, including from healthcare workers and visitors, could impact 

the levels of virus that can be detected and quantified. Furthermore, at the time, the SARS-

CoV-2 ddPCR kit used for detection had been granted Emergency Use Authorization for 

the qualitative detection of nucleic acids from SARS-CoV-2, from nasal swab specimens, 

and may have been expanded beyond its scope. Based on our findings and the reporting 

of other groups, wastewater-based surveillance would be sensitive enough to detect both 

increases and decreases associated with pathogen transmission among the SNF population 

(Fernandez-Cassi et al. 2021; D’Aoust et al. 2021).

CONCLUSION

Overall, this study successfully demonstrated the detection of SARS-CoV-2, endogenous 

controls, and antimicrobial-resistance genes/organisms at the SNF level. Future efforts 

using the confirmed methodological workflow from this study will be expanded to include 

additional SNFs to establish best practices and longitudinal measurements needed to 

correlate SARS-CoV-2 in wastewater with COVID-19 resident infections. Wastewater 

surveillance provides unique insight into the spread of existing and emerging disease-

causing pathogens in a given population and can help to inform infection control strategies 

in real-time and long-term public health policies. While the COVID-19 pandemic presented 

unique challenges to the existing public health framework, it also provided an opportunity 

to evaluate the potential strengths and weaknesses of wastewater surveillance applications at 

SNFs.
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Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

This project was supported in part by an appointment to the Research Participation Program at the Centers for 
Disease Control and Prevention administered by the Oak Ridge Institute for Science and Education through an 
interagency agreement between the U.S. Department of Energy and the Centers for Disease Control and Prevention. 
We would like to acknowledge Hollis Houston and Amelia Keaton for their various contributions to this study. We 
would also like to acknowledge Florence Whitehill for contributing to the review of this manuscript and extend 
our gratitude to the Georgia Department of Public Health, particularly Jeanne Negley, for their guidance and to the 
skilled nursing facility that participated. We also acknowledge Mindy Barringer and Tong Yang for their assistance 
in designing the graphical abstract. The conclusions, findings, and opinions expressed by authors contributing to 
this journal do not necessarily reflect the official position of the US Department of Health and Human Services, the 
Public Health Service, the Centers for Disease Control and Prevention, or the authors’ affiliated institutions. The 
use of trade names is for identification only and does not imply endorsement by the Public Health Service or by the 
United States Department of Health and Human Services.

FUNDING

This project was supported in part by an appointment to the Research Participation Program at the CDC 
administered by the Oak Ridge Institute for Science and Education through an interagency agreement between 
the U.S. Department of Energy and the CDC.

DATA AVAILABILITY STATEMENT

All relevant data are included in the paper or its Supplementary Information.

Santiago et al. Page 16

J Water Health. Author manuscript; available in PMC 2025 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

Abrams HR, Loomer L, Gandhi A & Grabowski DC (2020) Characteristics of U.S. nursing homes 
with COVID-19 cases, Journal of the American Geriatrics Society, 68, 1653–1656. [PubMed: 
32484912] 

Achak M, Alaoui Bakri S, Chhiti Y, M’Hamdi Alaoui FE, Barka N & Boumya W (2021) SARS-
CoV-2 in hospital wastewater during outbreak of COVID-19: a review on detection, survival and 
disinfection technologies, Science of the Total Environment, 761, 143192. [PubMed: 33153744] 

Acosta N, Bautista MA, Hollman J, McCalder J, Beaudet AB, Man L, Waddell BJ, Chen J, Li C, 
Kuzma D, Bhatnagar S, Leal J, Meddings J, Hu J, Cabaj JL, Ruecker NJ, Naugler C, Pillai DR, 
Achari G, Ryan MC, Conly JM, Frankowski K, Hubert CR & Parkins MD (2021) A multicenter 
study investigating SARS-CoV-2 in tertiary-care hospital wastewater: viral burden correlates with 
increasing hospitalized cases as well as hospital-associated transmissions and outbreaks, Water 
Research, 201, 117369. [PubMed: 34229222] 

Ahmed W, Bertsch PM, Bivins A, Bibby K, Farkas K, Gathercole A, Haramoto E, Gyawali P, Korajkic 
A, McMinn BR, Mueller JF, Simpson SL, Smith WJM, Symonds EM, Thomas KV, Verhagen R & 
Kitajima M (2020a) Comparison of virus concentration methods for the RT-qPCR-based recovery 
of murine hepatitis virus, a surrogate for SARS-CoV-2 from untreated wastewater, Science of The 
Total Environment, 739, 139960. [PubMed: 32758945] 

Ahmed W, Angel N, Edson J, Bibby K, Bivins A, O’Brien JW, Choi PM, Kitajima M, Simpson SL, Li 
J, Tscharke B, Verhagen R, Smith WJM, Zaugg J, Dierens L, Hugenholtz P, Thomas KV & Mueller 
JF (2020b) First confirmed detection of SARS-CoV-2 in untreated wastewater in Australia: a proof 
of concept for the wastewater surveillance of COVID-19 in the community, Science of The Total 
Environment, 728, 138764. [PubMed: 32387778] 

Boxus M, Letellier C & Kerkhofs P (2005) Real time RT-PCR for the detection and quantitation 
of bovine respiratory syncytial virus, Journal of Virological Methods, 125, 125–130. [PubMed: 
15794981] 

Buelow E, Bayjanov JR, Majoor E, Willems RJ, Bonten MJ, Schmitt H & van Schaik W (2018) 
Limited influence of hospital wastewater on the microbiome and resistome of wastewater in a 
community sewerage system, FEMS Microbiology Ecology, 94, 1–9.

Buelow E, Rico A, Gaschet M, Lourenço J, Kennedy SP, Wiest L, Ploy M-C & Dagot C (2020) 
Hospital discharges in urban sanitation systems: long-term monitoring of wastewater resistome and 
microbiota in relationship to their eco-exposome, Water Research X, 7, 100045.

Cahill N, O’Connor L, Mahon B, Varley Á, McGrath E, Ryan P, Cormican M, Brehony C, 
Jolley KA, Maiden MC, Brisse S & Morris D (2019) Hospital effluent: a reservoir for 
carbapenemase-producing enterobacterales?, Science of The Total Environment, 672, 618–624. 
[PubMed: 30974353] 

CDC (2011) Multiplex real-time PCR Detection of Klebsiella pneumoniae Carbapenemase (KPC) and 
New Delhi Metallo-β-Lactamase (NDM-1) Genes. Atlanta, GA: National Center for Emerging 
and Zoonotic Infectious Diseases. Available at: https://www.cdc.gov/hai/settings/lab/kpc-ndm1-
lab-protocol.html. (Accessed 2021).

CDC (2019) Antibiotic Resistance Threats in the United States, 2019.

CDC (2021) National Healthcare Safety Network (NHSN) Long-Term Care Facility Component 
– HCP G Resident COVID-19 Vaccination. Atlanta, GA: National Center for Emerging 
and Zoonotic Infectious Diseases. Available at: https://www.cdc.gov/nhsn/ltc/weekly-covid-vac/
index.html. (Accessed: 21 November 2021).

CDC (2022) COVID-19: U.S. Impact on Antimicrobial Resistance, Special Report 2022. Atlanta, GA: 
National Center for Emerging and Zoonotic Infectious Diseases.

CDC (2023a) Wastewater Surveillance Testing Methods. Atlanta, GA: Centers for Disease Control and 
Prevention. Available at: https://www.cdc.gov/nwss/testing.html. (Accessed: 15 December 2023).

CDC (2023b) Antimicrobial Resistance G Patient Safety Portal. 
Atlanta, GA: Division of Healthcare Quality Promotion. Available 
at: https://arpsp.cdc.gov/profile/geography/georgia?hospital-select=haiHospital110&phenotype-
select-ar-by-state=arPhenotype12&saar-age-select=age1&year-select-progress=haiYear2021. 
(Accessed 2023).

Santiago et al. Page 17

J Water Health. Author manuscript; available in PMC 2025 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CDC (2024) Laboratory Testing for Klebsiella pneumoniae Carbapenemase (KPC) and New Delhi 
Metallo-β-Lactamase (NDM) in Gram-Negative Bacteria. Atlanta, GA: National Center for 
Emerging and Zoonotic Infectious Diseases. Available at: https://www.cdc.gov/gram-negative-
bacteria/php/laboratories/index.html#cdc_lab_testing_procedures_types_of_tests-test-methods. 
(Accessed: 27 March 2025).

Chen C, Nadeau S, Yared M, Voinov P, Xie N, Roemer C & Stadler T (2022) CoV-Spectrum: analysis 
of globally shared SARS-CoV-2 data to identify and characterize new variants, Bioinformatics, 38, 
1735–1737. [PubMed: 34954792] 

CMMS (2021) COVID-19 Nursing Home Data. Baltimore, MD: Centers for Medicare & Medicaid 
Services. Available at: https://data.cms.gov/covid-19/covid-19-nursing-home-data (Accessed: 17 
December 2021).

Colosi LM, Barry KE, Kotay SM, Porter MD, Poulter MD, Ratliff C, Simmons W, Steinberg 
LI, Wilson DD, Morse R, Zmick P & Mathers AJ (2021) Development of wastewater pooled 
surveillance of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from congregate 
living settings, Applied and Environmental Microbiology, 87, e00433–21. [PubMed: 33858836] 

Corchis-Scott R, Geng Q, Al Riahi AM, Labak A, Podadera A, Ng KKS, Porter LA, Tong Y, Dixon 
JC, Menard SL, Seth R & McKay RM (2023) Actionable wastewater surveillance: application 
to a university residence Hall during the transition between delta and omicron resurgences of 
COVID-19, Frontiers in Public Health, 11, 1139423. [PubMed: 37265515] 

D’Adamo H, Yoshikawa T & Ouslander JG (2020) Coronavirus disease 2019 in geriatrics and long-
term care: the ABCDs of COVID-19, Journal of The American Geriatrics Society, 68, 912–917. 
[PubMed: 32212386] 

D’Aoust PM, Graber TE, Mercier E, Montpetit D, Alexandrov I, Neault N, Baig AT, Mayne J, Zhang 
X, Alain T, Servos MR, Srikanthan N, MacKenzie M, Figeys D, Manuel D, Jüni P, MacKenzie 
AE & Delatolla R (2021) Catching a resurgence: increase in SARS-CoV-2 viral RNA identified in 
wastewater 48 h before COVID-19 clinical tests and 96 h before hospitalizations, Science of The 
Total Environment, 770, 145319. [PubMed: 33508669] 

Dare RK, Fry AM, Chittaganpitch M, Sawanpanyalert P, Olsen SJ & Erdman DD (2007) 
Human coronavirus infections in rural Thailand: a comprehensive study using real-time reverse-
transcription polymerase chain reaction assays, The Journal of Infectious Diseases, 196, 1321–
1328. [PubMed: 17922396] 

Davó L, Seguí R, Botija P, Beltrán MJ, Albert E, Torres I, López-Fernández P, Ortí R, Maestre JF, 
Sánchez G & Navarro D (2021) Early detection of SARS-CoV-2 infection cases or outbreaks 
at nursing homes by targeted wastewater tracking, Clinical Microbiology and Infection, 27, 1061–
1063. [PubMed: 33601008] 

Fernandez-Cassi X, Scheidegger A, Bänziger C, Cariti F, Tuñas Corzon A, Ganesanandamoorthy 
P, Lemaitre JC, Ort C, Julian TR & Kohn T (2021) Wastewater monitoring outperforms case 
numbers as a tool to track COVID-19 incidence dynamics when test positivity rates are high, 
Water Research, 200, 117252. [PubMed: 34048984] 

Fielding-Miller R, Karthikeyan S, Gaines T, Garfein RS, Salido RA, Cantu VJ, Kohn L, Martin NK, 
Wynn A, Wijaya C, Flores M, Omaleki V, Majnoonian A, Gonzalez-Zuniga P, Nguyen M, Vo 
AV, Le T, Duong D, Hassani A, Tweeten S, Jepsen K, Henson B, Hakim A, Birmingham A, De 
Hoff P, Mark AM, Nasamran CA, Rosenthal SB, Moshiri N, Fisch KM, Humphrey G, Farmer S, 
Tubb HM, Valles T, Morris J, Kang J, Khaleghi B, Young C, Akel AD, Eilert S, Eno J, Curewitz 
K, Laurent LC, Rosing T, Knight R, Baer NA, Barber T, Castro-Martinez A, Chacón M, Cheung 
W, Crescini ES, Eisner ER, Franco Vargas L, Hakim A, Hobbs C, Lastrella AL, Lawrence ES, 
Matteson NL, Gangavarapu K, Ngo TT, Seaver P, Smoot EW, Tsai R, Xia B, Aigner S, Anderson 
C, Belda-Ferre P, Sathe S, Zeller M, Andersen KG, Yeo GW & Kurzban E (2023) Safer at school 
early alert: an observational study of wastewater and surface monitoring to detect COVID-19 in 
elementary schools, The Lancet Regional Health – Americas, 19, 100449. [PubMed: 36844610] 

Gamage SD, Jinadatha C, Rizzo JV, Chatterjee P, Choi H, Mayo L, Brackens E, Hwang M, Xu J, 
Bennett M, Kowalskyj O, Litvin EA, Minor L, McClarin J, Hofman R, Dulaney D & Roselle 
GA (2024) Nursing home wastewater surveillance for early warning of SARS-CoV-2-positive 
occupants – insights from a pilot project at 8 facilities, American Journal of Infection Control, 52, 
701–706. [PubMed: 38181902] 

Santiago et al. Page 18

J Water Health. Author manuscript; available in PMC 2025 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gibas C, Lambirth K, Mittal N, Juel MAI, Barua VB, Roppolo Brazell L, Hinton K, Lontai J, Stark 
N, Young I, Quach C, Russ M, Kauer J, Nicolosi B, Chen D, Akella S, Tang W, Schlueter 
J & Munir M (2021) Implementing building-level SARS-CoV-2 wastewater surveillance on a 
university campus, Science of The Total Environment, 782, 146749. [PubMed: 33838367] 

Graham KE, Loeb SK, Wolfe MK, Catoe D, Sinnott-Armstrong N, Kim S, Yamahara KM, Sassoubre 
LM, Mendoza Grijalva LM, Roldan-Hernandez L, Langenfeld K, Wigginton KR & Boehm AB 
(2021) SARS-CoV-2 RNA in wastewater settled solids is associated with COVID-19 cases in a 
large urban sewershed, Environmental Science G Technology, 55, 488–498.

Graham KE, Loeb S, Roldan-Hernandez L, Kim S, Wigginton KR & Boehm A (2023) Correction to 
‘SARS-CoV-2 RNA in wastewater settled solids is associated with COVID-19 cases in a large 
urban sewershed’, Environmental Science G Technology, 57, 15298–15298.

Greaves J, Stone D, Wu Z & Bibby K (2020) Persistence of emerging viral fecal indicators in 
large-scale freshwater mesocosms, Water Research X, 9, 100067. [PubMed: 32995735] 

Hall TA (1999) Bioedit: a user-friendly biological sequence alignment editor and analysis program for 
windows 95/98/NT, Nucleic Acids Symposium Series, 41, 95–98.

Harris-Lovett S, Nelson KL, Beamer P, Bischel HN, Bivins A, Bruder A, Butler C, Camenisch TD, 
De Long SK, Karthikeyan S, Larsen DA, Meierdiercks K, Mouser PJ, Pagsuyoin S, Prasek SM, 
Radniecki TS, Ram JL, Roper DK, Safford H, Sherchan SP, Shuster W, Stalder T, Wheeler RT 
& Korfmacher KS (2021) Wastewater surveillance for SARS-CoV-2 on college campuses: initial 
efforts, lessons learned, and research needs, International Journal of Environmental Research and 
Public Health, 18, 4455. [PubMed: 33922263] 

Huizer M, ter Laak TL, de Voogt P & van Wezel AP (2021) Wastewater-based epidemiology for illicit 
drugs: a critical review on global data, Water Research, 207, 117789. [PubMed: 34731667] 

Kagambèga AB, Dembélé R, Bientz L, M’Zali F, Mayonnove L, Mohamed AH, Coulibaly H, Barro N 
& Dubois V (2023) Detection and characterization of carbapenemase-producing Escherichia coli 
and Klebsiella pneumoniae from hospital effluents of Ouagadougou, Burkina Faso, Antibiotics, 
12, 1494. [PubMed: 37887195] 

Kayikcioglu T, Amirzadegan J, Rand H, Tesfaldet B, Timme RE & Pettengill JB (2023) Performance 
of methods for SARS-CoV-2 variant detection and abundance estimation within mixed population 
samples, PeerJ, 11, e14596. [PubMed: 36721781] 

Keck JW, Adatorwovor R, Liversedge M, Mijotavich B, Olsson C, Strike WD, Amirsoleimani A, 
Noble A, Torabi S, Rockward A, Banadaki MD, Smith T, Lacy P & Berry SM (2024) Wastewater 
surveillance for identifying SARS-CoV-2 infections in long-term care facilities, Kentucky, USA, 
2021–2022, Emerging Infectious Diseases, 30, 530–538. [PubMed: 38407144] 

La Rosa G, Bonadonna L, Lucentini L, Kenmoe S & Suffredini E (2020) Coronavirus in water 
environments: occurrence, persistence and concentration methods – a scoping review, Water 
Research, 179, 115899. [PubMed: 32361598] 

Lau-Ng R, Caruso LB & Perls TT (2020) COVID-19 Deaths in long-Term care facilities: a critical 
piece of the pandemic puzzle, Journal of the American Geriatrics Society, 68, 1895–1898. 
[PubMed: 32501537] 

Lee BE, Sikora C, Faulder D, Risling E, Little LA, Qiu Y, Gao T, Bulat R, Craik S, Hrudey SE, 
Ohinmaa A, Estabrooks CA, Gingras AC, Charlton C, Kim J, Wood H, Robinson A, Kanji 
JN, Zelyas N, O’Brien SF, Drews S & Pang XL (2021) Early warning and rapid public health 
response to prevent COVID-19 outbreaks in long-term care facilities (LTCF) by monitoring 
SARS-CoV-2 RNA in LTCF site-specific sewage samples and assessment of antibodies response 
in this population: prospective study protocol, BMJ Open, 11, e052282.

Lenz S, Franco L & Coulliette-Salmond A (2025) Detection of carbapenem-resistant enterobacterales 
from nursing home wastewater effluent from September 2021 to November 2021, Antimicrobial 
Stewardship G Healthcare Epidemiology, 3, s19–s19.

Loeb S, Graham K, Catoe D, Wolfe M, Boehm A & Wigginton K (2020) One-Step RT-
ddPCR for Detection of SARS-CoV-2, Bovine Coronavirus, and PMMoV RNA in RNA 
Derived From Wastewater or Primary Settled Solids. Berkeley, CA: Springer Nature. 10.17504/
protocols.io.bi6vkhe6.

Lu X, Wang L, Sakthivel SK, Whitaker B, Murray J, Kamili S, Lynch B, Malapati L, Burke SA, 
Harcourt J, Tamin A, Thornburg NJ, Villanueva JM & Lindstrom S (2020) US CDC real-time 

Santiago et al. Page 19

J Water Health. Author manuscript; available in PMC 2025 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reverse transcription PCR panel for detection of severe acute respiratory syndrome coronavirus 2, 
Emerging Infectious Diseases, 26, 1654–1665. [PubMed: 32396505] 

Lutgring JD, Zhu W, de Man TJB, Avillan JJ, Anderson KF, Lonsway DR, Rowe LA, 
Batra D, Rasheed JK & Limbago BM (2018) Phenotypic and genotypic characterization of 
enterobacteriaceae producing oxacillinase-48-Like carbapenemases, United States, Emerging 
Infectious Diseases, 24, 700–709. [PubMed: 29553324] 

McHugh C (2023) Procedures for Collecting Wastewater Samples. Washington, DC: U.S. 
Environmental Protection Agency.

Medema G, Heijnen L, Elsinga G, Italiaander R & Brouwer A (2020) 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, Environmental Science GTechnology Letters, 7, 511–516.

Meechan PJ & Potts J (2020) Biosafety in Microbiological and Biomedical Laboratories, 6th edn. 
Atlanta, GA: U.S. Department of Health and Human Services.

National Academies of Sciences, Engineering, and Medicine (2024) Increasing the Utility of 
Wastewater-Based Disease Surveillance for Public Health Action: A Phase 2 Report. Washington, 
DC: The National Academies Press.

Orive G, Lertxundi U & Barcelo D (2020) Early SARS-CoV-2 outbreak detection by sewage-based 
epidemiology, Science of the Total Environment, 732, 139298. [PubMed: 32417555] 

Paden CR, Tao Y, Queen K, Zhang J, Li Y, Uehara A & Tong S (2020) Rapid, sensitive, full-Genome 
sequencing of severe acute respiratory syndrome coronavirus 2, Emerging Infectious Diseases, 26, 
2401–2405. [PubMed: 32610037] 

Patnaik A, Lepene B & Barclay A (2020) Protocol for Capture and Concentration of Viruses 
From Wastewater Samples (up to 50 mL) Using Magnetic Nanotrap® Particles. Berkeley, CA: 
Springer Nature. Available at: https://protocols.io/view/protocol-for-capture-and-concentration-of-
viruses-bkauksew.

Pecson BM, Darby E, Haas CN, Amha YM, Bartolo M, Danielson R, Dearborn Y, Di Giovanni G, 
Ferguson C, Fevig S, Gaddis E, Gray D, Lukasik G, Mull B, Olivas L, Olivieri A & Qu Y 
(2021) Reproducibility and sensitivity of 36 methods to quantify the SARS-CoV-2 genetic signal 
in raw wastewater: findings from an interlaboratory methods evaluation in the U.S, Environmental 
Science, 7, 504–520. [PubMed: 34017594] 

Pinheiro LB, Coleman VA, Hindson CM, Herrmann J, Hindson BJ, Bhat S & Emslie KR (2012) 
Evaluation of a droplet digital polymerase chain reaction format for DNA copy number 
quantification, Analytical Chemistry, 84, 1003–1011. [PubMed: 22122760] 

Prussing C, Canulla T, Singh N, McAuley P, Gosciminski M, King E, Bandy U, Machado M-
J, Karlsson M, Musser KA, Huard RC & Nazarian EJ (2021) Characterization of the first 
carbapenem-resistant Pseudomonas aeruginosa clinical isolate harboring blaSIM-1 from the United 
States, Antimicrobial Agents and Chemotherapy, 65, e01066–21. [PubMed: 34339276] 

Rasile BMK (2021) SARS-CoV-2 Wastewater RNA Concentration and Extraction (Nanotrap® 
and NucleoMag® RNA Water). Berkeley, CA: Springer Nature. Available at: 10.17504/
protocols.io.bn58mg9w.

Scott LC, Aubee A, Babahaji L, Vigil K, Tims S & Aw TG (2021) Targeted wastewater surveillance 
of SARS-CoV-2 on a university campus for COVID-19 outbreak detection and mitigation, 
Environmental Research, 200, 111374. [PubMed: 34058182] 

Shepard SS, Meno S, Bahl J, Wilson MM, Barnes J & Neuhaus E (2016) Viral deep sequencing needs 
an adaptive approach: iRMA, the iterative refinement meta-assembler, BMC Genomics, 17, 708. 
[PubMed: 27595578] 

Shrader CD, Assadzandi S, Pilkerton CS & Ashcraft AM (2021) Responding to a COVID-19 outbreak 
at a long-Term care facility, Journal of Applied Gerontology, 40, 14–17. [PubMed: 32940123] 

Stachler E, Kelty C, Sivaganesan M, Li X, Bibby K & Shanks OC (2017) Quantitative CrAssphage 
PCR assays for human fecal pollution measurement, Environmental Science G Technology, 51, 
9146–9154.

Suzuki Y, Nazareno PJ, Nakano R, Mondoy M, Nakano A, Bugayong MP, Bilar J, Perez M. t., Medina 
EJ, Saito-Obata M, Saito M, Nakashima K, Oshitani H & Yano H (2020) Environmental presence 

Santiago et al. Page 20

J Water Health. Author manuscript; available in PMC 2025 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and genetic characteristics of carbapenemase-Producing enterobacteriaceae from hospital sewage 
and river water in the Philippines, Applied and Environmental Microbiology, 86, 1–10.

Tsoungui Obama HCJ, Adil Mahmoud Yousif N, Alawam Nemer L, Ngougoue Ngougoue PM, 
Ngwa GA, Teboh-Ewungkem M & Schneider KA (2021) Preventing COVID-19 spread in closed 
facilities by regular testing of employees-an efficient intervention in long-term care facilities and 
prisons?, PLoS One, 16, e0249588. [PubMed: 33886605] 

Turner D, Shkoporov AN, Lood C, Millard AD, Dutilh BE, Alfenas-Zerbini P, van Zyl LJ, Aziz RK, 
Oksanen HM, Poranen MM, Kropinski AM, Barylski J, Brister JR, Chanisvili N, Edwards RA, 
Enault F, Gillis A, Knezevic P, Krupovic M, Kurtböke I, Kushkina A, Lavigne R, Lehman S, 
Lobocka M, Moraru C, Moreno Switt A, Morozova V, Nakavuma J, Reyes Muñoz A, Rūmnieks 
J, Sarkar BL, Sullivan MB, Uchiyama J, Wittmann J, Yigang T & Adriaenssens EM (2023) 
Abolishment of morphology-based taxa and change to binomial species names: 2022 taxonomy 
update of the ICTV bacterial viruses subcommittee, Archives of Virology, 168, 74. [PubMed: 
36683075] 

Verlicchi P, Galletti A, Petrovic M & Barceló D, (2012) Micro-pollutants in hospital effluent: their 
fate, risk and treatment options. In: Barceló D (ed.) Emerging Organic Contaminants and Human 
Health, Berlin, Heidelberg: Springer.

Wang XW, Li JS, Guo TK, Zhen B, Kong QX, Yi B, Li Z, Song N, Jin M, Xiao WJ, Zhu XM, Gu 
CQ, Yin J, Wei W, Yao W, Liu C, Li JF, Ou GR, Wang MN, Fang TY, Wang GJ, Qiu YH, Wu 
HH, Chao FH& Li JW (2005) Concentration and detection of SARS coronavirus in sewage from 
Xiao Tang Shan Hospital and the 309th hospital, Journal of Virological Methods, 128, 156–161. 
[PubMed: 15964082] 

White L, Hopkins KL, Meunier D, Perry CL, Pike R, Wilkinson P, Pickup RW, Cheesbrough J 
& Woodford N (2016) Carbapenemase-producing Enterobacteriaceae in hospital wastewater: a 
reservoir that may be unrelated to clinical isolates, Journal of Hospital Infection, 93, 145–151. 
[PubMed: 27107615] 

Wu F, Zhang J, Xiao A, Gu X, Lee WL, Armas F, Kauffman K, Hanage W, Matus M, Ghaeli N, Endo 
N, Duvallet C, Poyet M, Moniz K, Washburne AD, Erickson TB, Chai PR, Thompson J & Alm EJ 
(2020) SARS-CoV-2 titers in wastewater are higher than expected from clinically confirmed cases, 
mSystems, 5, e00614–20. [PubMed: 32694130] 

Ye Y, Ellenberg RM, Graham KE & Wigginton KR (2016) Survivability, partitioning, and recovery of 
enveloped viruses in untreated municipal wastewater, Environmental Science G Technology, 50, 
5077–5085.

Santiago et al. Page 21

J Water Health. Author manuscript; available in PMC 2025 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HIGHLIGHTS

• Wastewater surveillance methods were successfully applied at a skilled 

nursing facility.

• Electronegative membrane filtration resulted in the highest viral recovery.

• Carbapenem resistance genes were detected in wastewater samples using 

clinical assays.
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Figure 1 |. 
Phenotypic screening for carbapenem-resistant (CRE) and ESBL-producing 

Enterobacterales from wastewater samples collected at a single SNF between September 

2021 to November 2021. Values are presented as percent of total Colilert-18 E. coli positive 

isolates (n = 24) recovered from selective agar media. Isolates were E. coli and KEC genera 

and were either plated directly on selective media from IDEXX frozen stocks or enriched in 

tryptic soy broth (TSB) prior to plating on selective media.
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Figure 2 |. 
(a)–(c) Recovery of exogenous and endogenous controls spiked into SNF wastewater 

samples using polyethylene glycol (PEG) precipitation, nanoparticles (NP), and electro-

negative membrane filtration (enMF) concentration methods for (a) BRSV (log10 genome 

copies per μl), (b) cross-assembly phage (crAssphage; log10 genome copies per μl), and 

(c) pepper mild mottle virus (PMMoV; log10 genome copies per μl). Values are log10 

normalized medians ± standard deviation (n = 23). In these box plots, center lines represent 

medians, box limits indicate the 25th and 75th percentiles, and whiskers extend 1.5 times the 

Santiago et al. Page 24

J Water Health. Author manuscript; available in PMC 2025 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interquartile range. Data points beyond this range are outliers. Asterisks indicate significant 

differences between concentration methods ( p-value < 0.005). Wastewater samples were 

collected from a single SNF from September 2021–November 2021.
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