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Abstract

During the coronavirus disease 2019 (COVID-19) pandemic, wastewater surveillance has become an
important tool for monitoring the spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
within communities. In particular, reverse transcription-quantitative PCR (RT-qPCR) has been used to detect
and quantify SARS-CoV-2 RNA in wastewater, while monitoring viral genome mutations requires separate
approaches such as deep genemie-sequencing. A high throughput sequencing platform (ATOPlex) that uses
a multiplex tiled PCR-based enrichment technique has shown promise in detecting w#rat-variants_of concern
(VOC) while also providing virus quantitation data. However, detection sensitivities of both RT-qPCR and
sequencing anatyses—can be impacted through losses occurring during sample—proeessing—{e-g5—sample
handling, virus concentration, nucleic acid extraction, and RT-qPCR.j; tTherefore, process limit of detection
(PLOD) assessments are required-reeded to estimate the gene copiesy sambers-of target molecule reguired
to attain specific probability of detection. In this study, we compare the PLOD estimates-of four eommonty
#sed-RT-qPCR assays (US CDC N1 and N2, China CDC N and ORFlab)_ for-guantifieation_detection of
SARS-CoV-2 (JSEDBENt—-and N2, —China CDECN—and-ORFlab)to that of ATOPlex sequencinge
analyses—threugh-_ by seeding known concentrations of gamma-irradiated SARS-CoV-2 into wastewater.
Results suggest that among the RT-qPCR assays, US CDC N1 was the most sensitive, especially at lower

SARS-CoV-2 seed levels. However, when results from all RT-qPCR assays were combined, it resulted in
the-greater detection rates than individual assays, suggesting that application of multiple assays is better
suited for the trace detection of #aeetevelsef+-SARS-CoV-2_from wastewater samples. Furthermore, while
ATOPIlex offers a promising approach to SARS-CoV-2 wastewater surveillance, this_approach teehnelogy
is-appearsed to be less sensitive compared to RT-qPCR under the experimental conditions of this study, and
may requires further refinements. forrettine-monitoring-and-quantifieationof-SARS-CeV-2—Nonetheless,
the combination of beth-appreaches{tRT-qPCR and ATOPlex) may be a powerful tool to simultaneously
detect/quantify SARS-CoV-2 RNA the-viraHead-in-wastewater and monitor emerging VOC in wastewater
samples.variants-efeoneer
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1 Introduction

Over the past two years, wastewater surveillance of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has grown to become a valuable tool for tracking coronavirus disease 2019 (COVID-19) at the population level in
many countries and regions [Instruction: can you provide a hyperlink?](https:/arcg.is/laummW). Furthermore, many
studies have described the potential of wastewater surveillance to provide early warning of COVID-19 in the
community (Randazze—et-al5—2620-Medema et al., 2020; La Rosa et al., 2020; Nemudry—et-al5—2026; Peccia et al.,
2020; Ahmed-etal;2024a; Hata et al.,, 2021), making it a valuable tool for public health agencies. For the detection
and quantification of SARS-CoV-2 in wastewater, reverse transcription quantitative PCR (RT-qPCR) and digital PCR
(RT-dPCR) have been widely applied (Ahmed et al., 2020a; Ciesielski et al., 2021; D'Aoust et al., 2021; Pecson et al.,
2021; Gonzalez et al., 2020). The advantages of PCR-based assays include high sensitivity, specificity, and speed
(results can be obtained in ~1 to 1.5 h). A well-optimized RT-qPCR assay can theoretically detect a single DNA/RNA
moleculesfragment in a sample (Bustin et al., 2009). However, the assay limit of detection (ALOD) of currently used
RT-qPCR assays for wastewater surveillance varies widely, sometimes up to two orders of magnitude, within and
between laboratories (Gonzalez et al., 2020; Bivins et al., 2021; Chik et al., 2021; Gerrity et al., 2021).: Randazze—et

Since the first publication of the SARS-CoV-2 genome in January 2020-Jantary, many RT-qPCR assays have been
developed including gene targets (67-158 bp fragments) within nucleocapsid (N), envelope protein (E), RNA-
dependent RNA polymerase (RARP), open reading frame (ORF), membrane protein (M), and surface protein (S)
regions of the SARS-CoV-2 genome (~30,000 bp) (Kitajima et al., 2020). Despite the high analytical and diagnostic
sensitivities and specificities of these assays in the clinical context, their success in early detection of SARS-CoV-2
RNA circulating in community wastewater is somewhat mixed. The high dilution and fragmentation of viral RNA in
wastewater pushes this technology to the limit and there is an ongoing need to improve method detection sensitivity and
minimize false-negative results (Ahmed et al., 2020b). (Ahmed-etal;262+a)yRIE-gPCR-assay limitationsLimitations of
RT-gPCR include potentially reduced efficiency if mutations occur in the gene target region as was previously
observed for assays targeting the S gene for the alpha variant in the UK (Grint et al., 2021). Another limitation of RT-
qPCR is low throughpeut, only one genomic target (-e—fragment-of-a—genome)-can be analysed at a time. To help
overcome these limitations, many-studies have used multiple RT-qPCR assays for the detection of SARS-CoV-2 RNA
in wastewater (Ahmed et al., 2020a; Medema et al., 2020), however,but this can be time consumingreguires—inereased
anatysts—time. While the issue of time could be resolved by developing multiplex RT-qPCR assays, that requires

additional and more complex method optimization.; Furthermore, and-the-multiplex assay may not be as sensitive as a

simplex assay (Parker et al., 2015).

Several recent studies have highlighted the potential application of genome sequencing for SARS-CoV-2 and its
variantss_of concern (VOC) detection in wastewater. For example, Fontenele et al. (2021) analysed wastewater using
high-throughput sequencing and single-nucleotide variant analysis of sequences to describe SARS-CoV-2 genetic
lineage variations and population structure circulating within a community. The SARS-CoV-2 sequence data generated
from wastewater indicated that there were more lineages circulating across communities than identified in the clinical
data. Similarly, it was Erits-Cristophet-al—«(262H-demonstrated that metagenomic sequencing of wastewater samples
could not only identify SARS-CoV-2 and other viruses, but track VO Cxariants of the former concomitantly with those
detected by clinical surveillance in California, USA (Crits-Christoph et al., 2021).

Thisat study also detected SARS-CoV-2 VOCrariants in California wastewater not yet identified clinically in the state
(but present in other jurisdictions) as well as completely novel VOCwariants, indicating that wastewater sequencing can
provide evidence for reeentintroduetions-of-viral lineages before they are detected by leeal-clinical sequencing_(Crits-
Christoph et al., 2021). Izquierdo-Lara et al. (2021) stuey used nanopore sequencing of wastewater samples to evaluate
the diversity of SARS-CoV-2 at the community level in the Netherlands and Belgium. PFheirphylogenetic analysis
showed the presence of the most prevalent clades and clustering of wastewater samples with clinical samples from

patients in the same region. The authorsstuey also identified 57 unique mutations that were not present in the global
database, that like the other studies indicates heterogeneity of SARS-CoV-2 variation in wastewater_is greater than in
clinically derived samples-is—greater—in—the-ehnie. This might reflect the presence of defective viral particles in feces
and/or infections with novel virions. Along similar lines, Lin et al. (2021) applied targeted metagenomic sequencing of
SARS-CoV-2 in wastewater and observed that the frequency and daily load of mutations associated with wartants—of



eoneern(V0eCs) were highly correlated with clinical incidence rates within the region of British Columbia, Canada.
Taken together, Based-on-these-analyses-it is apparent that genomic sequencing of wastewater samples can be used to

investigate the diversity of SARS-CoV-2 circulating in a community and potentially identify new outbreaks.

Genomic sequencing of wastewater may not only shed light on the evolution of SARS-CoV-2 during an outbreak by
identifying viral mutations, but it could also be applied as an approach for quantifying genomic fragments of SARS-
CoV-2 as well. A recent study used a high-throughput sequencing platform (ATOPIex) that uses a multiplex tiled PCR-
based enrichment technique and reportedelaimed that ATOPlex is capable of quantifying SARS-CoV-2 RNA in
wastewater at concentrations that are at least one order of magnitude lower than RT-qPCR _quantitation (Ni et al., 2021
). Thisatpreef-ef-eoneept study compared the detection sensitivitiesaehieved-by of RT-qPCR assays (i.e., US CDC N1

and N2) RF-¢PCR-assayswwithand ATOPIex, using a dilution series of cDNA samples generated from a commercially
available SARS-CoV-2 RNA positive control, rather than seeding SARS-CoV-2 in wastewater samples. Therefore, the

impacts of wastewater matrix interference on the ATOPlex assay limit of detection (ALOD) are not known.
Collectively, these studies demonstrate the potential application of sequencing approaches for monitoring the presence
and allelic frequencies of SARS-CoV-2 RNA in wastewater. Along with clinical data, wastewater-based metagenome
sequencing_approaches can potentially identify emerging wariantsAineagesVOC of clinical importance within a

communitypepwiatien. However, benchmarking RT-qPCR and sequencing approaches has not yet been
assessedperformed and,_requires further investigations.—is—required-to—understand-and-quantifythe—sens Hivtties—d—o
these-two-deteetion-methods:

The process limit of detection (PLOD) represents the analytical sensitivity of a sampling method after incorporating the
efficiency of all the processing steps (e.g., sample handling, concentration, nucleic acid extraction, and PCR assays).
The PLOD estimates the copy number of a target molecule required in the wastewater sample matrix to achieve a
specific probability of detection. (Ahmed-et-al-—2022—under—review). The primary objective of this study was to
evaluate the PLOD of four RT-qPCR assays (US CDC N1 and N2, China CDC N and ORFlab (CCDC N and
CCDC ORF1lab) and ATOPlex sequencing for the detection of SARS-CoV-2 RNA in wastewater. This was achieved
by seeding a dilution series of known concentrations of gamma-irradiated SARS-CoV-2 virions into wastewater
followed by primary concentration, nucleic acid extraction, and RT-qPCR and ATOPIlex sequencing-anatysis. To the
best of our knowledge, this is the first study to assess-the-SARS-CoV-2PLOD-forwastewaterand-provides important
insights on the analytical limitations for trace detection of SARS-CoV-2 RNA in wastewater using RT-qPCR and
ATOPlex sequencing.

2 Materials and methods
2.1 Gamma-irradiated SARS-CoV-2 stock

Gamma-irradiated SARS-CoV-2 stock used in this study was kindly provided by our colleagues from the Australian
centre for Disease Preparedness, CSIRO. Gamma radiation process to minimize the potential risk associated with

handling SARS-CoV-2 during experiments has been reported in our previous study_[Instruction:

Can you please insert the following reference in the list?

Ahmed, W., Bivins, A., Metcalfe, S., Smith, W.J.M., Verbyla, M.E., Symonds, E.M., Simpson, S.L., 2022a.
Evaluation of process limit of detection and quantification variation of SARS-CoV-2 RT-qPCR and RT-dPCR assays
for wastewater surveillance, Water Res. 213, 118132,](Ahmed et al., 2022a).(Ahmed-et-al52622): Immediately prior
to seeding _experiments, t¥he concentration of the SARS-CoV-2 stock was determined from three aliquots of the stock
suspension using the CDC N1 RT-dPCR assay, as described elsewhere_(Ahmed et al., 2022a). (Ahmed-—etal;2622):
The concentration determined to be 4.60 + 2.50 X 10°® GC/uL

2.2 Wastewater samples

For seeding experiments, archived wastewater samples were used in this study. For Trial A, 36 wastewater samples
(WW3 - WW20 and WW23 - WW40) were used representing nine wastewater treatment plants (WWTPs). The same
number of samples were also used for Trial B (WWS5 — WW40) representing the same nine WWTPs. These wastewater
samples were RT-qPCR negative for SARS-CoV-2 RNA determined using the US CDC N1 assay- (Ahmed et al.,
2020a).

2.3 SARS-CoV-2 seeding experiments

Two trials (A and B) were conducted to determine the detection sensitivity of SARS-CoV-2 in wastewater samples by
RT-qPCR and ATOPlex sequencing workflows. A dilution series with varying concentrations of gamma-irradiated
SARS-CoV-2 were seeded into wastewater. The dilution series had 10-fold decrements and were prepared by seriat
diluting the stock suspension using DNase and RNase free water, and then seeding these serial dilutions into 50-mL

wastewater samples. For the trials A and B, the seeded SARS-CoV-2 concentrations ranged from ~2.32 x 10° to



232 x 10> GC/50 mL and ~1.79 x 103 to 1.79 x 10% GC/50 mL, respectively along a serial dilution in 10-fold

decrements.
2.4 Virus concentration

Adsorption extraction (AE) method was used to concentrate SARS-CoV-2 from wastewater samples (Ahmed et al.,
2020a; Juel et al., 2021). Briefly, 25 mM dissolved MgCl, was added to each 50 mL wastewater. Wastewater samples
were filtered through a 0.45-um pore-size, 47-mm diameter electronegative HA membrane (HAWP04700; Merck
Millipore Ltd, Sydney, Australia) using a magnetic filter funnel apparatus (Pall Corporation).(Ahmed-et-al52020a)-
The membrane was removed from the filtration apparatus, rolled, and inserted into a 5-mL-bead-beating tube with two

sterile tweezers (Qiagen, Valencia, CA) for nucleic acid extraction.
2.5 Nucleic acid extraction

RNeasy PowerWater Kit (Cat. No. 14,700-50-NF) (Qiagen, Valencia, CA) was used to extract nucleic acid from the
HA membranes_(Ahmed et al., 2022a). (Ahmed-etal;2022): Briefly, mixture of 990 uL of buffer PM1 + 10 uL of B-
Mercaptoethanol (Sigma-Aldrich; M6250-10 mL) was added into each 5 mL bead tube. A Precellys 24 tissue
homogenizer (Bertin Technologies, Montigny-le-Bretonneux, FR) was used for the homogenization of the sample.
Precellys was set for 3 X 15 s at 10,000 rpm at a 10 s interval. The bead-beating tubes were centrifuged at 4000 g for
5 min to separate the lysate from the pellet debris. The resultant sample lysate was used for the nucleic acid extraction
with two minor skght-modifications, (i) the use of DNase I solution was omitted to isolate both RNA and DNA; (ii)
200 pL of DNase and RNase free water was used to eluate nucleic acid instead of 100 pL. A DeNovix
Spectrophotometer & Fluorometer (Wilmington, DE, USA) was used to determine the purity of extracted nucleic acid
by measuring 260/280 ratio.

2.6 Inhibition assessment

Known quantities (1.5 x 10* GC) of murine hepatitis virus (MHV) were seeded into each homogenized lysate as an
inhibition process control. The same quantity of MHV was also added to a distilled water extraction control followed
by nucleic acid extraction. An MHV RT-qPCR assay was used to determine PCR inhibition in nucleic acid samples
extracted from wastewater_(Besselsen et al., 2002). Besselen—et-al5—2002): The reference quantification cycle (Cq)
values obtained for nucleic acid samples (MHV seeded into the distilled water) were compared with the Cq values of
the MHV seeded into wastewater lysate to assess potential RT-qPCR inhibition_(Ahmed et al., 2022a). (Ahmed-etal;
26225 If the Cq value resulting from the sample was greater than two cycles different from the reference Cq value for
the distilled water control, the sample was interpreted as inhibited (Ahmed et al., 2018).

2.7 RT-qPCR analysis

For MHV (Besselsen et al., 2002)Besseleret-al5;2062) detection and SARS-CoV-2 RNA quantification (US CDC,
2020;_China CDC, 2020), Ehina-€DE;2620); previously published RT-PCR and RT-qPCR assays were used. For the
MHYV positive control, gBlocks gene fragment was purchased from Integrated DNA Technologies (Integrated DNA
Technology Coralville, IA, US), while gamma-irradiated SARS-CoV-2 was used as an RT-qPCR standard for all four
RT-qPCR assays. For each RT-qPCR assay standard curve dilutions ranged from 5 x 10° to 0.5 GC/reaction. Primer
and probe sequences, reaction concentrations, and thermal cycling conditions are listed in Table 1. All RT-qPCR
analyses were performed in 20-uL reaction mixtures using TagqMan™ Fast Virus 1-Step Master Mix (Applied
Biosystem, California, USA). MHV RT-qPCR mixture contained 5 uL of Supermix, 300 nM of forward primer,
300 nM of reverse primer, 400 nM of probe, and 5 uL of template RNA. US CDC N1 and N2 RT-qPCR mixture
contained 5 uL of Supermix, 500 nM of forward primer, 500 nM of reverse primer, 125 nM of probe, and 5 uL of
template RNA. CCDC N RT-qPCR mixture contained 5 uL of Supermix, 400 nM of forward primer, 400 nM of
reverse primer, 250 nM of probe, and 5 uL of template RNA. CCDC ORFlab RT-qPCR mixture contained 5 uL of
Supermix, 300 nM of forward primer, 300 nM of reverse primer, 300 nM of probe, and 5 puL of template RNA. The
RT-qPCR assays were performed using a Bio-Rad CFX96 thermal cycler (Bio-Rad Laboratories, Richmond, CA,

USA) using manual settings for threshold and baseline.

alt-text: Table 1
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Assay Performance characteristic (range)



Efficiency (E) (%) Linearity (R 2) Slope Y-intercept

US CDC NI 97.7 0.993 -3.378 36.40
US CDC N2 95.9 0.989 —3.424 39.12
CCDCN 100 0.982 -3.314 37.00
CCDC ORFlab 98.0 0.991 -3.370 37.41

2.8 ATOPlex sequencing and bioinformatics

The ATOPlex SARS-CoV-2 full-length genome panel (MGIL, Shenzhen, China) was used to construct libraries of short
amplicons (159-199 bp) according to the manufacturer's instructions. The wastewater RNA sample was converted to
c¢DNA using reverse transcriptase (RT) with random hexamers (5'-NNNNNN-3') (MGL;-China). The 20-uL RT
reaction mixture contained 10 uL of RNA template (5% of extracted volume), 4 uL of N6 buffer, 5 uL of RT buffer,
12.5 uM of random hexamers, and 1 uL of RT enzyme mix. The RT reaction was performed in a C1000 thermal cycler
(Bio-Rad, USA) using the program: 10 min at 25 °C, 30 min at 42 °C, 15 min at 70 °C. Lambda phage DNA (200
GC) was added into each sample as a spike-in control to ensure each sample generated sufficient amplification products
for sequencing and relative quantifying SARS-CoV-2 RNA (> 4 ng/uL). Next-Lambda phage DNA and SARS-CoV-

2 primers were co-amplified in the same reaction as follows:

DNA/cDNA samples were subjected to two rounds of PCR for target enrichment (first round) and addition of dual
barcode (second round). In the first round the PCR amplification mixture contained 25 uL of PCR Enzyme Mix
(proprietary products), 0.5 uL of PCR Clean Enzyme, 4 uL of PCR Primer Pool, and 20 uL of the wastewater-derived
c¢DNA. The first-round PCR cycling parameters were 5 min at 37 °C, 10 min at 95 °C, 13 cycles of 95 °C for 10 s,
64 °C for 1 min, 60 °C for 1 min and 72 °C for 10 s, followed by a final extension step at 72 °C for 2 min performed
on a C1000 thermal cycler. The first-round PCR products were then purified using 1.2 X 60 L clean magnetic beads.
In the second round the PCR amplification mixture contained 25 uL of PCR Enzyme Mix, 0.5 uL of PCR Clean
Enzyme, 1 uL of PCR additive, 2 puL of PCR block (259 sets of barcoded SARS-CoV-2 primers each targeting a
different ~ 200 bp region to encompass the entire genome (accession MN908947.3) (Wu et al., 2020), 10 sets of
Lambda Phage DNA primers; and four sets of primers targeting the human Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene for human DNA/RNA contamination control into the purified PCR products from the
first round. The second-round PCR was performed under the same cycling parameters as that of the first-round PCR,
except 27 PCR cycles were used. The second-round PCR products were also purified using 0.9 X 45 uL clean
magnetic beads. After bead-based purification, the second-round PCR products were quantified with the Qubit dsDNA
High Sensitivity Assay kit ((Thermo Fisher Scientific, Waltham, MA, USA) to confirm the required concentration of
>4 ng/uL.

Short amplicons libraries from each sample were pooled at equimolar levels and subjected to single-stranded circular
DNA (ssBNA)-library preparation with the MGIEasy Dual Barcode Circularization kit (MGl;—Shenzen,—China) to
obtain circularized DNA molecules. These molecules were subsequently digested to form circularized single strand
DNA (ssCirDNA) and then subjected to rolling circle amplification to generate DNA nanoballs (DNBs) based
libraries. The DNBs were added to a silicon slide that contains a grid-like pattern of binding sites, which enables the
DNBs to self-assemble into a dense grid of spots for sequencing. The bases (A, C, T or G) of the DNBs were
identified through digital imaging during each cycle of sequencing, when complementary and fluorophores-nucleotide
containing nucleotides were ligated to the DNBs (Drmanac et al., 2010). The DNB libraries were sequenced on a
DNBSEQ-G400 instrument at BGI Australia with pair-end 100 sequencing set (MGl-Shenzhen-China).

In this study, the read processing was carried out by following the SARS-CoV-2 MultiPCR v1.0 workflow
(https://github.com/MGl-tech-bioinformatics/SARS-CoV-2 Multi-PCR v1.0). A total of 2459,029,098 paired end
reads (100 bp) were generated from the 72 samples for a total of 491,805,819,600 bp of sequencing data. For samples
with a total read number >20 million, each sample was randomly subsampled to 20 million reads. Across 72 samples,
90.6% of the reads were above 99.9% accuracy (Phred score > 30). Filtering of reads was conducted based on read
quality, adaptor content and rate of unknown bases (“N” s), from which an average of 98.3% of reads were kept. The
primer-trimmed, mapped reads were used to obtain the numbers of reads that map to either the SARS-CoV-2 genome,
Lambda phage DNA (NC_001416.1), or GAPDH (NM_001289745.3).

2.9 Quality control

To minimize RT-qPCR contamination, nucleic acid extraction and RT-qPCR set up were performed in separate
laboratories. A sample negative control was included during the concentration process. An extraction negative control
was also included during nucleic acid extraction to account for any contamination during extraction. All sample and

extraction negative controls were negative for the analyzed targets.

2.10 Data analysis



For RT-qPCR, samples were considered positive (SARS-CoV-2 detected) if amplification was observed in at least one
of the four replicates and no amplification occurred for negative controls. For ATOplex, samples were classified as
either positive or negative for SARS-CoV-2 by first normalizing the number of SARS-CoV-2 reads to those of a spike-
in lambda phage DNA control (18,000 GC) according to the [Instruction: I see the full equation below but in the PDF
proof half of the equation is missing. This needs to be fixed as this equation is important.]JEquation below. This
normalization is required to account for the randomness of the rumberprodueed reads during sequencing by calibrating
to a target seeded at a known quantity, which and-minimizes the bias from variation in sequencing depth across samples
(Nietal, 2021).

# of SARS — CoV — 2 reads % 1,400 bases (lambda phage genome length)

Nomalized SARS — CoV —2reads =
omatize © reacs # of lambda phage reads 29,871 (SARS — CoV — 2 genome length

When normalized SARS-CoV-2 reads were >to 0.01 (i.e., 21 SARS-CoV-2 reads/100 lambda phage reads), it was
classified as positive, and when normalized SARS-CoV-2 reads were <0.001 (i.e., 2.1 SARS-CoV-2 reads/100 lambda
phage reads), it was classified as negative. Normalized read values between 0.001 and 0.01 were interpreted as low
depth samples. The low depth samples were classified as positive when number of mapped amplicon tiles were >5. The
proportion of samples positive by each RT-qPCR assay and all RT-qPCR assays pooled together were compared to the
proportion positive by ATOPIlex at each seeding level using Fisher's exact test (Fisher, 1922).

3 Results

3.1 Assay performance and relevant QA/QC

The RT-qPCR standard curves prepared from gamma-irradiated SARS-CoV-2 had a linear dynamic range from
6 % 10° to 6 GC/reaction (1.2 X 10° to 1.2 GC/uL). The slopes of the standard curves ranged between —3.314 (CCDC
N) and —3.424 (US CDC N2) (Table 1). The ranges for amplification efficiencies (94.0 to 100%) and y-intercepts
£36.40 (US CDC N1) to 39.12 (US CDC N2) were within the prescribed range of MIQE guidelines (Bustin et al.,
2009). The squares of the correlation coefficients (r2) ranged from 0.982 (CCDC N) to 0.993 (US CDC N1). All
method, extraction and RT-qPCR negative controls were negative. All positive controls or standard curves were
successfully amplified in each PCR run. PCR inhibition was not identified in any RNA samples based on the seeded
GC of MHV (all well within 2-Cq values of the reference Cq value) (Supplementary Tables ST4 and STS). The

measured 260/280 ratio of nucleic acid >1.8 for wastewater RNA sample was considered acceptable RNA quality

(Supplementary Tables ST2 and ST3).{Sambreoketal; 1989

Wastewater samples, corresponding dilutions and ATOPIlex-specific generated total number of quality-filtered reads,
SARS-CoV-2 mapped reads, genome depth and coverage, and mapping rates are shown in Table 2. During both trials,
the total number of quality-filtered reads across all samples and replicates at all SARS-CoV-2 seeding concentrations
ranged from 17 to 20 million; however, the total number of SARS-CoV-2 mapped reads decreased with decreasing
seeding concentration, with means of 290,000 to 48,000 at the highest titer (~2 X 105 GC/50 mL) and 33 to 94 at the
lowest (~2 x 102 GC/50 mL) during trials A and B, respectively. At the highest seeding level in Trials A and B, the
breadth of genome coverage (at or above 30 times depth) was 93.9 - 99.9% and 71.4 - 99.3%, respectively. As
expected, this breadth of coverage decreased with decreasing seeding concentrations to minimums of 0 — 1.65% and 0
- 8.40% during the two trials (Table 2).
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CoV-2 seeded in wastewater in Trials A and B. Average and range values were generated from each batch of dilution (9 samples each)
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No. of Range of

Concentrations wastewater Total no.of Range of Average genomic
fSARS-CoV-2 1 lity-filtered |01 10-OfSARS- - SARS- . Mappi
o -Co V- samples quality-filtere CoV-2 mapped CoVe2 genome coverage apping
seeded/50 mL of analyzed reads(mean + . depth breadth at rate (%)
reads(mean = SD) mapping .
wastewater SD) (range)  >30 times the
rates (%)
depth (%)

Trial A

232x105 GC 9 1.93+0.06x107 289,875 +341,950 0.36- 222 - 93.9-99.9 92.4 -



5.73 3214 93.8

oy 1.96 £0.03 x 107 0.00 - 1.39 - 92.3 -
10~ " Dilution 9 4383 +£2702 13.5-529
0.05 279 93.9
S 1.95+0.04x107 0.00 - 0.01 - 91.6 -
10~ Dilution 9 1271 £1913 1.30-15.6
0.30 194 94.0
3y 191 £0.19x107 0.00 - 0.00 - 93.0 -
107~ Dilution 9 33+£78 0.00 - 1.65
0.00 0.78 93.5
Trial B
5 1.71 £0.44 x 107 0.02 - 12.2 - 95.5 -
1.79 x10° GC 9 48,013 £90,543 714-99.3
3.27 945 96.5
o 1.79 £ 0.40 x 107 0.00 - 0.00 - 96.0 -
107" Dilution 9 912 + 1499 0.00-50.8
0.03 16.1 97.4
o 1.88 £0.18 x 107 0.00 - 0.00 - 95.7 -
10™~ Dilution 9 304 £321 0.00 -9.70
0.00 2.89 99.1
3 1.69 £0.47 x107 0.00 - 0.00 - 94.8 -
1077 Dilution 9 94 £178 0.00 -8.40
0.00 1.65 97.0

CCDC: China CDC; SD = standard deviation.

In Trial A, SARS-CoV-2 RNA was detected in all 18 wastewater samples (nine samples for 2.32 X 103 GC and nine
samples for 10~! dilution (i.e., containing ~2.32 X 10* GC/50 mL of wastewater) using any of the four RT-qPCR
assays and technical replicates (n = 3 per assay) and ATOPlex amplicon sequencing (n = 1 replicate/sample). Similar
results were also observed for Trial B (Table 3), where all wastewater samples were RT-qPCR (all four assays) and
ATOPIex positive for 1.79 x 10° GC and 10~! dilution (i.e., containing ~1.79 x 10* GC/50 mL of wastewater).
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Concentrations of SARS-Co V-2 No. of wastewater samples positive/No. of samples tested (%)
seeded/50 mL of wastewater

USCDC USCDC CCDC CCDC RT-qPCR all assays ATOPlex
N1 N2 N1 ORF1ab combined
Trial A
5 9/9 9/9 9/9
2.32x10° GC 9/9 (100) 9/9 (100) 9/9 (100)
(100) (100) (100)
I, 9/9 9/9 9/9
10~ " Dilution 9/9 (100) 9/9 (100) 9/9 (100)
(100) (100) (100)
R 8/9 1/9 9/9
10™~ Dilution 7/9 (77.8) 9/9 (100) 6/9 (66.6)
(88.9) (11.1) (100)
3 6/9 1/9 3/9
107~ Dilution 1/9 (11.1) 8/9 (88.9) 1/9 (11.1)
(66.6) (11.1) (33.3)
Trial B
5 9/9 9/9 9/9
1.79 x 10° GC 9/9 (100) 9/9 (100) 9/9 (100)
(100) (100) (100)
N 9/9 9/9 9/9
10~ " Dilution 9/9 (100) 9/9 (100) 8/9 (88.8)
(100) (100) (100)
U 8/9 6/9 4/9
10~ “ Dilution 6/9 (66.6) 8/9 (88.8) 6/9 (66.6)
(88.8) (66.6) (44.4)
3 5/9 2/9 1/9
10~ Dilution 5/9 (55.5) 7/9 (77.7) 3/9 (33.3)

(555 (22) (LD

CCDC: China CDC.



For the 1072 dilution in Trial A, the SARS-CoV-2 RNA detection rate (100%) of CCDC N1 RT-qPCR assay was
slightly greater than US CDC N1 (88.9%) followed by CCDC ORF1 (77.8%). US CDC N2 assay detection rate was
much lower (11.1%) than the other three RT-qPCR assays. When unique positive and negative results from all four RT-
gPCR assays were combined for the 10~ dilution, all nine samples were positive for SARS-CoV-2 RNA. In contrast,
six (66.6%) of nine samples were positive for SARS-CoV-2 by ATOPlex sequencing, which outperformed the US
CDC N2 assay (detection rate is 11.1%). In Trial B at the 1072 dilutions, the SARS-CoV-2 RNA detection rate
(88.9%) by the US CDC NI assay was greater than other three assays (44.4 to 66.6%). Combined, the RT-qPCR
results from all four assays did not increase the detection rate compared to the US CDC N1 assay but the rate was
greater than the US CDC N2, CCDC N and CCDC ORF1ab assays individually. ATOPlex sequencing produced six
positives (66.6%) of nine seeded wastewater samples with a detection rate similar to the US CDC N2 and CCDC
ORF1lab (both 66.6%), but greater than CCDC N1 (44.4%) RT-qPCR assays.

The frequency of SARS-CoV-2 RNA detection at the 10~ dilution (containing ~1.79 x 10%> GC/50 mL of
wastewater) by all assays were lower than the 10=2 dilution. At the 10~ dilution, in Trial A the detection rate (66.6%)
by the US CDC NI was greater than US CDC N2 (11.1%), CCDC N1 (33.3%) and CCDC ORFlab (11.1%).
However, combined unique positive and negative results from all four RT-qPCR assays increased the detection rate
(88.9%) compared to the detection rates of single assays. The ATOPlex detection rate (11.1%) at this dilution was
similar to the US CDC N2 and CCDC N1 RT-gPCR assays.

In Trial B at 1073 dilution detection rates of the US CDC N1 (55.5%) and CCDC ORFlab (66.6%) assays
outperformed US CDC N2 (22.2%) and CCDC N1 (11.1%) assays. An increased detection rate (77.7%) was observed
when results from all RT-qPCR assays were combined in comparison to results from any single RT-qPCR assay (which
ranged from 11.1 to 55.5%). ATOPIlex sequencing produced three positives of nine seeded wastewater samples, and the
detection rate (33.3%) was greater than the US CDC N2 (22.2%) and CCDC N1 (11.1%) assays but lower than US
CDC N1 and CCDC ORF1ab (both 55.5%).

Between Trials A and B, the US CDC N1 assay detection rates were relatively consistent, while the US CDC N2 and
CCDC ORFlab detection rates were greater for Trial B than A, and the CCDC N1 detection rate was greater for Trial
A than B. Fisher's exact test (Table 4) indicated no difference (p > 0.999) in the SARS-CoV-2 RNA positivity rate
between RT-qPCR assays (individual and combined) and ATOPlex when seeding concentrations were greater than 4
log ;o GC/50 mL. At the 3 log;, GC/50 mL seeding concentration, positivity rates between individual RT-qPCR assays
and ATOPlex sequencing were still not significantly different (p > 0.121). However, when unique detections were
combined across all assays, SARS-CoV-2 RNA positivity by RT-qPCR was significantly greater than by ATOPlex
(p = 0.041). At the lowest seeding concentration (~2 log;; GC/50 mL), SARS-CoV-2 RNA positivity was
significantly greater by the US CDC N1 (p = 0.041) assay individually and all RT-qPCR assays combined (p < 0.001)
than by ATOPlex. Conversely, the US CDC N2, CCDC N1, and CCDC ORFlab RT-pPCR assays did not yield
significantly different positivity from ATOPlex sequencing (p > 0.711).
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Concentrations of SARS-Co V-2 seeded/50 mL of  Fisher's exact p-value for the proportion of samples positive by RT-qPCR

wastewater versus ATOPlex
USCDC USCDC CCDC CCDC RT-qPCR all assays
N1 N2 N1 ORF1ab combined

5logyg GC >0.999 >0.999 >0.999  >0.999 >0.999

4log1o GC >0.999 >0.999 >0.999  >0.999 >0.999

3logg GC 0.121 0318 0.725 0.725 0.041

2 log19 GC 0.041 >0.999 >0.999  0.711 <0.001

CCDC: China CDC.



For the lowest two dilutions (1072 and 1073) of the nine SARS-CoV-2-seeded wastewaters in each Trial, the mean Cq
values of RT-qPCR assays were compared to the ATOPIlex-positive samples and the number of ATOPlex-mapped sites
(Table 5). In Trial A at 10~2 dilution, the ATOPlex methed-produced positive results when the Cq values of US CDC
N1 and CCDC N1 RT-qPCR assays ranged between 32.4 and 41.5 (mean Cq = 36.7) and 35.3 to 37.9 (mean
Cq = 36.8), respectively. In the Trial B at 102 dilution, ATOPlex yielded positive results when the Cq values of the
RT-qPCR assays ranged between 34.4 and 39.6 (mean Cq = 36.3). At this dilution, three samples were classified as
negative by ATOPlex when the RT-qPCR assay in both trials, being Cq values ranged between 34.6 and 40.3 (average

Cq = 36.4) (most instances Cq values were greater than 35) in Trial A and Cq values were >35 in Trial B.
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US CDC US CDC CCDC CCDC
WWTP N1 N2 N1 ORFlab ATOPIlex positive samples (number of mapped

samples amplicon sites)
Mean Cq values

Trials A

10~2 Dilution

WW32 +(324) ND +(357)  +@LD) +(32)
WW33 +(34.6)  +(445)  +(370) +@14) +(160)
WW34 +(39.1) ND +(36.9)  +(41.6) +(93)
WW35 +(378) ND +(379) +(43.8) +(28)
WW36 ND ND +(357)  +(44.5) ND (4)
WW37 +415 ND +(37.8)  +(42.5) +(14)
WW38 +3438 ND +(36.1)  +(41.6) ND (3)
WW39 +36.8 ND +(36.5)  ND ND (2)
WW40 +34.8 ND +(353) ND +(40)
103 Dilution

WW23 ND ND ND ND ND (3)
WW24 ND +(37.1)  ND ND ND (0)
WW25 +(428) ND ND ND ND (0)
WW26 +@1.1)  ND +(355) ND ND (0)
WW27 +@1.1)  ND +(369) ND ND (3)
WW28 ND ND ND ND ND (0)
WW29 +@1.1)  ND +(404) ND ND (2)
WW30 +(@417)  ND ND ND ND (2)
WW31 +(@424) ND ND +(44.5) +(6)
Trials B

10~2 Dilution

WW23 +(347)  +(37.0)  +(344) +(36.1) +(44)
WW24 +(352) ND ND ND +(35)
WW25 +(35.8)  +(403)  +(34.7)  +(34.6) ND (4)
WW26 +(353) +(381) ND ND +(39)

WW27 +(352)  +(389) ND +(38.1) +(6)



WW28 +(349)  +(37.0)  +(355) +(36.5) +(28)

WW29 ND ND ND ND ND (0)
WW30 +(35.7) ND +(36.6) +(37.3) ND (0)
WW31 +(353)  +(39.6) ND +(35.2) +(42)

103 Dilution

WW32 +(35.6)  +(380) ND ND ND (0)
WW33 ND ND ND ND ND (2)
WW34 ND ND ND +(37.4) ND (0)
WW35s ND ND ND +(38.5) ND (0)
WW36 ND ND ND ND +(12)

WW37 +(364)  ND ND +(35.9) +(10)

WWw3s +(358) ND ND +(372) ND (0)
WW39 +(35.6) ND ND ND ND (0)
WW40 +(345) +(369)  +(332) +(354) +(40)

For the Trial A 1073 dilution, the majority of the samples were classified as negative by ATOPlex compared to RT-
gPCR and the Cq vales of these positive samples were >35. For the Trial B 10~3 dilution, the majority of the samples
were classified as negative by ATOPIlex compared to RT-qPCR with Cq vales of these RT-qPCR positive samples >35.
Interestingly, sample WW36 was negative by all RT-qPCR assays but ATOPlex mapped to 40 SARS-CoV-2 genomic

locisites and was classified as positive.

4 Discussion

Multiple studies have reported the application of 2rnd-and-3rd-generation-sequencing methods to detect and quantify the
SARS-CoV-2 virus and its VOCwariants in wastewater. These methods were developed for clinical use but have been
applied for the analysis of wastewater samples. These include tiled amplicon approaches such as a Nanopore-based
method utilizing 89 primer sets (Izquierdo-Lara et al., 2021; Oude Munnink et al., 2020), or ones that employ ARTIC
primer sets (Lin et al., 2021; Nemudryiet-al5;—2620; Rios et al., 2021; Swift et al., 2021). Other tiling amplicon
approaches include ATOPlex, utilizing 259 primer sets (Ni et al., 2021), or Illumina sequencing with the Swift
Nomalase® Amplicon SARS CoV-2 Panel (SNAP) panel (Fontenele et al., 2021). An oligo-based enrichment/capture
approach has also been used (Crits-Christoph et al., 2021).

Most of these studies were conducted in countries with high COVID-19 prevalence such as USA, Canada, Belgium,
France, and Netherlands. However, analysis of wastewater-based SARS-CoV-2 detection sensitivities between
sequencing (i.e., targeting multiple genomic loci) and RT-qPCR (i.e., targeting a single genomic locus) has not been
performed. In view of this, we compared diagnostic sensitivities from several RT-qPCR assays and ATOPlex amplicon-
based sequencing by seeding serially-diluted gamma-irradiated SARS-CoV-2 in wastewater. We present detection
results by RT-qPCR and ATOPIlex sequencing workflows for scenarios when the seeded numbers of SARS-CoV-2 in

wastewater samples are moderate to low (10° to 10> GC/50 mL).

While the data from this study allows a cross-comparison among RT-qPCR assays, however, making a direct
comparison between RT-qPCR assays and ATOPlex sequencing is difficult due to several differences in processing and
worflow; namely, the RT-qPCR assays used in this study are one-step (RT and PCR included in the same tube), while
ATOPIlex sequencing is a two-step multiplex PCR which amplifies the RNA target region in a single tube, and
sequencing involved preparation of circularized single strand DNA from RNA. Another significant difference between
these two strategies is that RT-qPCR assays target a small fragment of the genome (~60 to 160 bp), while ATOPlex
utilizes 259 primer sets along the SARS-CoV-2 genome with amplicon tiles ranging in size from 159 to 199 bp. There
are also differences in input nucleic acid concentrations, kits, and in the designation of samples to positive or negative

detections.

This study was carefully designed to include a number of wastewater samples to capture the inherent variations in the
wastewater matrix, rather than using a bulk wastewater. Two trialstrails of experiments were conducted to obtain
confirmatory results. ¥ A V-2-coneents ations,—we-used-an-adserption-extraction-method-whichisreporte
Ahmed-etal;262+a)-After seeding SARS-COV-2

in wastewater, sample processing, RNA extraction and analysis were undertaken within 48 h to avoid RNA

degradation. The purity of extracted nucleic acid was checked and RT-PCR inhibition was assessed.



For both trials and seeding dilutions, consistent SARS-CoV-2 detections was achieved for RT-qPCR assays and
ATOPIex at the two higher seeding levels, suggesting that detection using the adsorption-extraction concentration
method is quite robust when the numbers of seeded SARS-CoV-2 on the order of 104 to 10°: GC/50 mL. However,
detection rates decreased at dilutions 10~2 and 103 by both RT-qPCR and ATOPlex sequencing. This is probably due
to sub-sampling error which can introduce errors in RNA detection at low viral concentrations (Taylor et al., 2019).
After concentration, some wastewater RNA samples may contain 10-50 GC in a volume of 100 uL. RNA. Since we
analyzed only a portion of the 200 uL RNA (5 uL per RT-qPCR and 10 uL for ATOPlex sequencing), this will result
in stochastic detection. The impacts of sub-sampling error in wastewater samples with low target RNA concentrations
have been discussed thoroughly (Ahmed et al., 2022b). While MHV seeding analysis suggested the absence of PCR
inhibitors, however, the presence of low levels of inhibition could not be ruled out. and-may-have-masked-thepositive
deteetion-

Among the RT-qPCR assays, the detection rate of US CDC N1 assay was greater than other assays, suggesting
application of this assay may be advantageous when the level of SARS-CoV-2 is low or near the limit of detection in
wastewater. However, combining results from multiple RT-qPCR assays produced a greater detection rate than the
individual assays alone. Multiple assays, including US CDC N1, should be used for trace detections and to avoid
potential false negative results due to mismatches in the primer target sequence from mutations. Interestingly, ATOPlex
sequencing was not as sensitive as the US CDC N1 nor combined RT-qPCR assay results, despite its use of 259

multiplexed primer sets to amplify the SARS-CoV-2 genome and despite 2-fold greater RNA input in this study design.

A recent study has highlighted the potential application of ATOPIlex sequencing for wastewater surveillance and
reported that ATOPlex sequencing was capable of quantifying SARS-CoV-2 RNA at concentrations at least one order
of magnitude lower than the detection limit of RT-qPCR (Ni et al., 2021). However, ATOPlex and RT-qPCR
comparison was undertaken using a commercial RN A positive control diluted in water and did not account for matrix
interference or loss through viral concentration and RNA extraction. Therefore, a direct comparison of results from Ni
et al. (2021) and this study is not possible. Targeting multiple loci along the SARS-CoV-2 genome is expected to
enhance sensitivity in a matrix such as wastewater where mMultiple species of viral RNA are likely present (i.e.,
fragmented, genomic, sub-genomic) in non-stoichiometric amounts. On the other hand, this may increase error in
wastewater surveillance where some of these primers may amplify off-target sequences from other microorganisms also
present in wastewater. Therefore, a cut-off of 5 amplicon tile mapping sites was used to designate a sample positive or
negative with ATOPlex sequencing. We acknowledge that in this study for ATOPlex, multiple replicates were not used

which could have reduced the detection sensitivity.

While the ATOPlex sequencing assay was not as sensitive fer-deteetion-as the US CDC N1 nor the combined RT-
qPCR assay results, it nonetheless had similar sensitivity to three commonly utilized RT-qPCR assays (US CDC N2,
CCDC N1, and CCDC ORFlab) when analyzed independently at the lowest seed concentration (10~3 dilution). This
demonstrates that ATOPlex could be utilized not only for monitoring for VOCgenemie—variants, but also for
positive/negative detection of SARS-CoV-2 in wastewater samples. However, based on the observed trends in
decreasing mapping rates and breadth of coverage with decreasing SARS-CoV-2 concentrations, the ATOPlex method
seems more suited for wastewaters with medium to high viral concentrations (e.g., at or above the 10~2 dilution level).
Previous studies utilizing genomic sequencing of SARS-CoV-2 in wastewater have observed mixed trends in genome
coverage versus viral concentration, based on the different methods employed. Crits-Christoph et al. (2021) used
hybridization-based probe capture followed by metatranscriptomic sequencing and observed no correlation between the
relative abundance of SARS-CoV-2 and geneme-eepiesGC quantified by RT-qPCR. Using multiplex tiling PCR with
500 bp amplicons for viral enrichment followed by sequencing with Nanopore, Izquierdo-Lara et al. (2021) found an
inverse sigmoidal correlation between the breadth of genome coverage and the Cq values of both the N2 and the E
primers/probe sets within a range of Cq values from 27 to 36. However, using multiplex tiling PCR with shorter
amplicons (Swift Normalase® Amplicon SARS CoV-2 Panel), Fontenele et al. (2021) did not observe any correlation
between breadth of coverage and RT-qPCR Cq values in the range of 27 and 36, even though there was an apparent
decreasing trend in depth of genome coverage with increasing Cq. Thus, the sensitivity of multiplex tiling PCR assays
may be dependent on aspects of the primer panel design, such as amplicon length. Such effects were systematically
explored by Lin et al. (2021) by conducting a comparison of three different multiplex tiling PCR primer sets of different
amplicon length (150 bp, 400 bp, 1200 bp) with the same wastewater samples with Cq values ranging from 29 to 36,
which revealed that shorter amplicons (e.g. 150 bp Swift Biosciences) were less succeptible to decreasing detection
rates at lower viral concentrations. However, it is also apparent that trade-offs exist in the design of multiplex tiling
PCR assays, as Lin et al. (2021) found lower mapping rates and depth of genome coverage at high viral concentrations
using the 150 bp amplicon panel versus 400 bp and 1200 bp, which was attributed to more primer-primer interactions
and higher off-target amplification rates. As the ATOPlex assay used here relied on shorter amplicons (159 to 199 bp),
it is thus possible that observed detection sensitivity was impacted by higher rates of off-target amplification and primer-
primer interactions. It has also been shown that the sensitivity of multiplex tiling PCR is dependent on the wastewater
matrix and/or extraction method (Lin et al., 2021). Therefore, it may be possible to optimize the sensitivity of multiplex
tiling PCR for the application of SARS-CoV-2 detection based on a combined selection of wastewater matrix type,

extraction method, and multiplex primer assay design, beyond what is presented in this current study.



Here, we show that the PLOD of RT-qPCR for the detection of SARS-CoV-2 in wastewater was lower than that of
ATOPIlex. Therefore, for applications where positive/negative detection is critical, and wastewater viral concentrations
are low, RT-qPCR could beis the preferred method. There are additional benefits of RT-qPCR, such as its shorter
turnaround time (within 4.5 h from concentration to results for RT-qPCR versus 48-60 h for ATOPlex), as well as its
lower cost per sample. However, the application of multiplex tiling PCR based sequencing offers several critical
advantages for wastewater surveillance, such as the ability to detect and monitor VOC. genemie-variants{e-g-vartants

eoneern/interest-and-novel/emerging-variants)-of-coneetn —It could also be argued that sequencing provides more

convincing detection of SARS-CoV-2 genomic fragments at low viral concentrations with verification via read
mapping at multiple sites across the genome, as high Cq values in RT-qPCR can be difficult to discern between true
detection from non-target amplification for non-specific RT-qPCR assays. This is especially an issue for the complex i

the-wastewater matrix-whieh-has-greater-ehem ieat-and-nueleie-acid-eomplexity compared to human clinical specimens

and thus more opportunity for off-target amplification or spurious probe hydrolysis. Therefore, a strategy of frequent

RT-qPCR testing (e.g., daily) complemented by periodic multiplex tiling PCR sequencing (e.g., weekly or fortnightly)

may represent a powerful combination for monitoring SARS-CoV-2 concentrations and evolutionary dynamics
throughout the COVID-19 pandemic.

5 Conclusions

« Among the four RT-qPCR assays tested (US CDC N1, US CDC N2, CCDC N, CCDC ORF1lab), the
US CDC NI assay outperformed all other assays, as well as ATOPlex sequencing, especially in
instances when SARS-CoV-2 levels wereatre close to rearing detection thresholds.

Combining multiple RT-qPCR assays can increase SARS-CoV-2 detection sensitivity, over any
individual assay. This approach may be especially useful when SARS-CoV-2 levels in wastewater are
low, while minimizing false negative results arising from mismatches in primer design due to viral

genome mutations.

The ATOPIlex sequencing displayed similar or relatively lesser sensitivity to RT-qPCR assays in

instances of low SARS-CoV-2 concentrations, but performance may be dependent on primer panel
design features such as amplicon length, or other variables such as wastewater matrix,_virus
concentration and nucleic acid extraction.-method-ased:

The PLOD for RT-qPCR assays for SARS-CoV-2 detection in wastewater was lower than ATOPlex
sequencing, however combination of both approachesteehnotogies could boost detections sensitivity
while enabling identification of genemie-variantsVOC as they emergearise.

thettedreferenees
China-CDE(2020)—Ahmed—et-at—(2620b)Ahmed-et-at—{2020e)—Ahmed—et-at—202+b)—Ahmed—et-at—(262+e)—
Besselsenetal2002)

Disclaimers

The views expressed in this article are those of the author(s) and do not necessarily represent the views or policies of
the U.S. Environmental Protection Agency. The U.S. Environmental Protection Agency through the Office of
Research and Development provided technical direction but did not collect, generate, evaluate, or use the

environmental data described herein.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

Acknowledgements

We thank CSIRO Land and Water for strategic funding to complete this research project. We thank Urban Ultilities for

providing untreated wastewater samples.

Supplementary materials

Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.watres.2022.11
8621.

References


http://dx.doi.org/10.13039/501100000943
https://doi.org/10.1016/j.watres.2022.118621

@ The corrections made in this section will be reviewed and approved by a journal production editor. The newly

added/removed references and its citations will be reordered and rearranged by the production team.

Ahmed, W., Payyappat, S., Cassidy, M., Besley, C., Power, K., 2018. Novel crAssphage marker genes
ascertain sewage pollution in a recreational lake receiving urban stormwater runoff. Water Res. 145, 769-778
2018.

Ahmed, W., Angel, N., Edson, J., Bibby, K., Bivins, A., Brien, J.W.O., Choi, P.M., Kitajima, M., Simpson,
S.L., Li, J., Tscharke, B., Verhagen, R., Smith, W.J.M., Zaugg, J., Dierens, L., Hugenholtz, P., Thomas,
K.V., Mueller, J.F., 2020a. First confirmed detection of SARS-CoV-2 in untreated wastewater in Australia: a
proof of concept for the wastewater surveillance of COVID-19 in the community. Sci. Total Environ. 728,
138764.

Ahmed, W., Bivins, A., Bertsch, PM., Bibby, K., Choi, PM., Farkas, K., Gyawali, P., Hamilton, K.A.,
Haramoto, E., Kitajima, M., 2020b. Surveillance of SARS-CoV-2 RNA in wastewater: methods optimisation
and quality control are crucial for generating reliable public health information. Curr. Opin. Environ. Sci.
Health 17, 82-93.

Ahmed, W., Bertsch, P.M., Angel, N., Bibby, K., Bivins, A., Dierens, L., Edson, J., Ehret, j., Gyawali, P.,
Hamilton, K.A., Hosegood, 1., Hugenholtz, P., Jiang, G., Kitajima, M., Sichani, H.T., Shi, J., Shimko, K.M.,
Simpson, S.L., Smith, W.J.M., Symonds, E.M., Thomas, K.V., Verhagen, R., Zaugg, J., Mueller, J.F., 2020c.
Detection of SARS-CoV-2 RNA in commercial passenger aircraft and cruise ship wastewater: a surveillance
tool for assessing the presence of COVID-19 infected travellers. J. Travel Med. 27 (5), taaall6[Instruction:

Please delete this reference].

Ahmed, W., Bivins, A., Simpson, S.L., Bertsch, P.M., Ehret, J., Hosegood, 1., Metcalfe, S., Smith, W.J.M.,
Thomas, K.V., Tynan, J., Mueller, J.F., 2021a. Wastewater surveillance demonstrates high predictive value
for COVID-19 infection on board repatriation flights to Australia. Environ. Int. 106938[Instruction: can you

please remove this reference].

Ahmed, W., Tscharke, B., Bertsch, PM., Bibby, K., Bivins, A., Choi, P., Clarke, L., Dwyer, J., Edson, J.,
Nguyen, T.M.H., O’Brien, J.W., Simpson, S.L., Sherman, P., Thomas, K.V., Verhagen, R., Zaugg, J.,
Mueller, J.F., 2021b. SARS-CoV-2 RNA monitoring in wastewater as a potential early warning system for
COVID-19 transmission in the community: a temporal case study. Sci. Total Environ. 761,
144216[Instruction: Please delete this reference].

Ahmed, W., Bivins, A., Simpson, S.L., Smith, W.J.M., Metcalfe, S., McMinn, B., Symonds, E.M., Korajkic,
A., 2021c. Comparative analysis of rapid concentration methods for the recovery of SARS-CoV-2 and
quantification of human enteric viruses and a sewage-associated marker gene in untreated wastewater. Sci.
Total Environ. 799, 149386[Instruction: Please delete this reference].

Ahmed, W., Simpson, S.L., Bertsch, P.M., Bibby, K., Bivins, A., Blackall, L.L., Bofill-Mas, S., Bosch, A.,
Branda Brandao, J., Choi, PM., Ciesielski, M., Donner, E., D’Souza, N., Farnleitner, A.H., Gerrity, D.,
Gonzalez, R., Griffith, J.F., Gyawali, P., Haas, C.N., Hamilton, K.A., Hapuarachchi, H.C., Harwood, V.J.,
Haque, R., Jackson, G., Khan, S.J., Khan, W., Kitajima, M., Korajkic, A., La Rosa, G., Layton, B.A., Lipp,
E., McLellan, S.L., McMinn, B., Medema, G., Metcalfe, S., Meijer, W.G., Mueller, J.F., Murphy, H.,
Naughton, C.C., Noble, R.T., Payyappat, S., Petterson, S., Pitkdnen, T., Rajal, V.B., Reyneke, B., Roman,
F.A., Rose, J.B., Rusifiol, M., Sadowsky, M.J., Sala-Comorera, L., Setoh, Y.X., Sherchan, S.P,
Sirikanchana, K., Smith, W., Steele, J.A., Sabburg, R., Symonds, E.M., Thai, P., Thomas, K.V., Tynan, J.,
Toze, S., Thomson, J., Whiteley, A.S., Wong, J.C.C., Sano, D., Wuertz, S., Xagoraraki, I., Zhang, Q.,
Zimmer-Faust, A.G., Shanks, O.C., 2022. Minimizing errors in RT-PCR detection and quantification of
SARS-CoV-2 RNA for wastewater surveillance. Sci. Total Environ. 805, 149877[Instruction: This should be
2022b].

Besselsen, D.G., Wagner, A.M., Loganbill, J.K., 2002. Detection of rodent coronaviruses by use of

fluorogenic reverse transcriptase-polymerase chain reaction analysis. Comp. Med. 52 (2), 111-116.

Bivins, A., Kaya, D., Bibby, K., Simpson, S., Bustin, S., Shanks, O.C., Ahmed, W., 2021. Variability in RT-
gqPCR assay parameters indicates unreliable SARS-CoV-2 RNA quantification for wastewater surveillance.
Water Res. 203, 117516.

Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R., Nolan, T., Pfaffl,
M.W., Shipley, G.L., Vandesompele, J., Wittwer, C.T., 2009. The MIQE guidelines: minimum information



for publication of quantitative real-time PCR experiments. Clin. Chem. 55, 611-622.

Crits-Christoph, A., Kantor, R.S., Olm, M.R., Whitney, O.N., Al-Shaveb, B., Lou, Y.C., Flamholz, A.,
Kennedy, L.C., Greenwald, H., Hinkle, A., Hetzel, J., Spitzer, S., Koble, J., tan, A., Hyde, F., Schroth, G.,
Kuersten, S., Banfield, J.F., Nelson, K.L., 2021. Genome sequencing of sewage detects regionally prevalent
SARS-CoV-2 variants. mBio 12 DOI doi:10.1128/mBi0.02703-20.

CDC, 2020. 2019-Novel Coronavirus (2019-nCoV) real-time tRT-PCR panel primers and probes.

Chik, A.H.S., Glier, M.B., Servos, M., Mangat, C.S., Pang, X.-.L., Qiu, Y., D’Aoust, PM., Burnet, J.-B.,
Delatolla, R., Dorner, S., Geng, Q., Giesy, J.P., Mckay, R.M., Mulvey, M.R., Prystajecky, N., Srikanthan,
N., Xie, Y., Conant, B., Hrudey, S.E., 2021. Comparison of approaches to quantify SARS-CoV-2 in
wastewater using RT-qPCR: results and implications from a collaborative inter-laboratory study in Canada. J.
Environ. Sci. 107, 218-229.

China CDC, 2020. Specific primers and probes for detection 2019 novel Coronavirus [WWW Document].
China CDC.

Ciesielski, M., Blackwood, D., Clerkin, T., Gonzalez, R., Thompson, H., Larson, A., Noble, R., 2021.
Assessing sensitivity and reproducibility of RT-ddPCR and RT-qPCR for the quantification of SARS-CoV-2
in wastewater. J. Virol. Methods 297, 114230.

D’Aoust, PM., Mercier, E., Montpetit, D., Jia, J.J., Alexandrov, 1., Neault, N., Baig, A.T., Mayne, J., Zhang,
X., Alain, T., Langlois, M.-.A., Servos, M.R., Mackenzie, M., Figeys, D., Mackenzie, A.E., Graber, T.E.,
Delatolle, R., 2021. Quantitative analysis of SARS-CoV-2 RNA from wastewater solids in communities with
low COVID-19 incidence and prevalence. Water Res. 188, 116560.

Drmanac, R., Sparks, A.B., Callow, M.J., Halpern, A.L., Burns, N.L., Kermani, B.G., Carnevali, P.,
Nazarenko, 1., Nilsen, G.B., Yeung, G., Dahl, F., Fernandez, A., Staker, B., Pant, K.P., Baccash, J.,
Borcherding, A.P., Brownley, A., Cedeno, R., Chen, L., Chernikoff, D., Reid, C.A., 2010. Human genome

sequencing using unchained base reads on self-assembling DNA nanoarrays. Science 327 (5961), 78-81.

Fisher, R.A., 1922. On the interpretation of 2 from contingency tables, and the calculation of P. J. R. Stat.
Soc. 85 (1), 87-94.

Fontenele, R.S., Kraberger, S., Hadfield, J., Driver, E.M., Bowes, D., Holland, L.A., Faleve, T.O.C.,
Adhikari, S., Kumar, R., Inchausti, R., Holmes, W.K., Deitrock, S., Brown, P., Duty, D., Smith, T,
Bhatnagar, A., Yeager, R.A., Holm, R.H., von Reitzenstein, N.H., Wheeler, E., Dixon, K., Constantine, T.,
Wilson, M.A., Lim, E.S., Jiang, X., Halden, R.U., Scotch, M., Varsani, A., 2021. High-throughput
sequencing of SARS-CoV-2 in wastewater provides insights into circulating variants. Water Res. 205,
117710.

Gerrity, D., Papp, K., Stoker, M., Sims, A., Frehner, W., 2021. Early-pandemic wastewater surveillance of
SARS-CoV-2 in Southern Nevada: methodology, occurrence, and incidence/prevalence considerations. Water
Res. X 10, 100086.

Gonzalez, R., Curtis, K., Bivins, A., Bibby, K., Weir, M.H., Yetka, K., Thompson, H., Keeling, D., Mitchell,
J., Gonzalez, D., 2020. COVID-19 surveillance in Southeastern Virginia using wastewater-based
epidemiology. Water Res. 186, 116296.

Grint, D.J., Wing, K., Williamson, E., McDonald, H.I., Bhaskaran, K., Evans, D., Evans, S.J., Walker, A.J.,
Hickman, G., Nightingale, E., Schultze, A., Rentsch, C.T., Bates, C., Cockburn, J., Curtis, H.J., Morton,
C.E., Bacon, S., Davy, S., Wong, A.Y., Mehrkar, A., Tomlinson, L., Douglas, 1.J., Mathur, R., Blomquist, P.,
MacKenna, B., Ingelsby, P., Croker, R., Parry, J., Hester, F., Harper, S., DeVito, N.J., Hulme, W., Tazare, J.,
Goldacre, B., Smeeth, L., Eggo, R.M., 2021. Case fatality risk of the SARS-CoV-2 variant of concern
B.1.1.7 in England. Euro Surveill. 26 (11), 2100256.

Hata, A., Hara-Yamamura, H., Meuchi, Y., Imai, S., Honda, R., 2021. Detection of SARS-CoV-2 in
wastewater in Japan during a COVID-19 outbreak. Sci. Total Environ. 758, 143578.

Izquierdo-Lara, R., Elsinga, G., Heijnen, L., Munnink, B., Schapendonk, C., Nieuwenhuijse, D., Kon, M.,
Lu, L., Aarestrup, F.M., Lycett, S., Medema, G., Koopmans, M., de Graaf, M., 2021. Monitoring SARS-



CoV-2 circulation and diversity through community wastewater sequencing, the Netherlands and Belgium.
Emerg. Infect. Dis. 27 (5), 1405-1415.

Juel, M.ILA., Stark, N., Nicolosi, B., Lontai, J., Lambirtth, K., Schlueter, J., Gibas, C., Munir, M., 2021.
Performance evaluation of virus concentration methods for implementing SARS-CoV-2 wastewater-based

epidemiology emphasizing quick data turnaround. Sci. Total Environ. 801, 149656.

Kitajima, M., Ahmed, W., Bibby, K., Carducci, A., Gerba, C.P., Hamilton, K.A., Haramoto, E., Rose, J.B.,
2020. SARS-CoV-2 in wastewater: state of the knowledge and research needs. Sci. Total Environ. 739,
139076.

Lin, X., Glier, M., Kuchinski, K., Ross-Van Mierlo, T., McVea, D., Tyson, J.R., Prystajecky, N., Ziels, R.M.,
2021. Assessing multiplex tiling PCR sequencing approaches for detecting genomic variants of SARS-CoV-2

in municipal wastewater. mSystems 6, e0106821.

La Rosa, G., Mancini, P., Ferraro, G.B., Veneri, C., laconelli, M., Bonadonna, L., Lucentini, L., Suffredini,
E., 2020. SARS-CoV-2 has been circulating in northern Italy since December 2019: evidence from

environmental monitoring. Sci. Total Environ. 750, 141711.

Medema, G., Heijnen, L., Elsinga, G., Italiaander, R., Brouwer, A., 2020. Presence of SARS-Coronavirus-2
RNA in sewage and correlation with reported COVID-19 prevalence in the early stage of the epidemic in the
Netherlands. Environ. Sci. Technol. 7, 511-516 2020.

Ni, G., Lu, J., Maulani, N., Tian, W., Yang, L., Harliwong, 1., Wang, Z., Mueller, J., Yang, B., Yuan, Z., Hu,
S., Guo, J., 2021. Novel multiplexed amplicon-based sequencing to quantify SARS-CoV-2 RNA from

wastewater. Environ. Sci. Technol. 8, 683-690.

Oude Munnink, B.B., Nieuwenhuijse, D.F., Stein, M., O’Toole, A., Haverkate, M., Mollers, M., Kamga,
S.K., Schapendonk, C., Pronk, M., Lexmond, P., van der Linden, A., Bestebroer, T., Chestakova, I.,
Overmars, R.J., van Nieuwkoop, S., Molenkamp, R., van der Eijk, A.A., GeurtsvanKessel, C., Vennema, H.,
Meijer, A., Rambaut, A., van Dissel, J., Sikkema, R.S., Timen, A., Koopman, M., Dutch-Covid-19 Response
Team, 2020. Rapid SARS-CoV-2 whole-genome sequencing and analysis for informed public health
decision-making in the Netherlands. Nat. Med. 26 (9), 1405-1410.

Parker, J., Fowler, N., Walmsley, M.L., Schmidt, T., Scharrer, J., Kowaleski, J., Grimes, T., Hoyos, S., Chen,
J., 2015. Analytical sensitivity comparison between singleplex real-time PCR and a multiplex PCR platform
for detecting respiratory viruses. PLoS ONE 10, e0143164.

Pecson, B.M., Darby, E., Haas, C.N., Amha, Y.M., Bartolo, M., Danielson, R., Dearborn, Y., Di Giovanni,
G., Ferguson, C., Fevig, S., 2021. Reproducibility and sensitivity of 36 methods to quantify the SARS-CoV-
2 genetic signal in raw wastewater: findings from an interlaboratory methods evaluation in the US. Environ.
Sci. Water Res. Technol. 7, 504—520.

Peccia, J., Zulli, A., Brackney, D.E., Grubaugh, N.D., Kaplan, E.H., Casanovas-Massana, A., Ko, A.L,
Malik, A.A., Wang, D., Warren, J.L., Weinberger, D.N., Arnold, W., Omer, S.B., 2020. Measurement of
SARS-CoV-2 RNA in wastewater tracks community infection dynamics. Nat. Biotechnol. 38, 1164—1167.

Rios, G., Lacoux, C., Leclercq, V., Diamant, A., Lebrigrand, K., Lazuka, A., Soyeux, E., Lacroix, S., Fassy,
J., Couesnon, A., Thiery, R., Mari, B., Pradier, C., Waldmann, R., Barby, P., 2021. Monitoring SARS-CoV-
2 variants alterations in Nice neighborhoods by wastewater nanopore sequencing. Lancet Reg. Health Eur.
10, 100202.

Swift, C.L., Isanovic, M., Correa Velez, K.E., Norman, S., 2021. Community-level SARS-CoV-2 sequence
diversity revealed by wastewater sampling. Sci. Total Environ. 801, 149691.

Taylor, S.C., Nadeau, K., Abbasi, M., Lachance, C., Nguyen, M., Fenrich, J., 2019. The ultimate qPCR
experiment: producing publication quality, reproducible data the first time. Trends Biotechnol. 37, P761—



P774.

Wu, F., Zhao, S., Yu, B., Chen, Y.M., Wang, W., Song, Z.G., Hu, Y., Tao, Z.W., Tian, J.H., Pei, Y.Y., Yuan,
M.L., Zhang, Y.L., Dai, F.H., Liu, Y., Wang, Q.M., Zheng, J.J., Xu, L., Holmes, E.C., Zhang, Y.Z., 2020.

Author correction: a new coronavirus associated with human respiratory disease in China. Nature 580, E7.

Graphical abstract

@ Images are optimised for fast web viewing. Click on the image to view the original version.

alt-text: Image, graphical abstract

72 WW samples seeded Adsorption- RT-gPCR

with gamma-irradiated Extraction
SARS-CoV-2 . \
| Process
AY ATOPlex LOD
ey s Sequencin
= EiJ B \ g /
& |

Highlights

* Wastewater PLOD values were determined for four SARS-CoV-2 assays and ATOPlex sequencing.

e The US CDC N1 RT-qPCR assays were the most sensitive assay.

e Combining multiple RT-qPCR assays can increase SARS-CoV-2 detection sensitivity.

e The PLOD for RT-qPCR assays for SARS-CoV-2 detection in wastewater was lower than sequencing.

e Combination of both RT-qPCR and ATOPlex sequencing could boost detections sensitivity.
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