
Vol.:(0123456789)1 3

Food and Environmental Virology (2022) 14:355–363 
https://doi.org/10.1007/s12560-022-09512-5

ORIGINAL PAPER

Development and Validation of the Skimmed Milk Pellet Extraction 
Protocol for SARS‑CoV‑2 Wastewater Surveillance

Sarah E. Philo1 · Angelo Q. W. Ong1 · Erika K. Keim1 · Rachael Swanstrom1 · Alexandra L. Kossik1 · Nicolette A. Zhou1 · 
Nicola K. Beck1 · John Scott Meschke1 

Received: 6 November 2021 / Accepted: 21 January 2022 / Published online: 10 February 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Wastewater surveillance for SARS-CoV-2 may serve as a useful source of data for public health departments as the virus is 
shed in the stool of infected individuals. However, for wastewater data to be actionable, wastewater must be collected, concen-
trated, and analyzed in a timely manner. This manuscript presents modifications on a skimmed milk concentration protocol 
to reduce processing time, increase the number of samples that can be processed at once, and enable use in resource-limited 
settings. Wastewater seeded with Human coronavirus OC43 (OC43) was concentrated using a skimmed milk flocculation 
protocol, and then pellets were directly extracted with the QIAamp Viral RNA Mini kit. This protocol has a higher average 
effective volume assayed (6.35 mL) than skimmed milk concentration methods, with and without Vertrel XF™, which involve 
resuspension of the pellets in PBS extraction prior to nucleic acid extraction (1.28 mL, 1.44 mL, respectively). OC43 was 
selected as a recovery control organism because both it and SARS-CoV-2 are enveloped respiratory viruses that primarily 
infect humans resulting in respiratory symptoms. The OC43 percent recovery for the direct extraction protocol (3.4%) is 
comparable to that of skimmed milk concentration with and without Vertrel XF™ extraction (4.0%, 2.6%, respectively). 
When comparing SARS-CoV-2 detection using McNemar’s chi-square test, the pellet extraction method is not statistically 
different from skimmed milk concentration, with and without Vertrel XF™ extraction. This suggests that the method performs 
equally as well as existing methods. Added benefits include reduced time spent per sample and the ability to process more 
samples at a single time. Direct extraction of skimmed milk pellets is a viable method for quick turnaround of wastewater 
data for public health interventions.
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Introduction

SARS-CoV-2 emerged in late 2019 in Wuhan, China, and 
within a few months, it was declared as a pandemic by 
the WHO (World Health Organization, 2020, March 11). 
Infection with SARS-CoV-2 primarily results in respira-
tory symptoms but can also cause gastrointestinal disease 
in a fraction of infected individuals (Jones et al., 2020). 
Additionally, even if individuals do not show gastrointes-
tinal symptoms, they can shed the virus in their stool for 
weeks after infection (Wang et al., 2020; Wu et al., 2020; 

Xiao et al., 2020), which led research groups around the 
world to begin analyzing wastewater and stool samples for 
the virus (Ahmed et al., 2020; Medema et al., 2020; Peccia 
et al., 2020).

Although the infectivity of virus detected in wastewater 
and stool is still being understood, the presence of the virus 
in wastewater can serve as a useful source of information 
for public health departments. Three potential use cases for 
wastewater surveillance include detecting an introduction of 
new cases to a water catchment area, monitoring changes in 
trends of infection, and estimating community prevalence 
(Water Research Foundation, 2020). Research has shown 
that an outbreak was averted in a university dorm, in Ari-
zona, USA, because the virus was detected in wastewater 
before positive clinical tests, giving time for residents to 
be tested and isolated if positive (Peiser, 2020). Addition-
ally, detection in wastewater has been shown to precede the 
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first positive clinical tests by weeks in Brisbane, Australia 
(Ahmed et al., 2021) and also frequently matches commu-
nity infection trends (Gonzalez et al., 2020; Peccia et al., 
2020).

However, for wastewater surveillance to be a useful 
tool for public health officials, results must be available 
as quickly as possible. Many of the existing concentration 
methods take hours or are dependent on unreliable supply 
chains. Here, we present a modified version of the skimmed 
milk flocculation method (Philo et al., 2021), the skimmed 
milk pellet extraction protocol. Skimmed milk floccula-
tion was originally developed to concentrate viruses from 
coastal waters (Calgua et al., 2008) and was previously 
used by this group to further concentrate the beef extract 
eluate off of positively charged ViroCap filters (Scientific 
Methods, Granger, IN, USA) (Falman et al., 2019). How-
ever, in all those variations on the method, the skimmed 
milk pellets were resuspended in PBS with a fraction of the 
PBS resuspension being used for RNA and/or DNA extrac-
tion. In this optimized method, the skimmed milk pellets 
are resuspended in the lysis buffer of the RNA extraction 
kit. This allows the entire initially concentrated volume of 
wastewater to be extracted and results in larger effective vol-
umes assayed.

The skimmed milk flocculation method was chosen for 
optimization because it performed well for recovery of 
human coronavirus OC43 (OC43, used to determine method 
recovery efficiencies) and SARS-CoV-2 detection (Philo 
et al., 2021). Additionally, it is more feasible in low resource 
settings because it does not require expensive or hard to 
obtain supplies, and the entire protocol can be completed 
in a single day. The method was validated using wastewa-
ter collected from three Seattle-area wastewater treatment 
plants (WWTPs) over fifteen weeks. This method is a via-
ble alternative for public health departments and research 
groups to conduct timely SARS-CoV-2 wastewater surveil-
lance and successfully detects SARS-CoV-2 in Seattle-area 
wastewaters.

Methods

Sample Collection and Seeding

Primary wastewater was grab sampled from three Seattle-
area wastewater treatment plants (WWTP) from October 
2020 through March 2021 (Supplementary Table 5). All 
wastewater was transported in coolers with ice packs and 
stored at 4 °C for no longer than 3 days. Grab samples col-
lected from a single WWTP over the course of the day were 
composited and mixed before being processed. All waste-
water samples were seeded with OC43 at a concentration 
of 3.3 ×  104  TCID50/L of wastewater before concentration 

(OC43 ATCC VR-1558). OC43 viral stocks were produced 
following previously published protocols (Philo et al., 2021).

Skimmed Milk Concentration

Skimmed milk flocculation with and without Vertrel XF™ 
(Miller-Stephenson, Inc., Danbury, CT, USA) extraction 
was carried out as previously published (Philo et al., 2021). 
Briefly, a 5% skimmed milk solution was added to 0.6 L of 
seeded wastewater (1% v/v final). The pH of the wastewater 
with skimmed milk was dropped to 3–4 using 5 M HCl, 
shaken at 200 rpm for 2 h, and then divided into 50 mL coni-
cals, and centrifuged at 3500 × g for 30 min at 20 °C. The 
supernatant was then poured off, and the pellets were used 
for different resuspension and RNA extraction protocols.

Resuspension and RNA Extraction

Resuspension in PBS

The equivalent of 500 mL of wastewater (ten 50 mL pel-
lets) was resuspended in 6.0 mL of sterile PBS (pH 7.4). 
This resuspension volume was then split into two equal 
volumes: one for RNA extraction and the other for Vertrel 
XF™ extraction to separate the viruses from the solids fol-
lowing previously published protocols (Philo et al., 2021). 
RNA extraction was carried out on both resuspensions using 
the QIAamp ViralRNA Mini Kit (QIAGEN, Germantown, 
MD, USA). Each sample was extracted in duplicate with a 
doubled input volume of 280 μL for a total input extraction 
volume of 560 μL. Each column was eluted in 60 μL of 
Buffer AVE, for a total eluate volume of 120 μL. Duplicate 
extracts were combined and re-aliquoted before being stored 
at – 20 °C.

Resuspension in Lysis Buffer

Buffer AVL from the QIAamp Viral RNA Mini Kit was 
prepared with carrier RNA according to the manufacturer’s 
protocol. Two skimmed milk pellets (100 mL wastewater 
equivalent) from each WWTP were resuspended in 560 μL 
each of the Buffer AVL/carrier RNA mixture. This resus-
pended pellet was then transferred to a PowerBead Pro tube 
(Cat. No. 19301, QIAGEN, Germantown, MD, USA). The 
PowerBead pro tubes were then vortexed using a horizontal 
adaptor at maximum speed for ten minutes. They were then 
centrifuged at 15,000×g for 1 min to pellet the solids. The 
supernatant was transferred without disturbing the solids or 
beads to a sterile 1.5 mL flip cap tube, one tube for each 
initial pellet. 560 μL of 100% ethanol was then added to the 
supernatant and mixed by pulse vortexing for 15 s.

Starting with step six of the manufacturer’s instructions, 
630 μL was applied to the column and samples were spun 
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at 15,000×g for 5 min. The extraction then followed the 
manufacturer’s instructions until the final elution step. At 
this point, 40 μL of Buffer AVE was added to each column 
and incubated for one minute. After elution, the same 40 
μL was applied back onto the column for a second elution. 
The elution from replicate columns was then mixed and re-
aliquoted for immediate molecular processing or storage at 
– 20 °C, for a total eluate volume of 80 μL. The complete 
method is available for viewing online at YouTube (https:// 
youtu. be/ Xyb8C ScM0Ko).

Generation of Synthetic OC43 RNA Control

As OC43 RNA extracts were enumerated using  TCID50, an 
OC43 RNA control (cRNA) was made using published con-
structed RNA methods for use in RT-qPCR standard curves 
(Fronhoffs et al., 2002; Vijgen et al., 2005). Briefly, an OC43 
DNA amplicon was constructed from extracted RNA from 
cell culture using the iTaq Universal SYBR Green one-step 
kit (Cat. No. 172-5151, Bio-Rad Laboratories, Hercules, 
CA, USA). Reactions contained 0.3 μM of the OC43-FPT7 
and OC43-RP primers from Vijgen et al. (2005) (Table 1). 
Temperatures followed the Bio-Rad mastermix instruc-
tions, with an annealing temperature of 60 °C. DNA ampli-
con concentration was measured using a Nanodrop. The 
MEGAshortscript T7 transcription kit (Cat. No. AM1354, 
Invitrogen Corp., Waltham, MA, USA) was used to tran-
scribe 84 ng of amplicon into constructed RNA of 73 bp 
in three reaction volumes according to the manufacturer’s 
instructions. DNA was then digested using 3 µl of TURBO 
dnase, incubated for 15 min at 37 °C, and stopped by adding 
15 μl ammonium acetate stop solution and 115 µl of molecu-
lar grade water. RNA precipitation was performed on cRNA 
by mixing in two volumes of 200 proof ethanol and chill-
ing at – 20 °C for 15 min. Chilled cRNA was then spun at 
21,000 × g for 15 min at 4 °C. Supernatant was removed, and 

cRNA pellet was suspended in AE buffer (10 mM Tris–Cl, 
0.5 mM EDTA) resulting in 3 ×  1013 genome copies per µl 
as determined by nanodrop. Aliquots of diluted cRNA were 
stored at – 80 °C.

RT‑qPCR

Reverse-transcription real-time PCR (RT-qPCR) for OC43 
and SARS-CoV-2 was carried out on all wastewater RNA 
extracts using the iTaq Universal Probes One-Step Kit and 
the BioRad CFX qPCR systems (Bio-Rad Laboratories, Her-
cules, CA, USA). All samples were run in duplicate, with 
duplicate tenfold dilutions to control for inhibition. All prim-
ers and probes were obtained from IDT (Integrated DNA 
Technologies, Inc., Coralville, IA, USA). Their sequences 
and final concentrations are in Table 1. RT-qPCR cycling 
conditions for both assays were 50 °C for 10 min, 95 °C for 
three minutes, and 45 cycles of 95 °C for 15 s and 60 °C 
for 30 s.

The OC43 assay targeting the M protein was carried out 
as previously published (Philo et al., 2021; Vijgen et al., 
2005). Positive control standard curves were generated by 
making tenfold serial dilutions in nuclease-free water either 
by using RNA extracts from viral stocks or the above-men-
tioned synthetic RNA. Negative controls were nuclease-free 
water, and SARS-CoV-2 was included as an off-template 
control to ensure there was no cross-reactivity.

RT-qPCR for SARS-CoV-2 was carried out using the US 
CDC targets for the N1 and N2 genes in a total reaction vol-
ume of 15 μL (US Centers for Disease Control & Prevention, 
2020). Samples positive for SARS-CoV-2 were identified if 
either replicate for N1 or N2 had amplification with Cq < 40 
in either the non-diluted or  10–1 diluted RT-qPCR reactions. 
To reduce the time to results, the assay was multiplexed by 
tagging the N1 probe with FAM and the N2 probe with HEX 
(Table 1). Positive control standard curves were generated 

Table 1  Sequences and concentrations of each primer and probe used in RT-qPCR

Target Name Sequence (5′–3′) Final conc.  
(μM)

References

OC43 OC43-FP ATG TTA GGC CGA TAA TTG AGG ACT AT 0.3 Vijgen et al. (2005)
OC43-RP AAT GTA AAG ATG GCC GCG TATT 0.3
OC43-TP FAM-CAT ACT CTG ACG GTC ACA AT-NFQ-MGB 0.2
OC43-FPT7 TAA TAC GAC TCA CTA TAG GGA GGA TGT TAG GCC GAT AAT 

TGA GGA CTA T
0.3

SARS-CoV-2 N1 N1-F GAC CCC AAA ATC AGC GAA AT 0.2 US Centers for 
Disease Control 
and Prevention 
(2020)

N1-R TCT GGT TAC TGC CAG TTG AAT CTG 0.2
N1-P FAM-ACC CCG CAT-ZEN-TAC GTT TGG TGG ACC-3IABkFQ 0.2

SARS-CoV-2 N2 N2-F TTA CAA ACA TTG GCC GCA AA 0.2 US Centers for 
Disease Control 
and Prevention 
(2020)

N2-R GCG CGA CAT TCC GAA GAA 0.2
N2-P HEX-ACA ATT TGC-ZEN-CCC CAG CGC TTC AG-3IABkFQ 0.2

https://youtu.be/Xyb8CScM0Ko
https://youtu.be/Xyb8CScM0Ko
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by making tenfold serial dilutions of a plasmid control con-
taining the target genes for SARS-CoV-2 (Integrated DNA 
Technologies, Inc., Coralville, IA, USA) or RNA extract 
obtained from BEI (Item No. NR-52285, BEI Resources, 
Manassas, VA, USA). RNA extract was used because it 
resulted in more consistent standard curves than the plas-
mid-positive control. Negative controls were nuclease-free 
water, and OC43 was included as an off-template control to 
ensure there was no cross-reactivity.

Recovery Calculations

Fractional recovery was calculated differently depending on 
the type of positive control used to generate the standard 
curve. The actual OC43 assayed for each sample is calcu-
lated using Eq. 1.  Cq is the cycle quotient as determined 
using the standard curves, and the intercept and slope are 
the values obtained from the standard curve.

To calculate the theoretical OC43 assayed, the volume 
adjusted OC43 that we would have detected had 100% of 
it been recovered was calculated using Eq. 2. Cinoculated is 
the concentration of OC43 inoculated into the sample and 
Vinoculated is the effective volume assayed.

Percent recovery was calculated using Eq. 3.

Data Analysis

All RT-qPCR data were analyzed using the Bio-Rad CFX 
Maestro for Mac program (Bio-Rad Laboratories, Hercu-
les, CA, USA). All data were collated and managed using 
Microsoft Excel (Microsoft Corp., Redmond, WA, USA) 
and REDCap electronic data capture tools hosted at the Uni-
versity of Washington, Seattle (Harris et al., 2009, 2019). 
Statistical comparisons, calculations, and figures were gen-
erated using RStudio (2019 RStudio: Integrated Develop-
ment for R. RStudio, Inc., Boston, MA, URL http:// www. 
rstud io. com/).

To understand method performance over time, control 
charts were generated for each method using OC43 Cq val-
ues from the RT-qPCR assay and paired t tests were con-
ducted. The average value is the OC43 Cq value averaged 
across treatment plants and time for each method. Upper 
warning limits (UWL) and lower warning limits (LWL) 
for each method were calculated by adding or subtracting, 

(1)OC43Actual = 10
Cq−Intercept

Slope .

(2)OC43Theoretical = CinoculatedVinoculated.

(3)Percent recovery =

(

OC43Actual

OC43Theoretical

)

× 100.

respectively, one standard deviation from the mean Cq. 
Upper confidence limits (UCL) and lower confidence limits 
(LCL) for each method were calculated by adding or sub-
tracting three times the standard deviation from the mean 
Cq. These were then plotted against the average Cq value for 
each sample for a visual representation of variability over 
time.

To compare SARS-CoV-2 detection between concentra-
tion and extraction methods, two-by-two contingency tables 
were generated comparing the direct extraction method to 
both skimmed milk methods. Comparisons were made for 
both undiluted assays and  10–1 diluted assays. A positive 
sample for SARS-CoV-2 was determined by detection of 
N1 or N2 target with a representative sigmoidal curve and a 
Cq of less that 40 in either the undiluted or tenfold diluted 
sample. McNemar’s Chi-Square test for count data was car-
ried out on the tables using the built in R function to assess 
differences in SARS-CoV-2 detection between methods. 
McNemar’s test was chosen because it assesses concordant 
and discordant pairs of paired data (McNemar, 1947; Smith 
& Ruxton, 2020).

Results and Discussion

OC43 Surrogate Comparisons

To understand how the three tested methods compared, 
the effective volume assayed, OC43 percent recovery, and 
performance over time were all considered. The effective 
volume assayed was calculated as the proportion of the ini-
tial volume of concentrated wastewater that was assayed by 
RT-qPCR. The mean effective volume assayed for skimmed 
milk flocculation with and without Vertrel XF™ extraction 
is 1.28 mL and 1.44 mL, respectively (Table 2A, Fig. 1a). 
Because the direct pellet extraction method does not rely on 
variable resuspension volumes of the pellets, the effective 
volume assayed for each sample is 6.25 mL. This consist-
ency in volume assayed has a substantial benefit because it 
reduces variability between samples. Variability in SARS-
CoV-2 detection cannot be attributed to variable effective 
volumes assayed because this is a constant number with the 
direct pellet extraction.

When comparing OC43 percent recoveries, all three 
methods perform similarly. The average OC43 percent 
recovery for the direct pellet extraction method is 3.36% 
compared to 4.03% and 2.63% for skimmed milk floccula-
tion with and without Vertrel XF™ extraction, respectively 
(Table 2B, Fig. 1b). Paired t tests were run comparing the 
percent recoveries, and there were no statistically significant 
differences present in the distributions (Fig. 1b).

These data suggest that there is no loss in performance 
relative to either of the prior skimmed milk flocculation 

http://www.rstudio.com/
http://www.rstudio.com/
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methods when using this novel extraction method. 
Although the OC43 recovery values in this study are 
low, they are similar to those from previous work by the 
authors (Philo et al., 2021) as well as recoveries obtained 
for other viruses after wastewater concentration, includ-
ing < 10% recovery for porcine reproductive and respira-
tory syndrome virus (PRRSV) (Farkas et al., 2021) and 
approximately 5% for bovine coronavirus (BCoV) (Gonza-
lez et al., 2020). Recovery is low for several potential rea-
sons. Concentration and recovery methods focus on viral 
particles, while detection methods focus on viral RNA. It 
is not possible to distinguish between virus clusters and 
individual virus particles with cell culture methods in the 
way that RT-qPCR differentiates genome copies. Addition-
ally, because OC43, PRRSV, BCoV, and SARS-CoV-2 are 
enveloped respiratory viruses, they could be less stable 
in the wastewater matrix and degrade quickly compared 

to non-enveloped enteric viruses (Bogler et al., 2020; Ye 
et al., 2016).

Previous work has indicated that larger effective volumes 
assayed can reduce OC43 recovery due to inhibitors con-
centrated with the wastewater. The bag-mediated filtration 
system had an average effective volume assayed of 11.90 mL 
through RT-qPCR but had an average OC43 percent recov-
ery of 0.69% (Philo et al., 2021). Since the direct pellet 
extraction method does not have the same relationship, it 
can be inferred that this method better controls for the pres-
ence of inhibitors and recovers more OC43 despite the large 
volume assayed.

To look at the methods’ performance over time, control 
charts were developed using the Cq values obtained from 
the OC43 RT-qPCR assays (Fig. 2). The mean Cq values 
for all three methods are very similar (Table 3). However, 
the variability around the mean Cq value for the direct pellet 

Table 2  Descriptive statistics 
for OC43 comparisons

(A) Effective volume assayed by method. (B) Percent recovery by method

(A) Effective volume assayed (B) Percent recovery

Skimmed milk Skimmed 
milk—Ver-
trel

Skimmed 
milk—direct

Skimmed milk Skimmed 
milk—Ver-
trel

Skimmed 
milk—
direct

Max 1.67 1.72 6.25 22.16 24.38 62.06
75th Quant 1.37 1.46 6.25 4.29 2.81 2.62
Median 1.3 1.46 6.25 2.29 1.38 0.57
25th Quant 1.17 1.3 6.25 1.09 0.73 0.31
Minimum 0.73 0.9 6.25 0.12 0.13 0
Mean 1.28 1.44 6.25 4.03 2.63 3.36

Fig. 1  Effective volume assayed and percent recovery for each 
method. a The effective volume assayed is the proportional volume of 
the original wastewater sample assayed by RT-qPCR. The skimmed 
milk direct pellet extraction has the highest volume assayed per reac-
tion (6.25 mL). Because it is not dependent on variable resuspension 

volumes, the effective volume assayed for each sample is the same, 
unlike skimmed milk flocculation with or without Vertrel XF™ 
extraction. b The OC43 recovery is the volume adjusted recovery 
using the RT-qPCR standard curves. The mean recoveries for all 
three compared methods are comparable
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extraction method is substantially larger than for both of 
the other skimmed milk methods (Table 3; Fig. 2). This is 
likely due to the method having both the lowest minimum 
Cq value and the highest maximum Cq value (Table 3). 
While the large maximum detection value is of concern, the 
low minimum Cq value suggests that direct pellet extrac-
tion can recover more of the seeded OC43 than the other 
two methods. In addition, there is one direct pellet extrac-
tion method sample that has a Cq greater than the UWL 
level compared to seven with the skimmed milk flocculation 
method and four with the skimmed milk flocculation with 
the Vertrel method.

OC43 was chosen as the surrogate organism in this study 
because both OC43 and SARS-CoV-2 are beta-coronavi-
ruses that cause respiratory infections in humans and are 
spread via droplet and/or aerosol transmission (Greenhalgh 
et al., 2021; Harrison et al., 2020; Liu et al., 2021). If the 
purpose of using a surrogate organism is to understand how 
a method performs over time in the given water matrix, as 
with this study, how the surrogate behaves in relation to 
SARS-CoV-2 may not be as important. However, if the pur-
pose is to adjust SARS-CoV-2 values using the recovery of 
the surrogate, it is crucial that the surrogate behaves simi-
larly to SARS-CoV-2. Adjusting SARS-CoV-2 values using 
recovery values of an organism without direct comparisons 
to SARS-CoV-2 adds additional uncertainty to the results.

SARS‑CoV‑2 Detection

McNemar’s chi-squared tests were run on two-by-two con-
tingency tables assessing detection of SARS-CoV-2 using 
criteria established in “Data Analysis”. There were no statis-
tically significant differences in detection between the direct 
pellet extraction method and skimmed milk flocculation with 
and without Vertrel XF™ extraction in both the non-diluted 
and  10–1 diluted RT-qPCR reactions (Table 4). Although 
it is difficult to prove statistical similarity, the inability to 
reject the null hypothesis that the row and column marginal 
frequencies are equal (Smith & Ruxton, 2020) indicates that 
these methods result in similar SARS-CoV-2 detection.

Balloon plot heat maps were also generated to visual-
ize differences in detection between assays and methods 
(Fig. 3). When looking at the non-diluted RT-qPCR reac-
tions (Fig. 3a), all three methods had similar percent positiv-
ity for the individual N1 and N2 reactions and SARS-CoV-2. 
Because the values for N1 and SARS-CoV2 are the same or 
very similar (Fig. 3a), it can be inferred that most SARS-
CoV-2 detection in the undiluted reactions is due to N1 
detection and not N2 detection. Frequency of SARS-CoV-2 
detection in the  10–1 reactions (Fig. 3b) is higher for all three 
methods than in the non-diluted reactions (Fig. 3a). In addi-
tion, the proportion of samples positive for N2 is higher in 
the diluted reactions compared to the non-diluted reactions 

Fig. 2  Control charts of the OC43 RT-qPCR Cq value for a skimmed 
milk flocculation, b skimmed milk flocculation with Vertrel XF™ 
extraction, and c direct skimmed milk pellet extraction. Average val-
ues were calculated by averaging across treatment plant and time. The 
upper warning limit (UWL) and lower warning limit (LWL) for each 
method were calculated by adding or subtracting, respectively, the 
standard deviation from the average Cq. The upper confidence limit 
(UCL) and lower confidence limit (LCL) were calculated by adding 
or subtracting, respectively, three times the standard deviation from 
the average Cq

Table 3  Descriptive statistics for OC43 RT-qPCR Cq values used to 
generate control charts

Skimmed milk Skimmed milk—
Vertrel

Skimmed 
milk—
direct

Mean 22.8 23.2 22.3
Std. dev. 1.6 1.6 2.9
Variance 2.4 2.6 8.3
Max 25.6 26.9 35.2
Min 19 19.1 16
Non detect 0 0 0
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(Fig. 3). These results together indicate that there are inhibi-
tors from the wastewater present in the RNA extracts, and 
that N2 is more susceptible to inhibitors than N1. Previous 
work indicates the limit of detection (LOD) is higher for N2 
(100 gene copies) in wastewater than N1 (10 gene copies), 
likely due to the presence of inhibitors (Philo et al., 2021). 
Because the Cq values for these samples are at or near the 
LOD in wastewater (Supplementary Fig. 4), tenfold dilu-
tions could be diluting past the point at which we expect 
detection in each sample. In addition, other research suggests 
the N1 primer and probe set is more sensitive than the N2 
primer and probe set in nasopharyngeal samples (Vogels 
et al., 2020). This effect could be amplified in wastewater 
samples like those collected and processed for this study. 
To control for inhibitors, all RT-qPCR reactions for these 
methods should be run using tenfold dilutions in addition to 
undiluted samples (Loge et al., 2002).

This manuscript describes the development and valida-
tion of a modification to existing skimmed milk flocculation 
protocols for surveillance of SARS-CoV-2 in Seattle-area 
wastewater. Currently, these data are not compared to the 
clinical case trends in King County, WA. Even though these 
samples were collected during a large peak in cases over the 
holiday period (Supplementary Table 5), SARS-CoV-2 was 

not detected in every sample (Fig. 3). Because the wastewa-
ter is well mixed by the time, it reaches the treatment plants, 
SARS-CoV-2 should have been detectable during the entire 
sampling period. It is likely that the SARS-CoV-2 signal is 
diluted beyond the limit of detection before collection. The 
treatment plants where samples were collected to process 
tens of millions of gallons of wastewater a day, with up to 
twice as much processed daily during the winter rainy sea-
son. For this reason, in locations that have clear wet and dry 
seasons, taking flow adjusted composite samples and cor-
recting for flow in the molecular results may better represent 
local infection trends.

This method was developed because other existing meth-
ods require more active time in a laboratory, rely on access 
to expensive and often difficult to obtain consumable materi-
als, or have limits on daily samples processed. Since the PBS 
resuspension step is not included in the method described 
here compared to other uses of skimmed milk flocculation 
(Calgua et al., 2008; Falman et al., 2019; Philo et al., 2021), 
samples can be concentrated, extracted, and analyzed for 
SARS-CoV-2 in a single day. The skimmed milk pellet 
extraction method requires three to four hours of active time 
and can process up to 12 samples with a single microcen-
trifuge, ensuring data can be reported in a timely manner. 

Table 4  Results of McNemar's 
chi-squared test for count 
data analyzing SARS-CoV-2 
detection in (A) non-diluted 
RT-qPCR reactions and (B) 
 10−1 RT-qPCR reactions 
(n = 45)

There is no statistially significant difference in SARS-CoV-2 detection between the direct pellet extrac-
tion method and skimmed milk flocculation with and without Vertrel XF™ extraction in both the (A) non-
diluted reactions and (B)  10−1 reactions

Method 1 Method 2 McNemar’s X2 Degrees 
of free-
dom

p-Value

(A) Non-diluted Skimmed milk—direct Skimmed milk 0.23 1 0.63
Skimmed milk—Vertrel 0.06 1 0.80

(B)  10−1 dilution Skimmed milk—direct Skimmed milk 1.78 1 0.18
Skimmed milk—Vertrel 0.90 1 0.34

Fig. 3  Percent positivity for 
SARS-CoV-2 by assay in either 
a non-diluted or b  10−1 diluted 
RT-qPCR reactions. Darker 
colors indicate more detection. 
There is higher percent positiv-
ity for the N1 assay compared to 
N2 across all the methods, sug-
gesting N1 contributes more to 
SARS-CoV-2 detection. SARS-
CoV-2 detection is higher in the 
 10−1 diluted RT-qPCR reactions 
than the non-diluted reactions, 
indicating that there are residual 
effects of inhibitors on the RT-
qPCR reactions
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Finally, methods such as membrane filtration and ultrafiltra-
tion require expensive materials and/or advanced laboratory 
facilities. The direct pellet extraction method can be carried 
out in more resource-limited settings, making it more feasi-
ble in low- and middle-income countries (LMICs).

Despite the success of the skimmed milk direct pellet 
extraction at detecting SARS-CoV-2, this method can be 
further optimized. It is unclear where the OC43 RT-qPCR 
signal is being lost to result in the low mean percent recov-
ery (Table 2B). This suggests that different methods need 
to be tested to identify one that performs better. In addition, 
recovery studies should be carried out assessing loss at each 
step of the method and with different extraction kits. The 
QIAamp Viral RNA Mini kit was selected to maintain con-
sistency across methods, and because it was suggested by the 
company in early/mid-2020. However, it is likely that differ-
ent protocols work better because there are still some effects 
of inhibitors on RT-qPCR with this extraction kit (Fig. 3). In 
addition, many other groups are using digital droplet or digi-
tal partitioning PCR systems for molecular detection. Opti-
mizing the workflow for these systems will likely increase 
fractional recovery because they better control for inhibitors 
than RT-qPCR. Finally, how samples are collected can be 
better optimized. Understanding how frequently to take sam-
ples for a given population, whether to use grab or composite 
samples, and at what time of day to collect can result in 
more representative and useful information. Environmental 
and wastewater surveillance for SARS-CoV-2 will be most 
useful for public health officials if it provides insight beyond 
what can be obtained with clinical surveillance. Methods 
being used must be optimized and performance validated 
for SARS-CoV-2 in the specific catchment area for this to be 
true. Although the skimmed milk pellet extraction method 
could still be improved, it has been shown to be fit for the 
purpose of detecting SARS-CoV-2 in wastewater.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12560- 022- 09512-5.
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