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Abstract: Wastewater surveillance has emerged as a cost-effective and equitable approach for
tracking the spread of SARS-CoV-2. In this study, we monitored the prevalence of SARS-CoV-2
on a university campus over three years (2021-2023) using wastewater-based epidemiology
(WBE). Wastewater samples were collected from 11 manholes on campus, each draining
wastewater from a corresponding dormitory building, and viral RNA concentrations were
measured using reverse transcription-quantitative PCR (RT-qPCR). Weekly clinical case data
were also obtained from the university health center. A strong positive and significant correla-
tion was observed between Grab and Composite sampling methods, supporting their robust-
ness as equally effective approaches for sample collection. Specifically, a strong correlation was
observed between Aggie Village 4 Grab and Aggie Village 4 Composite samples (R? = 0.84,
p = 0.00) and between Barbee Grab and Barbee Composite samples (R? = 0.80, p = 0.00). Addi-
tionally, higher viral RNA copies of SARS-CoV-2 (N1 gene) were detected during the Spring
semester compared to the Fall and Summer semesters. Notably, elevations in raw N1 con-
centrations were observed shortly after the return of college students to campus, suggesting
that these increases were predominantly associated with students returning at the beginning
of the Fall and Spring semesters (January and August). To account for variations in fecal
loading, SARS-CoV-2 RNA concentrations were normalized using Pepper Mild Mottle Virus
(PMMoV), a widely used viral fecal biomarker. However, normalization using PMMoV did
not improve correlations between SARS-CoV-2 RNA levels and clinical case data. Despite
these findings, our study did not establish WBE as a consistently reliable complement to
clinical testing in a university campus setting, contrary to many retrospective studies. One
key limitation was that numerous off-campus students did not contribute to the campus
wastewater system corresponding to the monitored dormitories. However, some off-campus
students were still subjected to clinical testing at the university health center under mandated
protocols. Moreover, the university health center discontinued reporting cases per dormitory
after 2021, making direct comparisons more challenging. Nevertheless, this study highlights
the continued value of WBE as a surveillance tool for monitoring infectious diseases and
provides critical insights into its application in campus environments.

Keywords: wastewater-based epidemiology; SARS-CoV-2 RNA detection; university public
health surveillance; grab and composite wastewater sampling; PMMoV normalization
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1. Introduction

SARS-CoV-2, a zoonotic virus that was initially identified in China in December 2019
and spread globally at an alarming rate, is now considered the deadliest virus of the 21st
century [1,2]. COVID-19 is spread via direct exposure through respiratory droplets with
individuals in proximity and indirect exposure through surface contact with fomites [3].
Although most COVID-19 exposures have been reported to occur via the respiratory system;
recent research has revealed that SARS-CoV-2 RNA is found in the gastrointestinal tract [4,5].
Recent studies worldwide have indicated the detection and quantification of SARS-CoV-2
through sewage and wastewater [6—10]. Viable SARS-CoV-2 is released through human
feces, saliva, and sputum and makes its way through wastewater [4,11].

Wastewater is a composite biological mixture of an entire community with biological
specimens of each person in the community accumulated each day [12]. Wastewater-based
epidemiology (WBE) is traditionally used for testing illicit drugs and sexually transmitted
diseases (STIs) within communities [13,14] and has, more recently, gained traction in
detecting SARS-CoV-2 RNA in wastewater. It has been utilized for detecting enteric viruses
such as poliovirus, norovirus, and hepatitis A virus [15,16]. Detection of SARS-CoV-2 in
wastewater has become a novel approach to monitor viral shedding dynamics and make
informed public health decisions [17]. SARS-CoV-2 has been shown to shed into feces in
27-89% of infected individuals, with estimated genomic copy levels ranging from 10% to
107 gc/mL in feces and from 10? to 10° gc/mL in urine [18,19]. The average duration of
SARS-CoV-2 RNA shed in feces is approximately 17 days; however, this duration may vary
as new viral variants emerge [20].

Wastewater-based epidemiology (WBE) studies have reported evidence of local com-
munity transmission of SARS-CoV-2 prior to the first clinically documented cases [8,9,21,22].
Several studies in the United States found that WBE data predicted new clinical case reports
by 2-8 days [17,23] and another study reported that viral titer trends in wastewater pre-
ceded clinical data by 4-10 days [24]. These findings suggest that monitoring SARS-CoV-2
RNA in wastewater can serve as an early indicator of the virus’s presence in a commu-
nity. Furthermore, a real-time study conducted in California found a correlation between
SARS-CoV-2 RNA levels in settled solids and reported COVID-19 clinical cases [12,25,26].
Therefore, WBE has proven to be a valuable epidemiological tool and suitable complement
to clinical testing, particularly in identifying delays in clinical testing within a particu-
lar community and underreported cases (along with increases in false positive and false
negative results), facilitating early detection and outbreak prevention [27-30].

Real-time early warning, however, requires frequent wastewater sampling, rapid
analytical methods, and timely communication of results to public health authorities.
The correlation between SARS-CoV-2 RNA in wastewater and COVID-19 cases indicates
that wastewater-based epidemiology (WBE) can offer valuable insights into community-
level transmission dynamics. Moreover, WBE is not restricted to sampling at wastewater
treatment plants (WWTPs). Consequently, larger communities, such as universities and
hospitals, have implemented WBE to address gaps in clinical testing and enhance under-
standing of infection dynamics. University settings particularly offer a valuable opportunity
to implement wastewater surveillance due to the significant presence of asymptomatic
populations and concentrated areas of potential transmission. Numerous higher-education
institutions and municipalities in the United States have recognized the utility of WBE
as a surveillance tool for monitoring SARS-CoV-2 infection trends and swiftly identify-
ing potential cases, thereby aiding health administrators in making informed decisions
regarding infection control and contact tracing [19,31-35]. However, while most studies
have focused on collecting wastewater from large wastewater treatment plants (WWTPs)
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or local sewer sheds, building-specific collection, particularly in campus settings, can also
provide valuable insights for inferring clinical incidences in university populations.

Here, we reported the North Carolina A&T State University campus-wide wastewater
surveillance analysis to monitor and assess SARS-CoV-2 transmission on campus. This
study involved comparing SARS-CoV-2 concentrations in Grab samples collected biweekly
from 11 different dormitories over a period of three consecutive years (Spring 2021-2023),
alongside two Composite samples. To assess the efficacy of wastewater-based epidemiology
(WBE) as a predictive tool for COVID-19 outbreak dynamics, we examined the correlation
between the concentration of the SARS-CoV-2 N1 gene in wastewater and the clinical
COVID-19 cases reported in the corresponding dormitories and campuses. Furthermore,
we implemented a mixed linear effects model to evaluate the association between levels of
SARS-CoV-2 in wastewater and clinical cases reported per dormitory on campus in 2021.
Additionally, from Spring 2022 to 2023, we quantified wastewater fecal strength using
Pepper mild mottle virus (PMMoV) as a normalization biomarker in every sample.

2. Materials and Methods
2.1. Sampling Sites

The study was conducted in 11 designated dormitories on NCAT campus (Aggie
Village 1, Aggie Village 3, Aggie Village 4, Aggie Village 6, Aggie Village E, Barbee Hall,
Cooper Hall, Haley Hall, Holland Hall, Morrison Hall, Morrow Hall, and Pride Hall)
shown in Figure 1. The inclusion criterion for these dormitories was determined by their
high population size, the placement of manholes in proximity outside the dormitory, re-
sulting in a significantly higher inflow rate of wastewater into the manholes, rendering
them particularly suitable for wastewater collection. Manholes placed outside the dor-
mitories were chosen as the Grab sampling sites with untreated wastewater (Figure 1).
For Composite sampling, two ISCO GLS autosamplers with a 7500 mL capacity were
installed outside Aggie Village 4 and Barbee Halls, respectively, collecting samples every
24 h. Appendix A Table A1l provides details on each sampling site, including sampling
frequency and sampling type.

Morrow

Holland ' V6 6’ s
O
V3 O

V1 Haley
|:): Pride
Aggie VE

Figure 1. Campus map of North Carolina A&T State University with marked dormitories for sample
collection (retrieved and modified from Campus website).
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2.2. Clinical Testing

NCA&T State University Health Center followed two clinical tests for COVID-19
diagnosis as recommended by CDC: antigen test via anterior nasal swab and Rt-PCR via
nasopharyngeal swab samples. During 2020-2021, to decrease transmission, the institution
required students who tested positive for SARS-CoV-2 to self-isolate in a quarantine dormi-
tory (Haley Hall, ~average 10 students per month) and employed the wastewater-based
surveillance (WBS) as a secondary screening tool for SARS-CoV-2 spread on campus since
2021. Positive COVID-19 case numbers for the State of North Carolina were retrieved from
the NCDHHS dashboard [36]. The number of persons tested for SARS-CoV-2 on campus
was compared to SARS-CoV-2 levels in the wastewater to estimate the number of RNA
copies per person in total sewage water

2.3. Wastewater Collection and Pre-Treatment

Samples of wastewater were collected between January and December 2021, between
January and December 2022, as well as between January and June 2023, utilizing wastewater
streaming from campus buildings. Sampling frequency was twice a week in the morning
and once a week during the Summer months. For sample collection, a new, sterile 2 L
HDPE plastic bottle tied to a rope was lowered into the manhole sewer at each sampling
site. Approximately 200 mL of grab wastewater and 24 h composite wastewater (from the
ISCO GLS autosampler (ISCO, Inc., Lincoln, NE, USA)) was collected. All bottles were
carefully transported to the laboratory at room temperature. Wastewater was aliquoted
into 50 mL conical tubes and stored at —80 °C or processed for viral nucleic acid extraction.

2.4. Viral RNA Extraction

RNA was extracted according to the manufacturer’s procedure using Promega Total
Nucleic Acid Wastewater Extraction kit [37]. Briefly, silica-based PureYield columns were
used to absorb and concentrate total nucleic acids (TNAs) from large quantities of wastew-
ater. Approximately 40 mL of protease-treated wastewater was used to extract total nucleic
acid (TNA) using a 20 mL PureYield column. At the completion of the extraction, a total
of 40 uL of TNA was eluted from each site (dormitory) in preheated (60 °C) nuclease-free
water. The concentration and purity of the extracted RNA were determined by using a
Nanodrop™ (Thermo Fisher Scientific, Waltham, MA, USA). The absorbance readings
at 260 nm and 280 nm (260/A280 ratios) are commonly used to determine the purity of
nucleic acid with a general acceptable range between 1.9 and 2.1.

2.5. Real Time-Quantitative Polymerase Chain Reaction

To detect and measure viral RNA, a SARS-CoV-2 RT-qPCR Kit for Wastewater was
used (Promega; Madison, MI, USA). The primers for this kit were based on the published
SARS-CoV-2 detection (Appendix A Table A2) and quantification from the US Centers for
Disease Control [38]. For this study, the N1 gene (highly abundant) was targeted. The
SARS-CoV-2 RT-qPCR reaction plate was set up with 6 pL of the RT-qPCR amplification mix
and 4 puL of extracted nucleic acid, reference RNA, 0.5 pL of 20X primer/probe/IAC mix,
and 0.3 pL nuclease-free water was used as a NTC (No Template Control) /negative control,
with a final reaction volume of 10 pL. CFX Connect Real-Time PCR System (2021 samples)
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and CFX 96 Touch Real-Time PCR System
(Bio-Rad) (2022-2023) was used for RT-qPCR analysis following the thermal condition
as 25 °C for 2 min for initiation, reverse transcription at 45 °C for 15 min, polymerase
activation at 95 °C for 2 min, followed by running 40 cycles at 95 °C for 3 s and 62 °C
for 30 s (CDC qRT-PCR panel 2020). Slopes and y-intercepts from RT-qPCR were used
to quantify copies of SARS-CoV-2 in each reaction using the instrument’s recorded Cq
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value. Subsequently, the SARS-CoV-2 copy number value was then transformed into a gene
copies/L of extracted wastewater value. Data was collected using the FAM/HEX/Cy5
channels of the CEX Maestro™ software 2.3 (Bio-Rad Laboratories, Inc.).

2.6. Quality Control

For quality control purposes, quantification of SARS-CoV-2 RNA was achieved using a
standard curve with a dilution scheme (1:10) that was the same for the positive control and
an NTC. For the standard curve, in vitro transcribed SARS-CoV-2 RNA (WA1-USA strain)
fragments (RNA N + E) were used as a template (provided in the kit). It was generated by
diluting the quantification standard RNA N + E (4 x 10° copies/uL) 100-fold by mixing
2 uL in 198 uL nuclease-free water to obtain a final concentration of 1.6 x 10° copies/pL.
The Limit of Detection (LoD) was set at 8 copies per nucleic acid reaction and the Limit of
Quantification (LoQ) was less than 25% coefficient of variance.

For 2022-2023 samples, the standard curve was generated by diluting the quantifica-
tion standard SARS-CoV-2 RNA N + E (4 x 10° copies/uL) 100-fold by mixing 2 uL, along
with 2 pL. of PMMoV virus RNA N + E (used as an internal control, 4 x 10° copies/uL), in
196 uL nuclease-free water to obtain a total concentration of 1.6 x 10° copies/ pL.

2.7. Statistical Analysis

All statistical analyses were computed using Prism GraphPad v.9, SPSS v.25, or R
v4.4.0. For the wastewater analysis, correlations were examined using wastewater N1
gene concentration, as well as SPSS v.25 and R studio. To determine if wastewater was a
predictor of clinical cases, a cross-correlation between wastewater N1 gene concentrations
per building and the average of all buildings with COVID-19 clinical cases on campus per
semester was computed. Spearman’s (Rs2) coefficient was determined for these analyses
using base 10-logarithm-transformed values. These correlation coefficients were used to
determine the strength of correlation relationship between the average wastewater N1 gene
concentrations for a given date of specimen collection and the associated COVID-19 case
rate, with a p-value of 0.05 or lower signifying significance. Correlations greater than 0.5 for
R? were considered strong. A one-way ANOVA was computed to quantify the differences
between each dormitory and to test for statistical differences between sampling methods
by comparing the detection of SARS-CoV-2 (Ct values) between samples collected using
either the Grab or Composite method. All concentration of RNA copies/L determined for
wastewater data between Spring 2021 and Spring 2023 graphs were generated using Prism
GraphPad v.9 and R v4.4.0.

3. Results and Discussion
3.1. Clinical COVID-19 Positive Cases on NCAT Campus (2021-2023) and Correlation with State
of NC

To determine the number of COVID-19-positive individuals in the dormitories, data
was collected from the Student Health Center at North Carolina A&T State University
(NCA&T) for the period spanning 2021-2023 (Spring, Summer, Fall), as shown in Figure 2a.
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Figure 2. (a) Clinical cases on NCA&T campus between Spring 2021 and Spring 2023; green bars
represent Spring semesters and yellow bars represent Fall semesters. (b) Scatter plot showing the
correlation (Rs? = 0.04, p = 0.29) between the total number of clinical cases in NC state and NCA&T
campus between Spring 2021 and Spring 2023.

In the Spring 2021 semester, the health center recorded 175, 45, 166, and 314 COVID-19-
positive cases in January, February, March, and April, respectively. During the Summer
months of May to July 2021, only 23 positive cases were documented. However, a notable
increase occurred in August, coinciding with the start of the Fall semester, with 312 positive
cases reported. The Fall semester saw a gradual decrease in positive cases from September
to December 2021. In 2022, a notable peak in cases was observed at the beginning of the
year, with 290 cases reported in January, followed by 198 cases in April and 118 cases in
August, contrasting with the low case numbers (49 cases) reported during the Summer
months. Significant COVID-19 case numbers were recorded in January, April, and August,
while the Summer months saw very low case numbers. The increase in cases in January
and August can be partially attributed to the return of students from the Winter and
Summer breaks, respectively, diminished vigilance regarding COVID-19 transmission risks,
and the emergence of a more virulent Omicron subtype. These trends align with other
studies observing increased SARS-CoV-2 prevalence in wastewater following holidays and
gatherings, suggesting that post-travel and event-related surges in cases are common [39,40].
For Spring 2023, the highest number of cases occurred in February (246 cases), followed by
January (126 cases), March (39 cases), and April (25 cases). According to the North Carolina
Department of Health and Human Services (NCDHHS) wastewater dashboard, new case
rates in Greensboro (North Buffalo WWTP) ranged from 3.75 to 1.62 per 10,000 persons
between January and February, with a reported decline in March and April [41]. Overall, a
decline in positive clinical cases was observed on campus from 2021 to 2023, likely due to
prevalence of at-home testing and unwillingness of people to be tested often [42]. The data
reflects clinical cases, with home test kit results not included in these figures.

3.2. Quantification of SARS-CoV-2 Viral RNA in Wastewater in Spring 2021-2023

To determine the presence of SARS-CoV-2 RNA in effluent wastewater from dor-
mitories across the NCA&T campus during 2021-2023, we employed gqRT-PCR for
the quantification.
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The results shown in Figure 3a reveal distinct variations in viral RNA levels during
these periods. Higher viral RNA copies of SARS-CoV-2 for the N1 gene were observed
during the Spring semester compared to both the Fall and Summer semesters of 2021. The
average number of viral RNA copies detected in the Spring semester 2021 was 107 log
RNA copies/L, indicating a notable presence of the virus during this period. On average,
the RNA copies in wastewater were higher during the Spring months (January—April)
(1.81 x 10°) compared to the Summer months (May—July) (1.00 x 10%). This detailed
seasonal comparison highlights the specific trends in RNA copies during Spring, Summer,
and Fall. In 2022, higher viral RNA copies of SARS-CoV-2 for the N1 gene were detected
during the Spring 2022 semester as compared to the Fall and Summer semesters in 2022.
The average number of viral RNA copies detected in the Spring semester was 10!2 log RNA
copies/L with an average C; value of 32.98 for three replicates (Figure 3a). The lowest
average levels of 10° log RNA copies/L were detected on campus during the Summer
semester with an average C; value of 34.64. The average C; value for the Fall semester
was 34.43 and average RNA copies detected were 10!, suggesting that the number of
RNA copies detected was lower in the Fall semester than in the Spring semester of 2022.
Differences in RNA concentration across dormitories are shown in Appendix A Figure Al.
Higher viral RNA load was detected in Spring 2021 as compared to Spring 2022 and may
be attributed to a higher number of vaccinated individuals as of 2022. Since the initiation
of vaccination campaigns and the implementation of enhanced precautionary measures at
the onset of the pandemic on campus, there has been a notable reduction in the number
of clinical cases and RNA copies reported on campus since 2022 compared to the data
from 2021.

Elevations in raw N1 concentration of SARS-CoV-2 were observed shortly after the
return of college students to campus. We surmised that these increases are predomi-
nantly associated with the students’ return at the commencement of the Fall and Spring
semesters (specifically in January and August). Comparable surges in SARS-CoV-2 RNA
levels were noted at other university campuses throughout the United States, with data
indicating that, upon the students’ return, SARS-CoV-2 RNA concentrations significantly
increased in wastewater samples from the majority of student residence hall monitor-
ing locations [32-34,43,44]. Additionally, the potential influence of seasonal variability on
wastewater-based epidemiology (WBE) analyses remains a subject of investigation [45-47].
Seasonal temperature fluctuations primarily affect the in-sewer transit time of the target
virus. A study by Hart and Halden [46] in Detroit indicated that the virus’s persistence was
approximately 100 h in Winter and 20 h in Summer. Furthermore, the duration required for
a 90% reduction in virus titer is prolonged at lower temperatures [45,47]. Consequently,
the observed higher RNA copy levels during the Spring semesters of 2021 and 2022, com-
pared to those in the Summer and Fall semesters, may be attributed to seasonal variability,
warranting further investigation. The effectiveness of WBE is closely tied to the reliability
and efficiency of analytical processes. Wastewater and sludge are characterized by complex
sample matrices, and the concentrations of viruses or viral components are often extremely
low, particularly during the initial phases of a community outbreak. Additional critical
factors influencing WBE performance include frequent (e.g., daily) sampling, rapid sample
transport, streamlined analytical workflows, and timely result reporting.
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Figure 3. (a) SARS-CoV-2 RNA copies between Spring 2021 and Spring2023. The yellow area
represents the Spring semesters, and the green area represents the Fall semesters. (b) Histogram of
Spearman’s rho for all pairwise correlations between dormitories. (c) Heatmap of p-value on negative
log 10 scale of the correlation between each pair of dormitories as assessed using the spearman’s
correlation test. (d) Heatmap representation of the pairwise spearman’s rho corresponding to the
p-values in (c) and the distribution in (b). The high correlation values indicate similar contributions of
RNA concentrations among the dormitories, with no significant differences observed. This suggests
a consistent distribution of SARS-CoV-2 RNA levels across sampling sites over the analyzed period.

Additionally, we compared the mean SARS-CoV-2 RNA concentrations from each
dormitory for the Spring semesters of 2021-2023. The analysis performed using the
Kruskal-Wallis test revealed no statistically significant differences (F = 0.86, p = 0.569)
(Appendix A Table A2). This indicates that the contributions of RNA concentrations
observed in each dormitory were similar, as also illustrated in Figure 3b.

A Spearman’s correlation analysis was carried out between the positive dormitory
infection case count and SARS-CoV-2 RNA concentrations corresponding to the dormi-
tory in 2021, as shown in Figure 4a,b, and separately for each dormitory, as shown in
Appendix A Figure A2. Our dataset indicates a small but significant correlation between
infection rates reported per dormitory and RNA copies in 2021 (Rs? = 0.03 p = 0.006).
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Figure 4. (a) Predictions of the incidence rates based on observed amount of N1 gene copy numbers
in WW in selected buildings for 2021 (Rs? = 0.03, p-value = 0.006). (b) Scatter plot between NCA&T
campus-wide clinical cases with mean of SARS-CoV-2 RNA concentrations in Spring 2022-2023 on a
log scale (Rs2 = 0.007, p-value = 0.65).

Moreover, the mixed linear model applied to the wastewater system for predicting
the number of clinical cases reported per building on campus in 2021 was unsuccessful in
providing an epidemiological interpretation (p = 0.704). In Spring 2022-2023, a Spearman’s
correlation between clinical cases (reported by each month) and RNA concentrations was
carried out. A weak and non-significant relationship was observed (Rs? = 0.007, p = 0.65).
This outcome is not surprising given that numerous off-campus students did not contribute
to the campus wastewater system corresponding to particular dormitories under study, yet
some of them were still subjected to clinical testing in accordance with mandated testing
policies and protocols. Moreover, the clinical health center at NCA&T did not report the
cases per dormitory as it had done previously in 2021. The relationship between viral
concentration in wastewater and the number of positive clinical cases appears to be strongly
influenced by population size and the temporal resolution of the data, suggesting that
broader temporal scales may obscure finer patterns [24,48]. Other wastewater surveillance
studies have observed that sampling wastewater from neighborhood sites within a campus
or individual buildings, compared to cluster of buildings [19], county, or state wastewater
treatment plants [12,25], may offer more accurate representations of the viral signal. There-
fore, to improve monitoring and avoid potential misinterpretation due to transitions from
campus to city, tracking individuals who test positive through wastewater analysis could
help maintain accurate city-wide epidemiological trends. Alternatively, clinical testing
may lag wastewater monitoring during periods of high incidence (overwhelming contact
tracing and clinical testing capacities, or during pandemic peaks) [33,49]. Moreover, as
the distribution of home test kits evolved in subsequent years, it became increasingly
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challenging to monitor more effectively on a per-dormitory basis. To improve clarity, ad-
ministering questionnaires in these dormitories could provide a more accurate assessment
of infection rates. This approach would help establish a comprehensive database to track
re-emerging infections, evaluate vaccination coverage, and identify unreported cases from
at-home test kits. Ultimately, this data could enhance contact tracing efforts through dig-
ital technology [50]. Correlating these data with the daily RNA copy numbers detected
could yield more robust and informative results in future studies. Thus, by computing
and plotting the total concentration detected daily, it is possible to examine the spread of
the virus in a given area for every new infection arising using each case reported in the
corresponding dormitory. Another useful parameter would be to conduct a geospatial
analysis to evaluate the influence of dormitory age on the transmission dynamics of the
virus. This investigation could reveal whether recently constructed dormitories, which are
likely to have advanced ventilation systems, exhibit differences in infection rates compared
to older facilities. Comprehensive analysis and ongoing monitoring are essential to better
understand the seasonal dynamics of viral prevalence in wastewater.

3.3. Normalizing SARS-CoV-2 RNA Concentrations by PMMoV Does Not Substantially
Impact Results

For Spring 2022-2023, we generated PMMoV data at the NCA&T campus to determine
if SARS-CoV-2 RNA concentrations normalized using these data improved correlations
to clinical data. Our study for the period of Spring 2022-2023 showed that normalizing
SARS-CoV-2 concentrations by PMMoV yielded low, insignificant correlation (Rs? = 0.002,
p =0.29). In addition, trends for normalized RNA concentrations with clinical cases in
Spring 2022-2023 had a weak and insignificant correlation (Rs? = 0.02, p = 0.85). This
suggests that PMMoV normalization did not significantly enhance the correlation with
clinical data compared to non-normalized SARS-CoV-2 concentrations (Figure 5b).
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Figure 5. (a) Scatter plot between PMMoV and SARS-CoV-2 RNA concentrations for Spring 2022-2023
(Rs2 = 0.002, p-value = 0.29). (b) Scatter plot showing correlation between clinical cases and normal-
ized RNA concentrations by PMMoV in 2022-2023; mean.logRatio represents mean of “log10(SARS
RNA copies)/log10(PMMoV RNA copies).
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The use of surrogate viruses as controls for fecal strength has been demonstrated to
ensure consistent method performance across sample types and over time, addressing
changes in target concentration efficiencies and RNA extraction [12,25,51]. While some
studies advocate for PMMoV normalization [52,53], others have found no improvement in
using a normalization fecal marker to positively affect correlations between wastewater
concentrations and positive clinical cases [39,54-57]. Zhan et al. [40] demonstrated that
32M (-2 microglobulin), which copurifies with SARS-CoV-2 RNA and is present in various
body fluids, provided more promising results compared to PMMoV [58-60]. Additionally,
Hsu et al. [61] identified the CAF metabolite PARA as a more reliable biomarker than
PMMoV due to its higher accuracy and temporal consistency in reflecting population
dynamics and dilution in wastewater. Maal Bared et al. [56] also showed that using
unnormalized concentrations or normalizing by other parameters such as total Kjeldahl
nitrogen (TKN), total phosphorus (TP), and ammonia (NH3) provided comparable results
to PMMoV. Consequently, the use of alternative fecal biomarkers should be considered in
enhancing the accuracy of SARS-CoV-2 quantification in wastewater and improve estimates
of human case counts.

3.4. Comparison of Composite and Grab Sampling Methods on NCA&T Campus

To identify the optimal sampling method correlating with community transmission of
SARS-CoV-2, samples were collected using two methods: Grab and Composite sampling
since Fall 2021. The comparison of Grab and Composite samples was conducted for two
dormitories, Aggie Village 4 and Barbee Hall. A strong positive and significant correlation
was observed between Grab and Composite sampling methods for both halls: Aggie Village
4 (Grab) and Aggie Village 4-Auto (Composite) samples (Rs? = 0.84, p = 0.00) and between
Barbee (Grab) and Barbee-Auto (Composite) samples (Rs? = 0.80, p = 0.00) between Fall
2021 and Spring 2023, as shown in Figure 6a. Our findings align with previous studies that
have reported a strong significant correlation between both methods [62,63]. A study con-
ducted in Virginia found a strong correlation between Grab and Composite samples during
a period of low transmission, based on samples collected from a municipal wastewater
treatment facility [64]. In contrast, a study by Rafiee et al. [65] reported that grab samples
exhibited lower levels of SARS-CoV-2 RNA in wastewater compared to Composite samples.
This disparity in performance is likely attributable to the substantial daily fluctuations in
human fecal matter at the sub-sewer shed level. Moreover, Composite sampling, which ag-
gregates multiple aliquots over a week, may capture a more representative average of viral
presence compared to Grab sampling, which can introduce temporal variability. Increased
frequency of Composite sampling might enhance accuracy in SARS-CoV-2 concentration
estimates. To mitigate variability, it is suggested that Grab samples be collected multiple
times per day, potentially up to six times, to improve correlation between viral shedding
and wastewater data.

Furthermore, a correlation analysis was conducted to compare the two sampling meth-
ods using normalized data adjusted by PMMoV as shown in Figure 6b. For the Aggie V4
(Grab) and Aggie V4-AS (Composite) methods, a strong and significant correlation was ob-
served (Rs? = 0.79, p = 0.00). Similarly, for the Barbee (Grab) and Barbee-Auto (Composite)
hall, a strong and significant correlation was observed (Rs2 =0.78, p = 0.00). The incorpo-
ration of PMMoV did not result in a significant enhancement in the correlations between
the two sampling methods. Variations in seasonal patterns of viral biomarkers attributable
to differences in sewer shed characteristics (e.g., flow rates, input sources) may influence
the efficacy of normalization techniques in enhancing correlations [66]. Normalization of
SARS-CoV-2 concentrations using PMMoV as a reference may provide benefits at certain
sites or times by accounting for variations in flow, fecal matter, or sampling methodologies.
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However, caution is warranted in interpreting normalized data. The behavior of PMMoV in
the sewer system may differ from that of SARS-CoV-2, with the latter being more uniformly
distributed between solids and supernatant [66,67]. Consequently, increases in wastewater
volume due to environmental factors such as precipitation or snowmelt are also likely to
result in a dilution of viral concentrations of the biomarker [68].
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Figure 6. (a) Spearman’s correlation analysis between SARS-CoV-2 RNA concentrations of two sam-
pling methods (Grab and Composite) for Aggie V4 hall and normalized by PMMoV. (b) Spearman’s
correlation analysis between SARS-CoV-2 RNA concentrations of two sampling methods (Grab and
Composite) for Barbee Hall and normalized by PMMoV.

4. Conclusions

This study represented the first and one of the most comprehensive wastewater surveil-
lance efforts on the campus of North Carolina A&T State University across 11 dormitories
over a period of 3 years. In this study, we have demonstrated that WBE is a novel method as
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it provides a standardized detection of viruses and pathogen load in wastewater sampling
on campus. This technology is innovative, helping to detect and monitor the spread of
SARS-CoV-2 on the campus of North Carolina A&T State University between Spring 2021
and Spring 2023 while allowing the school administration to engage in critical conver-
sations regarding topics such as dormitory occupancy, clinical testing, and switching to
in-person classes versus online mode. Through this study, informed decisions about the
health of NCAT students and staff while also continually monitoring the risk of COVID-19
spread was accomplished (particularly at the peak of the pandemic in 2021).

Wastewater-based epidemiology (WBE) has significant potential as an effective early
warning system for community-wide monitoring of viruses in public health surveillance,
as shown in other studies [5,12,19,26,69]. While retrospective studies have highlighted its
promise for early detection and real-time early warning. In this study, sampling at the
building or dormitory level introduced higher stochastic variability compared to retrospec-
tive studies that primarily focused on wastewater treatment plants (WWTPs) and local
sewer sheds, which demonstrated stronger correlations with clinical case data. While our
study employed WBE for SARS-CoV-2 surveillance, its potential extends beyond the scope
of this paper and can be applied to monitoring other respiratory and enteric viruses [70-72].

Our study identified several challenges that present opportunities for further research,
particularly in campus settings. A key limitation was the confounding influence of clinical
data variations. While a small but significant correlation (R? = 0.03, p = 0.006) was observed
between SARS-CoV-2 RNA concentrations and weekly reported cases in 2021, this relation-
ship weakened in Spring 2022-2023 (R? = 0.007, p = 0.65). A mixed linear model also failed
to predict case numbers (p = 0.704), highlighting the need for expanded dormitory sampling
and improved case reporting. Normalization using PMMoV to account for fecal dilution
did not significantly improve correlations between RNA concentrations and clinical cases
(p > 0.005), consistent with other studies suggesting variations in recovery efficiency and
wastewater chemistry. However, Grab and Composite sampling methods showed a strong
correlation at Aggie Village 4 (R? = 0.84, p = 0.00) and Barbee Hall (R? = 0.80, p = 0.00),
supporting their robustness.

To enhance WBE’s reliability for public health surveillance, maintaining consistent
analytical performance is essential despite its inherent variability in wastewater sampling.
Future studies should explore infectious virion quantification in wastewater to better assess
viral decay and transmission trends in sewers. Therefore, with robust quality assurance
and quality control protocols, WBE can serve as a valuable complement to, but not a
replacement for, clinical testing.
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Abbreviations

The following abbreviations are used in this manuscript:

WBE Wastewater-Based Epidemiology
SARS-CoV-2  Severe Acute Respiratory Syndrome Coronavirus 2
CDC Center for disease control and prevention
ACE2 Angiotensin-converting enzyme 2
LoD Limit of Detection
LoQ Limit of Quantification
PMMoV Pepper mild mottle virus
PCR Polymerase Chain reaction
Appendix A
Table A1. Table displaying sample collection sites, sample types, and the sampling frequency at each
location.
Sample Site Type of Sample Semester Frequency of Sampling
Aggie Village 4 Grab Spring twice a week
Summer once a week
Fall twice a week
Aggie Village 3 Grab Spring twice a week
Summer once a week
Fall twice a week
Aggie Village 1 Grab Spring twice a week
Summer once a week
Fall twice a week
Aggie Village E Grab Spring twice a week
Summer once a week
Fall twice a week
Morrow Grab Spring twice a week
Summer once a week
Fall twice a week
Holland Grab Spring twice a week
Summer once a week

Fall twice a week
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Table Al. Cont.

Sample Site Type of Sample Semester Frequency of Sampling
Pride Grab Spring twice a week
Summer once a week
Fall twice a week
Barbee Grab Spring twice a week
Summer once a week
Fall twice a week
Cooper Grab Spring twice a week
Summer once a week
Fall twice a week
Haley Grab Spring twice a week
Summer once a week
Fall twice a week
Aggie Village 6 Grab Spring twice a week
Summer once a week
Fall twice a week
Aggie Village 4-AS ~ Composite Spring twice a week
Summer once a week
Fall twice a week
Barbee AS Composite Spring twice a week
Summer once a week
Fall twice a week

Table A2. Prime/Probe sequences for N1 gene (Promega; CDC Centers for Disease Control and
Prevention, 2021) used for quantifying SARS-CoV-2 in wastewater 2021-2023.

Name. Sequence Probe/Quencher
2019-nCoV_N1-F 5'-GACCCCAAAATCAGCGAAAT-3'
2019-nCoV_N1-R  5-TCTGGTTACTGCCAGTTGAATCTG-3/
2019-nCoV_N1-P  5-ACCCCGCATTACGTTTGGTGGACC-3’ FAM/ZEN/IBFQ

Table A3. Kruskal-Wallis Analysis for comparisons in means of wastewater influent from all buildings
(55 comparisons) at NCA&T State University (* indicates p < 0.05).

Level Level SDCi(;;:rtfcln Std Err Dif z p-Value Lle—zll?igaisr: Lower CL Upper CL
Haley Aggie V6 22.9564 8.232900 2.78837 0.0053 * 2.13656 0.67685 3.79031
Cooper Aggie V6 21.8878 7.613014 2.87504 0.0040 * 2.26015 0.68478 4.03072
Pride Aggie Vb 21.8085 7.613014 2.86464 0.0042 * 2.39968 0.78832 3.98360
Barbee Aggie V6 19.5053 8.137181 2.39705 0.0165 * 1.83228 0.34738 3.39687
Morrow Aggie V6 18.7431 7.993824 2.34469 0.0190 * 1.84367 0.22610 3.50926
Holland Aggie Vb 18.7084 5.549995 3.37088 0.0007 * 3.55921 1.54755 5.09805

Holland Barbee 17.0216 7.855377 2.16688 0.0302 * 1.48582 0.13591 2.80863




Microorganisms 2025, 13, 924 16 of 22
Table A3. Cont.
Level Level SDCi(;;:rl:;?en Std Err Dif V4 p-Value L?ﬁigaisr: Lower CL Upper CL
Aggie VE Aggie V6 16.9639 6.443238 2.63283 0.0085 * 2.19304 0.62432 4.07702
Holland Aggie V4 14.4970 7.243058 2.00151 0.0453 * 1.48457 0.02790 2.78236
Holland Haley 13.4924 7.928587 1.70175 0.0888 1.19719 —0.21118 2.51796
Holland Aggie V1 13.0466 6.928378 1.88307 0.0597 1.24316 —0.05696 2.80203
Holland Aggie V3 11.3852 6.689999 1.70182 0.0888 1.15060 —0.18957 2.69423
Holland Cooper 9.3176 7.456880 1.24953 0.2115 1.00426 —0.48465 2.47990
Holland Aggie VE 9.2815 6.589955 1.40843 0.1590 1.03178 —0.40502 2.49874
Cooper Barbee 7.4897 8.338446 0.89822 0.3691 0.46202 —0.58276 1.52714
Pride Morrow 7.4134 8.272762 0.89612 0.3702 0.48360 —0.61921 1.56708
Pride Barbee 7.3735 8.338446 0.88427 0.3765 0.51342 —0.55939 1.58334
Haley Barbee 5.8914 8.583283 0.68638 0.4925 0.38685 —0.70313 1.42052
Pride Aggie V1 5.3294 7.815766 0.68188 0.4953 0.40307 —0.84494 1.67871
Cooper Aggie V1 4.9956 7.815766 0.63917 0.5227 0.46081 —0.86416 1.64649
Pride Aggie V4 4.9839 7.983121 0.62431 0.5324 0.38248 —0.71471 1.54344
Cooper Aggie V4 4.0988 7.983121 0.51344 0.6076 0.29361 —0.78093 1.46005
Cooper Aggie V3 3.8197 7.699417 0.49610 0.6198 0.32714 —0.98463 1.53169
Haley Aggie V4 3.7471 8.282570 0.45241 0.6510 0.23286 —0.81702 1.33025
Aggie VE Aggie V1 3.5788 7.249087 0.49369 0.6215 0.30862 —1.02709 1.62380
Haley Aggie V1 3.2007 8.147566 0.39284 0.6944 0.25417 —1.00324 1.50186
Pride Aggie V3 3.0254 7.699417 0.39294 0.6944 0.29335 —0.98389 1.57729
Aggie VE Aggie V4 3.0096 7.488452 0.40190 0.6878 0.25393 —0.95633 1.55410
Aggie VE Aggie V3 2.4574 7.072502 0.34745 0.7282 0.19152 —1.13620 1.44823
Pride Haley 1.9501 8.382832 0.23263 0.8160 0.13229 —0.96052 1.25973
Pride Aggie VE 1.9003 7.654120 0.24827 0.8039 0.14785 —1.16108 1.32746
Haley Aggie V3 1.7844 8.058638 0.22143 0.8248 0.14705 —1.15556 1.43785
Cooper Aggie VE 1.7568 7.654120 0.22953 0.8185 0.12360 —1.13386 1.32175
Aggie V3 Aggie V1 1.3233 7.310055 0.18103 0.8563 0.12271 —1.20002 1.43147
Pride Cooper 0.8265 8.103497 0.10200 0.9188 0.04909 —1.14950 1.17855
Morrow Barbee 0.3629 8.486108 0.04276 0.9659 0.02088 —1.03813 1.06013
Aggie V4 Aggie V1 0.2865 7.669566 0.03735 0.9702 0.01429 —1.27179 1.30055
Haley Aggie VE —0.2952 8.025833 —0.03678 0.9707 —0.02714 —1.30187 1.18195
Morrow Aggie V1 —0.3545 8.017814 —0.04421 0.9647 —0.02727 —1.31468 1.14226
Aggie V4 Aggie V3 —0.8049 7.539826 —0.10676 0.9150 —0.07449 —1.39833 1.18004
Haley Cooper —1.1432 8.382832 —0.13637 0.8915 —0.09410 —1.19203 1.02958
Barbee Aggie V1 —1.3370 8.095375 —0.16516 0.8688 —0.09270 —1.26328 1.10596
Barbee Aggie V4 —2.2249 8.235193 —0.27017 0.7870 —0.13667 —1.18708 0.97092
Morrow Aggie V3 —2.2253 7.918567 —0.28102 0.7787 —0.19695 —1.40998 1.03661
Barbee Aggie V3 —2.4007 8.002350 —0.30000 0.7642 —0.14466 —1.39156 0.98458
Morrow Aggie V4 —2.4872 8.164964 —0.30462 0.7607 —0.14717 —1.22786 0.99928
Morrow Aggie VE —4.2911 7.881054 —0.54448 0.5861 —0.36435 —1.58536 0.81397
Barbee Aggie VE —5.0778 7.967675 —0.63730 0.5239 —0.37470 —1.52178 0.77014
Morrow Haley —5.4868 8.526738 —0.64348 0.5199 —0.36425 —1.44335 0.70572
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Table A3. Cont.

Level

Level

Score Mean
Difference

Std Err Dif z p-Value

Hodges-
Lehmann

Lower CL

Upper CL

Morrow

Cooper

—6.9224

8.272762 —0.83677 0.4027

—0.42659

—1.54284
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7.456880 —1.45616 0.1453
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0.42079

Aggie V6
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6.906496 —2.14609 0.0319 *
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—2.84156

—0.03704
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Figure A1. Amount of N1 gene copy numbers in wastewater from all buildings between 2021 and 2023.
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SARS-CoV-2 2021
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Figure A2. Predictions of the incidence rates based on observed amount of N1 gene copy numbers in
wastewater from all buildings in 2021.
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