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a b s t r a c t 

Wastewater surveillance of SARS-CoV-2 RNA is increasingly being incorporated into public health effort s 

to respond to the COVID-19 pandemic. In order to obtain the maximum benefit from these effort s, ap- 

proaches to wastewater monitoring need to be rapid, sensitive, and relatable to relevant epidemiological 

parameters. In this study, we present an ultracentrifugation-based method for the concentration of SARS- 

CoV-2 wastewater RNA and use crAssphage, a bacteriophage specific to the human gut, to help account 

for RNA loss during transit in the wastewater system and sample processing. With these methods, we 

were able to detect, and sometimes quantify, SARS-CoV-2 RNA from 20 mL wastewater samples within as 

little as 4.5 hours. Using known concentrations of bovine coronavirus RNA and deactivated SARS-CoV-2, 

we estimate recovery rates of approximately 7-12% of viral RNA using our method. Results from 24 sew- 

ersheds across Upstate New York during the spring and summer of 2020 suggested that stronger signals 

of SARS-CoV-2 RNA from wastewater may be indicative of greater COVID-19 incidence in the represented 

service area approximately one week in advance. SARS-CoV-2 wastewater RNA was quantifiable in some 

service areas with daily positives tests of less than 1 per 10,0 0 0 people or when weekly positive test rates 

within a sewershed were as low as 1.7%. crAssphage DNA concentrations were significantly lower during 

periods of high flow in almost all areas studied. After accounting for flow rate and population served, 

crAssphage levels per capita were estimated to be about 1.35 × 10 11 and 2.42 × 10 8 genome copies per 

day for DNA and RNA, respectively. A negative relationship between per capita crAssphage RNA and ser- 

vice area size was also observed likely reflecting degradation of RNA over long transit times. Our results 

reinforce the potential for wastewater surveillance to be used as a tool to supplement understanding of 

infectious disease transmission obtained by traditional testing and highlight the potential for crAssphage 

co-detection to improve interpretations of wastewater surveillance data. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

as infected over 130 million people and has been attributed to 
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ver 2.8 million deaths globally as of April 9 th , 2021 (WHO, 2021). 

hile the primary mechanism of transmission for SARS-CoV-2 is 

hrough respiratory droplets and aerosols ( Meselson, 2020 ), viral 

NA has also been detected in the gastrointestinal system, feces, 

nd urine of infected persons ( Chen et al., 2020 ; Y. Wu et al., 2020 ;

inger and Wray, 2020 ). Notably, viral RNA levels in the sputum 

nd stool of patients with mild COVID-19 symptoms are similar 
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o that found in the upper respiratory tract ( Wölfel et al., 2020 ).

he presence of a substantial quantity of viral RNA in feces and 

rine provides the opportunity for wastewater-based epidemiology 

WBE) approaches to be applied to the surveillance of COVID-19, 

racking the emergence of disease and transmission trends over 

ime ( Daughton, 2020 ; Farkas et al., 2020 ). Such monitoring effort s

re currently being explored worldwide in an attempt to bolster 

he public health response to the pandemic. A robust and effective 

astewater monitoring program for SARS-CoV-2 could help to in- 

orm resource allocation decisions (e.g. where to prioritize testing 

nd contact tracing), target community interventions such as so- 

ial distancing measures or other restrictions, and provide an ad- 

itional tool by which policy makers could assess when and how 

o reopen local economies ( Mallapaty, 2020 ; Larsen et al., 2020 ; 

aughton, 2020 ). Additionally, an effective wastewater monitoring 

pproach could be used in the surveillance of facilities such as jails, 

niversity dormitories ( Colosi et al., 2020 ), and assisted living fa- 

ilities which may be especially susceptible to COVID-19 outbreaks, 

roviding officials with the tools to limit the spread of the virus 

oth within and from these types of facilities. 

Numerous groups have reported methods for the detection of 

ARS-CoV-2 in wastewater following global outbreaks of COVID- 

9 in early 2020. These approaches to concentrate viral parti- 

les and RNA have included combinations of low-speed centrifu- 

ation and centrifugal filters ( Medema et al., 2020 ; Ahmed et al., 

020a ; Nemudryi et al., 2020b ; Alpaslan Kocamemi et al., 2020 ), 

olyethylene glycol (PEG)-precipitation ( Zhang et al., 2020 ; Al- 

aslan Kocamemi et al., 2020 ; F. Wu et al., 2020b ; La Rosa

t al., 2020 ; Colosi et al., 2020 ), aluminum-driven flocculation 

 Randazzo et al., 2020 ), filtration through charged membranes 

 Ahmed et al., 2020a ; Colosi et al., 2020 ), and ultracentrifugation 

 Wurtzer et al., 2020 ; Zhang et al., 2020 ; Ampuero et al., 2020 ;

olosi et al., 2020 ). While many of these methods can be applied 

o wastewater surveillance with varying degrees of success (as re- 

iewed in Kitajima et al., 2020 ; Ahmed et al., 2020b ; Rusiñol et al.,

020 ; Colosi et al., 2020 ), their practical application into large scale 

onitoring efforts can be limited by factors such as turnaround 

ime (i.e. the time from sample acquisition to data generation) and 

ependence on supply chain continuity for single use materials 

uch as charged membranes or centrifugal filtration units. Ultra- 

entrifugation is an attractive approach because once the initial in- 

estment in equipment is made, the material cost and sample pro- 

essing time are low. Furthermore, the ability to manipulate the 

mount and viscosity of the sedimentation medium as well as the 

ltracentrifugation time and speed permit partial nucleic acid pu- 

ification concurrent with concentration. 

While several studies have found correlations between vi- 

al concentrations in wastewater and the number of confirmed 

OVID-19 cases ( Nemudryi et al., 2020a ; Bar Or et al., 2020 ;

mpuero et al., 2020 ), attempts at quantifying the numbers of 

nfected individuals have varied in their success ( Medema et al., 

020 ; Ahmed et al., 2020a ; F. Wu et al., 2020a ; Vallejo et al.,

020 ). Several studies have also indicated that wastewater moni- 

oring of SARS-CoV-2 could provide an early warning sign for vi- 

al outbreaks in the community, with viral RNA being detected in 

astewater samples prior to positive clinical testing of individu- 

ls ( Medema et al., 2020 ; La Rosa et al., 2020 ; Randazzo et al.,

020 ). With either approach, some measure of the effects of de- 

ay and dilution in the wastewater infrastructure is needed so that 

hanges in SARS-CoV-2 RNA over time or between sampling loca- 

ions better reflect changes in infection levels versus changes in 

eather, water usage, or other factors. Co-quantification of viruses 

hat are abundant in the human gut, such as pepper mild mottle 

irus (PMMoV) ( D’Aoust et al., 2021b ; F. Wu et al., 2020b ), to act

s surrogates for SARS-CoV-2 is the prevailing approach although 

t is not completely clear which surrogates mimic the behavior of 
2 
ARS-CoV-2 in the wastewater system most closely. Furthermore, 

or surrogates with a DNA genome, expressed RNA can simulta- 

eously be measured, which may more closely reflect the decay 

f SARS-CoV-2 RNA in wastewater compared to DNA targets. Non- 

iral surrogates such as nicotine, cortisol, and creatinine have also 

een proposed as normalizers in WBE applications, although the 

uantification of these targets may be challenging and variability 

n consumption and disposal rates can create uncertainties in anal- 

sis ( Polo et al., 2020 ; Rico et al., 2017 ). 

In this study, our goals were to a) develop a reliable and scal- 

ble method for detecting and quantifying SARS-CoV-2 wastewa- 

er RNA from areas with low infection rates and b) integrate co- 

uantification of viral nucleic acids from crAssphage, an abundant 

uman gut bacteriophage, into SARS-CoV-2 wastewater monitoring 

o help account for sources of both inter- and intra-sewershed vari- 

bility. We measured both crAssphage DNA and RNA because it is 

urrently unclear which serves as a better fecal normalizer when 

rying to associate SARS-CoV-2 wastewater RNA concentrations to 

elevant epidemiological parameters. Ultracentrifugation optimiza- 

ion trials were initially conducted prior to analyzing 181 wastewa- 

er influent samples collected from six Upstate New York counties. 

. Materials and methods 

.1. Sampling locations and sample collection and transport 

Twenty-four-hour composite influent wastewater samples (110 

L – 1.9 L) were collected from 28 different access points 

n combined sewage networks across Upstate New York in 

nondaga, Cayuga, Cortland, Tompkins, Oswego, and Warren Coun- 

ies ( Table 1 , Figure S1). Information on the age of wastewater in

hese systems was only available for six Onondaga County access 

oints (Table S1), where mean transit time ranged from 1.2 to 4.4 

ours ( Wang et al. 2020 ). Samples were stored at approximately 

 °C following collection and were transported on ice to Upstate 

edical University (Syracuse, NY) the following morning for pro- 

essing and viral concentration (with the exception of Onondaga 

ounty samples collected on the 28 th of April, which were frozen 

t -20 °C for processing at a later date following methodological 

ptimizations). From April 28 th to June 24 th , 2020 a total of 181 

astewater samples were collected and processed for the detection 

f SARS-CoV-2 and crAssphage nucleic acids. During the sample 

ollection process, influent flow rate, pH, and water temperature 

ere also measured at some access points. Average daily minimum 

ir temperature in each county during this time period ranged 

rom 9.2 to 14.6 °C, average daily maximum air temperature ranged 

rom 21.8 to 25.9 °C, average daily precipitation ranged from 0.07 

o 0.21 cm, and daily relative humidity ranged from 36 to 86% 

 NOAA ). Information on the topographical area of each sewershed 

as accessed through New York State and/or County databases and 

he size of the population served was estimated using census data. 

haracteristics of individual access points within each county are 

ummarized in Table S1. 

.2. Ultracentrifugation of wastewater through a sucrose cushion 

Prior to ultracentrifugation, wastewater samples were blended 

o resuspend particulates that had settled during transport or stor- 

ge. Twenty milliliters were transferred into a disposable 38.5 mL 

ltracentrifuge tube (Product No. 750 0 0471, ThermoFisher®, Mass., 

SA) using a disposable serological pipette. Unless otherwise noted 

n the optimization experiments described in the section 2.3 , a 

2 mL sucrose cushion (50% sucrose in TNE buffer [20 mM Tris- 

CL (pH 7.0), 100 mM NaCl, 2 mM EDTA]) was then carefully 

dded underneath the wastewater using a serological pipette so 

hat wastewater and the sucrose solution formed distinct layers in 
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Table 1 

Summary of locations and dates of sampling in New York State 

County Appx. Population Average Daily Incidence a Test Positivity b (%) N Access Points Sampled Time Period Sampled Total N Samples 

Onondaga 460,000 34.5 2.94 16 4/28 – 6/24/2020 122 

Cayuga 75,000 1.1 0.47 4 5/19 – 6/22/2020 24 

Warren 70,000 0.4 0.20 3 5/27 – 6/23/2020 15 

Oswego 120,000 3.6 1.10 2 6/03 – 6/23/2020 8 

Tompkins 100,000 0.5 0.16 2 6/02 – 6/22/2020 7 

Cortland 50,000 0.2 0.11 1 5/27 – 6/22/2020 5 

a Average daily incidence is calculated as the total number of new positive cases that occurred over the time period sampled divided by the length of the time period 

(days). 
b Test positivity is calculated as the total number of positive tests out of the total number of tests performed in each county during the time period sampled. Diagnostic 

test results include the results of both PCR and antigen tests. 

Fig. 1. (A) Raw influent wastewater above 50% sucrose solution prior to ultracen- 

trifugation. (B) Pellet produced by 45 minutes of ultracentrifugation and residual 

debris on top of the sucrose cushion. 
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he ultracentrifuge tube ( Fig. 1 A). In batches of six, samples were 

alanced by the addition of distilled water ( < 500 μL) and then ul- 

racentrifuged at 150,0 0 0 × g at 4 °C on a Sorvall® WX Ultra series

ith a Sorvall® SureSpin® 630 (6 × 36 mL) Swinging-Bucket Ro- 

or (ThermoFisher®). Prepared samples were ultracentrifuged for 

5 minutes unless otherwise noted for optimization experiments. 

ollowing ultracentrifugation and the generation of pellets contain- 

ng viral particles and nucleic acids ( Fig. 1 B), the supernatant was 

arefully decanted with a new serological pipette and pellets were 

esuspended in 200 μL 1X PBS and transferred to 1.7 mL microcen- 

rifuge tubes. Resuspended pellets were stored at -20 °C for < 24 

ours until nucleic acid extraction. Replicates were processed for 

ptimization experiments only. 

.3. Optimization of viral nucleic acid recovery 

Samples collected from Onondaga County on April 28 th , May 

 

th , and May 13 th , 2020 were used to perform optimization exper- 

ments. To identify sucrose concentrations and ultracentrifugation 

imes that resulted in higher levels of viral nucleic acid recovery, 

e used crAssphage as a surrogate since native SARS-CoV-2 con- 

entrations were too low to be used as reliable indicator of re- 

overy. First, well-blended wastewater subsamples were ultracen- 
3 
rifuged with 20, 50, and 70% sucrose cushions for 20, 90, and 120 

inutes, respectively, with lower concentration cushions receiving 

horter ultracentrifugation times. Pellets were then analyzed for 

rAssphage DNA. 

Next, once the optimal sucrose concentration was identified, we 

ested the effect of reducing ultracentrifugation time by making six 

eplicate subsamples and ultracentrifuging for 30 (n = 2), 45 (n = 2), 

nd 75 minutes (n = 2) while holding sucrose concentration con- 

tant. Pellets were then analyzed for both crAssphage DNA and 

NA. 

Then, to estimate the efficiency with which SARS-CoV-2 RNA is 

elleted, 20 mL wastewater aliquots (n = 2) with low initial con- 

entrations of SARS-CoV-2 RNA (appx. 8 genome copies per mL) 

ere spiked (spike equivalent to appx. 580 genome copies per mL 

astewater) with heat deactivated SARS-CoV-2 (Catalog No. NR- 

2286, BEI Resources®, Virginia, USA) prior to ultracentrifugation 

or 45 minutes. After ultracentrifugation, the following layers were 

nalyzed: aqueous upper (top 10 mL), aqueous lower (second 9 

L), cushion interface (1.5 mL, targeting particles suspended just 

bove the sucrose cushion), sucrose upper (6 mL), sucrose lower 

6 mL), and pellet (appx. 200 uL). Two hundred microliter subsam- 

les of each layer and the resuspended pellets were then analyzed 

or recovery of SARS-CoV-2 RNA, crAssphage DNA, and crAssphage 

NA. 

Finally, to estimate the loss of nucleic acids through the nu- 

leic acid purification procedure specifically, wastewater pellets 

n = 7) generated from homogenized samples originating from 

everal access points were spiked with appx. 125,0 0 0 genome 

opies of bovine coronavirus (BCoV) RNA extracted from a vac- 

ine (Bovine Rotavirus-Coronavirus Vaccine from Zoetis, NJ, USA). 

xtraction of total nucleic acids from wastewater pellets was car- 

ied out by the method described below. BCoV RNA concentrations 

ere determined via RT-qPCR using a previously published assay 

 Decaro et al., 2008 , Table S2). In routine processing, deactivated 

ARS-COV-2 and bovine coronavirus vaccine were not used to esti- 

ate nucleic acid recoveries. Instead, crAssphage was used to con- 

rm recovery of nucleic acids and as a fecal normalizer for SARS- 

OV-2. 

.4. Nucleic acid extraction and synthesis of crAssphage cDNA 

Total nucleic acids were extracted from resuspended pellets us- 

ng the AllPrep® PowerViral® DNA/RNA Kit (Qiagen®, Hilden, Ger- 

any) according to manufacturer’s protocol with the omission of 

he optional bead beating step. Nucleic acids were eluted in 50 

L elution buffer, five of which was used immediately to generate 

otal cDNA using the QuantiTect® Reverse Transcription Kit (Qia- 

en®) according to manufacturer’s protocol to allow estimation of 

rAssphage RNA. Total nucleic acid samples and cDNA were imme- 

iately stored at -80 °C until viral quantification via RT-qPCR and 

PCR. 
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Table 2 

qPCR Assay Performance Parameters from a Composite of Eight Standard Curves 

Assay R 2 Intercept Slope Efficiency LOQ 

a (copies/rxn) 

IP2IP4 0.97-0.99 39.228 -3.573 0.91 5 

CPQ_056 0.99 40.162 -3.451 0.95 5 

a LOQ determined as the lowest concentration at which ≥95% of reactions (out of 24) 

amplified successfully 

2

i

w

r

c

m

p

t

c

l  

s

v

c

m

t

o

f  

m

r

g

(

w

c

m

c

p

s

c  

Q

s

2

v

p

t

a

b

C

l

e

p

b

c

c

p

μ
o

e

o

C

c

S

w

o

p

I

C

p

t

h

n

r

w

i

d

n

N

v  

2

f

a

t

t

S

o

e

c

d

v

i

a

s

m

t

c

2

c

E

2

i

r

g

(

d

M

w

o

d

w

f

2

p

s

l

.5. Quantification of viral nucleic acids 

RT-qPCR was used to detect the presence of SARS-CoV-2 RNA 

n undiluted total nucleic acid extracts using a multiplex reaction 

ith the previously published IP2 and IP4 assays targeting sepa- 

ate regions of the RdRp gene (Institut Pasteur, 2020). Reactions 

onsisted of 6.25 μL Reliance One-Step Multiplex RT-qPCR Super- 

ix (Bio-Rad®, California, USA), 0.4 μM each primer, 160 nM each 

robe (both HEX), molecular grade water, and 2.5 μL nucleic acid 

emplate for a total reaction volume of 25 μL. Thermal cycling 

onditions were 10 minutes at 50 °C, 10 minutes at 95 °C, fol- 

owed by 45 cycles of 95 °C for 10 seconds and 59 °C for 30

econds. crAssphage nucleic acids were quantified using the pre- 

iously published CPQ_056 assay ( Stachler et al., 2017 ). Reactions 

onsisted of 12.5 μL TaqMan® Environmental MasterMix (Ther- 

oFisher®), 1 μM primers, 80 nM probe, molecular grade wa- 

er, and 2 μL nucleic acid template for a total reaction volume 

f 25 μL. Thermal cycling conditions were 10 minutes at 95 °C, 

ollowed by 40 cycles of 95 °C for 15 second and 60 °C for 1

inute. A standard curve, ranging from 1 × 10 6 to 5 copies per 

eaction of a diluted gBlock® (IDT®, Iowa, USA) containing tar- 

ets for the IP2IP4 assay or diluted purified crAssphage amplicons 

produced with DNA Clean and Concentrator TM 25, ZYMO, USA) 

as used to convert Ct values to gene copies per reaction. Nu- 

leic acid concentrations for gBlocks and purified amplicons were 

easured using a Qubit® 3.0 Fluorometer (Invitrogen®), allowing 

opy number to be determined from the known length of the am- 

licon or gBlock. Samples were quantified using either PCR plate 

pecific standard curves or a composite standard curve from re- 

ent plates ( Table 2 ). All qPCR reactions were carried out on either

uantStudio® 3 or QuantStudio® 5 (ThermoFisher®) real-time PCR 

ystems. 

.6. Quality assurance 

For all days on which wastewater samples were purified 

ia ultracentrifugation, at least one processing blank was pre- 

ared by processing 20 mL distilled water instead of wastewa- 

er and measuring levels of SARS-CoV-2 RNA, crAssphage DNA, 

nd crAssphage RNA. Throughout the study, 2 of 22 processing 

lanks contained quantifiable levels of crAssphage DNA (mean 

t = 36.019 ± 2.259) which was several orders of magnitude 

ess than crAssphage quantities obtained from wastewater influ- 

nt samples (mean Ct = 22.662 ± 1.418). For SARS-CoV-2, 2 of 22 

rocessing blanks showed some degree of amplification, with one 

eing quantifiable (June 10 th , 2020, Ct = 35.637 ± 0.192, appx. 10 

opies/mL). No processing blanks had amplification for crAssphage 

DNA. 

Following ultracentrifugation, at least one additional blank was 

repared during total nucleic acid extraction by substituting 200 

L dissolved pellet with 200 μL molecular grade water. Through- 

ut the study, 1 of 18 extraction blanks contained quantifiable lev- 

ls of crAssphage DNA (Ct = 35.982 ± 0.545). For SARS-CoV-2, 1 

f 18 extraction blanks contained quantifiable RNA (June 9 th , 2020, 

t = 34.323 ± 0.515, appx. 24 copies/mL). No extraction blanks 

ontained detectable levels of crAssphage cDNA. Due to suspected 

ARS-CoV-2 contamination, data from 9 th and 10 th of June 2020 
4 
ere omitted from our analysis, effectively reducing the number 

f samples analyzed from 181 to 169. 

For RT-qPCR and qPCR, plates contained at least three no tem- 

late control (NTC) reactions. Throughout the study, 1 of 128 (0.8%) 

P2IP4 NTC wells amplified (Ct = 40.957) and 9 of 198 (4.5%) of 

PQ_056 NTC wells amplified. For CPQ_056, six of these NTC am- 

lifications occurred on May 11 th , 2020. On this plate, wastewa- 

er samples had a mean CPQ_056 Ct of 23.350 and positive NTCs 

ad a mean Ct of 38.580 which suggests that contamination did 

ot greatly affect estimates of crAssphage from wastewater on this 

un. Therefore, since the sole IP2IP4 NTC that showed amplification 

as > 40 cycles and the few positive CPQ_056 NTCs were largely 

solated to one plate and represented DNA quantities several or- 

ers of magnitude less than our wastewater nucleic acid extracts, 

o data were excluded from analysis based on the assessment of 

TCs. 

Kinetic outlier detection (KOD) was performed as described pre- 

iously ( Green and Field, 2012 ; Kirtane et al., 2019 ; Tichopad et al.,

010 ) on all 3,032 reactions to determine if qPCR inhibition af- 

ected the amplification of SARS-CoV-2 or crAssphage nucleic 

cid targets. Raw fluorescence data from each well were log- 

ransformed and fit to a 4-parameter sigmoidal model using 

he pcrbatch function in R package qpcR version 1.4-1 ( Ritz and 

piess, 2008 ; Spiess, 2018 ). We then estimated the first and sec- 

nd derivative maxima of each fitted model. Using a 10 Ct differ- 

nce between the first and second derivative maxima as a quality 

riterion (i.e., “uni2” criteria in function pcrbatch ), KOD analysis in- 

icated that all wells with a Ct value < 45 (maximum possible Ct 

alue) displayed no signs of inhibition. Inherent in these methods 

s the assumption that DNA polymerase and reverse transcriptase 

re equally susceptible to PCR inhibitors. Nonetheless, the total ab- 

ence of signs of qPCR inhibition as indicated by sensitive KOD 

ethods suggests that the purification methods used were effec- 

ive at removing compounds that commonly affect qPCR amplifi- 

ation. 

.7. Integration of COVID-19 case data 

COVID-19 testing data, consisting of all diagnostic tests in- 

luding PCR and antigen-based methods, were obtained from The 

lectronic Clinical Laboratory Reporting System (ECLRS) ( NYSDOH, 

020a , b ). All test results were classified as positive, negative, 

nconclusive, or invalid. After excluding tests for out of state 

esidents, all tests for COVID-19 during the study period were 

eocoded using the New York State Street Address Maintenance 

SAM) Program (“NYS Street Address Mapping (SAM),” 2020). Ad- 

itional geocoding was performed with geocoders from SAS and 

apMarker to improve accuracy. Shape files of each service area 

ere obtained from each corresponding municipality. Addresses 

ccurring within the studied service areas were retained while ad- 

resses occurring outside the study area were excluded. Residences 

ith private septics were identified using statewide tax parcel data 

rom the New York State GIS Clearinghouse (“NYS GIS - Parcels,”

020). Any addresses with private septics, which accounted for ap- 

roximately 5% of COVID-19 tests, were excluded from the analy- 

is. A daily count of positive test results by service area was tabu- 

ated after excluding inconclusive or invalid results. Human subject 
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Table 3 

Assessment of sucrose concentration and ultracentrifugation time on crAssphage DNA recovery. 

Sucrose Concentration Spin Time (Minutes) Replicate Tube crAssphage DNA (Copies/L WW Source + /- SD) 

20 

% 

20 1 1.95 × 10 7 (4.40 × 10 5 ) 

2 2.53 × 10 7 (5.95 × 10 5 ) 

50 

% 

90 1 9.04 × 10 7 (3.56 × 10 6 ) 

2 1.27 × 10 8 (1.88 × 10 6 ) 

70 

% 

150 1 3.26 × 10 7 (3.41 × 10 5 ) 

2 7.52 × 10 7 (8.55 × 10 5 ) 
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nvolvement with regards to COVID-19 diagnostic testing was ap- 

roved by the New York State Department of Health’s Institutional 

eview Board. 

.8. Data Interpretation and Analysis 

To aid interpretation, SARS-CoV-2 wastewater RNA levels were 

lassified into three distinct categories prior to data analysis. Sam- 

les that had all three qPCR replicates amplify above the LOQ of 5 

enome copies per reaction were classified as quantifiable. Because 

oth assays were able to amplify 5 copies per reaction consistently, 

amples that had at least one qPCR replicate amplify with a Ct 

 40 were considered detected but not quantifiable (DNQ). Many 

f the samples classified as DNQ had one or two qPCR replicates 

bove the LOQ of 5 copies but were still conservatively classified 

s DNQ for our analysis. Samples that had no amplification in any 

f the three wells (i.e., all three wells were “Undetermined”, Ct > 

5) were considered below the limits of detection (BLOD; i.e., a 

negative” sample). 

To facilitate comparison of crAssphage concentrations between 

ervice areas, we used prior 24-hour flow and population serviced 

o calculate a per capita crAssphage nucleic acid load as follows: 

P er Capita Nucleic Acid Load 

= 

Genome Copies per Liter X Dail y F l ow ( L ) 

P opulation Serv ed ( n persons ) 

Per capita nucleic acid load represents the estimated average 

aily contribution of crAssphage nucleic acids by an individual. 

Pair-wise t-tests were used to test for significant differ- 

nces in mean recovery using different sucrose concentrations 

nd spin times. Conditional inference trees (CTrees) were 

eveloped using the partykit (version 1.2-10) package in R 

version 1.2.5019) as done previously ( Weller et al., 2020 ) to 

ssess the effects of service area size, average influent tem- 

erature, and pH on crAssphage DNA and RNA concentra- 

ions (R code available at https://github.com/Maxwell-Wilder/ 

o- quantification- of- crAssphage- increases- confidence- in- waste 

ater- based- epidemiology- for- SARS- CoV- 2 ). Transit times were 

lso used a predictor variable, but only for sites 601, 604, 605, 

06, 617, and 619 as available ( Wang et al., 2020 ). 

. Results 

.1. Optimizing recovery of viral nucleic acids 

In an assessment of sucrose concentration and ultracentrifu- 

ation (“spin”) time, we found that a 50% cushion paired with a 

0-minute spin time yielded greater crAssphage DNA concentra- 

ions than both a 20% cushion paired with a 20-minute spin time 

nd a 70% cushion paired with a 150-minute spin time (p < 0.05, 

able 3 ). 

We then assessed the impact of 30, 45, and 75-minute spin 

imes on crAssphage nucleic acid recovery using a 50% sucrose 

ushion in an attempt to reduce processing time. We found that 

hile both 45 and 75-minute spin times yielded greater quan- 

ities of crAssphage DNA than a 30-minute spin (p = < 0.01, 
5 
able 4 ), there was no significant difference in crAssphage DNA 

ecovery between 45 and 75-minute spins. Quantifiable amounts 

f crAssphage RNA were only recovered with a 45-minute spin 

ime ( Table 4 ). Low quantities of crAssphage RNA (DNQ) are po- 

entially due to degradation, as RNA may have degraded while the 

astewater sample was stored at 4 °C for approximately 5 days. 

ecause 75-minute and 45-minute spin times yielded similar re- 

ults, with 45-minutes being the only treatment to recover quan- 

ifiable crAssphage RNA, we proceeded with this spin time for fur- 

her experiments and the analysis of wastewater samples. 

Having determined an optimal sucrose concentration and ul- 

racentrifugation time, we then determined the approximate nu- 

leic acid recovery for the total process using spiked heat deac- 

ivated SARS-CoV-2 (BEI Resources ®) and native crAssphage DNA 

nd RNA as surrogates. Quantifiable levels of SARS-CoV-2 RNA and 

rAssphage RNA were found only in the pellet indicating that the 

ajority of viral RNA is likely pelleted under these conditions 

 Table 5 ). Trace levels of RNA recovered from the cushion inter- 

ace (SARS-CoV-2) and in the sucrose layers (crAssphage) suggest 

hat low levels of SARS-COV-2 RNA also remain unpelleted. While 

uantifiable levels of crAssphage DNA were present in most lay- 

rs post-ultracentrifugation, quantities found in the pellet were far 

reater than that of any other layer (p < 0.001, Table 5 ). Although

he magnitude of crAssphage DNA recovered from the pellet var- 

ed significantly among the two replicates (p = 0.002), SARS-CoV-2 

NA recovery was not statistically different. Based on the amount 

nitially spiked, we estimated that 12% (s.d. = 5.5%) of deactivated 

ARS-CoV-2 RNA was recovered after both ultracentrifugation and 

ucleic acid extraction processes. A follow-up experiment in which 

CoV RNA was added to pellets resulted in an average extraction 

ecovery of 6.89% (s.d. = 1.58%) suggesting that the majority of nu- 

leic acid loss in the total process occurred at the nucleic acid ex- 

raction step. 

.2. Abundance of SARS-CoV-2 and crAssphage in wastewater 

amples 

While the vast majority of crAssphage DNA and RNA values fell 

ithin the quantifiable range, most SARS-CoV-2 RNA levels were 

ither DNQ (49%) or BLOD (34%, Table 6 ). We were able to detect 

r quantify SARS-CoV-2 RNA from wastewater in 111 of the 169 

amples that were analyzed over the study period. Of these 111 

amples, 29 had quantifiable levels of SARS-CoV-2 RNA. In these 

amples, the average quantity of SARS-CoV-2 RNA recovered was 

.16 × 10 4 (s.d. = 2.11 × 10 4 ) genome copies per L of wastewater 

hile the maximum observed quantity was 1.02 × 10 5 (s.d. = 7.96 

10 3 ) genome copies per L of wastewater. crAssphage nucleic 

cids were quantifiable from the vast majority of wastewater sam- 

les ( Table 6 ). Over the course of the study period, the average and

aximum quantities of crAssphage DNA recovered were 2.05 ×
0 8 (s.d. = 2.18 × 10 8 ) and 1.73 × 10 9 (s.d. = 7.72 × 10 7 ) genome

opies per L of wastewater. For crAssphage RNA, the average and 

aximum quantities recovered were 4.00 × 10 5 (s.d. = 4.61 × 10 5 ) 

nd 2.88 × 10 7 (s.d. = 1.47 × 10 5 ) genome copies per L. 

https://github.com/Maxwell-Wilder/Co-quantification-of-crAssphage-increases-confidence-in-wastewater-based-epidemiology-for-SARS-CoV-2
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Table 4 

Assessment of ultracentrifugation time on crAssphage nucleic acid recovery using a 50% sucrose cushion. 

Spin Time (Minutes) Replicate Tube crAssphage DNA (Copies/L WW Source + /- SD) crAssphage RNA (Copies/L WW Source + /- SD) 

30 1 6.74 × 10 7 (1.57 × 10 6 ) DNQ 

2 7.21 × 10 7 (4.47 × 10 6 ) BLOD 

45 1 9.89 × 10 7 (4.16 × 10 6 ) 3.46 × 10 4 (6.72 × 10 3 ) 

2 9.90 × 10 7 (2.82 × 10 6 ) DNQ 

75 ∗ 1 9.39 × 10 7 (5.86 × 10 6 ) DNQ 

2 1.19 × 10 8 (3.80 × 10 6 ) DNQ 

∗ Among-treatment crAssphage DNA recovery was statistically different only for the 75-minute spin time (p = 0.005). 

Table 5 

Viral nucleic acids recovered from aqueous layers, cushion interface, cushion layers, and the pellet. Nucleic acid quantities are the total number of copies recov- 

ered from 200 uL sub samples of each layer. 

Layer Volume (mL) Replicate Tube SARS-CoV-2 RNA (Copies + /- SD) crAssphage RNA (Copies + /- SD) crAssphage DNA (Copies + /- SD) 

Aqueous 

Upper 

10 1 BLOD BLOD DNQ 

2 BLOD BLOD DNQ 

Aqueous 

Lower 

9 1 BLOD BLOD 2.30 × 10 2 (6.36 × 10 1 ) 

2 BLOD BLOD DNQ 

Cushion 

Interface 

1.5 1 BLOD BLOD 4.10 × 10 3 (7.07 × 10 1 ) 

2 DNQ BLOD 8.59 × 10 3 (3.97 × 10 2 ) 

Sucrose 

Upper 

6 1 BLOD DNQ 1.13 × 10 4 (3.92 × 10 2 ) 

2 BLOD BLOD 4.72 × 10 3 (5.43 × 10 3 ) 

Sucrose 

Lower 

6 1 BLOD DNQ 1.88 × 10 4 (1.24 × 10 3 ) 

2 BLOD DNQ 8.19 × 10 3 (4.71 × 10 2 ) 

Pellet 0.2 1 1.37 × 10 3 (7.39 × 10 2 ) 1.60 × 10 3 (3.57 × 10 2 ) 2.26 × 10 6 (7.93 × 10 4 ) 

2 1.42 × 10 3 (7.19 × 10 2 ) DNQ 3.54 × 10 6 (1.80 × 10 5 ) 

Table 6 

Percent of wastewater samples with quantifiable, detectable, and 

non-detectable amounts of nucleic acid target 

Target Quantifiable (%) DNQ (%) BLOD (%) 

crAssphage DNA 100 0 0 

crAssphage RNA 93 6 1 

SARS-CoV-2 RNA 17 49 34 
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.3. Association between crAssphage loads, influent flow, and 

opulation served 

We observed a significant negative relationship between 

rAssphage concentrations detected and influent wastewater flow 

ates across all sites (Table S3). We selected six sites with the 

reatest number of sampling events (n = 9 each) to look at this re-

ationship on an individual basis and found significant negative re- 

ationships between crAssphage DNA concentration and flow, but 

o significant relationship between crAssphage RNA concentration 

nd flow, potentially due to increased variability in crAssphage 

NA measurements ( Fig. 2 , Table S3). Lower crAssphage concen- 

rations during higher flow rates are likely attributable to wastew- 

ter dilution though sources such as groundwater infiltration and 

tormwater runoff, although the relative contribution of these 

ources in each service area is difficult to quantify. We also found 

ignificant relationships between crAssphage DNA and RNA loads 

nd the population served in each service area ( Fig. 3 ). 

.4. Variability in physical-chemical parameters and crAssphage loads 

etween service areas 

At each site (n = 8) where temperature and flow data were 

ecorded, we observed a significant positive correlation between 

emperature and sampling date (Pearson’s r = 0.94 – 0.97, p < 0.05) 

nd significant negative correlation between flow and sampling 

ate (r = -0.82 – -0.96, p < 0.05) reflecting the change toward 

armer, dryer weather. At facilities 605 and 606, we also observed 

 significant negative correlation between pH and both sampling 

ate (r = -0.75, -0.86, p < 0.05) and water temperature (r = -0.76, 
6 
0.88, p < 0.05), but at other sites no significant correlation was ob- 

erved. 

On average, estimated per capita crAssphage contributions were 

.35 × 10 11 genome copies per day (std. dev. = 1.99 × 10 11 ) and 

.42 × 10 8 genome copies per day (std. dev. = 2.77 × 10 8 ) for 

NA and RNA, respectively ( Fig. 4 ). Based on regression analysis, 

e observed significantly lower per capita crAssphage DNA in ser- 

ice area 999A (4.85 × 10 10 , p = 0.0365) compared to other sites. 

e also observed significantly higher crAssphage RNA per capita 

n service area Oswego_W (2.86 × 10 11 , p = 0.0165) compared to 

ther sites. Based on a pairwise comparison of service areas, no 

wo sites had a significant difference in mean crAssphage DNA (p 

 0.11; Tukey HSD, 95% CI) or mean crAssphage RNA (p > 0.09), 

lthough the sample size (Table S1) is too low at most sites to con- 

lude no difference in means. 

Using CTrees, we found that some of this variability in per 

apita crAssphage RNA loads could be explained by service area 

ize. Per capita crAssphage RNA loads were 2.09 × 10 8 gene copies 

igher in service areas smaller than 34.681 km 

2 ( Fig. 5 ). A similar

ssociation was not observed for per capita DNA loads. No signif- 

cant splits were identified when using average influent temper- 

ture, pH, or transit time as predictors for DNA or RNA loads as 

utcomes. 

.5. Association between SARS-CoV-2 concentrations and COVID-19 

ncidence following wastewater sample collection 

Over all study areas, the highest positive test rates for which 

ARS-CoV-2 RNA remained BLOD corresponded to a weekly posi- 

ive test rate of 12.4% and a weekly average of 2.19 daily positive 

ests per 10,0 0 0 population. The highest weekly positive test rates 

or samples classified as BLOD or DNQ were 20.9% or 3.97 daily 

ositive tests per 10,0 0 0 population. Weekly positive test rates cor- 

esponding to quantifiable samples ranged from 1.68- 15.11% or 

.37-5.95 daily positive tests per 10,0 0 0 population depending on 

he site. 

From a qualitative perspective, samples with quantifiable lev- 

ls of SARS-CoV-2 RNA were associated with higher levels of pos- 

tive test results the week following sampling ( Fig. 6 ). Over the 

even days following wastewater sample collection, both the av- 
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Fig. 2. Relationship between crAssphage nucleic acid concentration (copies per L) and daily influent flow at six Onondaga County access points. crAssphage DNA concentra- 

tion displays a significant negative relationship with influent flow (p < 0.05 each site except 617 where p = 0.052). crAssphage RNA concentration did not have a significant 

relationship with flows at any site. 

Fig. 3. Relationship between crAssphage DNA load and population served (A), crAssphage RNA load and population served (B), and crAssphage RNA load and crAssphage 

DNA load (C). Load is the product of nucleic acid concentration and flow rate. 

Fig. 4. Variation in per capita crAssphage nucleic acid loads between sites. 

7 
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Fig. 5. Association between smaller service areas and greater per capita crAssphage 

RNA load identified through conditional inference trees. 
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rage number of new positive tests per 10,0 0 0 persons and the 

esting positivity rate were significantly higher in quantifiable sam- 

les than in samples classified as BLOD or DNQ for SARS-CoV-2 

Welch two-sample t-test, p < 0.001). Samples classified as DNQ 

lso had significantly higher rates and case counts than BLOD sam- 

les (Welch two-sample t-test, p ≤ 0.002). 

Although the number of samples with quantifiable levels of 

ARS-CoV-2 RNA was limited (n = 29), we did observe a significant 

elationship between the ratio of SARS-CoV-2 RNA to crAssphage 

NA (p = 0.005, R 

2 = 0.27) and the number of positive tests per

0,0 0 0 population. This relationship was somewhat improved af- 

er excluding samples for which no crAssphage RNA was recov- 

red (p = 0.004, R 

2 = 0.31). A similar association was found be- 

ween the SARS-CoV-2:crAssphage DNA ratio and the number of 

ositive tests per 10,0 0 0 population the week following sampling 

p = 0.003, R 

2 = 0.30), which also improved slightly after ex- 

luding samples with no recoverable crAssphage RNA (p = 0.004, 

 

2 = 0.33). Interestingly, significant positive associations between 

atios and test rates were identified only when testing was ex- 

ressed as a proportion of the population served and not as a pro- 

ortion of total tests conducted (i.e., test positivity). No significant 
inear associations were identified between SARS-CoV-2 wastew- t

ig. 6. Association between SARS-CoV-2 RNA classification from wastewater and the avera

nd the testing positivity rate (right) among people contributing to a sewershed in the se

8 
ter RNA concentrations and epidemiological parameters without 

rst normalizing to crAssphage DNA. 

. Discussion 

.1. Advantages of ultracentrifugation through a sucrose cushion 

We developed a sensitive, rapid, and scalable method for the 

etection and quantification of SARS-CoV-2 wastewater RNA based 

n direct ultracentrifugation though a sucrose cushion. Inspired by 

he early results of Wurtzer and colleagues ( Wurtzer et al., 2020 ), 

e sought to further capitalize on the ability of ultracentrifuga- 

ion to remove low-density contaminants that could potentially in- 

erfere with subsequent nucleic acid extraction and qPCR. Despite 

oss of RNA in the extraction process, we were able to quantify 

ARS-CoV-2 in areas with less than 1 positive test per 10,0 0 0 in- 

ividuals. With this approach, it is possible to obtain wastewa- 

er testing results for both SARS-CoV-2 and crAssphage within 4.5 

ours of a sample being received. The major limiting factor to this 

ethod is both ultracentrifuge availability and capacity, as the ro- 

or used here can hold only six samples. However, the use of small 

olumes of wastewater (only 20 mL per sample) provides advan- 

ages in terms of transport, storage, and biosafety, although the 

se of larger volumes of wastewater may improve sensitivity. Other 

roups have since found the method to outperform other common 

oncentration procedures for the analysis of wastewater from indi- 

idual facilities ( Colosi et al., 2020 ). This sensitivity, relatively quick 

urnaround time, and limited dependence on supply chain continu- 

ty may be an attractive option for groups considering wastewater 

urveillance. 

Different concentration and nucleic acid extraction approaches 

hould also be considered in an attempt to improve upon the 7- 

2% recovery that we estimated in this study. While approaches 

ther than ultracentrifugation have reported higher recovery rates 

nd variable cost and processing times (Table S4), Colosi and col- 

eagues (2020) recently found sucrose cushion-based ultracentrifu- 

ation using a fixed-angle rotor, which accommodates tubes with 

wice the sample volume used in this study, and a NucleoSpin®

xtraction kit to outperform both electropositive filtration and 

EG-precipitation methods. While the ultracentrifugation approach 

escribed by Colosi et al. (2020) demonstrated success, it is diffi- 

ult to compare our methodologies without a direct measurement 

f nucleic acid percent recovery. 

Results from optimization trials indicate that viral particles in 

astewater exist in a mixture of states and a range of sedimen- 

ation properties that are likely to change from sample to sam- 
ge daily number individuals to test positive for COVID-19 (per 10,0 0 0 people) (left) 

ven days following sample collection. 
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le. More sensitive methods, but also improved interpretation of 

astewater surveillance data, would be facilitated by a better un- 

erstanding of the state of both SARS-CoV-2 RNA and surrogate 

ucleic acids within wastewater and, specifically, what proportion 

re a) contained within viral particles, b) released and dissolved, 

r c) released and bound to other particles. While some studies 

ave explored viral associations to various wastewater particles in 

erms of size and charge ( da Silva et al., 2008 ; Hejkal et al., 1981 ),

ariability in particle association between different types of viruses 

 Chahal et al., 2016 ) suggests that both SARS-CoV-2 and surro- 

ate viral particle associations may require specific study with an 

dditional focus on the state(s) of nucleic acids. If some DNA or 

NA is bound, knowing the size and mass of the particles and 

ow they vary over time and across locations would greatly im- 

rove the precision of methods based on size (e.g., ultrafiltration), 

harge (e.g., electropositive filtration), or mass (e.g., ultracentrifu- 

ation). Additionally, variability in wastewater particle composition 

etween service areas and/or sampling locations may affect viral 

ecay, as different particle associations have been shown to im- 

act the survival of pathogens (as reviewed in Chahal et al. 2016 ). 

ivins et al., (2020) estimated that 90% of SARS-CoV-2 RNA is de- 

raded after 3.3 days in wastewater. A better understanding of how 

article associations alter decay these rates is needed. 

.2. Epidemiologically relevant limits of detection 

Although method performance varied across sites, SARS-CoV-2 

astewater RNA could be quantified in some areas experiencing 

s low as a 1.68% positivity rate. The method’s ability to quan- 

ify such low levels of SARS-CoV-2 RNA suggests that the results 

re likely to be useful in managing public health responses at 

he initial stages of community spread, making this an impor- 

ant public health tool for COVID-19 surveillance. Our observation 

hat SARS-CoV-2 RNA detection was associated with a higher in- 

idence of COVID-19 in the next seven days further supports the 

se of wastewater surveillance as an early warning system with 

he amount of early warning dependent on a wide range of factors 

ncluding frequency of wastewater sampling, site and sample char- 

cteristics affecting the sensitivity of detection, and the rate of the 

pread of infection. Further characterization of the service areas 

hemselves and their wastewater infrastructure is needed to deter- 

ine more precisely the areas where WBE for SARS-CoV-2 would 

e most useful. 

.3. crAssphage as a normalizer for spatiotemporal variability 

Quantification of a surrogate organism in addition to SARS-CoV- 

 can not only serve as a quality assurance measure, ensuring suf- 

cient amounts of nucleic acids are recovered, but can also be 

sed to normalize measured SARS-CoV-2 values to help account for 

he fluctuating concentrations of fecal material in wastewater. Our 

bservation that SARS-CoV-2:crAssphage DNA ratios were signifi- 

antly associated with the number of positive tests per 10,0 0 0 in- 

ividuals, both 7 days before and after sampling, supports the use 

f crAssphage as a surrogate for SARS-CoV-2. As the significance of 

his association was improved following the exclusion of samples 

rom which crAssphage RNA was not recovered, the quantification 

f both DNA and expressed RNA may be advantageous when us- 

ng a DNA virus as a surrogate. Other viruses, such as pepper mild 

otile virus (PMMoV), have been used to facilitate the interpreta- 

ion of SARS-CoV-2 WBE data ( D’Aoust et al., 2021b , 2021a; Gerrity 

t al., 2021 ; Jafferali et al., 2021 ; F. Wu et al., 2020b ). Despite being

n RNA virus like SARS-CoV-2, PMMoV is a rod-shaped virus that is 

ery stable in the environment and has high temperature tolerance 

nd resilience in adverse physiochemical conditions ( Kitajima et al., 
9 
018 ), which likely contributes to its relatively consistent abun- 

ance across wastewater treatment facilities ( D’Aoust et al., 2021b , 

021a). In contrast, our results show that crAssphage nucleic acid 

oncentrations are somewhat reflective of site differences and that 

rAssphage DNA concentrations respond to changes in flow and 

rAssphage RNA fluctuates in part as a function of sewershed area. 

ower crAssphage RNA levels from larger sewersheds likely reflects 

he relative instability of RNA and suggests that measures of sew- 

rshed area, or other proxies for waste transit time, could help link 

ARS-CoV-2 wastewater RNA levels to relevant epidemiological pa- 

ameters. More studies comparing crAssphage, PMMoV, and other 

urrogates are needed in order to determine which most accurately 

eflects the behavior of SARS-CoV-2 in wastewater. The assay we 

sed to target crAssphage, CPQ_056, has been shown to cross-react 

ith poultry litter ( Ahmed et al., 2018 ). However, CPQ_056 marker 

oncentrations were over 2-3 orders of magnitude lower in poul- 

ry litter compared to untreated wastewater and likely had little 

ffect on our quantification of crAssphage nucleic acids. Nonethe- 

ess, use of this marker in areas heavily affected by poultry fecal 

ontamination is not recommended. 

.4. Future work 

In addition to the research needs relevant to particle binding 

nd decay, as well as the continued methodological and process- 

ng refinements mentioned previously, SARS-CoV-2 strain identi- 

cation from wastewater should be a priority of ongoing WBE 

or COVID-19. While sequencing approaches have been used suc- 

essfully to detect variants from wastewater ( Crits-Christoph et al., 

021 ; Jahn et al., 2021 ), these methods are relatively low through- 

ut. The rapid development of standardized PCR-based assays to 

etect variants from wastewater would allow sensitive and early 

etection of variants that pose elevated health risks. 

onclusions 

• The ultracentrifugation-based method described here is a rapid 

and sensitive approach for the detection of SARS-CoV-2 in 

wastewater from areas with low numbers of COVID-19 cases. 
• After normalization with crAssphage DNA, higher concentra- 

tions of SARS-CoV-2 wastewater RNA were significantly associ- 

ated with positive COVID-19 tests the week following wastew- 

ater sample collection suggesting the approach could help pre- 

dict near-term COVID-19 case levels. 
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