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Background and aims: SARS-CoV-2 is a single-stranded envelope RNA virus that causes cur-
rently occurring COVID-19 pandemic. Those infected with the virus excrete it in wastewater
through urine, feces, saliva and various body secretions, and thus the virus is transmitted to the
sewer system. Asymptomatic can also secrete the virus. At the population level, the presence of
the virus and its concentration in wastewater can be studied from the samples collected from the
wastewater treatment plants. The advantage of wastewater monitoring versus clinical testing take
in healthcare is greater coverage, and also it detects patients who have not applied for the test.
The aim of this work was to study the detection of the virus by the droplet digital PCR (ddPCR)
and to compare the method to the more commonly used quantitative PCR (qPCR) method. The
results of these methods were compared to the regional COVID-19 statistics of the Infectious
Disease Registry of Finland. Materials and methods: In the method optimization part of the work
the most sensitive way to detection of SARS-CoV-2 RNA in the wastewater samples by ddPCR
is searched. SARS-CoV-2 RNA isolated from patient samples as well as wastewater samples
were used for the method optimization and detection of PCR inhibition. The optimized methods
were compared to the methods used in the international laboratories using QCMD test panel. The
thesis work compares the differences between PCR primers recognizing different gene regions
of SARS-CoV-2. Wastewater samples from the wastewater treatment plants were concentrated
by a Centricon Plus -70 filter and RNA was isolated from the samples using the Qiagen Viral Mini
RNA Kit and an isolation robot with Chemagic Viral RNA/DNA Kit. The presence of SARS-CoV-2
in the samples and its concentrations were studied by ddPCR and gqPCR, and sensitivity and
specificity of these methods were compared. The epidemiological part of the work compares the
obtained results with the regional COVID-19 situation. The results: N1 and E PCR primers
showed the best performance in ddPCR, of which N1 was slightly more sensitive. As a virus
isolation method in ddPCR, the Qiagen Viral Kit performed somewhat better than the Chemagic
Viral Kit. N2 has been the most functional PCR primer in gPCR, although it proved to be insensi-
tive in ddPCR. In gPCR slightly better accuracy was obtained using the Chemagic Viral Kit than
the Qiagen Viral Kit. In the test performed, no inhibition of wastewater was observed with ddPCR.
ddPCR detected low viral concentrations, 1:80 000 diluted RNA at the lowest and it was as sen-
sitive as the detection limit values given in the literature. The lowest detected amount of viral RNA
was 1:5 000 clinical sample by gPCR so ddPCR was more sensitive than gPCR. Both methods
proved to be specific in detecting all SARS-CoV-2 positive samples in the test and both gave
negative results to samples containing other coronaviruses. SARS-CoV-2 was present in 16/20
of the samples which had been collected on February and March 2021 from the wastewater treat-
ment plants (WWTPs). These WWTPs were Oulu, Helsinki, Espoo, Tampere, Turku, Kuopio,
Lappeenranta and Rovaniemi. According to the Infectious Disease Registry of Finland, COVID-
19 cases occurred in the areas of these treatment plants. No virus was detected in Seinajoki and
Pietarsaari and according to the Infectious Disease Registry, there were no cases in Pietarsaari
in either week or in Seinajoki in March. In Seinajoki there were 7 cases in February and result of
the sample was negative. Conclusion: ddPCR is a sensitive and a specific method in detection
of SARS-CoV-2. The highest accuracy on this work was obtained using N1 primer and the Qiagen
Viral Kit. The method detects the virus and its concentration in the wastewater as well an in the
clinical samples. In addition to sensitivity and specificity, the method has the advantage of good
tolerance to PCR inhibitors. The challenges of the method compared to gPCR are multi-step,
higher cost, and longer analysis time. The method detected the virus in 8 WWTPs. The preva-
lence of SARS-CoV-2 in wastewater correlates with diagnosed COVID-19 cases and virus moni-
toring is a promising method to monitor the development of a population-level SARS-CoV-2 pan-
demic.
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The originality of this thesis has been checked using the Turnitin OriginalityCheck service.



TIIVISTELMA

Erja Janhonen: SARS-CoV-2 viruksen esiintyvyys suomalaisissa jatevesissa
Pro gradu, Tampereen yliopisto, Molekyylibiologian maisteriohjelma
Ohjaajat: Sami Oikarinen (Dosentti, FT) ja Kirsi-Maarit Lehto (TKT)
Tarkastajat: Vesa Hytonen (Professori) ja Sami Oikarinen (Dosentti, FT).
Sivut: 50

Tyon tausta ja tavoitteet: SARS-CoV-2 on meneillaan olevan COVID-19-pandemian aiheuttanut
yksijuosteinen vaipallinen RNA-virus. Virustartunnan saaneet henkil6t erittdvat virusta jatevesiin
virtsan, ulosteen, syljen seka muiden ruumiineritteiden valityksella, ja siten virusta kulkeutuu vie-
mariverkostoon. Myds oireettomat voivat erittda virusta. Vaestotasolla viruksen esiintymista ja
sen pitoisuuksia jatevesissa voidaan tutkia vedenpuhdistamoilta keratyista naytteista. Etuna ter-
veydenhuollossa otettuihin nenanielundytteisiin ndhden jatevesien tutkimisella on suurempi kat-
tavuus, ja silld saadaan mukaan myo6s ne sairastuneet, jotka eivat hakeudu testeihin. Tydn tavoit-
teena on tutkia viruksen havaitsemista droplet digital PCR (ddPCR) -menetelmalla ja verrata saa-
tuja tuloksia yleisemmin kaytossa olevalla gqPCR-menetelmalla saatuihin tuloksiin seka tartunta-
tautirekisterin alueellisiin COVID-19-tilastoihin. Materiaalit ja menetelmét: Tyon menetelmaopti-
mointiosuudessa etsitdan sensitiivisintd tapaa havaita SARS-CoV-2-viruksen RNA:ta jatevesi-
naytteista ddPCR-menetelman avulla. Optimoinnissa ja PCR-inhibition havaitsemisessa kayte-
taan potilasnaytteista eristettyd SARS-CoV-2 RNA:ta seka jatevesinaytteita. Kehitettyja menetel-
mia verrattiin kansainvalisiin laboratorioiden kayttdmiin menetelmiin QCMD kontrollipaneeliin
avulla. Tydssa vertaillaan eri geenialueita tunnistavien PCR-alukkeiden vélisia eroja. Jatevesi-
puhdistamoilta keratyt jatevesinaytteet konsentroidaan Centricon Plus 70 -filtterilla, naytteista
eristetddn RNA:ta Qiagen Viral Mini -kitin avulla seka eristysrobotilla Perkin ElImer Chemagic Viral
RNA/DNA-kittia kayttaen, ja naita eristysmenetelmia vertaillaan keskenaan. SARS-CoV-2 esiin-
tymista naytteissa ja viruksen pitoisuuksia tutkitaan ddPCR- ja qPCR-menetelmien avulla ja nai-
den menetelmien herkkyyksia vertaillaan. Tyon epidemiologisessa osuudessa verrataan jateve-
sinaytteiden tuloksia alueellisiin COVID-19-tartuntatilastoihin. Tulokset: N1- ja E- PCR-primerit
toimivat parhaiten ddPCR:ssa, ja N1 oli hieman herkempi. Viruseristystapana ddPCR:ssa Qiagen
Viral Mini -Kit toimi jonkin verran paremmin kuin Perkin EImer Chemagic Viral RNA/DNA-Kit. Vas-
taavasti N2 on ollut toimivin PCR-aluke qPCR:ssa, vaikka se osoittautui ddPCR:ssa epasensitii-
viseksi, ja qPCR:ssa Chemagic Viral RNA/DNA-kittia kayttaen saatiin hieman parempi tarkkuus,
kun Qiagen Viral Mini -Kitilla. Tehdyissa testeissa jatevedesta aiheutuvaa inhibitiota ei huomattu
ddPCR:n kanssa. ddPCR havaitsi matalia viruspitoisuuksia, alimmillaan 1:80000 laimennetun
RNA:n, joka sijoittuu kirjallisuudessa esiintyvien detektioraja-arvojen valiin. gPCR havaitsi alim-
millaan 1:5000 RNA-laimennoksen, joten ddPCR oli sensitiivisempi kuin gPCR. SARS-CoV-2-
RNA:ta havaittiin 16/20 helmikuussa ja maaliskuussa 2021 puhdistamoilta keratyista jatevesinayt-
teista. Nama puhdistamot olivat Oulu, Helsinki, Espoo, Tampere, Turku, Kuopio, Lappeenranta
ja Rovaniemi. Tartuntatautirekisterin mukaan kyseisten puhdistamoiden alueella esiintyi COVID-
19-tartuntoja mittausajankohtina. Virusta ei havaittu Seindjoella eika Pietarsaaressa mittausajan-
kohtina, eikad tartuntatautirekisterin mukaan tapauksia esiintynyt Pietarsaaressa kumpanakaan
mittausajankohtana eika Seingjoella viikolla 12. Viikolla 8 Seindjoelle kirjattiin 7 tartuntatapausta,
mutta kyseinen jatevesinayte oli testauksessa negatiivinen. Johtopaatokset: ddPCR on sensitii-
vinen ja spesifinen menetelmd SARS-CoV-2-detektiossa. Suurin tarkkuus tassa tydssa saatiin
kayttamalla N1-primeria ja Qiagen Viral Mini -kittid Bio Rad One-Step ddPCR for Probes -kitin
kanssa. Menetelma havaitsee viruksen seka sen pitoisuuden vaihtelut jatevedesta seka kliinisista
naytteista. Sensitiivisyyden ja spesifisyyden lisaksi menetelman etuna on sen hyva PCR-inhibiit-
toreiden sieto. Menetelman haasteita qPCR:aan verrattuna ovat monivaiheisuus, korkeampi hinta
seka menetelman suurempi ajallinen kesto. Menetelmalla havaittiin virusta kahdeksan suomalai-
sen jatevedenpuhdistamon naytteistd. SARS-CoV-2 viruksen pitoisuus jatevedessa korreloi diag-
nosoituihin COVID-19 tapauksiin ja viruksen monitorointi on lupaava menetelma populaatiotason
SARS-CoV-2 pandemian kehittymisen seurantaan.

Avainsanat: SARS-CoV-2, koronavirus, jatevesi, jatevedenpuhdistamo, ddPCR, gPCR
Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck-ohjelmalla.
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1. INTRODUCTION

Ongoing COVID-19 (Coronavirus disease) pandemic caused by the positive-sense sin-
gle stranded RNA virus SARS-CoV-2 or 2019-nCoV (Severe Acute Respiratory Syn-
drome Coronavirus) (Wang et al. 2020). COVID-19 epidemic started in Wuhan in China
in December 2019. As the epidemic accelerated WHO declared the epidemics to global
pandemic 11.3.2020. In Finland, the first COVID-19 case was detected end of January
2020 from a clinical sample (Haveri et al. 2020). At the time of writing, there have been
84 287 COVID-19 cases and 923 deaths in Finland (THL 19.4.2021).

Primarily the virus transmits by droplet infection, but it transfers by through direct contact
also (Junejo et al. 2020; THL Infektiotaudit ja rokotukset). SARS-CoV-2 causes respira-
tory symptoms and some individuals with the infection are asymptomatic. Common
symptoms of COVID-19 are fever, myalgia, fatigue, dry cough and dyspnea and in 2-
10% of COVID-19 patients has gastrointestinal symptoms, as diarrhea (Kitajima et al.
2020). The morality rate has ranged from 1.7-2.4% globally (Terveyskirjasto Uusi korona-
virus (COVID-19)). The mortality is lower among young and healthy people and high age
raises to the risk of death (loannidis 2021). Fatality rate of SARS-CoV-2 is lower than
other beta coronaviruses, SARS up to 50% and 34.4-69.2% for MERS (Kitajima et al.
2020). Reproduction number (Ro) of SARS-CoV-2 is 1.4-6.5 which means that each in-

fected individual could transmit the virus to another 1.4-6.5 cases (Kitajima et al. 2020).

The virus ends up in wastewater through the feces and the other secretions of the in-
fected individuals. In Finland, 73% of the population are users of the sewage network
and monitoring wastewater provides information on viruses and illicit drug use in the
general population (Suomen ymparistdkeskus, Vesihuollon tietojarjestelma, Julkiraportti;
Suomen virallinen tilasto (SVT): Vaestorakenne 2019; THL Koronaviruksen ja-
tevesiseuranta; Kankaanpaa et al. 2014; Delogu et al. 2018). Hence, wastewater is a
potential source of epidemiological data; a change of amount of the virus in the effluent
indicate a regional change in infection situation (Kitajima et al. 2020; THL
Koronaviruksen jatevesiseuranta). In the case of COVID-19, correlation between viral
concentration of wastewater and confirmed COVID-19 cases exists ja wastewater sur-
veillance can act as an early warning system for an epidemic (Ahmed et al. 2020; WHO
2020).



Many studies have been done about detection and quantification of SARS-CoV-2 from
patient samples by RT-qPCR and RT-qPCR is the golden standard of detection of the
virus from clinical samples (Dang et al. 2020; Falzone et al. 2020). In the use of ddPCR
in the detection of SARS-COV-2 has been less studied than qPCR, and only few articles
have been published on ddPCR use with wastewater samples. In the case of wastewater
monitoring, lack of an optimized and standardized protocol of SARS-CoV-2 detection
and quantification from wastewater samples is a challenge (Kitajima et al. 2020; Cervan-
tes-Avilés et al. 2021). Suo et al. (2020) stated that there it is an urgent need for more

accurate and sensitive detection method than RT-gPCR.

Wastewater samples must be concentrated before RNA extraction because secretions
are diluted when mixed with wastewater and amount of RNA per unit volume is small.
Centricon Plus-70 filter can concentrate most 70 mL solutions down to 350 ul (Millipore,
Centricon Plus-70 manual). There is no need to concentrate clinical samples, so they
are not diluted. RNA must be isolated from both wastewater sample and clinical samples
prior to detection by ddPCR or gPCR. Qiagen QlIAmp Viral Mini Kit can be used for iso-
lation of viral RNA from a many type of viruses. The kit based on silica-based membrane
with the speed of micro spin technology. In the protocol, sample is lysed, and RNases
are inactivated first. Next, a viral RNA binds to the membrane and contaminants washed
away. Last, RNA is eluted to the buffer and it is ready for detection (QIAmp Viral Mini Kit
Handbook). Chemagic RNA/DNA Kit based on the binding of RNA to magnetic beads
and the retrieval of the beads from the sample by magnets. Finally, the RNA is eluted in

buffer (Perkin EImer Chemagic purification protocol).

1.1 Detection methods: droplet digital PCR (ddPCR) and real-
time quantitative PCR (qPCR)

Quantitative polymerase chain reaction (qQPCR) is method used for the detection and
quantitation of gene expression in real time (Hawkins and Guest 2016). It is fast, accurate
and specific tool for diagnostic (Hamed 2020). RT-gPCR (reverse transcriptase qPCR)
is the golden standard method for the diagnosis of COVID-19 from upper respiratory
samples (Dang et al. 2020; Falzone et al. 2020; Gonzalez et al. 2020). RT-gPCR is
method used globally in healthcare to detect COVID-19 infection from a patient sample
and WHO approved qPCR tests developed many different laboratories are used to detect

SARS-CoV-2 (Sule and Oluwayelu 2020). In gPCR, virus amplification is measured as



a quantification cycle that is commonly reported as a cycle threshold (Ct) (Sule and Olu-
wayelu 2020).

In the reverse transcriptase (RT) reaction, the synthesis from RNA to cDNA occurs by
action of a reverse transcriptase enzyme prior to DNA amplification (Bustin et al. 2020).
Since SARS-CoV-2 is an RNA virus and the detection is based on the identification of
the DNA, RNA must be synthesized into cDNA either before detection by qPCR or
ddPCR. The DNA- polymerase enzyme needs primers to amplification, one for the for-
ward strand and one for the reverse strand. These primers are complementary to the
template region of the viral genome. The most used target genes for SARS-CoV-2 de-
tection by gqPCR are Orf1ab gene (Open reading frame), the gene N that encoding the
nucleocapsid and the gene S that encoding the spike protein (Falzone et al. 2020). In
addition, probes are also often used for detection to confirm the specific amplification of
the target gene. Probes are fluorescently labelled oligonucleotides which give fluores-

cent signal that is recognized by qPCR or ddPCR.

The amplification of the target gene is done similarly in ddPCR as in gPCR presented
earlier. However, in ddPCR, the sample is divided into a maximum 20 000 droplets, each
which is nanoliters in size (Li et al. 2018). The droplets consist of the sample with ddPCR
oil, and every droplet is individual reaction (Li et al. 2018). If the droplet contains at least
one copy of target DNA, the droplet digital reader detects the fluorescent signal and
interprets the sample as positive. If there are not copies of target DNA, no fluorescent

signal is generated, and the reader interprets the sample as negative (Li et al. 2018).

Workflows of both methods, RT-qPCR and RT-ddPCR are show in the Figure 1. The
figure visualizes that ddPCR is a more multi-stage detection method than qPCR, be-
cause ddPCR based on the water-emulsion droplet technology and the preparation of
these droplets brings to extra work step to the protocol. In qPCR, the samples must be
added to the 96-well plate with master mix, the plate must be sealed with a film and
vortexed before PCR. In ddPCR, the samples should be added to the tubes with master
mix and these must be pipetted to the cartridge with oil for formation of the droplets. The
droplets have to transferred to the 96-plate by a multi-channel pipette and the plate is
should be sealed with alum foil before PCR reaction. The results of ddPCR are read on

separate device, the droplet digital reader.



RT-gPCR workflow RT-ddPCR workflow
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Figure 1. Workflows of RT-qPCR and RT-ddPCR.

RT-gPCR is a widely used method for identifying the SARS-CoV-2 RNA from clinical
samples, but its challenge is false-negative results with low viral load, and it is sensitive
to PCR inhibitors (Dinge et al. 2013; Falzone et al. 2020). The studies with clinical sam-
ples show that ddPCR is a more sensitivity method for SARS-CoV-2 detection than
gPCR and the limit of detection of RT-ddPCR is lower than that of RT-gPCR (Dang et al.
2020; Falzone et al. 2020; Suo et al. 2020). Dang et.al. (2020) detected patient samples
in their study; 28 of the 30 samples were positive by gPCR and all 30 were positive by
ddPCR. In another study, 63 patients in the two hospitals were double-tested by gPCR
and ddPCR; 21 were positive by gPCR and 49 were positive by ddPCR, 41 were nega-
tive by gPCR and 10 were negative by ddPCR and 4 were suspected SARS-CoV-2 in-
fections (Suo et al. 2020).



Droplet digital PCR is used for SARS-CoV-2 detection from clinical samples, but it has
been used rarely to study wastewater samples. Studies using clinical samples show a
higher sensitivity of ddPCR detection compared to that of RT-qPCR (Dang et al. 2020;
Falzone et al 2020). Falzone et al. (2020) tested limit of detection in ddPCR and RT-
gPCR with housekeeping gene human R-actin and the detection limit of gPCR was
0.0187-1.87 ng and 0.00374 ng in ddPCR. Detection limit of ddPCR was 2.10 copies/re-
action (0.105 copies/ul) with ORF1ab gene and 1.80 copies/reaction (0.09 copies/ul) with
N gene but limit of detection (LoD) of gqPCR was 1 039 copies/reaction (51.95 copies/ul)
with ORF1ab and 873.2 copies/reaction (43.66 copies/ul) with N gene (Suo et al. 2020).
Gonzalez et al. (2020) reported that the LoD of qPCR are 14.6 copies/reaction for N1

gene, 2.00 copies/reaction for N2 gene and 2.18 copies/reaction for N3 gene.

The ddPCR method also has some weakness compared to the ddPCR method. The
ddPCR analysis is more time consuming and slightly more expensive than gPCR method
(Table 1). Generating of the droplets and reading of the plate take more time in ddPCR.
The 8-well cartridge, the droplet generator gasket and the droplet generator oil are ma-
terials that are needed in ddPCR but not in qPCR. Figure 1 shows that ddPCR has more
steps than qPCR. Hence, ddPCR take approximately 15% more time and 5-10% more
cost than RT-gPCR (Falzone et al. 2020; Gonzalez et al. 2020). However, reaction inhi-
bition causes less interference to ddPCR than to RT-qPCR (Dinge et al. 2013; Racki et
al. 2014; Falzone et al. 2020). Racki et al (2014) study to PCR inhibition in ddPCR and
gPCR from different matrices, one of which was wastewater. They noticed it ddPCR
showed higher resilience to inhibitors than qPCR. Liu et al. (2020) tested different pri-
mers and probe sets by gPCR and ddPCR in their study, and their comparison between
gPCR and ddPCR showed that there were less false negative results (FNRs) with
ddPCR than with gPCR (Gonzalez et al. 2020).



Table 1.

Comparison of ddPCR and qPCR in based on literature.

character

ddPCR

gPCR

limit of detection

false negative results

time

costs

inhibition

replicates

1.8-21 copies/reaction
(Suo et al. 2020)

0.00374 ng (Falzone et
al. 2020)

less than with gPCR
(Gonzalez et al. 2020)

approximately 2 h more
working time than in the
RT-gPCR (Falzone et
al. 2020)

5-10% more expensive
than the RT-gPCR (Fal-
zone et al. 2020)

not sensitive (Dinge et
al. 2013, Racki et al
2014)

only one reaction per
sample

873.2-1 039 copies/reac-
tion (Suo et al. 2020)
0.0187-1.87 ng (Falzone et
al. 2020)

with low viral load (Falzone
et al. 2020)

faster than ddPCR

sensitive
2013, Racki et al 2014)

(Dinge et al.

parallel reactions are
needed to confirm the re-

sult




2. A NOVEL CORONAVIRUS SARS-COV-2

2.1 Structure and genome

SARS-CoV-2 is a single stranded enveloped RNA virus (ssRNA). SARS-CoV-2 is re-
tained 99.8-99.9% homology of nucleotide sequence with beta bat CoV and 50% simi-
larity with MERS-CoV and 75-80 % similarity with SARS-CoV (Junejo et al. 2020;
Kitajima et al. 2020). SARS-CoV-2 binds to the receptor named angiotensin-converting
enzyme 2 (ACEZ2) via its receptor binding motif (RBM) in the receptor binging domain
(RBD) (Kitajima et al. 2020; Shang et al. 2020). RBD located in the spike protein (S) in
the outer surface of the virus and the spike has key role in ACE2-receptor recognition

and the fusion to the host cell (Huang et al. 2020).

Size of human CoVs is 80-160 nm in diameter and they have the largest genome among
the RNA viruses (Wang et al. 2020). Length of the genome of SARS-CoV-2 is ~29 kb
and it contains 11 coding genes (Khailany et al. 2020; Nakagawa et al. 2020). The SARS-
CoV-2 consist of 5" untranslated region (UTR) that is followed by Orf1ab, S, Orf3a, E, M,
Orf6a, Orf7a, Orf7b, Orf8, N and Orf10 genes. The virus genome has also 3'UTR region
(Khailany et al. 2020). Figure 2 shows the genes of the SARS-CoV-2. The common
structural proteins of SARS-CoV-2 (Figure 3) are an envelope protein (E) 74 aa, a mem-
brane protein (M) 222 aa, a nucleocapsid protein (N) 419 aa and a spike protein (S) 1273
aa (Khailany et al. 2020; Nakagawa et al. 2020). The N protein forms a capsid around to
the genome of the virus and M, E and S proteins form envelope surrounding this (Wang
et al. 2020). The whole genome of the virus contains 29 881 base pairs and 9860 aa
(GenBank no. MN908947; Huang et al. 2020).

|5UTR ‘Orflab| s |0rf3a ‘ E ‘ M |0rf6a|0rf7a ‘ Orf7b | orfg | N |0rf10| 3UTR |

Figure 2. Genes of SARS-CoV-2
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Figure 3. The structure of SARS-CoV-2 (modified figure from Wang et al. 2020). The
size of the virion is about 80-160nm.

2.2 Origin and classification

Seven coronaviruses have been isolated from human and three of these are emerging
pathogenic coronaviruses; SARS-CoV, MERS-CoV and the new coronavirus SARS-
CoV-2 (Wang et al. 2020). Figure 4 shows classification of SARS-CoV-2. SARS-CoV-2
is a member of a genera Beta coronaviruses of a genus Coronavirinae of a subfamily
Okariviruses of a family Coronaviridae of an order Nidovirales. In addition to SARS-CoV-
2, other beta coronaviruses are SARS-CoV and MERS-CoV (Junejo et al. 2020).

Order: Nidovirales
Family: Coronaviridae
Subfamily: Okarivirus

Genus: Coronavirinae

Genera: Beta CoV

Figure 4. Classification of SARS-CoV-2



SARS-CoV-2 was observed first time in December 2019 in Wuhan, in China (Junejo et
al. 2020). The natural reservoir of coronaviruses are bat and rat, which the virus has
spread to intermediate host such as cow or pig. The intermediate host of SARS-CoV-2
is thought to be a pangolin, as the critical functional regions of the spike protein of the
virus are nearly the same than the virus of pangolin, but specific pathway to human is
unclear (Junejo et al. 2020). It is also possible, that there is no intermediate host, and
the virus could have been transmitted directly from natural reservoir to the human (Shang
et al. 2020).

2.3 COVID-19

SARS-CoV-2 is an RNA virus that causes COVID-19 (Corona Virus Disease 2019). The
virus spreads mainly through droplets of human airway but also through direct contact
(Junejo et al. 2020; THL Infektiotaudit ja rokotukset). In Finland, the first COVID-19 case
was confirmed 29 January 2020 from patient’s nasopharyngeal sample (Haveri et al.
2020).

Symptoms of COVID-19 are fever, myalgia, fatigue, dry cough, dyspnea and diarrhea
and the morality rate of COVID-19is 1.7-2.4 % (Kitajima et al. 2020; Terveyskirjasto Uusi
koronavirus (COVID-19)). It was reported that around 60% of infections are asympto-
matic so asymptomatic individuals can spread to the virus unknowingly (Suo et al. 2020,
Bai et al. 2020). COVID-19 causes more mortality among the elderly and debilitated peo-

ple. The risk of mortality increases with age (loannidis 2021).
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3. WASTEWATER MONITORING

Almost 60% of the Finnish population is subject to wastewater monitoring (THL: Vaesto-
tason huumeiden kayttd). Population-based illicit drug use has been studied through
wastewater monitoring and this has provided information on what drugs are used at the
population level, what regional differences exist and whether new drugs are emerging
(Kankaanpaa et al. 2014). Also, the presence of various polioviruses in population has
been detected by wastewater surveillance (Delogu et al. 2018). Wastewater surveillance
is a part of the WHO global polio eradication program and it is a powerful tool for surveil-
lance of enteroviruses in population (Delogu et al. 2018). In addition to poliovirus, the
changes of antimicrobial resistance (AMR) are also monitored in wastewater (WHO, Sci-
entific brief 2020). In Finland, polio wastewater monitoring is carried out with the aim of
detecting disease-causing polioviruses if they occur in sewer network (THL: Polion ja-

tevesiseuranta).

The challenge of wastewater monitoring is the low viral load caused by dilution of secre-
tions. Therefore, wastewater samples must be concentrated before RNA isolation. Reli-
ability of the measurement is increased by standardizing the measurement conditions.
The sample collection takes 24 hours at the time and it is scheduled for the same day of
the week. Seasonal variation such as temperature variation must be taken into account,

as an increase in temperature accelerates the breakdown of the virus.

Wastewater has inhibitors to which PCR-based methods are sensitive. These inhibitors,
such polysaccharides, metal ions, and Rnases, may cause a decrease in the sensitivity
of the method or false negative results. The composition of wastewater varies within the
treatment plant and especially between wastewater treatment plants and hence the num-

ber and quality of inhibitors also vary (Ahmed et al. 2020).

3.1 SARS-CoV-2 in wastewaters

SARS-CoV-2 RNA has been detected in wastewaters throughout the world during
COVID-19 pandemic (Ahmed et al. 2020; WHO: Status of environmental surveillance for
SARS-CoV-2 virus; Gonzalez et al. 2020). Infected individuals secrete the SARS-CoV-2
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to urea, feces, saliva, respiratory secretions and through these secretions, the virus en-
ters wastewater (Kitajima et al. 2020; THL: SARS-CoV-2 jatevedenpuhdistamoilla). Sig-
nificantly, SARS-CoV-2 has also been isolated from feces of asymptomatic individuals,

indicating that asymptomatic individuals can also secrete the virus (Kitajima et al. 2020).

SARS-CoV-2 inactivate rapidly under increased temperature and by major disinfectants
such as bleach, ethanol, benzylalkonium chloride, povidone-iodine and chloroxylenol
(Kitajima et al. 2020). In wastewater, the inactivation time of the virus could be between
2.3-3.5 days at 23°C. The virus is sensitive by heat. (Gundy et al. 2009, Hamouda et al.
2020). Hamouda et al. (2020) wrote that temperature is most significant factor affecting
the survival of viruses and when the temperature increases, the virus inactivation also
increases. SARS-CoV-2 inactivates in 5 minutes in 70°C (Chin et al. 2020)

The presence of microorganism in the wastewater affects to the survival of the virus by
accelerating their degradation (Hamouda et al. 2020). Some ions in wastewater can
change the structure of the membrane of SARS-CoV-2 and they affect its selectivity and
its hydrophobicity (Cervantes-Avilés et al. 2021). The pH of the wastewater also has
effect on the survival of viruses, but SARS-CoV-2 appears to survive over a wide pH
range (3-10) in room temperature (Chin et al. 2020). Suspend solids of wastewater could
adsorbed to the coronaviruses and at the same time protect viruses from inactivation.
The charge of the surface of the virus affects to the ability of the virus to adhere to

charged surfaces and charged particles (Hamouda et al. 2020).

Wastewater-based COVID-19 surveillance is cost-effective and correlation between
SARS-CoV-2 concentration and clinical cases of COVID-19 has been assigned (Ahmed
et al. 2020; WHO: Status of environmental surveillance for SARS-CoV-2 virus).
Wastewater-based surveillance is cheaper method than the clinical monitoring (Gonza-
lez et al. 2020). It can identify symptomatic but also asymptomatic individuals and thus
it can provide a more comprehensive picture of the disease situation than the clinical
COVID-19 trials (Gonzalez et al. 2020). Also, all types of human secretions end up in the
wastewater, but the swab samples are local samples. Zhang et al. (2020) examined
throat and stool samples from three children all of whom had COVID-19 infection and
found stool samples to be SARS-CoV-2 positive for another 10 day after the throat sam-
ples were negative. Cheung et al. (2020) detected the virus from stool samples, in stool
was collected after respiratory samples had negative test results. In addition,

wastewater-based surveillance is time saving compared to testing people individually
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(Hamouda et al. 2020). Kitajima et al. (2020) wrote that surveillance strategy can be

useful as an “early warning” system.
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OBJECTIVES

The specific aims of this thesis work were:

Optimize the ddPCR method for SARS-CoV-2 detection
Test the functionality of the ddPCR method in wastewater samples
To correlate copy number of SARS-CoV-2 with wastewater treatment plant specific

prevalence of COVID-19 by location.
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5. MATERIALS AND METHODS

Workflow with wastewater samples

Wastewater samples were concentrated using Centricon filters. The samples were then
subjected to RNA isolation by QIAmp Viral RNA Mini Kit or Chemagic Viral RNA/DNA
Kit. The presence and amount of SARS-CoV-2 copy number has been detected using
the ddPCR and qPCR methods. The Figure 5 outlines the main steps of this thesis work

with wastewater samples. The work steps are described in more detail below.

RNA extraction: QlAmp Viral

RNA Mini Kit
Z RNA extraction:
Chemagic Viral -
concentrated RNA/DNA Kit extracted
sample RNA

/

concentration:

Waste- i .
Centricon filter

water
sample

gPCR: Qiagen gPCR Kit ddPCR: Bio
Rad One Step

RT-ddPCR
Advanced Kit

for Probes

Figure 5. Workflow with wastewater samples.

5.1 Biosafety

WHO (World Health Organization) has published to Laboratory biosafety guidance re-
lated to coronavirus disease (COVID-19) for safe working with SARS-CoV-2. It says that
in non-propagative laboratory work such as in nuclei acid amplification test, the proce-
dures according to Biosafety Level 2 (BSL-2) should be used. The guidance has been
followed in this thesis work. Also, double gloves and the hand protections were used

when treating wastewater.
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5.2 Samples

5.2.1 Clinical patient samples

Throat swab samples positive for SARS-CoV-2 were inactivated incubating sample at
60°C for 30 minutes before RNA extraction. The sample tubes were not opened before

inactivation.

5.2.2 QCMD (Quality Control for Molecular Diagnostics) samples

Quality Control for Molecular Diagnostics (QCMD) samples are quality control samples
for laboratories. QCMD is an independent International External Quality Assessment
(EQA) / Proficiency Testing (PT) organization. QCMD provides a wide-ranging quality
assessment service primarily focused on molecular infectious diseases to over 2 000
participants in over 100 countries (Quality Control for Molecular Diagnostics). The sam-
ples were diluted into transport medium. Table 2 shows 10 QCMD samples that were

included in this thesis work.
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Table 2. QCMD samples analyzed in the study.

Table shows the sample content and copy number of the virus in milliliters. Sample rela-
tionship indicates the duplicate samples in the test panel.

sample content copy humber sample relationship
(Log10 Copies/ml)
SARS-CoV-2 3.16 1

coronavirus 229E 3.93

SARS-CoV-2 248 2
SARS-CoV-2 4.29

SARS-CoV-2 3.27 3
SARS-CoV-2 248 2
SARS-CoV-2 3.27 3
SARS-CoV-2 3.16 1
negative negative

coronavirus OC43 4.0

5.2.3 Wastewater samples

Wastewater samples were collected from ten Finnish wastewater treatment plants (Table
17). The samples were collected within 24 hours with an automatic collection device and
were sent express cold delivery to the laboratory. The shipments lasted overnight and
arrived at the laboratory the next morning. The samples were collected from ten Finnish
treatment plants: Seindjoki, Oulu, Helsinki, Rovaniemi, Turku, Kuopio, Espoo, Lap-

peenranta, Pietarsaari and Tampere.

5.2.4 PCR inhibition test samples

The inhibition test samples contained Finnish wastewater to which had been added iso-

lated SARS-CoV-2 RNA from positive patient samples. The wastewater samples were
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collected in 2017 and 2018, time before the first documented COVID-19 case, so they
were negative for SARS-CoV-2 RNA. All wastewater samples were spiked with SARS-
CoV-2 using same final copy number. Shortly, 1:2 500 diluted SARS-CoV-2 RNA were
added to wastewater samples in a 1:1 ratio and thus 1:5 000 diluted samples were ob-
tained (Table 3). “No inhibitor control” sample was SARS-CoV-2 RNA diluted to 1:5 000
with sterile water and since this control sample did not contain wastewater, it did not

show wastewater-induced PCR inhibition.

Table 3. PCR inhibition test samples analyzed in the study.

sample
no inhibition control

WWTP1 28.9.2017
WWTP2 12.12.2017
WWTP1 12.12.2017

WWTP1 7.2.2018

WWTP1 27.4.2018

WWTP2 12.6.2018

5.3 Wastewater concentration

Wastewater samples were concentrated prior to RNA extraction because secretions are
diluted in the wastewater network and virus concentrations are therefore low. The
wastewater samples were concentrated using Centricon Plus -70 100 kDA filters. About

70 mL of wastewater sample was concentrated to a volume of 350 pl.

The filter was washed with milli g water before concentration. First 70 mL of the sample
added to the sample filter cup with filtrate collection cup and sealed with the cap. It was
centrifuged at 3 500 x g for 30 min. in centrifuge bucket by Thermo Scientific Sorvall Lynx
4000 centrifuge. After this, the sample filter cup was removed and turned upside down
and it was placed on top of the concentrate collection cup. This was centrifuged at 1 000
x g for 2 min. Then the concentrate cup was removed, and the sample was pipetted to
the tube.



18

5.4 RNA extraction

The RNAs are extracted from concentrated wastewater samples by Qiagen QIAmp Viral
RNA Mini Kit and Perkin Elmer Chemagic Viral DNA/RNA 300 Kit by Chemagic isolation

robot.

5.4.1 RNA extraction from clinical samples

The clinical samples were inactivated before RNA extraction. After inactivation, QIAmp
Viral RNA Mini Kit protocol was used for RNA extraction: a 140 pl sample was pipetted
to Eppendorf-tube, 560 ul of AVL-carrier was added to the tube and after this followed a
10 min. incubation time in room temperature. Next, 560 ul of ethanol was added to the
tube, this was vortexed and then a 630 ul sample was pipetted to spin column. Then the
tube was centrifuged at 8 000 rpm for 1 min and it was moved from the spin column to a
new tube. Next, 630 pl of the sample was pipetted again to the spin column and these
were centrifuged. 500 pl of AW1 buffer was added with the sample and these were cen-
trifuged at 8 000 rpm for 1 min. After this, the spin column was moved to the new tube.
Next, 500 pl of AW2 buffer was added to the tube and the tube was centrifuged at 14 000
rpm for 3 min. After this, the spin column was moved to the new tube. 60 ul of AVE-buffer
was pipetted to the tube and the sample was incubated for 1 min. in room temperature

and it was centrifuged at 8 000 rpm for 1 min.

5.4.2 RNA extraction from wastewater samples

RNA was extracted from concentrated wastewater samples using QIAmp Viral Mini Kit
as described in Chapter 5.4.1. The samples were extracted using Perkin Elmer Che-
magic Viral RNA/DNA Kit with the Chemagic isolation robot using manufacturer’s proto-
col. Before starting, 440 pl of the Poly(A) RNA Buffer was added to the Poly(A) RNA tube

and mixed thoroughly. Dissolved lyophilized Proteinase K was added in H2O.
Prior the extraction the robotic station was filled as follows:
position 1: Rack with Disposable Tips

position 2: low-well-plate prefilled with 150 yl Magnetic Beads
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position 3: deep-well-plate containing 300 ul sample, 4 ul Poly(A) RNA, 10 pl Proteinase
K, 300 pl Lysis Buffer 1, binding Buffer 2

position 4: empty deep-well-plate
position 5: empty deep-well-plate
position 6: empty deep-well-plate
position 7: deep-well-plate prefilled with 50 - 100 ul Elution Buffer 6.

Elution Buffer 6 was prefilled, and the thoroughly resuspended magnetic beads accorded
to the sample positions. 4 pl Poly(A) RNA, 10 ul Proteinase K and then 300 pl Lysis

Buffer 1 were added to the wells containing sample.

5.5 Primers and probes for SARS-CoV-2 detection

In this study four different SARS-CoV-2 gene regions were tested for detection of SARS-
CoV-2. The primers and the probes target the envelope gene (E) and N1, N2 and N3
regions of the nucleocapsid gene. CoV2019_N1, CoV2019_N2, CoV2019_N3 and
CoV2019_E primers and probes were used (Table 4).
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Table 4. Primers and probes used in this study.

gene primers probe

N1 CoV2019_N1-F CoV2019_N1-P 6-FAM / BHQ-1
GACCCCAAAATCAGCGAAAT ACCCCGCATTACGTTTGGTG-

GACC

CoV2019_N1-R
TCTGGTTACTGCCAG-
TTGAATCTG

N2 CoV2019_N2-F CoV2019_N2-P HEX / BHQ-A1
TTACAAACATT- ACAATTT-
GGCCGCAAA GCCCCCAGCGCTTCAG
CoV2019_N2-R
GCGCGACATTCCGAA-
GAA

N3 CoV2019_N3-F CoV2019_N3-P 6-FAM / BHQ-1
GGGAGCCTT- AYCACATTGGCACCCG-
GAATACACCAAAA CAATCCTG
CoV2019_N3-R TGTAG-
CACGATTGCAG-
CATTG

E CoV2019_E_F CoV2019_E_P 6-FAM / BHQ-1
ACAGGTACGTTAA- ACAC-
TAGTTAATAGCGT TAGCCATCCTTACTGCGCTTCG
CoV2019_E_R
ATATTGCAGCAGTAC-

GCACACA
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5.6 Droplet digital PCR workflow

The ddPCR reaction was done using a mixture of pre-mixed primer and probe needed
for the reaction. The oligo mixture was vortexed well and it was stored in ice before the

usage.

A mixture of primers and probe was prepared (for 10 samples):
2.7 pl 100 nM F-primer

2.7 pyl 100 nM R-primer

3 ul 25 nM probe

6.6 ul H20

Further a mastermix was done in a separate tube using following reagents and volumes.
A master mix was made (for 10 samples):

81 pl H20

55 pl supermix (Bio Rad One-Step RT-ddPCR Advanced Kit for Probes)

11 pl 300 mM dithiothreitol (DDT)

11 ul the primers-probe-mixture

22 ul reverse transcriptase enzyme

All components were vortexed before pipetting. 18 pul of the master mix was pipetted into
each 0.5 ml Eppendorf-tube and then 4 ul of sample was added into the tube. The mix-

ture was then vortexed. Total volume of each tube was 22 pl.

20 pl of the reaction mix was transferred from the tubes to middle wells of the DG8 droplet
generator cartridge. 70 pul of droplet generator oil for probes was pipetted into the bottom
wells of the cartridge. The gasket was hooked to the cartridge and after this the cartridge

was moved into QX200 droplet generator.

40 pl of the contents of the top wells of cartridge was pipetted with a 8-channel pipette
into a 96-well PCR plate. The plate was setting on top of the PX1 support block. The
plate was covered with an aluminum foil and the foil was closed to plate in PX1 PCR

plate sealer. Table 5 shows thermal cycling conditions of PCR.

There was one NTC sample for each of the seven samples without replicate samples.

Positive control was neither used.
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Bio Rad T100 Thermal cycler was used for RT-PCR under follow protocol in Table 5.

Table 5. Thermal cycling conditions of RT-ddPCR.

Step Temperature (C°) Time Number of cycles
hold 25 3 min 1

reverse transcription 50 60 min 1

enzyme activation 95 10 min 1

denaturation 95 30 sec 40
annealing/extension 55 1 min 40

enzyme deactivation 98 10 min 1

hold 4 infinite 1

Droplet reader

Droplets were analyzed in Bio Rad QX200 Droplet reader and QuantaSoft Software was

used. FAM/HEX channel was selected. For the analysis of the results a threshold value

was set manually.

5.7 qPCR workflow

Qiagen Quantitect Probe RT-PCR Kit was used with gPCR.

Reaction mix was made (per reaction):

Quantitect RT Master mix 25 p
F-primer final concentration 0.4 uM
R-primer final concentration 0.4 yM
probe final concentration 0.1-0.2 yM
Quantitect RT mix 0.5 pl

template RNA 1 pg-500 ng

Nuclease free water

Total volume of reaction was 50 pl.
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Master mix was made into the tube and it was distributed on 96-well plate, the samples

were pipetted into the 96-well PCR plate. The plate was vortexed and iScience 7900HT

Fast Real-Time PCR System was used for RT-PCR run using protocol (Table 6).

Table 6. Thermal cycling conditions of RT-qPCR.

Step Temperature (°C) Time Number of cycles
reverse transcription 50 30 min. 1

PCR initial activation 95 15 min. 1

denaturation 94 15 sec 40-45
annealing/extension 60 60 sec 40-45
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6. RESULTS AND DISCUSSION

In this work, PCR primer sets and RNA extraction methods were optimized for ddPCR
to detect SARS-CoV-2 for wastewater samples. Two different RNA extraction methods:
Qiagen Viral RNA Mini Kit and Perkin EImer Chemagic RNA/DNA Kit with an isolation
robot were compared. According to the literature ddPCR is less sensitive for PCR inhib-
itors than qPCR, so its tolerance for PCR inhibitors was tested with wastewater samples
(Dinge et al. 2013, Racki et al 2014). Also, the effect of freezing and thawing for RNA
preservation was tested. Some studies show that ddPCR is more sensitive method than
gPCR, so sensitivity and specificity of ddPCR and qPCR were compared (Dang et al.
2020; Falzone et al. 2020; Suo et al. 2020). Correlation of COVID-19 cases of WWTP
areas and RNA copy number of SARS-CoV-2 of wastewater samples was examined. In
this thesis work results of ddPCR have been given in form copies/pl but in some studies
results has been given form copies/reaction. The reaction volume of ddPCR reaction is

20 pl, thus a result can be changed to different format by multiplying or dividing by 20.

Of the ddPCR results, those with a droplet count >8 000 have been accepted and below
this value have been rejected. The thresholds used with ddPCR are shown in the ddPCR

amplitude figures.

In this work viral RNA was extracted by Qiagen Viral RNA Mini Kit before primer optimi-
zation and PCR inhibition test. The results are shown in tables and also original ddPCR
analysis results are shown. Figure 6 and Figure 7 show instructions for interpreting the
ddPCR image.
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Figure 6.  Instructions for interpreting a ddPCR amplitude-event number image.

A01-HO1 are names of the wells of PCR plate. Ch1 Amplitude is fluorescence intensity
of channel 1 (FAM). Blue populations are positive droplets and grey populations are neg-
ative droplets. Black area means a lot of grey populations. Pink line is a threshold value.
Yellow line is the portion of droplets of reaction in the total droplets.
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Figure 7.  Instructions for interpreting a ddPCR concentration image.

The figure shows concentrations of the samples. Sample names are in the x-axel and
concentration of the samples (copies/ul) is in the y-axel.

6.1 Primer optimization for ddPCR

WHO approved primers was used in SARS-CoV-2 detection by gPCR: E, N1, N2 and
N3 (Table 4). These primers were tested to obtain the most sensitive methods for the

wastewater analysis. It is important to use as sensitive detection method as possible for
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SARS-CoV-2 analysis to be able to detect also low virus positivity in wastewater sam-
ples. The PCR amplification of N2 method proved to be poorly in ddPCR, so it was omit-
ted from testing. The N3 method was less sensitive than N1 and E, so N1 and E were

chosen to continue (Table 7).

Table 7. Primer sets comparison between N1, N2, N3 and E primer sets.
The results were analyzed by ddPCR.

sample

primer set 1:10  SARS-CoV-2 1:100 SARS-CoV-2
RNA (copies/ul) RNA (copies/ul)

N1 227 20.5

N2 negative negative

N3 157 negative

E 66.2 9.8

The sensitivity of the two selected primer sets was tested using dilution serie of SARS-
CoV-2 sample. For the comparison test RNA were extracted from positive SARS-CoV-2
clinical sample and it was diluted 1:10, 1:500, 1:2500, 1:5 000 and 1:10 000. N1 and E
primers were tested with this dilution serie (Table 8, Figure 8). The copy number of the
tested samples was higher by N1 primer set than with E primer set. The comparison of
the primers shows that N1 was most sensitive primer set for SARS-CoV-2 detection by

ddPCR. Better sensitivity of N1 also appears in wastewater samples (Table 9).



Table 8. Method comparison between N1 and E primer sets for ddPCR.

sample N1 primer E primer (cop-
(copies/pl) ies/ul)
SARS-CoV-2 RNA 1:10 1779 729
SARS-CoV-2 RNA 1:500 31.6 15.2
SARS-CoV-2 RNA 1:2500 71 2.6
SARS-CoV-2 RNA 1:5000 3 14
SARS-CoV-2 RNA 1:10000 2.7 0.65
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Figure 8. Primer test in ddPCR.

a) N1 primer AO01 1:10 diluted RNA, BO1 1:500 diluted RNA, C01 1:2 500 diluted RNA,
D01 1:5 00 Odiluted RNA, EO1 1:10 000 diluted RNA.
(b) E primer A01 1:10 diluted RNA, BO1 1:500 diluted RNA, C01 1:2 500 diluted RNA,
D01 1:5 000 diluted RNA, EO1 1:10 000 diluted RNA.
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6.2 PCR inhibition in wastewater samples in ddPCR

PCR inhibition test was performed using wastewater samples that were collected before
the SARS-CoV-2 pandemic started. Tested concentration of “no inhibition control” was
2.6 copies/ul (N1) and 1 copies/ul (E) by ddPCR. SARS-CoV-2 samples were diluted to
the same concentration (1:5 000) with the wastewater samples which were collected at
different time and place. The viral concentrations were 2.9-3.9 copies/pl (N1) and 1.2-
2.3 copies/yl (E) by ddPCR (Table 9). The ddPCR amplitudes are present in Figure 9.
The threshold was set at 5 000 with N1 primer and at 5 500 with E primer. A slightly
higher number of copies of SARS-CoV-2 was detected in all wastewater samples than
in “no inhibitor control”. Hence, no inhibition was observed in ddPCR of the wastewater
samples in this test. Inhibition would be observed if the concentration in samples con-

taining wastewater were lower than in samples diluted with pure water.
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Table 9. ddPCR PCR inhibition test using wastewater samples for both N1 and E primers.

sample N1 primer (copies/ul) E primer (copies/ul)
no inhibition control 26 1
WWTP1 28.9.2017 3.8 1.2
WWTP2 12.12.2017 3.6 1.6
WWTP1 12.12.2017 29 23
WWTP1 7.2.2018 3 1.9
WWTP1 27.4.2018 29 1.4
WWTP2 12.6.2018 3.9 1.4
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Figure 9.

PCR inhibition tested by ddPCR.

(a) ddPCR amplitudes with N1 primer. Threshold was set as 5000. D01 no inhibition
control. (b) ddPCR amplitudes with N1 primer. Threshold was set as 5000. D02 WWTP1
27.4.2018, E02 WWTP2 12.6. 2018, FO2 WWTP1 12.12.2017, GO2 WWTP1 7.2.2018,
HO02 NTC. (c) ddPCR amplitudes with N1 primer. Threshold was set as 5000. A01
WWTP1 27.4.2018, BO1 WWTP2 12.6.2018. (d) ddPCR amplitudes with E primer.
Threshold was set as 5500. D01 no inhibition control. (e) ddPCR amplitudes with E pri-
mer. Threshold was set as 5500. D02 WWTP1 28.9.2017, E02 WWTP2 12.12.2017, FO2
WWTP1 12.12.2017, G02 WWTP1 7.2.2018, H02 NTC. (f) ddPCR amplitudes with E
primer. AO3 WWTP1 27.4.2018, BO3 WWTP2 12.6.2018, C03 and D03 are blanks.
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6.3 RNA extraction method optimization

The optimal RNA extraction method is important to obtain as sensitive detection method
as possible. SARS-CoV-2 RNA from wastewater samples were extracted by the two
methods: Qiagen RNA Viral Mini Kit and Perkin Elmer Viral RNA/DNA Chemagic 360
Kit. RT-gPCR and RT-ddPCR were made for the extracted RNA samples of both meth-
ods. Qiagen Quantitech Probe PCR Kit was used with RT-gPCR and Bio Rad One-Step
RT-ddPCR Advanced Kit for Probes was used with RT-ddPCR. gPCR results of QCMD
samples are listed in Table 10 and RT-ddPCR in Table 11.

Comparison results of RT-ddPCR between QIAmp Viral Mini Kit and Chemagic Viral
DNA/RNA Kit show that extraction of the RNA worked well with both kits and no signifi-
cant differences were detected. The effect of primer sets seems to be stronger than for
the sensitivity to detect the virus than effect of extraction method (Table 11). In gPCR,
the detection of the virus was slightly more sensitive with Chemagic Viral DNA/RNA Kit
than with the Viral RNA Kit (Table 10).



Table 10.

Comparison between RNA extraction methods in gPCR.
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The lowest Ct-values of each sample are bolded indicating the most sensitive detection

of the virus. Ct-values are averages from the three parallel gPCR reactions

extraction method

Viral Kit Chemagic

sample content N1 N2 E N1 N2 E
SARS-COV-Z 3341 3794 3395 3432 37.92 36.44
gg;oEnavirus negative negative negative negative negative negative
SARS-CoV-2 36.95 negative negative 36.65 negative  37.55
SARS-COV-2 2937 3424 3189 2939 33.05 30.79
SARS-COV-2 3348 3782 3594 3269 36.45 33.68
SARS-COV-2 3762 negative 37.61  35.54 37.97 36.53
SARS-COV-2 3255 3725 3505 3251 36.91 34.25
SARS-CoV-2 338 37.78 3647  33.38 38.44 35.39
negative negative negative negative negative negative negative
coronavirus negative negative negative negative  negative  negative

0C43
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Table 11. Comparison between extraction methods in ddPCR, values copies/ul.

The highest concentration of each sample is bolded. “no result” means that too few drop-
lets have formed in the sample i.e., the number of the droplets was less than 8 000, and
the result has been discarded

extraction method

Viral Kit Chemagic
sample content N1 E N1 E
SARS-CoV-2 2.2 1.4 0.17 1.4
coronavirus 229E negative negative negative negative
SARS-CoV-2 0.36 negative 0.9 0.4
SARS-CoV-2 37.7 247 36.6 249
SARS-CoV-2 4.3 25 3.7 3.5
SARS-CoV-2 negative 1.4 negative 0.7
SARS-CoV-2 4.4 3.5 7.7 2.8
SARS-CoV-2 27 1.8 26 25
negative negative negative no result negative
coronavirus negative negative no result negative

0C43

6.4 The effect of freezing and thawing on SARS-CoV-2 RNA

preservation

The effect of freezing and thawing may have an effect for the preservation of SARS-CoV-
2 RNA. The processing of the wastewater sample has several steps including shipment,
concentration, RNA extraction and ddPCR analysis. This process is time consuming and
for practical reasons, the samples are sometimes freezed during the analysis. Therefore,
the effect of freezing and thawing on SARS-CoV-2 RNA preservation was tested. SARS-
CoV-2 RNA from wastewater samples that were collected between 215 and 22 of Feb-

ruary 2021 were detected by ddPCR after RNA isolation and after one freeze-thaw-cycle.
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The results are shown in Table 12. The ddPCR amplitudes and concentrations of non-
frozen RNAs is shown in Figure 10 and ddPCR amplitudes and concentration of frozen
and thawed samples are shown in Figure 14. The SARS-CoV-2 copy number were sim-
ilar from fresh and after on freeze-thaw-cycle. Interestingly even the samples that
showed a low copy number of SARS-CoV-2 genome from un-freezed samples were pos-
itive after freezing-thawing cycle. Based on this comparison, one freeze and thaw cycle
have no significant effect on the copy number of SARS-CoV-2 RNA in the samples. This
is an important result for the analysis process of SARS-CoV-2 in wastewater samples. It
indicates that this difficult and time-consuming process can be interrupted, if necessary,

by freezing the sample before the ddPCR or gPCR analysis.

Table 12.  Effect of freezing and thawing on SARS-CoV-2 RNA preservation an-
alyzed by ddPCR.

no freezing or thawing of RNA  once frozen and thawed RNA

WWTP

N1 primer E primer N1 primer E primer
Seinajoki negative negative negative negative
Oulu negative negative negative 0.17
Helsinki 1.6 0.63 1 0.9
Rovaniemi 0.24 0.1 0.22 0.09
Turku 0.38 0.26 1 0.9
Kuopio 0.13 0.12 0.08 0
Espoo 1.7 0.8 1.5 1.2
Pietarsaari negative negative negative negative
Lappeenranta 0.19 negative 0.29 0.15

Tampere 0.09 0.21 0.1 0.07
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Figure 10. On 21-22.3.2021 collected wastewater samples without freezing and thaw-
ing the RNA of the samples analyzed by ddPCR.

Concentrations and amplitudes: (a&b): E primer Seindjoki, Oulu, Helsinki, Rovaniemi,
Turku, Kuopio, Espoo and NTC. (c&d) E primer and Lappeenrata, Pietarsaari and Tam-
pere. N1 primer and Seinédjoki, Oulu, Helsinki, Rovaniemi and NTC. (e&f) N1 primer and
Turku, Kuopio, Espoo, Pietarsaari, Lappeenranta, Tampere and 2 x blank.

6.5 Repeatability, sensitivity and specificity of the methods

It is important to detect low copy number of the virus from wastewater if only few individ-
uals are infected in the population. In ddPCR, the lowest detected amount was 1:80 000
diluted RNA at 0.56 copies/ul with N1 primer and 1:40 000 diluted RNA at 0.59 copies/pul
with E primer. These results were obtained by examining clinical samples. In gPCR, the
lowest detected dilution was 1:5 000 at Ct-value 38.91 with E primer and 1:2 500 at Ct-
value 39.75 with N1 primer. This result was in line with the previous reports that showed
that ddPCR was more sensitive than qPCR (Dang et al. 2020; Falzone et al. 2020; Suo
et al. 2020).

The optimized methods were compared also using SARS-CoV-2 QCMD panel. This
panel in the QCMD program was analyzed in international laboratories using various
methods including also commercial methods. The results of 497 datasets were reported
in this QCMD panel round. Both tested gPCR and ddPCR methods detect all positive
samples of QCMD panel and the methods did not detect the other coronaviruses, 229E
or OC43, indicating that they were specific for SARS-CoV-2 (Quality Control for Molec-
ular Diagnostic. Individual Report). False negative results were not observed. The com-
parison of the results to other participating laboratories confirmed that the methods opti-
mized in this thesis are sensitive and specific: out of the 497 datasets only about 84%
analyzed all samples correctly. The comparison of the results between different methods
is often difficult or even impossible. The optimized methods were compared to test if
these methods correlate. The amplification of both gPCR and ddPCR methods correlated
to the copy numbers of the virus in the panel (Table 13). Figure 11 shows there is a linear

correlation between viral copies of sample and the ddPCR result.
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Table 13. Detection of the QCMD samples by gqPCR and ddPCR.

QCMD samples detection method

sample content (copies/ul) ~ APCR(CY) ddPCR (copies/pl)
SARS-CoV-2 1.45 34.3 22
coronavirus 229E 8.51 negative negative
SARS-CoV-2 0.30 36.7 0.36
SARS-CoV-2 19.5 294 37.7
SARS-CoV-2 1.86 32.7 4.3
SARS-CoV-2 0.30 355 1.4
SARS-CoV-2 1.86 325 4.4
SARS-CoV-2 1.45 334 27
negative 0.00 negative negative

coronavirus OC43 10.0 negative negative

The QCMD sample serie included duplicate sample pairs. The informed copy number of
the sample pairs were 0.3, 1.45 and 1.86 copies of SARS-CoV-2 genome copies in pl.
The variability between sample pairs was low especially in higher concentrations using
ddPCR (0.36 vs. 1.4; 2.2 vs. 2.7 and 4.3 vs. 4.4 respectively). The results indicated that
the ddPCR quantifies the samples accurately. The gPCR results (35.5 vs, 36.7; 33.4 vs.
34.3 and 32.5 vs. 32.7 respectively) showed 2.3; 1.9- and 1.1-fold difference between

the replicates, indicated that the accuracy was similar compared to ddPCR (Table 13).
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Figure 11. Correlation plot between the copy number of viral RNA and the ddPCR
results.

6.6 Correlation of COVID-19 cases and SARS-CoV-2 in

wastewater

The ddPCR method was selected for the correlation of SARS-CoV-2 in wastewater and
COVID-19 cases in the population, because the method gives the absolute quantification
of the copy number of the SARS-CoV-2 virus. The qPCR without quantitative control
shows only the relative quantification within a sample series. Viral loads of the
wastewater samples were detected by ddPCR using E and N1 primers. The SARS-CoV-
2 was detected in 8 locations in both time points but, the virus was not detected in
Seindjoki and Pietarsaari (Table 14)
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Table 14. The wastewater treatment plants and the presence of the
SARS-CoV-2 in their wastewater.

22.2.2021 22.3.2021

WWTP

Seinajoki negative negative
Oulu positive positive
Helsinki positive positive
Rovaniemi positive positive
Turku positive positive
Kuopio positive positive
Espoo positive positive
Lappeenranta positive positive
Pietarsaari negative negative
Tampere positive positive

The viral copies of the wastewater samples were analyzed by ddPCR with N1 primer
and E primer (Table 15). The virus load in the wastewater was highest in Helsinki, Turku
and Espoo in both February and March. In Seinajoki and Pietarsaari virus was not de-
tected. Other cities showed moderate virus load. The original data of ddPCR is shown in
the Figures 14 and 15.
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Table 15. SARS-CoV-2 copies from WWTP samples analyzed by ddPCR.

22.2.2021 22.3.2021
WWTP

N1 E N1 E
Seinajoki 0 0 0 0
Oulu 0 0.17 1 0
Helsinki 1 0.9 0.36 0.6
Rovaniemi 0.22 0.09 0.14 0.13
Turku 1 0.9 1.4 0.8
Kuopio 0.08 0 0.13 0.11
Espoo 1.5 1.2 1.2 1.9
Lappeenranta 0.29 0.15 0 0.8
Pietarsaari 0 0 0 0
Tampere 0.1 0.07 0.5 0

The number of COVID-19 cases varies between cities significantly. In Helsinki the num-
ber of diagnosed cases is highest (1537-1720 individuals) followed by Espoo and Turku.
Rovaniemi and Seindjoki have few diagnosed cases and in Pietarsaari has no cases.
Other cities have from 13 to 128 of COVID-19 cases. The SARS-CoV-2 copy number in
wastewater per COVID-19 case in the area of the treatment plant was correlated using

Formula 1.

ddPCR result (Coz;es)

(1)

N(number of COVID—19 cases in the area of WWTP)

In some WWTP area has more higher copy number of virus per case than in others
(Figure 12 and 13). This difference is particularly significant in Rovaniemi. The reason
for this is unknown, but reason may be, for example domestic tourism, in which case
some of infection would be recorded as cases of the place in residence of the infected

individuals. Another possible reason may be that infected individuals in those areas have
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undergone fewer test than elsewhere. The reason may also be related to the better per-
sistence of the viral RNA in wastewater in those areas. In addition, the number of COVID-
19 cases in some study cities are low. Therefore, the possible variation in the secretions
of virus in different stage of disease process and different individuals may have an effect
to the results. The sampling of the wastewater and dilution of wastewater may have an

effect to the results
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Figure 12. The copies of the virus divided by the number of COVID-19 cases in the
WWTP areas on 21.-22.2.2021
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Figure 13. The copies of the virus divided by the number of COVID-19 cases in the
WWTP areas on 21.-22.3.2021
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WWTP specific COVID-19 cases were divided by WWTP specific population size in Ta-
ble 16. The table shows that the areas of some WWTPs had more COVID-19 cases in

proportion to the population than others. In week 8 the 10 value was highest in Helsinki

(20.0), Espoo (15.1) and Turku (11.3). The value was zero in Pietarsaari and 1.27 in
Seinajoki. In week 12 the 10 value was highest in Helsinki (17.9), Turku (15.23), Espoo

(13.85) and Lappeenranta (11.9). The value was zero in Pietarsaari and Seinajoki and

0.19 in Rovaniemi.

Table 16.

The WWTP specific COVID-19 cases divided by WWTP specific popu-
lation size and ddPCR results.

Sample

w
o
o
o

1000 -

2000 + 1.

4 ddPCR  result 4 ddPCRrresult co-
WWTP week 8 (107) ) week 12 (10%) .
copies/ul pies/ul
Seinajoki 1.27 0 0 0
Oulu 4.55 0.17 1.15 1
Helsinki 20.0 1 17.9 0.6
Rovaniemi  2.73 0.22 0.91 0.14
Turku 11.3 1 15.23 1.4
Kuopio 143 0.08 5.27 0.13
Espoo 15.1 1.5 13.85 1.2
Lappeenranta 8.73 0.29 11.9 0.8
Pietarsaari 0 0 0 0
Tampere 4.45 0.1 6.4 0
i 2 a 8000 __A01 BO1 co1 D0I_ €01 Fo1 Go1 HO1 b
% 57 7000 |
% " .2 e 6000
) S S S S SRR S ¥ R
i : ] :

0 20000

40000

60000 80000 100000

Event Number




“ 12000 -
c d
5T 1.6
=
% 1.2 10000 +
5
2 1
§ 0.8
o 8000 -
F
= 0.4+ l g
022
.| Y | H
Elappeenranta _E Plotarsaarl E Tampere N1 Seinajoki N1 Culy WiHolsinki N1 Rovaniemi N1 master mi E 6000
Sample
T
U .
4000 -
2000 +
0 + + + t t
0 20000 40000 60000 80000 100000
Event Number
N 12000 - AD3 B03 3 D03, £03 _F03
e f
o 24 ..
S S P
g 10000 - 2t | L B C J
'g. 1.8 3 ;
§. 15
§ 1.2+ s i 8200
v 1 8000 1
T @ - o 2 b LT
v 0.6 1 b1
029 P
om § , T "'I § 6000 e
i g i i i 2
z : L ; : 5
: z = 4000 4
Sample
2000 - 4
] + t t t t t t 1
] 10000 20000 30000 40000 50000 60000 70000 80000
Eveni Number

Figure 14. On 21.-22.2.2021 collected wastewater samples analyzed by ddPCR.

Concentrations and amplitudes: (a&b) E primer and Seindjoki, Oulu, Helsinki,
Rovaniemi, Turku, Kuopio, Espoo and NTC. (c&d) E primer and Lappeenranta, Pietar-
saari, Tampere and N1 primer and Sein&joki, Oulu, Helsinki, Rovaniemi and NTC. (e&f)
N1 primer and Turku, Kuopio, Espoo, Lappeenranta, Pietarsaari, Tampere and 2 x blank.
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Figure 15. On 21.-22.3.2021 collected wastewater samples analyzed by ddPCR.

Concentrations and amplitudes: (a&b) E primer Seindjoki, Tampere, Turku and N1 pri-
mers Espoo. (c&d) E primer Espoo, Helsinki, Kuopio, Lappeenranta, Oulu, Pietarsaari,
Rovaniemi and NTC. (e&f) N1 primer Pietarsaari, Rovaniemi, Seindjoki, Tampere, Turku,
Helsinki, Kuopio and NTC. (g&h) N1 primer Lappeenranta, Oulu and 6 x blank.
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6.7 Data from wastewater treatment plant, population data

and prevalence of COVID-19 cases

The correlation between copy number of SARS-CoV-2 virus in wastewater and COVID-
19 cases was further improved by taking account also the population size of the
wastewater treatment plant areas. However, the wastewater treatment plant areas and

hospital district areas do not cover same areas and that had to be taken into account.

In 2019, 4 046 754 Finnish people were added to the sewage network (Suomen
ymparistokeskus, Vesihuollon tietojarjestelma, Liittyjamaarat) and the number of popu-
lation were 5§ 525 292 (Suomen virallinen tilasto (SVT), Vaesto kielen mukaan 1980—
2019). 73,24% of the population in Finland were users of the sewage network. In Finland,
almost 60% of population is subject to wastewater monitoring (THL Vaestotason huumei-
den kayttd). Table 17 shows the wastewater treatment plants and the cities whose viral
load has been detected in this thesis work. The samples used in this work, represent 2
245 000 person and 40,6% of Finnish population (THL Koronaviruksen ja-

tevesiseuranta).

68% of wastewater from Vantaa goes to Viikinmaki wastewater treatment plant in Hel-
sinki and 32% of wastewater from Vantaa goes to Suomenoja wastewater treatment
plant in Espoo. For this reason, in this thesis work it was decided to divide the cases of
infection in Vantaa as follows: 2/3 of the cases were included in the cases of Viikinmaki
wastewater treatment plant areas and 1/3 of the cases were included in the cases of
Suomenoja wastewater treatment plant areas. Mantsala is a second special case: south-
ern part of Mantsala, residental areas Hyokannummi and Ohkola, belongs to the area of
Viikinmaki wastewater treatment plant and wastewater of other areas of Mantsala goes
to other wastewater treatments plants that are not included in this thesis work. Thus, the
number of cases of Mantsala in Infectious diseases register of Finland has been divided

by two.
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Table 17. Wastewater treatment plants, their population and cities

WWTP Population Cities

Helsinki; Viikinmaki 860 000 Helsinki, Jarvenpaa, Kerava, Mantsala
(southern), Pornainen, Sipoo, Tuusula,
Vantaa (eastern and central)

Espoo, Suomenoja 390 000 Espoo, Vantaa (western), Kirkko-
nummi, Kauniainen, Siuntio

Lappeenranta, Toikansuo 63 000 Lappeenranta, Lemi, Taipalsaari

Kuopio, Lehtoniemi 91 000 Kuopio

Oulu, Taskila 200 000 li, Muhos, Oulu, Utajarvi

Rovaniemi, Alakorkalo 55 000 Rovaniemi

Turku, Kakolanmaki 300 000 Aura, Kaarina, Lieto, Marttila, Masku,
Mynamaki, Naantali, Nousiainen, Ori-
paa, Paimio, Pdytya, Raisio, Rusko,
Turku

Pietarsaari, Alheda 31 000 Pietarsaari, Pedersdrenkunta,
Uusikarlepyy, Luoto

Tampere, Viinikanlahti 200 000 Kangasala, Lempaala, Pirkkala, Tam-
pere

Seindjoki, keskuspuhdis- 55 000 Seindjoki

tamo

The prevalence of COVID-19 cases was calculated per 100 000 individuals for each city.

The prevalence was then correlated with SARS-CoV-2 copy number and scatter plot was

done (Figure 16). The analysis shows that the virus load in the wastewater correlates

with the prevalence of the COVID-19 cases in different cities and analyzed time points.

Only clear outlier is one of the two Oulu samples. The explanation may be that the anal-

ysis of the virus load was not accurate: N1 primer set showed 1 copy/ul of SARS-CoV-2

gene in the sample and E primer set was negative. This is clearly the largest variation

between the two methods. Prevalences of the cities in this work varies between 9 and

200. Westhaus et al. (2021) monitored wastewater of 9 cities in Germany in April 2020

and they reported that prevalence of COVID-19 cases per 100 000 individuals varies

between 30 and 174.
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Table 18. Number of COVID-19 cases and ddPCR results at the selected
wastewater treatment plants. A higher positive value of the ddPCR re-
sults has been selected for this table.

week 8 week 12
number of ddPCR result number of ddPCR result
WWTP .
COVID-19 cases (copies/ul) COVID-19 (copies/ul)
cases
Seinajoki 7 0 0 0
Oulu 91 0.17 23 1
Helsinki 1720 1 1537 0.6
Rovaniemi 15 0.22 5 0.14
Turku 340 1 457 1.4
Kuopio 13 0.08 48 0.13
Espoo 589 1.5 540 1.2
Lappeenranta 55 0.29 75 0.8
Pietarsaari 0 0 0 0

Tampere 89 0.1 128 0.5
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Figure 16. Scatter plot between the prevalence of the COVID-19 cases per 100 000
individuals and the SARS-CoV-2 copy number based of ddPCR analysis.

S=Seindjoki, O=Oulu, H=Helsinki, R=Rovaniemi, TU=Turku, K=Kuopio, E=Espoo,
L=Lappeenranta, P=Pietarsaari, TA=Tampere

The wastewater monitoring has been suggested for a tool to monitoring the SARS-CoV-
2 pandemics in the world (Langone et al. 2021). This study showed that this is highly
possible, but the model has to be done more precisely. It can be improved by collecting
samples from a longer period of time with different epidemic situations. It is also im-
portant to collect background information that may have an effect to survival of SARS-
CoV-2 in wastewater such as wastewater flow, pH and temperature. Methodological de-
velopment is also needed, for example to assess the faecal content of wastewater using
for example E. coli or crAsspages. Chemical composition of the wastewater varies be-
tween treatment plants and therefore the monitoring the effects of PCR inhibitors is im-

portant.
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7. CONCLUSIONS

Primer optimization for ddPCR

N1 was the most sensitive PCR primer sets of the primers used with the clinical samples
and the wastewater samples. Difference between the primers is smaller when the sample
was more diluted. The second most sensitive primer was E primer. These primer sets

were selected for the SARS-CoV-2 monitoring of wastewater.

PCR inhibition in ddPCR

No inhibition was observed with the wastewater samples by ddPCR. 1:5000 pure water
diluted SARS-CoV-2 RNA was compared to 1:5000 wastewater diluted samples and the
presence of wastewater did not decrease the detected concentration of the samples.
However, inhibition may have an effect. Wastewater treatment plants are different, there
may be a difference in the intensity of inhibition between them. Also, composition of the

wastewater of same WWTP can varies if timepoint varies.

RNA extraction method optimization in ddPCR

With ddPCR, the RNA extracted with Qiagen Viral RNA Mini Kit gave little higher copy
numbers of SARS-CoV-2 virus than Chemagic Viral DNA/RNA Kit but difference be-
tween these kits was not large. On the contrary, Chemagic Viral DNA/RNA Kit worked
with gPCR than Qiagen Viral RNA Mini Kit.

Specificity between RT-qPCR and RT-ddPCR

Both methods detected SARS-CoV-2 RNA from QCMD samples. They did not detect
229E and OC43 coronaviruses and they detected different copy numbers SARS-CoV-2
RNA, indicating that both methods were specific, and no false positive was found. In
summary, the two tested methods analyzed all QCMD samples correctly. The same
QCMD series was analyzed by hundreds of laboratories in the world and 497 datasets
were reported. About 84% of the laboratories analyzed all samples correctly showing

that the optimized methods are high quality.

Sensitivity between RT-qPCR and RT-ddPCR

The lowest detected amount by ddPCR was 1:80000 diluted RNA at 0.56 copies/ul with
N1 primer and 1:40000 diluted RNA at 0.59 copies/ul with E primer. The results are in
line with LoDs reported in the literature (0.09-1.05 copies/pl with N primer) (Suo et al.
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2020). The lowest detected amount by gPCR was 1:5000 diluted RNA at Ct-value 38.91.
The ddPCR method detected the virus well in wastewater samples and only one of the
WWTP samples were negative even though cases had been reported in the area of that
wastewater treatment plant. For the other samples, the result was positive if cases were
reported to the area except the one WWTP (Seinéjoki) where seven cases occurred, but

no viral RNA was detected in the wastewater sample.

SARS-CoV-2 in wastewater

The virus was found in 8 WWTPs: Oulu, Helsinki, Rovaniemi, Turku, Kuopio, Espoo,
Lappeenranta and Tampere. Detected viral RNA copies per volume were not consistent
with the reported COVID-19 cases of an area and some WWTPs obtained higher viral
concentrations per reported COVID-19 case. The reason for this variation is unknown
and it can be due to many factors, such as the fact that infected asymptomatic individuals
may not apply for the test. Due to domestic tourism, cases may have been reported in a
different city than where the person has excreted the virus in the wastewater. However,
when the ddPCR results were correlated to the prevalence of COVID-19 cases per
100 000 individuals for each city, the correlation was seen. This thesis showed that the
monitoring SARS-CoV-2 in wastewater is a promising tool for monitoring SARS-CoV-2

epidemics.



52

REFERENCES

Ahmed, W., Bertsch, P. M., Angel, N., Bibby, K., Bivins, A., Dierens, L., Edson, J., Eh-
ret J., Gyawali, P., Hamilton, K. A., Hosegood, I., Hugenholdz, P., Jiang, G., Kitajima,
M., Sichani, H. T., Shi, J., Shimko, K.M., Simpson, S. L., Smith, W. J. M., Symonds, E.
M., Thomas, K. V., Verhagen, R., Zaugg, J., & Mueller J. F. (2020). Detection of SARS-
CoV-2 RNA in commercial passenger aircraft and cruise ship wastewater: a surveil-
lance tool for assessing the presence of COVID-19 infected travelers. Journal of Travel
Medicine. 1-11.

Ahmed, W., Bivins, A., Bertsch, P. M., Bibby, K., Choi, P. M., Farkas, K., Gyawali, P.,
Hamilton, K. A., Haramoto, E., Kitajima, M., Simpson, S. L., Tandukar, S., Thomas, K.,
& Mueller, J. F. (2020). Surveillance of SARS-CoV-2 RNA in wastewater: Methods opti-
misation and quality control are crucial for generating reliable public health infor-
mation. Current opinion in environmental science & health,
10.1016/j.coesh.2020.09.003.

Bai, Y., Yao, L., Wei, T., Tian, F., Jin, T-Y., Chen, L., & Wang, M. (2020). Presumed
asympromatic carrier transmission of COVID-19. JAMA. Vol.323(14), 1406-1407.

Bustin, S. A, & Nolan, T. (2020). RT-gPCR Testing of SARS-CoV-2: A Primer. Int J
Mol Sci. Vol.21(8), 3004.

Cervantes-Avilés, P., Moreno-Andrade, ., & Carrillo-Reyes, J. (2021). Approaches ap-
plied to detect SARS-CoV-2 in wastewater and perspectives post-COVID-19. Journal
of Water Process Engineering, Vol.40, 101947.

Cheung, K.S., Hung, I.LF.N., Chan, P.P.Y., Lung, K.C., Tso, E., Liu, R., Ng, Y.Y., Chu,
M.Y., Chung, TW.H., Tam, A.R,, Yip, C.C.Y., Leung, K-H., Fung, A.Y-F., Zhang, R.R,,
Lin, Y., Cheng, H.M., Zang, A.J.X., To, KK.W., Chan, K-H., Yuen, K-Y., & Leung, W.K.
(2020). Gastroenterology. Vol.159(1). 81-95.



53

Chin, A. W. H., Chu, J. T. S,, Perera, M. R. A., Hui, K. P. Y., Yen, H-L., Chan, M. C. W.,
Peiris, M., & Poon, L. L M. (2020). Stability of SARS-CoV-2 in different environmental

conditions. The Lancet Microbe. Vol.1(1).

Dang, Y., Liu, N, Tan, C., Feng, Y., Yuan, X, Fan, D., Peng, Y., Jin, R., Guo, Y., &
Lou, J. (2020). Comparison of qualitative and quantitative analyses of COVID-19 clini-
cal samples. Clinica chimica acta; international journal of clinical chemistry, Vol.510,
613—-616.

Delogu, R., Battistone, A., Buttinelli, G., Fione, S., Fontana, S., Amato, C., Cristiano,
K., Gamper, S., Simeoni, J., Frate, R., Pellegrinelli, L., Binda,S., Veronesi, L., Zoni, R.,
Castiglia, P., Cossu, A., Triassi, M., Pennino, F., Germinario, C., Balena, V., Cicala, A.,
Mercurio, P., Fiore, L., Pini C., & Stefanelli P. (2018). Poliovirus and Other Enterovi-
ruses from Envinmental Surveillance in Italy, 2009-2015. Food and Environmental Vi-
rology. Vol10, 333-342.

Dinge, T. C., Sedlak, R. H., Cook, L., & Jerome K.R. (2013). Tolerance of Droplet-digi-
tal PCR vs. Real-Time Quantitative PCR to inhibitory Substances. Clinical Chemistry
Vol.59(11), 1670-1672.

Falzone, L., Musso, N., Gattuso, G., Bongiorno, D., Palermo, C. I., Scalia, G., Libra, M.,
& Stefani, S. (2020). Sensitivity assessment of droplet digital PCR for SARS-CoV-2 de-

tection. International journal of molecular medicine, Vol.46(3), 957-964.

Gonzalez, R., Curtis, K., Bivins, A., Bibby, K., Weir, M. H., Yetka, K., Thompson, H.,
Keeling, D., Mitchell J., & Gonzalez D. (2020). COVID-19 surveillance in Southeastern
Virginia using wastewater-based epidemiology. Water Research. Vol.186(116296).

Gundy, P., Gerba, C.P., & Pepper, I.L. (2009) Survival of Coronaviruses in Water and

Wastewater. Food and Environmental Virology. Vol.1(10).

Hamed, M.A. (2020). An overview on COVID-19: reality and expectation. Bull Natl Res
Cent. Vol.44(1), 86.

Hamouda, M., Mustafa, F., Maraqa, M., Rizvi T., & Hassan, A. A. (2021). Wastewater
surveillance for SARS-CoV-2: Lesson learnt from recent studies to define future appli-
cations. Science of the Total Environment. Vol.759(143493).



54

Haveri, A., Smura, T., Kuivanen, S., Osterlund, P., Hepojoki, J., Ikonen, N., Pitkapaasi,
M., Blomqvist, S., Ronkkd, E., Kantele, A., Strandin, T., Kallio-Kokko, H., Mannonen,
L., Lappalainen, M., Broas, M., Jiang, M., Siira, L., Salminen, M., Puumalainen, T.,
Sane, J., Melin, M., Vapalahti O., & Savolainen-Kopra, C. (2020). Serological and mo-
lecular findings during SARS-CoV-2 infection: The first case study in Finland, January
to February 2020. Euro Surveill. Vol.25(11), 16-21.

Hawkins, S.F.C. and Guest, P.C. (2016). Multiplex analyses Using Real-Time Quanti-
tative PCR. Multiplex biomarker techniques, Methods in Molecular Biology. Vol.1546.

Huang, Y., Yang, C., Xu, Xf., Xu, W., & Liu, Sw. (2020). Structural and functional prop-
erties of SARS-CoV-2 spike protein: Potential antivirus drug development for COVID-
19. Acta Pharmacologica Sinica.Vol.41,1141-1149.

loannidis, J. P. A. (2021). Infection fatality rate of COVID-19 inferred from seropreva-
lence data. Bulletin of the World Health Organization. 2021;99:19-33F.

Junejo, Y., Ozaslan, M., Safdar, M., Khailany, R. A., Rehman, S., Yousaf, W., & Khan,
M. A. (2020). Novel SARS-CoV-2/COVID-19: Origin, pathogenesis, genes and genetic
variations, immune responses and phylogenetic analysis. Gene reports.
Vol.20(100752).

Kankaanpaa, A., Ariniemi, K., Heinonen, M., Kuoppasalmi K., & Gunnar, T. (2014). Use
of illicit stimulant drugs in Finland: A wastewater study in ten major cities. Science of
The Total Environment. Vol.487, 696-702.

Khailany, R. A., Safdar, M., & Ozaslan, M. (2020). Genomic characterization of a novel
SARS-CoV-2. Gene Rep. Vol.19(100682).

Kitajima, M., Ahmed, W., Bibby, K., Carducci, A., Gerba, C. P., Hamilton, K., Haramoto,
E., & Rose, J. B. (2020). SARS-CoV-2 in wastewater: State of the knowledge and re-
search needs. Science of the Total Environment. Vol.739(139076).

Langone, M., Petta, L., Cellamare, C.M., Ferraris, M., Guzzinati, R., Mattioli, D., &
sabia G. (2021). SARS-CoV-2 in water services: Presense and impacts. Environ Pollut.
Vol.286(115806).



55

Li, H., Bai, R., Zhan, Z., Tao, L., Ma, M., Ji, Z., Jian, M., Ding, Z., Dai, X., Bao, F., &
Liu, A. (2018). Application of droplet digital PCR to detect the pathogens of infectious
diseases. Biosci Rep. Vol.38(6).

Liu, X,, Feng, J., Zhang, Q., Guo, D., Zhang, L., Suo, T., Hu, W., Guo, M., Wang, X.,
Huang, Z., Xiong, Y., Chen, G., Chen Y., & Lan, K. (2020). Analytical comparisons of
SARS-CoV-2 detection by gqRT-PCR and ddPCR with multiple primer/probe sets,
Emerging Microbes & Infections. Vol.9(1), 1175-1179.

Millipore. Centricon Plus-70 Centrifugal Filter Devices -manual. https://www.emdmilli-
pore.com/Web-US-Site/en_CA/-/USD/ShowDocument-File?ProductSKU=MM_NF-
C3043&Documentld=201306.3016.ProNet&DocumentType=UG&Lan-
guage=EN&Country=NF&Origin=PDP (22.4.2021)

Nakagawa, S., & Miyazawan, T. (2020). Genome evolution of SARS-CoV-2 and its vi-

rological characteristic. Inflammation and Regeneration. Vol.40(17).

Perkin Elmer Purification Protocol for Viral DNA/RNA from 300 pl Plasma, Serum,
Naso or Oropharyngeal Swabs, Saliva, BAL and Sputum Using the chemagic 360 with

integrated chemagic Dispenser. (supplied with the kit)

Qiagen QIAmp Viral RNA Mini Kit Handbook. https://www.qgiagen.com/products/diag-

nostics-and-clinical-research/sample-processing/qiaamp-viral-rna-mini-kit/ (22.4.2021)

Quality Control for Molecular Diagnostics. Individual report of QCMD 2020 SARS-CoV-
2 EQA Programme.

Quality Control for Molecular Diagnostics. www.qcmd.org. (10.3.2021).
Racki, N., Dreo, T., Cutierrez-Aguirre, I., Blejec, A., & Ravnikar, M. (2014). Reverse

transcriptase droplet digital PCR shows high resilience to PCR inhibitors from plant,

soil and water samples. Plant methods. Vol.10(1), 42.



56

Shang, J., Ye, G., Shi, K., Wan, Y., Luo, C., Aihara, H., Geng, Q., Auerbach A., & Li, F.
(2020). Structural basis of receptor recognition by SARS-CoV-2 . Nature. Vol.581, 221-
224,

Sule, F.S. & Oluwayelu, D.O. (2020). Real-Time RT-PCR for COVID-19 diagnosis:
challenges and prospects. Pan Af Med J. Vol.35(2), 121.

Suo, T, Liu, X,, Feng, J., Guo, M., Hu, W., Guo, D., Ullah, H., Yang, Y., Zhang, Q.,
Wang, X., Sajid, M., Huang, Z., Deng, L., Chen, T., Liu, F., Xu, K, Liu, Y., Zhang, Q.,
Liu, Y., Xiong, Y., ... Chen, Y. (2020). ddPCR: a more accurate tool for SARS-CoV-2
detection in low viral load specimens. Emerging microbes & infections. Vol.9(1), 1259—
1268.

Suomen virallinen tilasto (SVT): Vaestorakenne [verkkojulkaisu].
ISSN=1797-5379. 2019, Liitetaulukko 2. Vaesto kielen mukaan 1980-2019. Helsinki:
Tilastokeskus. (15.4.2021).

Suomen ymparistokeskus, Vesihuollon tietojarjestelma, Julkiraportti. https://raportit.ym-
paristo.fi/ReportServer/Pages/ReportViewer.aspx?%2fJulkiraportti-Vesihuoltolaitosten-
Liittyjamaarat. (8.3.2021).

Terveyskirjasto. Uusi koronavirus (COVID-19). https://www.terveyskirjasto.fi/terveyskir-
jasto/tk.koti?p_artikkeli=dlk0125. (4.1.2021).

THL. Infektiotaudit ja rokotukset. https://thl.fi/fi/web/infektiotaudit-ja-rokotukset/ajankoh-
taista/ajankohtaista-koronaviruksesta-covid-19/tarttuminen-ja-suojautuminen-koronavi-
rus. (4.1.2021).

THL. Koronaviruksen jatevesiseuranta. https://thl fi/fitutkimus-ja-kehittaminen/tutkimuk-
set-ja-hankkeet/sars-cov-2-jatevedenpuhdistamoilla/koronaviruksen-jatevesiseuranta,
8.3.2021.

THL. Polion jatevesiseuranta. https://thl.fi/fi/lweb/infektiotaudit-ja-rokotukset/taudit-ja-

torjunta/taudit-ja-taudinaiheuttajat-a-o/polio/polion-jatevesiseuranta. (26.3.2021).

THL. SARS-CoV-2 jatevedenpuhdistamoilla. https://thl.fi/fi/tutkimus-ja-kehittaminen/tut-

kimukset-ja-hankkeet/sars-cov-2-jatevedenpuhdistamoilla. (4.1.2021).



57

THL. Vaestotason huumeiden kaytto. https://thl.fi/fi/tutkimus-ja-kehittaminen/tutkimuk-
set-ja-hankkeet/jatevesitutkimus. (18.2.2021).

Wang, N., Shang, J., Jiang, S., & Du, L. (2020). Subunit Vaccines Against Emerging

Pathogenic Human Coronaviruses. Fronties in Microbiology. Vol.11(293).

Westhaus, S., Weber, F-A., Schiwy, S., Linneman V., Brinkmann, M., Widera, M.,
Greve, C., Janke, A., Hollert, H., Wintgens, T., & Ciesek, S. Detection of SARS-CoV-2
in raw ja treated wastewater in Germany — Suitability For COVID-19 surveillance and

potential transmission risks. Science of Total Environment. Vol.751(141750).

WHO. (2020). Laboratory biosafety guidance related to coronavirus disease (COVID-

19). Interim guidance.

WHO. (2020). Status of environmental surveillance for SARS-CoV-2 virus. Scientific
brief.

Zhang, T., Cui, X., Zao, X., Wang, J., Zheng, J., Zheng, G., Guo, W., Cai, C., He, S., &
Xu, Y. (2020). Detectable SARS-CoV-2 viral RNA in feces of three children during re-
covery period of COVID-19 pneumonia. J Med Virol. Vol.15(10).



