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• SARS-CoV-2 from two wastewater
treatment plant influents was se-
quenced.

• Wastewater surveillance provides
community-level SARS-CoV-2 sequence
data.

• Mutations in Delta, Gamma, and Iota
VOCs were detected in South Carolina
wastewater.

• The spikemutation N501Ywas detected
in July 2020 in South Carolina wastewa-
ter.

• Potential VOCs detected in wastewater
in January 2021 were absent from clini-
cal sequences.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for causing the COVID-19
pandemic, can be detected in untreated wastewater. Wastewater surveillance of SARS-CoV-2 complements clin-
ical data by offering earlier community-level detection, removing underlying factors such as access to healthcare,
sampling asymptomatic patients, and reaching a greater population. Here, we compare 24-hour composite sam-
ples from the influents of two different wastewater treatment plants (WWTPs) in South Carolina, USA: Columbia
and Rock Hill. The sampling intervals span the months of July 2020 and January 2021, which cover the first and
second waves of elevated SARS-CoV-2 transmission and COVID-19 clinical cases in these regions. We identify
four signature mutations in the surface glycoprotein (spike) gene that are associated with the following variants
of interest or concern, VOI or VOC (listed in parenthesis): S477N (B.1.526, Iota), T478K (B.1.617.2, Delta), D614G
(present in all VOC as of May 2021), and H655Y (P.1, Gamma). The N501Y mutation, which is associated with
three variants of concern, was identified in samples from July 2020, but not detected in January 2021 samples.
Comparison of mutations identified in viral sequence databases such as NCBI Virus and GISAID indicated that
wastewater sampling detected mutations that were present in South Carolina, but not reflected in the clinical
data deposited into databases.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
responsible for the COVID-19 pandemic declared by the World Health
Organization in March 2020 (Tedros, 2020). The SARS-CoV-2 pandemic
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has resulted in both loss of life and an economic downturn (US Census
Bureau, 2021). Although the virus is predominantly transmitted by
bioaerosols (Guzman, 2021), fecal shedding of SARS-CoV-2 has been
established from both symptomatic and asymptomatic patients
(Zhang et al., 2020), and there have been multiple reports of the detec-
tion of SARS-CoV-2 globally in both treated and untreated sewage
(Crits-Christoph et al., 2020; Kumar et al., 2020; La Rosa et al., 2020;
Westhaus et al., 2021). Wastewater sampling has emerged as a useful
tool to aid policymakers inmakingdecisions about stay-at-homeorders
and other measures to mitigate viral spread (McClary, 2021).

Advantages of SARS-CoV-2 wastewater surveillance include the fol-
lowing: (1) asymptomatic cases are captured in the data (Wu et al.,
2020), (2) wastewater trends precede clinical data by as much as
10 days (Wu et al., 2020), and (3) wastewater data tracks infection
trends independently from clinical data, without reflecting healthcare
access and choices (“National Wastewater Surveillance System
(NWSS) – a new public health tool to understand COVID-19 spread in
a community|CDC”, 2021). However, the information provided by
wastewater surveillance goes beyond tracking case counts: recent stud-
ies have shown that wastewater sampling can reveal which viral vari-
ants may be present in a specific location (Fontenele et al., 2021;
Martin et al., 2020) aswell as signaturemutations thatmatch clinical se-
quences or those not yet present in databases (Crits-Christoph et al.,
2020; Jahn et al., 2021; Nemudryi et al., 2020). In particular, three vari-
ants, B.1.1.7 (Abbott, 2021), B.1.351 (Tegally et al., 2020), and P.1
(Candido et al., 2021) are considered concerning due to their potential
for higher rates of transmission. These correspond to NextStrain clades
20I, 20H and 20J, respectively (Hadfield et al., 2018). These three vari-
ants of concern (Centers for Disease Control and Prevention, 2021),
commonly referred to as the UK (World Health Organization label
Alpha), South African (Beta), and Brazilian (Gamma) variants, share
several mutations, such as the spike protein mutation from asparagine
Fig. 1. COVID-19 clinical cases peaked in Columbia (orange) and Rock Hill (blue), South Caro
moving average of clinical COVID-19 case counts reported for the USA postal zip codes served
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to tyrosine (N501Y). The N501Y mutation is of functional significance
because it is located in the receptor-binding domain of the spike protein
(Tegally et al., 2020). This domain binds to the human receptor that is
thought tomediate viral entry into the cell (angiotensin-converting en-
zyme 2, or ACE2). The mutation from asparagine to tyrosine has been
shown in mouse models to enhance binding affinity to the ACE2 recep-
tor (Gu et al., 2020).

In this study, we sequence SARS-CoV-2 amplified from wastewater
influent samples from two wastewater treatment plants (WWTPs) in
the state of South Carolina, USA: Rock Hill and Columbia. The Rock Hill
WWTP is located in York County on the northern border, whereas the
Columbia WWTP is located in Richland County in the central area of
the state. The sampling intervals span the months of July 2020 and Jan-
uary 2021, which cover the first and second waves of elevated SARS-
CoV-2 transmission and COVID-19 clinical cases in these regions
(Fig. 1). We report the detection of the N501Y mutation in wastewater
as early as July 2020, aswell as othermutations, someofwhich are pres-
ent in variants of interest or concern.Many of thesemutations, although
reported in clinical data from other states or in South Carolina at other
times, were not present in clinical sequences collected from patients
in South Carolina during the corresponding intervals and deposited in
the Global Initiative on Sharing All Influenza Data, or GISAID (Shu and
McCauley, 2017), repository. This study affirms the value of wastewater
surveillance, even from a limited number of WWTPs, as part of a state-
wide infectious disease mitigation program.

2. Materials and methods

2.1. Wastewater sampling

The Columbia and Rock Hill WWTPs are both secondary (activated
sludge) WWTPs that treat municipal wastewater with 6% and 3% of
lina, USA during July 2020 and January 2021. Stacked area chart depicting the seven-day
by the Columbia and Rock Hill WWTPs.



Fig. 2. Spike gene mutations from the Wuhan SARS-CoV-2 reference genome (accession
MN908947.3) detected in Columbia (orange) and Rock Hill (blue) WWTP influents
during the month of January 2021. Bubble sizes represent the variant nucleotide
frequency. Data labels are shown only for mutations identified in one or more variants
of concern, but all detected mutations, both synonymous and nonsynonymous, are
plotted (Supplementary Datasets S1 and S2).
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total flow, respectively, permitted from industry. The Columbia WWTP
serves a population of 363,714, whereas the Rock Hill WWTP serves
264,117 people. The monthly average flow of Columbia WWTP is 45
MGD. The monthly average flow of Rock Hill WWTP is 12 MGD.

One liter 24-hour composite wastewater samples were collected
twice a week at the influent site of both the Columbia and Rock Hill
WWTPs and transported on ice to the laboratory at the University of
South Carolina where they were immediately processed. One mL of bo-
vine respiratory syncytial virus (BRSV) vaccine (~80 million copies/mL)
(INFORCE 3®) was added to 1 L of wastewater prior to concentration in
order to quantify processing and viral extraction efficiency. The average
BRSV viral recovery was 4-5%. The samples were then homogenized for
10 min using laboratory blenders and 250 mL of homogenized waste-
water was decanted into centrifuge bottles. The samples were centri-
fuged using an Avanti® J-E Centrifuge (Beckman Coulter Lifesciences,
Indianapolis, Indiana) with a JS-5.3 rotor for 30 min at 4577g without
braking. The pellets were stored at −80 °C and 50 mL of the superna-
tants were concentrated to 400 μL using Milipore Amicon 30 kDa
ultrafilters.

2.2. RNA extraction, library preparation, and sequencing

RNA was extracted from 200 μL of the concentrated supernatant
using the Qiagen AllPrep PowerViral extraction kit as per the manufac-
turer's instructions and eluted in 51 μL of RNase-freewater and stored at
−80 °C. Sequencing libraries were prepared following the Oxford
Nanopore Technologies (ONT) Eco PCR tiling of SARS-CoV-2with native
barcoding based off the protocol developed by the ARTIC network
(Quick, 2020). Briefly, total RNA was transcribed into cDNA using the
LunaScript® RT SuperMix Kit (New England Biolabs, Ipswich, MA).
The resulting productswere amplified by 40 cycles of PCRusing two dif-
ferent primer pools (V3 design) to create 400 bp amplicons spanning
the entire SARS-CoV-2 genome. The PCR products were cleaned with a
1:1 ratio of SPRISelect beads (Beckman Coulter Lifesciences,
Indianapolis, IN) to sample rather than a 1:10 dilution of the PCR prod-
ucts as described in the protocol. The PCR products were then end-
prepped using the NEBnext® Ultra™ II End Repair/dA-Tailing Module
(NewEngland Biolabs, Ipswich,MA). Sequencing barcodes and adapters
(Oxford Nanopore Technologies, Oxford, UK) were sequentially ligated,
and all remaining bead cleanupswere performed using SPRIselect beads
(Beckman Coulter Lifesciences, Indianapolis, IN). Thefinal librarieswere
loaded onto two separate R9 version flow cells (Oxford Nanopore Tech-
nologies, Oxford, UK) and sequenced using a GridION X5.

Columbia and Rock Hill WWTP influent samples from July 2020 and
one sample from June 28, 2020, were sequenced together on an R9 flow
cell. 3.39 M reads (1.5 Gb) were analyzed with an average quality score
(Qscore) of 12.72 and an average sequence length of 568 bp. Columbia
and Rock Hill influent samples from January 2021, were sequenced to-
gether on an R9 flow cell. 2.58 M reads (2.1 Gb) were analyzed with
an average quality score of 12.64 and an average read length of
525 bp. For a full list of samples and viral copy numbers ascertained
by quantitative PCR (Supplementary Methods), see Supplementary
Table S1.

2.3. Data analysis

Sequencing data processing was performed according to the ARTIC
network nCoV-2019 novel coronavirus bioinformatics protocol
(Loman et al., 2020). Basecalling and demultiplexing were performed
within MinKNOW using the high-accuracy model of Guppy version
4.2.3 developed by Oxford Nanopore Technologies (ONT). The mini-
mumbarcode scorewas set to 40 and the dual barcoding optionwas ap-
plied. Reads were filtered using a Qscore threshold of 7 and reads
outside of the length range of 400-700 bp were omitted to eliminate
chimeric reads. Lastly, filtered reads were mapped to the SARS-CoV-2
genome (accession MN908947.3) using minimap (Li, 2018) within the
3

artic minion command with normalization option enabled (–normalize
200). Variant calling was performed with inStrain (Olm et al., 2021)
with the options -c 2 (minimum coverage of 2) and –pairing_filter
all_reads (in order to accepted non-paired reads). Mutations identified
within primer-binding regions and in problematic sites identified by
DeMaio and colleagues (DeMaio et al., 2020;Maio et al., 2020)were re-
moved and are not presented in Tables 2–3. InStrain results for the Co-
lumbia and Rock Hill WWTP samples are presented in Supplementary
Datasets S1 and S2.

In addition to performing inStrain analysis for all barcodes, each of
which corresponded to a 24-hour composite influent sample collected
from either Columbia or Rock Hill WWTPs, we also performed a com-
bined analysis of Columbia and Rock Hill during each month (July
2020 or January 2021). Thismethod allowedus to increase the sequenc-
ing depth by including unclassified reads with incomplete barcode liga-
tion. Since samples from July 2020 were sequenced separately from
January 2021, we were still able to compareWWTP samples in time, al-
though geographic information was not separated. The combined anal-
ysis for July 2020 and January 2021 is presented in Supplementary
Datasets S3 and S4, respectively.
3. Results and discussion

3.1. Detection of signature mutations of SARS-CoV-2 variants of concern
from wastewater

Due to the composite nature ofwastewater, inwhich viral fragments
from different sources are combined, it is not possible at this time to de-
termine whether mutations observed from the same sample corre-
spond to the same viral genome. Also, viral fragments of different
sizesmay have stability differences inwastewater. Therefore, the obser-
vation of signaturemutations inwastewater is insufficient to determine
the presence of a Variant of Concern (VOC) (Centers for Disease Control
and Prevention, 2021) within a community. Nevertheless, the observa-
tion of signature mutations from wastewater is an early warning of the
potential presence of a VOC within a community and is thus still valu-
able.

Mutational profiles observed in the surface glycoprotein (spike)
gene in Columbia and Rock Hill WWTP influent samples during the
month of January 2021 are presented in Fig. 2. Samples with less than
200× average depth and 70% SARS-CoV-2 genome coverage were ex-
cluded, hence samples from July 2020 are not presented due to depth
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and coverage below these thresholds (Supplementary Table S2). The
average sequencing depth and SARS-CoV-2 genome coverage for sam-
ples from the Columbia WWTP in January 2021 was 314× and 92.9%,
whereas the average depth and coverage for Rock Hill WWTP samples
was 249× and 85.8%. A complete list of the sequencing depth and cover-
age for each sample is provided in Supplementary Table S2. Four muta-
tions in the spike gene were detected that are present in one or more
variants of interest (VOI) or variants of concern (VOC) (Centers for
Disease Control and Prevention, 2021), which are listed in parenthesis:
S477N (B.1.526, Iota), T478K (B.1.617.2, Delta), D614G (present in all
VOC as of May 2021), H655Y (P.1, Gamma). A full list of mutations in
the spike protein for each variant is provided at CoVariants.org
(Hodcroft, 2021) and in Table 1. Mutations were only considered with
at least 10 reads corresponding to the divergent nucleotide and at
least 50× coverage in the nucleotide position. Including the mutations
found in VOI and VOC, 16 mutations in the spike gene were identified
from all Rock Hill samples and 34 from Columbia samples. A full list of
mutations across the entire SARS-CoV-2 genome is included in Supple-
mentary Datasets S1 and S2 for both Columbia and Rock Hill WWTPs in
July 2020 and January 2021 samples. Table 1 illustrates the value of se-
quencing SARS-CoV-2 from wastewater in addition to clinical samples
(represented by sequences deposited in GISAID): mutations detected
in VOI/VOC that were already known to be present in South Carolina
by clinical sequencing data were corroborated by wastewater data,
butmore importantly, potential VOI/VOCwereflagged by themutations
detected in wastewater that were absent from the clinical sequences in
GISAID collected in January 2021.

3.2. Overlap in the mutational profiles of SARS-CoV-2 between Columbia
and Rock Hill

We also aimed to determine similarities in SARS-CoV-2 mutations
between Columbia and Rock Hill WWTP influents. Due to the low se-
quencing depth for barcoded samples in July 2020 (Supplementary
Table S2), especially for Rock Hill, we avoided comparisons for July
2020 samples between Columbia and Rock Hill. In January 2021, we
identified 85 shared locations in the SARS-CoV-2 genome where a mu-
tation occurred. The Orf1ab gene occupies most of the SARS-CoV-2 ge-
nome length (71%). Similarly, we found that the largest percentage of
shared mutational locations occurred in this gene. However, 26% of
the shared locations were in the nucleocapsid phosphoprotein
(N) gene, which constitutes only 4% of the genome length. We further
investigated the shared mutations in this gene (Supplementary
Table S3). In this analysis, we included low-frequency mutations with
Table 1
Comparison of signature mutations detected in wastewater to sequenced Variants of Interest (
South Carolina. Substitutions in boldwere detected inWWTP influent samples. Clinical sequenc
S5. Spike protein substitutions were taken from the Center for Disease Control (Centers for Di
substitution is only observed in some sequences.

Variant Pango
lineage/WHO designation

Number of clinical
Sequences (GISAID)

Collection
date range

Spike Mutations

B.1.351/Beta (VOC) 8 01-08-21
to
01-26-21

D80A, D215G, 241d
N501Y, D614G, A70

B.1.427, B.1.429/Epsilon
(VOC)

35 01-03-21
to
01-29-21

L452R, D614G; S13I

P.1/Gamma (VOC) 0a N/A L18F, T20N, P26S, D
D614G, H655Y, T10

B.1.617.2/Delta (VOI) 0b N/A Spike: T19R, (G142D
T478K, D614G, P681

B.1.525/Eta (VOI) 1 01-25-21 A67V, 69del, 70del,
F888L

B.1.526/Iota (VOI) 1 (L5F*), T95I, D253G
(A701V*)

a First sequence for this variant in GISAID was submitted from a sample collected on 02-24-
b First sequence for this variant in GISAID was submitted from a sample collected on 05-05-
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no coverage threshold, but also validated the mutations by comparison
to sequence databases (Supplementary Table S3). Another study re-
ported that the nucleocapsid is one of the SARS-CoV-2 proteome com-
ponents with a high rate of mutation (Vilar and Isom, 2021). In
particular, R203K and G204R both had a mutation rate of 0.22, indicat-
ing that they were present in 22% of all sequences as of December
2020 (Vilar and Isom, 2021). Similarly, S194 and M234 showed high
rates of mutation (Vilar and Isom, 2021). Consistent with this study,
we identified R203K, G204R, S194L, andM234I in the nucleocapsid pro-
tein as sharedmutations between Columbia and Rock Hill WWTP influ-
ents in January 2021 (Supplementary Table S3). Therefore, mutations
observed across multiple WWTP sites can reflect global mutation
trends, which can be of value in identifying and investigating the spread
of new, potentially more infectious strains of SARS-CoV-2.

3.3. Temporal trends of SARS-CoV-2mutations observed inwastewater col-
lected in January 2021

There was very little temporal overlap in the detected mutations for
either the ColumbiaWWTP influent samples or the Rock Hill WWTP in-
fluent samples (Fig. 2), which may reflect the dynamic environment of
wastewater in terms of the sewershed population served that is depen-
dent on travel in and out of the community, as well as the wastewater
conditions such as flowrate and types of contaminants. Detection of
viral mutations in wastewater surveillance efforts may be sensitive to
wastewater components such as salts, lipids, and urate, which can affect
PCR efficiency (Farkas et al., 2020; Schrader et al., 2012). A synonymous
guanine to adenine substitution at nucleotide position 25,297 (residue
1245) was detected in the spike gene in January 5 and 17 samples
from the Rock Hill WWTP. A consensus adenine to guanine substitution
in spike gene nucleotide position 23,403, corresponding to D614G was
detected on January 10 and 18 in the Columbia WWTP influent. Only
one mutation in the spike gene was shared between Columbia and
Rock Hill: a synonymous adenine substitution for a thymine in the ref-
erence sequence at nucleotide position 23,269 (corresponding to
amino acid 569 in the spike protein). Comparison of both high-
confidence (>100× coverage) and medium-confidence (>50× cover-
age) divergent sites found in the Columbia WWTP samples from Janu-
ary 6 and 31 of 2021 indicated no shared mutations in the spike gene,
despite comparable coverage. Across the entire SARS-CoV-2 genome,
only five shared mutations out of 41 total with at least 100× coverage
were found when comparing the Columbia WWTP influent sample
from January 31 to the Columbia sample from January 6, 2021. Even
when expanding the comparison to include mutations with less than
VOI) or Variants of Concern (VOC) from clinical samples collected during January 2021 in
e datawas taken fromGISAID, and acknowledgements are included SupplementaryDataset
sease Control and Prevention, 2021). Substitutions shown in parenthesis indicate that the

WWTP and collection date

el, 242del, 243del, K417N, E484K,
1V

D614G: Columbia 01-10-21 and 01-18-21

, W152C, L452R, D614G D614G: Columbia 01-10-21 and 01-18-21

138Y, R190S, K417T, E484K, N501Y,
27I

H655Y: Rock Hill 01-17-21, D614G: Columbia
01-10-21 and 01-18-21

), 156del, 157del, R158G, L452R,
R, D950N

T478K: Columbia 01-18-21

144del, E484K, D614G, Q677H, D614G: Columbia 01-10-21 and 01-18-21

, (S477N*), (E484K*), D614G, S477N: Columbia 01-18-21

21.
21.

http://CoVariants.org
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100× coverage in the January 6 sample, no additional shared mutations
were identified. The five sharedmutations were located in the region of
the genome encoding the Orf1ab gene.

Out of the 34 divergent sites identified within the Columbia sample
set (Supplementary Dataset S1), 31 were observed with less than 50%
variant or consensus frequencies and all 16 divergent sites detected in
the Rock Hill sample set were less than 50% frequency. In other words,
the majority of the reads at positions with more than one detected nu-
cleotide were consistent with the reference sequence. A notable excep-
tion is the D614G mutation in the spike protein observed in both the
January 10 and 18 samples, where 100% of the reads aligned to the
D614G variant, which is consistent with the global trend and evidence
that the D614G mutation increases infectivity (Korber et al., 2020).
The synonymous mutation of cytosine to thymine at position 22,747
(residue 395) in the genomewas also a majority in the January 31 sam-
ple. The mutation H49Y was detected in the January 18 Columbia sam-
ple at 50% frequency. This mutation has been reported previously in
several clinical samples (Armero et al., 2021; Phan, 2020; Sixto-López
et al., 2021). The H49Y mutation has been associated with enhanced
cell entry (Ozono et al., 2020), although at present it is not considered
a variant of interest or concern.

3.4. Comparison of wastewater sequence diversity between July 2020 and
January 2021

Peak case counts of SARS-CoV-2 in South Carolinawere lower in July
2020 (2366 new cases on July 18, 2020) compared to January 2021
(7678 new cases reported on January 7) (CDC Case Surveillance Task
Force, 2021), resulting in lower concentrations in wastewater (Supple-
mentary Table S1) and this may have contributed to difficulty in ampli-
fication and sequencing. Combined analysis of both Columbia and Rock
Hill sites with normalization resulted in an average sequencing depth of
415× for January 2021 and 300× for July 2020. Coverage of the SARS-
CoV-2 genome was 99.8% for the combined analysis of January 2021
and 91.1% for July 2020. Variant calling with inStrain (Olm et al.,
2021) detected 40 and 27 divergent sites with at least 100× position
coverage and at least 10 divergent reads in July 2020 and January
2021, respectively. Fig. 3 summarizes the overlap in non-synonymous
mutations between July 2020 and January 2021. Seven (four non-
synonymous) mutations with at least 100× position coverage in the
spike gene were detected in July 2020, whereas only two mutations
(one nonsynonymous) were detected in January 2021. However, with
Fig. 3. Non-synonymous shared or unique mutations detected in wastewater from July 2020 a
least 10 divergent reads. RdRp = RNA-dependent RNA polymerase, 3'-to-5' = 3'-to-5' exonuc
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a threshold of at least 50× position coverage, 11 mutations were de-
tected in January 2021, and 10were detected from the July 2020 sample
set. Coverage of the spike gene in both July 2020 and January 2021 se-
quencing runs is presented in Supplementary Fig. S1. The July 2020 se-
quencing run experienced a region of amplicon dropout from 22,013 to
22,291 bp, which prohibited variant-calling in this area of the genome.

In July 2020, the N501Y mutation of the spike gene was observed at
215× coverage. This mutation was not observed in the January 2021
combined analysis, although the SARS-CoV-2 genome had similar over-
all coverage (~400×) in this region to the July 2020 combined analysis.
The N501Y mutation was not detected in the negative control for the
July 2020 sequencing run. Globally, 34 sequences collected from June
28 to July 31, 2020, were deposited into both NCBI Virus and GISAID
with the N501Ymutation. However, no sequences with the N501Ymu-
tationwere found from South Carolina in GISAIDduring this time frame,
although there was an earlier reported observation of this mutation in
May 2020. Twenty-six of the sequences with the N501Y mutation in
the July time frame were from the USA (Table 2), and all except one
were collected from patients in Texas. The N501Y observation in waste-
water in South Carolina during July 2020 suggests a possible transmis-
sion event of a variant with the N501Y mutation between these two
states, although it is also possible that there were already variants
with the N501Y mutation present in South Carolina that were not cap-
tured in GISAID.

Both the evolution of SARS-CoV-2 as well as its geographic distribu-
tion are of interest in controlling the pandemic. Only 590 sequences
with a collection date between January 1 and January 31, 2021 from
the state of South Carolina were deposited in GISAID (Shu and
McCauley, 2017) (acknowledgement included in Supplementary
Dataset S5) as of May 26, 2021, despite 134,638 reported cases (CDC
Case Surveillance Task Force, 2021). Similarly, only 377 nucleotide se-
quences from South Carolina were deposited in NCBI Virus (Hatcher
et al., 2017) in the SARS-CoV-2 Data Hub with the same collection pe-
riod. This disparity illustrates the value of wastewater sequencing,
where this study alone includes viral sequences from approximately
600,000 people. Table 2 reports nonsynonymous mutations that were
detected in the combined analysis of Columbia and Rock Hill WWTP in-
fluent samples in January 2021 but were absent in July 2020. Nine
nonsynonymous mutations were present in January 2021 samples but
absent from July 2020, and seven of these mutations were located in
the Orf1b (Fig. 3 and Table 2). Mutations in the spike gene from July
2020 and January 2021 combined analysis of Columbia and Rock Hill
nd January 2021. Each reported mutation had at least 100× coverage in its position and at
lease.



Table 2
Non-synonymous mutations with >100× position coverage that are present in January
2021, but absent in July 2020. RdRp = RNA-dependent RNA polymerase. The entirety of
the GISAID database was searched on June 17, 2021. Acknowledgement for contributions
to GISAID are included in Supplementary Dataset S8.

Nucleotide Mutation in
product

Coverage SRA
counts

GISAID GISAID
filtereda

Orf1ab polyprotein
6032 NSP3_A1105T 129 0 797 5
8083 NSP3_M1788I 116 120 >10 k 128
9928 NSP4_M458I 163 42 8321 61
11,085 NSP6_Y38F 124 0 218 1
12,986 NSP9_M101V 106 0 430 1
14,805 RdRp_T455I 102 0b 0b 0
16,175 RdRp_L912F 138 0 0 0

Other
21,707 Surface glycoprotein 217 51 4923 1
27,964 ORF8 protein 107 2544 0c 0c

a Location filtered by South Carolina and Collection date between January 1 and January
31, 2021, inclusive.

b Absent from database search results, but present in the literature (Bui et al., 2021;
Zeng et al., 2020).

c GISAID not searchable by ORF8 substitutions.
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are presented in Table 3. To corroborate our findings, we searched the
entirety of NCBI Virus (Hatcher et al., 2017) and GISAID (Shu and
McCauley, 2017), as well as the literature (Table 2), for reports of the
samemutations in SARS-CoV-2. We also filtered GISAID results by loca-
tion and collection date to ascertain whether the detected mutations
were present in data collected from South Carolinawithin the appropri-
atemonth. Notably, inmany instances although themutationwas pres-
ent in the entire sequence database, the mutation was not detected in
sequences collected from South Carolina. This further supports the
power of wastewater surveillance in capturing the sequence space of
SARS-CoV-2 compared to clinical sampling alone.

4. Conclusions

Wedemonstrate here the value of amplifying and sequencing SARS-
CoV-2 from wastewater to capture the sequence-space of mutations in
the virus. We detected mutations reported in clinical data, including
those in variants of concern, such as the N501Y mutation in the surface
glycoprotein. Even during a single month, wastewater samples indi-
cated a high degree of sequence diversity in the SARS-CoV-2 genome,
with a total of 77 unique mutations (including both synonymous and
nonsynonymous) in positions of at least 100× coverage detected in
July 2020 samples and 230 mutations in January 2021. Wastewater
Table 3
Spike genemutations identified in this work and associated references. NCBI SRA and GISAIDw
least 100× coverage, whereasmedium-confidencemutations are located in positionswith at le
tributions from GISAID are included in Supplementary Dataset S7.

Nucleotide position Mutation Sample set References

High-confidence, >100× coverage
21,707 H49Y January 2021 (Armero et al., 2021; P
23,063 N501Y July 2020 (Abbott, 2021; Candido
24,319 Q920K July 2020 (Armero et al., 2021)

Medium-confidence, >50× coverage
21,614 L18F January 2021 (Grabowski et al., 2021
23,525 H655Y July 2020 NA
24,007 L822F January 2021 (Ansori et al., 2020; Gu
24,023 L858F January 2021 NA
24,026 S884F January 2021 (Aktas, 2020; Pérez-Ca
24,134 S939F January 2021 (Guruprasad, 2021; Lah
24,213 V1228L January 2021 (Aktas, 2020; Baruah a
24,733 H1058Y July 2020 NA

a Location filtered by South Carolina and Collection date between January 1 and January 31,
mutation was observed.

b Filtering by Collection Date of June 28 to July 31, 2020, but unrestricted location, resulted

6

samples from Columbia and Rock Hill alone captured SARS-CoV-2 se-
quence diversity that was absent in clinical samples from the entire
state of South Carolina deposited into sequence databases like NCBI
Virus and GISAID. We validated the observed mutations in SARS-CoV-
2 samples from wastewater to the entirety of NCBI Virus and GISAID,
as well as the literature, demonstrating that although many of the ob-
servedmutationswere not detected in clinical samples collected during
July 2020 or January 2021 fromSouth Carolina, they have been observed
elsewhere.

Although we successfully detected signature mutations present in
variants of interest or concern in wastewater, we note that detection
of SARS-CoV-2 in wastewater has its limitations compared to clinical
sampling. The major obstacle is that amplicons are from a mixed pool
of individuals and thus it is unlikely that mutations on different
amplicons or even the same amplicon can be associated with a single
genome or variant. However, as we have shown in this work, signature
mutations associated with specific variants can still be detected and
thus complement clinical datasets, which will always be limited to the
number of tested patients, who are mostly symptomatic. Clinical se-
quences are more useful in determining transmission events that cor-
roborates contact tracing and further informs disease-mitigation
strategies (Walker et al., 2021), but wastewater surveillance can offer
easier and faster detection of the presence of variants of interest or con-
cern in a community, in addition to monitoring broader evolutionary
trends at the population-level.
Data availability

Supplementary datasets are available throughMendeley Data: Swift,
Candice (2021), “Community-level SARS-CoV-2 sequence diversity re-
vealed by wastewater sampling”, Mendeley Data, V1, doi: 10.17632/
ng8kd9wszx.1. Sequencing data in BAM format has been submitted to
the National Center for Biotechnology Information Sequencing Read Ar-
chive (NCBI SRA) and is available at BioProject accession PRJNA745177.
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