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Factors influencing recovery of SARS-CoV-2 RNA in raw sewage and
wastewater sludge using polyethylene glycol–based concentration method
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Wastewater surveillance for monitoring severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an
important epidemiologic tool for the assessment of population-wide coronavirus disease 2019 (COVID-19).
This tool can be successfully implemented only if SARS-CoV-2 RNA in wastewater can be accurately recovered
and quantified. The lack of standardized procedure for wastewater virus analysis has resulted in varying SARS-
CoV-2 concentrations for the same sample. This study reports the effect of 4 key factors—sample volume, percent-
age polyethylene glycol (PEG)-NaCl, incubation period, and storage duration at 4�C—on the recovery of spiked
noninfectious SARS-CoV-2 RNA in raw sewage and sludge samples. N1 and N2 genes of SARS-CoV-2 were quan-
tified using the reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and digital droplet PCR (RT-
ddPCR) techniques. Results indicate that 1) for raw sewage, 50-ml sample volume, 30% PEG-NaCl addition, 6-h
incubation, and sample analysis within 24 h of collection can result in much better RNA recovery (RT-qPCR: 72%
for N1 and 82% for N2; RT-ddPCR: 55% for N1 and 85% for N2) when compared with commonly used PEG-
based method; 2) for sludge, the sample analysis using raw sewage protocol and all other variations of each factor
mostly resulted in false negatives for both N1 and N2. The absence of N1 and N2 suggests that sludge samples
probably need a pretreatment step that releases RNA entrapped in sludge solids back into bulk solution. In con-
clusion, our modified PEG-based concentration method can cut down the analysis time at least by half, which in
turn helps to implement early detection system for SARS-CoV-2 in wastewater.
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from an epidemiologic standpoint for monitoring public
health. 4 To further complicate the matter, patients with
COVID-19 can be both symptomatic and asymptomatic,
and the ratio between symptomatic and asymptomatic varies
greatly. 5,6

SARS-CoV-2 tends to bind angiotensin-converting
enzyme 2 in lungs, oral mucosa, and small intestine, 7,8

and almost 10% of the patients with COVID-19 reported
having gastrointestinal symptoms. 9 Thus, the probability
of shedding SARS-CoV-2 during excretion is very high,
and it has been reported 48.8% of the patients have shed
SARS-CoV-2 via fecal matter during the infection period.
10 These viruses in fecal matter will eventually end up in
wastewater at the wastewater treatment facilities (WWTFs).
It has been established that infected individual’s feces con-
tain 104–108 SARS-CoV-2 RNA copies per gram, 11 which
can be detected in wastewater (influent, effluent, and
sludge) up to 106 RNA copies per liter. 12–15 Detection
of these RNA copies in wastewater may provide a holistic
view of COVID-19 dynamics within a given community.
Furthermore, wastewater testing is capable of capturing
virus circulation from both symptomatic and asymptomatic
patients. Hence, accurate quantitation of SARS-CoV-2 in

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was first detected in Wuhan, China, in December 
2019. Since then, the virus has quickly spread globally, caus-
ing more than 130 million confirmed infections as of April 
2021, with more than 2.9 million deaths. 1 SARS-CoV-2 
transmits primarily through close contacts and inhalation 
of contaminated aerosol droplets causing respiratory tract 
disease called coronavirus disease 2019 (COVID-19). 2 

The clinical approach to detecting COVID-19 includes test-
ing the samples from the respiratory tract of the suspected 
patients using reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR). 3 However, clinical testing is 
only capable of partially portraying the community health 
scenario because of factors including but not limited to test-
ing capacity and cost. Furthermore, testing every member 
within a community using a clinical approach is unrealistic

*ADDRESS CORRESPONDENCE TO: Dr. Appala Raju Badireddy, Civil and
Environmental Engineering, Votey Hall 221, University of Vermont, 
33 Colchester Ave., Burlington, VT 05405, USA (Tel: 802-825-6783; 
E-mail: raju.badireddy@uvm.edu) https:/ /doi.org/10.7171/jbt.21-
3203-012

Journal of Biomolecular Techniques 32:172–179 © 2021 ABRF 

mailto:raju.badireddy@uvm.edu
https://doi.org/10.7171/jbt.21-3203-012
https://doi.org/10.7171/jbt.21-3203-012


wastewater will enable implementation of wastewater-based
epidemiology tools for population-wide COVID-19 mon-
itoring. 16,17 This can also complement clinical testing and
strengthen the public health decision-making process.

To develop an early virus detection system by testing
wastewater, it is imperative to have a reliable method for
SARS-CoV-2 RNA analysis that addresses issues from sam-
ple collection to data reporting. The general workflow for
SARS-CoV-2 testing in wastewater involves sample collec-
tion, sample concentration, RNA extraction and analysis,
and data reporting. This workflow is also important for
gaining insights into the fate and transport of SARS-CoV-
2 inWWTFs. 18–20 Therefore, both successful implementa-
tion of wastewater-based epidemiology and the fate and
transport of SARS-CoV-2 depends on at least one limiting
step: sample concentration,which results in collection of viral
material from wastewater. The success of subsequent extrac-
tion and analysis steps depends on the availability of high-
quality viral material obtained by sample concentration.

Multiple methods, including polyethylene glycol
(PEG)-NaCl precipitation, ultrafiltration, AlCl3, floccula-
tion, among others, have been frequently used for virus
concentration. 3,20 PEG-NaCl precipitation is the most
commonly used method because of its higher selectivity
and resistance to PCR inhibitors in wastewater. 21 The
RNA recovery using the PEG-NaCl method depends on
several factors, including sample volume, percentage
PEG-NaCl addition, incubation period, and storage dura-
tion at 4�C after sample collection. Recent reports indicate
that the immediate research focus should be on these factors
so that the current PEG-based concentration protocol
could be optimized to achieve higher RNA recoveries. 18

The main objective of this study was to evaluate the
effect of 4 key factors—sample volume, percentage PEG-
NaCl, incubation period, and storage duration at 4�C—
on recovery of spiked noninfectious SARS-CoV-2 RNA in
wastewater samples. For this study, the raw sewage and
sludge samples were collected from a local WWTF and
used in all experiments. The 4 factors were varied as follows:
sample volume (50 ml, 100 ml, 250 ml), PEG-NaCl addi-
tion (10%, 20%, and 30% w/v ratio), incubation time at
4�C after 10% (w/v) PEG-NaCl solution addition (6 h,
12 h, and 18 h), and storage duration at 4�C (1 d, 7 d,
and14d after sampling).TheRNA in the sampleswas quan-
tified using both RT-qPCR and reverse transcription-digital
droplet polymerase chain reaction (RT-ddPCR) techniques.

MATERIALS AND METHODS
Reagents

PEG-8000 was purchased fromMilliporeSigma ((Missouri,
USA). NaCl and RiboLock RNase inhibitors were

purchased from Thermo Fisher Scientific (Waltham, MA,
USA). PEG-NaCl solution was prepared in Milli-Q ultra-
pure water (.18.2 MV). NucleoMag DNA/RNA Water
kit (744220.1) was purchased from Macherey-Nagel
(D€uren, Germany). Luna SARS-CoV-2 RT-qPCR Multi-
plex Assay Kit was purchased from New England Biolabs
(E3006L; Ipswich, MA, USA), COVID-19 primer probes
and positive control DNA were purchased from Integrated
DNATechnologies (IDT) (2019-nCOV_N_Positive Con-
trol, catalog number 10006625) (Coralville, IA, USA),
Twist Bioscience (SARS-CoV-2 RNA Control 2,
MN908947.3), and One-Step RT-ddPCR Advanced Kit
for Probes (186-4021). An enveloped viral control was pur-
chased from ZeptoMetrix [NATSARS(COV2)-
ERC#325641, NY, USA].

Sample collection

In total, 2 L of raw sewage and sludge samples was aseptically
collected from the Burlington Main WWTP (Burlington,
VT, USA) on March 1, 2021. The raw sewage sample was
a 24-hflowproportioned composite, and the sludgematerial
was a grab sample collected from the primary sludge tank.
After collection, the samples were transported in a cooler
box to the laboratory within 30 min, and they were either
stored at 4�C or immediately extracted for RNA.

Preparation of stock PEG-NaCl solution

In 100 ml ultrapure water, 8.75 g of NaCl and 50 g PEG-
8000 were dissolved. The pH of the solution was adjusted to
7.006 0.02 by adding 0.01 MNaOH and filtered through
a 0.2-mm nitrocellulose mixed ester filter (A020A047A,
Advantec, Japan) and stored at 220�C until use. 13

SARS-CoV-2 RNA concentration

Based on previously published protocols, 13,15 a modified
PEG-NaCl method was developed to concentrate the virus
material in the raw sewage and sludge samples. First, a stan-
dard protocol for virus concentration was developed, and
then the 4 factors in this protocol were varied to study their
effect on SARS-CoV-2 RNA recovery in terms of N1 and
N2 gene quantities.

Standard protocol for virus concentration

Homogeneous samples of raw sewage and sludge samples
were prepared on an orbital shaker shaking at 150 rpm
for 30 min at 4�C. In total, 100 ml of each sample was
spiked with 100 ml (concentration: 4:753107 gene copies
per liter) of noninfectious SARS-CoV-2 RNA (ZeptoMe-
trix NATrol) and mixed thoroughly on the shaker for 30
min. The mixture was then centrifuged (Eppendorf
5804R centrifuge, USA) at 4500 g for 30 min at 4�C to
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Bioscience and the IDT using dilutions of 104–101, 50,
and 25 copies. Luna SARS-CoV-2 RT-qPCR Multiplex
assay kit was used as the qPCR master mix on the Quant-
Studio 6 Flex instrument (Thermo Fisher Scientific) with
the protocol described by the CDC. The detection limit
of the RT-qPCR is 5 copies per microliter.

RT-ddPCR

Because digital droplet PCR has the benefit of generating
discrete molecular enumeration without the use of a stan-
dard curve, it was used to determine copy number of
SARS-CoV-2 RNA using the same primer probes for N1
and N2 as RT-qPCR. In total, 5 ml of RNA was subjected
to the ddPCR protocol with the One-Step RT-ddPCR
Advanced Kit for Probes. Although the same IDT primer
probes were used for the ddPCR master mix, the N1 and
N2 primer probes were modified to include Iowa Black-
Zeta as the dye chemistry reporter instead of the standard
Black Hole Quencher. Thermocycling protocol was 50�C
for 60 min, 95�C for 10 min and 40 cycles of 94�C for
30 s, 55�C for 60 s, and enzyme deactivation at 98�C for
10 min. The detection limit of the RT-ddPCR is 0.4
gene copies per microliter.

RESULTS

The effect of 4 key factors—sample volume, percentage
PEG-NaCl, incubation period, and storage duration at
4�C—on N1 and N2 gene recoveries and concentration
is described below. Overall, RT-qPCR analysis resulted in
a mean recovery efficiency of 72% for N1 and 82% for
N2. RT-ddPCR resulted in a mean recovery efficiency of
55% for N1 and 85% for N2.

Effect of raw sewage sample volume

Appropriate volume is an indispensable component of the
SARS-CoV-2 virus concentration. A literature review sug-
gests that different sample volumes ranging from 30 ml
to 250 ml 12,18 have been used for virus concentration.
However, a recommendation for optimal sample volume
that results in the best SARS-CoV-2 RNA recovery has

T A B L E 1

Factors that affect the recovery of SARS-CoV-2 RNA in wastewater

Sample volume (ml) PEG-NaCl % (w/v) Incubation time (h)
Storage duration

at 4�C (day)

Sample volume (ml) 50, 100, and 250a 10 12 1
PEG-NaCl (%) 100 10, 20, and 30a 12 2
Incubation time (h) 100 10 6, 12, and 18a 3
Storage duration at 4�C (day) 100 10 12 1, 7, and 14a

aThe test values of each factor compared with the standard protocol.
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remove the suspended solids from the mixture. After centri-
fugation, the supernatant was carefully collected and fil-
tered using a 2-mm membrane to remove any remaining 
suspended solids. Then, 10% (w/v) stock PEG-NaCl solu-
tion was added to the filtered sample, mixed thoroughly for
2 min, and incubated for 12 h at 4�C. After incubation, the 
sample was centrifuged at 8000 g, and supernatant was  
carefully discarded without disturbing the pellet. The 
resulting pellet was resuspended in 1 ml of 10% (w/v) 
PEG-NaCl solution at 4�C and centrifuged (Eppendorf 
5415C centrifuge, USA) at 12,000 g for 20 min. After dis-
carding the supernatant, 2.5 ml RNase inhibitor (EO0382; 
Thermo Fisher Scientific) was added to each pellet and 
stored at 280�C until further analysis. This sample con-
centration process is referred to as the standard protocol. 
Table 1 shows both the factors that were varied and those 
that were kept constant during each test. The effect of stor-
age duration at 4�C on RNA recovery was evaluated using 
the above standard protocol.

RNA extraction and analysis
Preserved sample pellets were resuspended in 50–200 ml of  
RNA-free water, and the RNA was extracted using Nucle-
oMag DNA/RNA kit according to the manufacturer’s 
instruction (744220.1; Macherey-Nagel). Purified RNA 
was eluted in 40 ml of RNase-free water. RT-qPCR 
(CDC-006-00005) and RT-ddPCR methods were used
to determine SARS-CoV-2 RNA copy number in wastewa-
ter samples. Zeptometrix NATrol SARS-CoV-2 external 
run control was used as spike positive control. No Template 
Control was used as a negative control for each run.

RT-qPCR

One-step RT-qPCR was used for the primary determina-
tion of SARS-CoV-2 RNA copy number from 5 ml of puri-
fied RNA for each sample. Master mix reactions containing 
primer and probe sets for both the N1 and N2 regions were 
prepared as outlined by the standard Centers for Disease 
Control and Prevention (CDC) document (2019-nCov 
CDC EUA Kit, 10006770; IDT). Standard curves were 
prepared from 2 positive controls including the Twist
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not been established yet. In this study, the effect of sample
volume on recovery of virus RNA was studied using 50 ml,
100 ml, and 250 ml. Although both 50-ml and 100-ml
samples produced similar N1 gene copies per liter, the con-
centration of N1 in 250 ml had decreased by 37% (Fig. 1).
Although N2 values were consistently lower than N1, the
N2 trend was similar to that of N1. RT-ddPCR analysis
consistently produced an order of magnitude lower number
of gene copies per liter (Fig. 1B) when compared with the
RT-qPCR results (Fig. 1A). This is probably due to the use
of the IDT control instead of an RNA control, such as the
Twist or ZeptoMetrix. The results from this study are also
consistent with the City of Burlington SARS-CoV-2 RNA
monitoring data. The city also carried out an independent

SARS-CoV-2 wastewater surveillance project through an
independent contractor that found the RNA target at
appropriately 3.53105 gene copies per liter in their influent
raw sewage sample. 22

Effect of percentage PEG-NaCl solution

The addition of PEG-NaCl solution is central to the viral
material precipitation, and in a previous work, 13 10%
(w/v) PEG-NaCl was used for virus enrichment. To study
the effect of PEG addition on RNA recovery, 10%, 20%,
and 30% (w/v) PEG-NaCl solutions were added to the fil-
tered raw sewage sample, and the RNA was quantified
using RT-qPCR and RT-ddPCR. Fig. 2 indicates that

50mL 100mL 250mL
0.0

5.0x104

1.0x105

1.5x105

2.0x105

2.5x105

3.0x105

3.5x105

4.0x105

4.5x105

SA
R

S-
C

oV
-2

 R
N

A
 (g

en
e 

co
pi

es
/L

)

Sample Volume

 RT-qPCR(N1)
 RT-qPCR(N2)

50mL 100mL 250mL
0.0

5.0x103

1.0x104

1.5x104

2.0x104

2.5x104

3.0x104

3.5x104

4.0x104

4.5x104

SA
R

S-
C

oV
-2

 R
N

A
 (g

en
e 

co
pi

es
/L

)

Sample Volume

 RT-ddPCR(N1)
 RT-ddPCR(N2)

A B

FIGURE 1

SARS-CoV-2 RNA concentrations (N1 andN2 genes) in different raw sewage sample volumes. These samples were treated
with 10% (w/v) PEG-NaCl, incubated for 12 h, and analyzed using both RT-qPCR (A) and RT-ddPCR (B).
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FIGURE 2

SARS-CoV-2 RNAconcentrations (N1 andN2 genes) in 100-ml raw sewage. These sampleswere treatedwith different per-
centages PEG-NaCl, incubated for 12 h, and analyzed using both RT-qPCR (A) and RT-ddPCR (B).
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the overall RNA yield is constant in the presence of 10%
and 20% PEG-NaCl. In the presence of 30% PEG-
NaCl, both N1 and N2 were higher (Fig. 2A). On the con-
trary, RT-ddPCR analysis revealed an opposite trend for
N1 and N2, i.e., N1 increased and N2 decreased, in the
presence of 30% PEG-NaCl. A possible reason might be
that PCR inhibitors in the sample might have interfered
with RNA amplification. 23 Nonetheless, the addition of
30% PEG-NaCl nearly doubled the N1 yield from
3:923105 gene copies per liter to 6:423105 gene copies
per liter (Fig. 2A). Similarly, the N1 yield also increased
from 3:093104 gene copies per liter to 4:853104 gene
copies per liter (Fig. 2B).

Effect of incubation time

The raw sewage sample incubation period after the addition
of 10% (w/v) PEG-NaCl solution is a critical step. The
incubation time should be long enough to capture a signif-
icant portion of the viral material yet short enough to allow
the processing of sufficient sample volume within a reason-
able amount of time (e.g., a few hours). The standard incu-
bation time reported in the literature 17,24,25 varied between
12 and 18 h. However, if the incubation time can be short-
ened without compromising the RNA quality and concen-
tration, more samples can be processed at a reduced time.
Fig. 3 shows the effect of incubation time period, including
6 h, 12 h, and 18 h, on RNA recovery. Fig. 3A shows that
with RT-qPCR, N1 and N2 levels were similar at all incu-
bation times, except for N2, which appeared to have
decreased at the end of 18 h. Fig. 3B shows that with
RT-ddPCR, the N1 and N2 were detected at similar levels

at the end of 6 h, and thereafter, N1 had slightly decreased
but remained at a similar level in 12-h and 18-h samples.
On the contrary, N2 exhibited an order of magnitude
decrease at the end of 12 h and then increased slightly at
the end of 18 h. These RT-ddPCR results necessitate fur-
ther investigation into the effect of incubation time on
the stability of N2 region on the SARS-CoV-2 RNA.

Effect of storage duration on RNA at 4�C

The study of SARS-CoV-2RNAdegradation during storage
at 4�C is important because multiple factors could affect
RNA quality in raw sewage sample. For instance, the dis-
tance between sampling location (WWTF) and sample
processing laboratory, transportation time, storage tempera-
ture, and the time lag between sample collection andprocess-
ing. For this study, samples were stored at 4�Candprocessed
after 1 d, 7 d, and 14 d to examine the effect of storage dura-
tion on RNA quality and recovery. Fig. 4 indicates that the
highest gene copy number was observed in the samples that
were stored for a day after collection. After 1 wk of storage,
RT-qPCR revealed that the concentration of N1 and N2
genes was decreased by 37% and 50%, respectively. When
comparedwith the 1-wk samples, theN1andN2 concentra-
tions in the 2-wk samples apparently increased by 10% and
80%, respectively. This type of increase is only possible if
some of the previously intact SARS-CoV-2 were lysed dur-
ing storage, releasing their RNA into the bulk solution.
TheN1 andN2 trends obtained byRT-ddPCRwere similar
to that of RT-qPCR, and these results are also consistent
with the previous reports. 17,24,25
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FIGURE 3

SARS-CoV-2 RNA concentrations (N1 and N2 genes) in 100-ml raw sewage. These samples were treated with 10% (w/v)
PEG-NaCl; incubated for 6, 12, and 18 h; and analyzed using both RT-qPCR (A) and RT-ddPCR (B).
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Sludge sample analysis

All sludge samples were analyzed using the methods
described above. Interestingly, the results from the standard
protocol using RT-qPCR showed that the sludge samples
contained 2.06 3105 N1 gene copies per liter but no N2
genes. The RT-ddPCR analysis showed nondetects for
both N1 and N2. When various factors were varied, as
shown in Table 1, both PCR techniques showed nondetect
for N1 andN2. The absence of N2 with RT-qPCR and the
absence of both N1 and N2 with RT-ddPCR were inter-
preted as false negatives.

DISCUSSION

Noninfectious SARS-CoV-2 RNA from ZeptoMetrix was
used in this study as a synthetic control for matrix spike
experiments to determine RNA recovery. The RT-qPCR
results showed N1 and N2 gene copies were consistently
an order of magnitude higher than that of RT-ddPCR.
In this study, the recovery efficiencies were 5- to 8-fold
higher than those reported in other studies. For instance,
reported recoveries were in the range of 3%–10% for sur-
rogate viruses, such as porcine coronavirus, murine hepatitis
virus, bovine coronavirus, and vesicular stomatitis virus.
24–28 In the RT-qPCR analysis, the mean threshold count
(Ct) number indicates the required number of cycles for
PCR fluorescent signal needed to exceed the background
level for a positive detection. 29 In this study, the Ct for
N1 and N2 genes were 31.18 6 0.47 and 32.47 6 0.46,
respectively, and it has been reported that data with a Ct
, 40 are acceptable as a positive detection. 12,15,18 How-
ever, it is the experience of the authors that any data with

a Ct. 37.0 should be carefully considered and scrutinized.
It is widely accepted that lower Ct values indicate a higher
abundance of RNA as well as possibly better quality of
RNA. Therefore, lower Ct values indicate higher abun-
dance of SARS-CoV-2 RNA in the samples, which in
turn correlates with the extent of COVID-19 within a
community. 21,30

Results showed that using a smaller sample volume,
such as 50 ml or 100 ml, for the PEG-NaCl reaction can
yield a higher gene copy number per unit volume than
250 ml (Fig. 1). Multiple factors could be responsible for
reduced RNA copies in higher sample volumes: for exam-
ple, an insufficient addition of the PEG-NaCl reagent, inef-
ficient mixing of sample contents, and/or increased activity
of RNases unable to be inhibited by the RNase inhibitor
added during this study. More research is required to deter-
mine the effect of the ratio of RNase inhibitor and raw sew-
age volume on RNA recovery efficiency.

RNA recovery was also significantly improved when
the percentage of PEG-NaCl increased. Addition of 30%
PEG-NaCl to the raw sewage increased the RNA yield by
2-fold when compared with the 10% PEG-NaCl (Fig. 2).
Because SARS-CoV-2 is a lipid-based enveloped virus
and hydrophobic, 31 it has higher affinity towards the
PEG-NaCl, and thereby gets enriched in the PEG layer.
32 Theoretically, addition of a higher percentage of PEG-
NaCl solution should yield higher gene copies of the virus
per liter.

Results also revealed that the sample incubation period
could have a significant effect on N1 and N2 concentra-
tions (Fig. 3). For instance, although the incubation period
(6, 12, or 18 h) had negligible effect on the N1
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FIGURE 4

SARS-CoV-2RNAconcentrations (N1 andN2 genes) in 100-ml raw sewage thatwere stored for 1 d, 7 d, and 14 d at 4�C. The
sampleswere treatedwith10% (w/v) PEG-NaCl, incubated for 12h, and analyzedusingbothRT-qPCR (A) andRT-ddPCR (B).
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concentration method with the set of conditions identified
above can reduce the wait time for results by half, which in
turn helps to implement early detection system for SARS-
CoV-2 in wastewater.
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