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ARTICLE INFO ABSTRACT

Keywords: Viral pandemics can be inevitable in the next future. Considering SARS-CoV-2 pandemics as an example, there
Encapsidated S RNA mimic seems to be a need to develop a surveillance system able to monitor the presence of potential pathogenic agents.
Wastewater

The sewage and wastewater environments demonstrated to be suitable targets for such kind of analysis. In
addition, it is important to have reliable molecular diagnostic tools and also to develop a robust detection
strategy. In this study, an effective sample preparation procedure was selected from four options and combined
with a newly developed improved RT-PCR. First, a model viral system was constructed, containing a fragment of
the SARS-CoV-2 gene encoding for the Spike protein. The encapsidated S RNA mimic (ESRM) was based on the
plum pox virus (PPV) genome with the inserted targeted gene fragment. ESRM was used for seeding wastewater
samples in order to evaluate the viral recovery of four different viral RNA concentration/extraction methods. The
efficiency of individual approaches was assessed by the use of a quantitative reverse transcription PCR (qRT-
PCR) and by a one-step single-tube nested quantitative reverse transcription PCR (OSN-qRT-PCR). For the
detection of viruses in wastewater samples with low viral loads, OSN-qRT-PCR assay produced the most satis-
factory results and the highest sensitivity.

Polyethylene glycol precipitation

Chaotropic RNA extraction

Magnetic beads RNA extraction

Nested quantitative reverse transcription PCR

1. Introduction efforts was the use of surrogates for SARS-CoV-2, such as murine hep-

atitis virus, bovine coronavirus or feline calicivirus (Ahmed et al., 2020;

The COVID-19 pandemic has shown the importance to have reliable
and robust detection methods for attesting the presence of the patho-
genic agents and therefore to organize the suitable countermeasures. It
became evident that monitoring of anthropized environments such as
wastewater can be considered a valuable surveillance tool that conse-
quently can help health operators to follow the pandemic trend and
manage it in an effective way (Zhu et al., 2021).

It is necessary to have various molecular tools that can simulate a
real situation and can be used to create robust detection methods.
Various attempts were already performed by other authors to detect
SARS-CoV-2 from wastewater samples and to evaluate several available
procedures using model samples. A common characteristic of some
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Barril et al., 2021; LaTurner et al., 2021). Another option was the use of
naked plasmids harboring SARS-CoV-2 sequences or the use of a com-
mercial reference material (Sapula et al., 2021). As an important step,
various approaches to concentration of SARS-CoV-2 from wastewater
samples were evaluated, including polyethylene glycol (PEG) precipi-
tation, ultracentrifugation or filtration methods (La Rosa et al., 2020a;
LaTurner et al., 2021). Then, the concentrated viral RNA could be
extracted by various methods, allowing it to be amplified by a specific
real-time reverse transcription PCR assay. Such assays were oriented to
viral surrogates or to molecular systems of SARS-CoV-2 (Bivins et al.,
2021; Tran et al., 2021). The described strategies were applied to
evaluate the recovery rates of viral concentration and RNA extraction
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methods of wastewater samples based on quantification of viral RNA by
quantitative reverse transcription PCR assays (QRT-PCR). Among the
potential detection methods, digital RT-PCR (dRT-PCR) or, in particular,
droplet-based digital RT-PCR (ddRT-PCR) is suitable for the analysis of
samples with low viral load (Yu et al., 2020). However, digital PCR is a
low-throughput method with sensitivity comparable to RT-PCR.

Potential SARS-CoV-2 positive control for optimizing diagnostic
procedures could involve specifically produced encapsidated RNA
mimics and some examples of this strategy have already been published
(Chan et al., 2020; Peyret et al., 2022). Plant viruses are non-infectious
and non-toxic for humans; thus, they provide a suitable tool for this
purpose. Incorporation of partial SARS CoV-2 sequence in the genome of
a plant RNA virus enables its autonomous replication and encapsidation
in vivo, resulting in the production of RNA mimics with stability com-
parable to native SARS-CoV-2 particles. Moreover, propagation of vi-
ruses in plants is efficient and cheap and their purification is relatively
fast and simple, based mainly on ultracentrifugation (Bhat and Rao,
2020).

Produced encapsidated mimics could be used for artificial contami-
nation of various kinds of samples and for testing various detection
methods, including qRT-PCR. In order to increase the detection sensi-
tivity of a QqRT-PCR assay, the creation and optimization of a nested PCR
system could be a useful alternative. Single-tube nested real-time PCR
approaches have been frequently used to improve the detection of
various pathogen agents and components in food and clinical samples
including SARS-CoV-2 (Minarovicova et al., 2011; Costa et al., 2012;
Wang et al., 2020; Yip et al., 2020). Wang et al. (2020) in their work
demonstrated that clinical samples with low viral load could also be
detected and quantified by the one-step single-tube nested quantitative
reverse transcription PCR (OSN-qRT-PCR).

The schematic diagram in Fig. 1 describes the two PCR assays. OSN-
qRT-PCR is based on the application of two pairs of primers (outer and
inner) in one reaction tube, with different annealing temperatures
(difference about 10 °C) to control the first and second rounds of PCR.
The outer primers have higher melting temperature should anneal
during the first 10 cycles of PCR. The inner primers should anneal to the
products of the former PCR round at a lower annealing temperature
during the next 40 PCR cycles, with the final detection of the fluores-
cence signal produced by the specific labelled probe.

Contrary to ddRT-PCR, the operation of the OSN-qRT-PCR method is
the same as qRT-PCR and there is no need of extra professional training.
Besides, the OSN-qRT-PCR assay is feasible in any qPCR-instrument-
equipped laboratory. The cost of OSN-qRT-PCR is lower than ddRT-
PCR and the turn-around time of OSN-qRT-PCR is shorter (2 h) than
that of ddRT-PCR (3-4 h) though a bit longer than that of qRT-PCR
(about 1 h and 30 min).

Our aim was to find a reliable and robust qRT-PCR detection method
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for SARS-CoV-2 in wastewater by designing a laboratory analysis sys-
tem, able to mimic real conditions. Such analysis system can provide a
model for future development of detection procedures for viral pan-
demics. For this reason, in this study we compared various strategies for
the detection of SARS-CoV-2 in wastewater samples using different
molecular tools: i) an encapsidated S RNA mimic (ESRM) based on the
plum pox virus (PPV) genome bearing a fragment of SARS-CoV-2 Spike
protein-coding sequence, ii) four different viral RNA extraction/con-
centration methods, iii) the application of two different detection assays:
a conventional qRT-PCR and OSN-qRT-PCR.

2. Materials and methods
2.1. Construction of the encapsidated S RNA mimic (ESRM)

The viral vector pAD-agro consists of a full-length cDNA of the strain
PPV-Rec (Predajna et al., 2012) cloned in the commercial plasmid
pCambia 1304 (Abcam, Cambridge, UK) with deleted p-glucuronidase
gene. The cloning cassette comprising an Eagl/Kpnl linker and sites
recognized by viral protease are inserted in the PPV polyprotein-coding
region between the replicase (NIb) and capsid protein (CP) genes
(Fig. S1). Biological safety was ensured by mutagenesis of the DAG motif
within the CP-coding region, essential for aphid transmission (Blanc
et al., 1997; Kamencayova and Subr, 2012).

The 447 nt long fragment of the SARS CoV-2 S gene was amplified by
PCR from cDNA of the isolate hCoV-19/Slovakia/SK-BMC5/2020
(GISAID.org accession ID EPI_ISL_417,879). PCR amplification was
performed using EX Taq DNA Polymerase (Takara, Shiga, Japan) under
the following conditions: initial denaturation at 94 °C for 3 min followed
by 40 cycles of denaturation at 94 °C for 15 s, annealing at 56 °C for 20s,
elongation at 72 °C for 30 s and a final extension at 72 °C for 3 min. Used
primers are specified in Table 1. The amplified product was inserted into
Kpnl-digested pAD-agro using In-fusion HD Cloning Kit (Takara) and
transformed into E. coli JM109. Plasmid DNA was isolated by QIAprep
Spin Miniprep kit (Qiagen, Hilden, Germany) and verified by
sequencing. The resultant plasmid construct was electroporated into
Agrobacterium tumefaciens EHA105. Agrobacteria from an overnight
culture were sedimented by centrifugation (16000 g for 1 min) and
resuspended in 10 mM 2-(N-morpholino)ethanesulfonic acid pH 5.6, 10
mM MgCl,, 200 pM acetosyringone to reach final ODggp of ~0.1. The
suspension was incubated at room temperature for 2 h and subsequently
infiltrated into several leaves of 3—4 weeks old Nicotiana benthamiana by
a needleless syringe (20 pl per plant). The plants were cultivated under
controlled conditions (temperature 20-22 °C, 12 h light/dark photo-
period). Symptoms of viral infection were evaluated visually, the pres-
ence of PPV in plant tissues was confirmed by Western blotting using a
specific polyclonal antibody (Subr and Matisova, 1999), followed by

OSN-gRT-PCR high annealing temperature

OSN-gqRT-PCR low annealing temperature

probe

qRT-PCR

Fig. 1. Schematic diagram of qRT-PCR and OSN-qRT-PCR assays.
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Table 1
Oligonucleotides used in this study.
Purpose Primer/probe Sequence (5’ - 3') Amplicon Reference
name size
amplification of SARS CoV-2 S gene  IF-CoS For “ATC AGG CCG GCC GGG GTA CCA TTG GCA AAA 447 bp This work
fragment TTC AAG ACT CAC
IF-CoS Rev “GTG CAC AAC AAC GTT GGT ACC AGG AGC AGT
TGT GAA GTT C
recombinant analysis NCuniFor GAG GCA ATT TGT GCT TCA ATG G 1226 bp Subr et al. (2010)
NCuniRev CGC TTA ACT CCT TCA TAC CAA G
qRT-PCR HOT _Spike Fw AGT GCA AAT TGA TAG GTT GATC 88 bp This work
HOT _Spike_Rv TCT GAT TTC TGC AGC TCT AAT TA
OSN-qRT-PCR LANL_May4.1 Fw CRC GTC TTG ACA ARG TTG AGG CT 155 bp https://covid19.edgebioinformatics.
LANL May4.1 Rv TAC ACA CTC TGA CAT TTT AST AGC AGC org/#/assayValidation
OSN-qRT-PCR Inner_Spike Fw AGT GCA AAT TGA TAG GTIT G 85 bp This work
Inner_Spike Rv GAT TTC TGC AGC TCT AAT TA
qRT-PCR P-LANL 4.1 FAM-GGC AGA CTT CAA AGT TTG CA-BHQ1 probe This work
OSN-qRT-PCR

# Sequence of the vector adjacent to the cloning site (for hybridisation at in-fusion cloning) is underlined.

further analysis by RT-PCR. Total leaf RNA was isolated using Nucleo-
spin RNA Plant kit (Macherey-Nagel, Diiren, Germany) and cDNA was
prepared using random hexamer primers and AMV reverse transcriptase
(Promega, Madison, Wisconsin, USA). RT-PCR was performed using
primers NCuniFor/NCuniRev (Subr et al., 2010) spanning the cloning
cassette of pAD-agro (Fig. S1, Table 1). Electrophoretic analysis and
sequencing of amplification products enabled verification of the inserted
fragment.

The virus was purified two weeks after infiltration according to Lain
et al. (1988) with certain modifications. The protocol included extrac-
tion from plant tissues with two volumes (2 mL per gram of tissue) of 18
mM Mecllvain citrate-phosphate buffer pH 7 with 0.2% thioglycolic acid,
10 mM sodium diethyldithiocarbamate, 0.5 M urea, 2 mM ethyl-
enediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluo-
ride and 1/3 volume of chloroform, followed by phase separation by
centrifugation at 1520g for 30 min and ultracentrifugation of the water
phase at 57000 g for 2 h. The sediment was resuspended in 100 mM
sodium borate pH 8.2 with 10 mM EDTA and clarified by low-speed
centrifugation (1520 g for 15 min). Sucrose was added to the solution
to the final concentration of 20% and another round of ultracentrifu-
gation (57000 g for 2 h) was performed. The purified virus serving as
ESRM was obtained by resuspension of the sediment in a small volume
of 10 mM Tris-HCI pH 8 with 1 mM EDTA and clarification by centri-
fugation (16000 g for 5 min). The concentration of purified PPV was
estimated by UV spectrophotometry, using an extinction coefficient of
2.4 mL/mg/cm (Purcifull, 1966) and concentration of encapsidated
RNA calculated as 5% of that value (Hollings and Brunt, 1981) to be 8.1
x 108 genomic copies/mL (GC/mL). The final product was stored in al-
iquots at —20 °C until used.

2.2. Wastewater sample preparation

A sample of untreated wastewater influent was collected from a
wastewater treatment plant treating municipal wastewater in Kysucké
Nové Mesto (Slovakia). The wastewater sample was kept at 4 °C for 24 h
and it had these basic characteristics: Chemical Oxygen Demand (COD)
750 mg/L; N 139 mg/L; Suspended Solids (SS) 312 mg/L; pH 8.14; T
17 °C. The wastewater was negative for SARS-CoV-2 by both qRT-PCR
and OSN-qRT-PCR coupled to Method A (section 2.3.1.) with Nucleo-
Spin RNA Virus Kit (Macherey-Nagel). ESRM was added to untreated
wastewater at 1% (v/v) to a final concentration of 8.1 x 10® GC/mlL and
subjected to particular virus concentration/extraction protocols. In
order to assess the detection limit of the two best concentration/
extraction methods, the above samples were serially diluted to con-
centrations from 8.1 x 10% GC/mL to 8.1 x 10 GC/mL of ESRM and
tested in triplicate.

2.3. Virus concentration and RNA extraction methods

The virus particles were concentrated by using four methods (A-D)
from the wastewater influent, which was artificially contaminated as
shown in Fig. 2.

2.3.1. Method A

Method A employed polyethyleneglycol (PEG) precipitation, which
is commonly used to concentrate viruses from water matrices (Warish
et al., 2020). In this study, we used protocol described by Wu et al.
(2020) with some modifications. Artificially contaminated wastewater
samples with ESRM (50 ml; wastewater/ESRM) were clarified from
particulate biomass by centrifugation for 30 min at 4500 g and 4 °C
(Medema et al., 2020). Meanwhile, a 50 mL Falcon tube with 4 g pol-
yethyleneglycol 8000 (PEG 8000; Sigma-Aldrich, Saint Louis, Missouri,
USA) and 0.9 g sodium chloride was prepared. After centrifugation, 40
mL of the supernatant was carefully transferred to the Falcon tube with
PEG solution. The sample was inverted several times in hand during
approximately 15 min at room temperature and permanent agitation
and pelleted by centrifugation for 45 min at 12000g and 4 °C without
brake. After centrifugation, the supernatant was removed by decanta-
tion via the opposing side of the pellet. The tube with the pellet was
returned to the centrifuge again and centrifuged at 12,000 g for 5 min
and 4 °C with a brake intensity set to 3 (of 9). The supernatant was
carefully removed, and the pellet was dissolved in 800 pl of TRI Reagent
(solution for RNA isolation; Molecular Research Center, Cincinnati,
Ohio, USA) by vortexing for 15 s. After centrifugation at 2000g for 10 s
the supernatant was transferred to a clean 1.5 mL microtube and used
for RNA extraction.

Two different kits for rapid preparation of highly pure viral nucleic
acids from wastewater samples were used: NucleoSpin RNA Virus Kit by
Macherey-Nagel and AllPrep PowerViral DNA/RNA Kit by Qiagen.

NucleoSpin RNA Virus Kit was used for the isolation of viral RNA
from concentrated wastewater samples according to the manufacturer’s
instructions.

Alternatively, AllPrep PowerViral DNA/RNA Kit (Qiagen) was used
for isolation of viral RNA. The manufacturer’s instructions were fol-
lowed, but the volume of the elution buffer was reduced to 50 pl.

Extracted RNA was used immediately for qRT-PCR and OSN-qRT-
PCR or stored at —70 °C.

2.3.2. Method B

Method B was based on ultracentrifugation, which is frequently used
to concentrate viruses from wastewater (Fumian et al., 2010). In this
study, we used the protocol published by Ahmed et al., (2020) with some
modifications. The wastewater/ESRM sample (20 ml) were poured to
polycarbonate ultracentrifuge bottles (# 355,618, Beckman Coulter,
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Fig. 2. Illustration of concentration/extraction methods evaluated in this study.

Indianapolis, Indiana, USA) and subjected to ultracentrifugation at
100000g for 1 h at 4 °C (Type 70 Ti rotor, Beckman Coulter, # 337,922)
in an Optima XPN-90 Ultracentrifuge (Beckman Coulter, # A94468).
The supernatant was removed, and the pellet was resuspended in 3.5 mL
of 0.25 N glycine buffer (pH 9.5). Then, the sample was incubated on ice
for 30 min and 3 mL of 2x phosphate buffered saline (PBS; pH 7.2) for
neutralization was added. The sample was centrifuged at 12000g for 15
min at 4 °C. After that, the virus particles were recovered by ultracen-
trifugation again in polycarbonate ultracentrifuge bottles (Beckman
Coulter, # 355,603) at 100000g for 1 h at 4 °C using a Type 90 Ti rotor
(Beckman Coulter, # 355,530) in an Optima XPN-90 Ultracentrifuge.
The pellet was resuspended in 400 pl of PBS (pH 7.2) and transferred to a
microtube (1.5 mL) for RNA extraction. RNA was extracted using the
two kits (NucleoSpin RNA Virus Kit, AllPrep PowerViral DNA/RNA Kit)
as described above.

2.3.3. Method C

Method C applied commercial Zymo Environ Water RNA kit (Zymo
Research, CA, USA). It included viral enrichment (from 4 ml), sample
homogenization and RNA purification. We followed the protocol of
producer with exclusion that elution volume was increased to 30 pl. RNA
was used for qRT-PCR and OSN-qRT-PCR immediately or stored at
—70 °C.

2.3.4. Method D

NucleoMag DNA/RNA Water Kit (Macherey-Nagel) designed for the
isolation of microbial DNA/RNA from water was applied on filter-
concentrated samples. The procedure is based on reversible adsorption
of nucleic acids to paramagnetic beads under appropriate buffer con-
ditions. The manufacturer’s instructions for the extraction of RNA from
water samples were followed with slight modifications. The filtration
step was performed with two different membrane types. A 0.2 pm pores
cellulose ester membrane (Whatman, Little Chalfont, UK) was after
filtering wastewater/ESRM samples (10 ml) rolled into a cylinder and
inserted into a Bead Tube with lysis buffer.

Alternatively, Vivaclear Mini 0.8 pm polyethersulphone (PES) cen-
trifugal filters by Sartorius (Gottingen, Germany) were after waste-
water/ESRM application (500 pl) centrifuged at 2000g for 10 min. The
clarified filtrate was transferred to Bead Tube (Qiagen) with lysis buffer.

Samples from both filtration procedures were agitated by Vortex-
Genie (Scientific Industries Inc., Bohemia, New York, USA) for 5 min.
Then the protocol for NucleoMag DNA/RNA Water kit was followed.
RNA was eluted using 50 pl of RNAse-free water for each sample. RNA
was used for qRT-PCR and OSN-qRT-PCR immediately or stored at
—70 °C.

2.4. Primer design

Primer sets and probe were designed using the software Primer3Plus
(https://dev.primer3plus.com/index.html) They were oriented to SARS-
CoV-2 Spike sequence between the primers LANL_MAY-4.1 Fw/
LANL_MAY-4.1 Rv of the assay LANL-SARS-CoV-2.May4.1 reported on
the  webpage: https://covid19.edgebioinformatics.org/#/assayV
alidation. The oligonucleotide sequences and the characteristics of
corresponding PCR assays are described in Table 1.

2.5. qRT-PCR assay

Quantitative RT-PCR assays were performed in 20 pL of total reac-
tion volume. Each reaction tube comprised 5 pL of RNA, 2x of Luna
Universal Probe One-Step qRT-PCR Kit, 20x Luna Warm Start RT
Enzyme Mix (New England Biolabs, Ipswich, Massachusetts, USA), 10
pM of primers HOT Spike Fw/HOT Spike Rv and 10 pM of probe
P_LANL 4.1 (Table 1). After vortexing and centrifugation, the reaction
tube was transferred to QuantStudio 1 Real-Time PCR System (Ther-
moFisher, Waltham, Massachusetts, USA). The qRT-PCR amplification
consisted of following steps: 55 °C for 10 min, 95 °C for 1 min, 45 cycles
of 95 °C for 10 s, 60 °C for 1 min with the collection of fluorescence
signal at the end of each cycle. Each run contained positive and negative
controls. Data were collected and analysed using the software Quant-
Studio Design and Analysis Software v1.5.2 (ThermoFisher). Treshold
cycle values (Ct) were calculated using the software at the automatic
threshold setting. The fluorescence signal showed a typical S-shaped
amplification curve and samples with C; < 38 were considered positive.

2.6. OSN-gRT-PCR assay

For OSN-qRT-PCR amplification, the mix was identical as for qRT-
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PCR with exception of primers. Outer primers LANL_MAY 4.1 Fw/
LANL_MAY 4.1 Rv and inner primers Inner Spike Fw/Inner Spike Rv
were added, each to 10 pM (Table 1). The OSN-qRT-PCR amplification
contained the following steps: 55 °C for 10 min, 95 °C for 1 min, 10
cycles of 95 °C for 15 s, 64 °C for 30 s, 72 °C for 40 s, followed by 40
cycles of 95 °C for 15 s and 55 °C for 30 s with the collection of fluo-
rescence signal at the end of each cycle. The fluorescence signal showed
a typical S-shaped amplification curve and samples with C; < 30 were
considered positive. RNA isolated from ESRM by NucleoSpin RNA Virus
Kit was used as a standard for the sensitivity analysis of qRT-PCR/OSN-
gqRT-PCR assay. A standard curve was generated using 10-fold serial
dilutions (107! to 10~°) of ESRM RNA, and RNase-free water was used
as a negative control. All the amplification reactions were run in trip-
licates in two independent assays.

2.7. Recovery rate

ESRM recovery rate of the four concentration/extractions methods
(A-D) were calculated based on the gene copies quantified by qRT-PCR
and OSN-qRT-PCR as follows:

Recovery rate (%) = (GC recovered in concentrated wastewater/GC
seeded) x 100. The mean and standard deviation for each concentration
method and two quantification assays were calculated.

2.8. Statistical analysis

The one-way analysis of variance (ANOVA) was used to determine
whether there was a difference in ESRM recovery among the concen-
tration techniques tested. qRT-PCR and OSN-qRT-PCR assays were
compared using a Pearson’s correlation test.

3. Results
3.1. Production of encapsidated RNA mimic

The prepared modified PPV was capable of replication and systemic
spread in infiltrated plants. Typical disease symptoms (mosaic, vein
clearing and leaf distortion) were observed approximately 7 days post
infection (dpi) and subsequent Western blot analysis showed the virus
accumulation similar to wild-type PPV (Fig. S2). The sequence analysis
of RT-PCR products verified the presence of inserted S gene fragment,
confirming successful production of ESRM in planta.

The plants were harvested 14 dpi and used for ESRM purification. In
addition to major intact PPV CP, the purified ESRM contained also its
partially degraded products, as demonstrated by immunoblotting anal-
ysis (Fig. S2). Partial proteolysis commonly occurs in course of potyvirus
purification, affecting mainly both CP termini. Similar to mild trypsi-
nolysis, this process has no effect on infectivity or stability of virions in
purified samples (Shukla et al., 1988). The yields of ESRM reached
70-80 pg per gram of fresh green mass, corresponding approximately to
4 pg/g of RNA.

3.2. qRT-PCR and OSN-qRT-PCR assays

Two qRT-PCR assays were developed: a conventional qRT-PCR and a
one-step single-tube nested qRT-PCR (OSN-qRT-PCR). The C; values and
standard deviations obtained from dilutions of ESRM’s RNA up to 10~°
are presented in Table 2. It was observed a C; difference of 3.291 and
3.246 between log;( dilutions for qRT-PCR and OSN-qRT-PCR, respec-
tively. Based on the C; values a linear curve (Fig. 3A and B) was created
by regression analysis where score R% was 1 and 0.999, with efficiency
101.316% and 103.287% for QRT-PCR and OSN-qRT-PCR, respectively.
C; values of gqRT-PCR and OSN-qRT-PCR had a strong correlation (R?
value 0.985). The linear regression of the two groups had a good
goodness-of-fit (RZ = 0.971) with a regression equation y = 0.9188x -
5.8258 (Fig. 3C). The ALOQ (assay limit of quantification, i.e. lowest
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Table 2
The C, values and standard deviations obtained from dilutions of ESRM’s RNA.
DILUTION QRT-PCR OSN-QRT-PCR
Cr SD Cr SD
UNDILUTED 10.93 0.08 - -
107! 14.11 0.12 5.75 0.05
1072 17.46 0.02 9.06 0.13
102 20.68 0.10 12.33 0.09
1074 23.86 0.22 15.40 0.24
107° 27.00 0.16 19.03 0.26
107 30.40 0.12 22.21 0.12
1077 33.83 0.31 24.98 0.18
1078 37.33 0.27 27.35 0.31
107° - - 30.42 0.34
EFFICIENCY (%) 101.316 103.287
SLOPE —3.291 —3.246
r 1 0.999
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Fig. 3. The standard curves of A) qQRT-PCR; B) OSN-qRT-PCR; C) C; values of
qRT-PCR and OSN-qRT-PCR analysed by linear regression and correla-
tion analysis.
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copy number detected in 100% of assays) for OSN-qRT-PCR was 1 copy/
reaction and for qRT-PCR was 10-fold lower (10 copies/reaction).

3.3. Recovery of ESRM

The mean number of gene copies of ESRM recovered and recovery
rates by qRT-PCR and OSN-qRT-PCR assay for the four concentration/
extraction methods are shown in Table 3. The best performance was
demonstrated by Method A using NucleoSpin RNA Virus Kit. The strik-
ingly worst performance was assessed by Method C. Method A and
Method B, which were based on different principles, both perfmormed
better when combined with NucleoSpin RNA Virus Kit by (Macherey-
Nagel) than with AllPrep PowerViral DNA/RNA Kit (Qiagen).

3.4. Limit of detection (LOD) for concentration/extraction methods

Concentration methods A and B and RNA extraction by NucleoSpin
RNA Virus Kit performed better regarding recovery than the other
evaluated methods. To determine LOD of ESRM by these two ap-
proaches, three serial dilutions of ESRM were analysed in triplicate. The
minimum amount of ESRM detected by qRT-PCR for Method A was
equivalent to 1.03 x 10%® GC/mL and for Method B 6.75 x 10° GC/mL
(Table 4). The lowest LOD was noted by OSN-qRT-PCR for Method A,
6.7 x 10! GC/mL, and for Method B it was 9.54 x 102 GC/mL. When the
wastewater was seeded with ESRM at a concentration higher than 8.1 x
102 GC/mL, PEG precipitation revealed a mean recovery of 8.27%
detected by OSN-qRT-PCR.

4. Discussion

Wastewater-based epidemiology (WBE) is currently being utilized to
monitor the dissemination of SARS-CoV-2 (Sapula et al., 2021). How-
ever, due to the high chemical and biological complexity of wastewater,
analysis may be skewed by low viral recovery, poorly reproducible re-
sults, or both (Shi et al., 2017). In addition, both particulate and dis-
solved constituents inherently present in wastewater get concentrated
along with the target virus and can hinder the detection of viruses thus
affecting the viral recovery yield of the concentration method

Table 3
Recovery of ESRM achieved by 4 concentration/extraction methods (A-D) from
artificially contaminated wastewater.

Concentration/extraction Concentration (GC/mL)" of ESRM recovery rate

method recovered ESRM"” (%)*
qRT-PCR OSN-qRT- gRT-PCR  OSN-
PCR qRT-PCR
Method A + NucleoSpin 3.13 x 10°  3.92 x 10° 38.61 + 48.39 +
RNA Virus Kit +6.46 x +5.44 x 7.98 6.71
10° 10°
Method A + AllPrep 2.80 x 10°  3.53 x 10° 3451 + 43.61 +
PowerViral DNA/RNA +7.12 x + 8.01 x 8.79 9.89

Kit 10° 10°

Method B + NucleoSpin 217 x 10°  2.89 x 10° 26.81 + 35.67 +
RNA Virus Kit +6.80 x +9.86 x 8.4 12.18
10° 10°
Method B + AllPrep 1.74 x 10° 240 x 10°  21.52+  29.61 &
PowerViral DNA/RNA +9.44 x +9.10 x 11.65 11.23
Kit 10° 10°
Method C 498 x 10°  9.98 x 10°  6.15+ 11.09 +
+1.09 x +1.43 x 13.5 17.62
106 106
Method D (first type) 1.28 x 10°  2.07 x 10° 15.84 + 25.52 +
+1.39 x +1.36 x 17.11 16.84
106 106
Method D (second type) 1.11 x 10°  1.81 x 10°  13.64+ 2232+
+1.18 x +1.22 x 14.6 15.01
106 106

# Values of mean =+ standard deviation are presented.
P 8.1 x 10° ESRM seeded (GC/mL).
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Table 4

Recovery and recovery rate of ESRM achieved by PEG precipitation or ultra-
centrifugation.

*Values of mean + standard deviation are presented.

Concentration/ ESRM Concentration (GC/ ESRM recovery rate
extraction method seeded mL)* of recovered (%)*
(GC/mL) ESRM

qRT-PCR  OSN- qRT- OSN-
gqRT-PCR  PCR qRT-
PCR

Method A + 8.1 x 10"  1.52x 2.91 x 18.77 35.93
NucleoSpin RNA 10* + 10* + +7.11 +10.77
Virus Kit 5.76 x 8.72 x

10° 10°
8.1 x10°  1.03 x 1.57 x 12.72 19.38
10% + 10% + +10.38  +£13.58
8.41 x 1.1 x
10% 10°
81x102 0 6.7 x 0 8.27 &
10 + 14.20
1.15 x
10%

Method B + 8.1 x10*  6.75 x 8.75 x 8.33 + 10.80
NucleoSpin RNA 10% + 10° + 12.12 +14.94
Virus Kit 9.82 x 1.21 x

10% 10*
81x10° 0 9.54 x 0 11.78
102 + +10.89
8.82 x
102
81x10> 0 0 0 0

(Michael-Kordatou et al., 2020). Therefore, it is necessary to evaluate
various aspects in order to select an efficient method to concentrate, and
subsequently detect, SARS-CoV-2 from wastewater, which has been
identified as a key research need for WBE (Kitajima et al., 2020; La Rosa
et al., 2020b).

In this study, several molecular tools were evaluated in order to be
prepared for use in potential future pandemics events. The first step of
our evaluation strategy was the construction of ESRM based on the PPV
genome bearing the fragment of SARS-CoV-2 Spike protein-coding
sequence. In this way RNA is encapsidated which means that is better
protected and stabilized. Although, ESRM has a different size comparing
to SARS-CoV-2 this should not affect concentration, extraction and
detection. ESRM was then used to assess the viral RNA recovery rate of
four concentration/extraction methods utilizing two different PCR as-
says: a conventional qRT-PCR and a newly developed one-step single-
tube nested real-time PCR (OSN-qRT-PCR). Since the composition of
wastewater lays in a narrow range, the effectiveness of the detection
method should not be much different. If the sample of wastewater is very
alkalic or very acidic, additional neutralizing step may be necessary.

The different physical and chemical mechanisms involved in the
tested concentration methods led to different degrees of recovery of
ESRM. All four tested concentration methods led to detection of ESRM
RNA at higher concentrations. Since we seeded the wastewater with
known concentrations of ESRM, we were able to calculate the full pro-
cess recovery rate (loss of ESRM through concentration and extraction
methods) using two assays. We calculated recovery rate percentage,
using qRT-PCR and OSN-qRT-PCR, at 8.1 x 10° GC/mL of ESRM seeded
in wastewater samples. The other virus particles, present in wastewater,
should not influence recovery and detection of ESRM unless they are in a
big excess. The detection method should not be affected by any high
concentration of competing virus particles (Hong et al., 2021).

The concentration methods used different physical and chemical
mechanisms to concentrate SARS-CoV-2. The PEG method concentrates
virus particles by precipitation of virus particles upon addition of
polyethylene glycol and sodium chloride. Although there is uncertainty
in the exact mechanism, virus precipitation is believed to occur similarly
to precipitation of proteins by PEG, where water molecules are drawn
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from the solution to hydrate PEG molecules, thereby increasing the
effective protein concentration, leading to insolubility and precipitation
of proteins after reaching saturation (Ingham, 1990; Yamamoto et al.,
1970; LaTurner et al., 2021). The combination of PEG precipitation with
NucleoSpin RNA Virus Kit displayed the highest recovery rate in our
study. A similar recovery rate of 44.0 + 27.7% was reported previously
by Ahmed et al. (2020) in a study with enveloped MHV virus. Barril et al.
(2021) achieved a higher mean recovery (62.2%) with this method but
using it with a non-enveloped feline calicivirus (FCV).

Ultracentrifugation has been used for decades to concentrate viruses
from environmental matrices. It has been reported that ultracentrifu-
gation at 100,000 g is required to pellet most macromolecules and vi-
ruses (Ammersbach and Bienzle, 2011). In this study, good recovery
rates were achieved using concentration by ultracentrifugation, RNA
extraction by NucleoSpin RNA Virus Kit and detection by qRT-PCR or
OSN-qRT-PCR. The determined recovery rates were comparable to the
33.5% reported by Ahmed et al. (2020). Fumian et al. (2010) reported
that ultracentrifugation (100,000 g for 1 h at 4 °C) had a mean recovery
of 47% (range of 34-60%) of non-enveloped rotavirus A from waste-
water samples. This method also involves discarding supernatant a few
times, which may have resulted in loss of virus. Nevertheless, the ul-
tracentrifugation method may not be suitable for WBE studies because it
requires expensive specialized centrifuges (Ahmed et al., 2020).

When comparing RNA extraction kits after PEG precipitation or ul-
trafiltration, NucleoSpin RNA Virus Kit performed better than Qiagen
All Prep PowerViral DNA/RNA Kit in this study.

Our results are somewhat different from those of O’Brien et al.
(2021), who tested 4 commercial kits for RNA extraction from waste-
water and reported that pellet-based RNA extraction kits that included
inhibitors removal and RNA preservation step yielded the most consis-
tent, timely and accurate results. In that study, the most effective and
efficient kit was Zymo Environ Water RNA. However, in our study
Method C, which included Zymo Environ Water RNA Kit, had low re-
covery rates of only 6.15 + 13.5% and 11.09 + 17.62% when combined
with qRT-PCR and OSN-qRT-PCR, respectively.

Method D that used NucleoMag DNA/RNA Water Kit with a con-
centration step by microfiltration or by PES centrifugal filtration was
used for the first time in this study to the best of our knowledge. This
concentration method was found moderately effective, allowing to
recover 13.64-25.52% of ESRM from a small volume of wastewater.

For the two best concentration methods (PEG precipitation and ul-
tracentrifugation), we determined also recovery rate at ESRM seeding
levels from 8.1 x 10* to 8.1 x 10* GC/mL. At 8.1 x 10* GC/mL, the
greatest recovery rate was determined, which illustrated that the con-
centration of virus particles in wastewater may influence the perfor-
mance of the method. Similar results were reported in a recent study
where greater recovery was observed, for bacteriophage @6 surrogate, at
the highest seeding level (Sangsanont et al., 2022). It was stated that the
greater is the SARS-CoV-2 RNA concentration in a wastewater sample,
the greater is the recovery and downstream detection probability
(Ahmed et al., 2022).

In qRT-PCR, a standard curve is constructed to convert the threshold
cycle values (Cp) value to virus titers. In a qualitative approach, a
negative result is indicated by a lack of the typical amplification curve
by a C; value higher than a limit usually translated to number of gene
copies per volume unit (Zhu et al., 2021). In this study, qRT-PCR and
OSN-qRT-PCR assays for the quantification of ESRM were performed
using the Luna Universal Probe One-Step qRT-PCR Kit. Selection of this
chemical system was based on Sapula et al. (2021) who reported that
this master mix had a higher detection efficiency for SARS-CoV-2
compared to TagPath 1-Step Multiplex Master Mix (No ROX).

When ESRM RNA seeding levels were <8.1 x 10 GC/mL, amplifi-
cation was observed only by OSN-qRT-PCR assay after concentration by
PEG precipitation and extraction by NucleoSpin RNA Virus Kit. PEG
precipitation showed LOD of 8.1 x 102 for OSN-qRT-PCR and 8.1 x 10°
for qRT-PCR. These results evidenced that OSN-qRT-PCR had lower LOD
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with PEG precipitation compared to the study by Barril et al. (2021),
who used just normal qRT-PCR with non-enveloped FCV. LOD with ul-
tracentrifugation was by an order of magnitude higher with each of
OSN-qRT-PCR or qRT-PCR. The standard curve at various ESRM levels
showed that the OSN-qRT-PCR method is highly sensitive and that
OSN-qRT-PCR is able to increase the rate of positive detection of the
virus. LOD of OSN-qRT-PCR was at a level of 1 copy/reaction, which is
the theoretical optimum, while that of qRT-PCR was 10 copies/reaction.
Similar results were published by Wang et al. (2020) with recombinant
plasmids. Moreover, Pearson’s correlation and linear regression be-
tween qRT-PCR and OSN-qRT-PCR results revealed a strong correlation,
indicating that the presence of the external amplification step (10 PCR
cycles) of the OSN-qRT-PCR assay did not affect the stability of the
consequent inner PCR (40 PCR cycles) and that the C; value still showed
regularity similar to qRT-PCR. In our study, for the first time,
OSN-qRT-PCR was evaluated as a reliable detection and quantification
method for the analysis of wastewater samples.

5. Conclusion

The construction of ESRM and artificial contamination of wastewater
with it was useful for optimization of detection of a virus in wastewater.
Among the tested concentration/extraction approaches, the PEG pre-
cipitation method coupled to chaotropic solid-phase extraction achieved
the highest recovery rate of ESRM. OSN-qRT-PCR represented an
improvement in detection sensitivity as it had an LOD by an order of
magnitude lower than qRT-PCR. Highly efficient concentration/extrac-
tion combined with highly sensitive detection can be a valuable mo-
lecular tool for detecting viruses in wastewater samples with low viral
loads. In the future, the analysis of wastewater by advanced sensitive
molecular approaches can play an important role in the surveillance of a
range of human pathogenic viruses.
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