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Abstract

Wastewater-based epidemiology (WBE) has historically proven to be a powerful surveil-
lance tool, particularly during the SARS-CoV-2 pandemic. Effective WBE depends on
the sensitive detection of pathogens in wastewater. However, determining the process
limit of detection (PLOD) of WBE through a comprehensive evaluation that accounts for
pathogen concentration, nucleic acid extraction, and molecular analysis has rarely been
documented. We prepared dilution series with known concentrations of S. Typhi, V. cholerae,
rotavirus, and SARS-CoV-2 in surface water and wastewater. Pathogen concentration
was performed using Nanotrap particles with the KingFisher™ Apex robotic platform,
followed by nucleic acid extraction. Quantitative real-time PCR (qPCR) and digital PCR
(dPCR) were used to detect the extracted nucleic acids of the pathogens. The PLODs and
recovery efficiencies for each of the four pathogens in surface water and wastewater were
determined. Overall, the observed PLODs for S. Typhi, V. cholerae, and rotavirus in surface
water and wastewater were approximately 3 logyg loads (2.1-2.8 x 103/10 mL) using either
qPCR or dPCR as the detection method. For SARS-CoV-2, the PLOD in surface water was
2.9 x 10*/10 mL with both RT-qPCR and dPCR, one logj higher than the PLODs of the
other three pathogens. In wastewater, the PLOD for SARS-CoV-2 was 2.9 x 10*/10 mL
using RT-qPCR and 2.9 x 103/10 mL using dPCR. The mean recovery rates of S. Typhi, V.
cholerae, rotavirus, and SARS-CoV-2 for dPCR in both surface water and wastewater were
below 10.4%, except for S. Typhi and V. cholerae in wastewater, which showed significantly
higher recoveries, from 26.5% at 4.6 x 10°/10 mL for S. Typhi to 58.8% at 4.8 x 10°/10 mL
for V. cholerae. Our study demonstrated that combining qPCR or dPCR analysis with auto-
mated Nanotrap particle concentration and nucleic acid extraction using the KingFisher™
platform enables the sensitive detection of S. Typhi, V. cholerae, rotavirus, and SARS-CoV-2
in surface water and wastewater.

Keywords: wastewater surveillance; S. Typhi; V. cholerae; rotavirus; SARS-CoV-2; limit of
detection; recovery efficiency

1. Background

Wastewater-based epidemiology (WBE) has a long-standing history in disease surveil-
lance, leveraging the analysis of pathogen nucleic acids in wastewater to infer the epidemic
status of diseases within communities. While recent WBE studies have predominantly
focused on SARS-CoV-2 surveillance on a global scale, this approach is broadly applicable
to various human enteric pathogens, including poliovirus, Salmonella Typhi (S. Typhi), Vibrio
cholerae (V. cholerae), noroviruses, and rotaviruses [1-6]. Notably, numerous WBE studies for
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disease surveillance and outbreak investigation were conducted well before the COVID-19
pandemic [1,2,7,8]. A particularly successful example is the use of WBE in polio eradication,
where wastewater surveillance was integrated into national or regional polio monitoring
programs to provide early warnings of community-level polio transmission [8-10]. One
significant advantage of WBE is its ability to detect both symptomatic and asymptomatic
cases [11], making it a critical tool for effective disease control.

Analyzing pathogen presence in wastewater typically involves three key steps:
pathogen concentration, nucleic acid extraction, and molecular detection using qPCR
or dPCR. Each step offers multiple methodological options, and the choice of method
can significantly impact detection outcomes. Due to the complexities of this workflow,
various factors can influence the results, potentially leading to false negatives (where the
pathogen is present in the wastewater but goes undetected) or reduced sensitivity (where a
high pathogen load is detected as low). For example, during the pathogen concentration
step, several methods are commonly employed, each with distinct advantages and limita-
tions. These methods include the use of Nanotrap particles [12], membrane filtration [13],
polyethylene glycol (PEG) precipitation [14], skim milk flocculation [15], ultracentrifuga-
tion [16], and ultrafiltration [17]. The choice of methods can significantly affect the accuracy
and sensitivity of pathogen detection.

A robust WBE approach relies on the sensitive detection and quantification of pathogens in
wastewater. This involves efficient concentration and extraction processes to minimize pathogen
loss, coupled with sensitive detection techniques such as qPCR or dPCR. However, the absence
of an optimized and standardized protocol leads to variability, as researchers may combine
different available methods for concentration, extraction, and detection. Consequently, the
sensitivity and process limit of detection (PLOD), which accounts for the efficiency of primary
concentration, nucleic acid extraction, and PCR amplification, can vary significantly between
studies. Understanding and accurately determining the PLOD is essential for the effectiveness
of any wastewater surveillance system.

This study aimed to determine the PLODs for four pathogens, Salmonella Typhi, Vibrio
cholerae, rotavirus, and SARS-CoV-2, in surface water and wastewater. To achieve this
goal, we seeded dilution series with known concentrations of these pathogens, followed by
concentration, extraction, and analysis using qPCR and dPCR. In addition to determining
the PLODs, we compared the sensitivity of qPCR and dPCR assays in detecting the four
pathogens in surface water and wastewater. Furthermore, we evaluated the recovery
efficiency of dPCR for these pathogens through the combined processes of concentration,
extraction, and dPCR analysis.

2. Materials and Methods
2.1. Source of Wastewater and Surface Water Samples

To conduct the PLOD experiments, it was necessary to obtain negative control water
samples uncontaminated by the target pathogens. A surface water sample was collected
from a small lake on the Emory University campus in Atlanta, GA, USA, which does not
receive wastewater inflow from nearby households. Additionally, a negative wastewater
sample was collected from a septic tank belonging to a family whose members had no prior
history of COVID-19, typhoid, cholerae, or rotavirus infections. Prior to the PLOD experiments,
both the surface water and wastewater samples were screened for Salmonella Typhi, Vibrio
cholerae, rotavirus, and SARS-CoV-2 using the RT-qPCR or gPCR methods described below. The
screening confirmed that the samples were free of these target pathogens.
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2.2. S. Typhi, V. cholerae, Rotavirus, and SARS-CoV-2 Sources

Vibrio cholerae (ATCC, Manassas, VA, USA, #39315TM) was cultured in 1% peptone (Ward's
Science, 470301-496) under shaking conditions at 37 °C for 8 h, starting with a single colony
inoculated from a Trypticase Soy Agar plate. Salmonella Typhi (ATCC, Manassas, VA, USA,
#19430) was cultured overnight in Luria—Bertani (LB) broth at 37 °C under shaking conditions.
The overnight cultures were quantified using a spectrophotometer, with the optical density (OD)
used to estimate the colony-forming units (CFU) per milliliter of culture (CFU/mL).

The rotavirus Wa strain and its titration were provided by the Viral Disease Branch of the
U.S. Centers for Disease Control and Prevention. As previously described [18], the Wa strain
was propagated in MA104 cells, and the titration of the cultivated virus was determined using
an immunospot assay.

Inactivated SARS-CoV-2 with a known concentration in genome copies (GC) per microliter
was obtained from ATCC (Table 1). Prior to the seeding experiments, the viral stock was serially
diluted under controlled conditions in a biohazard hood in the laboratory where this study was
conducted.

Table 1. S. Typhi, V. cholerae, rotavirus, and SARS-CoV-2 source for the spiking experiments.

Pathogen Vendor Classification Source/Quantification Method
S. Typhi ATCC (#19430) Strain Ty2 Culture/spectrophotometer

V. cholerae ATCC (#39315) EI Tor Inaba N16961 Culture/spectrophotometer
Rotavirus US CDC Human strain Wa Culture/immunospot assay
SARS-CoV-2 ATCC (VR-1986HK) 2019-nCoV/USA-WA1/2020 Patient/dPCR

2.3. PLOD Seeding Experimental Workflow

Stock concentrations of Salmonella Typhi, Vibrio cholerae, rotavirus, and SARS-CoV-2 were
serially diluted tenfold using 1xPBS. For each PLOD experiment, a specific dilution with a
known concentration was seeded into a 10 mL sample of surface water or wastewater. The final
seeding levels across the serial dilutions are shown in Tables 2-5. Each 10 mL water sample was
processed using the automated KingFisher™ Apex workflow (Figure 1) and then S. Typhi DNA,
V. cholerae DNA, rotavirus RNA, and SARS-CoV-2 RNA were detected using the RT-qPCR and
dPCR methods described below. For each pathogen, the experiment was performed in triplicate
on different days, and the PLOD was defined as the most diluted concentration of the target
pathogen detectable in all three replicate experiments. The average Ct value and the number of
positive partitions were calculated based on the results from the three experiments.

Collect a wastewater sample Pathogen concentration and Quantify nucleic acids using
and a surface water sample nucleic acid extraction qPCR and dPCR

without target pathogen
contamination |. %
. Pathegen concentration
cesdbiisvinamaintat T é:? and nucleic acid extraction E]
pathogens into the -

wastewater or surface !
water sample / qPCR dPCR

Figure 1. S. Typhi, V. cholerae, rotavirus, and SARS-CoV-2 seeding experiments in surface water and

wastewater. (1) Known amount of S. Typhi, V. cholerae, rotavirus, and SARS-CoV-2 were seeded into
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a negative wastewater sample or a surface water sample; (2) The sample was concentrated using
the Kingfisher™ Apex robot platform coupled with Nanotrap® particles for concentration and an
Applied Biosystems MagMax™ nucleic acid isolation kit; (3) Both qPCR (or RT-qPCR) and dPCR (or
RT-dPCR) were used for pathogen detection.

2.4. Automated KingFisher™ Apex Workflow

A KingFisher™ Apex robot platform (Thermo Fisher Scientific, Waltham, MA, USA)
was used for pathogen concentration and nucleic acid extraction from surface water or
wastewater PLOD samples spiked with the target pathogens. Briefly, 50 uL of Nanotrap®
enhancement reagent 1 (ER1, Ceres Nanoscience Inc., Manassas, VA, USA, #10111) were
mixed with approximately 5 mL of wastewater and two replicate wells with a total of 10 mL
of sample were used for each sample. After 10 min of incubation at room temperature, 75 puL.
of Nanotrap® particles were added and the sample plates were loaded into the KingFisher™
Apex. After pathogen concentration, samples were processed for RNA extraction using the
Applied Biosystems MagMax™ nucleic acid isolation kit on the same platform (Figure 1).

2.5. Quantitative Real-Time PCR Method

SARS-CoV-2 and rotavirus RNA were detected via the TagPath™ RT-qgPCR Mas-
ter Mix (Thermo Fisher Scientific, Waltham, MA, USA) using the SARS-CoV-2 N1
primers/probe described before [12] or the rotavirus primers/probe targeting the non-
structural protein region 3 [19], respectively. The SARS-CoV-2 RT-qPCR program consisted
of 25 °C for 2 min, 55 °C for 15 min for reverse transcription, followed by 95 °C for 2 min,
95 °C for 3 s, and 55 °C for 30 s, with a total of 45 cycles. For rotavirus RT-qPCR, we used
25 °C for 2 min, 50 °C for 30 min, 95 °C for 15 min, followed by 45 cycles of 94 °C for
10 s, 57 °C for 30 s, and 72 °C for 20 s. V. cholerae and S. Typhi DNA were detected via
qPCR using the cholerae primers/probe targeting the hemolysin gene [20], and the S. Typhi
primers/probe described by Karkey et al. [21], respectively. The V. cholerae and S. Typhi
qPCR program consisted of 25 °C for 2 min, 53 °C for 10 min, and 95 °C for 2 min with
45 cycles of 95 °C for 15 s and 56.5 °C for 1 min.

Singleplex gPCR analyses were performed in 20 pL reaction mixtures using TagPath™
qPCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA). Each reaction contained
5 uL of 4x Master Mix, 0.2 um probe and 0.2 pm primer mixture of the forward and reverse
primers specific to V. cholerae, S. Typhi, SARS-CoV-2, and rotavirus; 8.5 uL of molecular
water; and 5 pL of template loaded in duplicate wells in a 96-well plate and placed into
a Bio-Rad CFX PCR thermocycler (Bio-Rad, Hercules, CA, USA). Positive results were
defined as the presence of Ct values in duplicate reactions from one sample.

2.6. RT-dPCR and dPCR Method

Digital PCR was performed using the QIAcuity digital PCR system (Qiagen, Hilden,
Germany) and the same primers/probes against S. Typhi, V. cholerae, rotavirus, and SARS-
CoV-2, as described in the above qPCR methods. SARS-CoV-2 and rotavirus RNA were
detected via an QIAcuity one-step viral RT-dPCR kit (Qiagen, catalog #1123145, Hilden,
Germany) and 26K 24-well Nanoplates (Qiagen, Catalog # 1123145, Hilden, Germany)
following the manufacturer’s protocol. dPCR analyses were performed in 40 uL reaction
mixtures consisting of 10 pL of 4x One-step Advanced Probe Master Mix, 0.4 uL of
100x OneStep RT Mix, 2 uL of 16 x each primer-probe mix, 5 pL of template, and 22.6 pL
of RNAse-free water. The master mix was pipetted into a QIAGEN QIAcuity 24 well 26K
partition nanoplate. The QIAcuity was configured with reverse transcription at 50 °C
for 40 min, PCR initial heat activation with a single cycle at 95 °C for 2 min, and PCR
cycling with 45 cycles at 95 °C for 5 s, followed by annealing /extension at 50 °C (56.5 °C
for rotavirus) for 30 s. For V. cholerae and S. Typhi dPCR detection, we used initial heat
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activation at 95 °C for 2 min, followed by a total of 45 cycles of 95 °C for 5 s and 56.5 °C for
30 s. Samples were considered positive if both PCR reactions yielded at least three positive
partitions within 45 amplification cycles.

2.7. Recovery Efficiency

The mean recovery efficiency of the four pathogens in surface water and wastewater
was calculated using the pathogen copies quantified by dPCR as follows:

Total genome copies recovered

100
Total genome copies seeded 8

Recovery efficiency (%) =

2.8. Data Analyses

In this study, the PLOD was defined as the presence of PCR positive results in all
three replicate experiments in the lowest seeding level of the target pathogen in water
samples. For qPCR, Ct values from three positive experiments, a total of six data points,
were averaged and the standard deviation was calculated. For dPCR, mean partitions
and standard deviations were calculated from three positive experiments, a total of six
data points.

3. Results
3.1. S. Typhi Process Limit of Recovery Efficiencies in Surface Water and Wastewater

The process limit of detection of S. Typhi in surface water and wastewater was eval-
uated through the analysis of serial diluted S. Typhi seeded in samples using qPCR and
dPCR. S. Typhi DNA was detected in all surface water and wastewater samples using
either qPCR or dPCR assays when seeding levels were 5.6 x 10°/10 mL, 4.6 x 10°/10 mL,
3.6 x 10*/10 mL, and 2.6 x 103/10 mL in three replicate experiments. When the seeding
level in surface water was reduced to 2.6 x 10?/10 mL, qPCR failed to detect S. Typhi DNA
in all three experiments, but dPCR yielded positive results in one of the three experiments.
In wastewater, at the lowest seeding level of 2.6 x 102/10 mL, both qPCR and dPCR were
able to detect S. Typhi DNA in two of the three experiments (Table 2).

S. Typhi mean recoveries in surface water ranged from 4.3 &+ 3.5% to 10.4 £ 7.5%
when seeding levels were between 5.6 x 10°/10 mL and 2.6 x 10%/10 mL. In wastewater
samples, S. Typhi mean recoveries were significantly higher, ranging from 26.5 + 12.8% to
40.1 & 28.7% under the same seeding conditions (Table 2).

Table 2. S. Typhi process limit of detection in surface water and wastewater by qPCR and dPCR

methods.
Genome Copies/ No. of Positive qPCR Ct No. of Positive dPCR Mean Mean Recovery
10 mL Surface Water  /No. of Experiments  Mean (SD 1) /No. of Experiments  Partitions (SD) Rate (%) (SD)
5.6 x 10° 3/3 27.3 (2.0) 3/3 911.3 (753.8) 4.3 (3.5)
4.6 x 10° 3/3 29.6 (2.6) 3/3 215.2 (155.6) 10.4 (7.5)
3.6 x 10* 3/3 33.7 (3.2) 3/3 15.5(17.0) 7.4 (8.1)
2.6 x 10° 3/3 37.3(1.2) 3/3 1.3 (1.6) 6.4 (7.8)
2.6 x 10? 0/3 - 1/3 - -
Genome copies No. of positive qPCR Ct No. of positive dPCR mean Mean recovery
/10 mL wastewater /No. of experiments ~ mean (SD) /No. of experiments  partition (SD) rate (%) (SD)
5.6 x 10° 3/3 25.3 (1.0) 3/3 7492.4 (3579.2) 36.8 (14.6)
4.6 x 10° 3/3 29.2 (1.9) 3/3 628.3 (344.4) 26.5 (12.8)
3.6 x 10* 3/3 32.2(1.5) 3/3 87.3 (76.6) 40.1 (28.7)
2.6 x 10° 3/3 35.9 (1.3) 3/3 6.5(7.2) 29.8 (29.6)
2.6 x 10? 2/3 38.7 2/3 - -

* Standard deviation.
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3.2. V. cholerae Process Limit of Detection and Recovery Efficiencies in Surface Water
and Wastewater

The PLOD:s for V. cholerae in surface water and wastewater were evaluated using qPCR
and dPCR methods by analyzing serially diluted V. cholerae seeded in samples. V. cholerae
DNA was consistently detected in all surface water and wastewater samples at seeding
levels of 5.8 x 10°/10 mL, 4.8 x 10°/10 mL, 3.8 x 10*/10 mL, and 2.8 x 10°/10 mL across
three experiments using either qPCR or dPCR. At a reduced seeding level of 190 cells per
10 mL in surface water, both qPCR and dPCR detected V. cholerae DNA in one of three
replicate experiments. In wastewater, at the lowest seeding level of 190 cells per 10 mL,
qPCR detected V. cholerae DNA in two out of three experiments, whereas dPCR detected V.
cholerae DNA in one out of three experiments (Table 3).

V. cholerae mean recoveries in surface water ranged from 5.8% =+ 4.1% to 9.3% £ 3.9%
at seeding levels between 5.8 x 10°/10 mL and 2.8 x 103/10 mL. In wastewater, mean
recoveries were significantly higher, ranging from 42.0% =+ 19.2% to 58.8% = 31.6% under
the same seeding conditions (Table 3).

Table 3. V. cholerae process limit of detection in surface water and wastewater detected by qPCR and
dPCR methods.

Genome Copies/

No. of Positive qPCR Ct No. of Positive dPCR Mean Mean Recovery

10 mL Surface Water  /No. of Experiments  Mean (SD 1) /No. of Experiments  Partitions (SD) Rate (%) (SD)
5.8 x 10° 3/3 26.9 (1.4) 3/3 1590.0 (1779.8) 5.9 (6.6)
4.8 x 10° 3/3 29.0 (0.4) 3/3 247.7 (98.5) 9.3(3.9)
3.8 x 10* 3/3 33.1(0.2) 3/3 15.8 (6.7) 6.0 (2.6)
2.8 x 103 3/3 36.5 (1.2) 3/3 1.5 (1.0) 5.8 (4.1)
190 1/3 - 1/3 - -
Genome copies No. of positive qPCR Ct No. of positive dPCR mean Mean recovery
/10 mL wastewater /No. of experiments  mean (SD) /No. of experiments  partition (SD) rate (%)
5.8 x 10° 3/3 25.0 (1.8) 3/3 4485.8 (2997.0) 50.6 (34.0)
4.8 x 10° 3/3 27.5(0.9) 3/3 519.2 (275.7) 58.8 (31.6)
3.8 x 10* 3/3 31.4(0.7) 3/3 37.2(17.5) 42.0 (19.2)
2.8 x 103 3/3 34.4(1.1) 3/3 5.0 (2.5) 48.0 (19.3)
190 2/3 36.9 (0.5) 1/3 - -

t Standard deviation.

3.3. Rotavirus Process Limit of Detection and Recovery Efficiencies in Surface Water and
Wastewater

The process limit of detection of rotaviruses in surface water and wastewater was
evaluated through the analysis of serial diluted rotavirus stock seeded in samples using
RT-qPCR and dPCR. Rotavirus RNA was detected in all rotaviruses seeded surface water
and wastewater samples using either RI-qPCR or dPCR assays when seeding levels were
5.1 x 10°/10mL, 4.1 x 10°/10 mL, 3.1 x 10*/10 mL, and 2.1 x 103/10 mL in three replicate
experiments. At a reduced seeding level of 110 genome copies per 10 mL surface water,
both RT-qPCR and dPCR failed to detect rotavirus RNA in all three experiments. However,
under the same seeding level of 110 genome copies in 10 mL wastewater samples, RT-qPCR
detected rotavirus RNA in two of the three replicate experiments, whereas dPCR detected
rotavirus RNA in one of the three experiments (Table 4).

Rotavirus recovery efficiency was significantly lower in both surface water and
wastewater. The mean recoveries in surface water ranged from 0.8 & 0.9% to 3.5 &= 0.3%
when seeding levels were between 5.1 x 10°/10 mL and 2.1 x 10%/10 mL. In wastewater
samples, rotavirus mean recoveries were between 1.5 & 1.0% and 2.4 £ 1.0% under the
same seeding conditions (Table 4).
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Table 4. Rotavirus process limit of detection in surface water and wastewater detected by RT-qPCR
and dPCR methods.

Genome Copies/ No. of Positive qPCR Ct No. of Positive dPCR Mean Mean Recovery
10 mL Surface Water  /No. of Experiments  Mean (SD 1) /No. of Experiments  Partitions (SD) Rate (%) (SD)
5.1 x 10° 3/3 26.8 (0.6) 3/3 2977.8 (621.5) 2.9(0.6)
4.1 x 10° 3/3 30.5(0.9) 3/3 247.0 (31.7) 3.5(0.3)
3.1 x 10* 3/3 34.9 (1.5) 3/3 8.2(9.1) 0.8 (0.9)
2.1 x 10° 3/3 38.1 (2.0) 3/3 2.1 (2.6) 2.1 (2.6)
110 0/3 - 0/3 - -
Genome copies No. of positive qPCR Ct No. of positive dPCR mean Mean recovery
/10 mL wastewater /No. of experiments ~ mean (SD) /No. of experiments  partition (SD) rate (%)
5.1 x 10° 3/3 27.5(1.1) 3/3 1977.2 (680.0) 1.9(0.7)
4.1 x 10° 3/3 30.7 (0.8) 3/3 171.8 (37.9) 1.7 (0.4)
3.1 x 104 3/3 33.7 (0.6) 3/3 24.7 (10.3) 2.4(1.0)
2.1 x 103 3/3 40.4 (0.9) 3/3 1.5 (1.0) 1.5 (1.0)
110 2/3 36.9 (0.5) 1/3 - -

* Standard deviation.

3.4. SARS-CoV-2 Process Limit Detection and Recovery Efficiencies in Surface Water
and Wastewater

The process limit of detection for SARS-CoV-2 in surface water and wastewater was
evaluated using RT-qPCR and dPCR by analyzing serially diluted inactivated SARS-CoV-2
seeded into samples. SARS-CoV-2 RNA was detected in all virus-seeded samples using
either RT-qPCR or dPCR when seeding levels exceeded 2.9 x 10*/10 mL across three
replicate experiments, approximately one log higher than the detection limit observed
for other evaluated pathogens. At a reduced seeding level of 1.9 x 10%/10 mL genome
copies in surface water, both RT-qPCR and dPCR detected SARS-CoV-2 RNA in two out of
three replicates. However, in wastewater at the seeding level of 1.9 x 103/10 mL genome
copies, RT-qPCR failed to detect SARS-CoV-2 RNA, whereas dPCR successfully detected it
in all three replicate experiments (Table 5).

Similar to the recovery efficiency observed for rotavirus, the recovery efficiency of
SARS-CoV-2 was also significantly lower in both surface water and wastewater. In surface
water, mean recoveries ranged from 1.5% =+ 0.7% to 2.3% = 0.5% at seeding levels between
4.9 x 10°/10 mL and 2.9 x 10*/10 mL genome copies per 10 mL. In wastewater, mean
recoveries for SARS-CoV-2 ranged from 1.5% =+ 1.0% to 2.4% =+ 1.0% under the same
seeding conditions (Table 5).

Table 5. SARS-CoV-2 assay limit of detection in surface water and wastewater detected by RT-qPCR
and dPCR methods.

Genome Copies/ No. of Positive qPCR Ct No. of Positive dPCR Mean Mean Recovery
10 mL Surface Water  /No. of Experiments  Mean (SD 1) /No. of Experiments  Partitions (SD) Rate (%) (SD)
4.9 x 10° 3/3 28.3(0.1) 3/3 263.8 (57.4) 2.3 (0.5)
3.9 x 10° 3/3 33.0 (0.4) 3/3 16.7 (8.4) 1.5(0.7)
2.9 x 10* 3/3 36.2 (0.8) 3/3 2.5(1.9) 22(1.7)
1.9 x 10° 2/3 39.5 (0.1) 2/3 - -
60 0/3 - 1/3 - -
Genome copies No. of positive qPCR Ct No. of positive dPCR mean Mean recovery
/10 mL wastewater /No. of experiments ~ mean (SD) /No. of experiments  partition (SD) rate (%)
4.9 x 10° 3/3 29.4(0.7) 3/3 1046.5 (201.6) 1.9(0.7)
3.9 x 10° 3/3 32.5(0.8) 3/3 110.8 (32.3) 1.7 (0.4)
29 x 10* 3/3 36.4 (0.8) 3/3 9.5(3.1) 2.4(1.0)
1.9 x 10° 0/3 40.5(1.2) 3/3 0.5 (0.6) 1.5 (1.0)
60 0/3 - 0/3 - -

* Standard deviation.
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4. Discussion

In this study, we determined the PLODs for four pathogens in surface water and
wastewater using qPCR and dPCR. The PLODs for S. Typhi, V. cholerae, and rotavirus in
both surface water and wastewater were approximately 34 logjg loads (2.1 x 10°/10 mL to
2.9 x 10*/10 mL), consistent across both qPCR and dPCR methods. These PLODs represent
the lowest number of genome copies that can be reliably detected by our WBE system in
surface water or wastewater, based on the pathogen concentration, nucleic acid extraction,
and PCR methods employed in this study.

The mean recovery rates for S. Typhi, V. cholerae, rotavirus, and SARS-CoV-2 in both
surface water and wastewater were generally below 10.4% when dPCR was used. However,
the recoveries for S. Typhi and V. cholerae in wastewater were significantly higher, ranging
from 26.5% at 4.6 x 10°/10 mL for S. Typhi to 58.8% at 4.8 x 10°/10 mL for V. cholerae. Our
analysis indicated that recovery efficiencies were not associated with seeding levels for all
four pathogens.

This study assessed the sensitivity of the WBE system for detecting S. Typhi, V. cholerae,
rotavirus, and SARS-CoV-2, as measured by the PLOD, which accounts for pathogen
concentration, nucleic acid extraction, and gPCR/dPCR analysis procedures. The workflow
used in this study can be applied in future studies except that manual nucleic acid extraction
can replace the automatic extraction method (may be not available), since our previous
study showed no difference between the manual and automatic extraction methods [12].
The PLOD differs from the assay limit of detection (ALOD) that many studies have used to
report the analytical sensitivity of the qPCR procedure [22-25]. For example, Rashid et al.
developed a novel real-time PCR assay for detecting V. cholerae and reported that it could
detect as few as 5.46 genome copies of V. cholerae in a single qPCR reaction [26]. Thus, the
limit of detection for that qPCR assay was 5.46 genome copies, which represents the lowest
number of V. cholerae that the qPCR assay can reliably detect. For wastewater surveillance,
analytical sensitivity must consider the procedures involved in pathogen concentration,
nucleic acid extraction, PCR amplification, and also potential PCR inhibition caused by
substances that interfere with the PCR process and reduce its sensitivity. For example,
Ahmed et al. [27] seeded a dilution series of known concentrations of SARS-CoV-2 virions
into SARS-CoV-2-negative wastewater to evaluate the PLOD, which reflects the sensitivity
of the entire processing workflow, including concentration, nucleic acid extraction, and
PCR assays. The PLOD ranged from 2.32 x 10> GC/50 mL to 3.95 x 10°> GC/50 mL across
different seeding levels and RT-qPCR assays. In the present study, the PLOD is comparable
to the values reported by Ahmed et al. [27] for SARS-CoV-2 in wastewater but there were no
reports, as far as we know, that we can compare with for S. Typhi, V. cholerae, and rotavirus.

Since we seeded known concentrations of S. Typhi, V. cholerae, rotavirus, and SARS-
CoV-2 into surface water and wastewater and applied dPCR for quantification of recovered
pathogens, we could calculate the recovery efficiencies for the seeding levels of the four
pathogens. The mean recovery rates for all four pathogens in both surface water and
wastewater were generally below 10.4%. However, the recoveries for S. Typhi and V. cholerae
in wastewater were significantly higher, between 26.5% and 58.8%. These recovery efficien-
cies basically are in the range of the recovery efficiency of bacteria and viruses in wastewater
reported in the literature [28-32]. Recovery efficiencies varied significantly among studies,
pathogen concentration methods, nucleic acid extraction methods, PCR detection methods,
and target microorganism (size, structure, and surface properties, etc). For example, the
recovery efficiencies of ultrafiltration and membrane adsorption methods for SARS-CoV-2
ranged from 4.0% to 11.0% [31], which are similar to this study. In addition, other factors,
including wastewater matrix (turbidity, organic matter, and solid concentration, etc.) and
optimization (pretreatment, pH, and chemical additions, etc.) can affect recovery efficiency.
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For best efficiency, a combination of methods may be used to maximize recovery while
minimizing losses during the processing and detection procedures.

gPCR (including RT-qPCR) and digital PCR (dPCR, including droplet digital PCR)
have become the two primary methods for detecting pathogen nucleic acids in wastewater.
gPCR quantifies pathogens using a standard curve, but its performance can be affected by
PCR inhibition. In contrast, digital PCR has recently gained attention as a promising tool
for WBE and environmental surveillance. It offers quantification without the need for a
standard curve and is less susceptible to PCR inhibition [33]. While some studies [34-37]
have compared these two platforms for clinical samples, there is limited data directly
comparing their performance in pathogen detection in wastewater samples. A direct
comparison of RT-qPCR and RT-ddPCR for detecting SARS-CoV-2 using N1 primers in
wastewater samples from aircraft and cruise ships showed only a small difference between
the two assays [38]. In another study, Mark et al. compared RT-ddPCR and RT-qPCR using
N2 primers to quantify SARS-CoV-2 RNA in influent wastewater samples collected from
southeast Virginia between May and July 2020. The results revealed that the assay limit
of detection (ALOD) for RT-ddPCR was 0.25 genome copies/reaction, significantly lower
than the ALOD for RT-qPCR at 60 copies/reaction [39]. In the current study, we found no
significant difference between qPCR and dPCR for the limit of detection of four pathogens
in wastewater and surface water. However, it is worth noting that we used the QIAcuity
dPCR platform (QIAgen, Hilden Germany) in our study, in contrast to the ddPCR platform
(Bio-Rad) used in the studies mentioned above. While ddPCR may offer higher sensitivity
than qPCR and dPCR, further research is needed to better understand the performance
differences among dPCR, ddPCR, and qPCR.

This study has several limitations. First, wastewater and surface water are complex
mixtures containing substances beyond fecal materials and water. Some of these substances,
such as humic acids, fats, and proteins, can partially or completely inhibit PCR amplification
of pathogen nucleic acids [40,41], potentially leading to underestimation of pathogen
concentrations or false-negative results. In this study, we were unable to evaluate the effects
of PCR inhibition on detection, quantification, and recovery efficiency in wastewater and
surface water. Second, the stock pathogens used for the seeding experiments were obtained
from different sources and quantified using varied methods, including immunospot assay
for rotavirus, spectrophotometry for S. Typhi and V. cholerae, and dPCR for SARS-CoV-2.
These different quantification methods may introduce biases, and the actual genome copy
numbers in the stock pathogens may differ from the quantified values. Third, pathogen
concentration in this study was performed using Nanotrap particles, followed by nucleic
acid extraction on the KingFisher™ Apex robot platform. While this system is advanced
and efficient, the PLODs and recovery efficiencies derived from it may vary compared to
those obtained using other concentration and extraction methods. Fourth, we only used
molecular based PCR methods to detect seeded pathogens, and we did not culture the
pathogens to confirm the molecular results. Despite these limitations, the PLODs and
recovery efficiencies of S. Typhi, V. cholerae, rotavirus, and SARS-CoV-2 in surface water
and wastewater obtained using qPCR and dPCR analyses provide valuable insights. These
findings are significant for advancing wastewater-based epidemiology of these pathogens
and estimating their concentrations in wastewater and surface water.

In summary, the observed process limit of detections for S. Typhi, V. cholerae, SARS-CoV-
2, and rotavirus in 10 mL of surface water and wastewater were approximately 3—4 log10
loads using either qPCR or dPCR as the detection method. These results provide important
information for understanding pathogen surveillance in wastewater or surface water.
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