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• SARS-CoV-2 sequencing of dormitory
wastewater grab samples identifies
viral variants.

• 1.1 × 106 gene copies/L in wastewater
sufficient for WGS

• Viral shedding from 3 infected students
suggests circulation of 2 cluster strains.

• WGS paired with WBE can help address
declining testing challenges.
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In the Fall of 2020, university campuses in the United States resumed on-campus instruction and implemented
wastewater monitoring for the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). While quantita-
tive polymerase chain reaction (qPCR) tests were deployed successfully to detect viral RNA inwastewater across
campuses, the feasibility of detecting viral variants from a residential building like a dormitorywas unclear. Here,
we demonstrate thatwastewater surveillance fromadormitorywith at least three infected students could lead to
the identification of viral genomes with more than 95% coverage. Our results indicate that viral variant detection
fromwastewater is achievable at a dormitory and that coronavirus disease 2019 (COVID-19)wastewater surveil-
lance programs will benefit from the implementation of viral whole genome sequencing at universities.
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1. Introduction

Whole genome sequencing (WGS) of SARS-CoV-2 from largewaste-
water treatment plants has proven to be an emerging technology for
tracing viral evolution (Nemudryi et al., 2020; Crits-Christoph et al.,
2021; Izquierdo-Lara et al., 2021); however, the utility of such tools at
the level of a single building is only starting to emerge (Spurbeck
et al., 2021). Several studies have suggested that successful genome se-
quencing requires at least 2.8 × 105 viral copies per liter of wastewater
(Nemudryi et al., 2020; Crits-Christoph et al., 2021; Izquierdo-Lara et al.,
2021), yet this calculation can be variable and dependent on sample
preparation and concentration procedures.

To test whether WGS can be used to identify SARS-CoV-2 genomes
and emerging variants from a dormitory, we sequenced and analyzed
wastewater samples (Betancourt et al., 2021) during the reopening of
the University of Arizona in the Fall semester of 2020. Using RNA sam-
ples that contained on average 1.1 × 106 SARS-CoV-2 copies/L, we iden-
tified viral signatures in the dormitorywastewater sample that included
clade 20C and a 20A+20268G subclade. Our findings intimate that
transmission of at least two cluster strains in college students was oc-
curring from the onset of the potential outbreak. Obtaining wastewater
viral genomes from a dormitory with at least three infected individuals
out of 311 residents supports the hypothesis that wastewater WGS has
the potential to complement other public health resources to monitor
patterns of viral transmission at the level of a single building. In addi-
tion, the utility of wastewater WGS for variant surveillance may serve
an evenmore important role in 2021/2022 due to 1) the decline of clin-
ical testing, and 2) testing and vaccination hesitancy in communities.

2. Methods

2.1. SARS-CoV-2 wastewater sample collection and preparation

TheUniversity of Nevada, Las Vegas Institutional Review Board (IRB)
reviewed this project and determined this study to be not human sub-
ject research according to federal regulations and University policy.
The Institutional Biosafety Committee (IBC) of the University of Nevada,
Las Vegas approvedmethods and techniques used in this study. Two 24-
hour composite wastewater influent samples (post-screening but prior
to primary sedimentation)were collected from awastewater treatment
plant (WWTP) in Tucson, Arizona serving a population of ~500,000. Five
sewage grab samples were collected on themorning of August 26, 2020
between 8:30 am and 8:50 am from amanhole servicing a dormitory at
the University of Arizona. The dormitory housed approximately 300
students and staff at the time of sampling. Aliquots of wastewater
(70 ml) were concentrated using stepwise vacuum filtration through
membrane filters of 0.8, 0.65, 0.45 and 0.22 μm pore sizes (EMD
Millipore, Billerica, MA) followed by centrifugal ultrafiltration of the fil-
trate using the CentriconPlus-70 filter, 100 kDa cutoff (EMD Millipore,
Billerica, MA). The final concentrate was used for RNA extraction, as de-
scribed previously (Betancourt et al., 2021).

Viral RNAwas extracted fromwastewater using the QIAGEN QIAmp
Viral Mini Kit AllPrep kit (Qiagen Cat# 52906 for dormitory samples),
and the PowerViral DNA/RNA Kit (Qiagen Cat# 28000-50 for WWTP
samples), according to the manufacturer's instructions and eluted in
RNAse free dH2O. DNA was digested using DNase I and RNA was puri-
fied using E.Z.N.A. MicroElute RNA Clean-up Kit (Omega Bio-Tek Cat#
R6247-01) according to the manufacturer's instructions and eluted in
RNAse free dH2O.

2.2. Targeted whole genome sequencing and variant analysis

Whole genome sequencing libraries were constructed using the
CleanPlex SARS-CoV-2 FLEX Panel from Paragon Genomics by following
the manufacturer's instructions. Total RNA (10 ng) was processed for
first-strand cDNA synthesis. Libraries were sequenced using an Illumina
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NextSeq 500 platform and a mid-output v2.5 (300 cycles) flow cell.
Illumina adapter sequences were trimmed from reads using cutadapt
v3.2 (Martin, 2011). All sequencing reads were mapped to SARS-CoV-
2 genome (NC_045512.2) using bwa mem v0.7.17-r1188 (Li, 2013).
Amplicon primers were trimmed from aligned reads using fgbio
TrimPrimers v1.3.0 and variants were called with iVar variants v1.3
(Grubaugh et al., 2019). Genome coverageswere calculated by samtools
coverage v1.10 (Li et al., 2009). Coverage of the SARS-CoV-2 genomes
was above 95% with a median depth above 50×. Phylogenetic analysis
was conducted on March 1, 2021, by using Nextstrain and open-
source tools for visualizing viral genomes (Hadfield et al., 2018).
Genome sequences of 3988 isolates were obtained from GISAID and
aligned to produce a phylogenetic tree using the NGphylogeny.fr
FastME workflow (Lemoine et al., 2019) (Supplementary Table 1).
Nextstrain clade memberships of genomes were inferred using
nextstrain-cli v1.16.5 and applied to the FastME tree.

3. Results and discussion

As part of a larger public health surveillance effort, morning waste-
water samples were obtained daily from dormitory manholes at the
University of Arizona. On the morning of August 26, 2020, five grab
samples collected from a single manhole were determined to be posi-
tive for SARS-CoV-2 at an average concentration of 1.1 × 106 gene cop-
ies/L (Betancourt et al., 2021). In response to the wastewater result,
clinical tests for COVID-19 diagnosis were conducted for all dormitory
residents on the same day, leading to the identification and isolation
of three infected students (two asymptomatic and one symptomatic)
(Betancourt et al., 2021). Total RNA from wastewater was used to gen-
erate viral libraries and sequenced on an IlluminaNextSeq 500platform.
Analysis of the sequencing results identified a mixture of two viral sig-
natures that included clade 20C, with signature 20C mutations C1059T
and G25563T, and another emerging viral strain corresponding to a
20A+20268G subclade (Fig. 1). The nucleotide change in the 20A
+20268G strain is synonymous at the amino acid level and is not pre-
dicted to influence biological function of SARS-CoV-2.

We analyzed wastewater samples obtained from wastewater treat-
ment plants (WWTP) in Arizona during June 2020 to determine if the
20A+20268G subclade was present in the Tucson metropolitan area
prior to the reopening of the dormitory. Analysis of theWWTP viral ge-
nomes showed no evidence for the 20A+20268G subclade (Supple-
mentary Fig. 1; Appendix), suggesting that the 20A+20268G subclade
was not present in Tucson, Arizona prior to Fall of 2020, or that the
limit of detection of our sequencing techniques was insufficient to de-
tect this lineage in the treatment plant samples. The A20268Gmutation
discovered in our dormitory sample has been characterized previously
in Europe (Lobiuc et al., 2021). In fact, predictions through the Pangolin
webserver demonstrate that SARS-CoV-2 genomes with this mutation
belong to the B.1.5 sub-lineage. Interestingly, this mutation has been
characterized as outbreak-defining signature of SARS-CoV-2 strains in
Suceava County, Romania (Lobiuc et al., 2021).

WGS of SARS-CoV-2 genomes from municipal sewage treatment
plants servicing large residential and commercial area has been
achieved previously (Nemudryi et al., 2020; Crits-Christoph et al.,
2021; Izquierdo-Lara et al., 2021). In these studies, hybrid capture
(Illumina respiratory virus panel) (Crits-Christoph et al., 2021) and
amplicon-based (Oxford Nanopore) (Nemudryi et al., 2020; Izquierdo-
Lara et al., 2021) library preparation kits were used to amplify the target
genomes before sequencing on an Illumina instrument. Here, we dem-
onstrate that our processing (Betancourt et al., 2021; Gerrity et al.,
2021) and genomic tools, using another amplicon-based approach (Par-
agon Genomics), have the specificity and sensitivity to sequence single
viral genomes from an individual housing unit like a university dormi-
tory. Interestingly, the observation of two viral signatures in the waste-
water sample (Fig. 1) suggests that transmission of at least two cluster
strains in college students was occurring from the onset of the potential

http://NGphylogeny.fr
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Fig. 1. Phylogenetic analysis of SARS-CoV-2 sequence isolated from a dormitory building. (A)Maximum-likelihood phylogeny of the SARS-CoV-2-related lineages. The outer ring is colored
according to assigned Nextstrain clade. The tree is rooted relative to theWuhan-Hu-1/2019 genome. Characteristic mutations of clades of interest are indicated at arrows. (B) Sequences
isolated from the Arizona dormitory wastewater clade and the sequences of the reference Wuhan-Hu-1/2019 reference strain. A comparison of mutations at nine genome positions is
shown in the inset. The reference sequence is shown across the top. Observed allele frequencies in wastewater sample are indicated by color in either grey (38–67% alternate
frequency) or black (>90% alternate frequency). Signature mutations of clades 20C and 20A+20268G observed in dormitory sample are shown on separate rows.
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outbreak (Betancourt et al., 2021). However, our study did not compare
clinical genomes from infected students and our conclusions about po-
tential transmission remain limited.

The findings in this study demonstrate that WGS of wastewater
samples can be performed in a laboratory setting and does not require
extensive resources that are typically found in large universities or bio-
technology companies with comprehensive core services. In addition,
due to the relatively small size of the SARS-CoV-2 genome, smaller
desktop Illumina instruments can be utilized for sequencing hundreds
of viral genomes using a single flow cell. Given the availability of such
resources, we propose the inclusion of whole genome sequencing in
wastewater surveillance programs with other public health measures
to identify viral variants that may be present in a university dormitory.
Currently, both qPCR and digital PCR (dPCR) strategies are utilized to
determine whether viral load can be detected and whether potential
variants of concern may be circulating in a community; while costs
can be somewhat limited by using PCR techniques to identify signature
mutations in viral strains, the implementation of WGS enables public
health authorities to definitively identify viral strains and manage
local outbreaks. Such sequencing techniques are especially important
given the emergence and evolution of new lineages and sub-lineages
of variants over the last 12 months (Chen et al., 2021; Bugembe et al.,
2021). Moving forward, we can envision a situation when qPCR/dPCR
strategies will be used to triage samples for more detailed analyses
likeWGS. In addition, the combination of such genomic resources, espe-
cially when diagnostic testingmay be limited, will have the potential to
link the earliest encounter of a viral variant to the index case(s), thereby
limiting the spread of an infectious disease.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149930.
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