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ABSTRACT

ASSESSMENT OF FREQUENCY, DEGRADATION, NORMALIZATION,
INHIBITION, AND POTENTIAL SURROGATES OF THE SARS-COV-2 GENE
TARGETS

by

EMILY HUNAWILL

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus responsible
for the coronavirus disease 2019 (COVID-19) pandemic. Our study focuses on
identifying and quantifying the presence of SARS-CoV-2 in the sewage based on
identifying three gene targets which target the nucleocapsid gene (N1 and N2) and the
envelope gene (E). The first set of experiments looked at the degradation of these targets
at 4°C, 25°C, and 35°C. As temperature increased so did the rate constants. Based on the
half-life data, N1 degraded faster than N2 at 4°C, all targets degraded at the same rate at
25°C, and E degraded faster than N1 and N2 at 35°C. Frequency of the gene targets was
then assessed. E occurred less frequently than N1 and N2 adding 2.3% more SARS-CoV-
2 detections leading to its removal from testing. The N1 and N2 gene targets were both
necessary with removal of one resulting in minimally 9.6% loss of SARS-CoV-2
detections. We investigated normalization of the N1 and N2 gene targets with four
different fecal indicators (pepper mottled mild virus, HF183, lachno3, and crAssphage) to

improve the correlation between the sewage signal and clinical cases. Normalizing the
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data did not result in an increased correlation between the clinical and sewage data.
Bovine coronavirus (BCoV) and Phi6 viruses were evaluated as surrogates to estimate
SARS-CoV-2 inhibition in a single duplex reaction. Duplexing these targets was
successful without significant signal loss, and these targets were used to estimate SARS-
CoV-2 inhibition. Compared to BCoV, Phi6 suggested over 10% more fully inhibited
samples. Several workflow modifications including bovine serum albumin (BSA),
dilution, polyvinylpyrrolidone, and pasteurization were applied to the sewage samples in
an attempt to reduce sample inhibition. BSA was able to reduce inhibition for both N1
and N2. Lastly, BCoV, Phi6, and murine hepatitis virus (MHV) retrieval were compared
to the retrieval of the SARS-CoV-2 gene targets in sewage to determine if they accurately
depicted the amount of inhibition the SARS-CoV-2 targets exhibited. BCoV and MHV
were better surrogates to assess SARS-CoV-2 inhibition. SARS-CoV-2 RNA

concentration in sewage were shown to correlate with COVID-19 cases.
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CHAPTER ONE
TEMPERATURE BASED DEGRADATION OF THE E, N1, AND N2 SARS-COV-2

GENE TARGETS IN WASTEWATER OVER TIME

1.1 Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a virus that primarily
causes a respiratory disease in humans known as coronavirus disease 2019 (COVID-19).
In addition to the respiratory system, the virus often infects the gut and is shed in the
feces. This virus is detected in a clinical setting with a nasopharyngeal swab, but it can
also be detected in sewage. We determined the presence of SARS-CoV-2 in a community
by measuring and detecting three gene targets (E, N1, and N2) in wastewater. Both
clinical and wastewater sampling have their advantages. Clinical testing is advantageous
because each individual is tested, and a negative or positive result is obtained. However,
clinical testing is limited to the individuals who choose to get tested which could greatly
underestimate the number of detected cases. In contrast, testing sewage monitors whole
communities regardless of community participation and can detect asymptomatic cases.
Sewage surveillance may be problematic given that the gene targets may be highly
diluted, and there can be many inhibitors present in the sewage matrix. Our study looked
at the degradation of the SARS-CoV-2 gene targets (E, N1, and N2) over time at 4°C,
25°C, and 35°C. As expected, the rate constants were the lowest at 4°C and the highest at
35°C. For the unpasteurized sewage, the first-order rate constants were 0.0032hrs™! (4°C),
0.0138hrs™! (25°C), and 0.0256hrs™! (35°C) for E, 0.00323hrs™! (4°C), 0.0142hrs™! (25°C),
and 0.0108hrs™! (35°C) for N1, and 0.00297hrs™! (4°C), 0.0135hrs™! (25°C), and
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0.0225hrs™! (35°C) for N2. At 4°C N1 degraded faster than N2. Other combinations were
not statistically different. At 25°C all gene targets degraded at a similar rate. At 35°C the
E gene target appeared to degrade faster than N2. Other rates were not statistically
different from one another. Pasteurizing the sewage caused the RNA targets to degrade
more slowly.

1.2 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an RNA virus that is
enveloped and single-stranded (Brant et al., 2021). In general, coronaviruses (CoVs)
including SARS-CoV-2 have large genomes with a length generally near 30kb (Bartas et
al., 2022). The SARS-CoV-2 virus is a pathogenic and very transmissible leading to
coronavirus disease 2019 (COVID-19) that arose in China towards the end of 2019 (Hu et
al., 2021). Initial diagnosis of what is now known as COVID-19 ranged from December
18" through the 29" in 2019 (Worobey et al., 2022). The origin of this virus is purported
to be a market in Wuhan, China known as the Hunan seafood market which sells various
creatures including snakes, palm civets, bats, and raccoon dogs (Shereen et al., 2020).
The likely origin of COVID-19 is from bats. Three species of horseshoe bats harbor
viruses (BANAL-236, BANAL-103, and BANAL-52) that were over 95% identical to
SARS-CoV-2 (Mallapaty, 2021).

COVID-19 is disease that mainly causes vascular and respiratory illness (Cascella et al.,
2022a). This disease has many symptoms in common with the cold such as: sore throat,
cough, and runny nose, but COVID-19 may also cause nausea, diarrhea, and vomiting
which are not associated with the common cold (COVID-19, Cold, Allergies and the Flu,
n.d.). In general, COVID-19 produces mild symptoms in 81% of the symptomatic
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infections (Hernandez Acosta et al., 2022). Mild disease was associated with sore throat,
malaise, fever, and myalgia (Hernandez Acosta et al., 2022). Despite occurring in late
2019, COVID-19 spread across the world and continues to infect a large fraction of the
population. The World Health Organization (WHO) has a COVID-19 dashboard which
shows the collective total of COVID-19 cases across the world. As of March 23, 2023,
the WHO has reported over 760 million cases of COVID-19 and over 6.8 million deaths
caused by COVID-19 globally (WHO Coronavirus (COVID-19) Dashboard, n.d.). This
corresponds to a death rate of about 1% across the globe.

To detect SARS-CoV-2 in a clinical setting, nasopharyngeal swab testing for SARS-
CoV-2 is considered the gold standard due to it being used in the past to detect other
respiratory viruses (Tan et al., 2021). Although nasopharyngeal swab testing is the gold
standard, some studies suggest saliva as an alternative (Beyene et al., 2021). A study by
Tsujimoto et al. found that nasopharyngeal swabs, nasal swabs, and saliva samples had
the following amount of sensitivity for SARS-CoV-2 detection: 100.0% sensitivity
(nasopharyngeal swabs), 86.4% sensitivity (nasal swabs), and 63.6% sensitivity (saliva
samples) (Tsujimoto et al., n.d.). Other human bodily fluids can contain SARS-CoV-2
and sewage contains viruses shed in urine, sputum, feces, vomit, and blood (Wolfe, n.d.).,
Urine and feces will likely be the most common human bodily fluids found in the
sewage. Urine samples usually do not test positive for SARS-CoV-2 with only 4.5%
detection of SARS-CoV-2 in urine when testing 533 individuals compiled from 39
studies (Mumm et al., 2021). One study noted that 27/62 (43.5%) of stool samples
analyzed had SARS-CoV-2 signal (Cerrada-Romero et al., 2022). A pooled study
incorporating 95 articles was in agreement with Cerrada-Romero et al. suggesting
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934/2,149 (43.5%) of anal swabs or stool samples were positive for SARS-CoV-2 (van
Doorn et al., 2020). Therefore, it is likely that feces will be the main source of SARS-
CoV-2 in sewage.

Sewage surveillance is able to monitor the wastewater collected from select buildings and
wastewater treatment plants allowing a group sample to be tested for SARS-CoV-2 or
other viruses (Haque et al., 2022). This type of SARS-CoV-2 detection can assess if
specific areas are at risk of COVID-19 outbreaks to guide public health decisions in
institutional settings such as prison, college, and nursing homes and in community
settings (Harris-Lovett et al., 2021). The ability of SARS-CoV-2 to be detected in the
sewage was first noted in April 2020 in Spain, the Netherlands, Australia, and the United
States (F. Wu et al., 2022). However, sewage surveillance had been used earlier to detect
polio and other enteroviruses (F. Wu et al., 2022). Other viruses such as hepatitis A and
E, enterovirus D, and mastadenovirus have been monitored in sewage to determine which
strains were present in certain areas of Australia and France (Farkas et al., 2020). They
suggested that it may be advantageous to monitor the sewage to act as an early warning
system of disease outbreaks (Farkas et al., 2020). Sewage surveillance is cost-effective
and able to preemptively indicate rising COVID-19 cases allowing health interventions to
be implemented earlier (Karthikeyan et al., n.d.). Universities can benefit tremendously
from sewage surveillance because campuses have the potential to be COVID-19 hot spots
and early detection allows targeted diagnostic testing in buildings and implementation of
measures to slow the spread. (Karthikeyan et al., n.d.). Testing wastewater also has the
purported advantage over clinical testing based on its ability to detect rising cases of
COVID-19 earlier than clinical testing (Daughton, 2020). One study detected SARS-
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CoV-2 variants of concern two weeks earlier in sewage than in the clinical data
(Karthikeyan et al., 2022). They also identified many occasions of SARS-CoV-2 spread
that was not identified in the clinical data (Karthikeyan et al., 2022). Because so many
cases of COVID-19 are asymptomatic or mild (80%), sewage surveillance can detect
more of these cases that would otherwise go unreported (Melvin et al., 2021). A meta
study (N=28) found that the percentage of asymptomatic infections was between 1.4-
78.3% of patients with an average of 25% (Alene et al., 2021). Testing for SARS-CoV-2
in wastewater overcomes other biases present in clinical testing (Larsen & Wigginton,
2020). For instance, deaths and hospitalizations lag behind COVID-19 transmission by
weeks (Larsen & Wigginton, 2020). Also, clinical testing generally relies on willing
participation that may be limited by fear of quarantine and isolation, and the ability for
willing individuals to pay (Larsen & Wigginton, 2020). Nevertheless, wastewater
surveillance also has issues. Clinical testing provides an exact number of individuals that
are and are not infected with COVID-19. Wastewater data cannot provide an exact
number of infected people. However, Gerrity et al. provide a formula that can estimate
the number of COVID-19 infected people based on the SARS-CoV-2 gene target
concentration (Gerrity et al., 2020). Another challenge to detecting SARS-CoV-2 in
wastewater is that the SARS-CoV-2 signal may be highly diluted in sewage and the
presence of chemicals that interfere with the SARS-CoV-2 PCR chemistry (Sims &
Kasprzyk-Hordern, 2020). Consequently, clinical and wastewater detection of SARS-
CoV-2 should be considered complimentary methods, and both should be applied

judiciously.



In order to better understand the relationship between SARS-CoV-2 gene targets and
clinical cases it is essential to understand how rapidly the SARS-CoV-2 gene targets (N1,
N2, and E) degrade in sewage. We used droplet digital polymerase chain reaction
(ddPCR) that is purported to be more sensitive than quantitative PCR (qPCR) and less
sensitive to inhibition (Sedlak et al., 2014). We measured degradation rates for each gene
target, N1, N2, and E, at 4°C, 25°C, and 35°C.

1.3 Materials and Methods

1.3.1 Sample Delivery, Sample Selection, and Sample Concentration

Our workflow used the methods described by Flood et al (Flood et al., 2021) as a starting
point. Sewage samples were delivered to the lab in S00mL portions. Samples were
transported in a cooler with icepacks while in transit to our lab. Samples were processed
immediately upon arrival. The 500mL bottle of sewage was mixed by inverting the bottle
between 40 and 60 times to minimize foaming. A 45 mL homogenous sewage sample
was decanted into a S0mL conical bottom centrifuge tube. Approximately 4.0g of
polyethylene glycol 8000 (catalog number 97061-100 from VWR) and 0.59¢g sodium
chloride (catalog number 470302-520 from VWR) were added to the sample yielding a
concentration of 8% polyethylene glycol and 0.2M sodium chloride. After the solids and
solutions were combined, the centrifuge tubes were transferred to a rotator where the
tubes were rotated at 70rpm for 2hrs. The rotator was held at 4°C. After mixing, the
samples were centrifuged at 3,650 rpm for 1 hr. Once centrifugation was completed, the
supernatant was discarded, and a 1-2 mL pellet remained.

The degradation experiments utilized 20mL portions instead of 45mL portions of sewage

to conserve the stock sewage. Consequently only 1.6g of polyethylene glycol and 0.234¢g
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of sodium chloride were added to the sewage samples for the degradation experiments.
Stock sewage was held in an incubator at 25°C or 35°C or stored in a refrigerator for the
4°C experiments. Some samples were pasteurized before taking the original sample at
time zero. The samples were pasteurized for 2hrs at 60°C and inverted every 20-30mins.
After pasteurization, the sample at time zero was collected and the rest of the sewage was
incubated at the prescribed temperature for the duration of the experiment. For samples
that were to be pasteurized, the delivered sewage was first split into two bottles (250mL
of sewage in each). After this, half of the sample was pasteurized, and the other half was
not pasteurized. Sewage was stirred at 60rpm while samples were collected. The
remaining parts of the procedure were the same for the samples run for the degradation
experiments, and the regular SARS-CoV-2 detection-based experiments.

1.3.2 RNA Flution and Purification

The QIAamp Viral RNA Mini Kit (catalog number 52904) was purchased from QIAGEN
to purify and elute the RNA from the sewage samples. To begin the process, buffer AVL
and carrier RNA were mixed in portions of 800uL and 8uL per sample, respectively. A
200uL portion of pellet was then pipetted into a 2mL cryovial containing the buffer and
RNA mix. The cryovial was vortexed for 10s before incubation for 10mins at room
temperature. After incubation, 200proof ethanol was added to the cryovial in an 800uL.
portion, and the cryovial was vortexed for 10s. At this point in the procedure there was
1.8mL solution in the cyrovial. This solution was run through the QIAamp mini spin
column in order to obtain the extracted RNA. The 1.8mL solution was added in three
630uL quantities to the spin column. Three additions were done because the spin column

could not hold enough solution for a single addition. Each 630uL portion of solution was

7



added to the spin column and centrifuged sequentially. The flow through was not
retained. The centrifugation settings were Imin at 8,000rpm. These centrifuge settings
were the same for every addition except when the buffer AW2 was added. The waste
collected in the collection tube under the spin column was discarded after every addition
until the elution step (buffer AVE). After the whole 1.8mL solution was added to the spin
column and centrifuged, the wash buffers were added. A 500uL portion of buffer AW1
was added to the spin column and centrifuged. Next, a S00uL portion of buffer AW2 was
added to the spin column. At this point in the process (and only during this step) the
centrifuge speed and duration was increased to 14,000rpm for 4min. After centrifugation,
centrifugation settings were returned to normal, and the spin column was transferred to a
1.5mL microcentrifuge tube. The microcentrifuge tube was used to collect the RNA
eluted from the spin column. Buffer AVE was added to the spin column in a 40uL.
portion and incubated at room temperature for Imin. After incubation, the spin column
was centrifuged. This step was repeated which resulted in a final volume of 80uL of
RNA eluate.

1.3.3 Amplification of DNA and Detection of Target Sequences

The assay mix was made using the solutions obtained from the One-Step RT-ddPCR
Advanced Kit for Probes (catalog number 1864021) produced by Bio-Rad. This kit
provided everything needed for the assay mix except the water and the primer/probe mix.
Table 1.1 shows the primer/probe sequences used to detect the SARS-CoV-2 gene

targets.



Table 1.1: SARS-CoV-2 Gene Target Sequences

Target Sequences (5’-3°) References
E ACAGGTACGTTAATAGTTAATAGCGT (forward (Corman et al.,
primer) 2020a)

ATATTGCAGCAGTACGCACACA (reverse primer)
FAM-ACACTAGCCATCCTTACTGCGCTTCG-
BHQ1 (probe)

N1 GACCCCAAAATCAGCGAAAT (forward primer) (CDC, 2020c)
TCTGGTTACTGCCAGTTGAATCTG (reverse
primer)
FAM-ACCCCGCATTACGTTTGGTGGACC-BHQI1
(probe)

N2 TTACAAACATTGGCCGCAAA (forward primer) (CDC, 2020c)
GCGCGACATTCCGAAGAA (reverse primer)
HEX-ACAATTTGCCCCCAGCGCTTCAG-BHQI
(probe)

Table 1.1: Sequences used to detect the SARS-CoV-2 gene targets N1, N2, and E.

The assay mix composition varied if the reactions were run for an E singleplex compared

to an N1-N2 duplex. Table 1.2 shows the components that were used for a singleplex

reaction and a duplex reaction. The values in Table 1.2 were based on a single reaction.

Table 1.2: Assay Mix Calculations for a Single Well

Reagent Singleplex Duplex
Supermix 5.5uL 5.5uL
Reverse transcriptase 2.2ul 2.2ul
Dithiothreitol 1.1uL 1.1puL
Primer/probe mix 1 3.3ul 3.3ul
Primer/probe mix 2 N/A 3.3uL
Water 4.4uL 1.1pL
Total 16.5uL 16.5uL

Table 1.2: The assay mix calculations utilized for a singleplex and a duplex reaction.
These calculations were based on the amount of assay mix required for one reaction
(one well).



Singleplex and duplex reactions only varied based on the amount of water and the
additional primer/probe mix which would be added for a duplex reaction. Samples and
controls (negative, no template, and positive controls) were pipetted into a 96-well plate
with the correct assay mix. The N1 and N2 gene targets were ran as a duplex reaction,
and the E gene target was run as a singleplex reaction. Each well had 5.5uL of
sample/control and 16.5uL of assay mix. Each sample and control were run in triplicate
per assay mix. Once plating was finished, the plate was sealed with foil. This plate was
then vortexed to mix the sample and the assay mix. Lastly, the plate was spun in a plate
spinner to collect the liquid at the bottom of the 96-well plate. This plate was then placed
into the Automated Droplet Generator (catalog number 1864101 Bio-Rad) to generate
droplets. The Automated Droplet Generator generated droplets into another 96-well plate.
This new 96-well plate was sealed with foil and placed into the thermocycler. The

thermocycler settings are listed in Table 1.3.

Table 1.3: Thermocycling Settings for SARS-CoV-2 Gene Targets

Step Temperature Time Cycles
1 25°C 3mins 1

2 50°C lhr 1

3 95°C 10mins 1

4 95°C 30s 40*

5 55°C Imin 40*

6 98°C 10min 1

7 4°C 30min 1

8 4°C Infinity 1

Table 1.3: The thermocycling settings used for the N1, N2, and E gene targets. *Step
4 and S alternate back and forth 40 times. Steps are completed in chronological
order.
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The thermocycling settings were based on the instructions for the 1-Step RT-ddPCR
Advanced Kit for Probes for general settings, and the annealing temperatures from Flood
et al. (One-Step RT-DdAPCR Advanced Kit for Probes, n.d.; Pearson et al., 2021).

Once thermocycling was complete, the plate was held at room temperature for 15mins
before reading the plate with the QX200 Droplet Reader (catalog number 1864003) from
Bio-Rad. Once the plate was read, thresholds for positive and negative droplets were set
and the plate was quantified.

1.3.4 Analyzing the Data

The droplet reader was paired with QuantaSoft™ Software to score the data. The data
obtained from this software provided information on the number of droplets (accepted,
positive, and negative), concentration, and copies per 20uL well. The positive droplets
were assessed to determine if the sample was positive for SARS-CoV-2. Three or more
positive droplets were considered a positive hit. Accepted droplets were assessed to
determine the validity of the values obtained from the QuantaSoft™ Software. Wells that
had greater than 10,000 accepted droplets were considered acceptable. The copies per
20uL well was the only value used from the data produced by the QuantaSoft™ Software
to calculate the concentration of the various SARS-CoV-2 gene targets. This value was
utilized along with the volume of the pellet which was determined experimentally and
other experimental values that were constant such as the eluted RNA volume, amount of
pellet used, and initial volume. Equation 1.1 shows the formula utilized to calculate the
concentration of the SARS-CoV-2 gene targets. The concentration was in units of gene

copies per liter of sewage (CP/L).
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(Equation 1.1)

CcpP _ pellet volume (mlL) eluate volume (80uL)
A = copies per uL X

extraction volume (0.2mL)  initial volume (45mlL)

1000mL
x —_—
1L

Equation 1.1: Concentration Calculation for the SARS-CoV-2 Gene Targets

This formula shows how the concentrations for the N1, N2, and E gene targets were
calculated.

To obtain the degradation rate constants, the CP/L at any given time (C) was divided by
the CP/L at time 0 (Co). Next, the natural logarithm of that value was taken (In(C/Co)).
These natural logarithm values were then plotted against time (hrs). The absolute value of
the slope was the first-order degradation rate constant (hrs™!). Rate constants were
compared for the targets at three temperatures to determine if they all degraded equally.
Arrhenius plots were made by plotting the natural logarithm of the degradation rate
constant against the inverse of temperature in Kelvin. The Arrhenius plots allow the
degradation rate constants for the SARS-CoV-2 gene targets to be calculated at any
temperature.

1.4 Results

Zero-order, first-order, and second-order reactions were assessed to determine which
order had the best linear fit to our data. Figure 1.1 shows an example of each graph used
to assess the reaction order. Trend lines were not shown in the graph to allow the curves

in graphs to be viewed without interference from the trendline.
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Figure 1.1: Reaction Order Example Based on One Sewage Sample
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Figure 1.1: Reaction Order Example Based on One Sewage Sample (Continued)
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Figure 1.1: This figure shows an example of the graphs obtained when the data was
plotted for one of our samples. This sample was plotted to observe zero-order, first-
order, and second-order reaction rates.
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As shown, the graphs for zero-order and second-order reactions have curvature. The data
plotted for a first-order reaction were linear. The following R? values were obtained for
each reaction order: 0.76 (zero-order), 0.96 (first-order), 0.45 (second-order). The zero-
order reaction had a reasonable R? value, but in general, the first-order reaction was more
linear. Based on the curvatures and R? values we concluded degradation was best
represented by a pseudo-first-order reaction.

Stirred and non-stirred sewage samples were compared at 25°C to determine if this slow
speed changed the rate constant. Samples were stirred at 60rpm to simulate the movement
of the sewage. This speed was also used to mix sewage in another study while samples
were taken, but their study focused on anaerobic digestion of sewage (Barati Rashvanlou
et al., n.d.). On average, the stirred samples degraded 1.2 times faster than the non-stirred
samples. Their average values are listed in Table 1.4. The stirred sewage degraded
statistically faster for both the N1 (p=0.022) and N2 gene targets (p=0.031), but the E
gene target did not degrade statistically (p=0.090) faster when stirred. There was a high
correlation between the stirred and non-stirred sewage with Pearson’s correlation

coefficients effectively 1.0.

Table 1.4: Stirred and Non-Stirred Sewage Comparison

Gene Target Average k value Average k value stirred/non-
(hrs™) (stirred) (hrs™) (non- stirred
stirred)
E 0.0138 0.0112 1.18
N1 0.0142 0.0114 1.25
N2 0.0135 0.0109 1.23

Table 1.4: Comparison of the sewage that had its stock stirred at 60rpm or was not
stirred. These reactions were carried out in triplicate, and both stirred and non-
stirred sewage were held at 25°C.
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As expected, sewage that is quiescent will degrade more slowly than sewage that is
stirred. Moving forward all experiments were stirred at 60 rpm to simulate the movement
in sewers.

The benefit of pasteurization was also assessed. The S00mL sewage stock was split in
half. Half of the sewage was pasteurized, and half of the sewage was not pasteurized.
Pasteurized samples had their degradation rates measured at 25°C. These experiments
generally produced noisy data. Thus, R? values generally greater than 0.7 were accepted
with the lowest R? value accepted being 0.66. Figure 1.2 graphically shows how the three
gene targets degrade over time at 25°C when the sewage is unpasteurized. These graphs
utilize the data points from all three sewage samples to create a single graph for each
gene target. All three gene targets degraded similarly at 25°C. The degradation rate
constants were 0.0138hrs™! (E), 0.0142hrs™! (N1), and 0.0135hrs™! (N2). Statistically,
these rate constants were effectively the same. There was a p-value of 0.17 or higher
when the targets were compared to each other. Samples were highly correlated with
Pearson’s correlation coefficients as follows: 0.93 (E vs. N1), 0.93 (E vs. N2), 1.0 (N1 vs.
N2). The first-order rate constants at 25°C are listed in Table 1.5.

The R? values from the three trials ranged from 0.66-0.90 for the E gene target, 0.74-0.91
for the N1 gene target, and 0.70-0.84 for the N2 gene target. Combining the data
produced much higher R? values which were near or above 0.9. However, combining the
data suggested lower rate constant values. The data based on the three trials suggested a
degradation rate that was 1.3 times faster (E), 1.4 times faster (N1), and 1.2 times faster

(N2) than the rate constant from the graph with the combined data.
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Figure 1.2: Gene Target Degradation at 25°C with Unpasteurized Sewage
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Figure 1.2: Gene Target Degradation at 25°C with Unpasteurized Sewage (Continued)
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Figure 1.2: This figure shows three graphs that utilize the compiled data points
from three different sewage samples to compose a single graph. Sewage samples
were stirred throughout the collection of samples while being held at 25°C. These

samples were not pasteurized.
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Table 1.5: SARS-CoV-2 Gene Target Degradation Rate Constants at 25°C
(Unpasteurized)

Target Kk (hrs') Kk (hrs') k(hrs!) Averagek Std.Dev. CV Kk
Trial1  Trial 2 Trial 3 (3 Trials) (hrs™) (%) (Graph)

(hrs™) (hrs™)
E 0.0183 0.00860 0.0146  0.0138 0.00490 354 0.0110
N1 0.0199  0.00990 0.0128  0.0142 0.00515  36.2 0.00900
N2 0.0181 0.0100 0.0124  0.0135 0.00416  30.8 0.0102

Table 1.5: List of degradation rate constants obtained at 25°C for the N1, N2 and E
gene targets. Each temperature was run in triplicate for each gene target. This table
also includes the average rate constant value, standard deviation (Std. Dev),
correlation of variation (CV), and the rate constant obtained from graphing all data
points (CV and Std. Dev not based on this).

The pasteurized sewage degradation was analyzed at 25°C. Figure 1.3 graphically
represents each gene target by combining the data points from all three sewage samples.
At 25°C the E, N1, and N2 gene targets in the pasteurized samples degraded at the same
rate. There was no gene target that degraded significantly faster. The p-values were as
follows: 0.061 (E vs. N1), 0.063 (E vs. N2), and 0.21 (N1 vs. N2). Again, the gene targets
had a high correlation with each other with Pearson’s correlation coefficients as follows:
1.0 (E vs. N1), 0.99 (E vs. N2), and 0.97 (N1 vs. N2). Table 1.6 shows the first-order
degradation rate constants obtained for the pasteurized sewage collected at 25°C. The rate
constant obtained from the compiled plot and the rate constant obtained from averaging
the three slopes from the three independent trials were nearly identical/identical. The R?
values from the three trials ranged between 0.73-0.96 (E), 0.80-0.83 (N1), 0.78-0.80
(N2). The compiled degradation graphs had lower R? values than the individual data sets

with R? values between 0.68-0.76. Compared to unpasteurized sewage, the pasteurized

sewage had a slower rate of degradation and a lower correlation of variation.
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Figure 1.3: Gene Target Degradation at 25°C with Pasteurized Sewage
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Figure 1.3: Gene Target Degradation at 25°C with Pasteurized Sewage (Continued)
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Figure 1.3: This figure shows three graphs that utilize the compiled data points
from three different sewage samples to compose a single graph. Sewage samples
were stirred throughout the collection of samples while being held at 25°C. These
samples were pasteurized.
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Table 1.6: SARS-CoV-2 Gene Target Degradation Rate Constants at 25°C (Pasteurized)

Target k(hrs!) k(hrs') k(hrs') Averagek Std.Dev. CV Kk
Trial1  Trial2 Trial3 (3 Trials) (hrs) (%) (Graph)

(hrs!) (hrs)
E 0.0134 0.00860 0.0106 0.0109 0.00241 222 0.0109
N1 0.0139 0.00890 0.0107 0.0112 0.00253 227 0.0112
N2 0.0136 0.00930 0.0117 0.0115 0.00216 18.7 0.0116

Table 1.6: List of degradation rate constants obtained at 25°C for the N1, N2, and E
gene targets when the sewage was pasteurized. Each temperature was run in
triplicate for each gene target. This table also includes the average rate constant
value, standard deviation (Std. Dev), correlation of variation (CV), and the rate
constant obtained from graphing all data points (Std. Dev and CV not based on
this).

The average correlation of variation for all unpasteurized gene targets was 34.1% (range:
30.8%-36.2%), and the average correlation of variation for the pasteurized gene targets
was 21.2% (range: 18.9%-22.6%). The unpasteurized sewage had rate constants that were
1.3 times greater for E, 1.3 times greater for N1, and 1.2 times greater for N2 when
compared to the rate constants from the pasteurized sewage. However, despite having an
apparent faster rate of degradation, the scatter in the data led to no statistical difference
between the unpasteurized sewage and pasteurized sewage. The p-values obtained when
the unpasteurized and pasteurized sewage at 25°C were compared were as follows: 0.09
(E), 0.09 (N1), and 0.13 (N2). Pasteurized sewage and unpasteurized sewage were highly
correlated with Pearson’s correlation coefficients as follows: r=0.97 (E), r=1.0 (N1), and
r=0.96 (N2). The main focus of this study was to determine how the gene targets degrade
under natural conditions. However, if samples need to be stored, pasteurizing the sample

can stabilize the sample by killing bacteria that degrade the targets leading to a smaller

rate constant.
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Figure 1.4: Gene Target Degradation at 35°C with Unpasteurized Sewage
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Figure 1.4: Gene Target Degradation at 35°C with Unpasteurized Sewage (Continued)
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Figure 1.4: This figure shows three graphs that utilize the compiled data points from
three different sewage samples to compose a single graph. Sewage samples were
stirred throughout the collection of samples while being held at 35°C. These samples
were not pasteurized.
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Because the degradation was expected to be very slow at 4°C, pasteurized degradation
experiments were carried out at 35°C to see if this preservation effect was present.
Degradation experiments of the SARS-CoV-2 gene targets were run at 35°C for both
pasteurized and unpasteurized sewage. Starting with the unpasteurized sewage, as
expected, as the temperature increased, the rate constant increased indicating the samples
degraded faster at a higher temperature. On average the rate constants increased by 1.9-
fold (E), 1.5-fold (N1), and 1.7-fold (N2) at 35°C for the unpasteurized sewage. Figure
1.4 lists the rates of degradation at 35°C when the sewage was unpasteurized.

All gene targets degraded similarly at 35°C, but the E gene target appeared to degrade
slightly faster. The E gene target degraded 1.2 times faster than the N1 gene target and
1.1 times faster than the N2 gene target. Statistically, the E gene degraded faster than the
N2 gene target (p=0.04), but it did not degrade faster than the N2 gene target (p=0.06).
The N1 and N2 gene targets degraded at the same rate (p=0.19). The Pearson’s

correlation coefficients were 1.0 for all gene target pairings.

Table 1.7: SARS-CoV-2 Gene Target Degradation Rate Constants at 35°C
(Unpasteurized)

Target k(hrs') Kk (hrs') k(hrs!) Averagek Std. CV Kk (Graph)
Trial1l Trial2 Trial3 (3 Trials)  Dev. (%) (hrsh)
(hrs™) (hrs™)
E 0.0242 0.0188 0.0339 0.0256 0.00765 29.8 0.0219
N1 0.0217 0.0168 0.0274 0.0220 0.00531 24.1 0.0190
N2 0.0217 0.0169 0.0290 0.0225 0.00609 27.0 0.0190

Table 1.7: List of degradation rate constants obtained at 35°C for the N1, N2, and E
gene targets. Each temperature was run in triplicate for each gene target. This table
also includes the average rate constant value, standard deviation (Std. Deyv,
correlation of variation (CV), and the rate constant obtained from graphing all data
points (Std. Dev and CV not based on this).
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Table 1.7 shows the various first-order rate constants obtained from degrading sewage at
35°C. The R? values for the three trials were between 0.84-0.94 for E, 0.75-0.83 for N1,
and 0.84-0.96 for N2. The combined data had lower R? values that were near 0.70. There
was a slight difference (1.2 times for all three gene targets) between the combined data’s
rate constant, and rate constant obtained from averaging the independent trials rate
constants. Interestingly, despite the 35°C sewage degrading over 1.5 times faster than the
25°C sewage, there was only a statistical significance for the E gene target when the
temperature was increased 10°C. The following p-values were obtained when the 25°C
and 35°C rate constants were compared: 0.048 (E), 0.086 (N1), and 0.073 (N2). This p-
values may not be significant because the data set was too small with only three data
points.

Next, the unpasteurized sewage was compared to the pasteurized sewage at 35°C.
Pasteurizing the sewage samples lowered the degradation rate to considerably. When the
samples were pasteurized before incubating them at 35°C, the SARS-CoV-2 gene targets
degraded 1.9 times slower (E), 2.0 times slower (N1), and 2.0 time slower (N2) than the
unpasteurized samples held at 35°C. The E gene target was not shown to have a statistical
difference between the pasteurized and unpasteurized sewage, but it was borderline
significant (p=0.05). The N1 (p=0.01) and N2 gene targets (p=0.03) did degrade
significantly slower when pasteurized. Interestingly, there was only a high amount of
correlation (r=0.99) between the pasteurized and unpasteurized sewage for the N2 gene
target. The E and N1 gene targets had a correlation that was near 0. Figure 1.5
graphically shows the degradation of the SARS-CoV-2 targets against time at 35°C when

the sewage was pasteurized.
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Figure 1.5: Gene Target Degradation at 35°C with Pasteurized Sewage
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Figure 1.5: Gene Target Degradation at 35°C with Pasteurized Sewage (Continued)
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Figure 1.5: Three graphs that utilize the compiled data points from three different
sewage samples to compose a single graph. Sewage samples were stirred throughout
the collection of samples while being held at 35°C. These samples were pasteurized.
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The R? values for each data set ranged between 0.74-0.89 (E), 0.73-0.88 (N1), and 0.87-
0.92 (N2). This set of data had varying correlations between targets. The N1 and E gene
targets were highly correlated (r=0.82). However, there was not high correlation with the
N2 pairings yielding Pearson’s correlation coefficients of -0.01 (N2 and E) and 0.56 (N1
and N2). Table 1.8 includes all the first-order rate constants for the pasteurized sewage at
35°C.

The graphically obtained rate constant and the average rate constant were similar and at
most the averaged data was 1.1 times larger than the rate constant obtained from
combined data points. The pasteurized sewage’s rate constant at 35°C was 1.2 times
greater for E, and 1.0 times greater for N1 and N2 compared to the pasteurized sewage at
25°C. The E gene target’s degradation rate at 35°C was statistically higher (p=0.02) than
the E gene target’s degradation rate at 25°C according to the pasteurized sewage. No

statistical difference was observed for the N1 and N2 gene targets.

Table 1.8: SARS-CoV-2 Gene Target Degradation Rate Constants at 35°C (Pasteurized)

Target k (hrs') k(hrs!) k(hrs') Averagek Std. CV Kk (Graph)
Trial1 Trial2  Trial3 (3 Trials) Dev. (%) (hrs™)
(hrs™) (hrs ™)
E 0.0149 0.0122 0.0129 0.0133 0.00140 10.5 0.0127

N1 0.0114 0.0990 0.0111 0.0108 0.000794 7.35 0.0101

N2 0.0112 0.0108 0.0123  0.0114 0.000777 6.79 0.0104

Table 1.8: List of degradation rate constants obtained at 35°C for the N1, N2, and E
gene targets when the sewage was pasteurized. Each temperature was run in
triplicate for each gene target. This table also includes the average rate constant
value, standard deviation (Std. Dev), correlation of variation (CV), and the rate
constant obtained from graphing all data points (Std. Dev and CV not based on
this).
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Three samples were run to determine the first-order degradation of the gene targets at
4°C. No pasteurization experiments were run because the degradation rate was very slow,
and it was impractical to run these samples for weeks. Reducing the temperature to 4°C
reduced the rate by 4.3-fold (E), 4.4-fold (N1), and 4.6-fold (N2) when compared to the
unpasteurized sewage at 25°C. The compiled data points for the degradation of the
SARS-CoV-2 gene targets at 4°C are shown graphically in Figure 1.6.

The R? values for these graphs ranged from 0.68-0.92 (E), 0.79-0.99 (N1), and 0.71-0.96
(N2). Interestingly, there was not a high correlation between the E gene target with either
the N1 (r=0.26) or N2 gene target (r=0.41). However, there was a high correlation
between the N1 and N2 gene targets (r=0.99). The N1 gene target degraded the fastest,
but this gene target only had a statistically higher degradation rate constant (p=0.047)
than N2. Overall, a 1.1-fold difference was the largest difference between the rate
constant values for all three gene targets. Table 1.9 lists the first-order rate constant at
4°C. The average rate constant values were similar amongst gene targets (0.93-1.0-fold
difference between them). The temperatures and rate constants were utilized with the
Arrhenius equation to make Arrhenius plots. By plotting the natural logarithm of the rate
constants against the inverse of temperature reported in Kelvin, an apparent activation
energy (E.) and preexponential factor (A) can be obtained from the graph to allow the
degradation rate constant at any temperature to be calculated for each gene target. Figure
1.7 shows the Arrhenius plots for each SARS-CoV-2 gene target based on the three

temperatures used in this study.
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Figure 1.6: Gene Target Degradation at 4°C with Unpasteurized Sewage
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Figure 1.6: Gene Target Degradation at 4°C with Unpasteurized Sewage (Continued)
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Figure 1.6: This figure shows three graphs that utilize the compiled data points from
three different sewage samples to compose a single graph. Sewage samples were
stirred throughout the collection of samples while being held at 4°C. These samples
were not pasteurized.
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Figure 1.7: Arrhenius Plots for Each SARS-CoV-2 Gene Target
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Figure 1.7: Arrhenius Plots for Each SARS-CoV-2 Gene Target (Continued)
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Figure 1.7: This figure shows three Arrhenius plots for the E, N1, and N2 gene
targets.
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Table 1.9: SARS-CoV-2 Gene Target Degradation Rate Constants at 4°C
(Unpasteurized)

Target Kk (hrs') Kk (hrs!) Kk (hrs') Averagek Std.Dev. CV Kk (Graph)
Trial1l Trial2 Trial3 (3 Trials) (hrs™) (%)  (hrs)
(hrs™)

E 0.00260 0.00360 0.00340 0.00320 0.000529 16.5 0.00310

N1 0.00290  0.00280 0.00400 0.00323 0.000667 20.6  0.00348

N2 0.00260  0.00270  0.00360 0.00300 0.000551 18.6 0.00313

Table 1.9: List of degradation rate constants obtained at 4°C for the N1, N2, and E
gene targets. Each temperature was run in triplicate for the three gene targets. This
table also includes the average rate constant value, standard deviation (Std. Dev),
correlation of variation (CV), and the rate constant obtained from graphing all data
points (Std. Dev and CV not based on this).

The y-intercept is equivalent to the natural logarithm of the pre-exponential factor. The
slope is a negative value that is equivalent to activation energy divided by the universal
gas constant (R). Table 1.10 shows the values of the slopes and the pre-exponential
factors for the three gene targets. We calculated the shelf life (T90) which represents the
time it would take for the gene targets to decrease in concentration to 90% of their

original concentration and the half-life (t1/2) of our gene targets. Table 1.11 shows the

half-lives, shelf lives, and rate constants for all temperatures.

Table 1.10: Pre-Exponential Factor and Slope Values for the SARS-CoV-2 Gene Targets

Gene Target A (hrs™) -Ea/R (K)
E 3.10x10° -5730
N1 8.70x10° -5370
N2 2.15x10° -5650

Table 1.10: A table of pre-exponential factors and slope values for the E, N1, and N2
gene targets. These values can be used to calculate the first-order degradation rate
constants at any temperature.
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Table 1.11: Half-Lives, Shelf Lives, and Rate Constants for the SARS-CoV-2 Gene
Targets

Gene K avg Temperature Pasteurized or T90 T1/2=0.693/k
Target (hrs™) O Unpasteurized =0.105/k (hrs)
(hrs)
E 0.0138 25 Unpasteurized 7.59 50.1
N1 0.0142 25 Unpasteurized  7.39 48.8
N2 0.0135 25 Unpasteurized  7.78 51.3
E 0.0109 25 Pasteurized 9.66 63.8
N1 0.0112 25 Pasteurized 9.40 62.1
N2 0.0115 25 Pasteurized 9.10 60.1
E 0.0256 25 Unpasteurized 4.10 27.0
N1 0.0220 35 Unpasteurized 4.78 31.5
N2 0.0225 35 Unpasteurized 4.66 30.8
E 0.0133 35 Pasteurized 7.88 52.0
N1 0.0108 35 Pasteurized 9.72 64.2
N2 0.0114 35 Pasteurized 9.18 60.6
E 0.00320 4 Unpasteurized 32.8 217
N1 0.00323 4 Unpasteurized  32.5 214
N2 0.00297 4 Unpasteurized 35.4 233

Table 1.11: This table shows the half-lives, shelf lives, and average rate constants at
4°C, 25°C, and 35°C for E, N1, and N2. All data had sewage samples that were
stirred.

1.5 Discussion

RNA degradation may be caused by combinations of three mechanisms which include:
chemical (paraffin, aldehydes, etc.), physical (high temperature, UV light, etc), and
enzymatic pathways (Sidova et al., 2015). One property that can influence RNA
degradation is pH. RNA is in its most stable form when the pH is between 4 and 5, but as
the pH becomes alkaline, the RNA becomes unstable (Bernhardt & Tate, 2012). RNA is
susceptible to both acid hydrolysis (pH less than 2) and alkaline hydrolysis (pH higher
than 6) (Bernhardt & Tate, 2012). Secondary wastewater effluents have a pH range
between 6 and 8 (Wei et al., 2008). Many personal care and cleaning products that end up

in sewage have a pH greater than 5. Shampoos often have a pH between 6 and 7 and
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many soaps have a pH between 9 and 10 (Tarun et al., 2014) or higher (Boonchai &
Iamtharachai, 2010). Common cleaners which also exhibit high alkalinity include Clorox
bleach (pH of 11.4) and powdered laundry detergents (pH range of 10.8-11.7) (Ross &
Spiller, 1999). Therefore, these products can contribute to increasing the pH of the
sewage. Due to the general pH of the sewage leaning towards a neutral to basic pH,
alkaline hydrolysis is probably a significant factor leading to RNA degradation.
Pesticides, trash, automotive chemicals, fertilizers, rain, and many other things also go
down the sewers which could interfere with the RNA signal (How Sewage Pollution Ends
Up In Rivers, n.d.). Next, the 2’-hydroxyl group located on RNA is much more
susceptible to hydrolysis which will cause RNA to be degraded faster than DNA
(Fordyce et al., 2013). Hydrolysis of RNA is further enhanced under alkali conditions and
when cations including transitional metals and calcium are present (Fordyce et al., 2013).
A physical factor which can contribute to RNA degradation is an increase in temperature.
In general RNA samples are frozen at either -20 °C or -80 °C, or liquid nitrogen is used to
prevent RNA degradation (Fabre et al., 2014). However, ribonucleases (RNases) and
ribozymes can still be active at cold temperatures so there may always be some RNA
degradation, but lowering temperature is generally used to reduce RNA degradation
(Fabre et al., 2014). RNA degradation was found to increase linearly as the temperature
was raised from 55°C to 92°C (Brisco & Morley, 2012). Their study measured RNA
degradation as induced lesions/1000 bases (Brisco & Morley, 2012). When the
temperature was 55°C the induced lesions/1000 bases was ~0.6, but this value elevated to

~9 when the temperature increased to 92°C (Brisco & Morley, 2012). Wastewater in the
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sewers has an average temperature of ~15.6°C (Waste Wattage, 2012). Thus, RNA will
degrade more slowly with the low temperature.

RNases are the enzymes that are mainly responsible for the degradation of RNA
(Ohyama et al., 2014). These degradative enzymes are nonspecific to substrates
(Bechhofer & Deutscher, 2019). For example, humans have around 25,000 genes in total,
but there are less than 100 RNase genes to degrade those genes meaning one RNase
degrades hundreds or even thousands of RNA (Ohyama et al., 2014). An RNase known
as RNase 7 is the most plentiful RNase in skin (Koczera et al., 2016). Sewage contains
many human components such as dead skin cells, fingernails, hair, and bodily fluids
(urine and feces) (Sludge, Farmer’s Friend or Toxic Slime?, 2009). The human body
secretes RNases into bodily fluids such as mucus, tears, perspiration, and salvia;
however, RNases are also found in hair which has been shed (both human and pet hair)
and flaked skin (The Basics, n.d.). Thus, sewage can have many RNases just from human
waste. Therefore, there will be many types of RNases in the sewer system leading to
enhanced RNA degradation. For instance, plant RNases in the T2 family are very broadly
distributed and can be found in a wide-range of things such as bacteria, viruses, and
mammals (Pauline A. Bariola et al., 1999).

Based on the Arrhenius plot from our study, the rate-constant at any temperature can be
calculated for the N1, N2, and E gene targets. Sewage has a temperature ranging from 10
to 21°C (Jamal, n.d.) with an average temperature of approximately 15.6°C (Waste
Wattage, 2012). The degradation rates at the range of sewer temperatures are given in

Table 1.12.
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Table 1.12: Gene Target Degradation Rates at Typical Sewer Temperatures

Temp (°C) E (hrs1) N1 (hrs) N2 (hrs™)
10 0.00497 0.00500 0.00465
15.6 0.00736 0.00723 0.00685
21 0.0106 0.0102 0.00982

Table 1.12: Degradation rates that the gene targets would exhibit at common sewage
temperatures based on the Arrhenius plots from our data.

In sewage it is more likely that the gene targets will degrade similarly and the small
differences we observed will not be significant. Table 1.13 shows the shelf-life and half-
life values at the typical sewage temperatures. Besides our study, there are a limited
number of studies that investigated SARS-CoV-2 degradation. Mahlknecht et al.
discussed that infectious SARS-CoV-2 is not as stable or abundant as inactivated SARS-
CoV-2 RNA in various types of liquids (Mahlknecht, 2022). Infectious SARS-CoV-2 is
quickly inactivated in wastewater, sea water, and river water in comparison to tap water

(Mahlknecht, 2022).

Table 1.13: Half-life and Shelf-Life Values at Typical Sewage Temperatures

Target Temperature (°C) Shelf-life (hrs) Half-life (hrs)
E 10.0 21.1 139

E 15.6 14.3 94.1

E 21.0 9.90 65.4

NI 10.0 21.0 138

N1 15.6 14.5 95.8

N1 21.0 10.3 68.1

N2 10.0 22.6 149

N2 15.6 15.3 101

N2 21.0 10.7 70.6

Table 1.13: Half-life and shelf-life values of the SARS-CoV-2 gene targets N1, N2,
and E typically seen under normal sewage temperatures.
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They observed that SARS-CoV-2 is very stable in sewage when temperatures are
between 4°C-37°C which means that temperature is unlikely to play a role if a sewage
sample is negative for SARS-CoV-2 (Ahmed, Tscharke, et al., 2021). Another study
mentioned that the N1 and N2 gene targets detected in wastewater influent did not have
significant degradation at 4°C when samples were held for 19 days (Beattie et al., 2022).
They also found that pasteurization did not have much of an impact on the SARS-CoV-2
gene targets concentrations in 2/3 wastewater treatment plants, but pasteurization did
cause concentration loss in one of the wastewater treatment plants serving the smallest
population (Beattie et al., 2022). They pasteurized their samples for 1hr at 65°C (Beattie
et al., 2022). Our lab pasteurized the samples for 2hrs at 60°C. In our study pasteurization
was never found to decrease the SARS-CoV-2 signal. Pasteurizing the sample reduced
the rate of degradation when compared to the unpasteurized sewage. Our study also
contradicted their study when it came to the stability of the sewage sample at 4°C
because our study suggested that there was signal loss at 4°C while their study did not.
Averaging the T90 values for all three gene targets, we found that the sewage sample lost
10% of the gene target concentration after 33hrs (1.4 days) at 4°C. Another study
analyzing the N1 gene target agreed with the Beattie et al. study suggesting that storing
wastewater at 4°C for as long as nine days would not cause a significant reduction in the
SARS-CoV-2 concentration (Markt et al., 2021). However, they mentioned that freezing
samples at -20°C significantly decreased the SARS-CoV-2 N1 gene target (Markt et al.,
2021). Therefore, they suggested storing the sewage at 4°C instead of freezing the
samples (Markt et al., 2021). A study by Takeuchi et al. looked at SARS-CoV-2
degradation at 4°C, 25°C, 37°C, and 45°C but they used a sequence targeting the
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nonstructural protein 15 (nsp15) of SARS-CoV-2 (Takeuchi et al., 2022). Also, their
experiments utilized nucleic acid amplification tests rather than sewage surveillance
(Takeuchi et al., 2022). The nucleic acid amplification tests use specimens collected from
the lower or upper respiratory tract (CDC, 2020b). The first-order rate constants in their
study were 0.017hrs™! (4°C), 0.137hrs™! (25°C), 0.206hrs™! (37°C), and 0.255hrs™! (45°C)
(Takeuchi et al., 2022). The half-lives were 40.1hrs (4°C), 5.08 (25°C), 3.37 (37°C), 2.72
(45°C) (Takeuchi et al., 2022). Their degradation rate was 5.4-fold higher than the
average rate constant value at 4°C. Their degradation rate was 9.9-fold higher than the
average rate constant value at 25°C. As the samples analyzed were different (respiratory
sample vs. sewage) from our study and the target was different, it is not unexpected that it
would degrade differently. Weidhaas et al. suggested a high first-order rate constant
indicating that the N1 and N2 gene targets would degrade at a rate of 0.09-0.12hrs™! when
the temperature was between 4°C and 35°C (Weidhaas et al., 2021). They reported that
the SARS-CoV-2 signal could no longer be detected after 6hrs at a temperature of 35°C,
while SARS-CoV-2 could be detected at 4°C and 10°C after 22hrs (Weidhaas et al.,
2021). Hokajarvi et al. looked at the first-order degradation of the E gene target and the
N2 gene target of SARS-CoV-2 at 4°C, -20°C, and -75°C (Hokajérvi et al., 2021). They
reported degradation rate constants at 4°C as 0.04days™ (E) and 0.06days™ (N2)
(Hokajérvi et al., 2021). They also reported T90 values of 52days (E) and 36days (N2)
indicating N2 degraded much faster than the E gene target at 4°C (Hokajdrvi et al., 2021).
We report comparable values of degradation between the E and N2 gene targets at 4°C
that are not statistically different. Our shelf-life values suggested a much faster rate of
degradation than suggested by Hokajérvi et al. with T90 values of 32.8hrs (E) and
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35.4hrs (N2) at 4°C. Another study looked at SARS-CoV-2 degradation in tap water and
wastewater with high and low amounts of SARS-CoV-2 (Bivins et al., 2020). They found
first-order degradation rate constants as follows: 1.1days™! (20°C, low concentration,
wastewater), 1.4days™ (20°C, high concentration, wastewater), 0.15min"! (50°C, high
concentration, wastewater), 1.0min™! (70°C, high concentration, wastewater), and
1.2days™! (20°C, high concentration, tap water) (Bivins et al., 2020). They reported T90
values between 2.1days and 2.2mins based on the conditions SARS-CoV-2 faced (Bivins
et al., 2020). This study did not mention what part of SARS-CoV-2 they targeted.
However, on average our gene targets had a T90 value of 2.1days at 25°C which was the
same as the T90 value they reported for their sewage that was inoculated with a low
concentration of SARS-CoV-2 and held at 20°C (Bivins et al., 2020). Another study
looked at the degradation of the N1 gene target of SARS-CoV-2 at 4°C and 20°C in
seawater and river water (Sala-Comorera et al., 2021). They reported first-order rate
constants of 0.61days™! (4°C) and 1.01days™! (20°C) in river water and 1.07days™! (4°C)
and 2.02days™! (20°C) in seawater (Sala-Comorera et al., 2021). The T90 values they
reported were as follows: 3.8days (4°C) and 2.3days (20°C) in river water and 2.2days
(4°C) and 1.1days (20°C) in seawater (Sala-Comorera et al., 2021). These values were
similar to the prior study despite being sea and river water and even suggested seawater
degraded the SARS-CoV-2 signal faster than the sewage at 20°C. Roldan-Hernandez et
al. looked at the degradation of the N1 and N2 gene targets and pepper mild mottle virus
at two wastewater treatment plants at three temperatures (Roldan-Hernandez et al., 2022).
They found that as temperature increased so did the first order rate constants (Roldan-
Hernandez et al., 2022). They listed their rate constants as follows: 0.024days™! (4°C),
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0.027days™ (22°C), and 0.063days™! (37°C) for N1, 0.011days™! (4°C), 0.021days!
(22°C), and 0.047days™! (37°C) for N2, and 0.010days™" (4°C), 0.040days™! (22°C), and
0.045days™ (37°C) for pepper mild mottle virus for wastewater treatment plants A
(Roldan-Hernandez et al., 2022). For wastewater treatment plant B, they listed their rate
constants as follows: 0.036days™! (4°C), 0.063days™ (22°C), and 0.091days™' (37°C) for
N1, 0.031days™ (4°C), 0.089days™! (22°C), and 0.098days™! (37°C) for N2, and
0.059days™! (4°C), 0.077days™! (22°C), and 0.091days™" (37°C) for pepper mild mottle
virus (Roldan-Hernandez et al., 2022). They looked at pepper mild mottle virus because it
can be used to assess fecal strength, and therefore, may be used to normalize the SARS-
CoV-2 signal in other studies (Roldan-Hernandez et al., 2022). Lastly, Ahmed et al.
looked at the degradation rate of untreated sewage, autoclaved sewage, and tap water for
N1 and murine hepatitis virus at 4°C, 15°C, 25°C, and 37°C (Ahmed, Bertsch, Bibby, et
al., 2020). For N1 they found first-order rate constants of 0.084-0.286days™! (4°C-37°C)
for untreated sewage, 0.054-0.405days™! (4°C-37°C) for autoclaved sewage, and 0.039-
0.245days™! (4°C-37°C) for tap water (Ahmed, Bertsch, Bibby, et al., 2020). Overall, our
study was bracketed by the other studies that found lower or higher rates than our study.
Our study suggests T90 values near 33.6hrs (4°C), 7.6hrs (25°C) and 4.5hrs (35°C) for all
gene targets. In contrast, other studies reported T90 values in units of days, and suggested
it would take days or weeks such as Ahmed et al. who suggested T90 values of 27.8days-
8.04days (4°C-37°C) for N1 in sewage (Ahmed, Bertsch, Bibby, et al., 2020). Our study
looked at pasteurization and found pasteurization significantly reduced the rate of
degradation. Therefore, pasteurization may prove beneficial in stabilizing samples and

increasing safety at the cost of time.
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1.6 Conclusion

This study looked at degradation rates at 4°C, 25°C, and 35°C over time. We found that
at the lowest temperature the RNA degraded slowly, and as the temperature increased so
did the degradation rate. For the unpasteurized sewage at 4°C, gene targets degraded at
0.0032hrs™! (E), 0.00323hrs™! (N1), and 0.00297hrs™! (N2). As the temperature increased
to 25°C, the rate constants increased over four-fold for each of the gene targets: 0.0138
hrs! (E), 0.0142 hrs! (N1), and 0.0135 hrs™' (N2). At 35°C the rate constants were as
follows: 0.0256hrs™! (E), 0.0220hrs™ (N1), and 0.0225hrs™! (N2). There was a statistical
difference in rate as the temperature increased. Also, based on the rates, the gene targets
in pasteurized sewage had a slower rate of degradation than the unpasteurized sewage.
Comparing the half-lives of the unpasteurized and pasteurized sewage, the average half-
lives for all gene targets were 50hrs (unpasteurized) and 62hrs (pasteurized) at 25°C and
30hrs (unpasteurized) and 59hrs (pasteurized) at 35°C. Lastly, there was a set of non-
stirred experiments carried out at 25°C. The half-lives were as follows: 55hrs (stirred)
and 62hrs (non-stirred) for E, 53hrs (stirred) and 66hrs (non-stirred) for N1, and 54hrs
(stirred) and 68hrs (non-stirred) for N2.

The rates of degradation are low at 4°C indicating that there will be negligible signal loss
for the first day or two of storage at 4°C Pasteurization will preserve the signal if analysis
cannot be completed right away. Pasteurization may also enhance the SARS-CoV-2 gene
target’s signal by reducing bacteria or enzymatic action on the samples. However, if
pasteurization is implemented into the workflow, the analysis this will take. Arrhenius
parameters were determined so that rate constants may be calculated at any temperature

for use in modelling and case study correlations.
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CHAPTER TWO
ASSESSING SARS-COV-2 GENE TARGETS AND THE NECESSITY OF
MULTIPLE TARGETS FOR RELIABLE SARS-COV-2 DETECTION IN

WASTEWATER SAMPLES SPANNING SOUTHEASTERN MICHIGAN

2.1 Abstract

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) which is an RNA virus. Clinical testing focuses on testing
nasopharyngeal swabs while our work focuses on testing for SARS-CoV-2 within
sewage. Wastewater surveillance is a non-invasive way to track COVID-19 trends in
whole communities. It can provide data on individuals that may not be captured with
clinical testing such as individuals unwilling to be tested, asymptomatic individuals, or
individuals that do not report their at-home test results. Our work used three SARS-CoV-
2 gene targets derived from the envelope and nucleocapsid genes of SARS-CoV-2. Our
research worked to reduce the number of targets tested to save cost and time with
minimal loss of SARS-CoV-2 detections. The first set of experiments compared the N1,
N2, and E gene targets in 1,430 samples over nine months for 29 different sites. It was
found that E was detected in over 200 less samples (655) than N1 (861) and N2 (873). All
three gene targets were effective and highly correlated with each other. However, when
evaluating each individual targets contribution, the E gene target was only able to
increase the number of detections by 2.3% as compared to the N1 and N2 gene targets
which increased the detections by 8.3% and 10.7% respectively. After the first set of
experiments, E was removed from analysis, and N1 and N2 were analyzed for an
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additional year. A total of 4,527 samples were assessed for 44 sites. Of these samples,
2,559 samples were positive for N1, and 2,453 samples were positive for N2. This extra
data showed that N1 was detected more frequently as opposed to the first nine months of
data that favored N2. Both N1 (13.3%) and N2 (9.6%) added a substantial amount of
SARS-CoV-2 detections. Overall, these data suggest that removing E, and retaining N1
and N2 will achieve a high level of SARS-CoV-2 detection while substantially lowering
the cost of analysis.

2.2 Introduction

Coronavirus disease 2019 (COVID-19) is an acute respiratory disease which is caused by
a highly transmissible coronavirus (CoV) called severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (Hu et al., 2021). The virus SARS-CoV-2 has similarities
to the other CoVs including being a single-stranded and enveloped RNA virus; the
genome size approaches 30,000 nucleotides (Alexandersen et al., 2020). These viruses
were first discovered in 1937 when they were isolated from chickens (Song et al., 2022).
In addition to chickens, other animals have been infected with CoVs such as: cats, cows,
dogs, pigs, and camels (Alluwaimi et al., 2020). Overall, there are many CoVs (hundreds)
that infect various creatures, but there are only seven CoVs that are known to infect
humans (Healthline, 2020). When humans are infected with a CoV, symptoms often
resemble the common cold, but some individuals develop a severe case with severe
inflammation, internal organ dysfunction, high fever, and even death (Dhama et al., 2020,
p. 19). Based on some data released in China, the majority of individuals (81%) were
found to have mild to moderate symptoms of COVID-19, while severe disease and
critical disease found in 14% and 5% of individuals, respectively (Gandhi et al., 2020).
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There are also some cases of COVID-19 that produce no symptoms. Numerous studies
have noted the large fluctuation in the estimated number of asymptomatic cases, but
overall, the data suggests a high fraction of asymptomatic cases. One article examined 95
studies with nearly 30 million individuals. When they analyzed data with confirmed cases
of COVID-19, the number of individuals that were asymptomatic was 40.50% (Ma et al.,
2021). When they further analyzed the COVID-19 positive group they found that 54.11%
of pregnant woman were asymptomatic, 47.53% of nursing home staff or residents were
asymptomatic, and 52.91% of cruise or air travelers were asymptomatic (Ma et al., 2021).
The disease COVID-19 is generally diagnosed using PCR on a nasopharyngeal swab
specimen (Gopaul et al., 2020). Nasopharyngeal swabs exhibit high specificity (99.5%)
and had a high amount of sensitivity (84.6%) (Gopaul et al., 2020). Although
nasopharyngeal swabs are the main way to test for COVID-19 in a clinical setting,
SARS-CoV-2 can also be detected by analyzing sewage. Feces are the main contributor
of the SARS-CoV-2 signal in sewage. Urine is not a major source of SARS-CoV-2. A
review that combined 33 studies with 430 patients found that 3.7% of the patients tested
positive for SARS-CoV-2 in their urine (Kashi et al., 2020). SARS-CoV-2 is detected in
feces more frequently than urine, but fecal samples are not comparable to nasopharyngeal
samples. Only 32-67% of patients that have a clinically confirmed case of COVID-19
have positive SARS-CoV-2 detection in their fecal samples (Szymczak et al., 2020).
Sewage surveillance of SARS-CoV-2 is an advantageous way to assess COVID-19 levels
in communities to check for outbreaks of COVID-19 and may indicate increases in
COVID-19 cases one to two weeks ahead of the clinical data. Wastewater surveillance
can be used to identify facilities that have high COVID-19 infection rates and allow
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public health interventions directly in those buildings to reduce the spread of COVID-19
(Deng et al., 2022). Sewage surveillance has been previously used to monitor
salmonellosis and polio, and this technique has been shown to provide SARS-CoV-2 data
that had a consistently high association with the clinical cases of COVID-19 (Wolfe,
n.d.). Consequently, sewage surveillance provides a quick, cost-effective way to screen
whole communities for trends in COVID-19 cases. Due to the ongoing nature of the
COVID-19 pandemic, participation in clinical testing is not as strong as it was in the
beginning. Therefore, it is likely that the clinical cases provide a less accurate depiction
of COVID-19 infection due to under participation, high percentages of asymptomatic
cases, and underreported at-home tests. Due to this, sewage surveillance is important and
will be increasingly important as participation in clinical testing dwindles.

Currently, the Centers for Disease Control and Prevention (CDC) recommends two
different SARS-CoV-2 gene targets named N1 and N2 (CDC, 2020c). There are three
nucleocapsid gene-based targets used to target CoVs. However, the nucleocapsid based
targets N1 and N2 were specifically designed with the intent of detecting SARS-CoV-2
while the N3 gene target was designed to be a universal detector of viruses that belong to
the subgenus Sarbecovirus (Lu et al., 2020). To diversify the study, another SARS-CoV-
2 gene target that targeted the envelope gene of SARS-CoV-2 was utilized. This E gene
target was used by Corman et al (Corman et al., 2020a). Therefore, three different gene
targets of SARS-CoV-2 were utilized to determine if SAS-CoV-2 was present in the
sewage. As there are two different genes being detected, there could be an advantage

found when targeting one gene over the over.
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The focus of this study was to determine which gene target was able to detect SARS-
CoV-2 the most frequently. If there is a superior gene target, one or two gene targets
could potentially be removed from analysis. Due to the fast-spreading nature of this
disease, it is vital to analyze targets that are sensitive and reliable enough to test for
SARS-CoV-2 in the sewage. This study could find that all three gene targets are
necessary for the detection of SARS-CoV-2, but it also has the potential to save time and
money if all three gene targets are not necessary for analysis. Unfortunately, COVID-19
continues to produce outbreaks even though it originated almost two years ago. As of its
origin that occurred near the end of December 2019, this virus has spread and made its
way to the United States by January and made its way to minimally 25 countries as of
February (Y.-C. Wu et al., 2020). According to the World Health Organization (WHO),
3.8million cases of COVID-19 were reported across the globe in the last seven days as of
September 7", 2022 (WHO Coronavirus (COVID-19) Dashboard, n.d.). As of September
6™, 2022 over 603 million cases of COVID-19 across the globe have been reported
(WHO Coronavirus (COVID-19) Dashboard, n.d.). Therefore, COVID-19 still has a
heavy presence within the community and monitoring this virus is still vital for the
public’s health. Our research works to find a more cost effective and time efficient way to
monitor COVID-19 in the sewage without loss or with minimal loss of SARS-CoV-2
detection.

2.3 Materials and Methods

2.3.1 Sample Delivery, Sample Selection, and Sample Concentration

Our workflow used the methods described by Flood et al (Flood et al., 2021) as a starting

point. Sewage samples were delivered to the lab in S00mL portions. Samples were
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transported in a cooler with icepacks while in transit to our lab. Samples were processed
immediately upon arrival. The 500mL bottle of sewage was mixed by inverting the bottle
between 40 and 60 times to minimize foaming. A 45 mL homogenous sewage sample
was decanted into a SO0mL conical bottom centrifuge tube. Approximately 4.0g of
polyethylene glycol 8000 (catalog number 97061-100 from VWR) and 0.59¢g sodium
chloride (catalog number 470302-520 from VWR) were added to the sample yielding a
concentration of 8% polyethylene glycol and 0.2M sodium chloride. After the solids and
solutions were combined, the centrifuge tubes were transferred to a rotator where the
tubes were rotated at 70rpm for 2hrs. The rotator was held at 4°C. After mixing, the
samples were centrifuged at 3,650 rpm for 1 hr. Once centrifugation was completed, the
supernatant was discarded, and a 1-2 mL pellet remained.

2.3.2 RNA Elution and Purification

The QIAamp Viral RNA Mini Kit (catalog number 52904) was purchased from QIAGEN
to purify and elute the RNA from the sewage samples. To begin the process, buffer AVL
and carrier RNA were mixed in portions of 800uL and 8uL per sample, respectively. A
200uL portion of pellet was then pipetted into a 2mL cryovial containing the buffer and
RNA mix. The cryovial was vortexed for 10s before incubation for 10mins at room
temperature. After incubation, 200proof ethanol was added to the cryovial in an 800uL.
portion, and the cryovial was vortexed for 10s. At this point in the procedure there was
1.8mL solution in the cyrovial. This solution was run through the QIAamp mini spin
column in order to obtain the extracted RNA. The 1.8mL solution was added in three
630uL quantities to the spin column. Three additions were done because the spin column

could not hold enough solution for a single addition. Each 630uL portion of solution was
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added to the spin column and centrifuged sequentially. The flow through was not
retained. The centrifugation settings were Imin at 8,000rpm. These centrifuge settings
were the same for every addition except when the buffer AW2 was added. The waste
collected in the collection tube under the spin column was discarded after every addition
until the elution step (buffer AVE). After the whole 1.8mL solution was added to the spin
column and centrifuged, the wash buffers were added. A 500uL portion of buffer AW1
was added to the spin column and centrifuged. Next, a S00uL portion of buffer AW2 was
added to the spin column. At this point in the process (and only during this step) the
centrifuge speed and duration was increased to 14,000rpm for 4min. After centrifugation,
centrifugation settings were returned to normal, and the spin column was transferred to a
1.5mL microcentrifuge tube. The microcentrifuge tube was used to collect the RNA
eluted from the spin column. Buffer AVE was added to the spin column in a 40uL.
portion and incubated at room temperature for Imin. After incubation, the spin column
was centrifuged. This step was repeated which resulted in a final volume of 80uL of
RNA eluate.

2.3.3 Amplification of RNA and Detection of Target Sequences

The assay mix was made using the solutions from the One-Step RT-ddPCR Advanced
Kit for Probes (catalog number 1864021) produced by Bio-Rad. Table 2.1 shows the
primer/probe sequences used to detect the SARS-CoV-2 gene targets. The assay mix
composition varied if the reactions were run for an E singleplex versus an N1-N2 duplex.
Table 2.2 shows the components that were used for a singleplex reaction and a duplex

reaction.
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Table 2.1: SARS-CoV-2 Gene Target Sequences

Target Sequences (5’-3°) References
E ACAGGTACGTTAATAGTTAATAGCGT (forward (Corman et al.,
primer) 2020a)

ATATTGCAGCAGTACGCACACA (reverse primer)
FAM-ACACTAGCCATCCTTACTGCGCTTCG-
BHQ1 (probe)

N1 GACCCCAAAATCAGCGAAAT (forward primer) (CDC, 2020c)
TCTGGTTACTGCCAGTTGAATCTG (reverse
primer)
FAM-ACCCCGCATTACGTTTGGTGGACC-BHQI1
(probe)

N2 TTACAAACATTGGCCGCAAA (forward primer) (CDC, 2020c)
GCGCGACATTCCGAAGAA (reverse primer)
HEX-ACAATTTGCCCCCAGCGCTTCAG-BHQI
(probe)

Table 2.1: Sequences used to detect the SARS-CoV-2 gene targets N1, N2, and E.

The values in Table 2.2 were based on a single reaction. Singleplex and duplex reactions
only varied based on the amount of water and the additional primer/probe mix which
would be added for a duplex reaction. Samples and controls (negative, no template,

extraction, and positive controls) were run on each 96-well plate.

Table 2.2: Assay Mix Calculations for a Single Well

Reagent Singleplex Duplex
Supermix 5.5ulL 5.5ulL
Reverse transcriptase 2.2uL 2.2uL
Dithiothreitol 1.1puL 1.1puL
Primer/probe mix 1 3.3ul 3.3ul
Primer/probe mix 2 N/A 3.3ul
Water 4.4uL 1.1uL
Total 16.5uL 16.5uL

Table 2.2: This table shows the assay mix calculations utilized for a singleplex and a
duplex reaction. These calculations were based on the amount of assay mix required
for one reaction (one well).
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The extraction control utilized buffer AVE instead of pellet, and the negative control
utilized water instead of pellet otherwise the procedure was the same. The N1 and N2
gene targets were ran as a duplex reaction, and the E gene target was run as a singleplex
reaction. Each well had 5.5uL of sample/control and 16.5uL of assay mix. Each sample
and control were run in triplicate per assay mix. After pipetting, the plate was sealed with
foil. This plate was then vortexed to mix the sample and the assay mix and spun in a plate
spinner to collect the liquid at the bottom of the 96-well plate. This plate was then
inserted into the Automated Droplet Generator (catalog number 1864101 Bio-Rad) to
generate droplets. The Automated Droplet Generator generated droplets into another 96-
well plate. This new 96-well plate was sealed with foil and placed into the thermocycler.
The thermocycler settings are listed in Table 2.3. The thermocycling settings were based
on the instructions for the 1-Step RT-ddPCR Advanced Kit for Probes for general
settings, and the annealing temperatures from Flood et al. (One-Step RT-DdPCR

Advanced Kit for Probes, n.d.; Pearson et al., 2021).

Table 2.3: Thermocycling Settings for SARS-CoV-2 Gene Targets

Step Temperature Time Cycles
1 25°C 3mins 1

2 50°C lhr 1

3 95°C 10mins 1

4 95°C 30s 40*

5 55°C Imin 40*

6 98°C 10min 1

7 4°C 30min 1

8 4°C Infinity 1

Table 2.3: This table includes the thermocycling settings used for the N1, N2, and E
gene targets. *Step 4 and 5 alternate back and forth 40 times. Steps are completed in
chronological order.
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Once thermocycling was complete, the plate was held at room temperature for 15mins
before reading the plate with the QX200 Droplet Reader (catalog number 1864003 Bio-
Rad). After reading, thresholds for positive and negative droplets were set and the plate
was quantified.

2.3.4 Analyzing the Data

The droplet reader was paired with QuantaSoft™ Software to identify positive droplets.
The data obtained from this software provided information on the number of droplets
(accepted, positive, and negative), concentration, and copies per 20uL. well. The positive
droplets were assessed to determine if the sample was positive for SARS-CoV-2. Three
or more positive droplets were considered a positive hit. Accepted droplets were assessed
to determine the validity of the values obtained from the QuantaSoft™ Software. Wells
that had greater than 10,000 accepted droplets were considered acceptable and droplet
data was converted to gene copies per 20uL well. This value was utilized along with the

volume of the pellet, the eluted RNA volume, volume of pellet used, and initial volume.

(Equation 2.1)

Ccp _ pellet volume (mlL) eluate volume (80uL)
A = copies per uL X

extraction volume (0.2mL)  initial volume (45mlL)

1000mL
x —_—
1L

Equation 2.1: Concentration Calculation for the SARS-CoV-2 Gene Targets
This formula shows how the concentrations for the N1, N2, and E gene targets were
calculated.
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Equation 2.1 shows the formula utilized to calculate the concentration of the SARS-CoV-
2 gene targets. The concentration was in units of gene copies per liter of sewage (CP/L).
Values above the method detection limit (MDL) were positive for SARS-CoV-2 while
concentrations equivalent to the MDL were considered negative for SARS-CoV-2. The
goal of this study was to analyze the frequency of the gene targets leading to a positive
detection and to determine if one or two gene targets could be removed from analysis.
2.4 Results

For the first analysis, the frequency of the N1, N2, and E gene targets were analyzed from
September 16%, 2020 to May 26", 2021 for 29 different sites from four areas in South
Eastern Michigan. There was a total of 1,430 samples analyzed for the N1, N2, and E
gene targets. The N1 gene target had the highest average concentration 10.4x10* CP/L or
16.7x10* CP/L without the negative samples i.e averaged without MDL values. The N2
target had similar concentrations (9.1x10* CP/L or 14.4x10* CP/L without MDL values)
and the E target had a significantly lower concentration (6.4x10* CP/L or 12.9x10* CP/L
without MDL values). Out of the 1,430 samples, there were 1,019 detections. The sample
was considered a positive detection for SARS-CoV-2 if there was at least one gene target
that was positive. Overall, there were 861 samples positive for N1, 873 samples positive
for N2, and 655 samples positive for E. These samples were also analyzed to determine
what pair of targets were able to detect the most SARS-CoV-2 positive samples. It was
found that using both N1 and N2 resulted in the largest number of SARS-CoV-2 positive
detections. The number of SARS-CoV-2 positive detections per combination of gene

targets were as follows: 996 (N1 and/or N2), 908 (N1 and/or E), and 931 (N2 and/or E).
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Table 2.4: N1, N2, and E Detections per Site

Site N1 N2 E Total City,
detections  detections  detections Detections/All Township, or
Samples University
CT1 64 60 54 64/70 Township
CT2 56 53 49 59/66 Township
CT3 57 55 51 64/70 Township
CT4 48 43 30 56/67 Township
CT5S 57 54 49 64/71 Township
CTé6 52 49 36 57/70 Township
CT17 49 42 39 56/71 Township
EMU1 8 11 4 16/47 University
EMU2 35 38 31 38/48 University
EMU3 8 15 4 17/48 University
EMU4 25 24 21 30/48 University
EMUS 12 13 7 17/46 University
EMU6 35 35 23 39/49 University
EMU7 25 26 18 30/47 University
EMUS8 36 36 29 41/48 University
EMUY9 9 17 10 18/47 University
EMU10 12 11 7 13/49 University
EMU11 29 30 18 35/52 University
ou1 16 17 9 21/38 University
ou2 11 17 8 19/38 University
ou3 21 25 12 29/39 University
ou4 27 30 18 36/39 University
ous 23 23 18 27/38 University
oué6 21 18 11 26/38 University
WN1 30 26 22 32/39 City
WN2 25 28 19 32/38 City
WN3 9 12 3 15/38 City
WN4 31 34 27 36/38 City
WNS 30 31 28 32/33 City

Table 2.4: This table shows the number of detections that each gene target had
based on the 1,430 samples collected between September 2020 and May 2021. There
were 29 different sites located in four different areas. The samples that were derived
from the same area will be represented with a number. The samples were taken
from cities, universities, or townships.

Using the N1 and N2 gene targets accounted for 97.7% of the SARS-CoV-2 positive

samples while the other combinations were only able to detect 89.1% (N1 and/or E) and
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91.4% (N2 and/or E) of the SARS-CoV-2 positive samples. Table 2.4 shows the
breakdown on a site-by-site basis on the quantity of SARS-CoV-2 positive samples that
were detected per target. Samples came from four areas. These areas included Clinton
Township (CT), Oakland University (OU), Eastern Michigan University (EMU) and
Warren (WN). The seven Clinton Township samples came from lift stations and divided
the township into sewer sheds. The university samples and Warren 1-4 were generally at
the building level. Warren 5 was a wastewater treatment plant. Of the 29 sites analyzed,
the E gene target had the fewest detections (SARS-CoV-2 positive samples) across all
sites. However, there was one site where the E gene target had more detections than the
N1 gene target, but the E gene target was never superior to the N2 gene target. For 11/29
sites, the N1 gene target had the most detections while the N2 gene target had the most
detections for 15/29 sites. The remaining three sites had an equal number of detections
for N1 and N2. On a site-by-site basis, site CT1 had the highest number (100%) of
detections for N. Site EMU2 was the site with the most N2 detections with 100% of the
detections in this site being attributed to N2. Site WNS5 had the most E detections with
87.5% of the detections in this site being attributed to E. Site WNS5 also was the site that
had the highest number of detections to samples ratio with 32/33 (97.0%) of its samples
positive for SARS-CoV-2. In contrast, site EMU10 was the site with the fewest number
of detections with only 13/49 (26.5%) of its samples positive for SARS-CoV-2. The
lowest percentage of gene target detections were found at the following sites: 47.1% of

EMU3 detections (N1), 68.8% of EMUI1 detections (N2), and 20.0% of WN3 detections

(E).
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The most frequent gene target was assessed for city, university, and township samples.
From these data we found that the N1 gene target was most frequent in the township
locations while the N2 gene target was most frequent in the city and university locations.
The gene target detections per SARS-CoV-2 positive samples were as follows for the
township locations: 91.1% (N1), 84.5% (N2), and 72.9% (E). The gene target detections
per SARS-CoV-2 positive samples were as follows for the university locations: 75.1%
(N1), 84.5% (N2), and 51.6% (E). The gene target detections per SARS-CoV-2 positive
samples were as follows for the city locations: 82.3% (N1), 88.0% (N2), and 62.1% (E).
Lastly, the township sites had the highest percentage of detections per samples analyzed
(86.6%) followed by the city (79.5%) and university (60.0%) samples. Overall, the
township sites favored N1 in all 7 sites. The university sites favored N2 in 11/17 sites, N1
in 3/17 sites, and both N1 and N2 in 3/17 sites. The city sites favored N2 in 4/5 sites and
N1 in 1/5 site. Thus, the N1 gene target had the most detections in 11 sites, the N2 gene
target had the most detections in 15 sites, and N1 and N2 had equal frequencies of
detections for three sites.

Next, the gene targets were compared with a paired t-test to determine if they had a
statistically similar concentration. Comparing N1 to E, a p-value of 1.4x1077 was obtained
suggesting that the N1 gene target was found at statistically higher concentrations than
the E gene target. When N2 was compared to E, N2 was also found to have a statistically
higher concentration than E (p=4.2x10°). The N1 and N2 gene targets were compared
and the N1 gene target was found in higher concentrations than the N2 gene target
(p=2.3x107%). For all three gene target combinations, the targets were found to have

extremely high positive correlations with each other. The Pearson’s correlation
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coefficients were as follows: 1.00 (N1 and N2), 0.99 (N1 and E), and 0.99 (N2 and E).
Overall, the N1 gene target had the highest concentration for most of the samples with
621/1,430 samples having the highest concentration for N1. The N2 gene target had the
highest concentration in 312/1,430 samples. The E gene target only had the highest
concentration in 63/1,430 samples. There were 4 samples that had equal concentration for
N1, N2, and E, and 400 at the MDL.

Next, the number of samples that were only positive for one gene target were assessed.
Each gene target increased SARS-CoV-2 detection by the following percentage: 10.7%
(109/1,019) more SARS-CoV-2 detection when N2 is analyzed, 8.3% (85/1,019) more
SARS-CoV-2 detection when N1 is analyzed, and 2.3% (23/1,019) more SARS-CoV-2
detection when E is analyzed. Based on these data, the E gene target was dropped from
the workflow.

After the first phase of testing, the lab increased the surveillance in Southeastern
Michigan. Therefore, instead of 29 sites, 44 sites were analyzed from 14 distinct areas.
Some additional sites were added to EMU and OU as well as 10 other sites. These 10
other sites included Delhi, Grosse Ile (GILE), South Lyon (Lyon), Mount Clemons
(Mtclms), New Baltimore (Baltimore), Richmond, Romeo, St. Clair, Wixom, and the
Michigan Health Department (MCHD). Data for the N1 and N2 gene targets were
collected from September 16th, 2020 to July 19th, 2022. A total of 4,527 samples were
analyzed for the N1 and N2 gene targets.

There were 4,527 samples tested in the next phase, and there were2,833 detections for
SARS-CoV-2. Of these samples, 2,559 samples were positive for N1, and 2,453 samples
were positive for N2.
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Table 2.5: N1 and N2 Detections per Site

Site N1 N2 Total City, Township, or
detections detections Detections/All University
Samples
CT1 152 136 155/183 Township
CT2 142 129 147/181 Township
CT3 141 127 146/178 Township
CT4 123 110 136/179 Township
CT5S 141 131 151/185 Township
CTo 119 97 124/180 Township
CT17 57 50 60/104 Township
EMU1 20 25 32/98 University
EMU2 35 38 38/49 University
EMU3 31 37 42/96 University
EMU4 52 49 58/100 University
EMUS 33 33 41/96 University
EMU6 50 48 58/100 University
EMU7 56 55 65/95 University
EMUS 65 62 71/97 University
EMUY9 21 32 36/97 University
EMU10 20 21 23/93 University
EMU11 49 50 59/103 University
EMU12 5 5 8/48 University
ou1 39 38 46/96 University
ou2 27 34 37/93 University
ou3 40 42 50/97 University
ou4 44 46 53/95 University
ous 53 50 59/96 University
oué6 29 28 39/94 University
ou7 19 19 24/60 University
ous 13 13 17/50 University
WN1 47 43 50/76 City
WN2 49 49 57/78 City
WN3 14 18 23/79 City
WN4 47 53 55/74 City
WNS5 120 111 125/140 City
MCHD1 16 19 23/98 City
MCHD2 41 40 43/95 City
MCHD3 15 18 22/97 City
Delhi 80 74 85/100 Township
GILE 24 24 26/37 Township
Lyon 65 63 67/81 City
Mtclms 80 79 84/106 City
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Table 2.5: N1 and N2 Detections per Site (Continued)

Site N1 N2 Total City, Township, or
detections detections Detections/All University
Samples
Baltimore 83 74 85/100 City
Richmond 68 69 72/100 City
Romeo 69 65 71/92 City
St. Clair 87 79 89/104 City
Wixom 76 67 78/121 City

Table 2.5: This table shows the number of detections that the N1 and N2 gene
targets had based on the 4,527 samples collected between September 2020 and July
2022. There were 44 different sites located in 14 different areas. The samples that
were derived from the same area but in different locations of that area will be
represented with a number. The samples were taken from cities, universities, or
townships.

In this phase, N1 was detected more frequently than N2. The N1 gene target also had a
higher average concentration (8.1x10* CP/L or 13.6x10* CP/L without MDL values) than
the N2 gene target (6.6x10* CP/L or 11.5x10* CP/L without MDL values). Table 2.5
shows the number of samples that were positive for the N1 and N2 gene targets in the
second phase of testing. For the 44 sites analyzed, the N1 gene target had a greater
number of detections than the N2 gene targets for 24 sites. The N2 gene target had a
greater number of detections than the N1 gene target for 14 sites. The remaining six sites
had the same number of detections for both the N1 and N2 gene targets. Interestingly, the
sites with the highest number of N1 detections, N2 detections, and total detections were
the same as the sites listed for the first set of experiments despite over an additional
year’s worth of data and an extra 15 sites. However, the sites with the fewest number of
detections were different for N1, N2, and the overall detections. Site CT1 had the highest

number of N1 detections with 92.1% of its detections positive for N1 while the site

EMUO9 had the fewest number of detections that were positive for N1 (58.3%). Site
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EMU2 attributed 100.0% of its detections to the N2 gene target while site EMU12 had
the fewest number of detections for the N2 gene target with only 62.3% of its detections
being attributed to the N2 gene target. Lastly, the site WNS5 had the highest percentage of
samples with detections with 89.3% of its samples positive for SARS-CoV-2. The site
EMU12 had the lowest number of samples positive for SARS-CoV-2 with only 16.7% of
its samples positive for SARS-CoV-2.

City, township, and university data were combined to determine if there was a target that
was more frequent in each area. There were 15 city samples, nine township samples, and
20 university samples. For the city samples, the N1 and N2 gene targets had a very
similar percentage of detections. The N1 gene target was responsible for 88.8% of the
detections in the city sites, and the N2 gene target was 88.7% of the detections in the city
sites. Next, the township sites favored the N1 gene target with 94.7% of the detections
attributed to the N1 gene target while 85.7% of the detections were attributed to the N2
gene target. Lastly, the university sites favored the N2 gene target with 83.6% of
detections attributed to the N2 gene target and 79.7% of detections attributed to the N1
gene target. Overall, the nine city sites favored the N1 gene target, five city sites favored
the N2 gene target, and one site had the same number of N1 and N2 detections. The
township sites heavily favored the N1 gene target with the N1 gene target having the
most detections in eight sites with the remaining site having the same number of N1 and
N2 detections. The university sites had seven sites that favored N1, nine sites that favored
N2, and four sites with equal N1 and N2 detections. The township sites had the highest

percentage of detections with 76.4% of the samples positive for SARS-CoV-2. The city
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sites had 64.6% of samples test positive for SARS-CoV-2 while the university sites only
had 48.1% of the samples test positive for SARS-CoV-2.

Paired t-tests were carried out to determine if one gene target was found at a statistically
higher concentration than the other gene target. The N1 gene target had a statistically
higher concentration than the N2 gene target with a p-value of 8.2x107!7. These two gene
targets also had a very strong positive correlation with a Pearson’s correlation coefficient
value of 0.99. Examining all samples, it was found that the N1 gene target had a higher
concentration than the N2 gene target in 1,999/4,527 samples. The N2 gene target had
779/4,527 with a higher concentration than N. Sixty-four samples had the same
concentration for the N1 and N2 gene targets. About 1,685) had both N1 and N2 gene
target concentrations equivalent to the MDL.

The frequency of the targets was inspected to determine if one gene target could be
removed from analysis without losing a high number of SARS-CoV-2 detection. There
was a total of 377 samples that were only positive for the N1 gene target out of the 2,833
SARS-CoV-2 positive samples. There was a total of 271 samples that were only positive
for the N2 gene target out of the 2,833 SARS-CoV-2 positive samples. The N1 gene
target was found to be superior to the N2 gene target both in terms of concentration and
frequency of detection from the total 4,527 sample. Although N1 was superior to N2, the
N2 gene target added detections that would otherwise go unreported. Removing the N2
gene target would have resulted in 9.6% SARS-CoV-2 fewer detections while removing
the N1 gene target would have resulted in 13.3% fewer detections. Therefore, it is not

suggested that either target be removed from analysis. Overall, it is suggested that the N1
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and N2 gene targets should be duplexed while the E gene target should be removed from
analysis which will result in minimal loss of SARS-CoV-2 detection in sewage.

2.5 Discussion

The prevalence of COVID-19 within communities can be monitored with sewage
surveillance in addition to clinical testing. Sampling wastewater is a routine occurrence at
wastewater treatment plants in order for these plants to meet their permit compliance
requirements (McClary-Gutierrez et al., 2021). Adding sampling for SARS-CoV-2
testing is generally easy to implement into wastewater treatment plants (McClary-
Gutierrez et al., 2021). Surveilling sewage in communities allows monitoring many
people with a single sample in a quick and cost-effective way (Geraghty, 2022).
Wastewater surveillance was first implemented in 1939 for detecting poliovirus and it
proved useful today as it was found in the sewage of three cities in North America which
were experiencing an outbreak (Thompson et al., 2020). Sewage surveillance is valuable
because it is not based on behavioral changes so bias is minimized in comparison to
clinical testing (Paterson & Durrheim, 2022). For example, everyone showers and uses
the toilet, but individuals often choose not to be tested in a clinical setting (Paterson &
Durrheim, 2022). In general, nasopharyngeal swabs are much more sensitive than fecal
testing. The sewage signal will be hampered by the high amount of dilution in the sewage
and potential inhibitors in the sewage. However, sewage surveillance is advantageous
because it can pick up on cases that are mildly symptomatic or asymptomatic which are
still contagious and will be underreported (Thompson et al., 2020). Overall, testing
sewage detects asymptomatic cases which account for a significant number of COVID-19

cases, and provides data where there is reluctance to be tested clinically or insufficient
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funding to test (O’Keeffe, 2021). Due to these factors, it is thought that clinical testing
may underestimate the community burden of COVID-19 making sewage surveillance an
even more useful tool to guide community strategies to mitigate COVID-19 spikes
(O’Keeffe, 2021). Wastewater surveillance data may be used to allow students to return
safely to campus and to provide data to public health officials who can follow the
COVID-19 trends to determine if and when safety measures need to be taken in specific
communities (Safford et al., 2022).

Our research utilized three gene targets recommended by the CDC and Corman et al. to
detect SARS-CoV-2 in sewage. The E and N gene targets appear to be the most
suggested targets for SARS-CoV-2 detection. The E and N gene targets were said to be
more sensitive when compared to the ORF1ab gene target even though their genes were
less conserved than the ORF1ab gene (Zhou et al., 2020). The ORF1ab gene is the most
conserved gene of SARS-CoV-2, but when detecting SARS-CoV-2 using a target derived
from this gene, there was low sensitivity (Zhou et al., 2020). Another study mentioned
that the RNA-dependent RNA polymerase (RdRp) assay was not as sensitive for
detection of SARS-CoV-2 as the E and N gene target based assays (Mardian et al., 2021).
They suggested that the decrease in detection may be attributed to the reverse primer used
in the RARp assay mismatching with the SARS-CoV-2 sequence (Mardian et al., 2021).
There have been few studies that compare these three targets in sewage. A study by
Colton et al. analyzed 12,015 clinical samples (Colton et al., 2021). Of these samples,
2,593 were SARS-CoV-2 positive with 2,273 (87.7%) of the samples positive for both E
and RdRp targets, 319 (12.3%) positive for only the E target, and 1 (<0.1%) positive for
only the RARP target (Colton et al., 2021). They emphasized the need for dual testing to
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improve the sensitivity allowing earlier decisions to combat the spread of disease (Colton
etal., 2021). Ahmed et al. looked at the amplification efficiencies of the E, N1, and N2
gene targets. Based on the Minimum Information for Publication of Quantitative Real-
Time PCR Experiments guidelines which suggest a range of 90-110%, the N1 (98.6-
106%) and N2 (94.6-103%) gene targets were within range while the E gene target was
slightly outside of this range (89.6-96.5%) (Ahmed, Bertsch, Angel, et al., 2020). This
suggested that the N1 and N2 gene targets would outperform the E gene target (Ahmed,
Bertsch, Angel, et al., 2020). A study by Pabbaraju et al. suggested that the E and N2
gene targets were able to detect SARS-CoV-2 at lower concentrations than the N1 and
RdRp targets (Pabbaraju et al., 2021). The E and N2 gene targets were able to detect
SARS-CoV-2 at as low as 31.5 viral copies while N1 was not able to identify SARS-
CoV-2 until there was 63 viral copies, and RdRp needed 10-fold more copies (630 viral
copies) in order to detect SARS-CoV-2 (Pabbaraju et al., 2021). Lastly, Acosta et al. had
the best data to compare to our study because it analyzed all three gene targets our study
analyzed. Overall, they analyzed wastewater samples and found that the N1 gene target
was detected in 64.1% of samples, the N2 gene target was detected in 49.7% of samples,
and the E gene target was detected in 10% of samples (Nicole Acosta et al., 2021). In
their study, they found that 9/96 samples were positive for E, N1, and N2, 28/96 samples
were positive for N1 and N2, and 39/96 samples were positive for N1 (Nicole Acosta et
al., 2021). From this information, they dropped the E gene target from their future testing
(Nicole Acosta et al., 2021). Our study was similar but carried out for over nine months
with three SARS-CoV-2 gene targets. We found that 861/1,430 samples were positive for
N1, 873/1,430 samples were positive for N2, and 655/1,430 samples were positive for E.
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The Acosta et al. study found that between August and October the N1 gene target could
identify some SARS-CoV-2 positive samples without the N2 or E gene target (Nicole
Acosta et al., 2021). Our study also showed that a gene target could identify a SARS-
CoV-2 positive sample alone but would miss some positive samples. There were 1,019
detections out of the 1,430 samples analyzed. From this group of samples, E was detected
in 23/1,019 (2.3%) of samples by itself, N1 was detected in 85/1,019 (8.3%) samples by
itself, and N2 was detected in 109/1,019 (10.7%) samples by itself. Although the N2 gene
target was detected the more than the other gene targets, our data showed that the N1
gene target (10.4x10* CP/L) had a statistically higher concentration than both N2
(9.1x10* CP/L) and E (6.4x10* CP/L) with p-values of 2.3x10¢ (N1 vs. N2) and 1.4x10"”
(N1 vs. E). Overall, the E gene target was detected in over 200 less samples than the N1
and N2 gene targets and only added 2.3% more SARS-CoV-2 detection. Therefore, the E
gene target may be removed from workflows with little risk (~2.3%) of making a false
negative determination. Removing the E gene target will reduce the cost of SARS-CoV-2
detection significantly with only a small amount of SARS-CoV-2 signal loss. As three
targets were run, one target had to be run in a singleplex to obtain separation between the
positive and negative droplets. Although all three targets could be detected from the same
RNA eluate obtained from the spin column, the cost of the assay mix was doubled to
include this additional target. The assay mix is the most expensive part of analysis. In
addition to the extra assay mix, additional oils were needed to generate the droplets and
analyze the wells when the E gene target was analyzed. Therefore, dropping the E gene
target significantly reduced cost and saved time associated with the Automated Droplet
Generator, pipetting the samples, and the QX200™ Droplet Reader reading the data.
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Also, dropping the E gene target allowed room on the plate for the inhibition controls to
be be run simultaneously with the SARS-CoV-2 gene targets allowing results on
concentration and inhibition to be processed together. Running inhibition and SARS-
CoV-2 targets together allowed samples to be rerun immediately if they were fully
inhibited.

After the E gene target was removed, the N1 and the N2 gene targets were compared
side-by-side to determine if one gene target was sufficient to detect SARS-CoV-2 without
reducing SARS-CoV-2 detection and increasing the number of false negative
determinations. The study by Acosta et al. also compared solely the N1 and N2 gene
targets after removing the E gene target from analysis. They analyzed 69 wastewater
samples and found that both gene targets were found in 51 samples while the N1 gene
target was found in 63 wastewater samples (Nicole Acosta et al., 2021). Again, they
conclude that the N1 gene target can detect SARS-CoV-2 alone. Our larger N1 and N2
comparison obtained data for nearly two years. A total of 4,527 samples were collected
with 2,833 samples positive for SARS-CoV-2. Our data agreed with the Acosta et al.
study suggesting that the N1 gene target was superior to the N2 gene target. We found
that 2,559 wastewater samples were positive for N1, and 2,453 samples were positive for
N2. Both the N1 and N2 gene targets were able to detect SARS-CoV-2 by themselves.
There were 377/2,833 (13.3%) SARS-CoV-2 positive samples that were only positive for
N1, and 271/2,833 (9.6%) SARS-CoV-2 positive samples that were only positive for N2.
Therefore, we suggest that both gene targets are necessary for a high level of SARS-
CoV-2 detection in wastewater. The N1 and N2 gene targets can be duplexed making the
only additional cost the extra primers and probe. In addition, little additional time would
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be required. Because it is effectively the same price to run a duplex as it is to run a
singleplex, and running both targets would add around 10% more SARS-CoV-2
detections, both gene targets should be duplexed for the best SARS-CoV-2 detection.
Other studies have also looked at both SARS-CoV-2 gene targets. One of these studies
analyzed 1,029 samples from patients and determined that both N1 and N2 had no
differences between their genome copies or cycle threshold values (Klein et al., 2020). In
contrast, our study suggested that N1 (8.1x10* CP/L) had a statistically higher
concentration than N2 (6.6x10* CP/L) with a p-value of 8.2x107!7.

We initially hypothesized that the location will influence the contribution of the SARS-
CoV-2 gene targets. In this study we had 29 different sites analyzed for the N1, N2, and E
gene targets in the first set of experiments, and the N1 and N2 gene targets were analyzed
for 44 different sites when all the data were included. The samples analyzed were broken
into university, township, and city samples. For the first set of data (1,430 data points),
the townships favored N1, while the city and university sites favored the N2 gene target.
The E gene target was not favored at any site. Overall, the N1 gene target was favored in
11 sites, the N2 gene target was favored in 15 sites, and they tied for best target in three
sites. When analyzing the full 4,527 samples, the N1 gene target was most frequent in the
township and city data, and the N2 gene target was most frequent in the university
samples. Overall, there were 24 sites that favored N1, 14 sites that favored N2, and six
sites that the gene targets tied for best target. The gene target favored switched in 11/29
sites including sites that showed that N1 and N2 were equivalent then changed to
favoring one target and vice versa. Of these sites, nine were university sites and two were

city sites. The township data were consistent. Overall, this fluctuation suggests that it
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may be difficult to try to pinpoint a gene target that will be the most effective based on
location. These gene targets will be broken down based on the composition of the
sewage. Due to this, it is feasible that sites could have a superior gene target. However,
this data showed that over a third of the sites (11/29) fluctuated in the superior gene based
on comparing the data that were taken for around nine months and the data that were
collected for nearly two years. This could suggest that there were changes in the sewage
matrix due to human behaviors which caused the N1 gene target to be most frequent in
some cases while the N2 gene target was most frequent in other cases. The fluctuation in
which gene target was superior at a site could be due to which RNases are present and the
main RNase in the sewage matrix. RNases are very common and can be found in almost
every organism such as fungi, plants, humans, viruses, bacteria, and animals (Hillwig et
al., 2009). Although RNases can degrade many RNA molecules making them
nonspecific, RNases can degrade specific base sequences such as RNase E that cleaves
AU-rich locations in the RNA molecule (Baek et al., 2019). Therefore, the RNase
composition could influence which gene target is dominant. Also, if a mutation arises
which prevents the primers or probes from binding, the sequence of the gene target would
not amplify. This could also cause the most frequent gene target to change at a site.
Therefore, we suggest that it is important to use both N1 and N2 gene targets to detect
SARS-CoV-2. One gene target may work fine for a period of time, but it is feasible that
the dominant gene target could change over the course of time due to fluctuations in the
sewage matrix or mutations.

The N1 and N2 gene targets were closer in the number of samples they detected
compared to the E gene target. It reasonable that the N1 and N2 gene targets would be
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detected at a similar rate because they are derived from the same gene. The E gene target
could be detected less frequently if it degraded faster than the N1 and N2 gene targets.
However, the temperature of sewage is generally between 10-21°C with an average
temperature of approximately 15.6°C (Jamal, n.d.; Waste Wattage, 2012). This
temperature is colder than room temperature. Therefore, the rate of degradation would be
expected to be slow and likely similar amongst the targets. Thus, it is not expected that
degradation played a big role in the reduced frequency of the E gene target. Other
possibilities for the reduced frequency and concentration of the E gene target could be
due to a lower production of the E gene compared to the N gene or the human body
favoring the breakdown of the E gene. One study mentioned that the N gene had a higher
transcription efficiency than the E gene (Y. Zhao et al., 2020). The methodology used to
detect SARS-CoV-2 in sewage requires that SARS-CoV-2 be converted into DNA by
reverse transcription. This DNA is then amplified and detected by ddPCR. Thus, the E
genes reduced efficiency for transcription could cause a reduction in the E genes targets
replication which would account for the lower amount of E gene target detected in our
study. Next, the E gene target could degrade quicker in the human body. However, there
are no articles that support this idea. Next, the E gene target may be less prone to
amplification than the N gene targets because the N gene targets require fewer base pairs
to replicate than the E gene target. The E gene is only 227 nucleotides long which is
almost six times smaller than the N gene which is 1260 nucleotides long (Bland et al.,
2021). Therefore, if the E gene is cut by an enzyme there is a high chance that the
segment cut is needed for amplification. The primers and probes need 125 of these

nucleotides to amplify the E gene target which is over half of the E gene
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(Whoinhouseassays.Pdf, n.d.). Thus, enzymes cutting the E gene could cause this portion
of target to not be amplifiable. Because the N gene is so much larger than the E gene, an
enzyme cutting the N gene is less likely to render it non-amplifiable. The N1 gene target
amplifies 73 nucleotides of the N gene, and the N2 gene target amplifies 67 nucleotides
of the N gene (Lu et al., 2020). The N1 gene target only makes up 5.8% of the N gene,
and the N2 gene target is only 5.3% of the N gene. This suggests that the N gene targets
have a higher probability of staying intact than the E gene target which requires 55.1% of
the E gene to be intact. However, there are studies that show that the E gene target was
better at detecting SARS-CoV-2 than the N gene. Corman et al. found the N gene to be
the least sensitive and dropped it from further analysis (Corman et al., 2020a). However,
the N gene target in his study is not the N1 or N2 gene suggested by the CDC. The
selected primers and probes to amplify the N gene target in that study may not be as
sensitive as the N1 and N2 gene targets used for our study. Several clinical comparisons
suggest that the E gene target is superior to N1 and N2. Unfortunately, the sequences of
the primers and probes are different or could not be found so it is uncertain if the same
primers and probes that our study uses were comparable (Chu et al., 2021)(Liotti et al.,
2021).

Another reason that the E gene target could be detected less frequently could be a
mutation occurred in the E gene target which would not allow amplification with our
primers and probe. There were two different studies that mentioned mutations in the E
gene which caused issues with amplification leading to false negatives. One study found
a mutation in the E gene which was caused by a single-nucleotide polymorphism which
converted the base cytosine into a uracil at nucleotide 26340 (Artesi et al., 2020). This
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mutation was associated with false negatives when the Roche cobas SARS-CoV-2 assay
was used (Artesi et al., 2020). However, this study mentioned that they did not find
evidence that suggested this mutation had an adverse effect on identification of the E
gene target with the primers and probe suggested by Corman et al. which is used in our
study (Artesi et al., 2020). Although this study said that the primers and probe from
Corman’s study were not impacted for them, there is no certainty that it could never
cause issues with detection. Nevertheless, another study mentioned a different mutation
at nucleotide 26372 in which the base guanine was changed into a uracil (Tahan et al.,
n.d.). This study states that the ability of the primers and probes used in our research
could be impacted resulting in false negative results (Tahan et al., n.d.). There could also
be mutations in the N gene targets too. There is one study that found a mutation which
caused the base guanine to change to a thymine at nucleotide 29104 (Vanaerschot et al.,
2020). This portion of the N gene had a mutation where the forward primer binds to
amplify the DNA (Vanaerschot et al., 2020). Thus, this can cause issues with
amplification and lead to false negatives. However, this N gene target did not match
either of the N gene targets used in our research. In general, mutations can occur in the
genes which could prevent primer/probe binding leading to false negatives. Thus, it is
important to analyze at least two targets. One of these studies suggested that the N gene is
found in larger amounts than the E gene (blog, n.d.). Additionally, this article suggested
that due to the lower viral load of the E gene it is the first gene to become undetectable
(blog, n.d.). Another study stated that the N gene is the gene found in the highest amounts
during infection, and that the E gene is present in the lowest amounts during infection
(Mollaei et al., 2020). Their research showed that the N gene target was the most specific
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and sensitive gene target (Mollaei et al., 2020). Specificity was defined as the ability of
the gene target to test negative in an individual without COVID-19 (Mollaei et al., 2020).
The N gene target had 100% specificity, and the E gene target only had 66.7% specificity
(Mollaei et al., 2020). Sensitivity was defined as the ability of the gene target to test
positive when an individual had COVID-19 (Mollaei et al., 2020). The N gene target had
96.6% sensitivity, and the E gene target only had 66.7% sensitivity (Mollaei et al., 2020).
The primers and probes in this study do not match ours. However, this shows that the N
gene targets could be better gene targets than the E gene target. Overall, the reduced
capability of the E gene to undergo transcription, mutations in the E gene, degradation,
and inhibition could be the main reasons that the E gene target in our study is not
detected as frequently as the N gene targets.

Due to mutations in this virus, it is possible that either one or both N1 and N2 gene
targets could become compromised due to a mutation which prevents the primers/probe
from binding to the RNA. These mutations could become the dominant strain of SARS-
CoV-2. Thus, new gene targets may be used in the future. The spike gene has been
reported to have around 50% of the mutations even though it only makes up 12.7% of the
genome (Technical-Bulletin_sars-Cov-2-Variants-Mutations.Pdf, n.d.). Thus, the spike
gene would not be the best candidate for SARS-CoV-2 detection. The ORF1ab gene had
a mutation rate around 3/10,000 which was much lower than the spike gene’s mutation
rate of around 2.3/1,000. This article was not clear about the units for the mutation rate
(Technical-Bulletin_sars-Cov-2-Variants-Mutations.Pdf, n.d.). However, the mutation
rates per gene can be rated from highest to lowest mutation rate as follows: ORF8 > S >
N =E > ORFlab > ORF3a (Technical-Bulletin sars-Cov-2-Variants-Mutations.Pdf,
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n.d.). Thus, if the N gene becomes undetectable due to mutations, one of the genes with a
lower mutation rate could be used. On the other hand, if a mutation becomes dominant
new primer/probe sequences may be created and used for routine detection.

2.6 Conclusion

This study aimed to identify a combination of gene targets to detect SARS-CoV-2 that
minimized false negatives and provided an efficient workflow. For the first phase, 1,430
samples were tested with 1,019 samples of these samples positive for at least one gene
target. The focus of this study was to determine if one or more gene targets could be
eliminated. Our data showed that the E gene target was by far the most inferior gene
target detecting over 200 less samples than either the N1 or N2 gene target. The E gene
target only detected 655/1,019 SARS-CoV-2 positive samples while the N1 and N2 gene
targets detected 861/1,019 and 873/1,019 of the SARS-CoV-2 positive samples,
respectively. We determined what percentage of the SARS-CoV-2 signal was detected by
a single gene target. It was found that the N1 gene target by itself detected 8.3% of the
SARS-CoV-2 positive samples, the N2 gene target by itself detected 10.7% of the SARS-
CoV2 positive samples, and the E gene target detected 2.3% SARS-CoV-2 positive
samples by itself. Thus, the E gene target had a statistically lower concentration, a lower
number of positive detections than the N1 and N2 gene targets, and only detected 2.3%
more SARS-CoV-2 positive samples. The reduced detection from the E gene target could
be due to the E gene degrading faster (unlikely based on Chapter 1 results) than the N1
and N2 genes, the E gene being produced less, mutations in the E gene, the E genes
reduced ability to undergo transcription, or the E gene being more prone to inhibition.

Based off this, the E gene target was removed from our protocol to reduce time and cost
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with minimal reduction of SARS-CoV-2 detection. The N1 and N2 gene targets were
analyzed further to assess if another gene target could be eliminated, or to determine if
the N2 gene target would remain the superior gene target. A total of 2,833/4,527 samples
were positive for SARS-CoV-2 with 2,559 samples positive for N1 and 2,453 samples
positive for N2. The N1 gene target added 13.3% more SARS-CoV-2 detection, and the
N2 gene target added 9.6% more SARS-CoV-2 detection. Therefore, these data suggest
that both gene targets should be used otherwise there would be around 10% fewer SARS-
CoV-2 detections. Using our data, we also found that even when sewage was taken from
the same site, the dominate gene target could fluctuate over time. It was seen that 11/29
sites switched which target was most frequent. This also suggests that two gene targets
should be analyzed. Our work suggests that the E gene target can be removed with
minimal loss of signal, but the N1 and N2 gene targets should both be retained. The N1
and N2 gene targets can be duplexed essentially requiring little additional cost or time to

process.
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CHAPTER THREE
FLOW AND FECAL INDICATOR BASED NORMALIZATION OF THE N1 AND N2

SARS-COV-2 GENE TARGETS AND ESTIMATION OF COVID-19 CASES

3.1 Abstract

Coronavirus disease 2019 is a disease which is generally mild, but it could be deadly in
some cases. This disease is caused by an RNA virus called Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2). Generally, COVID-19 is monitored clinically
with nasopharyngeal swabs, but it can also be monitored in sewage. Clinical testing
provides more certainty because each individual is tested while sewage surveillance only
provides a trend in COVID-19 cases. Sewage surveillance is advantageous because it
may be able to detect trends before clinical testing, and it can test large groups of people
quickly without consent. This work used fecal based and flow-based normalization to
determine if either could provide a better correlation between the clinical and sewage
data. For all three sites, it was found that the best correlation was between the unaltered
and clinical data while pepper mild mottle virus (PMMoV) normalized data provided the
worst correlation. The fecal indicators HF183 and Lachno3 provided the best fecal based
normalization to the clinical data. However, normalizing with flow was superior to
normalizing with fecal indicators in 2/3 sites. Statistically, crAssphage always had
thehighest concentration, and Lachno3 always had the lowest concentration. The
concentrations of the SARS-CoV-2 gene targets were utilized to estimate the number of
COVID-19 cases. There was a moderate to high correlation between the clinical and

sewage estimated cases, but there was a statistical difference between them. Therefore,
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the cases can be estimated, but the estimated cases were statistically higher than the
clinically reported cases. Lastly, peaks in the graph were compared to determine if
sewage surveillance provided an early warning of rising cases. At best, the sewage data
were 11 days ahead of the clinical data. On average, sewage data preceded clinical data
by 2.2 days.

3.2 Introduction

Coronavirus disease 2019 (COVID-19) is a respiratory disease that is highly
transmissible which arose in December of 2019 in Wuhan, China (Mohapatra et al.,
2020). Quickly after its discovery, the World Health Organization (WHO) labeled
COVID-19 a Public Health Emergency of International Concern and a global pandemic
as of January 30™, 2020 and March 11, 2020, respectively (Hiscott et al., 2020). Mild
symptoms associated with COVID-19 are cough, sore throat, diarrhea, headache, runny
nose, fatigue, fever, and body aches (CDC, 2020a). This disease is also associated with
neurological symptoms which can be mild including anosmia and dizziness or more
severe including seizures, varied levels of consciousness, ataxia, and acute
cerebrovascular events (Lee et al., 2020). As of September 2", 2022 the WHO has
reported over 601 million cases of COVID-19 with a 1.1% death rate across the globe
(WHO Coronavirus (COVID-19) Dashboard, n.d.). As of August 30", 2022, the
Michigan government website reported over 2.7 million confirmed and probable cases of
COVID-19 with a 1.4% death rate in Michigan (Michigan.gov, n.d.-a). The disease
COVID-19 is attributed to a single-stranded and enveloped virus known as severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) (V’kovski et al., 2021).
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Coronaviruses (CoVs) not only infect humans, but they can also infect birds and
mammals (V’kovski et al., 2021).

In a clinical setting, the WHO suggests that SARS-CoV-2 be detected via throat or
nasopharyngeal swabs (Uddin et al., n.d.). However, SARS-CoV-2 can be detected in
other fluids. Uddin et al. suggested COVID-19 testing via salvia which is a noninvasive
test with a sensitivity of 80.4% that falls in line with the criteria set by the WHO (Uddin
et al., n.d.). Wang et al. investigated SARS-CoV-2 in human bodily fluids with the
following prevalence: 63% of nasal swabs, 32% of pharyngeal swabs, 0% of urine, 93%
of bronchoalveolar lavage fluid, 46% of fibrobronchoscope brush biopsies, 29% of feces,
and 72% of sputum (W. Wang et al., 2020). We were interested in fecal samples because
feces will be the main component carrying SARS-CoV-2 in the sewage. Jones et al.
found SARS-CoV-2 in 30-60% of fecal samples while urine rarely had SARS-CoV-2
(Jones et al., 2020). Respiratory tract samples had more detections than fecal samples
with 70-100% of samples testing positive for SARS-CoV-2 (Jones et al., 2020). The
focus of our study was to detect the N1 and N2 SARS-CoV-2 gene targets and various
fecal indicators in the sewage using Droplet Digital polymerase chain reaction (ddPCR).
The primary goal was to compare the data obtained from the N1 and N2 gene targets to
the clinical cases of COVID-19 to determine if there was a quantitative relationship
between the sewage and the clinical data. Unfortunately, we were also aware that inflow
and infiltration can dilute sewage with surface or groundwater and convoluting the
relationships. The data for the clinical cases was chosen on a county by county basis from
Michigan’s government website (Michigan.gov, n.d.-b). Three different counties in

Southeastern Michigan were assessed for the correlation between the SARS-CoV-2 gene
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target data and the reported clinical cases of COVID-19 on a county-by-county basis. All
three locations were wastewater treatment plants (WWTPs). Because the WWTPs do not
receive sewage from the whole county, the sites are expected to have some
inconsistencies, but they should follow a similar trend because they are derived from the
same area. It is estimated that Delhi’s WWTP accounts for 22,500/284,034 (7.9%) of the
total population in Ingham County, St. Clair accounts for 20,000/160,053 (12.5%) of the
total population in St. Clair County, and Warren accounts for 135,000/876,792 (15.4%)
of the total population in Macomb County (U.S. Census Bureau QuickFacts, n.d.-a; U.S.
Census Bureau QuickFacts, n.d.-b; U.S. Census Bureau QuickFacts, n.d.-c).

Cases of COVID-19 can be crudely estimated from the gene target data, flow data, feces
excreted daily, and viral load. The formula used was provided in a paper by Gerrity et al.
(Gerrity et al., 2020). Their article used the values of 126g feces/(person*day) and a fecal
shedding rate of 103 gene copies (CP)/g of feces (Gerrity et al., 2020). Our study used
the values 349g feces/(person*day) and a viral load of 10” CP/g of feces (S.m.k & S.d,
2000; Wolfel et al., 2020). Using this formula, the actual COVID-19 cases reported in the
various Michigan counties were compared to the calculated cases of COVID-19.

In addition to comparing the clinical cases of COVID-19 from the government data to the
unaltered SARS-CoV-2 gene target concentrations, these gene targets were also
normalized and compared to the clinical cases of COVID-19. The concentration of the
SARS-CoV-2 gene targets were normalized by dividing the SARS-CoV-2 concentration
by the concentration of the various human fecal indicators or by the flow rate. The
fraction of feces in the sewage is likely to change due to temporary workers, weekday
commuters, and tourism (CDC, 2022d). Graham et al., further elaborated on this topic
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adding the concentration of feces can vary over time due to precipitation, human
behaviors, sewershed populations, and changing waste streams (Graham et al., 2020). If
the sample contains a low amount of feces, the concentration of SARS-CoV-2 will also
be lower. Thus, normalization will take the amount of feces into account allowing a better
representation of the SARS-CoV-2 gene target concentration to be made. The CDC
mentions that Lachnospiraceae Lachno3, crAssphage, Bacteroides HF183, and pepper
mild mottle virus (PMMoV) can be used as fecal indicators for SARS-CoV-2 (CDC,
2022b). One study looked at human fecal pollution markers in environmental water
samples seeded with human wastewater (Ahmed et al., 2016). They determined that
Bacteroides HF183 was the most sensitive marker for determining human fecal pollution
compared to polyomaviruses and human adenoviruses (Ahmed et al., 2016). However,
because HF183 can sometimes be present in animal feces, they recommend that HF183
and another fecal marker be ran for the best results (Ahmed et al., 2016).

PMMoV appears to be the most commonly used fecal marker to normalize the SARS-
CoV-2 signal. PMMoV was found to be the RNA virus of highest abundance in human
feces in one study (Wu et al., 2020). PMMoV is very stable in sewage showing minimal
seasonal variation in its concentration (Wu et al., 2020). PMMoV cannot generally be
found in animal feces, but PMMoV has been detected in some non-human feces in
animals which include geese, chickens, cows, and gulls but in much lower concentrations
compared to concentrations seen in human feces (Kitajima et al., 2018).

Lachno3 and HF183 can also be used as human fecal indicators. Lachno3 in sewage had
a concentration that was 3.0 = 1.3-fold higher than Lachno12 and is much more human

specific than Lachno12 which is considered a human preferred fecal marker because it
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was present in 25% of cow fecal samples (Feng et al., n.d.). In another study Lancho3
and HF183 were found in all tertiary treated effluent except for one sample suggesting
they are useful fecal indicators in sewage (Codello et al., 2021). HF183 was found in
higher concentrations than Lachno3 (Codello et al., 2021).

CrAssphage is also thought to be a suitable human fecal indicator. It was found that
71.4% of human fecal samples, 60% of the collected hand rinse samples, and 56.2% of
environmental swabs had crAssphage (G. W. Park et al., 2020). CrAssphage was not
detected in animal stool specimens (G. W. Park et al., 2020). In another study HF183 and
crAssphage CPQ 064 had concentrations of 8.07 and 8.35 log10 copy/100 ml,
respectively in sewage and were not detected in dog or bird feces (Jennings et al., 2020).
One study ran a duplex PCR assay using crAssphage CPQ 056 and HF183 for sewage
samples and generated data that was highly accurate, sensitive, and reproducible (Ahmed,
Payyappat, et al., 2019). They suggest that the use of two fecal indicators is vital to
reduce the chance of false negatives when fecal concentration is low (Ahmed, Payyappat,
et al., 2019). False positives are rare, but crAssphage (CPQ_056 and CPQ _064) were
found in gull and dog fecal samples (Stachler et al., 2017). Lastly HF183, crAssphage
CPQ 056, Lachno3, human polyomavirus, human adenovirus, and BacV6-21 were
compared (Ahmed, Gyawali, et al., 2019). HF183, crAssphage CPQ 056, and Lachno3
provided the best results for fecal tracking in sewage (Ahmed, Gyawali, et al., 2019).
CrAssphage CPQ_056 was the most specific (98%) compared to HF183 (96%) and
Lachno3 (95%) (Ahmed, Gyawali, et al., 2019). However, when 29 human stool samples
were tested, HF183 had the highest detection, and crAssphage CPQ 056 had the lowest
detection (Ahmed, Gyawali, et al., 2019). Percentages of fecal indicators in the 29
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samples were as follows: 72.4% (HF183), 68.9% (Lachno3) and 37.9% (crAssphage
CPQ 056) (Ahmed, Gyawali, et al., 2019).

From a workflow perspective, PMMoV appears to be the best option for sample
normalization because it is an RNA virus, it is present at high concentrations in sewage,
and it has a high stability in sewage. In addition, HF183, Lachno3, and crAssphage were
tested as fecal indicators. All these fecal indicators have been shown to be found in high
concentrations in human feces, but their concentration in sewage will depend on the
sewage matrix. Two different gene targets have been suggested for crAssphage including
crAssphage CPQ 056 and CPQ 064. A study by Ahmed et al., showed that CPQ_056
had a slightly higher concentration in sewage than CPQ 064 (9.43 +0.14 logl0 CP/L
compared to 8.91 + 0.17 logl0 CP/L) (Ahmed et al., 2018). Also, CPQ_056 was more
specific to human feces than CPQ_064 with a 95% specificity verses 93% (Ahmed et al.,
2018). Thus, crAssphage CPQ 056 was used in our study. Overall, this study compares
the concentration of the SARS-CoV-2 gene targets to the clinical cases of COVID-19
from Michigan’s government website. The concentration of the SARS-CoV-2 gene
targets will be compared to the clinical cases from the county that housed the sewage
delivered to our lab. The N1 and N2 gene copies per liter of sewage were compared to the
clinical cases as unaltered, normalized by fecal indicators, normalized by flow rate, or
converted into estimated cases of COVID-19. Finally, we determined which fecal
indicators had the highest concentration to determine which indicator might provide the

highest sensitivity.
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3.3 Materials and Methods

3.3.1 Sample Preparation and Concentration

Our workflow used the methods described by Flood et al (Flood et al., 2021) as a starting
point. Samples were generally delivered twice a week. However, holidays and vacations
led to some weeks with one or no samples. Wastewater samples were delivered in either
500mL portions (Warren) or a 250mL portions (Delhi and St. Clair). Samples were
transported in a cooler with icepacks while in transit to our lab. Samples were processed
immediately upon arrival. The bottle of sewage was mixed by inverting it between 40 and
60 times to minimize foaming. A 45 mL homogenous sewage sample was decanted into a
50mL conical bottom centrifuge tube. Approximately 4.0g of polyethylene glycol 8000
(catalog number 97061-100 from VWR) and 0.59g sodium chloride (catalog number
470302-520 from VWR) were added to the sample yielding a concentration of 8%
polyethylene glycol and 0.2M sodium chloride. After the solids and solutions were
combined, the centrifuge tubes were transferred to a rotator where the tubes were rotated
at 70rpm for 2hrs. The rotator was held at 4°C. After mixing, the samples were
centrifuged at 3,650 rpm for 1 hr. Once centrifugation was completed, the supernatant
was discarded, and a 1-2 mL pellet remained. This allowed some pellet to be saved
(frozen at -80°C) while a 200uL portion was immediately used to determine the
concentration of the N1 and N2 gene targets. A 1mL portion of pellet was pipetted into a
1.5mL microcentrifuge tube and stored at -80°C. This frozen pellet was thawed to test for

the four fecal indicators.
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3.3.2 Purification and Elution of RNA

The QIAamp Viral RNA Mini Kit (catalog number 52904) was purchased from QIAGEN
to purify the RNA from the concentrated sewage pellets. To begin the process, buffer
AVL and carrier RNA were mixed in portions of 800uL and 8uL per sample,
respectively. A 200uL portion of pellet was then pipetted into a 2mL cryovial containing
the buffer and RNA mix. The cryovial was vortexed for 10s before incubation for 10mins
at room temperature. After incubation, 800uL of 200proof ethanol was added to the
cryovial and vortexed for 10s. At this point in the procedure there was 1.8mL solution in
the cyrovial. This solution was run through the QIAamp mini spin column in order to
obtain the extracted RNA. The 1.8mL solution was added to the spin columns as three
630uL aliquots. Three additions were done because the spin column could not hold
enough solution for a single addition. Each 630uL portion of solution was added to the
spin column and centrifuged sequentially. The flow through was not retained. The
centrifugation settings were 1min at 8,000rpm. After the whole 1.8mL solution was
added to the spin column and centrifuged, the wash buffers were added. A 500uL portion
of buffer AW1 was added to the spin column and centrifuged. Next, a 500uL portion of
buffer AW2 was added to the spin column. At this point in the process (and only during
this step) the centrifuge speed and duration was increased to 14,000rpm for 4min. After
centrifugation, centrifugation settings were returned to normal, and the spin column was
transferred to a 1.5mL microcentrifuge tube. The microcentrifuge tube was used to
collect the RNA eluted from the spin column. Buffer AVE was added to the spin column
in a 40puL portion and incubated at room temperature for 1min. After incubation, the spin
column was centrifuged. This step was repeated which resulted in a final volume of 80uL
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of RNA eluate. This eluate was the portion tested to determine if N1, N2, and/or PMMoV
were present in the original sewage sample.

3.3.3 Purification and Elution of DNA

To purify and eluate DNA, the QIAamp Fast DNA Stool Mini Kit from QIAGEN was
used. This process was similar to the elution of RNA, but there were different buffers,
different centrifugation times and speed, and incubation at one step was carried out at a
higher temperature. A 1mL portion of InhibitEX Buffer was added to a 1.5mL
microcentrifuge tube. Next, 200uL of pellet was added to the InhibitEX buffer and
vortexed for 10-15s. Once thoroughly mixed into a homogenous solution, the
microcentrifuge tube was placed into the centrifuge and spun at 14,000rpm for Imin.
Next, Proteinase K (25uL) was pipetted into a clean 2mL cryovial. The supernatant from
the InhibitEX buffer/pellet mix (600uL) was later pipetted on top of the Proteinase K.
The cryovial was vortexed for 10-15s. Buffer AL (600uL) was added to the cryovial, and
the cryovial was vortexed for 10-15s. This solution was then incubated at 70°C for
10min. Lastly, 200proof ethanol (600uL) was added to the cryovial and vortexed for 10-
15s. This solution was then run through the spin column. Again, it took three runs
through the spin column to use up the entirety of the solution. Each addition was in the
amount of 630uL. All centrifugation steps for the DNA set of spin columns were carried
out at a speed of 14,000rpm. The solution was centrifuged for Imin. All the flow-through
from the spin column was discarded. Next, the wash buffers were added to the spin
column in 500uL portions. Buffer AW1 was added and ran through the spin column for
Imin. Buffer AW2 was added after buffer AW1 and ran through the spin column for
6min. The flow-through was discarded from both wash buffer steps. Next, the DNA was
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eluted from the spin column. Thus, the spin column was transferred to a 1.5mL
microcentrifuge tube to keep the eluate for analysis. Lastly, buffer ATE (200uL) was
added to the spin column and incubated at room temperature for 1min. After incubation,
the spin column was centrifuged for 1min. The solution obtained was analyzed for
Lachno3, HF183, and crAssphage.

3.3.4 Plating and Amplification of RNA and DNA

Samples and controls (positive, negative, and no template) were pipetted in triplicate. The
1-Step RT-ddPCR Advanced Kit for Probes from Bio-Rad was used to create an assay
mix for the RNA samples, and the ddPCR Supermix for Probes (No dUTP) from Bio-Rad
was used to create an assay mix for the DNA samples. The ddPCR Supermix for Probes
(No dUTP) contains only Supermix while the 1-Step RT-ddPCR Advanced Kit for
Probes contains Supermix, reverse transcriptase, and dithiothreitol. Besides the Kkits,
primers, probes and water were needed to make up each assay mix. Singleplex and
duplex reactions varied in the amount of primer and probe added and the amount of water
added per reaction well. For a duplex reaction, the assay mix for the RNA samples
consisted of 5.5uL of Supermix, 1.1uL of water, 2.2uL of reverse transcriptase, 1.1uL of
dithiothreitol, 3.3uL of primer/probe mix 1, and 3.3uL of primer/probe mix 2. For a
singleplex reaction, the assay mix for the RNA samples consisted of 5.5ul. of Supermix,
4.4uL of water, 2.2uL of reverse transcriptase, 1.1uL of dithiothreitol, and 3.3uL of
primer/probe mix. The final volume of assay mix was always 16.5uL. The assay mix for
the DNA samples was simpler. For the duplex and singleplex reactions the assay mix for

the DNA samples received 11pL Supermix, 3.3uL primer/probe mix, and 2.2uL of water.
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Table 3.1: Primer and Probe Sequences Used for SARS-CoV-2 Detection, SARS-CoV-2
Normalization, and Positive Controls for Normalization

Target Sequence Reference
CrAssphage Probe | 5’-HEX-AATAACGAT-ZEN-TTAC (Z. Wuetal.,
GTGATGTAAC-IABKFQ-3’ 2020)
CrAssphage CAGAAGTACAAACTCCTAAAA (Z. Wu et al.,
Forward Primer AACGTAGAG 2020)
CrAssphage GATGACCAATAAACAAGCCAT (Z. Wu et al.,
Reverse Primer TAGC 2020)

HF183 Probe

5’-6-FAM-CTAATGGAA-ZEN-C
CGCATCCC-IABKFQ-3’

(Caoetal., 2017)

HF183 Forward
Primer

ATCATGAGTTCACATGTCCG

(Caoetal., 2017)

HF183 Reverse
Primer

CTTCCTCTCAGAACCCCTATCC

(Caoetal., 2017)

Lachno3 Probe

5’-HEX-CTCTGACCGGTCTTTAA
TCGGA-BHQI-3’

(Feng et al., n.d.)

Lachno3 Forward
Primer

CAACGCGAAGAACCTTACCAAA

(Feng et al., n.d.)

Lachno3 Reverse
Primer

CCCAGAGTGCCCACCTTAAAT

(Feng et al., n.d.)

PMMoV Probe 5’-6-FAM-CCTACCGAA-ZEN-G (Haramoto et al.,
CAAATG-IABKFQ-3° 2013)

PMMoV Forward GAGTGGTTTGACCTTAACGTT TGA | (Haramoto et al.,

Primer 2013)

PMMoV Reverse TTGTCGGTTGCAATGCAAGT (Haramoto et al.,

Primer 2013)

N1 Probe 5’-FAM- (CDC, 2020c¢)
ACCCCCGCATTACGTTTGGTGGACC-
BHQ1-3’

N1 Forward Primer

5’-GACCCCAAAATCAGCGAAAT-3’

(CDC, 2020c)

N1 Reverse Primer

5’-
TCTGGTTACTGCCAGTTGAATCTG-3’

(CDC, 2020c)

N2 Probe

5’-HEX-
ACAATTTGCCCCCAGCGCTTCAG-
BHQI-3’

(CDC, 2020c¢)

N2 Forward Primer

5S’>-TTACAAACATTGGCCGCAAA-3’

(CDC, 2020c¢)

N2 Reverse Primer

5’-GCGCGACATTCCGAAGAA-3’

(CDC, 2020c)
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Table 3.1: Primer and Probe Sequences used for SARS-CoV-2 Detection, SARS-CoV-2
Normalization, and Positive Controls for Normalization (Continued)

Control | Sequence

PMMoV | GGTGGCAGCAAAGGTAATGGTAGCTGTGGTTTCAAATGAGAGTG
Positive | GTTTGACCTTAACGTTTGAGAGGCCTACCGA

Control | AGCAAATGTCGCACTTGCATTGCAACCGACAATTACATCAAAGG
AGGAAGGTTCG

DNA ATCATGAGTTCACATGTCCGCATGATTAAAGGTATTTTCCGGTAG
Positive | ACGATGGGGATGCGTTCCATTAGCTCGAGATAGTAGGCGGGGTA
Control | ACGGCCCACCTAGTCAACGATGGATAGGGGTTCTGAGAGGAAGG
GAAGCAACGCGAAGAACCTTACCAAATCTTGACATCCCTCTGAC
CGGTCTTTAATCGGACCTTCTCTTCGGAGCAGAGGTGACAGGTG
GTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGT
CCCGCAACGAGCGCAACCCCTATCCTCAGTAGCCAGCATTTAAG
GTGGGCACTCTGGGGAGCTAATGCAGAAGTACAAACTCCTAAAA
AACGTAGAGGTAGAGGTATTAATAACGATTTACGTGATGTAACT
CGTAAAAAGTTTGATGAACATACTGATTGTAATAAAGCTAATGG
CTTGTTTATTGGTCATCTTGAAGATGTTAAAGTTGATTGGGCTAC
A

Table 3.1: Primers and probes used for normalization and standard detection of
SARS-CoV-2 in sewage. This table also shows the positive controls used for the
normalization targets. These positive controls were designed by Integrated DNA
Technologies. The DNA positive control was used as a positive control for Lachno3,
crAssphage, and HF183.

For the duplex reaction the primer/probe mix was made up of both sets of primers and
probes. Again, the final volume was 16.5uL. The sequences used for the primers, probes,
and positive controls are listed in Table 3.1. The assay mixes were pipetted into a 96 well
plate (plated) along with 5.5uL of sample or control. In total there were four assay mixes.
One assay mix for the N1 and N2 gene targets, one assay mix for HF183 and
CrAssphage, one assay mix for Lachno3, and one assay mix for PMMoV were made.

Once the samples were plated, the plate was sealed with foil, vortexed, and spun down to

collect liquid in the bottom of the 96-well plate.
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Table 3.2: Thermocycling Settings for DNA and RNA

Step RNA DNA Cycles
1 25°C for 3min 25°C for 3min 1

2 50°C for 60min N/A 1

3 95°C for 10min 95°C for 10min 1

4 95°C for 30s 94°C for 30s 40

5 55°C for Imin 52.7°C for 1min 40

6 98°C for 10min 98°C for 10min 1

7 Hold at 4°C for o Hold at 4°C for o 1

Table 2: This table shows the thermocycling steps for both DNA and RNA
experiments. Steps 4 and 5 have 40 back-to-back cycles. This means that the
temperature cycles between step 4 and step 5 a total of 40 times. For all DNA steps
there was a ramp speed of 2°C/s.

The plate was placed into Bio-Rad’s Automated Droplet Generator, and droplets were
generated and transferred to another 96-well plate. This 96-well plate was sealed and
placed into the thermocycler. The thermocycler settings for the DNA and RNA plate are
listed in Table 3.2. Thermocycling settings for the general settings were based on the
documents listed on Bio-Rad’s website for the corresponding assay mix, and annealing
temperatures were found in a research article (DdPCR Supermix for Probes (No DUTP),
n.d.; One-Step RT-DdAPCR Advanced Kit for Probes, n.d.; Pearson et al., 2021). For the
DNA based targets, temperature gradients were analyzed, and the annealing temperature

with the best separation was chosen.

3.3.5 Data Analysis

After thermocycling was completed, the plate was placed onto the QX200 Droplet reader.
After the plate was read, the data was analyzed with QuantaSoft™ software. After setting
thresholds the software would calculate gene copies per 20uL well. Wells with less than

10,000 acceptable droplets were rejected. The copies of gene target per liter of sewage
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were calculated for RNA as shown in Equation 3.1. For PMMoV the concentration was

multiplied by 100 because the sample was diluted 100-fold.

(Equation 3.1)

final concentrate volume

cp extraction volume (0.2mlL)
—_—= [ L X eluat l 80ulL) x
[ _ coplesperulL x etuate volume (80uL) initial volume (45mL)

1000mL
1L

X

Equation 3.1: Gene Copies per Liter of Sewage Calculation for RNA

This equation was utilized for all of the RNA calculations. There was an additional
multiplication of 100 for PMMoV only.

For DNA the equation is similar, but slightly different from the calculation for RNA.
These equations are slightly different due to the additional step of the InhibitEX buffer.

Equation 3.2 shows the concentration calculation for the DNA samples. The dilution

factor was added to Equation 3.2.

(Equation 3.2)

CP ] L % eluat l (80uL) 1.2mL (inhibitEX + pellet)
— = X X
[ = coples per uL X eluate volume (80u 0.2mL (pelled)

final concentrate volume (1 — 2mlL)
extraction volume (0.2mlL) y 1000mL  100uL

X
initial volume (45mlL) 1L 50ul

Equation 3.2: Gene Copies per Liter of Sewage Calculation for DNA

This equation was utilized for all DNA calculations. There was a 2x dilution.
Therefore, the formula was multiplied by 100/50 which represents the final volume
of 100pL (S0pL sample and S0pL. water) divided by the number of samples used.
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The RNA equation was used to calculate both PMMoV and the SARS-CoV-2 gene
targets N1 and N2. The extra dilution factor was left off in Equation 3.1 to avoid
confusion for the calculations of the N1 and N2 gene targets which do not need to be
multiplied by 100 because they were not diluted. Cases of COVID-19 in each county
were estimated with Equation 3.3. This formula was mentioned in a study by Gerrity et al

(Gerrity et al., 2020).

(Equation 3.3)
COVID — 19 infected people

SARS — CoV — 2 target concentration (CL—P) X avg flow rate (deTy)

g of feces . CcpP
ay X person) X viral load (g of feces

)

amount of feces (d

Equation 3.3: Estimated Cases of COVID-19

This equation provides an estimate of the number of COVID-19 cases that could be
present in the areas analyzed.

Gene target data were compared to the clinical cases of COVID-19 obtained from the
Michigan government website. Variation is expected because the WWTPs do not
represent the whole county as the government data does. There should be a correlation,
but there will be variation because the government data will cover a larger area.
Therefore, the clinical data should have a higher number of COVID-19 cases because the
area covered is larger. A double y-axis graph was used to compare the SARS-CoV-2
gene targets to the clinical cases of COVID-19. A Pearson’s correlation coefficients were
calculated to determine if there were similar trends between the concentrations of the
gene targets and the COVID-19 cases.
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3.4 Results

Clinical cases of COVID-19 were compared to the estimated cases of COVID-19 and to
the N1 and N2 gene target concentrations that were normalized and unaltered.
Michigan’s government data provided the daily clinical cases of COVID-19. The county
data was directly compared to the concentrations of the N1 and N2 gene targets, and the
values obtained when these gene targets were normalized. This study used PMMoV,
Lachno3, CrAssphage, and HF183 to normalize the SARS-CoV-2 gene targets. To
compare the gene targets of SARS-CoV-2 to the clinical cases of COVID-19 a double y-
axis graph was utilized. The date was the x-axis, and the y-axis was both the gene target
concentrations and the daily clinical cases of COVID-19. After plotting the data, a trend
could be compared between the target’s concentrations and cases of COVID-19 to
determine if the sewage and clinical data had a correlation. For all three sites in
Southeastern Michigan, the unaltered N1 and N2 gene targets and the normalized targets
were assessed to determine if normalizing the N1 and N2 signal led to an increase in
correlation between the sewage and clinical data. Figure 3.1 graphically represents the
comparison of the clinical cases of COVID-19 and the concentrations of the N1 and N2
gene targets that were normalized and unaltered. The clinical data were more detailed
than the sewage data because every day had a reported number of cases. At best, the
sewage data had two data points a week. Data was plotted from September 21, 2021 —
July 12, 2022 for all three sites. Warren had 74 unique sewage samples, Delhi had 75

unique sewage samples, and St. Clair had 78 unique sewage samples.
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Figure 3.1: Gene Target Concentration vs. Clinical Cases of COVID-19
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Figure 3.1: Gene Target Concentration vs. Clinical Cases of COVID-19 (Continued)
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Figure 3.1: Gene Target Concentration vs. Clinical Cases of COVID-19 (Continued)

N1 and N2 Normalized with HF183 (Warren)
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Figure 3.1: Gene Target Concentration vs. Clinical Cases of COVID-19 (Continued)
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Figure 3.1: Gene Target Concentration vs. Clinical Cases of COVID-19 (Continued)

N1 and N2 Normalized with CrAssphage (Delhi)
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Figure 3.1: Gene Target Concentration vs. Clinical Cases of COVID-19 (Continued)

Gene Copies/Liter

SARS-CoV-2 Target/PMMoV

N1 and N2 Unaltered (St. Clair)

3.00E+05
2.50E+05
2.00E+05
1.50E+05

1.00E+05

5.00E+04

0.00E+00 [

" " " Vv v

v Vv % M v
& &S

f\:i’
\’»0 N\ )
N AR I AR A

v
V
»

Date

Total Cases

B N1 Unaltered N2 Unaltered Confirmed Cases

N1 and N2 Normalized with PMMoV (St. Clair)

0.03 ‘ N | \

’ et VASMNMNWINTE "l
f‘/’»

Q
v
&

v Vv
Q 4%
USRS
O

v Vv v
Q) 4% 4%
RUSNRCEIN o
>
N Ny 2 >

Date

I N1/PMMoV N2/PMMoV Confirmed Cases Total Cases

99

400

350

300

250

200

150

100

50

400

350

300

250

200

150

100

50

Daily Cases of COVID-19

Daily Cases of COVID-19



Figure 3.1: Gene Target Concentration vs. Clinical Cases of COVID-19 (Continued)
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Figure 3.1: Gene Target Concentration vs. Clinical Cases of COVID-19 (Continued)

N1 and N2 Normalized with HF183 (St. Clair)
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Figure 3.1: The concentrations of the N1 and N2 gene targets compared to the daily
cases of COVID-19 found in the counties that provided the sewage. The N1 and N2
gene targets concentrations were compared to the data found on Michigan’s
government website. The concentrations of the N1 and N2 gene targets were left
unaltered or normalized with PMMoV, Lachno3, crAssphage, or HF183 by dividing
by the concentration of the gene targets by the concentration of the fecal indicators.
These comparisons were made for all three sites. Total cases were defined as
confirmed and probable cases of COVID-19.
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To determine which data set best fit the clinical data, Pearson’s correlation coefficients
were calculated. The Pearson’s correlation coefficients calculated were only based on the
confirmed cases. Both normalized and unaltered data had a positive correlation with the
confirmed cases of COVID-19 excluding the PMMoV normalized data for Delhi. The
only RNA target used to normalize the signal was PMMoV while the remaining targets
were DNA based. From a visual inspection of the graphs, PMMoV normalization did not
improve correlation between the clinical data and N1/N2. DNA normalized data and the
unaltered N1 and N2 gene targets had a similar look. The clinical data showed the largest
peak in COVID-19 cases around January 21st, 2022. However, the PMMoV normalized
data looked linear without any increase for the duration of the peak for all three sites.
Therefore, the PMMoV normalized data did not mirror the increase seen in the clinical
cases and suggested that COVID-19 was not prevalent in the community throughout the
whole duration of the peak. When the gene targets were normalized with the DNA fecal
indicators or unaltered, visual inspection confirmed a general correlation. However, it
was not a perfect match as the sewage data had some high data points that were not in the
clinical data. Overall, there was no correlation between the confirmed cases of COVID-
19 and the PMMoV normalized gene targets. The Pearson’s correlation coefficients for
the N1 and N2 gene targets normalized by PMMoV for Delhi were as follows: —=0.06
(N1/PMMoV) and r—=0.06 (N2/PMMoV). The Pearson’s correlation coefficients
between the clinical and sewage data for the remainder of the sites at Delhi were as
follows: 0.78 (N1), 0.81 (N2), 0.72 (Lachno3/N1), 0.69 (Lachno3/N2), 0.47
(crAssphage/N1), 0.43 (crAssphage/N2), 0.64 (N1/HF183), and 0.62 (N2/HF183). The
gene target concentrations with the best correlation to least correlation with the clinical
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cases of COVID-19 for Delhi were as follows:
unaltered>Lachno3>HF183>crAssphage>PMMoV. Warren and St. Clair had positive
correlations for all normalized and unaltered data. For Warren the unaltered data had the
highest correlation to the reported clinical cases of COVID-19. Pearson’s correlation
coefficients were as follows: 0.69 (N1) and 0.66 (N2). This shows a moderate positive
correlation between the clinical data and the sewage data. Next, the lowest Pearson’s
correlation coefficients for Warren were again attributed to the PMMoV normalized data.
The Pearson’s correlation coefficients were 0.14 (N1/PMMoV) and 0.13 (N2/PMMoV)
which indicates almost no correlation between the sewage and clinical data. The DNA
fecal indicators used to normalize the N1 and N2 signal at Warren had a low to moderate
correlation with the clinical data. Their Pearson’s correlation coefficients were as
follows: 0.47 (N1/Lachno3), 0.44 (N2/Lachno3), 0.55 (N1/crAssphage), 0.56
(N2/crAssphage), 0.68 (N1/HF183), and 0.65 (N2/HF183). The ranking of most to least
correlation for Warren were as follows:
unaltered>HF183>crAssphage>Lachno3>PMMoV. Lastly, St. Clair also had the highest
correlation with the unaltered data (0.59 for N1 and 0.52 for N2) and the lowest
correlation with the PMMoV normalized data (0.15 N1/PMMoV and 0.14 N2/PMMoV)
which was consistent with all three sites in this study. The remaining Pearson’s
correlation coefficients at St. Clair were in between the PMMoV normalized and
unaltered data. This site had the lowest correlation between the sewage data and the
clinical data. The correlations between the gene target concentrations and the clinical

cases were positive with weak to moderate correlations for the DNA fecal indicators.
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Figure 3.2: Gene Targets Normalized with Flow
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Figure 3.2: Gene Targets Normalized with Flow (Continued)

N1 and N2 Normalized with Flow (Warren)
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Figure 3.2: The N1 and N2 gene targets normalized by flow. These values are
visually compared to the clinically reported cases of COVID-19.
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The remaining Pearson’s correlation coefficients were as follows: 0.42 (N1/Lachno3),
0.37 (N2/Lachno3), 0.40 (N1/crAssphage), 0.34 (N2/crAssphage), 0.56 (HF183/N1), and
0.47 (HF183/N2). The order from strongest to weakest correlation for St. Clair was as
follows: unaltered>HF183>Lachno3, crAssphage>PMMoV.

Next, the SARS-CoV-2 targets were normalized by the flow rate to determine if there
was a greater correlation between the clinical cases of COVID-19, and the sewage data
when the gene targets were normalized by the flow rate. Figure 3.2 graphically shows the
flow normalized SARS-CoV-2 gene targets when compared to the clinical cases of
COVID-19. Visually, there is a similar trend between the flow normalized gene target
data and the clinical cases of COVID-19 at all three sites. At Warren there were
Pearson’s correlation coefficients of 0.61 (N1/flow), 0.57 (N2/flow), 0.69 (N1), and 0.66
(N2) between the clinical and sewage data. For Delhi and St. Clair, the gene targets
normalized by the flow rate had the best fit to the clinical data when comparing the
correlation coefficients obtained from normalizing the signal. For Delhi, the Pearson’s
correlation coefficients were as follows: 0.75 (N1/flow), 0.79 (N2/flow), 0.78 (N1), and
0.81 (N2). For St. Clair, the Pearson’s correlation coefficients were as follows: 0.57
(N1/flow), 0.51 (N2/flow), 0.59 (N1), and 0.52 (N2). Overall, the data show that the
normalized data have a lower correlation to the clinical data than the unaltered data
regardless of being normalized by flow or by fecal indicator. Therefore, these data
suggest normalizing the data will not increase the gene target’s correlation to the clinical

cases of COVID-19.
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Figure 3.3: Flow Rate Compared to the Concentration of the Fecal Indicators
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Figure 3.3: Flow Rate Compared to the Concentration of the Fecal Indicators (Continued)

Flow vs. Concentration (Warren)
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Figure 3.3: On a site-by-site basis the flow rate and fecal indicator concentrations
were compared. Some of the x-axes are not set to zero for a better view of the data
points.
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Fecal indicators have been suggested to normalize the SARS-CoV-2 signal, but flow rate
is typically used to normalize the virus’s signal in sewage. To establish that fecal
indicators can normalize the SARS-CoV-2 gene targets, the flow rate and the
concentration of the fecal indicators were compared. It is expected that the trendline
should have a downward trend if the fecal indicators are reliable for sample
normalization. Figure 3.3 shows the comparison of the flow rate and the concentration of
the fecal indicators.

Based on a visual inspection of the plots, HF183 and CrAssphage fecal indicators may
have utility for SARS-CoV-2 normalization.

The fecal indicator concentration data was assessed to determine if there was variation on
a site-by-site basis. For all three sites the order of highest to lowest concentration for the
fecal indicators had the same pattern. The pattern of highest to lowest concentration were
as follows for all three sites: crAssphage>HF183>PMMoV>Lachno3. The concentration
of crAssphage was statistically higher than the other fecal indicators with p-values in the
range of p=4.6x102* — 5.3x10°!! (Warren), p=4.8x10"'® — 3.3x10"'* (Delhi), and
p=5.1x103! — 2.3x107!2 (St. Clair). For all sites, HF183 had the largest p-value (shown),
Lachno3 had the smallest p-value (shown), and PMMoV had a p-value between HF183
and Lachno3. Combing all the data points from all three sites, crAssphage compared
against the other fecal indicators had the following p-values which shows that
crAssphage had a statistically higher concentration than the others: 4.4x1072° (HF183),
1.7x1073% (PMMoV), 1.3x10*#? (Lachno3). In contrast, Lachno3 was the fecal indicator
with the least presence in all three sites. The concentration of Lachno3 was statistically
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lower than the other fecal indicators with p-values in the range of p=3.6x102° —2.3x10”
(Warren), p=1.4x10% — 7.2x1077 (Delhi), p=1.2x10° — 2.3x10® (St. Clair). HF183 had a
statistically higher concentration than PMMoV for every site and when all sites were
averaged. Overall, the average concentrations obtained per fecal indicator were within a
half order of magnitude of each other. However, Delhi had the highest concentrations for
the DNA fecal indicators, and Warren had the highest concentration of PMMoV. All
indicators had less than a 3-fold difference in their averages based on site. The average
concentrations for all samples (for all three sites) were as follows: 29.6x10° CP/L
(PMMoV), 3.7x10% CP/L (Lachno3), 215.9x10° CP/L (crAssphage), and 105.6x10° CP/L
(HF183).

The DNA fecal indicators had a closer resemblance to each other than PMMoV. The
amount of correlation varied by site. Pearson’s correlation values are listed in Table 3.3.
Table 3.3 shows many combinations of fecal indicators and the corresponding correlation

between them based on site.

Table 3.3: Correlation between Fecal Indicators

Site CrAssphage | CrAssphage | CrAssphage | PMMoV | PMMoV | HF183
Vs. vs. Lachno3 | vs. HF183 | vs. Vs. Vs.
PMMoV Lachno3 | HF183 Lachno3

1 0.30 0.59 0.85 0.18 0.48 0.66

2 0.14 0.72 0.86 0.16 0.13 0.70

3 -0.026 0.68 0.77 -0.080 0.22 0.69

Combined | 0.11 0.58 0.83 0.090 0.24 0.66

Table 3.3: This table shows the Pearson’s correlation coefficients obtained when the
fecal indicators were compared to each other. It shows the correlation between fecal
indicators on a site-by-site basis.
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Every fecal indicator paired with PMMoV had the worst correlation compared to the
other DNA pairings. Overall, PMMoV had no to low correlation with the DNA fecal
indicators. In contrast, all of the DNA fecal indicators had a moderate to high amount of
correlation with each other. CrAssphage and HF183 always had the highest correlation
with each other compared to the other fecal indicator pairings. than any of the other fecal
indicators.

The graphs were visually viewed for peaks with each having three distinct peaks. These
peaks were identified and compared between the clinical and sewage data to determine if
either data set preceded the other. The date of the peak values was observed and
compared to determine if the highest cases were found on the same day for both clinical
and sewage samples. If one peak was identified first, that means that set of data suggested
the maximum COVID-19 cases first and gave a warning of COVID-19 increase before
the other. The data used for this analysis was the unaltered N1 and N2 gene target data.
Three peaks were assessed. There were two small peaks and one large peak. One small
peak between October 28", 2021 and December 16™, 2021 (peak 1) and another small
peak between April 14", 2022 and May 24", 2022 (peak 3). There was one large peak
between December 10", 2021 and March 2™, 2022 (peak 2). For Warren the date of the
peaks were as follows: November 29, 2021 (clinical) and November 30", 2021 (sewage)
for peak 1, January 4", 2022 (clinical and sewage) for peak 2, and May 12", 2022
(sewage) and May 16, 2022 (clinical) for peak 3. For Delhi the dates of the peaks were
as follows: November 18", 2021 (sewage) and November 29", 2021 (clinical) for peak 1,
January 4%, 2021 (clinical and sewage) for peak 2, and May 10%, 2021 (clinical) and May
13%, 2021 (sewage). For St. Clair the dates of the peaks were as follows: November 24,
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2021 (sewage) and November 29", 2021 (clinical) for peak 1, January 4™, 2022 (clinical
and sewage) for peak 2, and April 28", 2022 (sewage) and May 2", 2022 (clinical) for
peak 3. In general, the sewage data slightly preceded the clinical data. Lastly, the number
of COVID-19 cases were estimated from the N1 and N2 gene target concentrations and
compared to the clinical cases. Figure 3.4 shows the plots for each site with the estimated
cases based of the N1 and N2 gene target concentrations and the confirmed and total
(confirmed and probable) clinical cases of COVID-19.

Averaging the cases of COVID-19 for Warren, there were 1,748 estimated cases of
COVID-19 based on the N1 gene target, 1,507 estimated cases of COVID-19 based on
the N2 gene target, and 370 confirmed clinical cases of COVID-19. There was a
moderate correlation between the cases of COVID-19 determined from the clinical and
sewage data. The Pearson’s correlation coefficients were 0.67 (N1 and confirmed cases)
and 0.68 (N2 and confirmed cases). The values of estimated and clinical cases of
COVID-19 were statistically different. For Warren there were p-values of 1.3x1077 (N1)
and 2.1x1077 (N2) which determined that the gene target data estimated significantly
more COVID-19 cases than the clinically confirmed cases. When the cases of COVID-19
were averaged, it was found that there were 4.7 times (4.2 times) more cases of COVID-
19 cases estimated via N1 and 4.1 times (3.6 times) more cases of COVID-19 estimated
via N2 than the confirmed (total — probable and confirmed cases) cases of COVID-19.
For Delhi the Pearson’s correlation coefficients based on the confirmed cases were 0.79
for N1 (p=4.4x10"*) and 0.81 for N2 (p=6.9x10*). The average number of people infected

with COVID-19 was 149 (N1), 125 (N2), 92 (confirmed cases), and 122 (total cases).
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Figure 3.4: Estimated Cases vs. Clinical Cases of COVID-19
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Figure 3.4: Estimated Cases vs. Clinical Cases of COVID-19 (Continued)
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Figure 3.4: This figure shows the number of cases of COVID-19 estimated by the N1
and N2 gene targets tested in the sewage. It also shows the clinical data for the

confirmed and total (confirmed and probable) cases of COVID-19. This data was
plotted over a span of nearly ten months for all three sites.
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For Delhi, the total COVID-19 cases compared to the N2 data showed no statistical
difference. When the cases of COVID-19 were averaged, it was found that there were 1.6
times (1.2 times) more cases of COVID-19 cases estimated via N1 and 1.4 times (1.0
times) more cases of COVID-19 estimated via N2 than the confirmed (total) cases of
COVID-19. For St. Clair the Pearson’s correlation coefficients between the confirmed
cases and the gene targets were 0.58 for N1 (p=5.9x10"") and 0.51 for N2 (p=8.1x10%).
The average number of cases of COVID-19 were 119 (N1), 95 (N2), 63 (confirmed
cases), and 73 (total cases). When the cases of COVID-19 were averaged, it was found
that there were 1.9 times (1.6 times) more cases of COVID-19 cases estimated via N1
and 1.5 times (1.3 times) more cases of COVID-19 estimated via N2 than the confirmed
(total) cases of COVID-19. Overall, the estimated COVID-19 cases had a moderate to
high positive correlation with the clinical cases of COVID-19. The estimated cases using
N1 were always statistically higher than the estimated cases of COVID-19 using the N2
gene target. The p-values for all three sites indicating that N1 had a higher number of
estimated cases of COVID-19 than N2 were as follows: 4.4x10™ (Warren), 4.0x107
(Delhi), and 1.3x107° (St. Clair).

3.5 Discussion

Within hours, the majority (almost 80%) of households in the United States transport
fecal waste from houses to various WWTPs (Kirby, 2021). Wastewater analysis of
SARS-CoV-2 can assess large communities for COVID-19 by analyzing groups of
people from less than 2,000 or up to nearly three million people per sewage sample
(Kirby, 2021). Clinical testing is useful because it directly identifies individuals with
COVID-19. However, because feces from both asymptomatic and presymptomatic
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individuals exhibit a SARS-CoV-2 signal, sewage surveillance can pick up on cases of
COVID-19 which may not be reported by clinical testing (Hata & Honda, 2020).
Individuals can take 5.1days (median value) to show signs of COVID-19, and
asymptomatic cases make up a significant portion of the population with an estimated 18-
31% of COVID-19 cases having no symptoms (Hata & Honda, 2020). This means that
many COVID-19 cases may go unreported in a clinical setting giving sewage
surveillance an edge over clinical testing. Sewage surveillance is not reliant on
participation of individuals and is a non-invasive way to monitor large groups of people
with a single sample. It is thought that testing wastewater can warn of an increase in
rising COVID-19 cases in a specific population before clinical testing. One review found
that the sewage data preceded clinical data by 0-16 days (Xiao et al., 2022). For example,
in the city of Amersfoort in the Netherlands the sewage signal preceeded COVID-19
being clinically detected by six days (Medema et al., 2020). Another study found that the
sewage data was five days ahead of clinical cases of COVID-19 (Galani et al., 2022).
There was also a study that said wastewater data were eight days behind the onset of
COVID-19 symptoms but two days ahead of clinical testing for COVID-19 (Nemudryi et
al., 2020). These data were closer to our data which suggested on average that the sewage
data were 2.2 days ahead of clinical data. However, these data had a range that showed
that the sewage data peaks ranged by -3 to 11 days relative to the clinical peaks. On
average, sewage data was ahead of clinical data by five days for peak 1, zero days for
peak 2, and 1.7 days for peak 3. There are far less sewage data points than clinical points
which contributes to the variation. The sewage data may have earlier peaks if more

samples had been taken. At most, the sewage data had two points a week, but the clinical
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data had daily results. Also, the sewage data did not fully represent the clinical data as the
sewage collected did not represent the entire county. Therefore, the data for the county
took into consideration a larger population than the sewage data. Trends should be
similar, but there could be slight peak variation based on the samples not being
completely from the same pool of people. Overall, many papers report differences in how
early the sewage samples can precede the clinical cases with some studies suggesting a
small advance such as two days while other papers suggest that it could precede clinical
data by more than two weeks (Nemudryi et al., 2020; Randazzo et al., 2020).

Besides looking at peak data, our research looked at the general trend between the
reported cases of COVID-19 and the sewage data. Both unaltered and altered gene target
concentrations were used to compare the trend of the sewage data and the clinical cases
of COVID-19 reported on a county-by-county basis. These data were altered by
normalizing the SARS-CoV-2 signal with four different fecal indicators or by
normalizing with flow. Normalization was used to counteract variations of fecal content
within the sewage sample. Feces concentration in the sewage matrix fluctuates so various
human fecal indicators were used to identify how the fecal content in the sewage changed
over time. The concentrations of the SARS-CoV-2 gene targets were then divided by the
concentration of the fecal indicators to account for fluctuations in SARS-CoV-2 gene
target concentration due to amount of feces in the sewage. Hypothetically this would
eliminate the possibility of underestimating the SARS-CoV-2 gene target concentration
due to low fecal content. This study used four different fecal indicators. The human fecal
indicators that were used in this study were all suggested by the centers for disease

control and prevention (CDC) to normalize the SARS-CoV-2 gene target’s concentration
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(CDC, 2022b). The CDC lists PMMoV which is an RNA based fecal indicator and
Lachno3, crAssphage, and HF183 which are DNA based fecal indicators (CDC, 2022b).
The way normalized and clinical cases were compared was based on the paper by
D'Aoust et al (D’Aoust et al., 2021). Our study found that normalization did not enhance
the correlation at any site between the clinical cases of COVID-19 and the SARS-CoV-2
gene target’s concentrations. The unaltered data had the best correlation to the clinical
data. The D’Aoust et al. study only used PMMoV to normalize their data. Their study
provided the correlation between the PMMoV normalized SARS-CoV-2 gene targets and
the clinical cases of COVID-19. When compared to clinically detected cases of COVID-
19, their PMMoV normalized data had Pearson’s correlation coefficients of 0.67
(N1/PMMoV) and 0.65 (N2/PMMoV) (D’Aoust et al., 2021). For the three sites in this
study, we saw Pearson’s correlation coefficients as follows for PMMoV: 0.14
(N1/PMMoV) and 0.13 (N2/PMMoV) for Warren, -0.06 (N1/PMMoV) and -0.06
(N2/PMMoV) for Delhi, and 0.15 (N1/PMMoV) and 0.14 (N2/PMMoV) for St. Clair.
Our PMMoV normalized data essentially showed there was no correlation between the
clinical cases of COVID-19 and the sewage data. However, the data by D’Aoust et al.
shows a moderate correlation to the clinical data with PMMoV normalized gene targets.
A study by Feng et al. was somewhat in agreement with our study suggesting that
normalization may not be very beneficial. Their study utilized both HF183 and PMMoV
to normalize the SARS-CoV-2 signal. They found that 5/12 WWTPs (HF183) and 8/12
(PMMoV) WWTPs had reduced correlation to the clinical data in comparison to the
unaltered data (Feng et al., 2021). They stated that normalization decreased the
correlation in many WWTPs and that this could suggest that the variability in
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measurements of the SARS-CoV-2 gene targets and the fecal indicators may produce a
higher amount of variability than fecal variation in the sample (Feng et al., 2021). They
concluded that WWTPs may not need to be normalized with fecal indicators (Feng et al.,
2021). Instead they suggested that fecal indicators may be more suitable in cases where
there is known drastic changes in the fecal content (Feng et al., 2021). Also, PMMoV
may not be the best fecal indicator to normalize the sample in a small population because
PMMoV concentration in the sewage is based on a diet of eating foods such as tomatoes
and peppers (D’Aoust et al., 2021). There may not be enough individuals eating these
foods leading to less PMMOoV signal in the sewage (D’Aoust et al., 2021). Therefore,
they suggest PMMoV may be able to normalize the signal better for WWTPs pool
sewage over large area (D’Aoust et al., 2021). Another study used HF183 to normalize
the N1 gene target’s signal along with bovine coronavirus (BCoV). They used Spearman
rank correlation coefficients to compare correlation between the average cases of
COVID-19 on a weekly basis to the sewage data. Between the gene target data and the
clinical cases of COVID-19 they reported Spearman rank correlation coefficients of 0.75
(unaltered), 0.72 (BCoV normalized), and 0.39 (HF 183 normalized) for Salitrillo WWTP
and 0.68 (unaltered), 0.61 (BCoV normalized), and 0.16 (HF183 normalized) for
Martinez I WWTP (Vadde et al., 2022). The unaltered data had the best correlation with
the clinical cases of COVID-19, while BCoV normalization had a slightly inferior
correlation to the clinical data than the unaltered data (Vadde et al., 2022). However, both
the unaltered and BCoV normalized data had a moderate to strong correlation with the
clinical data while the HF183 normalized data had a very weak to weak correlation with
the clinical data (Vadde et al., 2022). This contrasts with our data which suggested that

119



HF183 had a higher degree of correlation to the reported cases of COVID-19. The
Pearson’s correlation coefficients for HF183 and the unaltered data compared to the
clinical cases of COVID-19 were as follows in our study: 0.68 (N1/HF183), 0.65
(N2/HF183), 0.69 (unaltered N1), 0.66 (unaltered N2) for Warren, 0.64 (N1/HF183),
0.62 (N2/HF183), 0.78 (N1 unaltered) and 0.81 (N2 unaltered) for Delhi, and 0.56
(N1/HF183), 0.47 (N2/HF183), 0.59 (N1 unaltered), and 0.52 (N2 unaltered) for St.
Clair. Therefore, our study indicates that HF183 generally has a moderate correlation to
the clinical data and is inferior but somewhat similar to the correlation seen between the
unaltered SARS-CoV-2 data and the clinical data. A study by Greenwald et al. used
crAssphage, human 18S ribosomal RNA, PMMoV, and Bacteroides TRNA to normalize
the SARS-CoV-2 signal. The 18S rRNA was later excluded as a fecal indicator for
sample normalization due to the variability of this RNA in sample concentrations, it is a
common lab contaminant, and it degrades very fast (Greenwald et al., 2021). The
Greenwald et al. study found that the unaltered SARS-CoV-2 gene target data were
superior to the normalized data. To test for correlation of clinical COVID-19 cases and
the SARS-CoV-2 gene target N1’°s concentration, they used Kendall’s Tau-b values and
obtained the following Kendall’s Tau-b values: 0.43 (unaltered), 0.38 (crAssphage), 0.35
(Bacteroides TRNA), and 0.18 (PMMoV) (Greenwald et al., 2021). A strong correlation
was found between the clinical and sewage data for the unaltered data, crAssphage, and
Bacteroides TRNA, but a weak correlation was found between the clinical and sewage
data when PMMoV was used to normalize the signal (Greenwald et al., 2021). The
Greenwald study again agreed with our study by showing that normalization with various

fecal markers does not produce a correlation to the clinical data that is superior to the

120



unaltered data. However, their work did show that crAssphage was able to provide a
strong correlation to the clinical data, but it was not able to provide as high as a
correlation as the unaltered data. Our data suggested that crAssphage was never the best
DNA fecal indicator to normalize the data. Overall, crAssphage had a weak to moderate
correlation to the clinical cases of COVID-19 with Pearson’s correlation coefficients as
follows: 0.55 (N1/crAssphage) and 0.56 (N2/crAssphage) for Warren, 0.47
(N1/crAssphage) and 0.43 (N2/crAssphage) for Delhi, and 0.40 (N1/crAssphage) and
0.34 (N2/crAssphage) for St. Clair. No studies using Lachno3 to normalize their data
could be found. Our data suggests a highly variable correlation between clinical cases of
COVID-19 and Lachno3 normalized SARS-CoV-2 data. Our data showed that Lachno3
normalized data when compared to the clinical data had Pearson’s correlation coefficients
as follows: 0.47 (N1/Lachno3) and 0.44 (N2/Lachno3) for Warren, 0.72 (N1/Lachno3)
and 0.69 (N2/Lachno3) for Delhi, and 0.42 (N1/Lachno3) and 0.37 (N2/Lachno3) for St.
Clair. The unaltered data had the best correlation to the reported cases of COVID-19, and
PMMoV normalization had extremely poor correlation. There was no consistency as to
which which fecal indicator provided the best normalized data when compared to the
clinical data. The fecal indicators that provided the best normalized signal to the clinical
data were as follows: HF183 (Warren), Lachno3 (Delhi), and HF183 (St. Clair).

One study found that normalizing the SARS-CoV-2 gene targets by flow did enhance the
correlation to the clinical cases of COVID-19 but only slightly. Their Spearman’s rank
correlation coefficient increased from 0.73 to 0.74 when normalized by flow (Feng et al.,
2021). Normalization by PMMoV, HF183, and BCoV recovery reduced the correlation
coefficients to 0.56, 0.66, and 0.59, respectively (Feng et al., 2021). Another study found
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that only 3/12 WWTPs improved when normalized with flow (Maal-Bared et al., 2023).
Our data did not improve upon normalization with flow. For the normalized data, HF183
provided the best correlation between the sewage and clinical data for Warren, and flow
provided the best correlation between the sewage and clinical data for Delhi and St. Clair.
However, the unaltered data always provided the best correlation to the clinically
reported cases of COVID-19.

Figure 3.3 suggests that the fecal indicators could be used in place of flow which is less
reliant on human behavior. The downward trend in the graph indicated that as flow
increased the concentration of feces apparently decreased as expected; there are a
relatively fixed number of individuals in a sewer shed or building. It is likely that the
increased flow indicates that more water was introduced into the system via inflow and
infiltration or some commercial process. Because fecal mass of the sewage remains the
same while inflow and infiltration can cause an abnormally high flow rate, the downward
trend in fecal concentration was expected. Because all the fecal indicators have a negative
slope, this suggests that the fecal indicators are accounting for inflow and infiltration,
albeit with a high variability. Although this implies that they could be used for
normalizing the SARS-CoV-2 gene targets, our study with a fairly narrow flow range did
not benefit from fecal indicator normalization. Our data showed that neither fecal
normalization nor flow normalization were able to correlate with the clinically reported
cases as well as the unaltered gene targets. Generally, normalizing the SARS-CoV-2
signal with the flow rate is thought to be the best way to normalize the SARS-CoV-2
signal. A higher flow indicates that the sample is more diluted, and a lower flow indicates

that the sample is less diluted. Using feces is dictated by human behaviors more than the
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flow rate. When there is a low amount of feces present in the sewage, it is uncertain if
there are less feces due to less excretion of feces or due to individuals using bathrooms in
other locations. Indicators such as PMMoV are diet based which means that this indicator
may not be present if the individual does not eat particular foods. Also, sewage from
restaurants that use peppers may contribute to more PMMoV being in the sewage which
would skew the amount of PMMOoV detected. Lastly, although these fecal indicators are
used for detection of human feces, it is feasible that some of the signal may be due to
animal feces. Flow rate is not subject to any of these biases. However, flow rate is not
easy to obtain. Specific instrumentation is required to collect flow data which is
expensive and difficult to maintain leading to many sites not having flow data. Because
flow data is not always available, fecal indicators were assessed to determine if any fecal
indicator could be used in place of flow rate. Overall, HF183 and flow normalized data
had the best correlation to the clinical data, but neither were superior to the unaltered
data.

The fecal indicators were compared to determine if one fecal indicator was more
sensitive than the others, or if one fecal indicator was always detected in much lower
quantities than the others. Our study suggested that crAssphage always had a statistically
higher concentration than the other fecal indictors, and Lachno3 always had a statistically
lower concentration than the other fecal indicators regardless of site. The trend for every
site from highest concentration to lowest concentration was as follows:
crAssphage>HF183>PMMoV>Lachno3. One study showed that the concentrations of
both crAssphage and HF 183 were very similar in sewage samples when run as both
singleplex and duplex reactions (Ahmed, Payyappat, et al., 2019). The concentrations
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they reported were 9.39 +£0.10 log10 CP/L (HF183 singleplex) 9.39+0.10 log10 CP/L
(crAssphage singleplex), 9.44 +0.08 log10 CP/L (HF183 duplex), and 9.47 £ 0.06 log10
CP/L (crAssphage duplex) (Ahmed, Payyappat, et al., 2019). Therefore, their data
suggested that those two targets had relatively the same concentration, but our study
suggested crAsspahge had the highest concentration. Averaging the values at all sites, our
data showed that crAssphage had an average concentration of 2.2x10% CP/L and HF183
had an average concentration of 1.1x10® CP/L with a p-value of 4.4x107% and a Pearson’s
correlation coefficient of 0.83. In another study, they tested for crAssphage, HF183, and
Lachno3 in feces (Ahmed, Gyawali, et al., 2019). They found that the concentration of
Lachno3 in feces was in the range of 4.59-9.37 log10 CP/g of human feces with an
average of 7.33 log10 CP/g of human feces (Ahmed, Gyawali, et al., 2019). The
concentration of crAssphage in feces was in the range of 6.30-8.92 log10 CP/g of human
feces with an average of 7.35 log10 CP/g of human feces (Ahmed, Gyawali, et al., 2019).
The concentration of HF183 in feces was in the range of 6.69-9.37 log10 CP/g of human
feces with an average of 7.89 log10 CP/g of human feces (Ahmed, Gyawali, et al., 2019).
Therefore, their work showed that HF183 had the highest average concentration in
human feces while Lachno3 had the lowest average concentration in human feces.
Another study focused on the Hawkesbury-Nepean River System to determine if there
was potentially untreated sewage that flowed into it (Codello et al.). They checked for
Lachno3 and HF183 in 27 different rivers (Codello et al.). A total of 9/27 rivers had
detections for HF183 and 2/27 had detections for Lachno3 (Codello et al.). The
concentration of HF183 was 3.6 times higher than Lachno3 in site industrial 03 and 4.6

times higher than Lachno3 in site eastern 01 (Codello et al.). In contrast, another study

124



found that Lachno3 (8.90 + 0.17 log10 CP/L) had a higher concentration than both
crAssphage (8.20 £ 0.24 log10 CP/L) and HF183 (8.50 + 0.30 log10 CP/L) in untreated
sewage samples (Ahmed, Gyawali, Hamilton, et al.). Overall, the other studies seem to
favor HF183 over crAssphage and Lachno3. In our study Lachno3 was highly inferior to
HF183 and crAssphage having the lowest concentration amongst all fecal indicators.
Averaging the data from all sites, Lachno3 had a statistically lower concentration than
PMMoV (p=8.9x10'%), crAssphage (p=1.3x10*?), and HF183 (p=1.1x10"°). However,
even though it was statistically the lowest, Lachno3 was more correlated to HF183 (0.66)
and crAssphage (0.58) than PMMoV (0.09) which had the second lowest concentration.
Several studies agree that crAssphage is found at higher concentrations than PMMoV.
Holm et al. reported concentration ranges of 7.23 x 10% - 3.53 x 10’ CP/mL (PMMoV)
and 9.69 x 10° - 1.85 x 10® copies/ml (crAssphage) in sewage (Holm et al., 2022). While
Nagarkar et al. also reported about a 10-fold difference in the upper limit when
comparing CrAssphage (10°to 10° CP/L) and PMMoV (10° to 103 copies/L)
concentration in the sewage (Nagarkar et al., 2022). They mentioned that HF183 had a
concentration within 10 to 10° CP/L which was similar to crAssphage (Nagarkar et al.,
2022). Lastly, crAssphage (5.95 £ 0.13 log10 CP/mL) again had a higher concentration
than PMMoV (5.08 + 0.34 log10 CP/mL) when analyzing composite samples of sewage
(Ahmed, Bivins, et al., 2021). Therefore, these studies all agree that crAssphage was
found in higher quantities than PMMoV which is comparable to our study. In our study
crAssphage had a concentration of 2.2x10% CP/L while PMMoV only had a concentration

of 3.0x107 CP/L when the data from all sites was averaged.
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Lastly, COVID-19 cases were estimated based on the N1 and N2 SARS-CoV-2 gene
targets. Another study also estimated the cases of COVID-19 with the formula we used.
However, they used 126g of feces/(person*day) instead of 349g of feces/(person*day)
and 10%? CP/g of feces instead of 107 CP/g of feces (Li et al., 2022). They assessed three
different water reclamation facilities and estimated their COVID-19 cases (Li et al.,
2022). The actual cases and estimated cases (listed in parenthesis) were as follows:
facility A had 44,996 (94,782 + 7,583) cases of COVID-19, facility B had 2,645 (5,613 +
449) cases of COVID-19, and facility C had 7,131 (7,987 + 638) cases of COVID-19 (Li
et al., 2022). Therefore, facility A and B estimated 2.1 times more cases of COVID-19,
and facility C estimated 1.1 times more cases of COVID-19. Another study suggested
that their model estimated that the amount of unreported cases were around 11-fold
higher than the confirmed cases of COVID-19 (McMabhan et al., 2021). A study by
Kaplan et al. estimated with their sewage data that there was nearly three times the cases
of COVID-19 in New Haven, Connecticut (United States) when compared to the reported
cases (Kaplan et al., 2022, p. 2). They reported that they projected that 33.6% of the New
Haven population had COVID-19 as of May 22", 2021 while clinically diagnosed cases
of COVID-19 only suggested that 12% of the New Haven population had COVID-19 as
of May 22", 2021 (Kaplan et al., 2022). Overall, it seems likely that the clinical data is
underreporting cases of COVID-19 due to lack of participation, asymptomatic cases, and
not reporting at home COVID-19 testing. One study estimated that it is expected that
253-409 cases of COVID-19 per 10,000 people is required for the wastewater to have a
positive hit for COVID-19 (Hong et al., 2021). There were many data points in this study
that had signal for the N1 and N2 gene targets despite having far fewer than 253-409
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cases of COVID-19 reported clinically per 10,000 people. In fact, many data points in the
three counties had less than 253 cases of COVID-19 in a population that was over
150,000 and still had a detection for the SARS-CoV-2 gene targets. Also, the sewage
collected did not represent the whole county meaning that even less people would have
COVID-19 than reported for the county. This suggests that there are many COVID-19
cases not reported. Interestingly, the Warren WWTP only collected sewage for
approximately 20% of the county yet the sewage surveillance overestimated COVID-19
cases by over 3-fold. This suggests there was a high number of under reported cases of
COVID-19 in Warren. Overall, Warren estimated 4.7 times (N1) and 4.1 times (N2) more
cases of COVID-19 when compared to the confirmed cases, and 4.2 times (N1) and 3.6
times (N2) more cases of COVID-19 when compared to the total (confirmed and
probable) cases of COVID-19. For Delhi, COVID-19 cases were estimated to be 1.6
times (N1) and 1.4 times (N2) higher than the confirmed cases of COVID-19 and 1.2
times (N1) and 1.0 times (N2) higher than the probable cases of COVID-19. Lastly for St.
Clair, COVID-19 cases were estimated to be 1.9 times (N1) and 1.5 times (N2) higher
than the confirmed cases of COVID-19 and 1.6 times (N1) and 1.3 times (N2) higher
than the probable cases of COVID-19. One study looked at the results for 241 studies
with 130,123 COVID-19 infected individuals and found that there were 31,411
asymptomatic individuals (Chen et al., 2021). There was 21.7% asymptomatic infections
found after they excluded presymptomatic cases (Chen et al., 2021). In the end, they
concluded that approximately one-fifth of COVID-19 cases are likely asymptomatic
(Chen et al., 2021). Therefore, asymptomatic cases make up many cases of COVID-19
and will likely go unreported. With the asymptomatic cases not being reported, the lack
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of individuals getting tested, and the underreporting of positive cases detected by at home
tests, it is likely that a lot of cases of COVID-19 are going unreported. Therefore, the
cases estimated with sewage surveillance may be a more accurate representation of the
actual cases.

3.6 Conclusion

This research agrees with other studies that sewage surveillance is able to precede clinical
cases of COVID-19. Our study suggested that sewage data preceded clinical data by 2.2
days on average, and for the nine peaks compared, sewage surveillance was found to
precede clinical data by -3 to 11 days. Because the clinical data had daily data points and
the sewage data had at most two data points a week, there may have been a built-in time
shift. Shortening the lead. Overall, there is high variation throughout studies on how
much of an early warning sewage data provides over clinical data. The study by Xiao et
al. said that based on various studies sewage data was ahead of clinical data by 0-16 days
(Xiao et al., 2022). Our data showed that the unaltered gene target concentration had the
best correlation to the clinical cases of COVID-19. Normalization is supposed to enhance
the correlation by considering the amount of feces in the sewage. Because the main
source of SARS-CoV-2 in sewage should be feces, fluctuations in the amount of feces
had the potential to negatively impact the signal. However, through the Pearson’s
correlation coefficients we showed that the normalized data did not show improved
correlation with clinical cases. PMMoV provided the worst amount of correlation despite
being widely recommended for sample normalization. The DNA normalized gene targets
were able to provide a moderate positive correlation to the clinical cases. Normalizing

with the flow rate provided a higher correlation than the fecal normalized gene targets in
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2/3 sites with an overall moderate to high correlation to the clinical data for all three sites.
The DNA based fecal indicators had a higher amount of correlation to clinical data than
the RNA based fecal indicator (PMMoV). However, DNA fecal indicators required a
different spin column workflow and assay mix increasing the cost and time. Overall, a
significant amount of money would be saved from not normalizing the data, and these
data show that there was no benefit to normalizing the data. It is unlikely, but possible,
that the storage of the sewage pellets may have resulted in signal loss which could
contribute to the lower correlations seen.

This study estimated the number of cases of COVID-19 and found that the estimated
cases were statistically higher than the clinical cases in every case. It is likely that
COVID-19 is under detected clinically due to patients not wanting to be tested, not
reporting their at-home tests, or patients being asymptomatic and therefore not being
tested for COVID-19. It has been suggested that 18-31% of COVID-19 cases are
asymptomatic (Hata & Honda, 2020). Therefore, it is likely that many COVID-19 cases
are not caught in clinical data meaning that the sewage data may provide a more realistic
number of cases of COVID-19. Overall, there was a moderate to strong correlation
between the confirmed cases and sewage estimated cases of COVID-19. Therefore,
sewage monitoring allows tracking of COVID-19 trends while slightly preceding clinical
data. With less clinical testing, sewage monitoring of SARS-CoV-2 may become the

better tool for assessing COVID-19 trends and at a lower cost.
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CHAPTER FOUR
DUPLEX CAPABILITY OF SARS-COV-2 SURROGATES PHI6 AND BCOV FOR

INHIBITION AND RECOVERY CONTROL

4.1 Abstract

Coronavirus disease 2019 (COVID-19) is a highly contagious disease that typically
causes symptomatic individuals to experience mild to moderate respiratory distress, but
in too many cases may lead to hospitalization and even death. This disease is caused by
an RNA virus known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
Due to the fast-spreading nature of this virus it is vital that cases be identified quickly so
appropriate steps can be taken to manage outbreaks of the virus. Due to the presence of
SARS-CoV-2 in feces, COVID-19 infection can be efficiently monitored with sewage
surveillance. Wastewater surveillance is beneficial because it can detect asymptomatic
cases, cases from individuals that will not get tested, cases from individuals who take at-
home tests and do not report their results, and quickly provide data on whole
communities or large congregate facilities. In addition to testing sewage for SARS-CoV-
2, it is also important to assess samples for inhibition and recovery to rule out any false
negatives. Because the amount of inhibition or recovery from the SARS-CoV-2 PCR
assays cannot be directly assessed, Phi6 and bovine coronavirus (BCoV) were evaluated
as spiked recovery controls, i.e. surrogates, for SARS-CoV-2. A SARS-CoV-2 surrogate
should have a similar structure to SARS-CoV-2. This similarity in structure should allow
the surrogate to mimic how SARS-CoV-2 would react under the same sample preparation
and assay. Both Phi6 and BCoV are enveloped RNA viruses with spike proteins which
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are features of SARS-CoV-2. Both Phi6 and BCoV were found to have acceptable
separation at an annealing temperature of 55°C allowing inhibition and SARS-CoV-2
gene targets to be tested simultaneously. BCoV required the quenchers ZEN™/lowa
Black® Fluorescent Quencher (ZEN/IABKFQ) for proper separation between the
negative and positive droplets. Phi6 had reasonable separation with the quencher Black
Hole Quencher®-1 (BHQ1). It was also determined that both BCoV and Phi6 can be
duplexed without losing signal according to the Anova test. Lastly, it was discovered that
BCoV had an average concentration that was 2-fold higher than Phi6.

4.2 Introduction

Coronavirus disease 2019 (COVID-19) is a disease that causes respiratory illness that is
generally mild or moderate leading to minor symptoms such as coughing and fever
(Coronavirus, n.d.). Although this disease is typically associated with mild symptoms,
COVID-19 can lead to severe and even life-threatening illness. Due to the ability of this
disease to be transmitted rapidly from person to person over 631 million people
(November 14, 2022) across the globe have been infected in less than three years of
COVID-19’s origin (WHO Coronavirus (COVID-19) Dashboard, n.d.). This disease is
caused by a single-stranded and enveloped RNA virus known as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (Alexandersen et al., 2020). There are currently
seven known coronaviruses (CoVs) that infect humans (Ye et al., 2020). Four of these
CoVs commonly infect humans and are associated with respiratory illness that is mild
such as the common cold (Common Human Coronaviruses | CDC, 2020). The other three
of these CoVs are more dangerous and associated with more frequent deaths than the

common human coronaviruses (HCoVs).
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Generally, COVID-19 is diagnosed by completing reverse transcription-polymerase chain
reaction (RT-PCR) on nasopharyngeal swabs which provides rapid results with high
specificity and moderate sensitivity (Koskinen et al., 2021). SARS-CoV-2 can be
detected in other human bodily fluids such as saliva, tears, semen, and feces (Kutti-
Sridharan et al., 2020). Because SARS-CoV-2 can be detected in feces, sewage
surveillance can be used to monitor COVID-19 trends in different buildings and areas. As
urine samples do not generally test positive for SARS-CoV-2, feces will be the main
source of SARS-CoV-2 in sewage (Mumm et al., 2021). Approximately half (48.1%) of
fecal samples tested in COVID-19 infected patients test positive for SARS-CoV-2 (S.
Park et al., 2021, p. 2) whereas 84.6% of nasopharyngeal tested positive for infected
patients (Gopaul et al., 2020). However, enough viral RNA is shed in feces to make
sewage surveillance suitable for tracking COVID-19 trends in regions or sewer sheds and
buildings. Sewage surveillance has been used to monitor polioviruses in the sewage
which has aided polio eradication efforts for many decades (O’Reilly et al., 2020). Acute
flaccid paralysis is used to diagnose patients with polio based on their symptoms (Soltani
et al., 2014). However, paralysis is not commonly seen (<1% of cases) in infected
patients (Tuma, 2021). Thus, sewage surveillance has potential to detect more cases of
polio than acute flaccid paralysis (Tuma, 2021). Sewage surveillance is advantageous
because there may be hesitancy to testing due to cost or concern of medical procedures.
Sewage surveillance can quickly monitor whole communities without permission from
each individual. Because at-home testing kits are now available, COVID-19 cases may
not be reported which could falsely suggest low community spread of COVID-19. Thus,
sewage surveillance is becoming more critical despite SARS-CoV-2 not being detected

132



as frequently in the feces. Testing wastewater samples will provide data for whole
communities non-invasively while providing rapid data including both symptomatic and
asymptomatic individuals (CDC, 2022c).

Phi6 is a bacteriophage that has double-stranded RNA (Frilander et al., 1995). Phi6 is
also an RNA virus that is enveloped which makes it a potential surrogate for other
enveloped viruses such as Ebola virus and CoVs including SARS-CoV-2 (Bangiyev et
al., n.d.). Phi6 is thought to be an optimal surrogate for CoVs due to it having spike
proteins, having a similar size, and being an enveloped virus (Fedorenko et al., 2020).
Bovine CoV (BCoV) is an RNA virus that causes respiratory illness in wild ruminants
and cattle (Saif, 2010). This CoV is enveloped and has single-stranded RNA as opposed
to Phi6 that has double-stranded RNA (Saif, 2010). As BCoV is a CoV and is single-
stranded, it is logical to think that it should be a better surrogate for SARS-CoV-2 than
Phi6. However, as these targets have both been used previously as surrogates for SARS-
CoV-2, both Phi6 and BCoV were chosen in this study. If both surrogates suggest full
inhibition, it is likely that the SARS-CoV-2 gene targets may be falsely reported as
negative. Thus, it is important to assess the inhibition in each sample to take measures to
reduce inhibition and to understand if the sample is truly negative. Sewage is highly
variable in time and source. Therefore, the best surrogate for the SARS-CoV-2 gene
targets might differ on a sample-by-sample basis.

All samples analyzed in this study use Droplet Digital polymerase chain reaction
(ddPCR). Running a duplex reaction gives two sets of data within a single reaction well
which significantly reduces cost. As two targets can be analyzed in a single well, time

spent on pipetting, i.e. Plating, (both manually and on the automated droplet generator)
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and on reading the plates can be reduced. Thus, it is highly desirable to run Phi6 and
BCoV in a duplex. However, in order to run a duplex, we must verify that there is no
significant signal loss. This study determined under what conditions Phi6 and BCoV
could be run as a duplex reaction to save time and money while providing robust
inhibition and recovery control.

4.3. Materials and Methods

4.3.1 Sample Delivery, Sample Selection, and Sample Concentration

Our workflow used the methods described by Flood et al (Flood et al., 2021) as a starting
point. Sewage samples were delivered to the lab in S00mL portions. Samples were
transported in a cooler with icepacks while in transit to our lab. Samples were processed
immediately upon arrival. The 500mL bottle of sewage was mixed by inverting the bottle
between 40 and 60 times to minimize foaming. A 45 mL homogenous sewage sample
was decanted into a S0mL conical bottom centrifuge tube. Approximately 4.0g of
polyethylene glycol 8000 (catalog number 97061-100 from VWR) and 0.59¢g sodium
chloride (catalog number 470302-520 from VWR) were added to the sample yielding a
concentration of 8% polyethylene glycol and 0.2M sodium chloride. After the solids and
solutions were combined, the centrifuge tubes were transferred to a rotator where the
tubes were rotated at 70rpm for 2hrs. The rotator was held at 4°C. After mixing, the
samples were centrifuged at 3,650 rpm for 1 hr. Once centrifugation was completed, the
supernatant was discarded, and a 1-2 mL pellet remained.

4.3.2 RNA Elution and Purification

The QIAamp Viral RNA Mini Kit (catalog number 52904) was purchased from QIAGEN
to purify and elute the RNA from the sewage samples. The pellet (200uL) was pipetted
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into a solution containing 800uL of Buffer AVL, 8uL of carrier RNA, 10uL of Phi6, and
10uL of BCoV (Bovilis® Coronavirus from Merrick Animal Health). Both Phi6 and
BCoV had a concentration of 10° gene copies/mL. A 200uL portion of pellet was then
pipetted into a 2mL cryovial containing the buffer and RNA mix. The cryovial was
vortexed for 10s before incubation for 10mins at room temperature. After incubation,
200proof ethanol was added to the cryovial in an 800uL portion, and the cryovial was
vortexed for 10s. At this point in the procedure there was 1.8mL solution in the cyrovial.
This solution was run through the QIAamp mini spin column in order to obtain the
extracted RNA. The 1.8mL solution was added in three 630uL quantities to the spin
column. Three additions were done because the spin column could not hold enough
solution for a single addition. Each 630uL portion of solution was added to the spin
column and centrifuged sequentially. The flow through was not retained. The
centrifugation settings were 1min at 8,000rpm. These centrifuge settings were the same
for every addition except when the buffer AW2 was added. The waste collected in the
collection tube under the spin column was discarded after every addition until the elution
step (buffer AVE). After the whole 1.8mL solution was added to the spin column and
centrifuged, the wash buffers were added. A 500uL portion of buffer AW1 was added to
the spin column and centrifuged. Next, a 500uL portion of buffer AW?2 was added to the
spin column. At this point in the process (and only during this step) the centrifuge speed
and duration was increased to 14,000rpm for 4min. After centrifugation, centrifugation
settings were returned to normal, and the spin column was transferred to a 1.5mL
microcentrifuge tube. The microcentrifuge tube was used to collect the RNA eluted from
the spin column. Buffer AVE was added to the spin column in a 40uL portion and
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incubated at room temperature for Imin. After incubation, the spin column was

centrifuged. This step was repeated which resulted in a final volume of 80uL. of RNA

eluate.

4.3.3 Plating, Droplet Generation, Thermocycling, and Droplet Reading

The assay mix was made using the solutions obtained from the One-Step RT-ddPCR

Advanced Kit for Probes (catalog number 1864021) produced by Bio-Rad. This kit

provided everything needed for the assay mix except the water and the primer/probe mix.

Table 4.1 shows the primer/probe sequences used to detect the SARS-CoV-2 gene

targets. Table 4.2 shows the components that were used for a singleplex reaction and a

duplex reaction.

Table 4.1: BCoV/Phi6 Primer and Probe Sequences

Sequence | BCoV Phi6 References
(5°-3%)
Forward 5’-CTGGAAG 5- (Gendron et
Primer TTGGTGG TGGCGGCGGTCAAGAGC-3’ | al., 2010;
AGTT-3’ Graham et
al., 2020)
Reverse 5’-ATTATCG 5- (Gendron et
Primer GCCTAA GGATGATTCTCCAGAAGCT | al., 2010;
CATACAT GCTG-3’ Graham et
Cc-3 al., 2020)
Probe 5’-HEX-CCTTCATA 5’- FAM- (Gendron et
T-ZEN- CGGTCGTCGCAGGTCTGAC | al., 2010;
CTATACACATCAAG | ACTCGC-BHQI1-3° Graham et
TTGTT- IABKFQ-3’ al., 2020, p.)

Table 4.1: A table containing both primers and probes used for Phi6 and BCoV.
The fluorophore and quencher chosen are not equivalent to the ones used in the
referenced papers.
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Table 4.2: Assay Mix Calculations for a Single Well

Reagent Singleplex Duplex
Supermix 5.5uL 5.5uL
Reverse transcriptase 2.2ul 2.2ul
Dithiothreitol 1.1puL 1.1puL
Primer/probe mix 1 3.3ul 3.3ul
Primer/probe mix 2 N/A 3.3ul
Water 4.4uL 1.1puL
Total 16.5uL 16.5uL

Table 4.2: The assay mix calculations utilized for a singleplex and a duplex reaction.
These calculations were based on the amount of assay mix required for one reaction
(one well).

The values in Table 4.2 were based on a single reaction. Singleplex and duplex reactions
only varied based on the amount of water and the additional primer/probe mix which
would be added for a duplex reaction. Samples and controls (negative, no template, and
positive controls) were pipetted into a 96-well plate with the correct assay mix. Each well
had 5.5uL of sample/control and 16.5uL of assay mix. Each sample and control were run
in triplicate per assay mix. Once plating was finished, the plate was sealed with foil. This
plate was then vortexed to mix the sample and the assay mix. Lastly, the plate was spun
in a plate spinner to collect the liquid at the bottom of the 96-well plate. This plate was
then placed into the Automated Droplet Generator (catalog number 1864101 Bio-Rad) to
generate droplets. The Automated Droplet Generator generated droplets into another 96-
well plate. This new 96-well plate was sealed with foil and placed into the thermocycler.
The thermocycler settings are listed in Table 4.3. The thermocycling settings were based
on the instructions for the 1-Step RT-ddPCR Advanced Kit for Probes for general
settings, and the annealing temperatures from Flood et al. (One-Step RT-DdPCR

Advanced Kit for Probes, n.d.; Pearson et al., 2021)
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Table 4.3: Thermocycler Settings for BCoV and Phi6

Step Temperature (°C) Duration
1 25 3mins

2 50 60mins

3 95 10mins
4% 95 30secs
5* 55 Imin

6 98 10mins

7 4 30mins

8 4 Infinity

Table 4.3: Thermocycling consists of 8 steps. Steps 4 and 5 are marked with an
asterisk to symbolize those steps are repeated. Steps 4 and 5 are completed back-to-
back, and this cycle is repeated 40 times. Once step 8 is reached the plate can be put
onto the droplet reader at any point.

Once thermocycling was complete, the plate was held at room temperature for 15mins
before reading the plate with the QX200 Droplet Reader (catalog number 1864003) from
Bio-Rad. Once the plate was read, thresholds for positive and negative droplets were set

and the plate was quantified.

4.3.4 Temperature Gradient Study

Thermocycling settings remained the same except step 5 listed in Table 4.3. Instead of
running one temperature a series of annealing temperatures were ran. The range 52.0-
62.0°C was chosen. Both Phi6 and BCoV were ran on a temperature gradient to assure
proper separation was obtainable at 55.0°C. Specific temperatures between the minimum
and maximum temperature were automatically chosen by the thermocycler.

4.3.5 Data Analysis

Gene copies of each target per liter of sewage (CP/L) were calculated using various

constant values throughout the experiment, experimentally determined values, and values
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obtained QuantaSoft™. Equation 4.1 was used to calculate both the gene copies of BCoV

and Phi6 per liter of sewage.

(Equation 4.1)

final concentrate volume 45mlL)

cp extraction volume (0.2mL)
— = [ L x eluate vol 80uL) x
[~ = coples per ul X eluate volume (80ulL) itial volume (45mL)

X 1000
Equation 4.1: Gene Copies per Liter of Sewage Calculation
Gene copies per liter of sewage (CP/L) for BCoV and Phi6 can be calculated with
this formula.
The gene copies of each target per liter of sewage of BCoV and Phi6 were then compared
for the parallel singleplex and duplex reactions. A total of 36 samples were ran for Phi6
and BCoV in both singleplex and duplex forms to determine if there was a significant
variation in concentration when experiments were carried out in a duplex instead of a
singleplex reaction. Of these 36 samples, four of the samples were removed due to low
droplets or extremely high values found in the singleplex reactions that were considered a
potential machine error or sample contamination. For instance, the negative control was
run to estimate the maximum BCoV and Phi6 signal that can be obtained. The negative
control consisted of 200uL of water, 8uLL of carrier RNA, 800uL of buffer AVL, 10uL of
Phi6, and 10uL of BCoV. Because water was used instead of sewage, no inhibition
should occur, and the maximum signal should be obtained. Two of the 36 samples had a
signal for BCoV in the singleplex reaction that were 2.9x and 9.9x higher than the

negative control which led to the conclusion that there was a machine error or sample
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contamination, and these values were considered unreliable. Thus, these two samples
were removed from both BCoV and Phi6 analysis.

To determine if the singleplex and duplex reactions had values that were statistically
equivalent, an ANOVA: Two-Factor with Replication test was ran for BCoV and Phi6.
This test provided an F-value, an F critical value, and a p-value. F-values lower than the
F critical value follow the null hypothesis which supports that a duplex can be ran
without losing BCoV or Phi6 signal. P-values greater than 0.05 indicate that a duplex can
be run without losing signal. Paired t-tests were also run to test duplex capability. T-
values between the positive and negative of the T critical two-tail value support that a
duplex and singleplex provided similar results. The calculated gene copies of each target
per liter of sewage were also compared between Phi6 and BCoV to determine if one
target was detected at a higher concentration than the other target.

4.4 Results

When viewing the data with QuantaSoft™ Software, the separation between the positive
droplets and negative droplets was assessed to determine if the quencher used in our lab
was reliable for BCoV. Separation in this study is defined as the visible distinction
between positive and negative droplets. Initially, Black Hole Quencher®-1 (BHQ1) was
used to quench the HEX fluorophore on BCoV because the Phi6 primer/probe mix
obtained from Michigan State University utilized BHQI as the quencher. Many labs in
the Michigan PCR Network have done research with Phi6 to assess sample
inhibition/recovery along with routine SARS-CoV-2 gene target testing. Separation is
acceptable for Phi6 with the BHQ1 quencher leading to the selection of this quencher for
BCoV. However, BCoV did not have reliable separation with the BHQ1 quencher unless
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the droplets were held in the thermocycler overnight. However, even after the prolonged
holding period on the thermocycler, separation was poor. The quencher ZEN™/[owa
Black® Fluorescent Quencher (ZEN/IABKFQ) was later used for BCoV, and a
temperature gradient was run to determine the best annealing temperature. Concentration
was kept constant. There was separation at all annealing temperatures ran (52.0-62.0°C).
The best separation was obtained at the annealing temperatures between 52.0°Cand
56.0°C. For detection of the N1 and N2 gene targets (used to detect SARS-CoV-2) an
annealing temperature of 55.0°C was used. Because there was reasonable separation at
that temperature, both Phi6 and BCoV could run at an annealing temperature of 55.0°C.
This would allow N1 and N2 to be run with the surrogates on the same plate as two
duplexes. Figure 4.1 shows the temperature gradient for BCoV with both quenchers and
Phio6.

BCoV had approximately an 1,800-amplitude (relative fluorescence) difference between
the positive and negative droplets at 54.1°C and 56.0°C with the ZEN/IABKFQ
quencher. When looking at the BHQ1 quencher at 54.1°C and 56.0°C, separation was
minimal (approximately 50-amplitude difference). At the lowest temperatures (52.0°C
and 52.7°C) there was an approximate amplitude difference of 100. Besides the large
separation, when the BCoV probe had the quenchers ZEN/IABKFQ, plates could be put
on the droplet reader just after thermocycling was finished with no separation issues.
Thus, the ZEN/TABKFQ quenchers were chosen for BCoV. Phi6 did not have any issues
with separation, so the quencher was not changed. Phi6 had approximately a 700-
amplitude difference between positive and negative droplets regardless of annealing

temperature.
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Figure 4.1: Temperature Gradient with Different Probes
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Figure 4.1: Temperature Gradient with Different Probes (Continued)
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Figure 4.1: Temperature gradient of annealing temperatures for both BHQ1 and
ZEN/TABKFQ quenchers on BCoV and Phi6. Green droplets indicate positive
droplets, and gray droplets indicate negative droplets for BCoV. Blue droplets
indicate positive droplets, and gray droplets indicate negative droplets for Phi6. The
ZEN/TABKFQ quencher was able to drastically enhance the separation between
positive and negative droplets. Phi6 only had one quencher tested because there was

no issues with separation.
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Using Excel, an ANOVA: Two-Factor with Replication test was run for both Phi6 and
BCoV. A p-value of 0.5 indicated that singleplex and duplex reactions for BCoV have
concentrations that are statistically equivalent. For Phi6 a p-value of 0.5 was obtained
again indicating that singleplex and duplex reactions yield statistically equivalent
concentrations. Thus, BCoV and Phi6 can be run as a duplex without compromising the
concentration obtained.

Next, paired t-tests were calculated on a sample-by-sample basis for all 32 sewage
samples when applicable. There was one non-detect for BCoV and seven non-detects for
Phi6 which reduced the number of paired t-tests that could be run. For BCoV most of the
samples (25/31 or 80.6%) supported that singleplex and duplex reactions produced
concentrations that were statistically the same. For Phi6, most samples (22/25 or 88.0%)
supported that singleplex and duplex reactions produced concentrations that were
statistically the same.

Of the 32 samples, 31 of these samples had signal for either Phi6 or BCoV. However,
there were six samples that only had a signal for BCoV indicating BCoV is more robust
than Phi6 to inhibitors or compounds that interfere with recovery. Despite BCoV and
Phi6 being spiked into the buffer AVL with the same concentration (10° gene
copies/mL), BCoV always had a higher concentration than Phi6. Comparing BCoV’s and
Phi6’s average concentration, BCoV had a 2.5times higher concentration. Figure 4.2

shows the differentiation between BCoV’s and Phi6’s concentration for all 32 samples.
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Figure 4.2: BCoV vs. Phi6 Concentration
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Figure 4.2: The average concentration of the six wells (three from singleplex and
three from duplex) is shown as a blue bar for BCoV and an orange line for Phi6.
BCoV always had a higher concentration than Phi6.
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Figure 4.3: Graphical Comparison of Phi6 and BCoV Singleplex and Duplex
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Figure 4.3: Graphs were adjusted to enlarge the trendline and points for clarity.
The y-axis was set to 4.5 log(CP/L), and the x-axis was set to 5 log(CP/L). Phi6 had a
higher R? value than BCoV showing there wass a stronger correlation between
singleplex and duplex reactions for Phi6 than BCoV.
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When the singleplex and duplex reactions were graphically compared, Phi6’s data points
had a higher similarity between the singleplex and duplex reactions than BCoV as shown
in Figure 4.3. The R? value was 0.88 for Phi6 and 0.75 for BCoV. The Pearson’s
correlation coefficient was 0.97 for Phi6 and 0.83 for BCoV. Therefore, the data indicate
the Phi6 has a stronger correlation between the concentrations obtained in singleplex and
duplex reactions than BCoV.

Overall, BCoV and Phi6 can be duplexed while maintaining a concentration that is
statistically the same. BCoV had a lower R? value and Pearson’s correlation coefficient
than Phi6, but both BCoV and Phi6 had a strong positive correlation.

4.5 Discussion

The goal of this study was to determine if Phi6 and BCoV could be duplexed to provide
simultaneous detection of two targets for inhibition/spiked recovery control checks
without compromising the ability to quantify. Running a duplex as opposed to two
singleplex reactions reduces cost and time and allows inhibition for both surrogates to be
assessed on the same plate as the SARS-CoV-2 gene targets. We found that on a sample-
by-sample basis, 80.6% (BCoV) and 88.0% (Phi6) of the samples tested for BCoV
supported that singleplex and duplex reactions had no statistical variation in
concentration. An ANOVA test agreed that there was no statistical significance between
the concentrations of the singleplex and duplex reactions. The SARS-CoV-2 surrogate
BCoV was found to have an average concentration 2.5 times greater than Phi6, always
had a higher concentration than Phi6, and was only fully inhibited (=MDL) in one sample
compared to Phi6 that was fully inhibited in seven samples. These two findings suggest
that BCoV is a better spike recovery control than Phi6. BCoV would have significantly
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reduced the cost of reruns as only one sample was fully inhibited indicating it should be
rerun compared to seven reruns for Phi6. There are instances in routine SARS-CoV-2
testing where either N1 or N2 SARS-CoV-2 gene targets have signal, but Phi6 does not
have signal suggesting that Phi6 is not an ideal surrogate for SARS-CoV-2. BCoV is
inexpensive and readily obtainable as a cattle vaccine, and BCoV has a higher
resemblance to SARS-CoV-2 virus. Spiking samples with SARS-CoV-2 is impractical
and would require a biosafety level 3-4 lab. (Biosafety Level Requirements, n.d.). Our lab
is a biosafety level 2+ lab which is appropriate for only routine diagnostic testing of
SARS-CoV-2 (Yeh et al., 2021). Thus, to minimize risk and cost, SARS-CoV-2
surrogates were used to estimate the amount of inhibition and recovery of SARS-CoV-2
would likely face under the same conditions.

Both Phi6 and BCoV are useful inhibition and spike recovery controls. Phi6 is cost
efficient, has a similar structure to SARS-CoV-2, and has similar survival in sewage
which makes Phi6 a good surrogate for SARS-CoV-2 and other CoVs (Gomes et al.,
2022). BCoV is a good surrogate for SARS-CoV-2 because it is also a CoV, it is a single-
stranded RNA virus, it has a similar size, it is enveloped, and the structure is very similar
(Susan 1. Gerber and John T. Watson, 2020). BCoV has been listed to require either
biosafety level 1 or 2 labs (NR-445 Bovine Coronavirus, Mebus (Viruses), n.d.; NR-451
Bovine Coronavirus, Mebus, Chemically Inactivated (Antigen Preparations), n.d.).

Phi6 and BCoV have been used together in one study as SARS-CoV-2 to determine if
ozone is optimal for decontaminating rooms with SARS-CoV-2 (Franke et al., 2021).

They found that both Phi6 and BCoV behaved similarly (Franke et al., 2021).
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Currently, there does not appear to be any studies that duplex Phi6 and BCoV. One target
is needed to determine if a sample is inhibited or to detect recovery problems, but looking
at two targets provides benefits that are similar to using both N1 and N2. Because BCoV
is another CoV it is likely to be superior to Phi6 because Phi6 is double-stranded and has
more structural deviation to SARS-CoV-2 than BCoV. If both surrogates are below the
MDL this suggests full inhibition or recovery failure, and that there is high potential for
false negative determination and the sample should be rerun with dilution. Besides
interference with the PCR reaction, improper binding to the spin column, and competition
between the target and other molecules to bind to the silica in the spin column can cause
the sample to have no signal or low signal for the target or surrogate. Reduced retrieval is
expected because sewage is likely to have many inhibiters that can degrade the RNA or
inhibit ddPCR. Detecting SARS-CoV-2 in sewage is less sensitive than standard clinical
testing because SARS-CoV-2 is not excreted as commonly in feces as respiratory
specimens. It fluctuates, but generally SARS-CoV-2 is only found in the feces of 50% of
patients. For instance, one study found that only 41% of the 44 patients had SARS-CoV-2
in their feces (Britton et al., 2021). Besides the diminished testing capability of feces in
general, diluting it in sewage and the potential degradative molecules in the sewage could
also greatly diminish the SARS-CoV-2 signal. In the sewage there are high amounts of
substances that can degrade RNA such as ribonucleases (Panchal et al., 2021). There are
PCR inhibitors in both sewage sludge which includes proteins, heavy metals, fats, and
polyphenols and in wastewater which includes metal ions and polysaccharides (Schrader
et al., 2012). PCR can be inhibited in various ways such as the inhibitor being
precipitated along with the RNA leading to sequestering or degrading of the RNA, and
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inhibitors binding to vital enzymes or RNA which could cause polymerases to become
inhibited (Ahmed et al., 2022). Because the signal of SARS-CoV-2 is much lower in
fecal samples, and is subject to inhibition and interference, two surrogates provide more
information in evaluating false negatives and evaluating corrective measures.

This research determined that Phi6 and BCoV can be ran at an annealing temperature of
55.0°C. Phi6 and BCoV are generally ran at an annealing temperature of 60.0°C (Flood et
al., 2021; Loeb et al., 2020). However, because the N1 and N2 gene targets are ran at an
annealing temperature of 55.0°C, it is more practical to run BCoV and Phi6 at 55.0°C
(Flood et al., 2021). We found that it was vital for the BCoV probe to have the quencher
ZEN/IABKFQ for proper separation while Phi6 had proper separation with the quencher
BHQI. Our primer and probes were purchased from Integrated DNA Technologies. This
company sells a quencher called ZEN which was stated to reduce background signals,
and it is considered an internal quencher and comes paired with IABKFQ (PrimeTime
OPCR Probes, n.d.). The company also mentions that ZEN generally is the main
quencher, but IABKFQ additionally reduces background noise and enhances performance
(ZEN and IBFQ, n.d.). As shown in our results, using this combination of quenchers
drastically improved the amount of separation between the positive and negative droplets
for BCoV. The BHQ1 quencher performed poorly and should not be used with sewage
samples. The amplitude difference was approximately 2000 between positive and
negative bands for the ZEN/IABKFQ quenchers at the comparable temperature of
52.0°C. At best Phi6 had an amplitude difference of 700 with the BHQ1 quencher. The

separation with ZEN/IABKFQ was almost triple this value. Thus, it is likely that
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switching Phi6’s quencher to ZEN/IABKFQ would further enhance separation. However,
since separation was reasonable, the quencher was not changed for Phib6.

4.6 Conclusion

It is necessary that every sample be assessed for inhibition and recovery to determine if
there is potential for false negatives when analyzing the SARS-CoV-2 gene targets.
Analyzing both BCoV and Phi6 provides more certainty if the SARS-CoV-2 gene targets
may be fully inhibited. If BCoV and Phi6 are both fully inhibited, then the sample can be
rerun after dilution or the sample modified by addition of chemicals such as bovine serum
albumin. It is important that results are reported quickly to allow safety measures to be
taken in certain areas if necessary. It was found that Phi6 and BCoV could be duplexed
without losing signal. Thus, duplexing BCoV and Phi6 will allow for the SARS-CoV-2
gene targets, Phi6, and BCoV to be analyzed all together. This reduces time, cost, and
allows samples to be rerun in a timely manner if the sample is fully inhibited according to
Phi6 and BCoV. Lastly, to ensure optimal separation for BCoV, it is vital to use the
quencher ZEN/IABKFQ for BCoV. BHQI is an appropriate quencher for N1, N2, and

Phib6.
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CHAPTER FIVE
ESTIMATION OF SARS-COV-2 INHIBITION AND COMPARISON OF THE
FREQUENCY OF THE N1 AND N2 GENE TARGETS AND THE SARS-COV-2

SURROGATES PHI6 AND BCOV

5.1 Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an RNA virus which
is responsible for coronavirus disease 2019 (COVID-19). Generally, clinical testing of
individuals detects SARS-CoV-2 with a nasopharyngeal swab which can give details on
COVID-19 infection on a person-by-person basis. Wastewater testing can be used
alongside clinical testing to provide trends on the spread of COVID-19 within whole
communities. Testing sewage by droplet digital PCR (ddPCR) provides cost-effective,
rapid, COVID-19 data for entire communities allowing trends of COVID-19 increase to
be identified earlier than clinical data. Sewage is complex and contains many aggressive
chemicals, the SARS-CoV-2 gene targets are exposed to inhibitors that can interfere with
PCR chemistry or the spin column clean-up procedure. It is important to detect inhibition
to avoid false negative samples and allow measures to be taken to combat inhibition if
necessary. Phi6 and bovine coronavirus (BCoV) can both be used as surrogates to assess
if the sample is inhibited due to their similar structure to SARS-CoV-2. However, it is
uncertain if BCoV and Phi6 are good surrogates for SARS-CoV-2 gene targets N1 and
N2 in sewage. We found that BCoV (94.1%) was detected more frequently than Phi6
(81.4%) and that N1 (55.5%) is detected more frequently than N2 (51.7%) in sewage
samples. Both BCoV (p=5.9x107%*) and N1 (p=6.3x10"'?) had a statistically higher
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concentration than Phi6 and N2, respectively. BCoV was found to be more consistent
with the N1/N2 data only testing negative for 1.2% of the N1 and/or N2 positive samples
while Phi6 missed 10.1% of the positive samples. When it came to BCoV and Phi6
retrieval, BCoV had statistically higher retrieval than Phi6 with an average amount of
retrieval of 47.2% for BCoV and 27.8% for Phi6.

5.2 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a betacoronavirus
that is enveloped, single-stranded, and composed of RNA (Romano et al., 2020).
Infection with SARS-CoV-2 causes individuals to get the disease named coronavirus
disease 2019 (COVID-19) (CDC, 2020a). COVID-19 was first discovered in Wuhan,
China in December of 2019 (CDC, 2022a). Soon after, the first case of COVID-19 was
detected in Washington in January which was the first confirmed case in the United
States (CDC, 2022a). In the same month (January 30, 2020) the World Health
Organization (WHO) deemed COVID-19 a Public Health Emergency of International
Concern and shortly after (March 11, 2020) the COVID-19 outbreak was called a global
pandemic by the WHO (CDC'’s Global Resources Pivot to Address COVID-19, 2021).
Most individuals that become ill due to COVID-19 experience symptoms that are mild to
moderate (Shi et al., 2020, p. 19). One study looked at 44,415 individuals that had
COVID-19 and found that most cases were mild (81%) followed by severe (14%) and
critical (5%) cases. The most common symptoms associated with COVID-19 are fatigue,
cough, and fever, but some individuals can also experience headache, runny nose, loss of

smell, sore throat, or loss of taste (Mild COVID-19 Symptoms, 2021, p. 19).
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COVID-19 is caused by one of the seven known human coronaviruses (HCoVs) (Kesheh
et al., 2022b). There are two HCoVs that are associated with more critical disease than
SARS-CoV-2 with both having higher mortality rates than SARS-CoV-2. Fortunately,
those HCoVs are not as widespread as SARS-CoV-2. The diseases caused by these other
HCoVs are called Middle East Respiratory Syndrome (MERS) and Severe acute
respiratory syndrome (SARS), and they are associated with a 35% (MERS) and 9.6%
(SARS) mortality rates (Peiris & Poon, 2021). COVID-19 has a drastically lower
mortality rate (1.1% as of August 16, 2022), but the number of cases is much higher
(over 588 million as of August 16", 2022) compared to SARS (8,098 cases as of the 2003
outbreak) and MERS (2,589 cases as of March 2022) (CSR, n.d.; SARS | Basics
Factsheet | CDC, n.d.; WHO Coronavirus (COVID-19) Dashboard, n.d.). When testing
for SARS-CoV-2, nasopharyngeal swabs are deemed to be the “gold standard” for
diagnosing patients with COVID-19. Although nasopharyngeal or nasal swabs are more
typical ways to test for COVID-19, testing wastewater for SARS-CoV-2 has also been
implemented to detect SARS-CoV-2 within buildings or communities. Feces will likely
be the number one source of SARS-CoV-2 in the sewage as SARS-CoV-2 is rarely
detected in urine. Kim et al. determined that only 0.8% (2/247) of their urine samples
were positive for SARS-CoV-2 when they detected it using reverse transcription
polymerase chain reaction (RT-PCR) (Kim et al., 2020). The number of samples positive
for SARS-CoV-2 when feces are tested greatly varies from study to study, but the
detection of SARS-CoV-2 in feces is generally found to be much lower than detection
with a nasopharyngeal swab or nasal swab. In the Kim et al. study, feces were also tested
for SARS-CoV-2 and only 10.1% (13/129) of the samples were positive for SARS-CoV-
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2 (Kim et al., 2020). In contrast, another study with a higher sample set found that 61.8%
(173/280) of the fecal samples tested positive for SARS-CoV-2 (Lavania et al., 2022).
Lavania et al. also determined that SARS-CoV-2 could be detected in the feces of
asymptomatic, moderate, and severe/critical cases of COVID-19 (Lavania et al., 2022).
The percentages of individuals with SARS-CoV-2 in their feces based on severity of
disease were as follows: 67.4% (62/92) were asymptomatic cases, 55.5% (60/108) were
moderate cases, and 63.7% were severe/critical cases of COVID-19 (Lavania et al.,
2022). Consequently, detection of SARS-CoV-2 in wastewater may be difficult because
it is not detected as frequently in feces, wastewater will dilute the fecal content, and the
chemical and biological components of sewage may inhibit or interfere with SARS-CoV-
2 assays. However, testing sewage for SARS-CoV-2 provides significant benefits such as
one sample providing a whole snapshot of a community and wastewater testing can
detect asymptomatic cases in addition to symptomatic cases (Kirby, 2021).

This study uses the SARS-CoV-2 gene targets (N1 and N2) recommend by the Centers
for Disease Control and Prevention (CDC) (CDC, 2020c). These gene targets assess the
concentration of SARS-CoV-2 in the sewage. However, due to the various components in
the sewage matrix, polymerase chain reaction (PCR) could be inhibited and lead to
samples being falsely labeled as negative for SARS-CoV-2. Additionally, the complex
sewage matrix may have molecules that interfere with the spin column’s ability to elute
the target RNA leading to a reduced amount of recovery. It is important that inhibition be
assessed on a sample-by-sample basis because the sewage matrix variability. To assess
inhibition, SARS-CoV-2 surrogates were used. A surrogate is a virus that is similar

structurally to the virus of interest. Thus, other coronaviruses (CoVs) can be surrogates
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for SARS-CoV-2 because they all belong to the same family. In order to reduce the
chance of illness, it would be more desirable to work with an animal CoV as opposed to a
human CoV. Besides CoVs, bacteriophages can also be used as surrogates for SARS-
CoV-2 (Machado et al., 2021). Bacteriophages and SARS-CoV-2 are of similar size, and
they are not harmful to the environment or humans (Machado et al., 2021). This study
will use the surrogates bovine CoV (BCoV) and Phi6. Both SARS-CoV-2 surrogates
have been used together as surrogates in a previous study. These surrogates were used to
determine how effective the room was decontaminated when an ozone based
decontamination system was applied which would then estimate how SARS-CoV-2
would act under the same conditions (Franke et al., 2021). These surrogates were chosen
based on their similarity to SARS-CoV-2, their low cost, and their ability to be delivered
quickly. Although Phi6 and BCoV can be used as surrogates for SARS-CoV-2, there is
no guarantee that they will provide an accurate depiction of SARS-CoV-2 under all
circumstances. To determine if these surrogates could be reliable, the frequency of the
SARS-CoV-2 gene targets and surrogates were assessed. If the surrogates and SARS-
CoV-2 gene targets have a similar pattern of detection, the surrogates would minimally
be reliable to determine if a sample is fully inhibited. The percentage of retrieval will also
be assessed for BCoV and Phi6 which gives insight into the degree of SARS-CoV-2
inhibition. The aim of this study is to estimate the frequency of inhibition the SARS-
CoV-2 gene targets and to determine if Phi6 and BCoV have a similar pattern of

detection as the SARS-CoV-2 gene targets.

156



5.3 Materials and Methods

5.3.1 Sample Preparation and Centrifugation

Our workflow used the methods described by Flood et al (Flood et al., 2021) as a starting
point. Sewage samples were delivered to the lab in S00mL portions. Samples were
transported in a cooler with icepacks while in transit to our lab. Samples were processed
immediately upon arrival. The 500mL bottle of sewage was mixed by inverting the bottle
between 40 and 60 times to minimize foaming. A 45 mL homogenous sewage sample
was decanted into a S0mL conical bottom centrifuge tube. Approximately 4.0g of
polyethylene glycol 8000 (catalog number 97061-100 from VWR) and 0.59¢g sodium
chloride (catalog number 470302-520 from VWR) were added to the sample yielding a
concentration of 8% polyethylene glycol and 0.2M sodium chloride. After the solids and
solutions were combined, the centrifuge tubes were transferred to a rotator where the
tubes were rotated at 70rpm for 2hrs. The rotator was held at 4°C. After mixing, the
samples were centrifuged at 3,650 rpm for 1 hr. Once centrifugation was completed, the
supernatant was discarded, and a 1-2 mL pellet remained.

5.3.2 Sample Purification and Elution

The QIAamp Viral RNA Mini Kit (catalog number 52904) was purchased from QIAGEN
to purify and elute the RNA from the sewage samples. The pellet (200uL) was pipetted
into a solution containing 800uL of Buffer AVL, 8uL of carrier RNA, 10uL of Phi6, and
10uL of BCoV (Bovilis® Coronavirus from Merrick Animal Health). Both Phi6 and
BCoV had a concentration of 10° gene copies/mL. A 200uL portion of pellet was then
pipetted into a 2mL cryovial containing the buffer and RNA mix. The cryovial was

vortexed for 10s before incubation for 10mins at room temperature. After incubation,
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200proof ethanol was added to the cryovial in an 800uL portion, and the cryovial was
vortexed for 10s. At this point in the procedure there was 1.8mL solution in the cyrovial.
This solution was run through the QIAamp mini spin column in order to obtain the
extracted RNA. The 1.8mL solution was added in three 630uL quantities to the spin
column. Three additions were done because the spin column could not hold enough
solution for a single addition. Each 630uL portion of solution was added to the spin
column and centrifuged sequentially. The flow through was not retained. The
centrifugation settings were 1min at 8,000rpm. These centrifuge settings were the same
for every addition except when the buffer AW2 was added. The waste collected in the
collection tube under the spin column was discarded after every addition until the elution
step (buffer AVE). After the whole 1.8mL solution was added to the spin column and
centrifuged, the wash buffers were added. A 500uL portion of buffer AW1 was added to
the spin column and centrifuged. Next, a 500uL portion of buffer AW?2 was added to the
spin column. At this point in the process (and only during this step) the centrifuge speed
and duration was increased to 14,000rpm for 4min. After centrifugation, centrifugation
settings were returned to normal, and the spin column was transferred to a 1.5mL
microcentrifuge tube. The microcentrifuge tube was used to collect the RNA eluted from
the spin column. Buffer AVE was added to the spin column in a 40uL portion and
incubated at room temperature for Imin. After incubation, the spin column was
centrifuged. This step was repeated which resulted in a final volume of 80uL. of RNA

eluate. This solution was tested for the SARS-CoV-2 gene targets and surrogates.
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5.3.3 RNA Amplification and Detection of SARS-CoV-2 Targets and Surrogates

This eluate was pipetted along with controls (negative, extraction, positive, and no
template) in triplicate. The negative control provided the maximum Phi6 and BCoV
concentration. This control was made with water instead of the pellet and eluted through
the spin column as usual. The external control was like the negative control, but buffer
AVE was used instead of water. Both reactions in this study were ran as a duplex. The
N1 and N2 gene targets were ran as a duplex reaction, and Phi6 and BCoV were ran as a
duplex reaction. Because both reactions were run in a duplex, the assay mix was made
the same way. The assay mix was composed of three different solutions provided in the
1-Step RT-ddPCR Advanced Kit for Probes from Bio-Rad, primer/probe (p/p) solution
made up from primers and probes purchased from Integrated DNA Technologies or p/p
solution obtained from Michigan State University, and water. Many labs in the Michigan
PCR Network commonly test Phi6, N1, and N2 and use the primer/probe solutions
obtained for Michigan State University. The sequences of the primers and probes used in
this study are listed in Table 5.1.

The volumes of these reagents for one reaction were as follows: 1.1uL dithiothreitol,
1.1uL water, 3.3uL p/p solution 1, 3.3uL p/p solution 2, 5.5uL Supermix, and 2.2uLL
reverse transcriptase. The final volume of assay mix was 16.5uL of assay mix per well.
An amount of 5.5uL of sample or control was added to the assay mix to yield a final

volume of 22uL per well.
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Table 5.1: Primer and Probe Sequences

Gene Target

Sequence

References

BCoV

5’-CTGGAAGTTGGTGGAGTT-3’
(Forward)
5’-ATTATCGGCCTAACATACATC-3’
(Reverse)

5’-HEX-CCTTCATA T-ZEN-
CTATACACATCAAGTTGTT-
IABKFQ-3’

(Graham et al.,
2020)

Phi6

5’-TGGCGGCGGTCAAGAGC-
3’(Forward)
5’-GGATGATTCTCCAGAAGCTGCTG-
3’ (Reverse)

5’- FAM-
CGGTCGTCGCAGGTCTGACACTCGC-
BHQ1-3’(Probe)

(Gendron et al.,
2010)

N1

5’-GACCCCAAAATCAGCGAAAT-3’
(Forward)

5.
TCTGGTTACTGCCAGTTGAATCTG-3’
(Reverse)

5’-FAM-
ACCCCGCATTACGTTTGGTGGACC-
BHQ1-3" (Probe)

(CDC, 2020c)

N2

5’-TTACAAACATTGGCCGCAAA-
3’(Forward)
5’-GCGCGACATTCCGAAGAA-3’
(Reverse)

5’-HEX-
ACAATTTGCCCCCAGCGCTTCAG-
BHQ1-3" (Probe)

(CDC, 2020c)

Table 5.1: The primer and probes sequences used for N1, N2, BCoV, and Phi6.

Phi6 and BCoV, and SARS-CoV-2 N1 and N2 targets were run in triplicate. Once the

assay mix and sample/control were combined by pipetting both into a 96-well plate, the

plate was sealed with foil and vortexed for 15s. The plate was then put into a plate

spinner to gather the liquid to the bottom of the plate. The 96-well plate was then placed

into the Automated Droplet Generator where a new 96-well plate was added to hold the
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droplets generated by the machine. This new plate was then put into the thermocycler.
The settings for the thermocycler were as follows (temperature, time): setting 1 (25°C,
3min), setting 2 (50°C, 60min), setting 3 (95°C, 10min), setting 4 (consists of 40 cycles
of alternating between 95°C for 30s then 55°C for 1min), setting 5 (98°C, 10min), and
setting 6 (4°C until ready to read the plate). Thermocycling settings for the general
settings were based on the document found on Bio-Rad’s website for 1-Step RT-ddPCR
Advanced Kit for Probes, and annealing temperatures for N1 and N2 were found in a
research article (One-Step RT-DdPCR Advanced Kit for Probes, n.d.; Pearson et al.,
2021). The annealing temperatures for BCoV and Phi6 were chosen as in Chapter 4.
After thermocycling was complete, the plate was read by the QX200 Droplet Reader gene
copies per 20uL well computed.

5.3.4 Data Analysis

The droplet reader was paired with QuantaSoft™ Software to score the data. The data
obtained from this software provided information on the number of droplets (accepted,
positive, and negative), concentration, and copies per 20uLL well. The positive droplets
were assessed to determine if the sample was positive for SARS-CoV-2. Three or more
positive droplets were considered a positive hit. Accepted droplets were assessed to
determine the validity of the values obtained from the QuantaSoft™ Software. Wells that
had greater than 10,000 accepted droplets were considered acceptable. The gene copies
per 20uL. well were used to calculate the concentration of the various gene targets.
Equation 5.1 shows the formula utilized to calculate the concentration of the gene targets.

The concentration was in units of gene copies per liter of sewage (CP/L).
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(Equation 5.1)

CP ) pellet volume (mlL) eluate volume (80ul)
A = copies per uL X

extraction volume (0.2mL)  initial volume (45mlL)

1000mL
x —_—
1L

Equation 5.1: Concentration Calculation for the SARS-CoV-2 Gene Targets

This formula shows how the concentrations for the N1, N2, and E gene targets and
the surrogates Phi6 and BCoV were calculated. Pellet volume varied between 1-2mL
for the SARS-CoV-2 gene targets. Pellet volume was 45mL for BCoV and Phi6.

The negative control provided the maximum concentration that could be obtained. The
concentrations of Phi6 and BCoV on a sample-by-sample basis were divided by the
concentration of the negative control to provide a percentage of Phi6 and BCoV retrieval.
5.4 Results

This study assessed the percentage of retrieval of the SARS-CoV-2 surrogates Phi6 and
BCoV, and the frequency of these surrogates compared to the N1 and N2 gene targets.
Phi6 was implemented into routine testing with the N1 and N2 gene targets prior to
BCoV. Thus, there were more samples tested for Phi6 than BCoV. The sampling areas in
this study included Eastern Michigan University (EMU), Oakland University (OU),
Clinton Township (CT), Warren (WN), Michigan Health Department (MCHD), Delhi,
Grosse Ile (GILE), South Lyon (Lyon), Mount Clemons (Mtclms), New Baltimore
(Baltimore), Richmond, Romeo, St. Clair, and Wixom. Some areas had multiple
sampling sites. For instance, EMU had 12 unique sampling sites within the university.
The Phi6 inhibition data was collected from March 9%, 2021 until July 19, 2022 with a
total of 3,389 samples derived from 44 unique sites. The BCoV inhibition data was

collected from March 8%, 2022 until July 19%, 2022 and analyzed 42 unique sites.
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However, frozen pellets were thawed for the sites WNS5, Delhi, and St. Clair and tested
for inhibition. These frozen pellets dated back to September 21%, 2021.

The amount of Phi6/BCoV retrieved from each sample was determined to assess
inhibition. The amount of retrieval was determined by dividing the concentration of the
surrogate obtained from the sewage by the concentration of the negative control. The
negative control was run similarly to the standard procedure, but water was used instead
of 200uL of sewage. As water should not be inhibiting the signal, the negative control
represents the maximum signal that can be obtained from spiking in the surrogate.
Concentrations obtained for the surrogates that were equivalent to the method detection
limit were fully inhibited. For the full sample set, Phi6 was fully inhibited in 419/3,389
(12.4%) of samples. Of the 44 sites analyzed, most of the sites (43/44) had minimally
three samples that were fully inhibited. One site never had a fully inhibited sample, but it
only had 13 samples. The number of samples collected varied based on site.

The Phi6 data suggested that there is a high level of inhibition. In fact, a total of
668/3,389 (19.7%) of samples had less than 5% of the spiked Phi6 retrieved. The number
of samples that had more than 50% of the spiked in Phi6 retrieved were 560/3,389
(16.5%) of samples. Therefore, there were more samples that had less than 5% of Phi6
retrieved than samples that had more than 50% of Phi6 retrieved. The 10-20% retrieval
interval was the most populated interval for Phi6. A total of 684/3,389 samples were in
the 10-20%. The 90-100% retrieval interval had the lowest number of samples
(31/3,389). Interestingly, there were 139 samples that had more than 100% retrieval.

Figure 5.1 is a bar graph that groups Phi6’s retrieval into various intervals.
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Figure 5.1: Phi6 Retrieval from Sewage Samples
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Figure 5.1: The percentage of Phi6 retrieved from 3,389 samples was analyzed. The
3,389 samples were comprised of 44 different sites. Each site had a various number
of samples. The number of samples analyzed per site was based on the number of
samples delivered to the lab throughout the duration of these experiments.
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Overall, the percentage of Phi6 retrieved per interval was as follows: 668/3,389 (<5%),
408/3,389 (5-10%), 684/3,389 (10-20%), 483/3,389 (20-30%), 350/3,389 (30-40%)),
236/3,389 (40-50%), 144/3,389 (50-60%), 121/3,389 (60-70%), 69/3,389 (70-80%),
56/3,389 (80-90%), 31/3,389 (90-100%), and 139/3,389 (>100%).

Table 5.2 shows the number of samples analyzed per site, the percentage of samples fully
inhibited, and other site-specific data. Although all 44 sites were unique, some sites were
collected from the same area. This means multiple sites can belong to the same city,
township, or university. There were five areas that had more than one site, and nine areas
that were only comprised of a single sampling site. Overall, EMUG6 had the highest
number of samples fully inhibited with full inhibition displayed in 49.2% of its samples.
EMUI12 had the highest percentage of samples with more than 50% of Phi6 retrieved
(54.0%). This site also had the highest average percentage of Phi6 retrieval (65.1%).
Overall, the average percentage of retrieval for all 3,389 samples was only 30.0% which
indicated a high degree of inhibition across all sewage samples.

The percentage of BCoV retrieved was also assessed in this study. However, the amount
of BCoV retrieved was only assessed in 1,072 samples opposed to the 3,389 samples
analyzed for Phi6. The surrogate BCoV was only analyzed in 1,072 samples because it
was introduced later in the study. This surrogate was tested over four months (March 8th,
2022 — July 19th, 2022). When BCoV retrieval was assessed, it was found that 62/1,072

(5.8%) of samples were fully inhibited.
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Table 5.2: Site by Site Phi6 Retrieval

Site Samples Samples Average Total City,

Fully with >50%  amount of Samples Township,

Inhibited Retrieval Phi6 or

(%) (%) Retrieved University

(Y0)

CT1 4.72% 15.0% 30.1% 127 Township
CT2 6.15% 12.3% 26.3% 130 Township
CT13 12.0% 4.80% 18.5% 125 Township
CT4 19.4% 6.20% 14.5% 129 Township
CTS 8.50% 15.4% 26.4% 130 Township
CTo 30.5% 8.59% 15.4% 128 Township
CcT7 3.92% 9.80% 21.3% 51 Township
EMU1 7.80% 32.8% 49.5% 64 University
EMU2 0.00% 38.5% 46.2% 13 University
EMU3 5.00% 21.7% 37.1% 60 University
EMU4 4.48% 29.9% 39.8% 67 University
EMUS 14.8% 9.84% 22.0% 61 University
EMU6 49.2% 4.62% 11.1% 65 University
EMU7 5.00% 33.3% 44.2% 60 University
EMUS 12.9% 24.2% 33.3% 62 University
EMU9 4.76% 31.7% 39.3% 63 University
EMU10 7.27% 9.10% 26.1% 55 University
EMU11 4.62% 30.8% 40.5% 65 University
EMU12 10.0% 54.0% 65.1% 50 University
ou1 8.22% 20.5% 40.6% 73 University
0ou2 8.70% 20.3% 31.6% 69 University
Oou3 9.72% 15.3% 30.9% 72 University
ouv4 4.23% 22.5% 34.3% 71 University
Oous 21.9% 8.22% 18.5% 73 University
ove 5.71% 8.57% 23.5% 70 University
ou7 8.47% 18.6% 30.7% 59 University
ous 19.1% 10.6% 25.8% 47 University
WNI1 9.10% 31.8% 52.5% 44 City
WN2 6.38% 27.7% 44.4% 47 City
WN3 8.33% 33.3% 55.9% 48 City
WN4 9.52% 26.2% 39.3% 42 City
WNS5 6.96% 22.6% 38.8% 115 City
MCHD1 11.5% 24.1% 35.0% 87 City
MCHD2 10.8% 20.5% 28.5% 83 City
MCHD3 17.2% 9.20% 18.8% 87 City
Delhi 8.33% 7.29% 35.7% 96 Township
GILE 9.38% 9.38% 30.6% 32 Township
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Table 5.2: Site by Site Phi6 Retrieval (Continued)

Site Samples Samples Average Total City,
Fully with >50%  amount of Samples Township,
Inhibited Retrieval Phi6 or
(%) (%) Retrieved University
(%)
Lyon 9.21% 13.2% 27.9% 76 City
Mtclms 14.9% 14.9% 29.2% 101 City
Baltimore 14.7% 9.47% 44.2% 95 City
Richmond 13.4% 15.5% 25.4% 97 City
Romeo 9.10% 19.3% 30.1% 88 City
St. Clair 16.0% 9.00% 22.4% 100 City
Wixom 36.5% 4.81% 12.6% 104 City

Table 5.2: This table shows the average percentage of retrieval, the number of
samples analyzed per site, the percentage of samples fully inhibited, and the
percentage of samples with more than 50% retrieval. All values were based on the
addition of Phi6 to the 3,389 sewage samples. There were 44 sites analyzed from
various areas. The sites that belonged to the same area varied numerically. Related
areas include samples retrieved from the same city, township, or university.

Phi6 and BCoV were directly compared by removing the excess Phi6 data points and
directly comparing the samples both surrogates had in common. The comparable Phi6
data had 198/1,072 (18.5%) samples that were fully inhibited. In contrast to Phi6, there
were many sites that had no samples that were fully inhibited for BCoV. A total of 12/42
sites had no samples fully inhibited for BCoV. Only two sites had no samples that were
fully inhibited for Phi6. The number of samples and the interval of Phi6 retrieval was as
follows: 306/1,072 (<5%), 131/1,072 (5-10%), 192/1,072 (10-20%), 136/1,072 (10-20%),
100/1,072 (30-40%), 57/1,072 (40-50%), 36/1,072 (50-60%), 38/1,072 (60-70%),

14/1,072 (70-80%), 16/1,072 (80-90%), 9/1,072 (90-100%), and 37/1,072 (>100%).
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Figure 5.2: BCoV Retrieval and Comparable Phi6 Retrieval from Sewage Samples
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Figure 5.2: The percentage of BCoV and Phi6 retrieved from the 1,072 samples
analyzed. The 1,072 samples were comprised of 42 different sites. The number of
samples analyzed per site was based on what was delivered to the lab throughout
the duration of these experiments.
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The number of samples in each interval of retrieval were as follows for BCoV: 74/1,072
(<5%), 47/1,072 (5-10%), 113/1,072 (10-20%), 163/1,072 (20-30%), 156/1,072 (30-
40%), 155/1,072 (40-50%), 97/1,072 (50-60%), 76/1,072 (60-70%), 61/1,072 (70-80%),
47/1,072 (80-90%), 30/1,072 (90-100%), and 53/1,072 (>100%). Figure 5.2 shows the
graphical representation of this data. We found that only 6.9% (74/1,072) of samples had
less than 5% of the spiked in BCoV retrieved with most of these samples (62/74) being
fully inhibited. The interval with the highest number of samples was the 20-30% interval
for BCoV (163/1,072 samples) and the <5% interval for Phi6 (306/1,072). Only
150/1,072 (14.0%) of the samples had over 50% Phi6 retrieval while 364/1,072 of
BCoV’s samples had more than 50% retrieval. Table 5.3 shows the amount of retrieval
on a site-by-site basis for BCoV and the comparable Phi6 data.

The site with the most fully inhibited samples was EMUG6 for both BCoV (41.2% of
samples) and Phi6 (66.7% of samples). For BCoV and Phi6, the site with the highest
number of samples over 50% retrieval (100% of samples) was GILE, but this site only
had one sample. The next sites that had the highest number of samples with over 50%
retrieval was WN1 for BCoV (90.1% of samples) and EMU12 for Phi6 (50.0%). The
sites with the highest average retrieval were CT1 for BCoV (85.3%) and EMU12 for Phi6
(53.4%). Baltimore had the highest average Phi6 retrieval (70.1%), but it was excluded
due to one sample having nearly 2000% retrieval with its removal leading to an average
of 16.0% retrieval. Although the comparable Phi6 data had 68.4% less samples than the
original Phi6 data, both the comparable and regular Phi6 data sets agreed that site EMUG6
had the most fully inhibited samples, and site EMU12 had the highest amount of retrieval
and samples over 50% Phi6 retrieval.
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Table 5.3: Site by Site BCoV Retrieval and Comparable Phi6 Retrieval

Site Samples Samples Average Total City,
Fully with >50% Retrieval Samples Township,
Inhibited Retrieval (%) or
(%) (%) University

CT1 0.00% 37.8% 85.3% 37 Township
(8.11%) (8.11%) (24.0%)

CT2 0.00% 28.9% 68.1% 38 Township
(10.5%) (7.89%) (21.6%)

CT3 5.26% 15.8% 51.8% 38 Township
(18.4%) (2.63%) (13.4%)

CT4 7.89% 10.5% 28.4% 38 Township
(18.4%) (5.26%) (12.2%)

CT5 2.63% 36.8% 57.5% 38 Township
(15.8%) (21.1%) (24.3%)

CTo6 13.5% 16.2% 28.8% 37 Township
(27.0%) (5.41%) (12.2%)

EMU1 0.00% 57.1% 64.7% 14 University
(21.4%) (28.6%) (43.4%)

EMU3 18.2% 27.3% 35.4% 11 University
(18.2%) (9.10%) (23.7%)

EMU4 7.14% 35.7% 57.5% 14 University
(14.3%) (28.6%) (32.9%)

EMUS 7.14% 35.7% 65.0% 14 University
(28.6%) (0.00%) (13.5%)

EMU6 41.2% 8.33% 14.1% 12 University
(66.7%) (8.33%) (9.46%)

EMU7 7.69% 53.8% 59.4% 13 University
(23.1%) (23.1%) (37.2%)

EMUS8 27.3% 36.4% 40.8% 11 University
(45.5%) (9.10%) (19.5%)

EMU9 7.69% 38.5% 48.7% 13 University
(23.1%) (30.8%) (31.0%)

EMU10 0.00% 22.2% 39.0% 9 University
(22.2%) (11.1%) (21.2%)

EMU11 7.14% 71.4% 71.7% 14 University
(7.14%) (21.4%) (38.1%)

EMU12 7.14% 64.3% 63.0% 14 University
(21.4%) (50.0%) (53.4%)

ou1 0.00% 40.0% 43.6% 15 University
(13.3%) (13.3%) (27.2%)

ou2 7.69% 23.1% 42.5% 13 University
(23.1%) (15.4%) (23.8%)




Table 5.3: Site by Site BCoV Retrieval and Comparable Phi6 Retrieval (Continued)

Site Samples Samples Average Total City,
Fully with >50% Retrieval Samples Township,
Inhibited Retrieval (%) or
(%) (%) University

ou3 6.67% 33.3% 33.1% 15 University
(33.3%) (0.00%) (16.3%)

ou4 0.00% 42.9% 48.9% 14 University
(0.00%) (14.3%) (26.1%)

ous 18.8% 12.5% 26.6% 16 University
(37.5%) (12.5%) (15.9%)

oue 14.3% 28.6% 36.6% 13 University
(14.3%) (14.3%) (20.9%)

ou7 6.25% 25.0% 39.9% 16 University
(12.5%) (12.5%) (22.6%)

ous 12.5% 37.5% 38.1% 16 University
(25.0%) (6.25%) (23.7%)

WN1 0.00% 90.1% 76.5% 11 City
(9.10%) (36.4%) (44.8%)

WN2 7.69% 69.2% 60.4% 13 City
(7.69%) (23.1%) (47.7%)

WN3 14.3% 50.0% 51.8% 14 City
(21.4%) (28.6%) (26.0%)

WN4 9.10% 62.7% 71.6% 11 City
(18.2%) (36.4%) (44.9%)

WNS 4.80% 59.2% 57.9% 76 City
(10.5%) (25.0%) (40.1%)

MCHD1 2.94% 35.3% 52.2% 34 City
(11.8%) (20.6%) (28.2%)

MCHD2 5.71% 34.3% 47.3% 35 City
(11.4%) (20.0%) (28.5%)

MCHD3 5.88% 17.6% 31.8% 34 City
(20.6%) (11.8%) (20.0%)

Delhi 0.00% 30.3% 43.6% 38 Township
(10.5%) (7.89%) (38.9%)

GILE 0.00% 100% (100%) 65.0% 1 Township
(0.00%) (195%)

Lyon 0.00% 31.0% 51.9% 29 City
(20.7%) (6.89%) (24.4%)

Mtclms 5.41% 37.8% 44.8% 37 City
(21.6%) (16.2%) (29.0%)

Baltimore  0.00% 22.9% 37.3% 35 City
(20.0%) (5.711%) (70.1%)
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Table 5.3: Site by Site BCoV Retrieval and Comparable Phi6 Retrieval (Continued)

Site Samples Samples Average Total City,
Fully with >50% Retrieval Samples Township,
Inhibited Retrieval (%) or
(%) (%) University

Richmond  8.82% 26.5% 43.5% 34 City
(20.6%) (11.8%) (22.5%)

Romeo 0.00% 31.0% 41.2% 29 City
(13.8%) (17.2%) (30.0%)

St. Clair 1.23% 33.3% 42.9% 37 City
(19.8%) (9.88%) (21.1%)

Wixom 21.1% 13.2% 26.3% 38 City
(39.5%) (7.89%) (13.1%)

Table 5.3: This table shows various percentages based on BCoV retrieval and Phi6
retrieval in sewage samples. Phi6 data was listed in parentheses. Phi6 data was
based on the same 1,072 samples tested for BCoV. There were 42 sites analyzed. Site
CT7 and EMU2 were not sampled during this interval of time. Sites that have a
relationship varied numerically. Related sites include samples retrieved from the
same city, township, or university.

Overall, the average percentage of Phi6 and BCoV retrieval for all 1,072 samples was
27.8% (Phi6) and 47.2% (BCoV). Observing all 3,389 samples, Phi6 had an average
percentage of retrieval of 30.0%.

Paired t-tests were run to compare the partial Phi6 data to BCoV. It was found that BCoV
had a statistically higher number of samples that had more than 50% retrieval (p=7.7x10"
13) and a higher average percentage of retrieval (p=3.5x107). As expected, Phi6 had a
statistically higher percentage of samples that were fully inhibited (p=4.4x10"'4).

On a site-by-site basis it was shown that BCoV was favored to have more samples with
over 50% retrieval (39/42 sites) and to have a higher average percentage of retrieval
(41/42 sites). Phi6 was favored to have a higher percentage of samples fully inhibited

(36/42 sites). The remaining sites had equivalent percentages for BCoV and Phi6 for all

three categories excluding GILE that suggested Phi6 had a higher average percentage of
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retrieval. That site only had one sample that was likely an error due to an unreasonably
high amount of retrieval (nearly 200%). BCoV was found to be more robust than Phi6
due to the higher amount of retrieval and the lesser amount of inhibition.

The frequencies of Phi6, BCoV, N1, and N2 were also investigated. Phi6 was
implemented earlier than BCoV and had more data points. Phi6 was compared to the N1
and N2 gene targets. There were 2,893 data points collected from 43 different sites for all
three targets. This data was collected from June 1%, 2021 — July 19", 2022. We found that
1,606/2,893 samples were positive for the N1 gene target, 1,495/2,893 samples were
positive for the N2 gene target, and 2,512/2,893 samples were positive for Phi6. There
were 1,732 detections for N1 and/or N2, and there were 2,661 detections for N1, N2,
and/or Phi6. The average concentration of Phi6 and the SARS-CoV-2 gene targets were
as follows: 7.3x10* CP/L (1.3x10° CP/L without MDL values) for N1, 5.7x10* CP/L
(1.0x10° CP/L without MDL values) for N2, and 3.2x10° CP/L (3.7x10° CP/L without
MDL values) for Phi6. Table 5.4 shows the percentage of detections for each target at the
various sites in this study.

A total of 12/43 sites had 100.0% of their detections positive for Phi6 meaning that Phi6
accounted for all the N1 and N2 positive detections in those 12 sites. Because Phi6 is an
inhibition control used to give insight on the presence and the absence of the N1 and N2
gene targets, Phi6 should have a signal if the N1 and N2 gene targets are positive. In the
remaining 31/43 sites Phi6 suggested that N1 and/or N2 were fully inhibited in at least

one sample that was SARS-CoV-2 positive.
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Table 5.4: Site by Site Frequency of N1, N2, and Phi6

Site Percentage Percentage Percentage Detections/Total City,

N1 N2 Phi6 Samples Township,

Detection Detection Detection or

University

CT1 79.8% 69.2% 96.2% 104/105 Township
CT2 78.8% 69.2% 95.2% 104/107 Township
CT3 80.2% 67.7% 89.6% 96/101 Township
CT4 74.5% 64.3% 88.8% 98/106 Township
CT5 74.3% 67.6% 93.3% 105/107 Township
CTé6 70.0% 50.0% 78.9% 90/104 Township
cT7 25.9% 25.9% 100% 27/28 Township
EMU1 26.7% 31.1% 100% 45/50 University
EMU3 48.9% 48.9% 100% 45/47 University
EMU4 54.9% 51.0% 96.1% 51/52 University
EMUS 48.8% 46.5% 95.3% 43/49 University
EMU6 46.9% 40.6% 90.6% 32/50 University
EMU7 68.2% 65.9% 100% 44/47 University
EMUS 70.0% 65.0% 100% 40/48 University
EMU9 25.5% 31.9% 97.9% 47/49 University
EMU10 20.0% 27.5% 100% 40/43 University
EMU11 40.4% 42.6% 100% 47/50 University
EMU12 11.9% 11.9% 100% 42/47 University
ou1 44.2% 38.5% 98.1% 52/57 University
0ou2 32.7% 34.7% 98.0% 49/53 University
ous 36.5% 32.7% 96.2% 52/57 University
ouv4 32.7% 30.8% 98.1% 52/54 University
Oous 56.9% 51.0% 88.2% 51/57 University
oue 15.7% 19.6% 100% 51/55 University
ou7 35.2% 35.2% 100% 54/59 University
ous 30.2% 30.2% 90.7% 43/48 University
WNI1 54.8% 54.8% 93.5% 31/33 City
WN2 63.6% 54.5% 100% 33/36 City
WN3 15.2% 18.1% 100% 33/37 City
WN4 55.2% 62.1% 96.6% 29/32 City
WNS5 86.5% 78.1% 94.8% 96/98 City
MCHD1  20.5% 21.8% 97.4% 78/86 City
MCHD2  52.6% 51.3% 96.1% 76/82 City
MCHD3 18.6% 21.4% 98.6% 70/84 City
Delhi 85.6% 80.0% 94.4% 90/93 Township
GILE 70.0% 70.0% 96.7% 30/32 Township
Lyon 84.7% 81.9% 93.1% 72/74 City
Mtclms 81.5% 81.5% 93.5% 92/100 City
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Table 5.4: Site by Site Frequency of N1, N2, and Phi6 (Continued)

Site Percentage Percentage Percentage Detections/Total City,
N1 N2 Phi6 Samples Township,
Detection Detection Detection or
University
Baltimore 85.7% 79.1% 87.9% 91/94 City
Richmond 75.3% 75.3% 96.5% 85/94 City
Romeo 81.7% 76.8% 95.1% 82/86 City
St. Clair  92.1% 84.3% 92.1% 89/97 City
Wixom 80.8% 69.2% 82.1% 78/101 City

Table 5.4: This table shows how frequently the N1, N2, and Phi6 targets were
present based on the number of detections not the total samples.

Overall, our data showed that Phi6 was not completely accurate at determining the
presence and the absence of the N1 and N2 gene targets. However, for most sites Phi6
was able to account for over 90% of the detections meaning that Phi6 seemed to be a
reasonable surrogate. Averaging 43 sites it was found that Phi6 accounted for 95.3% of
the positive detections. However, the percentage of detections that Phi6 was able to
detect ranged from 78.9-100.0%. Thus, Phi6 may be a better surrogate for the SARS-
CoV-2 gene targets in some sites opposed to others. Phi6 was the worst surrogate for site
CT6, and Phi6 accounted for all the detections for sites CT7, EMU1, EMU3, EMU7,
EMUS, EMU10, EMU11, EMU12, OU6, OU7, WN2, and WN3. Overall, Phi6 estimated
that 381/2,893 samples were fully inhibited. There was at least one positive target in
2,661/2,893 samples. The percentage of detections obtained (target detections/total
detections) for each target were as follows: 60.3% (N1), 56.2% (N2), and 94.4% (Phi6).
There were 929 (Phi6), 62 (N1), and 13 (N2) samples that were only positive for that
specified target and no other target. There was a total of 149 (5.6%) samples out of 2,661

detections that were not positive for Phi6 but were positive for N1 and/or N2. As 1,732
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samples were positive for the N1 and/or N2, Phi6 falsely labeled 8.6% of SARS-CoV-2
positive samples as fully inhibited.

The frequency of BCoV was assessed and compared to the frequency of the N1 and N2
gene targets. Again, Phi6 was directly compared to BCoV by removing additional data
points that were not tested for BCoV. There was a total of 1,058 samples and 42 sites
analyzed. This data was mainly collected from March 7, 2022 to July 19", 2022. Data
starting from September 21%, 2021 was collected for WNS5, Delhi, and St. Clair due to
frozen pellets being thawed and tested for BCoV. For the comparable Phi6 data,we found
that 927/1,058 samples were positive for either N1, N2, or Phi6. The BCoV data showed
that 1,004/1,058 samples were positive for either N1, N2, or BCoV. Lastly, there were
646/1,058 samples that had a detection for either the N1 or N2 gene target. Overall, the
number of detections per 1,058 samples were as follows: 619 (N1), 547 (N2), 862 (Phi6),
and 996 (BCoV). Table 5.5 gives more detail on a site-by-site basis on the percentage of
N1, N2, Phi6, and BCoV detections.

The data supported that BCoV was observed more frequently than Phi6. It was seen that
BCoV was able to account for all the detections in 35/42 sites while only 21/42 sites had
100.0% Phi6 frequency. This shows that BCoV was more likely to be positive when the
N1 and N2 gene targets were positive than Phi6. Averaging the sites, it was found that
BCoV accounted for 99.2% of detections, and Phi6 accounted for 94.5% of detections.
The percentage of detections ranged from 80.0-100% for Phi6 and 92.3-100.0% for
BCoV. Site EMUG6 had the lowest percentage of detection for Phi6, and site EMU9 had

the lowest percentage detection for BCoV.
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Table 5.5: Site by Site Frequency of N1, N2, BCoV, and Phi6

Site Percentage Percentage Percentage Detections/Total City,
N1 N2 BCoV Samples Township,
Detection Detection (Phi6) or

Detection University

CT1 77.8% 66.7% 100% 36/36 (35/36) Township
(80.0%) (68.6%) (94.3%)

CT2 86.5% 67.6% 100% 37/37 (36/37) Township
(88.9%) (69.4%) (91.7%)

CT3 91.7% 72.2% 97.2% 36/37 (35/37) Township
(94.3%) (74.3%) (85.7%)

CT4 70.6% 47.1% 100% 34/37 (33/37) Township
(72.7%) (48.5%) (90.9%)

CT5 75.0% 61.1% 100% 36/37 (36/37) Township
(75.0%) (61.1%) (86.1%)

CTo6 72.7% 51.5% 93.9% 33/36 (31/36) Township
(77.4%) (54.8%) (83.9%)

EMU1 14.3% 14.3% 100% 14/14 (11/14) University
(18.2%) (18.1%) (100%)

EMU3 11.1% 11.1% 100% 9/11 (9/11) University
(11.1%) (11.1%) (100%)

EMU4 23.1% 15.4% 100% 13/14 (13/14) University
(23.1%) (15.4%) (92.3%)

EMUS 23.1% 15.4% 100% 13/14 (10/14) University
(30.0%) (20.0%) (100%)

EMU6 28.6% 0.00% 100% 7/12 (5/12) University
(40.0%) (0.00%) (80.0%)

EMU7 66.7% 50.0% 100% 12/13 (10/13) University
(80.0%) (60.0%) (100%)

EMUS8 62.5% 37.5% 100% 8/11 (6/11) University
(83.3%) (50.0%) (100%)

EMU9 30.8% 23.1% 92.3% 13/13 (11/13) University
(36.4%) (27.3%) (90.1%)

EMU10 0.00% 0.00% 100% 9/9 (7/9) University
(0.00%) (0.00%) (100%)

EMU11 38.5% 30.8% 100% 13/14 (13/14) University
(38.5%) (30.8%) (100%)

EMU12 0.00% 7.69% 100% 13/14 (11/14) University
(0.00%) (9.10%) (100%)

ou1 33.3% 33.3% 100% 15/15 (14/15) University
(35.7%) (35.7%) (92.9%)

ou2 25.0% 33.3% 100% 12/13 (10/13) University
(30.0%) (40.0%) (100%)
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Table 5.5: Site by Site Frequency of N1, N2, BCoV, and Phi6 (Continued)

Site Percentage Percentage Percentage Detections/Total City,
N1 N2 BCoV Samples Township,
Detection Detection (Phi6) or

Detection University

ou3 26.7% 20.0% 93.3% 15/15 (11/15) University
(36.4%) (27.3%) (90.1%)

ou4 28.6% 21.4% 100% 14/14 (14/14) University
(28.6%) (21.4%) (100%)

ous 57.1% 35.7% 92.9% 14/16 (12/16) University
(66.7%) (41.2%) (83.3%)

oue 33.3% 16.7% 100% 12/14 (12/14) University
(33.3%) (16.7%) (100%)

ou7 6.67% 13.3% 100% 15/16 (14/16) University
(7.14%) (14.3%) (100%)

ous 7.14% 7.14% 100% 14/16 (12/16) University
(8.33%) (14.3%) (100%)

WN1 36.4% 36.4% 100% 11/11 (10/11) City
(40.0%) (40.0%) (100%)

WN2 66.7% 66.7% 100% 12/13 (12/13) City
(66.7%) (66.7%) (100%)

WN3 16.7% 25.0% 100% 12/14 (11/14) City
(18.2%) (27.3% (100%)

WN4 60.0% 80.0% 100% 10/11 (10/11) City
(60.0%) (80.0%) (90.0%)

WNS 94.6% 87.8% 98.6% 74/75 (73/75) City
(95.9%) (89.0% (93.2%)

MCHD1  9.38% 18.8% 100% 32/33 (29/33) City
(10.3%) (20.7%) (100%)

MCHD2  40.6% 40.6% 100% 32/34 (30/34) City
(43.3%) (43.3%) (100%)

MCHD3  9.67% 9.67% 100% 31/33 (26/33) City
(11.5%) (11.5%) (100%)

Delhi 89.3% 84.0% 100% 75175 (72/75) Township
(93.1%) (87.5%) (93.1%)

GILE 100% 100% 100% 1/1 (1/1) Township
(100%) (100%) (100%)

Lyon 86.2% 79.3% 100% 29/29 (27/29) City
(92.6%) (85.2%) (85.2%)

Mtclms 77.8% 72.2% 97.2% 36/37 (32/37) City
(87.5%) (81.3%) (90.6%)

Baltimore 82.9% 74.3% 100.0% 35/35 (32/35) City
(90.6%) (81.2%) (87.5%)
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Table 5.5: Site by Site Frequency of N1, N2, BCoV, and Phi6 (Continued)

Site Percentage Percentage Percentage Detections/Total City,
N1 N2 BCoV Samples Township,
Detection Detection (Phi6) or

Detection University

Richmond 61.3% 61.3% 100% 31/34 (27/34) City
(70.4%) (70.4%) (100%)

Romeo 62.1% 55.2% 100% 29/29 (26/29) City
(69.2% (61.5%) (96.2%)

St. Clair 88.5% 82.1% 100% 78/79 (71/79) City
(97.2%) (90.1%) (90.1%)

Wixom 79.3% 69.0% 100% 29/37 (27/37) City

(85.2%) (72.1%) (81.5%)

Table 5.5: The frequency of the N1, N2, BCoV and Phi6 targets present based on the
detections and not the total samples. The BCoV data is not in parenthesis, and the
comparable Phi6 data is in parenthesis.

We also compared BCoV and Phi6 side by side to determine which target was more
likely to be present if only one surrogate was detected. Additionally, the same
comparison was made between the SARS-CoV-2 gene targets. We also determined how
many samples were positive for both surrogates at the same time or both SARS-CoV-2
gene targets at the same time. These data are listed in Figure 5.3.

It was found that BCoV was the only surrogate to have signal in 135 samples while only
one sample was positive for Phi6 but negative for BCoV. Next, The N1 gene target was
more likely to be the sole SARS-CoV-2 gene target present. There were 99 samples that
only the N1 gene target was present, and 27 samples that the N2 gene target was the only
target present. A high number of samples (861) were positive for both BCoV and Phi6

and around half of the samples (520) were positive for both SARS-CoV-2 gene targets.

179



Figure 5.3: Number of Positive Samples
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Figure 5.3: The number of samples positive for only BCoV, only Phi6, or Phi6 and
BCoV and the number of samples positive for only N1, only N2 or N1 and N2.
Surrogate and SARS-CoV-2 gene target data were treated as separate events. For
example, positive for BCoV not Phi6 means that there is no Phi6 signal, but there
could be N1 and/or N2 gene target signal.
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Overall, BCoV had a higher concentration than Phi6, and N1 had a higher concentration
than N2. The surrogates and gene targets average concentrations were as follows: 7.2x10*
CP/L (1.2x10° CP/L without MDL values) for N1, 5.8x10* CP/L (1.0x10°> CP/L without
MDL values) for N2, 5.9x10° CP/L (6.2x10° CP/L without MDL values) for BCoV, and
3.4x10° CP/L (4.1x10° CP/L without MDL values) for Phi6. A paired t-test was run to
determine which surrogate and SARS-CoV-2 gene target had the highest concentration.
BCoV had a statistically higher concentration than Phi6 (5.9x10°%%), and N1 had a
statistically higher concentration than N2 (p=6.3x107'2). There was a Pearson’s
correlation coefficient of 0.59 for Phi6 and BCoV demonstrating a moderate positive
correlation, and a Pearson’s correlation coefficient of 0.99 for N1 and N2 indicating an
extremely high positive correlation. Next, we also found that BCoV was typically
detected more frequently or at the same frequency as Phi6. For the SARS-CoV-2 gene
targets, 24/43 sites favored the N1 gene target, and 10/43 sites favored the N2 gene
target. Lastly, besides having a higher concentration than Phi6, BCoV was also more
consistent with the N1 and N2 gene target data. The number of SARS-CoV-2 positive
samples identified as fully inhibited were as follows: 149/1,732 (full Phi6 data set),
65/646 (comparable Phi6 data set), and 8/646 (BCoV). Additionally, there were
237/1,732 samples that were positive for N1 but not N2 and 126/1,732 samples positive
for N2 but not N1, indicating both targets should be analyzed.

5.5 Discussion

Sewage surveillance is a crucial tool to detect SARS-CoV-2. The N1 and N2 gene targets
can detect the presence of SARS-CoV-2, but these targets could wrongfully suggest that

the sample is negative when compounds interfere with the targets ability to bind to the
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spin column, or these compounds instead interfere with target amplification. PCR
inhibitors detrimentally impact PCR when they inhibit the DNA polymerase, form a bond
with the template DNA, and chelate magnesium which is vital to the DNA polymerase
(Acharya et al., 2017). Certain compounds that can harmfully interfere with the PCR
reaction are as follows: humic acid, Immunoglobulin G, calcium chloride, ferric chloride,
proteins, bile, fats, EDTA, etc. (Acharya et al., 2017). Water contributions in the sewage
dilute target RNA, and low SARS-CoV-2 detection in feces make the SARS-CoV-2
signal in sewage harder to detect than a regular clinical specimen. Therefore, PCR
inhibitors in a sample with a low SARS-CoV-2 concentration could cause complete
signal loss leading to false negatives.

The SARS-CoV-2 surrogates chosen in this study were BCoV and Phi6. Phi6 was chosen
as a surrogate for SARS-CoV-2 because of its similarly sized spike proteins (~80-
100nm), its similar structure to SARS-CoV-2, it’s safe, it’s cheap, and it has been used to
model other viruses that are enveloped including SARS-CoV-2 (Gomes et al., 2022).
Some studies have suggested that Phi6 is a good surrogate for SARS-CoV-2. For
instance, String et al. concluded that Phi6 was inactivated with chlorine at a similar rate
as SARS-CoV-2 and declared Phi6 can act as a conservative surrogate for the virus
SARS-CoV-2 when disinfection via chlorine is analyzed (String et al., 2021). However,
other studies have suggested Phi6 is not an appropriate surrogate for SARS-CoV-2.
Weyersberg et al. found that Phi6 was more resistant to ultraviolet than SARS-CoV-2
regardless if it was ultraviolet A, B, or C (Weyersberg et al., 2022). They suggested that
the single-stranded RNA of SARS-CoV-2 could be more sensitive to ultraviolet than the
double stranded RNA of Phi6, and that SARS-CoV-2 is almost three times longer in size
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(30kbp) than Phi6 (13.5kbp) which may contribute to Phi6 being more resilient against
UV than SARS-CoV-2 (Weyersberg et al., 2022).

As SARS-CoV-2 is a CoV, other CoVs would be expected to be suitable surrogates for
the various SARS-CoV-2 gene targets. Therefore, the second surrogate chosen for this
study was a CoV. Interestingly, in the String et al. study, the CoV murine hepatitis virus
was not a good surrogate while the bacteriophage Phi6 was a conservative surrogate for
SARS-CoV-2. Therefore, murine hepatitis virus was not chosen for this study. Due to
safety concerns, no HCoVs were chosen in this study. Instead, an animal CoV called
BCoV was chosen. BCoV is low-cost, easy to obtain quickly, and has been used in other
studies as a surrogate to SARS-CoV-2. One study found that BCoV only had 17.3%
recovery in 40mL of sewage using the electronegative membrane filtration method (Juel
etal., 2021). A study by Franke et al. used both BCoV and Phi6 as surrogates for SARS-
CoV-2 to determine if ozone was able to effectively decontaminate rooms (Franke et al.,
2021).

To estimate the degree of SARS-CoV-2 inhibition, BCoV and Phi6 retrieval were
assessed. Retrieval was determined by dividing the surrogate concentration obtained from
each sample by the maximum concentration of surrogate. The maximum value was the
concentration of surrogate obtained when water was added instead of sewage pellet.
There was a total of 1,072 samples that were derived from 42 different sites. Overall,
Phi6 had the most samples fully inhibited (36/42) while BCoV had more samples with
over 50% retrieval (39/42) and the highest average retrieval (43/44). Statistically, BCoV
was superior to the Phi6 sample set for all these categories. The p-values were as follows:
Phi6 had more samples fully inhibited (p=4.4x107'%), BCoV had more samples over 50%
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retrieval (p=7.7x107"?), and BCoV had a higher average percentage of retrieval
(p=3.5x10"*). The interval of retrieval with the most samples was also different for Phi6
and BCoV with Phi6s most populated interval being <5% (306/1,072) and BCoV's most
populated interval being 20-30% (163/1,072). The surrogate BCoV only had 6.9%
(74/1,072) samples in the <5% range, and 83.8% of these samples were fully inhibited.
Overall, Phi6 suggested a much higher degree of inhibition with only 14.0% of its
samples having >50% retrieval compared to BCoV that had 34.0% of its samples with
over 50% retrieval.

Samples that exceeded 100% retrieval did occur in this study. There were 37/1,072
samples for Phi6, and 53/1,072 samples for BCoV that exceeded 100%. This can be
attributed to variation in the triplicate wells leading to percentages slightly over 100%
retrieval. However, when sites suggest a percentage of retrieval that is significantly
higher than 100%, it suggests that the negative control received less surrogate due to
pipetting error, or the RNA did not properly bind to the spin column due to a faulty spin
column. If the RNA has issues binding to the spin column due to production issues or
degraded 200proof ethanol, the RNA yield will be significantly lower.

There are three distinct sample collection areas in this study — townships, cities, and
universities. When averaging the values obtained from all the city sites, only 5.8% of
samples were fully inhibited, 40.1% of samples had over 50% retrieval, and 49.2% was
the average amount of BCoV retrieved. For Phi6 the values for the city were 17.8% (fully
inhibited), 13.3% (samples over 50% retrieval), and 32.7% (average retrieval). The
percentages obtained when the township values were averaged were as follows: 3.7%
(fully inhibited), 34.5% (samples over 50%), and 53.6% (average retrieval) for BCoV and
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13.6% (fully inhibited), 19.8% (samples over 50%), and 42.6% (average retrieval) for
Phi6. The percentages obtained when the university values were averaged were as
follows: 10.4% (fully inhibited), 36.5% (samples over 50%), and 45.7% (average
retrieval) for BCoV and 23.7% (fully inhibited), 16.3% (samples over 50%), and 26.3%
(average retrieval) for Phi6. Overall, the university sites had a higher percentage of fully
inhibited samples than the city and township sites for both Phi6 and BCoV. The location
for samples with more than 50% retrieval varied for BCoV (city) and Phi6 (township).
For both BCoV and Phi6, the township sites had the highest average percentage of
retrieval. Overall, there does not appear to be a big difference between areas. On a site-
by-site basis the amount of inhibition faced by the surrogates varied. Both BCoV (41.2%)
and Phi6 (66.7%) agreed that the site EMU®6 had the highest number of samples fully
inhibited. However, BCoV and Phi6 disagreed on which site had the most samples over
50% and the highest average percentage of retrieval. Phi6 supported that EMU12 had the
highest number of samples over 50% retrieval (50.0%) and the highest overall retrieval
(53.4%). BCoV supported that WNT1 had the highest number of samples over 50%
retrieval (90.1%), and CT1 the highest percentage of retrieval (85.3%). Overall, the
amount of inhibition/retrieval varies on the sewage conditions which will fluctuate based
on season, weather, etc. Human habits can cause the sewage matrix to drastically change.
Also, weather and faulty sewers can lead to large quantities of water entering the sewage
system which could reduce inhibition by reducing compounds interfering with the PCR
reaction or competing to bind on the spin column silica.

There was more Phi6 data due to Phi6 being implemented earlier than BCoV. Comparing
the full Phi6 data set to the partial Phi6 data set we found that the average percentage of
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retrieval was 30.0% (27.8% for partial data set), and the most populated interval was 10-
20% with 684/3,389 samples (<5% with 306/1,072 samples for partial data set). The <5%
retrieval range comprised of 668 samples for the data full set, and the partial Phi6 data
sets second highest interval was the 10-20% range. Additionally, both sets of Phi6 data
agreed that EMUG6 had the highest amount of fully inhibited samples, and EMU12 had
the highest number of samples with more than 50% Phi6 retrieval and the highest average
Phi6 retrieval. Therefore, even though there are more than 2,000 additional samples, both
Phi6 data sets acted similarly indicating that behaviors impacting sewage content were
somewhat consistent throughout the study.

Overall, the data in this study showed that Phi6 is more likely to be inhibited and
inhibited to a higher degree than BCoV. BCoV was only fully inhibited in 62/1,072
samples while Phi6 was fully inhibited three times more than BCoV (198/1,072). The
average amount of retrieval was 27.8% for Phi6 and 47.2% for BCoV. However,
although BCoV is more resilient than Phi6 does not make it a more accurate surrogate. A
reliable surrogate should have a similar pattern of frequency compared to the target of
interest.

To determine if the chosen surrogates could be reliable surrogates for SARS-CoV-2, the
frequency of the N1, N2, Phi6, and BCoV were observed. Of the 1,058 samples analyzed,
there were 619 detections for N1, 547 detections for N2, 862 detections for Phi6, and 996
detections for BCoV. For any combination of N1, N2, or Phi6 there were 927 detections,
but when any combination of BCoV, N1, and N2 were observed there was 1,004
detections. It is expected that the surrogates would always be present unless there is an
extremely high degree of inhibition rendering the sample fully inhibited. Phi6 was
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detected in 81.5% of the total samples, and BCoV was detected in 94.1% of the total
samples. Thus, Phi6 suggested that nearly 13% more of samples were fully inhibited than
BCoV did. Overall, BCoV accounted for 99.2% of detections, and Phi6 accounted for
94.5% of detections. Phi6 and BCoV were then compared to determine if one surrogate
was more consistent with the frequency of the N1 and N2 gene targets. There were eight
SARS-CoV-2 positive samples that BCoV suggested were fully inhibited, and there were
65 SARS-CoV-2 positive samples that Phi6 suggested were fully inhibited. There were
646 SARS-CoV-2 positive samples indicating that BCoV missed 1.2% of the SARS-
CoV-2 positive samples while Phi6 missed 10.1% of the SARS-CoV-2 positive samples.
The full set of Phi6 data suggested that Phi6 was slightly better at detecting SARS-CoV-2
positive samples missing 8.6% (149/1,732) of SARS-CoV-2 positive samples. Of the
total 1,058 samples, there were 135 samples that were positive for BCoV and negative for
Phi6, and only one sample that was positive for Phi6 and negative for BCoV.

The one sample positive for Phi6 and not for BCoV had no signal for the N1 or N2 gene
targets. Therefore, it is possible that the sample was fully inhibited as suggested by
BCoV. Overall, these data showed that BCoV was more consistent with the SARS-CoV-
2 gene targets than Phi6, and that BCoV was a reliable surrogate for detecting full
inhibition in the SARS-CoV-2 gene targets. Every sample that is fully inhibited should be
modified to reduce inhibition and rerun to determine if the sample is truly negative. If
only Phi6 was assessed for inhibition, significantly more samples would have been rerun
due to the higher number of samples reported as fully inhibited. Phi6 and BCoV could be
duplexed because this would not require additional time and would have minimal

additional cost. However, Phi6 appears to perform poorly and is not recommended. One

187



reason that Phi6 may be inferior to BCoV could be that Phi6 has double-stranded RNA
while SARS-CoV-2 and other CoVs have single-stranded RNA. Therefore, we suggest
that CoVss surrogate should be assessed first for new studies revolving around SARS-
CoV-2.

The frequency of each target was also assessed for township, city and university. The
frequencies obtained at the city locations were as follows: 58.2% (N1), 57.2% (N2),
99.7% (BCoV), and 94.3% (Phi6). The township sites analyzed had the following
frequencies: 83.0% (N1), 68.8% (N2), 98.9% (BCoV), and 90.7% (Phi6). The university
sites had the following frequencies: 27.2% (N1), 20.3% (N2), 98.9% (BCoV), and 96.2%
(Phi6). The township sites had the highest amount of both N1 and N2 gene target
detections, the city sites had the highest amount of BCoV detections, and the university
sites had the highest amount of Phi6 detections. Using the full data set the same trend was
observed despite there being one additional township site. For the N1 gene target, the full
data set showed that the township data had the highest frequency (71.1%) followed by the
city (63.2%) and university sites (41.4%). Similarly, the N2 gene target had the highest
frequency at the township sites (61.7%) followed by the city (60.7%) and the university
sites (40.8%). Lastly, the university sites had the highest amount of Phi6 frequency
(97.6%) followed by the city (94.5%), and the township (92.1%) sites. Regardless of the
area analyzed, the N1 gene target was always found at a higher frequency than the N2
gene target with the largest difference in frequency found in the township data set with a
>14% difference (comparable data set) or a >9% difference (full data set). This data also
showed that the township locations were more likely to have individuals with COVID-19
while the university sites were least likely to have individuals with COVID-19. The
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sample set with 1,058 samples showed that the university sites had over 40% less SARS-
CoV-2 detection than the township sites and over 30% less SARS-CoV-2 detection than
the city sites for both N1 and N2 gene targets. For the full sample set, there was typically
around 20% or more detection in the city and township sites compared to the university
sites. For both comparable and full data sets, the frequency of the surrogates was similar
(within 6%) regardless of the site being a city, township, or university location.

The differences in detection for the SARS-CoV-2 gene targets amongst the different
areas can be attributed to their location and precautions taken to prevent the spread of
COVID-19. If sewage is taken from or near a COVID-19 hot spot, there will be a higher
amount of SARS-CoV-2 gene target detected opposed to areas that are further away from
COVID-19 hot spots. Samples taken from highly populated areas would be expected to
have higher SARS-CoV-2 levels. In contrast, samples collected in more rural areas would
be expected to have less SARS-CoV-2 in their sewage. Lastly, areas with stricter
COVID-19 guidelines will be expected to have less SARS-CoV-2 signal. Areas with
more businesses that impose mask wearing and with better air ventilation systems would
likely have less SARS-CoV-2 in their sewage. The universities in this study had stricter
guidelines than the other areas in Michigan. Both universities in this study had mask
mandates which were imposed throughout the duration of this study, students on campus
needed to be vaccinated, and decisions were made based off our data. If high levels of
SARS-CoV-2 were found in the sewage of a particular dormitory, the individuals in that
building would be tested and sick individuals would be quarantined. Therefore, the

universities had less SARS-CoV-2 signal due to their stricter COVID-19 guidelines.
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The N1 and N2 gene targets were also compared to determine if one gene target was
superior in detecting SARS-CoV-2 than the other gene target. Interestingly, although they
are derived from the same gene, the N1 gene target was favored in this study.

Comparing the frequency at each site, the N1 gene target was favored at 24/43 sites, the
N2 gene target was favored at 10/43 sites, and the remaining 9/43 sites had equivalent N1
and N2 frequency. Thus, this data shows that the N1 gene target was the favored gene
target in the sewage samples tested in our lab. The composition of all sewage samples is
unique meaning that a sample collected from the same site could have a different
composition the next day it is sampled. There is potential to remove a target on a site-by-
site basis if there is a trend of data supporting that one target is favored over the other and
does not provide additional information or very limited benefits. However, removing a
gene target does not change much experimentally. Both gene targets can be run in a
duplex which will provide data on both the N1 and N2 gene targets for essentially the
same cost and time. If the N2 gene target was removed from analysis, 7.3% of SARS-
CoV-2 detection would be lost loss while removing the N1 gene target would result in
13.7% SARS-CoV-2 signal loss. The SARS-CoV-2 signal is subjected to a high amount
of dilution from the sewage and subject to many inhibitors within the sewage. This can
cause the actual concentration to be greatly diminished. Dilution in addition to the low
frequency of SARS-CoV-2 in the feces can lead to a non-detectable concentration of
SARS-CoV-2 in the sewage resulting in false negatives. Therefore, to have a higher
probability of detecting SARS-CoV-2 in sewage, it is suggested that both targets remain
in use. A different study also looked at the N1 and N2 gene targets, and their data also

showed that the N1 gene target could have a higher concentration and a higher amount of
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detection than the N2 gene target. Our study suggested that there was a high correlation
between the N1 and N2 gene targets (Pearson correlation coefficient of 0.99) despite the
N1 gene target having a higher concentration and frequency than the N2 gene target.
Therefore, the SARS-CoV-2 gene target which is preferred will change based on what is
sampled, the location of the sample, and collection date. Thus, it is suggested that both
the N1 and N2 gene targets be implemented into SARS-CoV-2 analysis in the sewage.

5.6 Conclusion

Overall, the inhibition data suggested that the surrogate BCoV was superior to Phi6. The
average amount of retrieval was 47.2% for BCoV and 27.8% for Phi6. Statistically, Phi6
had more samples that were fully inhibited (p=4.4x10"'*) while BCoV had a higher
number of samples over 50% retrieval (p=7.7x107'%) and a higher average amount of
retrieval (p=3.5x10%). The surrogate Phi6 had 198/1,072 samples fully inhibited while
BCoV only had 62/1,072 of its samples fully inhibited. The frequency data also
suggested BCoV was superior to Phi6. As suggested by the inhibition data, BCoV was
detected more frequently than Phi6. BCoV had a statistically higher frequency than Phi6
(p=5.7x10"%%). The frequency of the BCoV data was more consistent with the frequency
of the SARS-CoV-2 gene targets. Out of the 2.893 samples, Phi6 was fully inhibited in
149/1,732 (8.6%) samples that were SARS-CoV-2 positive. The comparable Phi6 data
had a similar trend indicating 65/646 (10.1%) of SARS-CoV-2 positive samples were
fully inhibited. The surrogate BCoV only missed 8/646 (1.2%) of SARS-CoV-2 positive
samples. It was also determined that the N1 gene target was superior to the N2 gene
target for detecting SARS-CoV-2 in the sewage. As the gene targets can be duplexed, the
only additional cost to analyze both gene targets would be the primer/probe solution.
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Therefore, our data suggests that both SARS-CoV-2 gene targets should be analyzed

along with BCoV.
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CHAPTER SIX
DILUTION, PASTEURIZATION, AND CHEMICAL ADDITIONS TO SEWAGE TO
REDUCE PCR INHIBITION WHEN DETECTING THE SARS-COV-2 N1 AND N2

GENE TARGETS

6.1 Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an RNA virus that
has quickly spread across the globe infecting over 100 million people with a disease
known as coronavirus disease 2019 (COVID-19) in a short period of time. Monitoring the
virus is essential to avoid mass outbreaks and to reduce the spread in areas of high
transmission by putting precautions into place. Clinical monitoring requires participation
from each individual. Monitoring SARS-CoV-2 via the sewage does not require consent
from each individual and is able to monitor specific buildings or areas within a single
sample. Sewage surveillance signal often precedes data from a clinical setting by one to
two weeks and provides data on asymptomatic cases or unreported cases. This work
monitored SARS-CoV-2 by detecting the N1 and N2 gene targets. Samples were
modified to assess if samples that were partially/fully inhibited according to the surrogate
data could be uninhibited/have increased retrieval after minor changes to the typical
procedure. This study tested the addition of bovine serum albumin (BSA), dilution, the
addition of polyvinylpyrrolidone (PVP), and pasteurization to determine which method
modifications would enhance the detection of the N1 and N2 gene targets. It was found
that adding BSA or PVP to the assay mix did not enhance the N1 or N2 gene target
signal. When modifying the initial 45mL of sewage, it was found that BSA was the only
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alteration that enhanced the N1 gene target’s concentration, while dilution, BSA, and
pasteurization enhanced the N2 gene target’s concentration. Therefore, the enhancements
were more beneficial for the N2 gene target. The Phi6 and BCoV data were not
consistently enhanced along with the SARS-CoV-2 data indicating that the surrogates
may only be suited to determine if a sample is fully inhibited.

6.2. Introduction

Coronavirus disease 2019 (COVID-19) is a disease which can be deadly to humans. This
disease is caused by a single-stranded and enveloped RNA virus known as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) (V’kovski et al., 2021). There are
currently only seven other coronaviruses (CoVs) that infect humans with the first human
CoV emerging in the 1960s (X. Zhao et al., 2020). There are also CoV's that infect
various animals such as: pheasant CoV, bovine CoV (BCoV), rat CoV, canine CoV,
murine hepatitis virus (MHV), feline CoV, turkey CoV, porcine transmissible
gastroenteritis virus, and many more (Alluwaimi et al., 2020). There are three human
CoVs (Middle East respiratory syndrome coronavirus (MERS-CoV), SARS-CoV-1, and
SARS-CoV-2) that are deadly and highly pathogenic to humans while the other four
human CoVs are associated with mild/moderate disease such as the common cold
(Common Human Coronaviruses | CDC, 2020; Zhu et al., 2020). Despite COVID-19
being associated with a lower rate of mortality (1%) compared to MERS (35%) and
SARS (13%), there is an increased number of deaths associated with COVID-19 than the
other dangerous human CoVs (Azer, 2020; Pormohammad et al., 2020; WHO
Coronavirus (COVID-19) Dashboard, n.d.). As of July 8", 2022 there has been over 551
million cases and over 6 million deaths attributed to COVID-19 making it the most
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severe health crisis since the Spanish flu in 1918 (Cascella et al., 2022b; WHO
Coronavirus (COVID-19) Dashboard, n.d.).

Generally, COVID-19 is diagnosed by running reverse transcriptase-polymerase chain
reaction (RT-PCR) on a nasopharyngeal swab collected from individuals (Zitek, 2020).
Detection of SARS-CoV-2 is not limited to nasopharyngeal swabs. The SARS-CoV-2
virus has also been detected in stool, urine, sputum, blood, and saliva (Jones et al., 2020).
However, samples taken from the respiratory tract are capable of detecting SARS-CoV-2
more frequently (70-100%) than other bodily fluids such as urine (<5%) and feces (30-
60%) (Jones et al., 2020). Because SARS-CoV-2 can be detected in the feces, SARS-
CoV-2 can be monitored in the sewage. Nevertheless, there are drawbacks to testing for
SARS-CoV-2 in the sewage. The rate of SARS-CoV-2 detection in the feces is
significantly less than respiratory specimens, and the SARS-CoV-2 signal will undergo a
high rate of dilution from water contributed through inflow and infiltration, bathing, and
cleaning. This could lead to some samples wrongly designated as negative for SARS-
CoV-2. However, sewage surveillance is a valuable tool due to its ability to quickly and
cost-effectively monitor a whole area with hundreds or thousands of people with a single
sample. Wastewater testing can also detect asymptomatic cases of COVID-19 and detect
COVID-19 cases attributed to individuals unwilling to be tested clinically. Sewage
surveillance has become even more important due to the availability of at home COVID-
19 testing kits which will yield results that will not be reported. Wastewater monitoring
can also provide an early warning to a rise in cases that precedes general clinical testing
(CDC, 2022c). One study suggested that sewage surveillance provides data that is one to
two weeks ahead of clinical data which will allow health interventions to be taken earlier
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if necessary (Kumar et al., 2021). However, the magnitude of the lead time from sewage
surveillance varies by study.

SARS-CoV-2 is monitored by detecting a portion of the virus. This study used the N1
and N2 gene targets to identify two regions in the nucleocapsid gene of SARS-CoV-2.
These gene targets have been recommended by the Centers for Disease Control and
Prevention (CDC) (CDC, 2020c). For our study surrogates are added to samples as to
assess inhibition. Surrogates must have a reasonable amount of structural similarity to the
virus of interest to have a higher probability of mirroring that virus. CoVs (bovine
coronavirus (BCoV), mouse hepatitis virus (MHV), etc), viruses in human stool (pepper
mild mottle virus, etc), and bacteriophages (Phi6, MS2, etc) have been suggested as
surrogates for SARS-CoV-2 (Sala-Comorera et al., 2021). One study used Phi6,
transmissible gastroenteritis virus, and MHV as SARS-CoV-2 surrogates to determine
how these surrogates would survive under various storage conditions on fish and meat
over a 30 day period (Bailey et al., 2022). Our study uses Phi6 and BCoV. Phi6 was
chosen to assess SARS-CoV-2 inhibition because its lysate which is spiked into each
sample was based on a standard operating procedure from Michigan State University, and
this virus has been used as a surrogate for SARS-CoV-2 in many other studies. This virus
is highly similar to SARS-CoV-2 due to it being enveloped, similarly sized, and
containing spike proteins (Fedorenko et al., 2020). BCoV was also chosen because it has
already been used as a SARS-CoV-2 surrogate, and BCoV is a CoV meaning that it will
have a similar structure to SARS-CoV-2. This virus is inexpensive and purchased as a

modified live virus in a cattle vaccine. MHV has been used in studies as a SARS-CoV-2
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surrogate, but it less widely available. The MHV surrogate is 10 times more expensive
than the BCoV vaccine.

The purpose of this study was to determine if small changes to the regular procedure
could enhance the SARS-CoV-2 signal by alleviating sample inhibition. This was
accomplished by testing the SARS-CoV-2 surrogates with the same procedural changes
in parallel. The most common way to reduce PCR inhibition in each sample is to dilute
the samples, but this reduces the amount of detectable DNA which could lead to false
negatives (Sidstedt et al., 2020). Two types of dilutions — dilution of the eluate and
dilution of the pellet — were implemented to determine if one dilution method was
superior to the other at enhancing the signal of SARS-CoV-2 gene targets. Because many
of the samples regularly tested have a low concentration of SARS-CoV-2, diluting the
sample could cause total signal loss. Thus, other method alterations which consisted of
pasteurization and adding various chemicals to the sewage were also evaluated.
Pasteurization was assessed because this required no alterations to the composition of the
sewage. Pasteurization may be beneficial by reducing PCR inhibiters such as enzymes
and microbes in the sewage which could interfere with the clean-up or PCR chemistry
(Patil et al., 2019). Pasteurization in this study was carried out for two hours.
Implementing pasteurization into the procedure would increase the time needed to
process the samples. Bovine serum albumin (BSA) and polyvinylpyrrolidone (PVP) were
added to determine if they could reduce sample inhibition. BSA has been utilized to
reduce PCR inhibition caused by extracts from feces, iron chloride, fulvic acids, hemin,
tannic acids, and other compounds (Giambernardi et al., 1998). PVP is also known to
reduce PCR inhibition by interacting with phenols (Schrader et al., 2012). The ability of
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PVP and BSA to reduce inhibition will be based on the presence of certain inhibitory
molecules.

6.3 Materials and Methods

6.3.1 Sample Selection and Preparation

Our workflow used the methods described by Flood et al (Flood et al., 2021) as a starting
point. Archived pellet samples were chosen that had a low to moderate concentrations of
Phi6 and BCoV. Prior BCoV and Phi6 concentrations were available for previously
tested samples. Both SARS-CoV-2 gene target concentrations and surrogate
concentrations were assessed under conditions including normal sample preparation,
diluting the sample, adding BSA (catalog number 97061-422 from VWR), adding PVP
(catalog number 97061-818 from VWR), and pasteurizing the sample. All sewage
samples were mixed by 40-60 inversions of the sewage stock. After mixing the sample, a
45 mL aliquot of sewage was mixed with 4.0g of polyethylene glycol 8,000 and 0.585¢g
of sodium chloride. Sodium chloride (catalog number 470302-520) and polyethylene
glycol 8000 (catalog number 97061-100) were both purchased from VWR. Four different
sub samples were collected. One sample was completed adhering to the normal method
for routine SARS-CoV-2 monitoring — adding only PEG and NaCl. This sample was
called regular because there were no alternations to the routine procedure. This sample
was also used later in the procedure for the two dilutions (dilution of the pellet and
dilution of the eluate). For dilution of the pellet, 100uL of water and 100uL of pellet
were added to a solution of buffer AVL, carrier RNA, Phi6, and BCoV which will be
described more in depth later in the methods. The 2x dilution of eluate utilized 20uL of
RNA eluted from the spin column and 20puL of water. For the pasteurized sample, 45mL
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of sewage was poured into a conical bottom centrifuge tube and this conical bottom
centrifuge tube was placed into a hot water bath at a temperature of 60°C. This sample
was inverted 40-60 times every 20-30mins. After 2hrs of pasteurization, PEG and NaCl
were added to this sample. The BSA experiments used BSA (0.25g), NaCl, and PEG. The
amount of BSA was chosen based on a study that used 0.5% BSA and found that BSA
was able to eliminate inhibitors (Oikarinen et al., 2009). The PVP experiments used 1.0g
PVP, NaCl, and PEG. The amount of PVP chosen was based on a study that used 2%
PVP for RNA extraction in sludge to help remove PCR inhibitors (Monpoeho et al.,
2000). These four subsamples were held at 4°C while these samples were rotated at a
speed of 70rpm. After 2hrs, these samples were centrifuged at 3,650rpm at a temperature
of 4°C for 1hr.

6.3.2 Purification and Extraction of RNA

The QIAamp Viral RNA Mini Kit (catalog number 52904) was purchased from QIAGEN
to purify and elute the RNA from the sewage samples. The pellet (200uL) was pipetted
into a solution containing 800uL of Buffer AVL, 8uL of carrier RNA, 10uL of Phi6, and
10uL of BCoV (Bovilis® Coronavirus from Merrick Animal Health). Both Phi6 and
BCoV had a concentration of 10° gene copies/mL. A 200uL portion of pellet was then
pipetted into a 2mL cryovial containing the buffer and RNA mix. The cryovial was
vortexed for 10s before incubation for 10mins at room temperature. After incubation,
200proof ethanol was added to the cryovial in an 800uL portion, and the cryovial was
vortexed for 10s. At this point in the procedure there was 1.8mL solution in the cyrovial.
This solution was run through the QIAamp mini spin column in order to obtain the
extracted RNA. The 1.8mL solution was added in three 630uL quantities to the spin
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column. Three additions were done because the spin column could not hold enough
solution for a single addition. Each 630uL portion of solution was added to the spin
column and centrifuged sequentially. The flow through was not retained. The
centrifugation settings were 1min at 8,000rpm. These centrifuge settings were the same
for every addition except when the buffer AW2 was added. The waste collected in the
collection tube under the spin column was discarded after every addition until the elution
step (buffer AVE). After the whole 1.8mL solution was added to the spin column and
centrifuged, the wash buffers were added. A 500uL portion of buffer AW1 was added to
the spin column and centrifuged. Next, a 500uL portion of buffer AW?2 was added to the
spin column. At this point in the process (and only during this step) the centrifuge speed
and duration was increased to 14,000rpm for 4min. After centrifugation, centrifugation
settings were returned to normal, and the spin column was transferred to a 1.5mL
microcentrifuge tube. The microcentrifuge tube was used to collect the RNA eluted from
the spin column. Buffer AVE was added to the spin column in a 40uL portion and
incubated at room temperature for Imin. After incubation, the spin column was
centrifuged. This step was repeated which resulted in a final volume of 80uL. of RNA
eluate.

6.3.3 Plating the Samples

Samples and controls (negative control, positive control, and no-template control) were
all run in triplicate. Both reactions were run in duplex meaning that there were two
reactions per well. BCoV and Phi6 were ran in a duplex reaction and N1 and N2 were ran
in a duplex reaction. Each well received 5.5uL of RNA eluate and 16.5uL of assay mix.

The assay mix was prepared with the reagents provided in Bio-Rad’s One-Step RT-
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ddPCR Advanced Kit for Probes, water, and primer/probe mix. The assay mix for one
well duplex reaction included: 2.2uL reverse transcriptase, 3.3uL primer/probe mix 1,
1.1uL of water, 5.5uLL Supermix, 1.1uL dithiothreitol, and 3.3uL primer/probe mix 2.
The sequences of the primers and probes used in this study are listed in Table 6.1.
Michigan State University supplied the N1 and N2 SARS-CoV-2 primers and probes and
Phi6 to our lab and other labs in the Michigan PCR Network that also routinely tested for
SARS-CoV-2 in sewage. After the initial data was observed, BSA and PVP were directly
pipetted into the water of the assay mix to determine if inhibition could be reduced. This
was mentioned by Oikarinen et al. (BSA) and Monpoceho et al. (PVP). In order to do this,

1.875g of BSA and 6.375g of PVP were weighed and placed into 25mL of water.

Table 6.1: Sequences for N1, N2, Phi6, and BCoV

Gene Sequences References
Target
N1 5’-GACCCCAAAATCAGCGAAAT-3’ (Forward) (CDC, 2020c)

5’-TCTGGTTACTGCCAGTTGAATCTG-3’ (Reverse)
5’-FAM-ACCCCGCATTACGTTTGGTGGACC-
BHQ1-3’ (Probe)

N2 5’-TTACAAACATTGGCCGCAAA-3’ (Forward) (CDC, 2020c)
5’-GCGCGACATTCCGAAGAA-3’ (Reverse)
5’-HEX-ACAATTTGCCCCCAGCGCTTCAG-BHQI-
3’ (Probe)

Phi6 5’-TGGCGGCGGTCAAGAGC-3’ (Forward) (Gendron et al.,
5’-GGATGATTCTCCAGAAGCTGCTG-3’ (Reverse) | 2010)
5’-FAM-CGGTCGTCGCAGGTCTGACACTCGC-
BHQ1-3” (Probe)

BCoV 5’-CTGGAAGTTGGTGGAGTT-3’ (Forward) (Graham et al.,
5’-ATTATCGGCCTAACATACATC-3’ (Reverse) 2020)
5’-HEX-CCTTCATAT-ZEN-
CTATACACATCAAGTTGTT-IABKFQ-3’ (Probe)

Table 6.1: The sequences for all of the primers (reverse and forward) and probes
used in these experiments.
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This water was added to the assay mix (calculated for duplex reaction) to give final
concentrations of 0.5% (BSA) and 1.7% (PVP) (Monpoeho et al., 2000; Oikarinen et al.,
2009).

After the samples were plated, the 96-well plate was placed into the Automated Droplet
Generator (ADG). The ADG generated droplets into another 96-well plate which was
sealed and put into thermocycler to convert RNA to DNA and to amplify the DNA.
Thermocycler settings were as follows: step 1 —25°C for 3min, step 2 — 50°C for 1hr,
step 3 — 95°C for 10min, step 4 — 40 cycles composed of: 95°C for 30s followed by 60°C
for 1min, step 5 — 98°C for 10min, and step 6 — hold at 4°C. Thermocycling settings for
the general settings were based on the document found on Bio-Rad’s website for 1-Step
RT-ddPCR Advanced Kit for Probes, and annealing temperatures for N1 and N2 were
found in a research article (One-Step RT-DdPCR Advanced Kit for Probes, n.d.; Pearson
et al., 2021). The annealing temperatures for BCoV and Phi6 were chosen in Chapter 4.
The plate was then placed onto the QX200 Droplet Reader.

6.3.4 Analyzing the Data

The droplet reader was paired with QuantaSoft™ Software to quantify the data. The
positive droplets were assessed to determine if the sample was positive for SARS-CoV-2.
Three or more positive droplets were considered a positive detection. Accepted droplets
were assessed to determine the validity of the values obtained from the QuantaSoft™
Software. Wells that had greater than 10,000 accepted droplets were considered
acceptable. The copies per 20uL well was used to calculate the concentration of the

various SARS-CoV-2 gene targets. Equation 6.1 shows the formula utilized to calculate
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the concentration of the SARS-CoV-2 gene targets. The concentration was in units of

gene copies per liter of sewage (CP/L).

(Equation 6.1)

CP ) pellet volume (mlL) eluate volume (80ul)
A = copies per uL X

extraction volume (0.2mL)  initial volume (45mlL)

1000mL
x —_—
1L

Equation 6.1: Concentration calculation for the SARS-CoV-2 Gene Targets

This formula shows how the concentrations for the SARS-CoV-2 gene targets and
surrogates were calculated. The pellet should be between 1-2mL for the gene targets
(N1, and N2) and 45mL for the surrogates (Phi6 and BCoV).

6.4 Results

Five different method modifications were evaluated to determine if any of these enhanced
the signal and reduced inhibition. Addition of BSA or PVP to the 45mL of sewage,
pasteurization, and 2x dilutions on either the eluate or pellet were assessed for 29
samples. For the 2x dilution, the concentration was multiplied by two to account for half
of the sample composing of water. When comparing the concentrations of the N1 and N2
gene targets with the regular method and the enhanced methods, the gene target
concentrations were lowest when the method was not enhanced. For the N1 gene target,
the highest to lowest concentrations obtained for each alteration to the method or regular
method were as follows: 2x dilution on the pellet>BSA>pasteurization> PVP>2x dilution
on the eluate>regular method. The N2 gene target behaved similarly to the N1 gene target

with the highest to lowest concentrations as follows: 2x dilution on

pellet>BSA>pasteurization>2x dilution on eluate>PVP>regular method.
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Table 6.2: Average Concentration for Each Enhanced Method

Method N/A 2x Eluate | 2x Pellet | PVP Pasteurization | BSA
Enhancement Dilution | Dilution

N1 3.98 x 425x 12.2 x 4.61x 5.36 x 10* 5.59x
Concentration | 10* 10* 10* 10* 10*
(CP/L)

N2 2.57x 3.72 x 9.90 x 3.01 x 4.03 x 10* 4.65x
Concentration | 10* 10* 10* 10* 104
(CP/L)

Table 6.2: Concentration in copies per liter obtained when the samples were
pasteurized, diluted, unaltered, or had BSA or PVP added. Concentrations of the
diluted samples were multiplied by two to account for the 2x dilution.

The actual concentrations (copies/liter — CP/L) are listed in Table 6.2. The method
detection limit was set to the same value for all non-detects to avoid skewing the average.
The PVP and BSA in this portion of the study were only added to the initial 45mL of
sewage and not into the assay mix. A paired t-test was run to compare the unaltered
method to each of the five adjusted methods. The N1 gene target only had a statistically
different value (p<<0.05) when BSA was added. The N2 gene target was enhanced by4/5
of the modification having a statistically greater value (p<0.05) when compared to the
unaltered samples. The signal was not enhanced for either target when PVP was added.
The N1 gene target had an average concentration (3.98x10* CP/L) that was statistically
higher (p<0.05) than the N2 gene target (2.57x10* CP/L). As they are both derived from
the nucleocapsid gene, it would be expected that their concentration would be similar.
The number of detections was compared amongst the modified samples for the N1 and
N2 gene targets. The unaltered method had five samples for the N1 gene target that had
no signal and seven samples for the N2 gene target that had no signal. For the N1 gene

target, the number of non-detect samples for each method enhancement were as follows:
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seven (pasteurized), six (2x dilution on eluate), six (PVP), five (unaltered), five (BSA),
and four (2x dilution on pellet). Thus, pasteurizing the sewage led to the most non-
detects, and diluting the pellet led to the highest number of SARS-CoV-2 detections for
the N1 gene target. For the N2 gene target, the number of non-detect samples for each
method enhancement were as follows: eleven (PVP), eight (2x dilution on eluate), seven
(unaltered), seven (pasteurized), five (2x dilution on pellet), and five (BSA). Thus,
adding PVP led to the most non-detects, and diluting the pellet and adding BSA to the
sewage led to the highest number of SARS-CoV-2 detections for the N2 gene target.
Phi6 and BCoV were also observed for each of the method enhancements to determine if
these surrogates would have a similar trend as the N1 and N2 gene targets. In general,
Phi6 and BCoV are used to estimate the amount of inhibition that SARS-CoV-2 would
likely face under the same conditions. Usually, when BCoV and Phi6 are used to estimate
inhibition, the sample concentration of Phi6 or BCoV is divided by the negative control
to get a percentage of retrieved surrogate. For that calculation the negative control would
be the highest amount of sample that can be obtained, and each sample would be divided
by the negative control to get the percentage of retrieval. For this study the concentrations
were solely observed because the same concentrations of Phi6 and BCoV were spiked
into all the samples, and the only interest was to determine if there was an increase or
decrease in their signal. The concentration obtained for the 2x dilution of eluate was
multiplied by two to make up for the signal loss due to dilution. The concentration for the
2x dilution of the pellet was not multiplied by two because Phi6 and BCoV were not
diluted. When the concentrations of BCoV were ranked based on the various method

enhancements, the following order was obtained: regular<BSA<2x dilution on eluate<2x
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dilution on pellet<PVP<pasteurization. The rankings for Phi6 were as follows: PVP<2x
dilution on pellet<regular<pasteurization<2x dilution on eluate<BSA. BCoV
concentration was statistically enhanced (p<0.05) when the eluate was diluted, or the
sewage was pasteurized. The concentration of Phi6 had a statistically significant increase
(p<0.05) when the eluate was diluted or BSA was added. The number of fully inhibited
samples were assessed for each adjustment to the method. The number of samples that
had BCoV samples that were fully inhibited were as follows: two (regular), one (2x
dilution on eluate), one (BSA), one (PVP), zero (pasteurization), and zero (2x dilution on
pellet). The number of samples that had Phi6 fully inhibited were as follows: six (PVP),
four (regular), three (BSA), two (2x dilution on elute), two (pasteurization), and one (2x
dilution on pellet). Figure 6.1 shows the concentration of each SARS-CoV-2 gene target
and surrogate under the various method alternations. We also assessed if adding BSA and
PVP to the assay mix alone could increase the signal. Again, this was tested for 29
samples, but less than half of the samples had a signal for the N1 and N2 gene targets.
The samples with BSA have a slightly higher average concentration for both N1 and N2
gene targets compared to the unaltered data. In contrast, PVP had the lowest
concentration for both N1 and N2 targets. Nevertheless, there was no statistical difference
between the regular samples or the samples with BSA or PVP added to the assay mix
when observing the N1 and N2 gene target data. The number of samples that were
positive for the N1 gene target were as follows: 14 (BSA), 13 (regular), and 11 (PVP).
The number of samples that were positive for the N2 gene target were as follows: 7

(regular), 6 (BSA), and 3 (PVP).
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Figure 6.1: Concentration of SARS-CoV-2 Gene Targets and SARS-CoV-2 Surrogates
Based on Method Variations
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Figure 6.1: Concentration of SARS-CoV-2 Gene Targets and SARS-CoV-2 Surrogates
Based on Method Variations (Continued)
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Figure 6.1: These figures show the concentration of the SARS-CoV-2 gene targets
N1 and N2 and the SARS-CoV-2 surrogates Phi6 and BCoV when the method was
altered. Pas is short for pasteurization. Concentration was observed for 29 samples.

208



Next, the SARS-CoV-2 surrogates BCoV and Phi6 were analyzed. According to the
SARS-CoV-2 surrogates, the regular samples had a statistically higher concentration
compared to the concentrations obtained for either of the assay mix alterations (BCoV) or
when BSA was added to the assay mix (Phi6). As suggested by the p-values, the regular
method always had a higher average concentration of surrogate compared to the
concentrations obtained from the samples with altered assay mix. All samples, excluding
one Phi6 sample that had BSA added, had signal for both BCoV and Phi6 indicating that
no samples were fully inhibited.

6.5 Discussion

The first set of experiments addressed what would happen to the concentration of the N1
and N2 gene targets and SARS-CoV-2 surrogates (Phi6 and BCoV) when the samples
had method adjustments to the initial 45mL of sewage. The regular (unaltered) method
always had the lowest concentration for the N1 and N2 gene targets when comparing the
average concentration to the average concentrations obtained from the altered methods. A
paired t-test demonstrated that the addition of BSA to the initial 45mL of sewage was the
only method alteration that significantly enhanced the concentration of both SARS-CoV-
2 gene targets. No other method alteration could statistically enhance the concentration of
the N1 gene target. Interestingly, the N2 gene target was shown to have its concentration
enhanced for all method alterations to the initial 45mL of sewage except when PVP was
added despite both gene targets arising from the same gene. A paired-t-test showed that
the N1 target has a significantly higher concentration than the N2 gene target. The N2
gene target was also detected less or the same number of times as the N1 gene target
regardless of the method alteration. Many studies use both the N1 and N2 gene targets
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sequences recommended by the CDC (CDC, 2020c¢). In general, there are many studies
that have a similar finding that the N1 gene target is superior to the N2 gene target. One
study mentioned that the N1 gene target had a higher amount of sensitivity than the N2
gene target (Vogels et al., 2020). Another study analyzed the SARS-CoV-2 gene targets
in sewage, and found that when these samples were tested, 91.2% were positive for N1
and 85.3% were positive for N2 which again indicates N1 is detected more frequently
than N2 (Pérez-Cataluna et al., 2021). However, all studies do not agree that the N1 gene
target is superior for SARS-CoV-2 detection. A study by Klein et al. mentioned that the
N1 and N2 gene targets provide a comparable amount of fitness to detect SARS-CoV-2
with no differences observed when comparing genome copies and cycle threshold values
(Klein et al., 2020). However, Nalla et al. concluded that the N2 gene target provided
more sensitivity when detecting samples than the N1 gene target (Nalla et al., 2020).
Therefore, it is feasible that N1 may not always be the most suitable gene target despite
support from this study and other studies. Using two gene targets is preferred because it
will provide a higher amount of certainty that the sample is truly negative for SARS-
CoV-2. In some studies, the discrepancy between the amount of gene target detected
could be attributed to the sample type. Each gene target may degrade differently. Based
on our prior study the gene targets degraded similarly in sewage, so it is unlikely that
they are degrading at different rates. For our study, the N2 gene target appears to be more
prone to inhibition than the N1 gene target because the concentration of the N2 gene
target was enhanced with four method alterations while N1’s concentration was only
enhanced with one method alteration. The method changes may have reduced

competition for binding sites on the spin column or reduced interference with PCR
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amplification allowing more N2 gene target to be detected. N1 appears to be less prone to
having interference with spin column binding or PCR inhibition because the method
enhancements were not as beneficial to N1.

From the average concentrations, the BCoV data suggested that all methods enhanced the
signal, and the Phi6 data suggested that all methods, but PVP enhanced the signal. Paired
t-tests indicated that pasteurizing the sample and diluting the eluate increased BCoV’s
concentration (p<0.05), and the t-test also indicated (p<0.05) that BSA added to the
sewage and diluting the eluate enhanced the concentration for Phi6. These observations
are somewhat consistent with the N2 gene target which showed statistical significance for
many of the method alternations. BCoV and Phi6 do not appear to behave similarly to
the N1 and N2 gene targets due to inconsistencies in which methods are significant. This
inconsistency was also observed when the assay mix was altered. The N1 and N2 data
suggested that neither the addition of BSA nor PVP caused any statistical difference in
the amount of SARS-CoV-2 gene target obtained. The Phi6 and BCoV data provided
evidence that there was a statistical difference (p<0.05) that negatively impacted the
concentration when BSA and PVP were added to the assay mix. Thus, the surrogates
Phi6 and BCoV in this study did not reliably predict how the N1 and N2 gene targets
would react when different methods of enhancement were selected. The trend observed
for the surrogates may vary from the N1 and N2 gene targets because the Phi6/BCoV
concentration could not be normalized because problems with the negative control. The
percentage of retrieval was not assessed. Assessing the percentage of retrieval instead of

the concentrations could have strengthened the trend between the SARS-CoV-2 gene
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targets and surrogate data. Unfortunately, there was insufficient sample to repeat the
experiment and insufficient funding.

PVP was used in sludge samples for removing PCR inhibitors (Monpoeho et al.). It was
mentioned that PVP is supposed to reduce inhibition by binding to phenolic compounds
in order to form complexes with them (Monpoeho et al.). Organic compounds such as
phenol, humic acids, bile salts, polysaccharides, and urea are inhibitory to PCR (Schrader
et al.). In this study, the addition of PVP was not able to enhance the N1 or N2 gene
target signal when added to the sewage or assay mix. In fact, although there was no
statistical difference in the concentration, the addition of PVP created one false negative
for N1 and four false negatives for N2. When PVP was added to the assay mix two
samples were wrongly identified as negative for N1 and four samples were wrongly
identified as negative for N2. Thus, PVP was detrimental to reducing sample inhibition of
the SARS-CoV-2 gene targets in sewage.

Pasteurization was another method used to enhance the N1 and N2 gene target signal.
Pasteurization was found to statistically enhance (p=0.010) only the concentration of the
N2 gene target even though the average concentration was higher for the N1 gene target
(p=0.056). Pasteurization is a technique which applies high temperature over a period of
time which reduces microorganisms by several orders of magnitude if they are
susceptible to heat, if there is long enough contact time, and if the temperature is high
enough (Islam & Johnston, 2006). Part of the issue with pasteurization is that RNA is
heat sensitive which could lead to the RNA degrading causing false negatives to occur. It
has been mentioned that DNA is stable even at high temperatures over 100°C, but RNA
is much less stable at high temperatures and temperatures above 65°C should be avoided
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(Precautions for Handling of RNA, n.d.). Pasteurization was carried out at 60°C for 2hrs
in this study so it would not negatively impact the RNA. The paired t-test did not show
that pasteurization negatively impacted the N1 and N2 gene targets. Overall, three
samples for N1 and one sample for N2 had a false negative signal. Thus, pasteurization
appears to be slightly detrimental. Overall, pasteurization enhanced concentration, but it
also led to some to some false negatives. Because there was generally a signal increase
after pasteurization, it is even possible that some samples were false positive as two of
the samples only had a signal for one target. Pasteurization is promising, but it would
need to be tested for each sample site to see if it is beneficial. It would be assumed that
the sewage matrix would have some similarity if it were taken from the same site. In
general, pasteurization is cost-effective, but a more time-consuming way to enhance the
concentration of the N2 gene target.

Dilution is another common way to reduce inhibition. It has been said that as the
concentration increases so does the amount of inhibitors in the sample (McCord et al.,
2014). Thus, although there is a reduction in the intensity of the signal, the amplification
should overall be enhanced due to there being less inhibitors in the sample (McCord et
al., 2014). Dilution has been proven to be a useful tool in some studies. In one study a
five-fold dilution was carried out on DNA extract which lead to increased DNA
quantification (3.3-fold) and increased quantitative PCR sensitivity by 25% (Acharya et
al., 2017). However, dilution is not always beneficial. A different article mentioned that
they tried using both inhibitor removal kit columns and diluting samples, but they were
unable to increase eDNA yields, reduce filter clogging, or decrease PCR inhibitors

(Hunter et al., 2019). Thus, dilution is not always favorable and will need to be assessed
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to determine if it is the right process before implementing it into the normal workflow.
Dilution is appropriate when the concentration is generally found in high amounts.
However, when the target of interest is generally found at a low concentration, the target
DNA could be diluted to the point where the sample becomes negative for the target of
interest (Al-Soud et al., 2005). The average concentration of the N1 and N2 gene targets
in our study were found to be higher for both the dilution of the eluate and the pellet
(concentration multiplied by two to account for the 2x dilution). Diluting the pellet was
the method enhancement that yielded the highest average concentration for both N1 and
N2 gene targets. However, the N1 gene target was not shown to have statistical
significance when the pellet underwent a 2x dilution (p=0.052) or when the eluate
underwent a 2x dilution (p=0.383). However, the N2 gene target was shown to be
enhanced in both cases with a p-values of 0.041 (pellet) and 0.004 (eluate). A 2x dilution
was chosen to minimally dilute the sample because in many cases the concentrations
obtained from each sample is low. Therefore, a small dilution was chosen in order to try
to reduce the chance of false negatives while reducing inhibition. The 2x dilution of the
eluate increased the number of false negative samples by one for each gene target. The 2x
dilution on the pellet reduced inhibition leading to one additional sample becoming
positive for N1 and two additional samples becoming positive samples for N2. Therefore,
diluting the pellet should be chosen over diluting the eluate. This alteration was beneficial
because it led to three more SARS-CoV-2 positive detections.

BSA was used to decrease sample inhibition. BSA was chosen based on the study by
Oikarinen et al. who used BSA to reduce PCR inhibition in feces (Oikarinen et al., 2009).

BSA enhancement was investigated as an addition to the assay mix and as an addition
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into the initial 45mL portion of sewage. When BSA was added to the initial 45mL of
sewage there was a statistically significant improvement to the N1 and N2 signal. The
addition of BSA to the sewage was the only alteration to the method that significantly
enhanced the concentration of both the N1 and N2 gene targets. Besides the N1 and N2
gene targets having a statistically higher concentration, two N2 samples were uninhibited
when BSA was added to the 45mL of sewage. There was no statistical increase in signal
when BSA was added to the assay mix. Overall, a similar number of samples had
detection for the regular samples (13 detections for N1 and 6 detections for N2) as
compared to samples with BSA added to the assay mix (14 detections for N1 and 6
detections for N2). Interestingly, despite having a similar number of detections, the
samples that were positive varied bringing into question the use of this enhancement. Six
samples that were non-detects for N1, and three samples that were non-detect for N2
became detectable. Farell et al. mentioned that BSA is temperature sensitive meaning that
the high temperatures that are involved in PCR could be causing BSA to lose its ability to
enhance the SARS-CoV-2 gene target’s concentrations (Farell & Alexandre, 2012). The
study by Oikarinen et al. found that 13/108 of their stool samples were fully inhibited, but
after addition of BSA all samples had a signal (Oikarinen et al., 2009). Their study found
that BSA did cause a reduction in sample sensitivity. However, BSA eliminated all false
negatives which occurred due to PCR inhibitors (Oikarinen et al., 2009). Thus, they
determined that overall BSA was a beneficial addition to stool samples because 12%
more samples had signal despite the reduction in sensitivity (Oikarinen et al., 2009). The
authors suggested that the PCR inhibition in stool samples may have a dietary origin
(Oikarinen et al., 2009). BSA might reduce sample inhibition by hydrogen bonding with
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phenolic compounds present from industrial discharges (Carol Kreader, 1995). Also,
BSA through hydrophobic interaction may bind to lipids, and its high lysine content may
allow it to bind to anions (Carol Kreader, 1995).

6.6 Conclusion

This research suggests that the N2 gene target may be more susceptible to PCR inhibition
than the N1 gene target based on the statistically lower concentration observed in the N2
gene target. This idea is additionally supported based on the observation that N2
concentrations increased for most method alterations. The N2 signal was enhanced for all
method enhancements with the exception of PVP addition. The N1 signal was enhanced
for BSA addition to the sewage pellet. PVP along with BSA are thought to reduce PCR
inhibition by interacting with phenolic compounds, but PVP had no benefit in our study.
In contrast, BSA was found to enhance the concentration of both the N1 and N2 gene
targets when added to the sewage. Therefore, BSA may be reducing inhibition by binding
to other compounds that are not phenol based.

Adding BSA to the assay mix did not significantly impact the concentration. BSA may be
more beneficial when added to the pellet because BSA was mentioned to be temperature
sensitive in another study which means that BSA may not have any inhibitor reducing
abilities during PCR amplification. This is likely why adding BSA to the assay mix is
unable to further enhance the signal. Overall, BSA infused sewage was the only method
enhancement that was able to provide a statistically enhanced concentration for both N1
and N2 gene targets. The N2 gene target concentration was enhanced by pasteurization,
BSA addition to the sewage, and dilution of eluate or pellet. The Phi6 and BCoV data did
not correlate with the N1 and N2 gene targets. This was likely due to low to our inability
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to normalize these data by the faulty negative control. This part of the study could not be

repeated making our surrogate data not definitive.
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CHAPTER SEVEN
COMPARISON OF THE PERCENTAGE OF RETRIEVED SARS-COV-2 GENE
TARGETS E, N1, AND N2 TO THE SARS-COV-2 SURROGATES PHI6, BCOV,

AND MHV

7.1 Abstract

Coronavirus disease 2019 (COVID-19) is a fast spreading and potentially lethal virus
caused by an RNA virus called severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Due to the highly transmissible nature of this virus, hundreds of millions of
people have had this virus within less than three years of the virus’s origin. Monitoring
cases of this disease is vital to allow precautions to be taken to decrease the rapid spread
of COVID-19. Sewage monitoring has been implemented to rapidly screen whole
communities for COVID-19. This allows both asymptomatic and symptomatic cases to
be detected cost effectively and unobtrusively. Sewage is a difficult matrix to analyze by
PCR techniques and sample inhibition can lead to excessive false negatives. This study
compares three different SARS-CoV-2 surrogates to three common SARS-CoV-2 gene
targets to determine if the surrogates provide reasonable estimates of inhibition. The
surrogates chosen — murine hepatitis virus (MHV), Phi6, and bovine coronavirus (BCoV)
— have been used as SARS-CoV-2 surrogates in other studies. Currently, our lab uses
both BCoV and Phi6. We found that the N1 and N2 gene targets have a similar amount of
inhibition and are resilient with only one sample being fully inhibited. In general, the E
gene target was detected less frequently and at lower concentrations than the other gene

targets. The coronavirus surrogates were beneficial with no statistical difference observed
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between them and the SARS-CoV-2 gene targets (N1 and N2) when comparing the
percentage of retrieval. However, Phi6 was statistically different than all the SARS-CoV-
2 gene targets and falsely identified 12 samples as fully inhibited. Our study suggests
either BCoV and MHV could be used as surrogates, but BCoV is superior because of its
low cost and ready availability.

7.2 Introduction

Coronavirus disease 2019 (COVID-19) is generally associated with mild disease such as
cough, loss of smell, body aches, fever, sore throat, and headache, but some patients do
not have symptoms and some patients may die from this disease (Subbarao & Mahanty,
2020). Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a single-
stranded and enveloped RNA virus which causes the disease COVID-19 (Alexandersen
et al., 2020). There are seven coronaviruses (CoVs) known to infect humans which
include human CoV-NL63 (HCoV-NL63), HCoV-HKU1, HCoV-229E, HCoV-OC43,
Middle East respiratory syndrome coronavirus (MERS-CoV), and SARS-CoV-1 and 2
(Kesheh et al., 2022a). Most HCoVss are betacoronaviruses, but HCoV-NL63 and HCoV-
229E are alphacoronaviruses (Susan I. Gerber and John T. Watson, 2020). In general
HCoVs are mostly associated with mild virus symptoms similar to the common cold
(Coerdt & Khachemoune, 2021). As the twenty-first century has progressed, three
HCoVs which are correlated with a higher risk of mortality have emerged — MERS-CoV,
SARS-CoV-1, and SARS-CoV-2. These HCoVs are associated with a much higher
fatality rate than the other four HCoVs. These HCoVs cause diseases that have the
following fatality rates 1.2% (COVID-19), 9.6% (SARS), and 35% (MERS) (Peiris &
Poon, 2021; WHO Coronavirus (COVID-19) Dashboard, n.d.). The common cold is
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typically not associated with death and is less likely to result in death than the flu virus
which has a 0.1% fatality rate (Health Desk, 2020).

COVID-19 is generally diagnosed with naso-oropharyngeal swabs (Rodrigues et al.,
2021). This virus is also present in other bodily fluids including blood, semen, feces,
serum, and occasionally urine (Johnson et al., 2021). Sewage surveillance can monitor
SARS-CoV-2 mostly due to the feces present in the sewage. However, SARS-CoV-2 is
only present in less than half of fecal samples (Johnson et al., 2021). Sewage is 99.9%
water (Buchanan, n.d.). Therefore, between the inherently low concentration of SARS-
CoV-2 in feces and the major dilution in sewage, the SARS-CoV-2 signal in wastewater
often low. This study analyzes three different gene targets that detect SARS-CoV-2. The
World Health Organization (WHO) mentions the N1, N2 and E gene targets can identify
SARS-CoV-2 (Whoinhouseassays.Pdf, n.d.). All three of these gene targets were used to
determine if one target was superior. However, testing two gene targets is optimal
because two gene targets can be readily duplexed with little additional cost. Practical
considerations of the droplet digital PCR platform make triplex assays difficult. It is very
important to monitor COVID-19 quickly and with high accuracy to allow public health
measures when they can still be meaningful. Analyzing two targets offers higher certainty
leading to fewer false negatives. Also, mutations may impact the reliability of one or
multiple of the SARS-CoV-2 gene targets analyzed. Thus, using two targets should allow
more reliable detection and quantitation.

It is also important to determine which samples have no sample retrieved to rule out
incorrectly designating a sample as negative. If a sample is known to be fully inhibited,

measures can be taken to reduce inhibition. A common way to reduce inhibition is to
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dilute the sample (Schrader et al., 2012). However, it is not optimal to preemptively
dilute samples because target concentrations can be low especially when cases are less
frequent. Thus, diluting the sample could cause the analyst to incorrectly identify the
sample as negative. Surrogates can be used to estimate the amount of inhibition and
identify samples that should be rerun with dilution. Inhibition of the SARS-CoV-2 gene
targets cannot be directly assessed for each sample without modifying the results for
routine SARS-CoV-2 testing. To test for inhibition, a surrogate is directly spiked into the
sample and ran through the entire process of RNA purification and extraction. Therefore,
the surrogate should not be naturally present in sewage, and the surrogate must be
structurally similar virus to the virus of interest. It has been suggested that bacteriophages
such as MS2 and Phi6 and other CoVs can be used as surrogates for SARS-CoV-2
(Boegel et al., 2021; String et al., 2021). This work directly compares Phi6, bovine
coronavirus (BCoV), and murine hepatitis virus (MHV) for use as surrogates. These
RNA viruses have been used as surrogates for SARS-CoV-2 in other studies. However,
due to structural variance some surrogates may not mimic SARS-CoV-2 in all sewage
matrices. This study used Droplet Digital polymerase chain reaction (ddPCR) to find
surrogates that best represented how SARS-CoV-2 reacted in various sewage samples.
Because every sewage matrix is different and varies over time and seasonally, multiple
surrogates might be required for the highest accuracy. This work aims to identify the best
surrogate/surrogates for estimating the amount of inhibition the SARS-CoV-2 gene
targets would face in wastewater samples. When inhibition is accurately assessed,
samples will be correctly identified as fully inhibited allowing effective procedures to be

implemented to reduce inhibition.
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7.3 Materials and Methods

7.3.1 Choosing a Sample/Pellet Composition

Our workflow used the methods described by Flood et al (Flood et al., 2021) as a starting
point. Samples chosen were tested prior for SARS-CoV-2 during routine sewage
monitoring and found to have no signal for the N1, N2, and E SARS-CoV-2 gene targets.
Sewage samples were delivered to the lab in 500mL portions. Samples were transported
in a cooler with icepacks while in transit to our lab. Samples were processed immediately
upon arrival. The 500mL bottle of sewage was mixed by inverting the bottle between 40
and 60 times to minimize foaming. A 45 mL homogenous sewage sample was decanted
into a 50mL conical bottom centrifuge tube. Approximately 4.0g of polyethylene glycol
8000 (catalog number 97061-100 from VWR) and 0.59¢g sodium chloride (catalog
number 470302-520 from VWR) were added to the sample yielding a concentration of
8% polyethylene glycol and 0.2M sodium chloride. After the solids and solutions were
combined, the centrifuge tubes were transferred to a rotator where the tubes were rotated
at 70rpm for 2hrs. The rotator was held at 4°C. After mixing, the samples were
centrifuged at 3,650 rpm for 1 hr. Once centrifugation was completed, the supernatant
was discarded, and a 1-2 mL pellet remained. The supernatant was removed, and the
pellet was saved. Part of the pellet was immediately analyzed for routine testing which
was later used to determine which samples were negative for SARS-CoV-2. The
remaining pellet was frozen and later used for this study.

7.3.2 RNA Extraction and Purification

In order to keep biosafety level requirements to a biosafety level two lab, SARS-CoV-2
eluate from a previous sewage sample that averaged around 3000 positive droplets was
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spiked into each negative sample. This allowed each sample to be directly assessed for
inhibition of the SARS-CoV-2 gene targets N1, N2, and E. The QIAamp Viral RNA Mini
Kit from QIAGEN (catalog number 52906) was used to purify and eluate RNA for
analysis. For each sample, 800uL of buffer AVL, 8uL of carrier RNA, 10pL of Phi6 (10°
gene copies/mL), 10uL of BCoV (10° gene copies/mL — Bovilis® Coronavirus from
Merrick Animal Health), 10uL of MHV (10° gene copies/mL — MHV Stock from
ZeptoMetrix), and 25uL of SARS-CoV-2 eluate were added. A bulk solution of this mix
was prepared, and 800uL was pipetted into each 2mL cryovial.

A 200uL portion of pellet was then pipetted into a 2mL cryovial containing the buffer
and RNA mix. The cryovial was vortexed for 10s before incubation for 10mins at room
temperature. After incubation, 200proof ethanol was added to the cryovial in an 800uL.
portion, and the cryovial was vortexed for 10s. At this point in the procedure there was
1.8mL solution in the cyrovial. This solution was run through the QIAamp mini spin
column in order to obtain the extracted RNA. The 1.8mL solution was added in three
630uL quantities to the spin column. Three additions were done because the spin column
could not hold enough solution for a single addition. Each 630uL portion of solution was
added to the spin column and centrifuged sequentially. The flow through was not
retained. The centrifugation settings were Imin at 8,000rpm. These centrifuge settings
were the same for every addition except when the buffer AW2 was added. The waste
collected in the collection tube under the spin column was discarded after every addition
until the elution step (buffer AVE). After the whole 1.8mL solution was added to the spin
column and centrifuged, the wash buffers were added. A 500uL portion of buffer AW1
was added to the spin column and centrifuged. Next, a S00uL portion of buffer AW2 was
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added to the spin column. At this point in the process (and only during this step) the
centrifuge speed and duration was increased to 14,000rpm for 4min. After centrifugation,
centrifugation settings were returned to normal, and the spin column was transferred to a
1.5mL microcentrifuge tube. The microcentrifuge tube was used to collect the RNA
eluted from the spin column. Buffer AVE was added to the spin column in a 40uL.
portion and incubated at room temperature for Imin. After incubation, the spin column
was centrifuged. This step was repeated which resulted in a final volume of 80uL of
RNA eluate. This solution was analyzed to determine the percentage of inhibition in each
sample.

7.3.3 Sample Plating

Samples and controls were run in triplicate. Each 96-well plate contained a negative
control, no-template control, and positive control. The negative control used a 200uL
portion of water, instead of the pellet, that had polyethylene glycol 8,000, and sodium
chloride were added as a typical sample. Sequences for the SARS-CoV-2 gene targets
and surrogates are listed in Table 7.1.

The primer/probe sequences for MHYV are proprietary (Zeptometrix) and have not been
published. The assay mix was made using the solutions from the One-Step RT-ddPCR
Advanced Kit for Probes (catalog number 1864021) produced by Bio-Rad. The assay mix
composition varied for duplex and simplex reactions by the amount of water and primer
and probe mix. For a simplex reaction the volumes and reagents for the assay mix were
as follows for one reaction: 5.5uLL Supermix, 2.2uL reverse transcriptase, 1.1uL

dithiothreitol, 3.3uL primer/probe mix, and 4.4uL of water.
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Table 7.1: SARS-CoV-2 Gene Target and SARS-CoV-2 Surrogates Sequences

Gene Sequences (5°-3”) Reference

Target

E ACAGGTACGTTAATAGTTAATAGCGT (Forward) (Corman et al.,
ATATTGCAGCAGTACGCACACA (Reverse) 2020b)

FAM-ACACTAGCCATCCTTACTGCGCTTCG-
BHQ1 (Probe)

NI GACCCCAAAATCAGCGAAAT (Forward) (CDC, 2020c¢)
TCTGGTTACTGCCAGTTGAATCTG (Reverse)
FAM-ACCCCGCATTACGTTTGGTGGACC-BHQI1
(Probe)

N2 TTACAAACATTGGCCGCAAA (Forward) (CDC, 2020c)
GCGCGACATTCCGAAGAA (Reverse)
HEX-ACAATTTGCCCCCAGCGCTTCAG-BHQI1

(Probe)
BCoV CTGGAAGTTGGTGGAGTT (Forward) (Graham et al.,
ATTATCGGCCTAACATACATC (Reverse) 2020)

HEX-CCTTCATAT-ZEN-
CTATACACATCAAGTTGTT-IABKFQ (Probe)

Phi6 TGGCGGCGGTCAAGAGC (Forward) (Gendron et
GGATGATTCTCCAGAAGCTGCTG (Reverse) al., 2010)
FAM-CGGTCGTCGCAGGTCTGACACTCGC-BHQI
(Probe)

Table 7.1: Primers (forward and reverse) and probes used in this study excluding
MHYV. MHYV primer and probe sequences were provided by the company
Zeptometrix and are proprietary.

For a duplex reaction the volumes and reagents for the assay mix were as follows for one
reaction: 5.5uL Supermix, 2.2uL reverse transcriptase, 1.1uL dithiothreitol, 3.3ul
primer/probe mix 1, 3.3uL primer/probe mix 2, and 1.1uL of water. In this study, BCoV
and Phi6 were duplexed, and N1 and N2 were duplexed. Both MHV and E were run in
simplex reactions. Once samples and assay mix were plated, the plate was put into the
Automated Droplet Generator where droplets were generated into another 96-well plate.

This new plate was put into the thermocycler at the following settings in the specified

order: 25°C for 3min (step 1), 50°C for 1hr (step 2), 95°C for 10min (step 3), 40 cycles
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that consisted of: 95°C for 30s then 60°C for 1min (step 4), 98°C for 10min (step 5), and
the plate was held at 4°C until the plate was ready be placed onto the QX200 Droplet
Reader (step 6). Thermocycling settings for the general settings were based on the
document found on Bio-Rad’s website for 1-Step RT-ddPCR Advanced Kit for Probes,
and annealing temperatures for N1 and N2 were found in a research article (One-Step RT-
DdPCR Advanced Kit for Probes, n.d.; Pearson et al., 2021). The annealing temperatures
for BCoV and Phi6 were chosen in Chapter 4. The annealing temperature chosen for
MHYV was determined experimentally and found to have proper separation at 55°C.
Therefore, that annealing temperature was used for all the targets and surrogates in this
study.

7.3.4 Data Analysis

The droplet reader was paired with QuantaSoft™ Software to calculate gene copies per
20uL well. The positive droplets were assessed to determine if the sample was positive
for SARS-CoV-2. Three or more positive droplets were considered a positive detection.
Accepted droplets were assessed to determine the validity of the values obtained from the
QuantaSoft™ Software. Wells that had greater than 10,000 accepted droplets were
considered acceptable. Equation 7.1 shows the formula utilized to calculate the
concentration of the SARS-CoV-2 gene targets. The concentration had units of gene
copies per liter of sewage (CP/L). The copies per liter of sewage of each surrogate gene
target was obtained for each sample and the negative control. The negative control

represented the maximum signal of the surrogate.
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(Equation 7.1)

CcpP _ pellet volume (mL) eluate volume (80uL)
A = copies per uL X

extraction volume (0.2mL)  initial volume (45mlL)

1000mL
x —_—
1L

Equation 7.1: Concentration Calculation for the SARS-CoV-2 Gene Targets

This formula shows how the concentrations for the N1, N2, and E gene targets were
calculated.

Therefore, the concentration obtained for each sample was divided by the concentration
of the negative control and multiplied by 100 to obtain the percentage of RNA retrieved.
The percentage of RNA retrieved from the SARS-CoV-2 surrogates, and the SARS-CoV-
2 gene targets were compared. An ANOVA: two-factor with replication test was ran to
determine if there was statistically a difference between the percentage of RNA retrieved
for the SARS-CoV-2 surrogates and the SARS-CoV-2 gene targets.

7.4 Results

A total of 52 samples were ran to assess how closely related the SARS-CoV-2 gene
targets E, N1, and N2 were related to the SARS-CoV-2 surrogates Phi6, BCoV, and
MHYV. Unfortunately, N2 was unable to separate on one plate. Therefore, only 39
samples were analyzed for the N2 gene target. No eluate remained to rerun those samples
for the N2 gene target. The percentage of retrieval of each RNA target was assessed by
dividing the copies per liter of sample by the maximum copies per liter obtained. This
maximum concentration was obtained by running water through the spin columns
opposed to sewage. This was known as negative control. Thus, no inhibiters should be

present, and the signal should be the maximum concentration that can be obtained.
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Figure 7.1: Percentage of Gene Target Retrieved per Sample
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Figure 7.1: This graph compares the percentage of retrieved target for each sample.
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A total of 24/52 of these sewage samples came from sites with varying location while the
remaining samples came from one of those 24 locations and only varied based on
sampling date. However, the sewage composition could change daily meaning that the
sewage composition from the same site could vary greatly over time. Figure 7.1 shows
the percentage of target RNA retrieved for both SARS-CoV-2 gene targets and surrogates
on a sample-by-sample basis.

The E gene target was the SARS-CoV-2 gene target with the lowest percentage of
retrieval. The N1 and N2 gene targets had a similar amount of retrieval. On average the
gene targets had percentages of retrieval as follows: 39.9% (E), 52.5% (N1), and 57.3%
(N2). Those averages included all 52 samples for E and N1. However, if we observe the
same 39 samples that N2 had ample separation for, the percentages change slightly (E
had 37.4% retrieval and N1 had 51.1% retrieval). The N2 gene target shows the highest
retrieval.

Comparing the SARS-CoV-2 surrogates, Phi6 had the lowest retrieval at 23.3%. BCoV
and MHYV having more than double the amount of RNA retrieved when compared to Phi6
(57.7% for BCoV and 85.5% for MHV). Table 7.2 shows the percentages of each SARS-
CoV-2 gene target and SARS-CoV-2 surrogate retrieved for both the full 52 samples and
for 39 samples to have a better comparison to the N2 data. MHV had the highest
percentage of retrieval with more than 85% of MHV retrieved. Although MHV had a
high amount of retrieval, it was inconsistent with the retrieval seen in the SARS-CoV-2
gene targets with its retrieval suggesting nearly 30% more RNA was retrieved than
observed in both N gene targets. Notably, MHV was more comparable to both N gene
targets when the samples observed were reduced to the same 39 samples tested for N2.
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Table 7.2: Percentage of RNA Target Retrieved

Gene E N1 N2 BCoV MHV Phi6
Target

% 37.4% 51.1% 57.3% 62.9% 53.1% 20.7%
Retrieved
(39

% 39.9% 52.5% N/A 57.7% 85.5% 23.3%
Retrieved
(52)

Table 7.2: The percentage of the SARS-CoV-2 gene targets and the SARS-CoV-2
surrogates retrieved. Percentages are shown for all 52 samples and for 39 samples.
BCoV had a similar amount of retrieval compared to both N1 and N2 gene targets.
Lastly, Phi6’s percentage of retrieval was much lower compared to the other target’s
retrieval. The number of samples fully inhibited per target were also observed. The E
gene target had the most samples fully inhibited (4/52 samples) while the remaining two
N gene targets only had one sample fully inhibited. Of the SARS-CoV-2 surrogates,
BCoV had the fewest number of samples that were fully inhibited (4/52). Of these fully
inhibited samples, three of these samples correctly identified samples that had at least one
of the SARS-CoV-2 gene targets fully inhibited. Of these three samples inhibited, two of
these samples were only inhibited according to the E gene target, and the remaining
sample showed that all three gene targets were inhibited. BCoV was the most consistent
surrogate with the SARS-CoV-2 gene target data. The other two SARS-CoV-2 surrogates
were not as accurate indicating more of the samples were negative for the SARS-CoV-2
gene targets. The MHV data had nine fully inhibited samples. This surrogate was able to
correctly identify all four samples that were inhibited for at least one SARS-CoV-2 gene
target, but it falsely identified five samples as fully inhibited. Some of these samples that

MHYV data showed to be fully inhibited had around 40% retrieval. Therefore, some
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samples that MHV deemed as fully inhibited had a reasonable amount of retrieval. In
contrast, BCoV did have low retrieval (6.8%) when strictly the E gene target was
inhibited. Phi6 was the most unreliable surrogate and identified 16 of the samples were
fully inhibited. Phi6 was able to identify all of the samples that were inhibited for at least
one SARS-CoV-2 gene target, but the number of false negatives outweighed the benefit
of Phi6’s ability to identify fully inhibited samples. Table 7.3 summarizes how many
samples were correctly identified as fully inhibited for at least one SARS-CoV-2 gene
target, and how many times the surrogates wrongfully identified a sample as fully
inhibited.

On a sample-by-sample basis each SARS-CoV-2 gene target was compared to the SARS-
CoV-2 surrogates to determine which surrogate provided the closest amount of retrieval
to the SARS-CoV-2 gene targets. There was a total of 143 target and sample
combinations (52 N1, 52 E, and 39 N2). Overall, BCoV had the highest likelihood to
match the SARS-CoV-2 gene target’s percentage of retrieval. It was the superior
surrogate in 84/143 combinations. These 84 samples can further be broken down by the
SARS-CoV-2 gene targets as follows: 34/52 (N1), 24/52 (E), and 26/39 (N2). Phi6 was
the best surrogate in 37 of the samples and more specifically 19/52 samples for E, 11/52
samples for N1, and 7/39 samples for N2. The remaining 22 combinations showed that
MHYV was the best surrogate for 9/52 samples for E, 7/52 samples for N1, and 6/39
samples for N2. As expected, when comparing the SARS-CoV-2 gene targets to the

surrogates the worst surrogate was MHV followed by Phi6.
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Table 7.3: SARS-CoV-2 Surrogates Ability to Identify Fully Inhibited Samples

SARS-CoV-2 BCoV MHV Phi6
Surrogates

Correctly Identified | 3/4 4/4 4/4
Fully Inhibited

Samples

False Negatives 1/52 5/52 12/52

Table 7.3: The number of fully inhibited samples observed for the SARS-CoV-2
surrogates BCoV, MHYV, and Phi6. There were four samples that were fully
inhibited for one or more of the SARS-CoV-2 gene targets out of the total 52

samples.

BCoV was rarely the worst surrogate. In fact, BCoV was only the worst surrogate in

11/143 target and sample combinations (8 for E, 1 for N1, and 2 for N2). Phi6 was the
worst surrogate in 51/143 combinations (14 for E, 20 for N1, and 17 for N2). MHV was
found to be the least reliable surrogate in 81/143 combinations (30 for E, 31 for N1, and

20 for N2). These findings are summarized in Table 7.4.

Table 7.4: Favored and Least-Favored SARS-CoV-2 Surrogates

Gene Target | E NI N2 Total Best/Worst Surrogate
BCoV 24 34 26 84 Best

Phi6 19 11 7 37 Best

MHV 9 7 6 22 Best

BCoV 8 1 2 11 Worst

Phi6 14 20 17 51 Worst

MHV 30 31 20 81 Worst

Table 7.4: A comparison of the percentage of retrieval of the SARS-CoV-2
surrogates BCoV, Phi6, and MHYV to the percentage of retrieval that each SARS-
CoV-2 gene target was found to have. When the surrogate had the closest amount of
retrieval to a SARS-CoV-2 gene target it was considered the best surrogate. When
there was the biggest disagreement between the percentages of retrieval, the
surrogate was the worst. This table outlines the specific number of times each
surrogate was considered the best or the worst for the three different SARS-CoV-2
surrogates.
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ANOVA: two-factor with replication test was ran. For each SARS-CoV-2 gene target, the
percentage retrieved was compared to all of the surrogates to determine if there was
statistical difference between the SARS-CoV-2 target and the surrogate.

For the E gene target, the ANOVA test determined that the percentage of retrieval for
both E and BCoV were statistically equivalent (p-value greater than 0.05). Both MHV
and Phi6 had statistically different percentages of retrieval when compared with the E
gene target (p-values less than 0.05). For the N1 gene target, both BCoV and MHV had
percentages of retrieval that were statistically equivalent to the N1 gene target’s
percentage of retrieval (p-values greater than 0.05). Phi6 had a p-value lower than 0.05
indicating that there was a statistical difference between the percentage of retrieval
obtained for Phi6 and N1. For the N2 gene target, both BCoV and MHYV had percentages
of retrieval that were statistically the same as N2’s percentage for retrieval (p-values
greater than 0.05). Again, Phi6 had a statistically different percentage for retrieval than
N2’s percentage of retrieval (p-value less than 0.05). Thus, Phi6 always had a statistically
different percentage of retrieval, and BCoV always had statistically the same percentage
retrieval as the SARS-CoV-2 gene targets.

7.5 Discussion

This study determined the amount of inhibition that the SARS-CoV-2 gene targets and
surrogates faced in various sewage matrices. PCR may be inhibited due to various
compounds in the sewage such as phenolic compounds, humic acids, and heavy metals
(Botes et al., 2013). PCR is inhibited due to inhibitory molecules inactivating the
polymerase or binding with other components in the PCR reaction such as the primers
and DNA (Eilert & Foran, 2009). It is vital that inhibition be estimated to accurately
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depict if the sample is fully inhibited to allow reruns when necessary and to avoid
rerunning samples that are not fully inhibited. Samples need to be rerun if they are fully
inhibited to determine if the sample is truly negative for the SARS-CoV-2 gene targets.
Rerunning samples that are not fully inhibited will cause an unnecessary waste of
resources. One common way to reduce inhibition is to dilute the sample (H. Wang et al.,
2017). Another study suggested a combination of bovine serum albumin, sample dilution,
additional Taq polymerase, and Thiopropyl Sepharose beads could aid in overcoming
polymerase inhibition (Makuch et al., 1996). In general, the amount of inhibition
undergone by the SARS-CoV-2 gene targets cannot be directly assessed. SARS-CoV-2
inhibition cannot be directly assessed because assessing inhibition requires that the target
be spiked directly into the buffer solution that enters the spin column. This would cause
nearly every sample tested to become positive for the SARS-CoV-2 gene targets, and the
spiked in signal could not be differentiated from the actual signal of SARS-CoV-2 in the
sewage. Therefore, surrogates were used in place of SARS-CoV-2 for our inhibition
experiments. A SARS-CoV-2 surrogate is an RNA virus that has a similar structure to
SARS-CoV-2. Phi6 has been mentioned as a potential surrogate for SARS-CoV-2 due to
its similar size, its spike proteins, and its envelop to protect its genetic material which are
all traits that SARS-CoV-2 exhibits (Fedorenko et al., 2020). Phi6 is also safe to work
with (Prussin et al., 2018). SARS-CoV-2 can be handled in a biosafety level two lab for
routine diagnostic testing (CDC, 2020c). Studies have previously utilized Phi6 as a
surrogate for SARS-CoV-2. One of these studies used Phi6 to suggest that SARS-CoV-2
irradiation at a wavelength of 455nm could disinfect both surfaces and air without posing
health risks to humans (Vatter et al., 2021).
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MHYV and BCoV are both CoVs that have been used as surrogates for SARS-CoV-2.
Because they are the same type of virus as SARS-CoV-2, they both have a similar
structure to SARS-CoV-2 despite infecting different hosts. Both BCoV and MHV only
require a biosafety level two lab (NR-445 Bovine Coronavirus, Mebus (Viruses), n.d.;
Torii et al., 2022). One recovery study used Phi6, MHV, and pepper mild mottle virus as
SARS-CoV-2 surrogates to assess five alternative polyethylene glycol precipitation
methods in wastewater (Torii et al., 2022). BCoV has also been used to estimate the
recovery of SARS-CoV-2 (Al-Duroobi et al., 2021). Thus, all these viruses have been
used in prior experiments as surrogates for SARS-CoV-2. In this study Phi6, MHV, and
BCoV were used as surrogates to estimate the amount of retrieval of the SARS-CoV-2
gene targets in sewage. Two different genes (the envelope and nucleocapsid genes) of
SARS-CoV-2 were targeted with the N1, N2, and E gene targets. The World Health
Organization has listed all three of these gene targets for SARS-CoV-2 detection
(Whoinhouseassays.Pdf, n.d.).

Our study found that the percentages of retrieval of the SARS-CoV-2 gene targets were
as follows: 39.8% for E (37.4% for 39 samples), 52.5% for N1 (51.1% for 39 samples),
and 57.3% for N2. The SARS-CoV-2 surrogates had percentages of retrieval as follows:
23.3% for Phi6 (20.7% for 39 samples), 57.7% for BCoV (62.9% for 39 samples), and
85.5% for MHV (53.1% for 39 samples). These data showed that the E gene target was
more prone to false negative than the N1 and N2 gene targets due to its average retrieval
being over 10% less. The N1 and N2 gene targets had a similar amount of retrieval (6.2%
difference). It is likely that the N1 and N2 gene targets had a closer amount of retrieval

due to both gene targets arising from the nucleocapsid gene. The E gene target is derived
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from a different gene known as the envelope gene. The data suggests that E may be more
prone to inhibition than N1 and N2.

We found that the number of fully inhibited samples varied for the gene targets with the
E gene target being most susceptible to inhibition labeling two samples as negative that
were positive for the N1 and N2 gene targets. Interestingly, The CDC does not list the E
gene target for SARS-CoV-2 detection, but it does list the N1 and N2 gene targets (List-
of-Acceptable-Commercial-Primers-Probes. Pdf, n.d.). We suggest that the E gene target
be removed from analysis due to the low amount of retrieval and because the E gene
target falsely labeled two samples as negative for SARS-CoV-2. Removing the E gene
target from analysis would reduce time and cost and allow one reaction to be run because
N1 and N2 can be duplexed. Based on this data, it is likely that no SARS-CoV-2
detection or minimal SARS-CoV-2 detection would be lost if the E gene target was
removed from analysis.

We also compared the samples with the surrogates fully inhibited samples to the samples
that had at least one SARS-CoV-2 gene target inhibited. We found each surrogate
suggested the following number of samples were fully inhibited that had signal for at
least one SARS-CoV-2 gene target: 12 (Phi6), five (MHV), and one (BCoV).Thus, BCoV
is a much better surrogate than MHV and Phi6 for detecting fully inhibited SARS-CoV-2
samples. We suggest that minimally BCoV be run to prevent unnecessary reruns.

The N1 and N2 gene targets were the superior SARS-CoV-2 gene targets. These data
support that the N1 and N2 gene targets are highly resilient, and that these targets are
typically able to withstand full inhibition in the harsh sewage environments.

Nevertheless, the composition of the sewage is always changing, and based on the
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sewage matrix, the number of samples fully inhibited could increase or decrease. Certain
contaminants in the sewage may cause the RNA not to bind to the silica membrane which
could lead to false negatives. One study found that a pH between 6 and 8 caused a sharp
decrease in the amount of DNA that adhered to the silica in the spin column
(Vandeventer et al., 2012). Another article mentioned that adding ethanol can further
improve the binding of RNA to the silica membrane of the spin column (Review of DNA
Extraction Methodologies and Guidelinesfor Protocol Development, n.d.). A different
study revealed that incorrect binding to the spin column may be due to old low-quality
ethanol, and it is necessary to use 200proof ethanol for proper binding of RNA to the
silica membrane in the spin column (How DNA Extraction Kits Work in 5 Simple Steps,
2021).

Phi6 had a statistically different percentage of retrieval than the N1, N2, and E gene
targets indicating that it is not an optimal surrogate. BCoV’s percentage of retrieval was
statistically equivalent to the E, N1, and N2 gene target’s percentage of retrieval
indicating that it was the best surrogate. MHV’s percentage of retrieval was statistically
equivalent to the N1 and N2 gene targets percentage of retrieval. As expected, both
surrogates that were CoV's were able to more accurately depict the percentage of retrieval
of the SARS-CoV-2 gene targets than the bacteriophage Phi6. There is a higher similarity
amongst CoVs because they belong to the same genus which is called CoV (Pal et al.,
n.d.). Also, Phi6 has double-stranded RNA while CoVs have single-stranded RNA
(Alexandersen et al., 2020; Butcher et al., 1997). These differences are likely responsible
for Phi6’s inability to accurately estimate the amount of retrieval of the SARS-CoV-2
gene targets. However, due to the similarities, low risk level, and low costs associated
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with using Phi6 as a surrogate, it has been used commonly as a surrogate for CoVs..
Generally, it is desirable to duplex two targets because there is higher certainty that the
sample is negative for SARS-CoV-2 or that the sample is truly fully inhibited. Also, if a
mutation arises in the portion of gene that is targeted, one of the targets analyzed could
become obsolete. Regarding the surrogates, Phi6 did not provide any additional useful
data. Phi6 suggested a percentage of retrieval that was much lower than any of the SARS-
CoV-2 gene targets, and it deemed many positive samples to be fully inhibited. Thus,
Phi6 should not be used. MHV could be duplexed with BCoV. However, MHV was not
able to provide any additional information in this study. Every sample that BCoV deemed
fully inhibited MHV deemed fully inhibited as well as several other samples that were
not fully inhibited. BCoV is readily available for purchase as a cattle vaccine for less than
$50, and it is highly concentrated (~10% CP/mL). Therefore, one bottle of the vaccine can
be used for a long duration. In contrast, MHV was available from one supplier, only
available as a dilute solution (~10° CP/L), and was costly. Also, signal for MHV was
only obtained when it was run through the QIAamp Viral RNA Mini Kit from QIAGEN
meaning that the initial solution could not be used for a positive control unless it was run
through a spin column. BCoV produced the least number of false negatives, it is cost-
effective, it was not statistically different from any of the SARS-CoV-2 gene targets, and
it can be used as a positive control without running it through a spin column. Because the
spiking solution will always be the same, there will be no concern of mutations.
Therefore, although two targets could be duplexed there does not appear to be any benefit
to duplexing the surrogates because the other surrogates were unable to provide any
additional data that was not provided by BCoV. Thus, current data suggest that BCoV
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alone could be used to assess inhibition. However, if mutations in SARS-CoV-2 lead to
the selection of new SARS-CoV-2 gene targets, the surrogates would need to be
reassessed.

7.6 Conclusion

Phi6 was initially thought to be a desirable surrogate for SARS-CoV-2 due to its similar
structure to SARS-CoV-2, low safety requirements (biosafety level one lab), and low
cost. These traits made this virus of high interest in this study and in many other studies.
Unfortunately, these data support that Phi6 is not a good surrogate for the SARS-CoV-2
gene targets selected in this study. The Phi6 data suggested that the percentage of gene
target retrieved was much lower than the true values, and that the SARS-CoV-2 gene
targets were much more susceptible to inhibitors. As expected, the CoV surrogates in this
study were able to more accurately depict how the SARS-CoV-2 gene targets would act
under various conditions. BCoV was found to be the superior surrogate positively
identifying 3/4 fully inhibited samples. Also, BCoV was shown to have no statistical
difference between its percentage of retrieval and the SARS-CoV-2 gene target’s
percentage of retrieval. MHV was comparable with the N1 and N2 gene targets, but the
difference was significant between the percentages of retrieval for E and MHV. BCoV
and MHYV could be duplexed and used to assess inhibition of SARS-CoV-2 gene targets.
However, the expense of MHV and its generally poor performance does not warrant its
use. BCoV could be used as a singular target to monitor SARS-CoV-2 inhibition.
Because BCoV’s retrieval is statistically the same as the SARS-CoV-2 gene targets, the

amount of inhibition (100%/percentage of retrieval) could be multiplied by the SARS-
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CoV-2 concentration to obtain a more accurate depiction of the SARS-CoV-2 gene target

concentration in sewage.
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CHAPTER EIGHT

HANDLING A NEW VIRUS OUTBREAK

This study provides insight into what steps researchers should assess when developing a
new sewage monitoring workflow as new viral diseases emerge. The primary information
required will be the sequences needed to amplify a unique region of the new virus in
order to detect the presence or absence of the virus in a sample. It is likely that the CDC
and the WHO will be the first organizations to provide sequences that are targeted for
various regions of the virus. These sequences will include primer and probe sequences
which target specific regions on the virus of interest. These gene targets will then need to
be assessed to determine their rates of degradation. Minimally, three different
temperatures should be observed to allow an Arrhenius plot to be graphed with three data
points. The degradation rate and half-life can then be calculated at any temperature. It is
important to understand how quickly the gene targets are degrading to ensure that they
are stable enough to persist in their environment long enough to be detected. In a clinical
setting, this would not be a concern. However, when testing sewage, degradation rate is
vital to ensure that the virus will be detectable. In our study all three gene targets had a
half-life value near 100hrs in sewage. Average travel times for the wastewater to leave
the home and enter the WWTP would be around two hours (Frequently Asked Questions
for the Water Reclamation Plant, n.d.). The half-lives confirm that there will be minimal
degradation of the gene targets in the sewage, during collection, and shipping to the lab.
We found that the E, N1, and N2 gene targets were reliable gene targets to assess SARS-

CoV-2 in the sewage. It is recommended that any new virus that emerges should be
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monitored in the sewage if possible. However, if the virus is not present in the feces or
urine of patients, the virus is unlikely to be present at high concentrations in sewage.
Unfortunately, all viruses cannot be monitored in the sewage. Therefore, the applicability
of wastewater testing for new viruses will need to be assessed on a virus-by-virus basis.
Once the reliability of the targets has been assessed by determining that they degrade
slowly enough to persist in the sewage, the frequency of the selected targets should be
assessed. At least two targets should be evaluated and ideally, they can should be
duplexed so that they can be tested for approximately the same cost and time as assessing
a singular target. In this study we analyzed the N1, N2, and E gene targets. It was
determined that the E gene target only added 2.3% more SARS-CoV-2 detection.
Removal of either the N1 or N2 gene targets would result in approximately 10% SARS-
CoV-2 signal loss. Therefore, the E gene target was removed, and the N1 and N2 gene
targets were retained for ongoing monitoring and research. Based on our data, if a new
CoV arose we would suggest that the nucleocapsid gene should be tested prior to the
envelope gene if funding does not support both. However, as the virus would be different,
the E gene has the potential to be the favored target for detection of the new virus. The N
gene may not always be the best gene to target when analyzing new CoVs. Once the best
targets have been identified for the new virus, the other gene targets may be eliminated
from analysis.

Sewage flow is subject to dilution and large variations. Therefore, normalization can be
implemented to in an attempt to improve the correlation between the viral signal and
clinical cases. We found that the unnormalized signal always provided the best

correlation to the clinical data. Therefore, we suggest that the data should remain
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unnormalized at least initially. Normalization may prove beneficial, but it should not be
an initial priority. A new virus may have an enhanced correlation to the clinical data if
the signal is normalized. The virus’s concentration may be normalized in sewage with
flow if available, but the cost of flow meters would not be generally justified. If flow data
are unavailable, which is typical when samples are not collected from a wastewater
treatment plants, fecal indicators can be used instead of flow. However, the RNA based
fecal indicator in our study (PMMoV) is dietary based and confounded the data.
PMMoV in the sewage appears to be sporadic because it is not always excreted in feces.
Some individuals may excrete more PMMoV or have no PMMoV in their feces based on
their diet. Also, human feces are not the only source of PMMoV. PMMoV is a plant
virus. Currently, PMMoV is recommended as the best RNA fecal indicator, but the DNA
fecal indicators normalized the SARS-CoV-2 signal better than PMMoV. Overall, new
viruses can be normalized in the sewage with flow rate and with fecal indicators, but
there is a chance the unaltered data may provide the best correlation to the clinical data.
Inhibition on a sample-by-sample basis must also be assessed. Typically, inhibition is
assessed by spiking the sewage with surrogates that structurally resemble the virus of
interest. If the new virus is another CoV, the surrogate BCoV would be suggested as a
surrogate to determine the degree of sample inhibition. BCoV was shown to be reliable
surrogate to assess inhibition for the N1, N2, and E gene targets in our study. Phi6 was
determined to have a statistically different percentage of retrieval than all three SARS-
CoV-2 gene targets in our study but performed adequately. A virus that is structurally
similar should be chosen, but a virus that belongs to the same family of viruses is a good

starting place because they will be structurally related to each other. However, it is
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necessary to test the reliability of the surrogates. To test the reliability of a surrogate,
previously determined virus negative samples should be spiked with the viral RNA from
previous positive samples if possible. Then, the percentage of retrieval of the surrogate
and the target can be compared directly to determine if their retrieval is statistically the
same or different. In the case of SARS-CoV-2, the biosafety level in our lab was not high
enough to utilize live SARS-CoV-2 virus. Therefore, the eluate of a sample with an
extremely high concentration was spiked into the SARS-CoV-2 negative samples. In
situations where the biosafety level is not high enough to work with a live virus, eluate
from a highly concentrated sample can be utilized to determine which surrogate is the
best match to the gene targets of interest. If the surrogate and the virus do not statistically
vary in the amount of sample retrieved, the percentage of retrieval could be factored in to
normalize the concentration of the virus. Overall, our study suggested that the SARS-
CoV-2 gene targets underwent a moderate amount of inhibition in the sewage. The
surrogate BCoV suggested that on average samples only had 47.2% of their concentration
retrieved. The surrogate Phi6 suggested that the average amount of retrieval was 27.8%.
When the surrogates suggest full inhibition, the sample should be modified to reduce
inhibition. All methods listed in this study are used to combat PCR inhibition. Therefore,
all our method adjustments could be assessed to reduce inhibition that the new virus may
face. In our study, BSA was the only method enhancement that was able to statistically
increase the concentration for both SARS-CoV-2 gene targets. However, pasteurization
and dilution were also able to enhance the concentration of the N2 gene target. Therefore,
it is suggested that pasteurization, addition of BSA to the initial sewage, and dilution

could reduce PCR inhibition for a new virus. Reducing inhibition will be extremely
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important in the case of a new virus. When a new virus arises, the concentration of virus
that can be detected in the sewage will be low. As the virus spreads the concentration will
increase and spread to new areas. It is important that the samples with low concentration
be detected quickly to identify where the virus is spreading. Depending on the severity of
the disease, precautions may need to be taken immediately. Using sewage surveillance
will provide data in a timely fashion for whole communities allowing public health
measures to be put in place for maximum effect.

Overall, our research supports the idea that monitoring viruses with sewage surveillance
is useful and cost effective. If sewage surveillance was implemented sooner, SARS-CoV-
2 the data could have allowed decisions on safety precautions to be taken sooner which
may have greatly reduced the spread of the virus during the beginning of the pandemic.
Implementing sewage surveillance early in the outbreak of a new disease could help
reduce the spread of the virus while scientists research the virus. COVID-19 has caused
many deaths, especially in the beginning of the pandemic. The next new virus that arises
could be much deadlier. Therefore, it is important to reduce the spread of the virus at the
beginning of the virus’s outbreak rather than combating the disease once it has
exponentially spread. Sewage surveillance can be a big part of monitoring a new virus.
Wastewater surveillance is particularly important in the beginning of a new virus
outbreak when the virus needs to be tracked and when the panic of the new virus has
worn off leading to individual’s letting their guards down. Currently, sewage surveillance
is the best way that SARS-CoV-2 can be monitored at the community level. As time has
passed individuals have become complacent and participation in a clinical setting has

waned. This means that clinically there will be fewer reported cases due to individuals
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with mild symptoms opting out of testing or using at-home testing kits and not reporting
their results. Sewage surveillance will likely continue to be a major part of assessing how
COVID-19 is spreading and when COVID-19 cases are escalating. We suggest that
sewage surveillance should be implemented as soon as possible with new viruses as it is
not reliant on participation and can be useful for monitoring specific areas allowing

safety precautions to be placed where needed instead of large-scale closures.
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