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ABSTRACT: The sequencing of human virus genomes from wastewater SARS-CoV-2 genome sequencmg from wastewater
samples is an efficient method for tracking viral transmission and
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evolution at the community level. However, this requires the recovery of —p & j?’ —p —p
viral nucleic acids of high quality. We developed a reusable tangential-flow L) b
filtration system to concentrate and purify viruses from wastewater for
genome sequencing. A pilot study was conducted with 94 wastewater T STy e °*
samples from four local sewersheds, from which viral nucleic acids were E?:’ :z t&io‘.‘
extracted, and the whole genome of severe acute respiratory syndrome e 40_‘3‘ :
coronavirus 2 (SARS-CoV-2) was sequenced using the ARTIC V4.0 ‘-":s: 0l .

)

primers. Our method yielded a high probability (0.9) of recovering i ]
complete or near-complete SARS-CoV-2 genomes (>90% coverage at O 3 60 90 120 150 180 210

10X depth) from wastewater when the COVID-19 incidence rate O Canen per 100.000)

exceeded 33 cases per 100000 people. The relative abundances of

sequenced SARS-CoV-2 variants followed the trends observed from patient-derived samples. We also identified SARS-CoV-2
lineages in wastewater that were underrepresented or not present in the clinical whole-genome sequencing data. The developed
tangential-flow filtration system can be easily adopted for the sequencing of other viruses in wastewater, particularly those at low
concentrations.
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B INTRODUCTION

The global spread of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has facilitated the emergence
of genome mutations, resulting in new lineages that further
threaten public health." Whole-genome sequencing (WGS) of

viral genes from wastewater.'°”'> However, the nucleic acids
recovered with these methods may not be suitable for genome
sequencing—PCR assays typically target <1% of the genome.
Inhibitors of the enzymes used for sequencing, such as humic
acids and nucleic acids from prokaryotes and eukaryotes, are
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clinical samples is a powerful method for tracking the spread of
various SARS-CoV-2 hneages, but this can be expensive, slow,
and subject to biased sampling. Furthermore, the frequency of
clinical testing has declined, aided by the availability of rapid
at-home testing kits. Sequencing SARS-CoV-2 genomes in
wastewater samples circumvents the issues as a high-
throughput and more comprehensive strategy that monitors
a larger and unbiased portion of the population.”™ ® Successful
sequencing of SARS-CoV-2 genomes in wastewater samples
relies on the depth (the number of times a nucleotide is

sequenced)’ and breadth of genome coverage (hereafter,

coverage; the percentage of nucleotide positions sequenced to '

a given depth).” Because SARS-CoV-2 lineages differ by only a Received: September 15, 2022
Revised:  January 1, 2023

few mutations, maximum depth and coverage are needed to
quantify lineage abundance and detect low-frequency muta-
tions.””

Various virus concentration methods have been applied to

perform polymerase chain reaction (PCR)-based detection of
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likely to reduce the genome coverage of SARS-CoV-2. Indeed,
near-complete (>90%) SARS-CoV-2 genomes are not
recovered from most samples (>85%) when aluminum
hydroxide is used to directly precipitate viruses without
separating viruses from other microorganisms in wastewater,'*
The removal of wastewater solids before the Amicon/
Centricon ultracentrifugal concentration'>'® and electroneg-
ative membrane filtration'” can improve sequencing success,
but the quality of the extracted genomes can vary, and random
sequencing failures can occur.'® These previous results
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suggested that concentrating virus particles with separation
from chemical and biological substances might improve the
genome sequence coverage from wastewater. Despite being
less applied to collect longitudinal viral genome sequencing
data from wastewater, a tangential-flow filtration system has
been previously used to detect viral genes in wastewater.'”™>'
This approach concentrates viruses and removes nonviral
genomes and cell-free nucleic acids through size-exclusion
membranes.”> Moreover, due to minimum membrane fouling
issues, the ultrafilter membranes can be washed for reuse to
save operation costs.”> We hypothesized that tangential-flow
filtration would provide a robust, cost-effective method to
recover viral nucleic acids that are suitable for sequencing near-
complete viral genomes from wastewater.

To test our hypothesis, we developed an in-house built
tangential-flow filtration system followed by multiplexed
amplicon sequencing of SARS-CoV-2 genome. Using this
workflow, we tracked SARS-CoV-2 lineages in the wastewater
samples collected from four local sewersheds over 6 months.
We subsequently compared the findings with those from
patient-derived clinical samples at the County level. Finally, the
timing of lineage detection was compared among clinical WGS,
wastewater genome sequencing, and quantitative reverse
transcription polymerase chain reactions (RT-qPCR).

B MATERIALS AND METHODS

Wastewater Sample Collection. Time- or flow-weighted
24-hr composite influent samples were collected every 1 or 2
weeks between October 1 and December 16, 2021, and
between January 18 and April 12, 2022, from four wastewater
treatment plants covering four sewersheds that serve ~80% of
the total population of Erie County (New York): Tonawanda,
Kenmore—Tonawanda, Amherst, and Bird Island (Table S1
and Figure S1). Influent was collected by an autosampler every
30 min, and the samples were kept at 4 °C in high-density
polyethylene bottles that were cleaned with 10% bleach. The
samples were transported on ice packs and stored at 4 °C until
they were processed within 12 h.

Virus Concentration from Wastewater. Wastewater
samples (125 mL) were centrifuged in sterile bottles at
10 000g for 15 min at 4 °C to remove large wastewater solids,
prokaryotic and eukaryotic cells, and other debris. The
supernatant was concentrated in a Vivaflow laboratory cross-
flow cassette system (Sartorius) equipped with a 30 kDa
Hydrosart ultrafilter membrane (Sartorius) at a feedline flow
rate of 8.5 mL/min (Figure S2). The residual liquid in the
ultrafilter membrane and connected tubing was blown with air
into the sample reservoir. The concentrate (~25 mL) in the
reservoir was then collected, overlayed with S mL of a 20% (v/
v) sucrose solution, and ultracentrifuged at 100 000g for 45
min at 4 °C in an SW 32 Ti rotor using an Optima XE series
centrifuge (Beckman Coulter). Immediately after the ultra-
centrifugation, the pellet was resuspended in 200 uL
phosphate-buffered saline (pH 7.4; Gibco) and stored at
—80 °C ~2 weeks until nucleic acid extraction.

After use, the ultrafilter membranes were immediately
flushed with ~100 mL of 0.5 M NaOH solution preheated
to 55 °C at a feedline flow rate of 8.5 mL/min. The NaOH
solution was then recirculated for 20—30 min at the same flow
rate. The cleaned membrane was stored in 0.5 M NaOH at 4
°C. Cleaning efficiency was verified on 6 random days by
processing 125 mL of autoclaved Milli-Q water with the same
concentration procedure. The absence of SARS-CoV-2 genes
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through washed filters was confirmed by RT-qPCR (Figure
S3). Although we did not optimize the potential life span of the
ultrafilter membranes, we determined that they could readily
be washed and reused by this protocol at least 20 times.

Nucleic Acid Extraction and RT-qPCR. Viral nucleic
acids were extracted from the concentrated samples with
QIAamp viral RNA mini kits (Qiagen) and eluted in 60 uL
AVE buffer (Qiagen) per the manufacturer’s instructions. One-
step RT-qPCR was performed to quantify the SARS-CoV-2 N
gene according to the CDC N2 assay’* and to determine the
presence/absence of specific S gene mutations, including
WT493-498, Q493R and Q498R, delH69/V70, and dellL24/
P25/P26 and A27S as variant determinants for Delta, generic
Omicron, Omicron BA.1, and Omicron BA.2, respectively,
following methods published previously (Table $2).”>*° The
limit of detection for the SARS-CoV-2 N gene was determined
to be 1.8 gene copies/uL, and the limit of quantification was
determined to be S gene copies/uL following a method as
described previously (Figure S4).”” A checklist of the MIQE
(minimum information for publication of quantitative real-time
PCR experiments) guidelines™ is provided in Table S3. All
RT-qPCR assays were conducted in duplicate on a CFX96
touch real-time PCR detection system (Bio-Rad), and the
threshold cycle (Cr) value was determined using CFX Maestro
Software (Version 4.0, Bio-Rad). To remove PCR inhibition,
the extracted nucleic acids were diluted S- or 10-fold in
nuclease-free water before RT-qPCR analyses (Figure SS).
Detailed procedures of RT-qPCR inhibition test, reaction
compositions, thermocycling conditions, and determination of
the limits of detection and quantification are described in the
Supporting Information.

Amplicon Sequencing of SARS-CoV-2 Genomes. The
quality of the extracted nucleic acids was assessed with the
Agilent fragment analyzer. Amplicon sequencing of SARS-
CoV-2 genomes was performed following a modified ARTIC
protocol” using the V4.0 nCOV-2019 amplicon panel (IDT).
Briefly, 8 uL of nucleic acid extracts was reverse-transcribed to
cDNA with random hexamers using the Invitrogen SuperScript
IV first-strand synthesis system (Thermo Fisher Scientific)
according to the manufacturer’s protocol. The cDNA without
further dilution was amplified with two primer pools using Q5
hot-start high-fidelity 2X master mix (New England BioLabs)
with the following parameters: 98 °C for 30 s, 25 cycles of 98
°C for 15 s, and 65 °C for 5 min. The resulting amplicons from
both primer pools were combined. Excess primers and reagents
were removed with 1X AMPure XP beads (Beckman Coulter),
and the amplicons were eluted in EB buffer (Qiagen). The
total eluted volume of amplicons was input to generate
libraries using the NEBNext Ultra II DNA library prep kit
(New England BioLabs) without fragmentation per the
manufacturer’s protocol. Individual samples were then
barcoded and pooled for quantification using the sparQ
Universal Library Quant kit (QuantaBio) for Illumina
sequencing. The libraries were diluted to 10 pM and
sequenced on an Illumina MiSeq instrument (V3 chemistry,
PE300), with 1% PhiX as an internal control.

Bioinformatic Analysis. The Illumina sequencing output
files were demultiplexed using bcl2fastq (v2.20.0.422) to
convert them into FASTQ_files. Initial quality control was
performed through FastQ Screen.”’ Samples were then
processed using the UB Genomics and Bioinformatics Core
SARS-CoV-2 analysis pipeline (https:// github.com/UBGBC/
fastq-to-consensus). Briefly, adapters were trimmed before
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sequencing reads were aligned to the SARS-CoV-2 reference
genome (MN908947.2) using the BWA-MEM algorithm.3’1
Variants, insertions, and deletions were then called using
BCFtools (v.1.10.2),”” requiring a minimum depth per
nucleotide position of 10X or 50X and generating VCF file
outputs along with a final consensus FASTA file for each input
sample. The resulting VCF and depth mpileup files were used
as input into Freyja to perform lineage composition analysis
(https://github.com/andersen—laﬂb/Freyja).5 The coverage
(--covcut) was specified at 10X or 50X, and only confirmed
lineages were reported. The Freyja pipeline was selected
because of its high accuracy and efficiency.’

Patient-Derived SARS-CoV-2 Data. The daily cases of
COVID-19 during the sampling periods in the studied
sewersheds were extracted from the Erie County Wastewater
Monitoring Dashboard.”® The COVID-19 incidence rates (per
100 000 population in the sewershed) were then calculated as
7-day rolling averages. The patient-derived WGS data at the
County level were downloaded from the Global Initiative on
Sharing All Influenza Data (GISAID) database™ with the
location as “North America/USA/New York/Erie County,”
collection date from “2021-10-01” to “2022-04-30”, and low
coverage excluded (GISAID Identifier: EPI_SET_220906wr).
Most of these samples were sequenced at the University at
Buffalo.*> On each collection date, the relative abundances of
SARS-CoV-2 lineages in the patient samples were calculated,
and the number of patient samples that were collected for
sequencing were smoothed as 7-day rolling averages.

Statistical Analysis. The probability of recovering >90%
coverage of the SARS-CoV-2 genome at 10X depth at a given
RT-qPCR C; value or COVID-19 incidence rate was predicted
by binary logistic regression analysis with Prism 9.2.0
(GraphPad Software). The likelihood ratio test is used to
assess if the Cr value contributes significantly to predicting
sequencing success, and the 95% confidence interval of the
predicted probability of sequencing success was calculated
based on the standard errors of the fitting coefficients.”® To
compare the mean Cy value at >90% genome coverage and the
mean probability of sequencing success at high Cr values (Cr
> 32) in this study with previous studies, one-way analysis of
variance (ANOVA) was applied and followed by Dunnett’s
tests to compare the mean value in each previous study with
the mean value in this study. Data were visualized with Prism
9.2.0 and the ggplot2®” package in R version 4.2.1.>°

Data Availability. Raw sequencing data are available in
NCBI Sequence Read Archive (SRA) under the BioProject ID:
PRJNA877272. Codes for analyzing SARS-CoV-2 lineage in
wastewater are available at https://github.com/UBGBC/fastq-
to-consensus.

B RESULTS AND DISCUSSION

Coverage and Depth of SARS-CoV-2 Genomes from
Wastewater. Complete or near-complete SARS-CoV-2
genomes (>90% coverage) at 10X depth were recovered
from 68% (64/94) of the wastewater samples (Table S4). A
binary logistic regression analysis predicted a 0.9 probability of
sequencing success (>90% coverage at 10X depth) when the
Cr value of the SARS-CoV-2 N gene was 31.8, corresponding
to ~3500 gene copies loaded for sequencing (N = 94,
likelihood ratio test p < 0.0001, Figure 1A). For comparison, at
the >0.9 probability of sequencing success, the mean Cr value
of the SARS-CoV-2 gene in this study was significantly higher
than the mean Cy values reported in previous pilot studies that
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Figure 1. Coverage of the SARS-CoV-2 genome at 10X depth and the
probability of sequencing success (>90% coverage at 10X depth) with
regard to Cp value of the SARS-CoV-2 N gene measured with RT-
qPCR (A) and the COVID-19 incidence rate (rolling 7-day average of
cases per 100 000 people) (B). The probability of sequencing success
was calculated according to a binary logistic regression analysis.

used mixed cellulose esters membrane'” (Dunnett’s test p <
0.0001) and aluminum hydroxide precipitation'* (Dunnett’s
test p < 0.0001) to concentrate viruses and sequenced with
ARTIC primers, and that applied Amicon ultrafiltration and
sequenced with Nanopore native bar code kit'® (Dunnett’s test
p = 0.016). Our mean Cp value was also greater than that
reported in Fontenele et al.'> but was not statistically
significant (Dunnett’s test p = 0.103). To assess the probability
of sequencing success (>90% coverage) at higher Cr values, we
conducted a binary logistic analysis with the genome coverage
and its corresponding Cr reported in previous studies (Figure
§6)."*">171% Our workflow demonstrated a significantly higher
mean probability of sequencing success than the mean
probability estimated in previous studies at Cp values greater
than 32 (ANOVA p < 0.0001, all Dunnett’s test p < 0.0001).
Note that the variations in wastewater samples, sewersheds,
target region for RT-qPCR quantification, multiplexed primers,
and sequencing platforms may all contribute to the varied
genome coverage. Future work will include a parallel
comparison of the impact of various nonselective virus
concentration methods on the reliability of sequencing viral
genomes from wastewater.

Most of our wastewater samples were sequenced to an
average depth of >50X (Figure S7). We noted that three
regions were often sequenced at lower depths (<10X):
nucleotides 21 750—22 250 in the S gene (amplicons 72 and
73) and 26 750—27 000 in the M gene (amplicon 89) (Figure
S7). Similar amplicon dropout issues were previouslg' reported
for a few amplicons using the ARTIC V3 panel.””*’ We used
ARTIC V4.0 primers, which address the V3 coverage issues
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Figure 2. Distributions of dominant SARS-CoV-2 lineages estimated from Erie County clinical data deposited on GISAID (A) and wastewater
sequencing data (B—E) during the sampling periods. The solid black lines represent the rolling 7-day average numbers of clinical samples collected
for sequencing (A) and COVID-19 incidence rates (cases per 100 000 people) in each sewershed (B—E).

but do not include all mutations in SARS-CoV-2 Delta and
Omicron lineages in the primer design.'' Other wastewater
factors may also explain the low-depth coverage within certain
regions of SARS-CoV-2 genome. First, the low concentrations
of the SARS-CoV-2 genome in wastewater (<10° gene copies/
mL)** may have contributed to the lower sequencing depth.
The presence of primer dimers competes for primer—template
interactions, resulting in reduced amplification efficiency."
Also, mutations of SARS-CoV-2 genomes identified in
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wastewater but not in patient samples could influence primer
binding at some sites.”®** Our results suggest that up-to-date
primer design and optimization is critical to sequence
emerging variants from wastewater.

Robustness of SARS-CoV-2 Genome Sequencing
from Wastewater. Influence of Sewersheds. The rates of
sequencing success were similar for samples collected from the
four studied sewersheds: 70.8% (17/24) for Tonawanda,
72.0% (18/25) for Kenmore—Tonawanda, 72.7% (16/22) for
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Figure 3. Detection of Omicron BA.1 and BA.2 in wastewater and clinical samples. The relative abundance of Omicron was predicted by Freyja
pipeline with the wastewater sequencing data filtered at S0X depth. The relative abundance of BA.1 (top) is the sum of relative abundances of
B.1.1.529, BA.1, BA.1.1, and other BA.1.*. The relative abundance of BA.2 (bottom) comprises BA.2.12, BA.2.12.1, and other BA.2.*. The number
of clinical samples collected for sequencing was counted on every collection date.

Ambherst, and 65.2% (15/23) for Bird Island (Table S4).
Although the Bird Island sewershed serves a population that is
larger than the other three (Table S1), similar average Cr
values were obtained for the SARS-CoV-2 N gene (33.5 for
Tonawanda, 33.4 for Kenmore—Tonawanda, 34.2 for Amherst,
and 34.1 for Bird Island) (Table S4), indicating that similar
genome levels were available for sequencing. Notably, the Bird
Island wastewater treatment plant collects wastewater ex-
clusively through combined sewer systems (Table S1). A large
fraction of sequencing inhibitors, such as humic acids and
heavy metals, in the stormwater runoff may slightly reduce the

. 45,46
genome sequencing success rate.

Influence of COVID-19 Incidence. The probability of
sequencing success was >0.9 when the COVID-19 incidence
rate was >33/100000 persons but decreased to 0.75 when the
incidence rate was 25.2/100 000 persons (Figure 1B). A
previous study reported a probability of 0.7 to quantify SARS-
CoV-2 gene in wastewater by RT-qQPCR when the 14-day
COVID-19 case rate was 152/100 000 persons.*” In that study,
viruses were concentrated from solids-removed influent
samples by 10 kDa Centricon ultrafilters.”” We are not aware
of other wastewater sequencing studies that have calculated
SARS-CoV-2 genome sequencing success rates with regard to
the incidence rate, but our results suggest that SARS-CoV-2
genome sequencing with the viruses recovered by tangential-
flow filtration method can be successfully applied at low
COVID-19 incidence rates.
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Lineage Distributions Estimated by Wastewater and
Clinical Data. Sequencing depths play a role in detecting low-
abundance mutations, yet there is no depth cutoff recom-
mendation for analyzing wastewater genome sequencing data.
Low-depth cutoff (e.g,, 10X) allows the use of more genetic
information for lineage estimates but may increase the
probability of identification errors. In our results, the estimated
lineage abundances at sequencing depths of 10X and S0X were
very similar (Figure S8). We reported lineage distributions
estimated by the genome sequencing data filtered at a depth of
50X to better control the sequencing quality.

Nine dominant groups of lineages were identified in the
wastewater samples: AY.* (Delta), B.1.617.2 (Delta), B.1.2,
B.1.1.529 (Omicron), BA.1/BA.1.1 (Omicron), BA.1.1.16
(Omicron), other BA.1.* (Omicron), BA.2.12/BA.2.12.1
(Omicron), and other BA.2.* (Omicron). The prevalence of
Delta AY.* lineages in wastewater in October—December 2021
was coincident with the lineages observed via clinical
surveillance (Figure 2). Two Omicron infection waves in
2022 (BA.1 in January/February and BA.2 in March/April)
predicted from the wastewater data aligned with clinical data
(Figure 2). Remarkably, wastewater sequencing revealed
lineages that were underrepresented or not present in the
clinical data. Specifically, the B.1.2 lineage was mainly
identified in the wastewater samples from Kenmore—
Tonawanda sewershed in October 2021 to early February
2022 (Figure 2A). Moreover, in January/February of 2022, the
BA.1/BA.1.1 lineages were prevalent in patient samples
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(Figure 2A), whereas the BA.1.1.16 lineage dominated in the
wastewater samples (Figure 2B—E). Notably, the genome
sequences of the BA.1/BA.1.1 and BA.1.1.16 lineages are
similar, which might affect the predictions of their relative
abundance.

The reason that B.1.2 lineage was identified in wastewater
samples but largely absent from patient samples is unclear. We
further investigated the B.1.2 lineage identified in the
wastewater samples from Kenmore—Tonawanda. The B.1.2
lineage occurred in patient samples in the area between
September 2020 through February 2021 but has remained
largely absent from patient samples since then. The Freyja
pipeline identified B.1.2 on the basis of a mutation spectrum
consisting of 13 nucleotide substitutions (A18424G, A23403G,
C10319T, C1059T, C14408T, C21304T, C241T, C27964T,
C28472T, C28869T, C3037T, G25563T, and G25907T),
three of which (C1059T, C21304T, and G25563T) overlap
the mutations in highly abundant Delta lineages circulating at
the time, and the other 10 mutations are specific to B.1.2
lineage. Regardless of sharing the three identifying mutations
with the Delta lineages in Freyja, the B.1.2 mutation spectrum
is not strongly correlated with any of the Delta sublineages
(Figure S9). Mining through the patient samples sequenced at
the time in Erie County showed that the majority of the B.1.2-
specific mutations were rarely identified, including A18424G,
C10319T, C27964T, C28472T, C28869T, and G25907T. Our
wastewater samples with B.1.2 identified contained most of the
B.1.2-specific mutations, except for C1059T, and those regions
were sequenced at a depth >100x (Figure S7). Taken
together, our results suggest that certain mutation combina-
tions in wastewater sequencing data may cause deconvolution
algorithms to bin samples into lineages that are not detected in
patient WGS data. It is possible that these lineages remained
within the gastrointestinal tract of individuals, possibly
immunocompromised individuals with long-term infec-
tions. "7

Early Detection of Variants in Wastewater. The values
of early detection of SARS-CoV-2 variants in wastewater
depend on the delays in clinical analysis.”’ The workflow
optimization for a quick turnaround of genome sequencing
analysis is beyond the scope of this study. Here, we only
compared the detection of emerging SARS-CoV-2 variants
based on the date of collection for both wastewater and patient
samples.

The Omicron BA.1 was first identified in Amherst and Bird
Island wastewater with a relative abundance of 1-2% in the
second week of December, which is ~1 week later than the
patient-derived samples (Figure 3). The detection of Omicron
BA.2 from wastewater samples in March was similarly delayed
(Figure 3). Note that some BA.2 patient-derived samples were
collected in January and February, but there was no Omicron
BA.2 outbreak in the studied sewersheds until March. The
poor detection of Omicron BA.2 in wastewater may be
attributable to the relatively low sequence coverage of the
SARS-CoV-2 genome from wastewater during mid-February
and early March (<65%; Table S3). Nevertheless, our findings
suggest that wastewater is a relevant proxy for patient samples.
Wastewater genome sequencing should be considered in the
face of practical delays in clinical sequencing for early detection
of variants.

The sensitivity of variant detection was also compared
between RT-qPCR and wastewater sequencing. The RT-qPCR
assays were conducted to target BA.l-associated mutations
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delH69/V70 and BA.2-associated mutations dell.24/P25/P26
and A27S in the S gene. Given that delH69/V70 was also seen
in the Alpha variant, we detected additional Omicron-
associated mutations Q493R and Q498R within the S gene.
In the wastewater sequencing data, we searched for the
presence of all of the above mutations. Note that the regions
where the mutations are located (nucleotides 21 500—22 500
and 23 000—23250) were all well sequenced with depths
>100X in most of the samples (Figure S7). As a result, we
found that RT-qPCR assays were more sensitive than
wastewater genome sequencing for detecting Omicron BA.1-
specific mutations, but wastewater genome sequencing was
more sensitive for Omicron BA.2-specific mutations (Table
S4). However, RT-qPCR assays were reported less sensitive
than digital PCR assays,”> which could detect variant-specific
mutations earlier than genetic sequencing.9

Interestingly, our RT-qPCR assays detected delH69/V70
mutations but not Q493R and Q498R in the Kenmore—
Tonawanda wastewater samples collected in October—
November 2021 (Table S4), suggesting that the positive
detection of delH69/V70 is not associated with Omicron
variants. These RT-qPCR results were further confirmed with
the wastewater sequencing data (Table S4). When we searched
the patient WGS data collected at the time, we did not identify
patient-derived lineages that contain delH69/V70. It is
possible that certain unknown lineages present in wastewater
contribute to the detection of delH69/V70 mutations.

B CONCLUSIONS

Our research demonstrates that tangential-flow filtration to
concentrate viruses from wastewater samples enables the
extraction of nucleic acids of high-enough quality for stable
performance of SARS-CoV-2 genome sequencing. Complete
or near-complete genomes at a depth of 10X were sequenced
from 68% (64/94) of the wastewater samples. Moreover, the
tangential-flow filtration method demonstrates the successful
and reliable sequencing of SARS-CoV-2 genomes at lower
COVID-19 incidence rates. Our results report a 0.9 probability
of genome sequencing success when the COVID-19 incidence
rate exceeded 33/100000 people. Furthermore, genome
sequencing of SARS-CoV-2 in wastewater revealed lineages
underrepresented or not detected from patient samples. Future
studies are needed to advance wastewater genome sequencing
data interpretation and streamline the workflow to shorten the
turnaround time for early detection.

The developed reusable and likely cost-effective tangential-
flow filtration method is readily applicable to other sequencing
assays that require high-quality viral nucleic acids from
wastewater. Given the flexibility of concentrating large volumes
of wastewater, the tangential-flow filtration system can be
further optimized for genomic surveillance of any low-
abundance viruses in wastewater. To implement the
practicality of the tangential-flow filtration system, we
recommend incorporating an automated control system into
membrane filtration and washing steps to scale up for high-
throughput sample processing at the same time. Future work is
also needed to monitor and extend the lifetime of ultrafilter
membranes in long-term applications to save costs.
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