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A B S T R A C T   

Targeted wastewater surveillance of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been 
proposed by the United States Centers for Disease Control and Prevention’s National Wastewater Surveillance 
System as a complementary approach to clinical surveillance to detect the presence of Coronavirus Disease 2019 
(COVID-19) at high-density facilities and institutions such as university campuses, nursing homes, and correc-
tional facilities. In this study we evaluated the efficacy of targeted wastewater surveillance of SARS-CoV-2 RNA 
together with individual-level testing for outbreak mitigation on a university campus during Fall 2020 semester. 
Wastewater samples (n = 117) were collected weekly from manholes or sewer cleanouts that receive wastewater 
inputs from dormitories, community-use buildings, and a COVID-19 isolation dormitory. Quantitative RT-PCR 
N1 and N2 assays were used to measure SARS-CoV-2 nucleocapsid genes in wastewater. Due to varying 
human waste input in different buildings, pepper mild mottle virus (PMMV) RNA was also measured in all 
samples and used to normalize SARS-CoV-2 N1 and N2 RNA wastewater concentrations. In this study, temporal 
trends of SARS-CoV-2 in wastewater samples mirrored trends in COVID-19 cases detected on campus. Normal-
izing SARS-CoV-2 RNA concentrations using human fecal indicator, PMMV enhanced the correlation between N1 
and N2 gene abundances in wastewater with COVID-19 cases. N1 and N2 genes were significant predictors of 
COVID-19 cases in dormitories, and the N2 gene was significantly correlated with the number of detected COVID- 
19 cases in dormitories. By implementing several public health surveillance programs include targeted waste-
water surveillance, individual-level testing, contact tracing, and quarantine/isolation facilities, university health 
administrators could act decisively during an outbreak on campus, resulting in rapid decline of newly detected 
COVID-19 cases. Wastewater surveillance of SARS-CoV-2 is a proactive outbreak monitoring tool for university 
campuses seeking to continue higher education practices in person during the COVID-19 pandemic.   

1. Introduction 

The ongoing pandemic of Coronavirus Disease 2019 (COVID-19) 
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2) has impacted all aspects of the global community and individual daily 
function. Although public health professionals around the world are 
working to limit the spread the SARS-CoV-2, the disease containment 
has been outpaced by viral spread and limited resources for testing. The 
current clinical disease surveillance, which does not adequately test 
asymptomatic individuals, limits the ability of decision makers to 
determine when and where outbreaks are occurring within their com-
munities. Wastewater surveillance of SARS-CoV-2 is an emerging public 

health tool to understand the spread of COVID-19 in communities and is 
currently being implemented worldwide (D’Aoust et al., 2021; Hasan 
et al., 2021; La Rosa et al., 2020; Medema et al., 2020; Peccia et al., 
2020; Randazzo et al., 2020; Westhaus et al., 2021). 

There is a long history of the use of environmental surveillance to 
monitor the circulation of enteric viruses such as noroviruses, rotavi-
ruses, hepatitis A virus, as well as wild and vaccine strains of poliovirus 
in population (Hovi et al., 2012; Lodder et al., 2012; Majumdar et al., 
2018; Metcalf et al., 1995; Wang et al., 2020a). SARS-CoV-2 is spread 
primarily by human-to-human transmission via aerosols and droplets, 
direct contact with an infected subject or indirect contact via 
hand-mediated transfer of the virus from contaminated fomites (Azimi 
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et al., 2021; Edwards et al., 2021; Ferretti et al., 2020; Harrison et al., 
2020; Wang et al., 2020c). However, SARS-CoV-2 also can infect 
gastrointestinal glandular epithelial cells and is excreted in feces of 
infected individuals including asymptomatic individuals (Xiao et al., 
2020; Zhang et al., 2020). Therefore, the virus could enter the sewer 
system via human excretions. This suggests that wastewater may be used 
to monitor progression or abatement of viral spread at the community 
level complementary to individual testing. Additionally, wastewater 
surveillance is particularly useful to provide an early indication of 
re-emergence of SARS-CoV-2 in communities that contained an initial 
outbreak or with low disease prevalence. It has been demonstrated that 
SARS-CoV-2 genetic signal in wastewater precedes the detection of cases 
of COVID-19 in the population by 2–7 days (Medema et al., 2020). 

To date, wastewater monitoring for SARS-CoV-2 has primarily 
focused on untreated wastewater influent received at centralized 
wastewater treatment plants (Carrillo-Reyes et al., 2020; D’Aoust et al., 
2021; Gonzalez et al., 2020; Nemudryi et al., 2020; Sherchan et al., 
2020; Wu et al., 2020). Although this downstream sampling approach 
provides broad municipality-level data, it cannot be directly used to 
guide more localized estimates and related interventions. Another 
approach is to focus on upstream wastewater sample collection, for 
example directly from sewer holes and wastewater lift stations, which 
allows for more community- or neighborhood-level granular resolution. 
This targeted community-level wastewater sampling can be deployed in 
settings with a high risk of COVID-19 transmission such as in nursing 
homes, university campuses, factory and industrial workplaces, and 
correctional facilities to inform early disease containment and mitiga-
tion measurements. 

The ongoing pandemic provides an opportunity to field test the hy-
pothesis that wastewater surveillance can be employed to monitor the 
temporal and spatial dynamics of infectious disease transmission within 
a given community. To date, there are few data on the effectiveness of 
targeted wastewater surveillance for COVID-19 to guide institutional 
operations and outbreak mitigation (Ahmed et al., 2020; Betancourt 
et al., 2021; Gibas et al., 2021; Hong et al., 2021; Wang et al., 2020b). 
Therefore, in this study, we examined the effectiveness of weekly 
wastewater surveillance of COVID-19 in conjunction with 
individual-level testing for outbreak mitigation on a university campus. 
The objectives of this study were to (i) monitor wastewater collected 
from individual buildings on a university campus for SARS-CoV-2 
nucleocapsid 1 (N1) and nucleocapsid 2 (N2) genes using quantitative 
reverse transcription PCR (RT-qPCR); (ii) compare the SARS-CoV-2 RNA 
signals in wastewater to the reported COVID-19 cases in a university 
community; and (iii) determine if dormitory types, grouped by room 
style and bathroom access, affect the detection of SARS-CoV-2 genes in 
wastewater. The combination of frequent individual nasal swab tests of 
university constituents and weekly wastewater monitoring was a unique 
approach to outbreak surveillance on a university campus. 

2. Materials and methods 

2.1. Wastewater samples and sampling strategies 

Tulane University, located in New Orleans, Louisiana, had an overall 
enrollment of 14,062 students in the 2020–2021 academic year with 
8,610 undergraduate students and 5,452 graduate and professional 
students. The dormitories on the main campus were the primary focus of 
the COVID-19 wastewater surveillance. Wastewater samples from two 
community-use buildings, a student union and a library, were also 
collected to inform on the potential spread of the virus among university 
staff and students living off campus. 

During the Fall 2020 semester (August 19, 2020–December 1, 2020), 
wastewater samples were collected from manholes serving single 
buildings, sewer cleanouts, and municipal manholes (Table S1). Sam-
pling preference was given to buildings with single building manholes or 
8′′ diameter sewer cleanouts. Wastewater samples were also collected 

from a COVID-19 isolation dormitory to use as a positive sampling 
method control in this study. The isolation dormitory was used only as a 
living space for isolating campus residents after testing positive for 
COVID-19. Three dormitory types were sampled: dormitories with 
communal bathrooms (greater than 10 people sharing a bathroom), 
suite style dormitories (5–10 people sharing a bathroom), and apart-
ment style dorms (fewer than 5 people sharing a bathroom). Two dor-
mitories of each type were monitored weekly. Two community use 
buildings, a library and a student union, were also sampled weekly. Prior 
to the start of the Fall 2020 semester, wastewater from each building 
was sampled for background measures of SARS-CoV-2 RNA. 

Approximately 500 ml of grab samples of wastewater were collected 
between 10:30 a.m. and 11:30 a.m. weekly, when wastewater levels in 
sampled manholes were observably higher. All samples were immedi-
ately processed or stored at 4 ◦C for up to 72 h until analysis. Turbidity 
and pH were measured immediately after sampling. A total of 117 
wastewater samples were collected during the surveillance. 

2.2. Concentration of wastewater samples for SARS-CoV-2 

Viruses were concentrated from 200 ml of wastewater using a 
polyethylene glycol (PEG) precipitation (Borchardt et al., 2017). Briefly, 
the samples were mixed with 8% (w/vol) molecular biology grade PEG 
8000 (Promega Corporation, Madison WI) and 0.2 M NaCl (w/v). The 
samples were mixed slowly on magnetic stirrer at 4 ◦C for 2 h and then 
held at 4 ◦C for 16 h. Following the overnight incubation, samples were 
centrifuged at 4700×g for 45 min at 4 ◦C. The supernatant was then 
removed, and the pellet was resuspended in the remaining liquid, 
approximately 2–4 ml. All sample concentrates were immediately pro-
ceeded to RNA extraction and RT-qPCR. 

To determine the virus recovery of the PEG method, Pseudomonas 
phage Phi6 was inoculated in a subset of 13 wastewater samples. Phage 
Phi6 and its bacterial host Pseudomonas syringae were kindly provided by 
Dr. Krista Wigginton’s lab at University of Michigan. Pseudomonas phage 
Phi6 has been used as a model enveloped virus in virus recovery and 
persistence studies in wastewater and microdroplets (Aquino de Car-
valho et al., 2017; Fedorenko et al., 2020; Titcombe Lee et al., 2016; Ye 
et al., 2016). Phi6 was inoculated into 200 ml of wastewater samples at a 
concentration of 103 plaque forming unit per ml. Recovery efficiencies 
were determined by comparing the concentration of the spiked phage 
Phi6 in each sample before and after concentration using reverse tran-
scription droplet digital PCR (RT-ddPCR). 

2.3. Viral nucleic acid extraction 

Viral ribonucleic acid (RNA) was extracted from wastewater con-
centrates using the Qiagen QIAmp Viral RNA Minikit (Qiagen, Germany) 
according to the manufacturer’s protocol. In this study, a total of 200 μl 
of concentrate was used for RNA extraction resulting in a final elution 
volume of 80 μl. 

2.4. Detection and quantification of SARS-CoV-2 and pepper mild mottle 
virus (PMMV) RNA using RT-qPCR 

One-step RT-qPCR approach was used to quantify SARS-CoV-2 and 
PMMV gene markers in wastewater samples. All the primers and probes 
used in this study are listed in Table S2. For SARS-CoV-2, amplification 
reaction mixtures (final total volume of 20 μl) contained five μl template 
RNA, 15 μl of 2 × qScript one-step RT-qPCR ToughMix (QuantaBio), 
300 nM and 500 nM of forward primer for N1 and N2, respectively, 500 
nM and 800 nM of reverse primer for N1, and N2, respectively, and 200 
nM of probe. The thermal cycling protocol was as follows: 10 min at 
50 ◦C for cDNA synthesis, 3 min at 95 ◦C for initial denaturation, fol-
lowed by 45 cycles of two steps consisting of 3 s at 95 ◦C and 30 s at 
55 ◦C. Quantitative synthetic SARS-CoV-2 RNA included fragments from 
nucleocapsid and envelope regions (ATCC VR-3276SD) and was used to 
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generate standard curves. qPCR amplification efficiencies for the 
quantification of the N1 and N2 gene assays were 92.6 ± 4.3% and 95.1 
± 3.4%, respectively. The correlation coefficients (R2) of the standard 
curves of N1 and N2 gene assays were 0.968 ± 0.002 and 0.982 ± 0.004, 
respectively. Limits of detection were determined based on the lowest 
copy number of the SARS-CoV-2 synthetic RNA templates with detect-
able CT values. The limit of detection for both gene targets was one gene 
copy per reaction. 

Fecal indicator viral molecular target PMMV was analyzed to ac-
count for differences in building occupancy levels (human waste input) 
and changes in wastewater dilution (Haramoto et al., 2013). Amplifi-
cation reaction mixtures for analysis of the PMMV gene (final total 
volume of 20 μl) contained five μl template RNA, 15 μl of 2 × qScript 
one-step RT-qPCR ToughMix (QuantaBio), 500 nM of forward primer for 
PMMV gene, 500 nM of reverse primer for PMMV gene, and 200 nM of 
probe. The thermal cycling protocol was as follows: 10 min at 50 ◦C for 
cDNA synthesis, 30 s at 95 ◦C for initial denaturation, followed by 45 
cycles of two steps consisting of 5 s at 95 ◦C and 60 s at 60 ◦C. Quan-
titative synthetic DNA fragments (gBlock, Integrated DNA Technology) 
were used to generate standard curves. qPCR amplification efficiencies 
for the quantification of the PMMV gene was 100.39 ± 4.28% and the 
correlation coefficient (R2) of the standard curve was 0.997 ± 0.002. 
The limit of detection was one gene copy per reaction. Limits of detec-
tion were determined based on the lowest copy number of the PMMV 
synthetic DNA g-block templates with detectable CT values. 

All RT-qPCR reactions were performed using a StepOne Plus™ real- 
time PCR sequence detector (Applied Biosystems, Foster City, CA). For 
each assay, a 10-fold diluted standard curve of at least five points, a non- 
template control, and samples were tested in triplicate. Sample pro-
cessing blank and extraction blank using sterile water were also included 
for each assay as negative controls. 

Samples tested negative for both SARS-CoV-2 and PMMV RNA were 
re-analyzed for RT-qPCR inhibition. Known copy numbers of SARS-CoV- 
2 synthetic RNA (1 × 103 gene copies per reaction) were added in new 
N1 RT-qPCR reactions (with molecular grade water) and the CT values 
obtained were used as reference points. The CT value for uninhibited 
samples was 33.7 ± 0.1. The same amount of SARS-CoV-2 synthetic RNA 
was also added in extracted RNA from wastewater samples and N1 RT- 
qPCR assay was repeated. Reactions were considered inhibited if the CT 
value of a wastewater RNA sample was greater than three CT value for 
the control sample (molecular grade water) (Staley et al., 2012). In this 
study, only one wastewater sample contained inhibitors of the RT-qPCR 
since the mean CT value for the spiked SARS-CoV-2 synthetic RNA was 
39.7. The RNA sample was diluted 5-fold and 10-fold for re-analysis. 

2.5. Detection and quantification of Phi6 phage RNA using RT-ddPCR 

One-step RT-ddPCR approach with a QX200 ddPCR system (Bio-Rad, 
CA, USA) was used to quantify the Phi6 RNA to determine the recovery 
efficiencies for PEG concentration method. Each reaction contained a 
final concentration of 1 × Supermix (One-Step RT-ddPCR Advanced Kit 
for Probes, Bio-Rad, CA, USA), 20 U per ul of reverse transcriptase (RT) 
(Bio-Rad, CA, USA), 15 mM DTT, 900 nM of each primer, 250 nM of 
probe, 1 μl of molecular grade RNAse-free water, and 5.5 μl of template 
RNA for a final reaction volume of 22 μl. Droplet generation was per-
formed by microfluidic mixing of 20 μl of each reaction mixture with 70 
μl of droplet generation oil in a droplet generator (Bio-Rad, CA, USA) 
resulting in a final volume of 40 μl of reaction mixture-oil emulsions. 
The resulting droplets were then transferred to a 96-well PCR plate 
which was heat-sealed with foil and placed into a C1000 96-deep well 
thermocycler (Bio-Rad, CA, USA) for PCR amplification using the 
following parameters: 25 ◦C for 3 min, 50 ◦C for 60 min, 95 ◦C for 10 
min, followed by 40 cycles of 95 ◦C for 30 s and 60 ◦C for 1 min with 
ramp rate of 2 ◦C per second followed by a final cycle of 98 ◦C for 10 min. 
Following PCR, each 96-well plate was transferred to a QX200 Droplet 
Reader (Bio-Rad, CA, USA) for the concentration determination through 

the detection of positive droplets containing each gene target by spec-
trophotometric detection of the fluorescent probe signal. 

2.6. Individual-level testing for students and university staff 

During the Fall 2020 academic semester, Tulane University required 
COVID-19 nasal swab testing for all students, faculty, and staff. The 
frequency of testing varied among different groups of the community. 
Both on campus and off campus undergraduate students were required 
to get tested twice per week. Graduate and professional students, fac-
ulty, and university staff were required to get tested every two weeks. 
Frequency of testing was increased by the university when testing pos-
itivity rates were approximately 2% or higher than the positivity rate of 
the surrounding city of New Orleans. 

2.7. Data analysis 

All distributions of gene concentrations were non-normal. The ratio 
of SARS-CoV-2 to human fecal control (PMMV) concentrations were 
determined for each wastewater sample to account for differences in 
building occupancy and human waste input by dividing the concentra-
tion of N1 or N2 by the PMMV concentration for the same sample. If 
none of the gene targets, N1, N2, nor PMMV, were detected then sample 
was excluded from statistical analysis. To test the efficacy of the N1 and 
N2 genes in wastewater for indicating the number of COVID-19 cases, 
the gene concentrations with and without PMMV normalization were 
tested for correlation against the number of COVID-19 cases detected 
among residents in that dormitory for the same day as wastewater 
sampling occurred. For community-use buildings, the correlation was 
run against the total number of COVID-19 cases detected on campus for 
the same day as wastewater sampling. To assess correlation the 
Spearman R test was used. To assess the association of pH and turbidity 
with gene copy concentrations, pH and turbidity parameters were 
logarithmically transformed and a simple linear regression was run. For 
comparisons of gene copy concentrations between multiple buildings, 
the Kruskal-Wallis test was used. An alpha of 0.05 was used as the 
threshold of statistical significance for all tests. Statistical tests were 
performed using Prism (GraphPad). 

3. Results 

3.1. Wastewater characteristics and recovery of Phi6 in wastewater 

The wastewater samples collected directly from manholes or sewer 
cleanouts of different buildings had an average pH of 8.68, and average 
turbidity of 125.66 NTU (Table S3). Wastewater samples collected in 
this study showed a wide range of turbidity, ranging from 2.52 NTU to 
604 NTU. Little variation in pH was observed. Increasing pH was posi-
tively correlated with SARS-CoV-2 N2 gene concentrations in waste-
water (p = 0.022, R2 = 0.0815) (Figure S1). pH was not correlated with 
N1 gene concentrations (p = 0.1353, R2 = 0.0387). Turbidity was not 
associated with N1 (p = 0.6097, R2 = 0.0046) or N2 (p = 0.4065, R2 =

0.0115) gene concentrations in wastewater. 
The recovery of Pseudomonas phage Phi6 by PEG precipitation 

ranged from 2.1% to 33.7% (average of 15.2%) (Table S4). Viral re-
covery was not significantly affected by pH (P = 0.3995) or turbidity (P 
= 0.3801) of wastewater. 

3.2. SARS-CoV-2 RNA in wastewater samples and COVID-19 cases on a 
university campus 

Prior to the start of the semester, seven wastewater samples were 
collected. SARS-CoV-2 RNA was not detected in those samples (Table 1). 
During the Fall 2020 semester, 110 wastewater samples were collected 
from different buildings on campus. Three samples were negative for all 
viral gene targets (SARS-CoV-2 N1, N2 and PMMV genes). Of 107 viral 
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positive wastewater samples, N1 and N2 genes were detected in 58 
(54.2%) and 58 (54.2%) samples, respectively. Both N1 and N2 genes 
were detected in 53 (49.5%) samples. The average gene copies of N1 and 
N2 were 1.75 × 103 copies/100 mL and 6.76 × 103 copies/100 mL, 
respectively (Table 2). The average PMMV concentration detected in 
wastewater samples was 1.06 × 103 copies/100 mL (Table 2). 

From August 1, 2020 to December 1, 2020, a total of 1476 cases of 
COVID-19 were detected among students, staff, and faculty at Tulane 
University (Table 1). In general, temporal trends of SARS-CoV-2 in 
wastewater, particularly, after human fecal marker normalization, 
mirrored trends in COVID-19 case data (Fig. 1). 

3.3. The detection of SARS-CoV-2 RNA in wastewater and COVID-19 
cases by dormitory and building use type 

In this study, wastewater samples were collected from three dormi-
tory types. The N1 gene was detected in 70% of wastewater samples 

taken from dormitories with communal bathrooms, 56% of samples 
from suite style dormitories, and 24% of apartment style dormitory 
samples (Fig. 2A). The detection rates of N2 gene followed the similar 
trend as N1 with higher detection rate was observed in wastewater 
samples collected from dormitories with communal bathrooms (Fig. 2B). 
Type of dormitory was significantly associated with the frequency of the 
detection of N1 and N2 genes (P = 0.0055 and P = 0.0062, respectively). 
When comparing with other dormitory types, higher mean concentra-
tions of SARS-CoV-2 RNA were detected in wastewater from dormitories 
with communal bathrooms (Table 2). For Communal Bathroom Dorm 2 
in particular, both gene copies (P = 0.0006) and SARS-CoV-2/PMMV 
ratios (P = 0.0004) were significantly correlated with the number of 
COVID-19 cases detected among residents of that dormitory (Fig. 3). 

On average, N1 and N2 gene copy numbers in wastewater from both 
suite style and apartment style dormitories were lower than those in 
wastewater from dormitories with communal bathrooms (Table 2). The 
manholes used to collect wastewater from both suite style dormitories 
are municipal manholes, serving nearby neighborhoods. N1 and N2 
genes were detected in both manholes when no COVID-19 cases were 
identified in the respective dormitories (Figure S2). N1 and N2 gene 
concentrations in wastewater from both suite style dormitories did not 
significantly correlate with the COVID-19 cases detected in those dor-
mitories (Figure S2). A similar trend was observed for the apartment 
style dormitories (Figure S3). 

The highest mean concentrations of SARS-CoV-2 RNA were detected 
in wastewater samples collected from COVID-19 isolation dormitory, a 
living space for students who have tested positive (Table 2). The N2 gene 
in wastewater was significantly correlated with the number of COVID- 
19 positive residents in the isolation dormitory when normalized with 
PMMV (P = 0.0480) (Fig. 4). 

For community use buildings on campus, 10 out of the 26 (38.5%) 
analyzed wastewater samples tested positive for either one of the two 
nucleocapsid genes of SARS-CoV-2 (Table 2, Figure S4). The average 
concentrations of both genes ranged from 2.25 × 101 gene copies/100 
ml to 2.75 × 103 gene copies/100 mL. These data suggest that infectious 
individuals, including those living off campus, utilized community 
spaces. Students who tested positive for COVID-19 were required to 
isolate. 

When normalizing SARS-CoV-2 concentrations using the PMMV 
control to account for changes in wastewater dilution and differences in 
human waste input in different buildings, the ratios of SARS-CoV-2 to 
PMMV varied significantly between all building types (Fig. 5). The N2/ 
PMMV ratios were significantly higher in wastewater from dormitories 
with communal bathrooms than from suite style dormitories (P =
0.024). The N2/PMMV ratios were not significantly different in waste-
water from dormitories with communal bathrooms and from the COVID- 
19 isolation dormitory (Fig. 5). 

3.4. The detection of SARS-CoV-2 and PMMV RNA in wastewater and 
COVID-19 cases by sewer access types 

We also determined if the type of sewer access for sampling affects 
the detection of SARS-CoV-2 and PMMV RNA. The correlations between 
viral gene concentrations in wastewater from the type of sewer access 
(municipal manholes, manholes serving only a single building and sewer 
cleanout) and the respective number of COVID-19 cases were examined. 
Concentrations of PMMV RNA were significantly higher in wastewater 
samples collected from municipal manholes than those from single 
building manholes (P = 0.0102) (Fig. 6). Spearman R values for 
wastewater from each building and its associated sewer access type are 
shown in Table S5. Among tested dormitories, there was a significant 
stochastic difference in variation among Spearman R values for the three 
sewer access types (P = 0.0093) (Fig. 6). Spearman R values were 
significantly higher for N1 and N2 gene concentrations in wastewater 
samples from single building manholes than municipal manholes (P =
0.0294). 

Table 1 
Monthly detection rates of SARS-CoV-2 RNA in campus wastewater samples and 
COVID-19 cases.  

Month Number wastewater samples positive/Total 
number samples (%) 

COVID-19 Cases 

N1 N2 

July 0/7 (0%) 0/7 (0%) 0a 

August 2/5 (40%) 2/5 (40%) 269 
September 20/35 (57%) 18/35 (51%) 478 
October 15/27 (56%) 15/27 (56%) 183 
November 18/35 (51%) 20/35 (57%) 526 
December 3/8 (38%) 3/8 (38%) 20a 

aCOVID-19 individual-level testing began on July 28, 2020 and ceased on 
December 6, 2020. 

Table 2 
Concentrations of SARS-CoV-2 (unnormalized N1, N2) and PMMV gene targets 
detected in wastewater from each building.  

Sample site Site ID N1 mean 
(range) Gene 
copies/100 mL 

N2 mean 
(range) Gene 
copies/100 
mL 

PMMV mean 
(range) Gene 
copies/100 mL 

Apartment 
Dorm 1 

AD1 
(n =
9) 

2.67 × 102 

(NDa-1.83 ×
103) 

5.20 × 102 

(ND-2.36 ×
103) 

1.46 × 103 (ND- 
7.26 × 103) 

Apartment 
Dorm 2 

AD2 
(n =
13) 

2.32 × 101 (ND 
-3.00 × 102) 

8.16 × 101 

(ND –1.06 ×
103) 

2.07 × 103 

(2.17 ×
101–1.70 × 104) 

Suite Dorm 1 SD1 
(n =
9) 

1.76 × 102 (ND 
– 9.42 × 102) 

1.17 × 102 

(ND – 5.09 ×
102) 

9.09 × 102 

(1.12 ×
102–2.40 × 103) 

Suite Dorm 2 SD2 
(n =
8) 

8.25 × 101 (ND 
–5.07 × 102) 

1.30 × 102 

(ND – 5.47 ×
102) 

1.02 × 103 

(2.22 ×
102–1.65 × 103) 

Communal 
Bathroom 
Dorm 1 

CD1 
(n =
14) 

5.09 × 103 (ND 
– 3.68 × 104) 

7.90 × 103 

(ND – 8.02 ×
104) 

8.66 × 102 (ND 
– 5.74 × 104) 

Communal 
Bathroom 
Dorm 2 

CD2 
(n =
14) 

2.26 × 103 (ND 
– 3.02 × 104) 

1.47 × 103 

(ND –1.39 ×
104) 

4.66 × 102 

(3.74 ×
101–1.12 × 103) 

Community 
Building 1 

CB1 
(n =
13) 

2.25 × 101 (ND 
–1.16 × 102) 

9.70 × 101 

(ND – 4.47 ×
102) 

7.85 × 102 (ND 
–2.05 × 103) 

Community 
Building 2 

CB2 
(n =
13) 

6.24 × 102 (ND 
–6.04 × 102) 

2.75 × 103 

(ND – 3.30 ×
104) 

1.47 × 103 

(2.83 ×
103–7.10 × 103) 

COVID-19 
Isolation 
Dorm 

ID (n 
= 14) 

5.27 × 103 

(1.62 ×
102–3.38 ×
104) 

3.91 × 104 

(ND – 3.56 ×
105) 

7.50 × 102 (ND 
–4.29 × 104)  

a ND denotes samples in which the gene targeted was below the limit of 
detection. 
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3.5. Assessment of N1 and N2 gene assays in wastewater 

The U.S. Centers for Disease Control and Prevention (CDC) currently 
recommends two different RT-PCR assays for the detection of SARS- 
CoV-2: N1 and N2 assays both targeting virus nucleocapsid gene. In 
this study, we compared the detection rates and gene concentrations 
using these assays to better understand if future wastewater surveillance 
studies require the analysis of two gene targets simultaneously. Across 

all wastewater samples, N1 and N2 gene concentrations did not signif-
icantly differ (P = 0.3572) (Figure S5). Concentrations of N1 (P <
0.0001) and N2 (P < 0.0001) genes in wastewater were significantly 
correlated with the number of COVID-19 cases detected in a dormitory 
(Table 3). The detection rates of N1 (OR = 3.958) and N2 (OR = 2.829) 
genes in wastewater significantly predicted the presence of COVID-19 
cases in dormitories. This association was stronger when both genes 
were analyzed together (P = 0.0093). Together, the N1 and N2 genes 

Fig. 1. Temporal trends in SARS-CoV-2 wastewater data and COVID-19 cases on campus from August to December 2020. 
(A) Average N1 and N2 gene concentrations of all buildings for each sampling date with the number of COVID-19 cases detected on campus. (B) Average N1 and N2/ 
PMMV ratios of all buildings for each sampling date with the number of COVID-19 cases detected on campus. Error bars indicate standard deviation. 

Fig. 2. Frequency of SARS-CoV-2 genes detection in wastewater by dormitory type. 
(A) Frequency of N1 gene detection by dormitory types. (B) Frequency of N2 gene detection by dormitory types. 
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had a negative predictive power of 61.3% and a positive predictive 
power of 71.4%. 

4. Discussion 

The primary objective of this study was to evaluate the efficacy of 
targeted wastewater surveillance of SARS-CoV-2 RNA as an outbreak 
mitigation tool for COVID-19 on a university campus. Both SARS-CoV-2 
N1 and N2 genes were detected in wastewater samples collected from 
dormitories and community-use buildings. Normalizing SARS-CoV-2 
RNA concentrations using human fecal controls, PMMV increased the 
correlations between SARS-CoV-2 RNA concentrations in wastewater 
and the COVID-19 cases detected in the same building. This indicates 
that accounting for the quantity of human waste input is important 
when comparing virus concentrations between samples over time, 
particularly for grab sampling from sanitary sewers. PMMV was used 
because several studies have shown that PMMV is the most abundant 
RNA virus in human stool and a promising indicator of human fecal 
source (Colson et al., 2010; Rosario et al., 2009; Zhang et al., 2005). 
Unexpectedly, turbidity was not significantly associated with the 
detection of N1 and N2 genes in wastewater. Therefore, measurement of 
wastewater turbidity may not be as reliable of an indicator of fecal waste 
as fecal indicator viral molecular targets such as PMMV. 

In this study, both SARS-CoV-2 N1 and N2 genes in wastewater were 
reliable markers for the presence of COVID-19 cases in dormitories. 
While highly correlated to each other, N2 gene was the more precise and 
reliable indicator of COVID-19 case numbers in a dormitory than N1 
gene. Conversely, the N1 gene was the more reliable indicator of the 
presence or absence of any COVID-19 cases in a dormitory of the two 

genes. Combining N1 and N2 results from wastewater provided the most 
reliable prediction of the presence of COVID-19 cases in a dormitory, 
while N2 alone was the best tested predictor of the number of COVID-19 
cases in a single dormitory. Depending on the action policy threshold for 
university outbreak surveillance teams, different gene target approaches 
could be taken. If the goal is to determine whether any cases of COVID- 
19 are present in a dormitory, both N1 and N2 assays could be used. If 
the desired metric is to estimate the number of COVID-19 cases present 
in a dormitory, the N2 assay alone could be employed. While N1 and N2 
genes were not always significantly correlated with COVID-19 case 
numbers detected on the same day of wastewater sampling, it is clear 
that the trend of N1 and N2 gene concentrations in wastewater follow 
the trend of COVID-19 cases over time. The trend is best displayed in 
dormitories with greater resident density, such as CD1 and CD2, and the 
COVID-19 isolation dormitory. However, further research is needed to 
develop accurate and reliable wastewater models for the prediction of 
COVID-19 cases for a building-level by incorporating virus excretion 
rates in human stool and the persistence of SARS-CoV-2 in wastewater. 
Characterization of fecal load by demographic and temporally during 
infection will increase the power of future SARS-CoV-2 wastewater 
models. In this study, RT-qPCR assays targeting only the nucleocapsid 
gene of SARS-CoV-2 were used. Further wastewater monitoring to 
include the assessment of other gene targets, for example the envelope 
gene, to provide a complementary information regarding COVID-19 
cases is warranted (Corman et al., 2020). 

Manholes serving an individual building were the most efficient 
sewer access sites for targeted wastewater surveillance. Negative 
Spearman R values for municipal manholes and the number of COVID- 
19 cases detected in the same building may be due to background 

Fig. 3. Temporal trends in SARS-CoV-2 wastewater data for dormitories with communal bathrooms and COVID-19 cases detected in those dormitories. 
(A) N1 and N2 gene concentrations during Fall 2020 semester in CD1 wastewater (B) N1 and N2 gene concentrations during Fall 2020 semester in CD2 wastewater. 
(C) N1 and N2/PMMV ratios in CD1 wastewater. (D) N1 and N2/PMMV ratios in CD2 wastewater. 
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viral loads from surrounding neighborhood input. This is supported by 
the significantly higher PMMV concentrations found in municipal 
manholes as compared to single building manholes. The buildings SD1 
and SD2, both served by municipal manholes, had positive detection of 
N1 and N2 genes when no cases of COVID-19 were detected in the 
respective dormitory. Sewer cleanouts presented another sampling 
challenge because of the pipe design and diameter. Despite the sampling 
constraints, PMMV concentrations in wastewater samples collected from 
the sewer cleanout did not significantly differ from either single building 
manholes or municipal manholes. In the development of targeted 
wastewater surveillance plan, we recommend identifying manholes or 
sewer cleanouts serving an individual building before resorting to 
sampling of municipal manholes. 

We demonstrated that by combining wastewater surveillance, 
frequent testing of individuals, extensive contact tracing, and providing 
quarantine housing enabled us to monitor and mitigate COVID-19 out-
breaks on a university campus. During this investigation, an outbreak 
was detected in the first week of November, shown both in case numbers 
of university-wide individual testing and wastewater data of dormitories 
with shared bathrooms (Fig. 3). The robust data offered by individual- 
level testing and wastewater surveillance allowed campus health offi-
cials to effectively mitigate the outbreak by enforcing more strict social 
distancing guidelines for the most affected dormitories. Case numbers in 
these dormitories, CD1 and CD2, dropped drastically after the imple-
mentation of these guidelines on November 5, 2020 (Fig. 3). The same 
outbreak was not detected in the wastewater for AD2 (Figure S3). We 
hypothesized that detected cases were contact traced, moved to a 
quarantine facility, and later tested positive. These detected cases would 

Fig. 4. Temporal trends in SARS-CoV-2 wastewater data for COVID-19 isolation dormitory and the number of residents. 
(A) N1 and N2 gene concentrations in COVID-19 isolation dormitory wastewater during Fall 2020 semester. (B) N1 and N2/PMMV ratios in COVID-19 isolation 
dormitory wastewater during Fall 2020 semester. 

Fig. 5. A comparison of SARS-CoV-2 gene/PMMV ratios by building use type.  
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not have been staying in AD2 at the time of their case detection, but in a 
quarantine facility. 

A secondary objective of this study was to determine the effects of 
different dormitory styles on the frequency of SARS-CoV-2 gene detec-
tion in wastewater and COVID-19 cases. While N1/PMMV ratios did not 
significantly differ across building types, N2/PMMV ratios were higher 
in communal bathroom dormitories than suite style dormitories. Addi-
tionally, N1 and N2 genes were detected more frequently in wastewater 
samples collected from communal bathroom dormitories than other 
dormitory types. Further investigation is required to determine if den-
sity of residents in a dormitory or behavioral quality of students in 
certain types of dormitories are associated with the increased COVID-19 
transmission. 

Ideally, for wastewater surveillance, composite samples should be 
collected using automated samplers, because grab samples may be less 
representative of community fecal contributions (Medema et al., 2020; 
Polo et al., 2020). However, the use of automated samplers is not always 

feasible particularly on an old university campus with different types of 
sewer access sites. Grab samples can be collected rapidly from manholes 
or sewer cleanouts. Further studies on the optimal sampling strategies 
and timing of sampling for targeted wastewater surveillance are war-
ranted. In this study, we demonstrated that PEG precipitation could be a 
cost-effective concentration method for detecting SARS-CoV-2 in 
wastewater. The PEG method used in this study has been evaluated in a 
recent interlaboratory methods evaluation study and has shown a high 
degree of reproducibility across laboratories (Pecson et al., 2021). 
However, one of the limitations of the PEG method is that it is time 
consuming particularly with an overnight incubation. Our preliminary 
results showed that recovery efficiencies of PEG precipitation with and 
without an overnight incubation for Phi6 phage were not statistically 
significant (data not shown). This is also in agreement with other studies 
that reported a 2-h incubation for PEG method is sufficient for viruses 
(Deboosere et al., 2011; Polaczyk et al., 2008). Therefore, the waste-
water sample processing time could be shortened to enable rapid public 
health response. 

The true magnitude of asymptomatic cases of COVID-19 is currently 
unknown and limited diagnostic testing capacity results significantly in 
this uncertainty (Gillam et al., 2020; Li et al., 2020; Polo et al., 2020; 
Vang et al., 2021; Wilson et al., 2020). University campuses are 
considered hotbeds for COVID-19 transmission due to the prevalence of 
close-quarter social interactions within an age demographic associated 
with a low-risk of severe coronavirus infection (Fox, 2021; Venugopal 
et al., 2020; Wilson et al., 2020). While testing all members of a popu-
lation on a regular basis is expensive, this method of outbreak surveil-
lance has been essential for safe in-person university business to 
continue during the pandemic. As the vaccinated population increases 
and outbreaks become sparser, targeted wastewater surveillance could 
be a long-term, sustainable monitoring tool for universities to proac-
tively detect disease prevalence in the community without constant, 
consistent individual testing. Wastewater surveillance for a combination 
of dormitories and mixed-use buildings could produce a comprehensive 
picture of the impact of COVID-19 on the university community. 

In conclusion, we validated the use of targeted wastewater surveil-
lance of SARS-CoV-2 RNA as a complementary method for detecting and 
managing COVID-19 transmission on a university campus. Wastewater 
surveillance can be conducted down to the resolution of a single 

Fig. 6. Comparison of Spearman R values for N1 and N2 genes by sewer access type. 
(A) Comparison of Spearman R values for N1 and N2 gene concentrations vs. COVID-19 cases detected in dormitories on the same day for three sewer access types. 
(B) Comparison of Spearman R values for N1 and N2/PMMV ratios vs. COVID-19 cases detected in dormitories on the same day for three sewer access types. (C) 
Average PMMV RNA concentrations for each sewer access type for all dormitories. 

Table 3 
Regression parameters and P-Values of regression analysis of N1 and N2 assays 
in wastewater.   

N1 (n = 81) N2 (n = 81) 

Statistical 
Parameter (95% 
CI) 

P-Value Statistical 
Parameter (95% 
CI) 

P-Value 

Correlation 
R-value 

0.5067 
(0.3170–0.6570) 

<0.0001 0.4790 
(0.2837–0.6361) 

<0.0001 

Multiple 
Linear 
Regression 
R2 

− 0.0002 
(-0.0010–0.0006) 

0.6071 0.0002 
(<0.0001–0.0003) 

0.0022 

Simple 
Logistic 
Regression 
ORa 

3.958 
(1.556–10.55) 

0.0046 2.829 
(1.132–7.299) 

0.0140 

Multiple 
Logistic 
Regression 
OR 

7.423 
(1.014–150.2) 

0.0093 0.4943 
(0.0244–3.597) 

0.0093  

a OR denotes Odds Ratio. 
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dormitory, and community use buildings can be monitored as possible 
transmission hubs. Grab samples from various sewer access points can 
be utilized. The addition of human fecal indicator measurement en-
hances the correlation between SARS-CoV-2 N1 and N2 gene abun-
dances in wastewater with COVID-19 cases. The combination of 
multiple surveillance tools with wastewater monitoring, such as indi-
vidual testing, contact tracing, and quarantine facilities may enable 
university authorities to act quickly when facing with rapidly growing 
COVID-19 outbreaks. 
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