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EYXAPIXTIEX

"Exovtog mAéov OAOKANPOGEL TV LETAMTLYLOKY LOV epyacia, Oa N0k va evyoploTio®m omd
Kapdag v vaevbBvvn Kabnyntpid pov, k. Avvo Papovidin, yio Tnv ukoipio Tov pHov £0mwoe
va gpyact® 010 Epyactipio Kiwvikng MikpoPioroyiog kor Mukpofiaxng [aboyéveong oty
latpikr Zyoln tov IMavemomuiov Kprtng, kabmg kot yio v kabodnynon Kot vrootipién
oL LoVL Tapelye ko’ OAN TN SdPKELD TOV PETATTUYOKOV LoV omovd®v. Evyapiotd emiong
Beppa v vevbovn Kabnynrpid pov and 1o Tpqpoa Xnueioag, k. Mapia Kavakidoov, yia
dwbeopoTnTo Ko T BonBeto Tov pov mapeiye ko’ OAN TN SLAPKELD TOV GTOVODV [LOVL. AKOLLA,
Ba nBera va evyapiotiom tov K. Evdyysho Zokkair, Atevbovvt Epevvov oto Ivotitovrto
[TAinpogpopikng tov ITE kot v opdda tov, yio v Gyoyn cuvepyacio 6To KOUPATL NG
VTOAOYIOTIKNG emegepyaciog dEdOUEVMV TNG TAPOVGOS EPEVLVIS, KOOMG Kot Yo TNV mpobupio
ToL Vo, eivon HEAOG TNG €EETACTIKNG OV EMITPOTNG KOl v, 0ELOAOYNGEL TN LETOTTUYIOKT] LOV

gpyacia.

‘Eva peyddo evyaptotd amd Kapddg opeilm emiong otov Ap. AnpocBévn Xoyrdakn, Epgvvnty
ot0 Epyactpro KAwvikrg MukpoBioioyiag, yio tnv kafodiynon Kot Ty apépioTn VITosTNPIEN

oV A0 oVTA T YPOVIQL.

Eniong, evyapwotd v K. Avoaoctacia Kovteolobtoov mpoictapévn Tov  ypoeesiov
[TepBarrovtikng Yyeiag otov EBvikd Opyavioud Anupodociog Yyelag, Kot cuvtovioTplo Tov

EfBvikov Awcthov Emitpnong tov SARS-CoV-2 ota Aouarto.

Evyopiotd mohd v x. Mapioc MaAlapod, Proninpogopwcd oto Epyactipio Kiwvikng
MukpoBroroyiog kot Mwkpofrokrg TTaBoyéveong, yio m Ponbewa g oty enelepyocio kot

ATOTUTTOCT) TOV ATOTEAECUATOV.

Oélo emiong vo guyaplomom moAd tov K. [dpyo Tleddkm, cvuvepydtn tov k. Evdyyehov
2akkaAn oto Ivetitovto Yrnoroyotikewv Emomudv tov ITE, yo t otatietikn) avdivon tov

OTOTEAECUATOV KoL TNV Ayoyn cuvepyacia.

EmumAéov, guyapiotd tov k. Bayyéhn Aoiawdxn kot v k. KpvotoAiiio Eneaxdkn amd
Anpotwikn Emyyeipnon "Ydpevong kot Amoyétevong (AEYA) Hpaxheiov, kabdg kat T1g Kupieg
Kotowpdkn ko Kainonépn amd ™ AEYA Xoaviov yw T GLAAOYY| KOl OTOGTOAN| T®V

OEIYUATOV KOl TOV GUVOIEVLTIKAOV £YYPAPOV KOl KLPIMS Yo TNV Ayoyn GuVEPYOTia TOVC.



Evyopiotd eniong 6Aovg Toug epyaldpuevous tov Kivntdv Movadwv Yyelag yio tnv mopaiofn

TOV SEIYUATOV Kot TN HETAPOPE TOVG 6TO YDpo Tov Epyastnpiov KAwvikrg Mukpofioioyiag.

"Eva ToA0 peyddo evyaplotd oe OAa ta péAn tov Epyactnpiov KAwviknig Mikpofioloyiag yio
TO OHOPPO KA, TIG PIMKEG OXEGELS TOL EXOVUE AVATTUEEL KO TNV TOADTAELPT LTOCTNPIEN

TOVG.

Télog, BEA® va eLYOPIETHCM ATd KoPOLdg TOVG YOVELS LoV, TOV lval VT SITAN LoV, KoL TIG
O KOVTIVEG OV QIAEC, TOL Elval 0TO TAEVPS OV GTO TEPAGLL TOV XPOVOL Kot pe otnpilovv

o€ kaBe pov Prpa.

XPHMATOAOTHXH

H mopovca gpyacia ypnoyomoince dedopéva ta omoio amokthOnkav pécm tov EBvikon
Awtoov Emmpnong tov SARS-CoV-2 ota Avpata to omoio ypnuotodoteitor and tov EOAY.

Mo v gpnon Tov dedopévav avtav, xyopnyndnke n oxetikn ddeta and tov EOAY.
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o [Mopatpnon HIKPOTAAGTIKOV GE GTEPEOLKPOCKOTIO Y10 LOPPOAOYIKO YOPOKTNPIGHO
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ANNOGIEVGELS KOl 0PIGES 6€ LVVEIPLO,

1.

The monitoring of Sars-CoV-2 in sample of raw wastewater from four municipal
wastewater treatment facilities of Crete as a time tool forecast. D. Chochlakis, V.
Sandalakis, A. Xylouri, C. Kotsifaki, D. Kalisperi, C. Vogiatzi, K. Sifakaki, E.
Martimianaki, A. Kokkinomagoula, M. O. Daskalaki, A. Koutsolioutsou, A. Psaroulaki.
Hellenic Congress of Public Health. 28/2-2/3/22, Athens, Greece. https://www.free-
spirit.gr/uploads/files/pan_syn_dimosias_ygeias_28-02-2022 fp.pdf.

Microbiological and Chemical monitoring of Sars-cov-2 in untreated wastewater
samples from five Municipal WASTE-WATER TREATMENT PLANTS of Crete:
some initial remarks. D. Chochlakis, V. Sandalakis, A. Xylouri, N. Kounalakis, C.
Petroulaki, D. Marinopoulou, A. Kokkimagoula, E. Ouranou, M. Pitsaki, A. Psaroulaki.
7th International Conference on Industrial & Hazardous Waste Management. 27-30
July, 2021, Chania, Crete. http://hwm-conferences.tuc.gr/program-new/

Determination of emerging pollutants with possible endocrine action in Greek
wastewater treatment samples. E. I. latrou, Z. Pournara, A. Kokkinomagoula, M.
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Tzatzarakis, A. Tsatsakis. 7th International Conference on Industrial & Hazardous
Waste  Management. 27-30 July, 2021, Chania, Crete. http://hwm-
conferences.tuc.gr/program-new/

4. Microbiological and chemical monitoring of SARS-CoV-2 in untreated wastewater
samples from four municipal wastewater treatment plants of Crete and the role of
wastewater on forecasting human cases: some initial remarks. A. Kokkinomagoula*
(Heraklion, Greece), D. Chochlakis, V. Sandalakis, A. Xylouri, C. Petroulaki, D.
Marinopoulou, E. Ouranou, M. Koureas, A. Psaroulaki. 32nd European Congress of
Clinical Microbiology and Infectious Diseases (ECCMID). 23-26 April 2022, Lisbon,
Portugal. https://markterfolg.de/ESCMID/Final_Programme_2022/#page=222

5. The effect of chemical elements and ions on the presence of Legionella in water
systems. Dimosthenis Chochlakis, Areti Kokkinomagoula, Vassilios Sandalakis,
Christos Panoulis, Xanthi Andrianou, Maria Keramarou, Spyros Pergantis, Anna
Psaroulaki. 10th International Conference on Legionella. 20-24 September 2022,
Yokohama, Japan. http://legionella2021.umin.jp/pdf/poster_session.pdf

6. Application of Culturomics and Whole Genome Sequencing for the detection of
antibiotic resistance genes in novel bacteria isolated from Wastewater Treatment sites.
E.Ouranou, M. Malliarou, A. Ntoula, E. Makridaki, N. Thalassinaki, N.Tsamandouras,
A.Kokkinomagoula, A. Psaroulaki, D. Chochlakis. International Conference on One
Health Antimicrobial Resistance (ICOHAR). 18-20 April 2023, Copenhagen, Denmark.
https://www.icohar.org/fileadmin/files/2023/icohar2023/pdf/ALL_ABSTRACTS-

updated.pdf
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CURRICULUM VITAE

Areti Kokkinomagoula

Personal Information

E-mail: kokareti@gmail.com , chemp1109@edu.chemistry.uoc.gr

Date of birth: 12/09/1997

Nationality: Greek
Education

MSc in Chemistry — Environmental Science and Engineering

University of Crete - Department of Chemistry

BSc in Chemistry

University of Crete - Department of Chemistry

Thesis title: Determination of Parabens and Triclosan levels (endocrine disrupting organic
pollutants) in wastewater samples in the area of Heraklion - Laborarory of Toxicology and
Forensic Chemistry - Medical School, University of Crete.

Piano Degree

Conservatory of Colours — Heraklion, Crete, Greece

Educational Programmes and Training

Short-Term Scientific Mission (STSM) - European Cooperation in Science and
Technology (COST)

University of La Laguna - Department of Chemistry - Applied Analytical Chemistry Laboratory,
Tenerife, Canary Islands, Spain

Mission title: Isolation and characterization of microplastics from wastewater samples

Laboratory practices:

o Isolation of microplastics (sample treatment and filtration)
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o

O

Inspection of microplastics under stereomicroscope for morphological characterization
(shape, color, size)

Characterization of microplastics by composition (using Fourier-Transform Infrared
spectroscopy)

Seminar on Corporate Environmental Management, Health and Safety (according to
ISO/IEC 17024 Standard)

Association of Greek Chemists

O O O 0O O 0O O O

Environmental management and sustainability

Environment and production

Environmental control

Good environmental management practices

Health and safety at work (ISO 45001 standard)

Basic principles of labor law

Application of the principle of non-discrimination

Basic principles of business operations with an emphasis on innovation, the
environment, sustainability, and the development of new products and services

Work experience

Chemist

Laboratory of Clinical Microbiology and Pathogenesis - Medical School, University of Crete

Duties:

o

@)
@)

Physico-chemical analysis of wastewater samples (pollutants, ions, pH etc.) by
spectrophotometry, atomic absorption, titration

Microbiological and chemical analysis of Sars-CoV-2 in untreated wastewater samples
Virus RNA extraction and quantification by Polymerase Chain Reaction (PCR)

Chemist — National Public Health Organization

National Public Health Organization, Laboratory of Clinical Microbiology and Microbial
Pathogenesis - University of Crete School of Medicine

Duties:

o

Performing Molecular Biology analyzes for the detection of SARS-CoV-2 in clinical
samples (RT-PCR)
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o Further preparation for genomic analysis of the virus by Whole Genome Sequencing
(WGS)

Chemistry Teacher

Secondary Education Private School, Heraklion, Crete, Greece

Piano Teacher

Conservatory of Colors, Heraklion, Crete, Greece
Networks and Memberships

European Cooperation in Science and Technology (COST)

Membership in COST PRIORITY action CA20101 - Plastics Monitoring Detection
Remediation Recovery

Working Groups:

o Impacts and risks on human health and environment related to N/MPs
o Monitoring and sampling Microplastics
o Instrumentation, modelling, data evaluation, software and analytical procedures

Publications and posters in Conferences

1. The monitoring of Sars-CoV-2 in sample of raw wastewater from four municipal
wastewater treatment facilities of Crete as a time tool forecast. D. Chochlakis, V.
Sandalakis, A. Xylouri, C. Kotsifaki, D. Kalisperi, C. Vogiatzi, K. Sifakaki, E.
Martimianaki, A. Kokkinomagoula, M. O. Daskalaki, A. Koutsolioutsou, A. Psaroulaki.
Hellenic Congress of Public Health. 28/2-2/3/22, Athens, Greece. https://www.free-
spirit.gr/uploads/files/pan_syn_dimosias_ygeias_28-02-2022_fp.pdf.

2. Microbiological and Chemical monitoring of Sars-cov-2 in untreated wastewater
samples from five Municipal WASTE-WATER TREATMENT PLANTS of Crete:
some initial remarks. D. Chochlakis, V. Sandalakis, A. Xylouri, N. Kounalakis, C.
Petroulaki, D. Marinopoulou, A. Kokkimagoula, E. Ouranou, M. Pitsaki, A. Psaroulaki.
7th International Conference on Industrial & Hazardous Waste Management. 27-30
July, 2021, Chania, Crete. http://hwm-conferences.tuc.gr/program-new/

3. Determination of emerging pollutants with possible endocrine action in Greek
wastewater treatment samples. E. I. latrou, Z. Pournara, A. Kokkinomagoula, M.
Tzatzarakis, A. Tsatsakis. 7th International Conference on Industrial & Hazardous
Waste  Management.  27-30 July, 2021, Chania, Crete. http://hwm-
conferences.tuc.gr/program-new/
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4. Microbiological and chemical monitoring of SARS-CoV-2 in untreated wastewater
samples from four municipal wastewater treatment plants of Crete and the role of
wastewater on forecasting human cases: some initial remarks. A. Kokkinomagoula*
(Heraklion, Greece), D. Chochlakis, V. Sandalakis, A. Xylouri, C. Petroulaki, D.
Marinopoulou, E. Ouranou, M. Koureas, A. Psaroulaki. 32nd European Congress of
Clinical Microbiology and Infectious Diseases (ECCMID). 23-26 April 2022, Lisbon,
Portugal. https://markterfolg.de/ESCMID/Final_Programme_2022/#page=222

5. The effect of chemical elements and ions on the presence of Legionella in water
systems. Dimosthenis Chochlakis, Areti Kokkinomagoula, Vassilios Sandalakis,
Christos Panoulis, Xanthi Andrianou, Maria Keramarou, Spyros Pergantis, Anna
Psaroulaki. 10th International Conference on Legionella. 20-24 September 2022,
Yokohama, Japan. http://legionella2021.umin.jp/pdf/poster_session.pdf

6. Application of Culturomics and Whole Genome Sequencing for the detection of
antibiotic resistance genes in novel bacteria isolated from Wastewater Treatment sites.
E.Ouranou, M. Malliarou, A. Ntoula, E. Makridaki, N. Thalassinaki, N.Tsamandouras,
A.Kokkinomagoula, A. Psaroulaki, D. Chochlakis. International Conference on One
Health Antimicrobial Resistance (ICOHAR). 18-20 April 2023, Copenhagen, Denmark.
https://www.icohar.org/fileadmin/files/2023/icohar2023/pdf/ALL_ABSTRACTS-

updated.pdf

Language Skills
Greek: Mother Language
English: C2 — Certificate of Proficiency in English — University of Michigan

German: B2 — Goethe Institut
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HEPIAHYH

H vocog COVID-19 (Corona Virus Disease 2019), kot 0 o1tioloyikog g mopdyoviog, o
Kopovoidg SARS-CoV-2 kataypdaenkov yio tpodtn eopd otnv Kiva ota téAn tov 2019 ot
eEamlmOnke taydtato e OA0 TOoV TAAVITY, TpokoAdvTag TV Tavonuio COVID-19 . Katd
OLIPKELL TNG TAVOM NG, 1 TAPOKOAOVONOT| TOV 1KOV GOPTIONL OAAGL KOl TV TOPOALNYHV TOV
Kopovoloy ota Avpoto (aviyvevon kot mocsotikomoinon tov RNA tov SARS-CoV-2 ko
TPOGOIOPIGUAOC TAPUALAYDV) GUVEPAAE CUAVTIKG GTNV ETLONIIOAOYIKN EMLTHPNON TNG VOGO
COVID-19. Tnv mepiodo g mavonuiog, ot pebodoroyieg Emonuioroyiag pe pdon ta Avuato
(Wastewater-based epidemiology) e&eliyOnkov toydtoto 6 £vo CUUTANPOUATIKO EPYOAEiD
emmpnong yw v COVID-19, eved onuepa gpapudlovral Kot yroo GAAa 0épata dnuodctlog

vyelog.

Evd ot kKAvikéc dtoyvaootikés dokég o atopiko eninedo yuo ) voco COVID-19 mapapévoovv
og e€EMEN, amd HOVEG TOVG OV TTAPEYOLV EVOV OEIOTIGTO OEIKTN KIVOUVOL Yo TNV VYELX 6TV
KowoTNnTo. Agdopuévou OTL Ta ATopa 6 SAPOPES KATAOTAGELS LOAVVONG amd tov COVID-19
umopovv vo amofaiiovv to RNA tov SARS-CoV-2 péom tov KOmpavmv, 1 ETIONUIOA0YIKY

HEAETN HEG® TV Avpdtov, BewprOnke Lo TO OAMGTIKY TPOGEYYIOo).

[ToAlol mapdyoviec, wotdG0, pmopodv va ennpedoovy v aviktnon RNA oand ta Adparto,
eumodifovtag TV eMONUIOA0YIKY] onpacic Tov. Ta yapaktmplotikd TV Avpdtmv 0nmg to pH,
N ayoydTTo, N GLYKEVIP®ON OLOWPOVUEVOV OTEPEDV K.AT., KOOGS Kol TO ETOYLOKE
YOPAKTNPIOTIKA 0TS TaL YEYOVOTO Bpoyontdcemv, £xel Bpedel 6T Exovv mbovn emidpacn otnv

avaxton tov RNA tov SARS-CoV-2 and ta Adpoara.

‘Exouv dwe&oybel drapopeg peréteg oe avtd 10 MAOIGIO KOl OPKETEC TAPAUETPOL EYOLV
ypMNoonomOel yio TNV epunveia Ko TNy KOVOVIKOTOINoT TG TEAKNG ouYKEVTIp®onS RNA.
Mepkoi and tovg mo cuvnBIGUEVOLS TTapdyovTes Kovovikoroinong teptlappdvouy To puouo
poNG 16poNg, Tov TANBLGUO oL eEumnpeTeiTal Amd TIg £YKATOCTACELS EMeEepyaciog AVUAT®V,
o 10vTo. appoviov Kot 0pfoPmceopik®Y, TNV ayoylotnte v Avpdtov kot to pH,

TOPAYOVTEG TOV UTOPOVV EMIGNG VO, XPTOLLOTOIM OOV Yol TNV EPUNVEID TOV ATOTEAECUATOV.

o avtqv ™ pehétn AdPape delypata Avudtov oe éva gupd ¥PoviKd TANIGL0, TO OTOio
neplelapfove Pactkd KOmVIKG Kol TovOnUKA opocn o Kot mopepPaoeis. Xuykekpuyuéva, M
peAETn TepAapPaver TNV tepiodo Katd TV 0moio EQAPUOCTNKOY 0LGTNPA LETPA TOPERPAoNS

(m.x. lockdown, vroypeTiky KGAVYN TPOCHTOV, SLUSIKTLOKA OO UATA K.AT.) KO T OTOSIOKT
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agaipeon tovg, KoOMG kot M EvapEn TovV eUPOAICUOV KOL 1 EUEAVION JLOPOPETIKMV

TAPOAAAYDV TOV 100.

Ao tov Defpovdpro Tov 2021 £wg onpepa, CLAAEYOVTOV OELYLOTO ADUATOV TPEIS POPES TNV
gfoopdoa amd dvo otabuovg eneEepyaciog Avpdtov mov Ppickovior oto ynol g Kpntng
(Xavid ko1 HpdikAelo), mov poag €dtvav cvvolkd €61 (6) delyuata oe gfdopadiaio Pdon.
[Tepimov 2-6 L olOvOeta detypoto cvAAEyOVTOY HECH OVTOUOTMV OELYLOTOANTTOV GE 0L

1ePi000 24 wpDOV. ZVVOAKA, avolbOnkay 781 detypota yio Tig avayKes TG TopovGas LEAETNC.

H mopovca pedétn eixe wg otdxo Vv emitevén tov akdAovbmv otdywv: (1) aviyvevon kot
TOGOTIKOTOINGN TOL YEVETIKOV VAkov SARS-CoV-2 oe 600 WWTP mov Bpickovror otnv
Kpntn, EALGSa, (2) Tpocdiopiopdg g mbavig oxéong petasd tov kpovopdtov COVID-19
Kot Tov ovykevipoocewv RNA tov SARS-CoV-2 ota Aoparta, (3) evioyvon g Katavonong
™G ox€0MG LETAED TMV PUOTKOYN UKDV YOPOKTNPLOTIKOV TOV ADHATOV Kol TNG OVAKTNONG Kol
TOCOTIKOTOINoNG 0V 100 Kot (4) agloAdynomn Tov avtikTumov TNng Kopoviivag Kot Tov
TEPLOPIOTIKMV PETPMV KATA TN dtdpkeLla TG mavonpiog, 10co ota avhpaomiva kpovouata 6Go
Kol 6TO KO POPTio TV Avpdtmv, AapBavovtas vroyT TanTdYpOoVa. TV ETLOPAUCT) TOV LAlIKOV
guPoAlacumdv Kot TOV TapoAlay®vV oto TTpOTLVTTA amoPfoANS Tov 100. Ov YVAOGES TOv
amoKTHOMKOV KOTA T SIAPKELN QLTS TNG TAVONIIOG Kot 1) YpNON TG EXLONUIOA0YIOG LEGH TV
Avpdtov, elval TOADTIHES Yo TN UEALOVTIKY] St Elpon TV avadvouevemv Kot TepiTAoK®V

anmel®V yuo T dnudca vyeio.

AéCearg khewdd: Emomuoroywkry Merém Avpdrov, SARS-CoV-2, COVID-19, Anudoca
Yyeia, Emotmpueg [epipdirovtog.

ABSTRACT

The disease COVID-19 (Corona Virus Disease 2019), and its causative agent, the SARS-CoV-
2 coronavirus, were first recorded in China at the end of 2019 and spread rapidly throughout
the planet, causing the COVID-19 pandemic. During the pandemic, the monitoring of the viral
load as well as the variants of the coronavirus in wastewater (detection and quantification of
SARS-CoV-2 RNA and identification of variants) contributed significantly to the
epidemiological surveillance of the COVID-19 disease. During the pandemic, Wastewater-
based Epidemiology methodologies quickly evolved into a complementary surveillance tool for
COVID-19, while today they are also applied to other public health issues.
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While individual-level clinical diagnostic testing for COVID-19 remains ongoing, it alone does
not provide a reliable indicator of health risk within community. Given that individuals in
various COVID-19 infection states can shed SARS-CoV-2 RNA through feces, WBE was

considered a more holistic approach.

Numerous factors, however, can influence RNA recovery from wastewater, hindering its
epidemiological significance. Wastewater characteristics such as pH, conductivity, Suspended
Solids concentration, etc., as well as seasonal characteristics such as rainfall events, have been

found to have possible influence on the recovery of SARS-CoV-2 RNA from wastewater.

Various studies have been carried out in this context and quite a few parameters have been used
to interpret and/or normalize the final RNA concentration. Some of the most usual
normalization factors include the influent flow rate, the population served by Wastewater
Treatment Plants (WWTPs), ammonium and orthophosphate ions, wastewater conductivity and

pH, which can also be used for the interpretation of the results.

For this study we received wastewater samples during a broad time frame, which included key
societal and pandemic milestones and interventions. Specifically, the study encompasses the
period, during which, strict intervention measures (e.g., lockdowns, mandatory face coverings,
online lessons, etc.) and their gradual removal were implemented, as well as the start of

vaccinations and the emergence of different variants.

From February of 2021 until today, wastewater samples have been collected three times a week
from two WWTPs located in the island of Crete, Greece (Chania and Heraklion), which gave
us a total of six (6) samples on a weekly basis. Approximately 2-6 L composite samples were
collected via autosamplers over a 24-hour period. In total, 781 samples were analyzed for the

needs of the current study.

The current study aimed to achieve the following objectives: (1) detect and quantify SARS-
CoV-2 genetic material in two WWTPs located in Crete, Greece, (2) establish a potential link
between Corona Virus Disease - 19 (COVID-19) cases and SARS-CoV-2 RNA concentrations
in wastewater, (3) enhance understanding of the relationship between the physico-chemical
characteristics of the wastewater and viral recovery and quantification and (4) assess the impact
of in-house and community restrictions during the pandemic, on both human cases and

wastewater viral load, considering the effect of mass vaccinations and variants on viral shedding
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patterns. The insights gained during this pandemic and the use of WBE is valuable for future

management of emerging and challenging public health threats.

Keywords: Wastewater-Based Epidemiology, SARS-CoV-2, COVID-19, Public Health,

Environmental Sciences.

ABBREVIATIONS

APHA: American Public Health Association
BOD: Biochemical Oxygen Demand

BSL.: Biosafety Level

CDC: Centers for Disease Control and Prevention
CoA: Certificate of Analysis

COD: Chemical Oxygen Demand

COVID-19: Corona Virus Disease-19

CT: Threshold Cycle

DI water: Deionized water

ECDC: European Center for Disease Prevention and Control
EMR: Electromagnetic Radiation

ML: Machine Learning

PEG: Polyethylene glycol precipitation

PMMoV: Pepper Mild Mottle Virus

RT-PCR: Real-Time Polymerase Chain Reaction

SARS: Severe Acute Respiratory Syndrome
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SS: Suspended Solids

UV-Vis: Ultraviolet — Visible

VOCs: Variants of Concern

WBE: Wastewater-Based Epidemiology
WHO: World Health Organization
WWTP: Wastewater Treatment Plant
TLCC: Time Lagged Cross-Correlation

WTLCC: Windowed Time Lagged Cross-Correlation
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1.1 Coronaviruses and SARS-CoV-2

On December 2019 emerged a novel coronavirus, later termed Severe Acute Respiratory
Syndrome Corona Virus 2 (SARS-CoV-2), which is the causative agent of coronavirus disease
2019 (COVID-19). The SARS-CoV-2 outbreak was reported in China, and since then it has
rapidly spread globally with more than 770 million confirmed cases and almost seven (7)
million deaths by the 6™ of September 2023 (https://covid19.who.int/). COVID-19 was declared
a pandemic by the World Health Organization (WHO) on the 11" of March 2020.

Coronaviruses are an extensive family of enveloped viruses, meaning that they are surrounded
by a lipid bilayer membrane. This envelope plays a crucial role in the virus's ability to infect
host cells and evade the immune system. It is also worth noting, that enveloped viruses have
greater susceptibility to degradation by solvents and detergents found in wastewater compared
to nonenveloped ones (Anderson-Coughlin et al., 2021). The viral envelope contains viral spike
proteinst, among other proteins, that are vital for viral binding and entering host cells. One of
those is the spike (S) glycoprotein that forms peplomers (or spikes) on the virion? surface,
giving the virus its “corona” or crown-like morphology under the electron microscope (Ortiz-
Prado et al., 2020).

SARS-CoV-2 primarily targets multiciliated cells® in the upper respiratory tract, but was also
reported to infect cells outside the upper respiratory tract (Puelles et al., 2020). It can expand to
the lower respiratory tract, infecting alveoli and leading to reduced gas exchange, inflammation
and pulmonary disfunctions, which are typical of COVID-19 disease. It is noteworthy, that
SARS CoV-2 can infect both animals and humans and is the most recent example of viral

jumps, since it primarily infected animals, then evolved, and caused disease to humans too.

! Spike proteins form a large structure known as a spike or peplomer, projecting from the surface of an enveloped
virus (Wikipedia, 2023, https://en.wikipedia.org/wiki/Spike_protein).

2 A complete virus particle whose main function is to deliver its DNA or RNA genome into the host cell so that
the genome can be expressed by the host cell (Hans R. Gelderblom, Medical Microbiology, 4th edition, Chapter
41 - Structure and Classification of Viruses
https://www.ncbi.nIm.nih.gov/books/NBK8174/#:~:text=A%20complete%20virus%20particle%20is,inside%20a
%20symmetric%20protein%20capsid).

3 Multiciliated cells are cells that propel fluid through motile cilia and serve diverse functions such as feeding and
locomotion in marine organisms, as well as mucus clearance, cerebrospinal fluid circulation, and egg
transportation in mammals (Boutin & Kodjabachian, 2019).
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Individuals who are infected shed the virus through the upper respiratory tract, with emission

of infectious virus leading to secondary transmission and thus its further spread.

1.2 Wastewater-based Epidemiology (WBE)

Viruses can enter waste streams through multiple, human origin routes, including stool, urine,
skin, saliva, and blood. Municipal wastewater, therefore, harbors a great variety of pathogenic
viruses like poliovirus and other enteric viruses such as norovirus, hepatitis A and hepatitis E
viruses (Prasek et al., 2023; Adriaenssens et al., 2018; McCall et al., 2020). Given the fact that
viruses cannot reproduce independently outside a host and can endure in the environment for
extended durations, wastewater-based epidemiology (WBE) offers a means to capture an
almost immediate representation of the prevalence of viral diseases within a community.
Fluctuations in viral concentrations over time in wastewater can serve as an indicator of the
virus's presence or absence, as well as any associated outbreaks in the population and their
impact on public health. Above all, routine monitoring of viruses provides valuable insights
into the transmission of clinically important diseases, may prevent widespread of outbreaks,
and reduces deaths associated with these pathogens (McCall et al., 2020).

While the COVID-19 pandemic persists, clinical diagnostic testing for COVID-19 on
individual level does not provide a holistic indicator of health risk within community by itself
(Cao & Francis, 2021). Individuals infected with SARS-CoV-2 can excrete the virus and/or
viral RNA via feces, urine, saliva, and sputum (Prasek et al., 2023), and although all these
sources contribute to the detection of the virus in wastewater samples, feces dominate
population-level SARS-CoV-2 RNA loading in wastewater. SARS-CoV-2 can be detected in
human feces for 3—4 weeks after infection, regardless of the individual showing any symptoms
or not; pre-symptomatic, asymptomatic, symptomatic as well as recovered from COVID-19
individuals were found to shed the virus via feces (Cevik et al., 2021; Park et al., 2021; Bertels
et al., 2022). The viral RNA can remain detectable in wastewater for several days to weeks,
depending on conditions, thus, it was assumed that tracking the spatiotemporal fluctuations in
RNA concentrations by means of WBE would provide a pooled, more accurate testing of all
COVID-19 cases.

Knowledge of SARS-CoV-2 levels in wastewater may provide insight not only into general
health trends, but it can also be integrated into models to estimate COVID-19 disease
prevalence in a given population, by accounting the shedding rate, or the average amount of

virus shed by an infected individual per day (Prasek et al., 2023). Estimations of the number of
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infected individuals corresponding to a wastewater sample can be generated in such way. WBE
for SARS-CoV-2 can also provide valuable information on the circulation of variants of
concern or of interest, as classified by the WHO (https://www.who.int/activities/tracking-
SARS-CoV-2-variants).

However, WBE does not stand alone in SARS-CoV-2 surveillance. Several studies have
indicated differing levels of correspondence between the presence of SARS-CoV-2 RNA in
wastewater and the outcomes of individual testing conducted concurrently and at the same
location (Ai et al., 2021; Li et al., 2023). WBE plays an important complementary role in
monitoring infection rates and is proposed as an early warning of sudden outbreaks (Morvan et

al., 2022).

Wastewater viral load is used by public health agencies to spot changes in testing behavior over
time or between communities (De Graaf et al., 2022), to compare the trends in reported cases
and in decision-making for mitigation strategies, because examining the WBE over a long-term,
allows for identification of factors strongly correlated to outbreaks. Consistent with the interim
guidance provided by the World Health Organization, (WHO 2022), the European Commission
has advised all European Union member states to adopt SARS-CoV-2 wastewater-based
surveillance, starting from March 2021 (Commission Recommendation (EU) 2021/472, 2021).
In Greece, the monitoring of SARS-CoV-2 RNA through wastewater began in February 2021.

1.3 The importance of sample characteristics
1.3.1 Physicochemical and wastewater treatment plant (WWTP) characteristics

A parameter of major concern in the study of a virus in wastewater is the implication of several
factors on the recovery of viral RNA and therefore, viral detection. Generally, viruses are
susceptible to inactivation when they end up in the environment. Environmental factors such as
temperature, pH, UV light, inorganic anions and cations and organic matter among others, may
have virucidal effects, or may inhibit viral recovery (Gundy at al., 2009; Auffret et al., 2019;
Joiner et al., 2020; Amoabh et al., 2022). It is worth noting however, that each wastewater sample
is unique in terms of composition and therefore, inhibition of viral recovery cannot be described

by a single protocol.

Several studies have been carried out in this context and quite a few parameters have been used
to interpret and/or normalize the final RNA concentration. These include physicochemical

wastewater characteristics like conductivity, pH, Chemical and Biochemical Oxygen Demand
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(COD and BOD respectively), Suspended Solids (SS), ammonia, orthophosphate, and chloride
concentration. WWTP characteristics, like influent wastewater flow rate and the size of the

population it serves have also been used extensively as normalization factors (Koureas et al.,

2021; Amoabh et al., 2022; Wilde et al., 2022).

It is worth noting that ammonia is an established chemical indicator of human urine content in
wastewater that originates from the hydrolysis of urea. Unsurprisingly, increasing ammonia
concentration is associated with increasing viral RNA concentration, while pH values in the

range 7.1-7.4, are associated with the highest SARS-CoV-2 concentration (Amoabh et al., 2022).

SARS-CoV-2 particles have a very small size and are extremely surface active, due to their
hydrophobic envelope. This makes viral particles adhere greater to solids with possible impact

on viral recovery (Anderson-Coughlin et al., 2021). Hence, the penetration or adsorption of the
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Figure 1: Schematic representation of possible interaction mechanisms of virus
particles/fragments with a porous solid particle suspended in sewage. 1: mass transfer
(convection and diffusion) from the surrounding bulk liquid, 2: adsorption, 3: desorption, 4: pore
diffusion and 5: surface diffusion (Petala et al., 2021).

virus onto suspended solids like feces, sand, clay, etc., (Figure 1) could lead to underestimation

of the viral load (Petala et al., 2021).
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Interestingly, it has been reported
Human Adenovirus that dissolved organic matter plays
a significant role in viral recovery
too, as it competes with viruses for

adsorption sites. Bonded organic

matter on the other hand, occupies
o 5 /Déiazgi? sorption  sites b.ut a.Iso' prov?des
new hydrophobic binding sites.
These processes can be visualized
in Figure 2. Consequently, the
adsorption of viruses is a complex
process, which depends
significantly on factors like the

form of organic matter and the

Soil or polypropylene surface

_ _ ] _ _ type of virus (Zhuang and Jin,
Figure 2: Schematic representation of the interaction of

viruses with dissolved organic matter and solid surfaces 2003; Wong et al., 2013; Petala et
(Wong et al., 2013). al., 2021). Thus, COD, BOD and

SS concentrations can be indirect
measures of organic loading in wastewater, and they potentially affect viral RNA recovery

efficiency.

Another parameter of concern when it comes to viral load normalization is the influent flow
rate of the WWTP. Influent rate is a measure of the volume of wastewater that passes through
the treatment, indirectly indicating the water consumption within community and thus, the size
of the population served. However, due to the potential fluctuation of the size population among
several periods or even during a day, because of several factors, such as tourism, festivals, etc.,
there 1s a need to collect as representative wastewater samples as possible. That is why,
collection of instantaneous samples has been abandoned for the sake of 24-hour composite
samples by automatic samplers. Furthermore, depending on the type of the WWTP, increased
influent rates could result from stormwater, seawater entering the sewer shed or even pool water
from in-city hotels during high touristic seasons. Including that factor allows for the
normalization of concentrations, in case of this kind of dilution events (Wilde et al., 2022).
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1.3.2 Pandemic milestones - Seasonal characteristics

Studies encompassing the pandemic period usually include samples collected during the
implementation and gradual abolition of several restriction measures (e.g., lockdowns,
mandatory face coverings, online lessons, etc.) as well as the start of vaccinations and the
emergence of different variants. These changes on pandemic management strategies might
affect both the number of human cases and the wastewater viral load and hence, qualitative
observation would be of a great epidemiological importance.

The emergence of different variants as well as the start of vaccinations, are major factors that
affect viral shedding patterns too (Bivins & Bibby, 2021). Variants of Concern (VOCs), as
designated by the World Health Organization (WHO), included Alpha, Beta, Gamma, Delta
and Omicron variants, which may display significant differences in evasion from immunity,
viral loads, shedding and incubation periods. In addition, population immunity because of
vaccinations may have reduced viral load leading to changes on viral shedding patterns (Puhach
etal., 2022).

As for the seasonal characteristics of the wastewater samples, the influence of rainfalls, usually
during winter season, as well as the influence of the pool water from in-city hotels entering the
sewer shed during high touristic seasons, are of a great importance in WBE, because of the
dilution effects they may provoke. Specifically, several epidemiological studies have referred
to rainfall events as a bias factor for data interpretation (Hillary et al., 2021; Bertels et al., 2022;
Langeveld et al., 2023; Lopez-Penalver et al., 2023; Maal-Bared et al., 2023; Saingam et al.,
2023), however, very few of them have actually examined their effect on viral detection.
Saingam et al., 2023 observed that rain precipitation impacted SARS-CoV-2 levels and reduced
WBE sensitivity.

1.4 Viral RNA extraction and quantification - Methods and Principles
1.4.1 Virus concentration

The complex nature of the wastewater sample, which affects the detection of the virus, and the
low viral RNA loads in wastewater, as a result of high dilution effects, make the detection of
SARS-CoV-2 difficult, compared to clinical testing. Therefore, effective viral concentration and

isolation methods are essential for its sensitive detection (Zheng et al., 2022).
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Precipitation, ultracentrifugation, direct capture/lysis and
H{O OH centrifugal ultrafiltration are among the most common viral

~90 concentration methods.

PEG-4000
The precipitation method usually utilizes high molecular

weight polyethylene glycol — 6000 (PEG), which in
combination with NaCl, is used for virus precipitation
(Figure 3). PEG precipitation is carried out in low
temperature and high salt environment and acts by altering
the solubility of the viral particles causing precipitation

Figure 3: Schematic

representation of PEG - 4000 (Sapula et al., 2021; Alexander et al., 2020). Although PEG
precipitation (GenEpi-BioTrain) precipitation is generally a cheap method, it is hard to
implement, because of the long duration of the protocol (16 hours for precipitation) and the

poor reproducibility.

Ultracentrifugation utilizes an ultracentrifuge to reach
high centrifugal speeds and efficiently separate
particulate from liquid matter (Zheng et al., 2022).

45-100kDa

Particulate matter can be recovered either in the form of

N\

a pellet, formed after ultracentrifugation, or retained and A

recovered by using a filter during ultracentrifugation ) ) )
Figure 4: Ultracentrifugation

(Figure 4). This method has a simple and easy t0 fiter device (GenEpi-BioTrain
establish protocol, however, filters might clog, making ~ Programme, January 2024,

. . . ECDC
the flow times vary. The concentration of organic )

material cannot be avoided too.
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Figure 5: Direct capture/lysis of
nucleic acids by silica- based
columns and magnetic beads
(GenEpi-BioTrain Programme,
January 2024, ECDC).

Direct capture/lysis method achieves direct capture and
lysis of RNA/DNA molecules. It usually utilizes silica-
based columns and/or magnetic beads for nucleic acid
extraction directly from the initial sample (Shi et al., 2015;
Figure 5). Nucleic acids are retained, either onto the silica
membrane, or on the surface of the metallic beads, due to
electrostatic interactions; usually covalent bonding. The
mechanism of silica-based extraction is further explained in
paragraph 1.4.2. Figure 6 is an overview of magnetic bead-
based DNA extraction. Although direct capture of nucleic
acids is favorable and time saving, the chemical properties
of the sample may affect the recovery. The co-precipitation

of inhibitors is hard to avoid too.

One of the most broadly used methods for viral concentration is centrifugal ultrafiltration. A

pre-defined volume of sample is placed into an ultrafiltration device and the filtration process

is carried out by centrifugation. Centrifugal ultrafiltration is mainly based on molecular size

exclusion. Virus particles are retained on the membrane surface within its pores. Different pore

sizes are selected according to the size of the particle of interest. Sample characteristics such as

the pH, ionic strength, the presence of solvent or detergents, the isoelectric point of virions, etc.

Magnetic particles
are added to sample
and bind to target
molecule

Bind

LI
N

9 Gg | c

Magnetic particles Target molecule is

are captured and released from

remainder of sample magnetic particles

is washed away for further analysis
Wash Elute

Cw«

Figure 6: Magnetic bead-based DNA extraction procedure (A guide to choosing and using
magnetic beads, Andrew Gane, Cytiva, May 29, 20190
https://www.cytivalifesciences.com/en/us/news-center/magnetic-beads-a-simple-quide-

10001#:~:text=A%20magnetic%20force%20is%20applied,cell%20isolation%2C%20and

%20protein%20purification).
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do not have any influence on this physical separation technique (Burnouf-Radosevich et al.,
1994; Asper et al., 2015; Alam et al., 2021).

Various centrifugal ultrafiltration devices like Centricon® (MILLIPORE, Merck) of different
cut-off sizes* (10, 30 and 100 kDa), have been applied to
concentrate SARS-CoV-2 (Medema et al., 2020; Rusinol
et al., 2020; Forés et al., 2021), performing the highest
recoveries (Medema et al., 2020). The membranes in
these devices are made of regenerated cellulose, which is
naturally hydrophilic and exhibits the lowest non-

specific protein binding of any ultrafiltration membrane
’/ (Ultracel membranes Datasheet, Millipore, Merck)

~

(Figure 7). Usually, there is the necessity of a pre-

Figure 7: Centricon®
(MILLIPORE, Merck)
ultrafiltration device clogging of the membrane.

centrifugation step to remove larger particles and avoid

1.4.2 RNA extraction and purification principles

RNA extraction generally consists of four steps: (1) cell lysis and homogenization, (2)
guenching of biochemical processes, (3) nucleic acid partitioning or silica-based membrane
binding, (4) RNA retrieval and purification (Cai et al., 2015).

During the first step, complete release of nucleic acids by effective cell lysis and
homogenization occurs. TRIzol® or detergents that disrupt cells to release cellular contents are
some of the chemical treatment methods used. In addition to chemical methods, enzymatic

means may be employed as well.

In most cases, cell lysiss/homogenization and quenching of biochemical processes are performed
in the same step. Previously fragmented biomolecules that are released and subjected to an

environment where enzymatic activities occur may threaten RNA integrity during the cell lysis

4 Molecular weight cut-off (MWCO) is a method of characterization used in filtration to describe pore size
distribution and retention capabilities of membranes. It is defined as the lowest molecular weight (in Daltons) at
which greater than 90% of a solute with a known molecular weight is retained by the membrane (Definition Of
Molecular Weight Cut Off, Synder Filtration, https://synderfiltration.com/learning-
center/articles/membranes/molecular-weight-cut-off/#:~:text=Molecular%20weight%20cut-
off%20(MWCO,is%20retained%20by%20the%20membrane.).

> Solution of phenol and guanidine isothiocyanate
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step. Therefore, there is a need of solvents that solubilize cell contents. These should be either
denaturing (e.g., phenolchloroform) or contain chaotropic agents such as guanidinium

thiocyanate or urea.

Usually, nucleic acid extraction involves the partitioning of DNA from RNA. This method
depends on pH (Brawerman, Mendecki, & Lee, 1972; Perry et al., 1972). At an alkaline pH,
both DNA and RNA are retained in the aqueous phase. As pH decreases, DNA transitions
increasingly from the aqueous phase to the organic phase and interphase. Therefore, an
appropriate solvent of pH 8 is used for the extraction of DNA, while a pH at 4.8 is used to
isolate RNA.

Many commercial preparations employ spin columns with silica-based (amorphous silicon
dioxide) membranes for RNA extraction. Silica-based columns are largely used in RNA
extraction, as they allow for fast extractions and high-quality nucleic acid yields. This method
is based on the binding of RNA onto the silica membrane, washing impurities out of the

membrane and finally un-binding the RNA from the membrane into a final eluent (Figure 8).

el
= Lt f:{ﬁ " B
[ "we i

® ® ® ® ®
Lysis Bind Wash Elute

Figure 8: Brief schematic representation of RNA extraction
procedure (GenEpi-BioTrain Programme, January 2024, ECDC)

The binding of RNA onto the membrane is implemented by (i) lowering the pH using a so-
called binding buffer, so that the oxygen containing groups of the silica get in their conjugate
acid form and attract the negatively charged RNA, (ii) introducing chaotropic salts, to disengage
water molecules that surround RNA and, (iii) introducing isopropanol, to make RNA molecules
less polar by lowering the dielectric constant. The extraction procedure proceeds with washing
steps, during which the membrane gets cleaned of impurities and salts, usually using ethanol

containing buffers. Each buffer addition in the spin column is followed by micro-centrifugation.
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The elution of RNA is carried out with the addition of RNase-free water, which increases the

pH and unbinds the nucleic acid from the membrane.

The frequent complexity of initial samples, as well as, the sensitivity of the following
Polymerase Chain Reaction (PCR) analysis, often require a clean-up procedure of the RNA
extract. Contaminants such as polyphenolic compounds, humic/fulvic acids, tannins, melanin,
etc. act as inhibitors for downstream enzymatic reactions like PCR. PCR inhibitors exert their
effects by interacting directly with DNA or the PCR enzymes. Their direct binding to DNA can
prevent amplification, while their direct interaction with DNA polymerase can block the
enzymes’ activity. The removal of inhibitors or the reduction of their effects has been
extensively studied and several methods have been proposed (Schrader et al., 2012).
Commercial, ready to use Kits are broadly used for that purpose too, and usually utilize spin

columns for micro-centrifugal ultrafiltration.

1.4.3 Reverse Transcription Real-Time PCR (RT-PCR) principles

Polymerase Chain Reaction has been used for detecting a wide variety of templates across a
range of scientific fields, like virology. A pair of synthetic oligonucleotides (primers) is used
to hybridize with each strand of a double-stranded DNA target and defines the region that will
be amplified. The hybridized primer acts as a substrate for a DNA polymerase, which
commonly is Taq polymerase. Taq polymerase is derived from the bacterium Thermus
aquaticus and is known for its heat stability. DNA polymerase adds deoxynucleotides
sequentially and creates a complementary strand. In brief, the steps of the process are as follows:

(1) denaturation - separation of the

Primer annealing Extension
s s Polymerization Polymerase dOUbIe_Stranded DNA at
— 3 — @eUIIIII temperatures  >90°C, (2) primer
Y Reverse primer I L
F . .

<« reporter relossed annealing at 50-75°C to promote primer

Foward % ¢ - .
\pimer @ @ . binding to the template, and (3) extension

T R T,

’ ’ of the complementary DNA strand at 72—

78°C (Figure 9). The rate of temperature
Figure 9: Fluorescent probe-based RT-PCR (GenEpi-

i ) change (ramp rate), the duration of the
BioTrain Programme, January 2024, ECDC)

incubation at each temperature and the
number of times each set of temperatures (or cycle) is repeated, are programmed and controlled

by a thermal cycler (Mackay et al., 2002).
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In cases where RNA is the initial template, a reverse transcription step is needed prior to PCR-
based amplification. During this step, RNA is reverse transcribed into its DNA complement by
the use of a reverse transcriptase, resulting in the formation of cDNA. Newly synthesized cDNA

becomes the template for the following DNA amplification.

Some of the traditional methods for amplified DNA detection include gel electrophoresis,
southern blot and PCR-ELISA. However, all these methods are carried out upon reaction
completion and are either time-consuming or require special handling due to harmful chemicals
and/or multiple steps of processing, risking amplicons’ integrity. In contrast to these
conventional assays, the detection of amplicon can be visualized as the amplification
progresses, by real-time PCR, an approach that has provided insights into the kinetics of the
reaction. The labeling of primers, probes® or even the amplicon with fluorogenic molecules has
made the monitoring of the amplicon, during its accumulation in real-time, possible.
Therefore, the detection of amplicon
Key concept is accomplished by fluorescence

(@ Fluorescent (Figure 9 and Figure 10). This

signal . .
Fluorescent physical phenomenon is the outcome
reporter N Quencher ‘L
J ] ) " ] of either fluorescent dyes (commonly
Polymerase O{- .
cleavage SYBR Green 1) or hydrolysis probes
Ground state fluorophore Excited state fluorophore

(commonly TagMan) (Bustin &

Figure 10: Key concept of fluorescence mechanism ~ Mueller, 2005).  Fluorescent dyes
(GenEpi-BioTrain Programme, January 2024, ECDC)  intercalate with the newly synthesized

double-stranded = DNA, emitting
fluorescence. At the end of each thermal cycle, the signal is measured, and the quantity of
double-stranded DNA is determined. However, fluorescent dyes allow for detection of non-
specific PCR products, such as primer dimers’, in contrast to the fluorescent-labeled probes,

which detect the amount of specific double-stranded DNA sequences. Probes with a fluorescent

& Probes are short, single-stranded DNA sequences and their primary function is to detect specifically the target
DNA sequence within the amplified region. The hybridization of the probe to its complementary sequence is the
cornerstone of the most popular real-time PCR chemistries (Gyllensten et al., 1988).

7 Two primer molecules that have attached (hybridized) to each other because of strings of complementary bases
in the primers. Wikipedia, 2023,
https://en.wikipedia.org/wiki/Primer_dimer#:~:text=A%20primer%20dimer%20(PD)%?20is,complementary%20
bases%20in%20the%20primers.
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reporter dye at the one end and a quencher dye at the other end, bind to sequences of interest
during the annealing step. During extension, DNA polymerase displaces and cleaves the
reporter dye. The separation of the reporter dye from the quencher dye emits fluorescent signal
at the end of each PCR cycle (Figure 9 and Figure 10) (Mackay et al., 2002; Bustin & Mueller,
2005).

Fluorescent chemistries require both a specific input of energy for excitation and a system that
allows for a particular emitted wavelength detection. The three common ways by which
excitation energy can be supplied are (i) by lamp, (ii) by light-emitting diode (LED) or (iii)
laser (Valasek and Repa, 2005). To record data, the energy emitted is monitored by the
fluorescence detection system. Fluorescence detectors can be charge-coupled device cameras,
photomultiplier tubes, or other types of photodetectors. Filters or channels of narrow
wavelength are implemented to allow only the desired wavelength to reach the photodetector
and be measured. Contemporary instruments usually have the ability of multiplex analysis, that
is, running multiple assays in a single reaction tube, by measuring multiple discrete wavelengths

at once (Navarro et al., 2015).

The quantitative analysis of the detected fluorescence is performed during the assay by the
respective  software,  which

displays the recorded qPCR Amplification Curve

fluorescence intensity versus o T

cycle number, as aDNA
amplification curve (Valasek and
Repa, 2005). The ideal
amplification curve is a typical

2. Exponential phase

Fluorescence

sigmoidal growth curve (Figure | “N/  Theshol
11). At early stages, amplification o o
cannot be detected because of the Cycles
background noise. The point at Figure 11: Typical gPCR amplification curve,
] (BioRender, https://www.biorender.com/template/gpcr-
which the fluorescence becomes amplification-curve)

clearly detectable is called the
threshold cycle (Ct). The Ct value is inversely proportional to the amount of the target sequence

in the original sample and is vital for its subsequent quantification (Mackay et al., 2002).
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After the Ct point of the assay, there is enough amplicon present and the amplification rate
enters a log-linear phase. Under optimal conditions, the amount of amplicon increases
approximately one log10 for every three cycles. The reaction slows and enters a transition phase
when the primers and the enzyme become limiting and the PCR products become inhibitory to
the amplicon. Eventually, the reaction and consequently the amplification curve reaches a
plateau phase, during which there is little or no increase in product yield (Mackay et al., 2002).

1.4.4 RT-PCR product quantification

The amount of amplified template produced by RT-PCR can be determined in two ways: as

relative and as absolute quantification.

Relative quantification compares the expression level of a target gene in samples with different
treatments. An internal reference gene, or housekeeping gene, is used to create a dilution series.
As a housekeeping gene can be used any gene with known concentration and amplicon length.
It is also assumed to have constant expression across different samples. During the RT-PCR
assay the target gene Ct value is compared directly to the reference genes’ Ct. Therefore, by
relative quantification the targets’ abundance is expressed in relation to a reference gene,

instead of providing an absolute measure of targets’ concentration (Bustin, 2000).

On the contrary, absolute quantification
determines the precise transcript copy
number, by comparing the Ct value of
the sample of interest with a standard
curve (Livak and Schmittgen, 2001). To
create a standard curve, samples of

different, known concentrations need to

I 1 L] L] 1
be prepared and subjected to RT-PCR 10° 102 104 108 10°*
Genome copies [/ uL

analysis. The standard curve is

constructed by plotting the exact RNA Figure 12: Typical standard gPCR curve for nucleic
acid absolute quantification (GenEpi-BioTrain

concentrations against their Ct values Programme, January 2024, ECDC)

(Figure 12).

In general, relative quantification is simpler to develop and provides sufficient information.
When monitoring the progress of an infection, however, the results can be expressed in units

that are common to both scientists and clinicians by absolute quantification. Absolute
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guantification may also be necessary when the demonstration of changes in virus levels is

difficult due to the lack of sequential specimens (Mackay et al., 2002).

1.45 Population size normalization — Human fecal control

The SARS-CoV-2 viral load in wastewater should be in a way related to the population served
by the WWTP. However, census data and the capacity of the WWTP are static measures of the
population size. In cases where WWTPs receive influent from adjacent towns or have mobile
populations due to tourism, commuting or part-time residents (Maal-Bared et al. 2023),
dynamic population estimates are of interest. Dynamic population in WBE for viruses is used
to provide information on these community changes and to verify whether the fluctuations in
viral loads are a result of changes in viral shedding rate, increasing infections or variations in

the size of the population (Been et al., 2014).

The estimation of dynamic population is conducted by using wastewater characteristics or
biomarkers, as normalization factors, as they account, directly or indirectly, for human fecal
contribution in the wastewater. They can be endogenous or exogenous physical, chemical or
biological biomarkers. Examples of broadly used factors for population normalization include
the wastewater flow rate, ammonium nitrogen and several human fecal indicator organisms
(bacteria and viruses that shed exclusively via human feces), such as the Pepper Mild Mottle
Virus (PMMoV) and crAssphage. The measured pathogen viral nucleic acid concentrations are
normalized by the biomarker of choice concentrations to account for differences in wastewater
fecal strength and viral nucleic acid recovery (Arts et al., 2023). Although the normalization of
wastewater has been long studied for WBE of SARS-CoV-2, there is no consensus on a single

normalization strategy (Rainey et al., 2023).

PMMoV is a plant (pepper) RNA virus that it was found to be one of the most abundant virus
types in human feces (Zhang et al., 2005). Its particles are persistent through standard food
processing, involving high temperatures and low water activities, hence, food through ingestion
is a potential source of PMMoV in human feces. Interestingly, PMMoV has not been detected
in fecal samples of most animals. Samples from some animals (e.g. cows, geese, seagulls and
chickens) were sometimes positive for PMMoV, but in significantly lower concentrations than

those in human feces (Kitajima et al., 2018).

Cross-assembly phage (crAssphage) is a human DNA virus that has recently been proposed as

a biomarker for human fecal contamination, since it is totally associated with the human gut
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microbiome (Sabar et al., 2022). Koonin and Yutin, 2020, found CrAssphage to be the most
abundant human-associated virus found in approximately 50% of human gut viromes, which

makes it a suitable candidate for normalization in WBE studies.

Finally, as stated in paragraph 1.3.1, ammonia is an established chemical indicator of human
urine content in wastewater, which originates from the hydrolysis of urea. It is also a reliable
marker for population normalization, because it mostly originates from humans and not
industrial discharges. Ammonia concentration in combination with WWTP flow rate are factors

that have been extensively used for the normalization of SARS-CoV-2 WBE.

1.5 Determination of ion concentration
1.5.1 Ultraviolet-Visible Spectrophotometry Principle

UV-VIS spectroscopy is an analytical method for the measurement of the absorption of
electromagnetic radiation (EMR) in the wavelength range of UV (100-400 nm) and VIS (400-
800) by an atom or molecule, to finally determine the quantity of the substance of interest (or
analyte). The method is based on the principles of light absorbance and emission, as a result of

electronic transitions.

In most cases, an analyte of interest participates in a chemical reaction, resulting in the
formation of a product, called a chromogen® (or chromophore), which absorbs light at a specific
wavelength, due to its specific functional group. The chromogen exhibits peak absorbance at a
wavelength or wavelength range, according to which the measuring wavelength is selected. The
quantity of analyte is proportional to the quantity of chromogen produced in the reaction, and
hence the analyte concentration in the sample is proportional to the amount of light absorbed
by the chromogen (Akash & Rehman, 2020; Bachmann & Miller, 2020).

1.5.2 Components of UV-Vis Spectrophotometer

The components of a spectrophotometer include: i) a light source, ii) a monochromator,
consisting of a) an entrance slit, b) a dispersive element and c¢) an exit slit, iii) a sample

device/cuvette and iv) a detector (Figure 13).

8 A chromogen is any structural feature that is present in the molecule and responsible to absorb EMR and hence
impart color to the compound (Akash & Rehman, 2020).
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Briefly, the light source provides polychromatic light over a wide range of spectrum. Different
types of lamps are used for UV and Vis measurements; however, many contemporary

instruments utilize a xenon flash lamp, which can cover both the UV and Vis spectra.

Monochromator
q | | 1
Light Entrance Dispersive Exit
Source Slit Element glit  Sample Detector

Figure 13: A basic block diagram of the elements in a single beam UV-Visible spectrometer
(Instrumentation of a UV-Visible Spectrophotometer, Jasco, https://jascoinc.com/learning-
center/theory/spectroscopy/uv-vis-spectroscopy/instrumentation/)

The monochromator is the device that receives polychromatic light (white light) and disperses
the radiation into monochromatic light. More specifically, the incoming polychromatic beam is
defined sharply by the entrance slit and is imparted on the dispersing element, which is usually
a prism made up of quartz, fused silica or glass. The dispersing element separates the
polychromatic light into visible light spectrum. Then, the exit slit allows the minimal

wavelength to pass and reach the sample, which is placed into a cuvette.

Cuvettes vary in respect to shape, size, path length and transmission characteristics of required
wavelength and can be made of plastic, glass or optical grade quartz. At the same time, they
should not absorb the wavelength range of interest. Finally, the amount of light that passes
through the sample reaches the detector, which converts light signals into electrical signals. The
most commonly used type of detector is photomultiplier tubes. It contains a cathode with
numerous dynodes, which emit numerous electrons for each electron hitting them, and an
anode. The produced electrons are accelerated, producing even more electrons, which are
collected at the anode. The resulting current is amplified and recorded (Akash & Rehman,
2020).
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1.5.3 Beer-Lambert Law

A spectrophotometric measurement is the ratio of | (intensity of transmitted radiation, i.e.
intensity of light reaching the photodetector) to lo (intensity of incident radiation, i.e., intensity

of light before it hits the sample) and is called transmittance (T):
T=1/lo
The transmittance is more commonly converted into absorbance (A):
A =10g10(1/T) = -logioT
Beer-Lambert law describes the linear relationship between absorbance and concentration:
A=g*b*C

where A is absorbance, € is molar absorption coefficient® [L/(mol*cm)] of the chromogen, b is
the path length (cm) of light through the cuvette, and C is concentration (mol/L) of the analyte

in the sample.

In visible spectrophotometry the absorption or the transmission of a sample can be determined
by the observed color, due to color complementarity. For instance, if a solution absorbs red
light (~700 nm), it appears green, because green is the complementary color of red. Practically,
VIS spectrophotometers use a monochromator to narrow down a specific range of wavelengths
and exclude other wavelengths, so that one particular beam of light passes through the sample
solution. The regions of visible spectrum and their complementary colors can be seen in Table
1.

® Molar absorption coefficient is a physical property of the chromogen and is a measure of how strongly a
chemical species absorbs at a given wavelength.
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Table 1: Various regions of visible spectrum and their corresponding colours (Akash &
Rehman, 2020)

Region Complementary color Wavelength (nm)
Violet Yellow-green 400-435
Blue Yellow 435-480
Green-blue Orange 480490
Blue-green Red 490-500
‘Green | Purple | 500-560
Yellow-green Violet 560-580
Yellow Blue 580-595
Orange Green-blue 595-650
Red Blue-green 650-800

1.6 Aims of the study

For this study we received wastewater samples during a broad time frame (Feb 2021 — Oct
2023), which included key societal and pandemic milestones and interventions. Specifically,
the study encompasses the period, during which, strict intervention measures (e.g., lockdowns,
mandatory face coverings, online lessons, etc.) and their gradual removal were implemented,

as well as the start of vaccinations and the emergence of different variants.

During the early stages of the pandemic, Greece had been undergoing restriction measures de-
pending on the amount and severity of human cases in each region. Regions were categorized
as of high, medium and low danger levels and surveillance measures of less strictness were
implemented respectively, often in an on-off manner, depending on the fluctuations of recorded

human cases.
The objectives of the current study were to:

(1) detect and quantify SARS-CoV-2 genetic material in two WWTPs of Crete (Heraklion and

Chania), Greece,

(2) determine the potential link between COVID-19 cases and SARS-CoV-2 RNA concentra-

tions in wastewater and the potential use of WBE as a prognostic tool,

(3) better understand the correlation between the physico-chemical characteristics of the

wastewater and viral recovery and quantification and
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(4) evaluate the impact of in-house and community restrictions during the pandemic, on
wastewater viral load, hence human cases, considering the effect of mass vaccinations and var-

iants on viral shedding patterns.

The knowledge gained during this pandemic and the use of WBE is valuable for future man-

agement of emerging and challenging public health threats.
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CHAPTER 2 - MATERIALS AND METHODS
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2.1 Study population —- WWTP characteristics

Our data corresponds to the two major WWTPs of Crete, associated to the two biggest cities on
the island of Crete, Greece; Chania and Heraklion. These plants serve a population of
approximately 97,000 and 200,000 people respectively. Both WWTPs receive wastewater from
three hospitals; one general hospital in the case of the town of Chania and one general and one
University hospital in the case of the city of Heraklion. Both plants also receive stormwater
sewers. Moreover, since the island is one of the major tourist destinations of the country, the
two plants receive major sewers from city hotels during the touristic season, that is March to
October of each year.

2.2 Sample collection

Samples had been collected and transferred at the Regional Laboratory of Public Health of
Crete, which participates at the consortium for the surveillance of SARS-CoV-2 in wastewater
at a national level. The rest of the members of the consortium include the Central Laboratory
of Public Health, the Regional Laboratory of Public Health of Thessaly, the University of Patra,
the Aristotle University of Thessaloniki, the University of Ioannina and the National and
Kapodistrian University of Athens. The whole consortium is governed by the National Public

Health Organization. The National consortium for WBE was introduced in 2021.

For the purposes of the current study, we focused on the period from February of 2021 until
October 2023; the whole surveillance study is still ongoing on a national basis.

Wastewater samples have been collected three times a week (every Tuesday, Thursday, and
Friday) from each of the two WWTPs, which gave us a total of six (6) samples on a weekly
basis. Approximately 2-6 L composite samples were collected via autosamplers over a 24-hour
period (from morning of one day to morning of the next), one liter of which was stored in
isothermal boxes with ice packs to preserve temperature at or below 4°C and sent immediately
for analysis. A total of 781 samples were analyzed for the needs of the current study, 392 from
which were from the WWTP of Chania and 389 from the WWTP of Heraklion.

The autosampler (Hach AS950) at the WWTP of the city of Chania was programmed to collect
80 ml aliquots every 60 minutes, while the autosampler (Endress + Hauser) at the WWTP of

the city of Heraklion was programmed to collect 500 ml aliquots every two hours.
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Upon receipt, all samples were subsampled for both physico-chemical analyses and molecular
testing. All samples were collected prior to the primary treatment trade of the WWTP.

Each sample was accompanied by a document that included data on the location, date, time,
and flow rate on the sampling day, the amount of any precipitation events and the results of
some physico-chemical testing that was carried out onsite (more details given in paragraph
2.3.6).

2.3 Sample processing
2.3.1 User protection

At first, samples were agitated mechanically to homogenization. Approximately 250 ml of each
sample was transferred into 250 ml plastic bottles with internal cap and placed in a water bath
at 60°C for 90 minutes for pasteurization. Another 250 ml bottle of each sample was stored

without any treatment at -80°C for future analysis.

Heat pasteurization of wastewater samples for viral deactivation is recommended for biosafety
reasons, however the extent to which it can damage short RNA fragments is yet unknown,

according to the guidelines of Centers for

) . High Risk Microbes

Disease Control and Prevention (CDC, 10 A
March 2023,

BsL3
https://www.cdc.gov/nwss/testing.html) for
Wastewater Surveillance. CDC states, that B2
heat-treating wastewater is reported to BSL-1 Low Risk
. Microbes
improve  SARS-CoV-2  measurement,
however more data are needed for the Figure 14: Biosafety Levels built-up
confirmation of this effect. (https://www.cdc.gov/training/quicklearns/biosafe

All processes were carried out in a Biosafety Level 3 (BSL3) facility, with unidirectional
airflow and BSL-3 precautions!®. Laboratory personnel wore personal protective equipment
(lab coats, gloves, eye protection and face shields). Each BSL builds on the controls of the level

before it, as can be seen in Figure 14.

Al BSL-3 precautions and safety controls can be found in the address
https://www.cdc.gov/training/quicklearns/biosafety/, Recognizing the Biosafety Levels, CDC.
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Laboratory waste form wastewater samples was autoclaved and managed according to BLS2

biosafety guidelines.

2.3.2 Virus concentration - ultrafiltration

Samples were processed upon receiving at the laboratory. Sample processing was performed

according to the protocol of Medema et al. (2020) with slight modifications.

At first, samples were centrifuged at 3500 g (KUBOTA
5800, Figure 15) for 15 minutes for particulate matter
precipitation. Following centrifugation, 65 ml of the
supernatant liquid was introduced into an ultrafiltration
device with 10kD cellulose filters (Centricon Plus 70 10K
NMWL, MILLIPORE, UFC701008, Merck, Figure 16),
with the addition of 50 ul (1x10° copies) Bovine Coronavirus
(BCoV) RNA (strain S379 Riems matrix recovery control;
GT-molecular; USA) for viral RNA recovery testing, and

centrifuged at 3500 g for 40 minutes, or until a ~350ul

Figure 15: KUBOTA 5800
concentrate was achieved. Centrifuge

Following ultrafiltration, concentrated wastewater retained in
the cellulose filters was retrieved by centrifugation at 3000 g
' for 15 minutes, by inverting the filters upside down on an
” J// inverted cone. A concentrate of about 250-450 pl was
collected, leaving the precipitate behind, and placed ina 1.5 ml
sterile collection tube; its exact volume was measured and

Figure 16: Centricon Plus 70 10K noteq to be used for the normalization at a later stage.
ultrafiltration device
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2.3.3 SARS-CoV-2 RNA extraction

Before the extraction process, a further centrifugation of
the total concentrate at 4000 g (ThermoScientific,
Heraeus, Pico 17 Centrifuge, Figure 17) for two (2)
minutes was performed to discard as much of the
precipitate as possible. 200ul of the supernatant was used
for RNA extraction using the AllPrep PowerViral
DNA/RNA kit (Qiagen, Hilden, Germany) according to
the users’ manual, with the addition of 8ul carrier RNA

to optimize the final extracted RNA concentration. The

Figure 17: ThermoScientific,
Heraeus, Pico 17 Centrifuge

extraction procedure is described and explained based on the AllPrep PowerViral DNA/RNA
kit Handbook.

The components of the AllPrep PowerViral DNA/RNA kit are shown in Table 2.

Table 2: Kit components

AllPrep PowerViral DNA/RNA Kit
Catalog no.
MNumber of preps

(50)
28000-50
50

PowerBead Tubes, Glass 0.1 mm
MB Spin Columns
Solution PM1

Solution IRS

Solution PM3

Solution PM4

Solution PM5
RNase-Free Water
Collection Tubes (2.2 ml)
Collection Tubes (2 ml)
Quick Start Protocol

50
50
55ml
15 ml
36 ml
3x24ml
30ml
10 ml
2x25
4 x50

Before the

extraction process, the solution PM1, which contains guanidinium thiocyanate,

needed to be warmed at 550C for 10 min for precipitates to dissolve, and was used while still

warm. Given that this extraction kit aims to isolate DNA and RNA, a mixture of PM1 and f3-

mercaptoethanol needed to be prepared to achieve RNA isolation, as -mercaptoethanol aids in
ribonuclease (RNase) deactivation. The final B-ME concentration should be 10 pl/ml. The RNA

extraction procedure was carried out as follows:
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1. 200 pl of the viral concentrate were placed into a 2 ml collection tube and 600 pl of the
PM1/B-ME mixture were added. A further addition of 8 pul of Carrier RNA was imple-
mented to optimize RNA recovery. The mixture was agitated by vortexing for 30s and
incubated for 5 min at room temperature.

2. 150 pl of Solution IRS were then added, the solution was vortexed briefly to mix and
was incubated at 4°C for 5 min.

3. After incubation, the mixture was centrifuged at 13,000 x g for 1 min. Avoiding the
pellet, 700 ul of the supernatant were transferred to a clean 2.2 ml Collection Tube.

4. 600 pl each of Solution PM3 and Solution PM4 were added to the 2.2 ml collection tube
and the mix was vortexed briefly. Solution PM3 contains guanidine hydrochloride and
a surfactant agent (t-Octylphenoxypolyethoxyethanol) and leads to the capture of the
total nucleic acid content in lysates on the MB Spin Column filter membrane. Solution
PM4 contains ethanol.

5. 625 pl of the mix were transferred into an MB Spin Column and centrifuged at 13,000
x g for 1 min. The flow through was discarded. This step was repeated two more times,
until all the supernatant had been loaded onto the MB Spin Column.

6. Solution PMS5, which contains isopropanol, was mechanically shaken to mix and 600 pl
were added to the MB Spin Column for washing. The spin column was then subjected
to centrifugation at 13,000 x g for 1 min. The flow through was discarded.

7. 600 pl of Solution PM4 were added to the spin column for further washing by centrifu-
gation at 13,000 x g for 1 min. The flow-through was discarded and the spin column
was subjected to further centrifugation until dry at 13,000 x g for 2 min.

8. The MB Spin Column was placed in a clean 2 ml Collection Tube and 100 pl of RNase-
Free Water were added to the center of the MB Spin Column membrane. The membrane
with the RNase-free water was incubated for at least 1 min.

9. The RNA extract was obtained after centrifugation at 13,000 x g for 1 min and the MB
Spin Column was discarded.

Figure 18 schematically represents the extraction procedure. The use of PowerBead Tubes was

omitted since sample bead beating was not performed.
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Figure 18: AllPrep PowerViral DNA/RNA kit
procedure
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2.3.4 Inhibitor Removal

The eluted RNA (100ul) was processed with the use of the OneStep PCR Inhibitor kit (Zymo
Research, California) to remove as many of the remaining inhibitors as possible. The columns
that the kit utilizes contain a matrix that has been specifically designed for efficient removal of
polyphenolic compounds, humic/fulvic acids, tannins, melanin, etc. The protocol

(https://files.zymoresearch.com/protocols/ d6030_onestep per_inhibitor_removal kit.pdf) is

described below:

1. The column with the matrix was inserted into a collection tube, provided with the kit.

2. 600 pl of the Prep-Solution were added to the column and the column was subjected to
centrifugation at 8,000 x g for 3 minutes.

3. The prepared column was transferred to a sterilized 1.5 ml microcentrifuge tube and the
RNA extract (100 ul) was added to the column.

4. The final RNA eluate was obtained after centrifugation at 16,000 x g for 3 minutes.

All RNA extracts were kept at -800C upon PCR analysis.

2.3.5 (PCR processes and RNA quantification

Rdrp SARS-CoV-2 gene (Protisvalor, France) was used in unknown samples to test the effect
of inhibitors, while BCoV was used to determine the viral recovery. The actual concentrations
of Rdrp SARS-CoV-2 and of BCoV were determined by digital Real-time PCR (QlAcuity One,
Qiagen, Figure 19).

For BCoV quantification we spiked each wastewater

sample prior to processing, with 50ul of aliquoted virus, e
which contained 10° RNA copies. The RT-Digital PCR 3’ ‘
protocol and quantities were prepared according to the
manufacturers’ instructions and the cycling program
was carried out as follows: one cycle at 50 °C for 30
min, followed by one cycle at 95 °C for 2 min and then
Figure 19: QlAcuity One digital

45 cycles of 10 s at 95 °C and 30 s at 55°C. RT-PCR, Qiagen

The molecular detection of the virus was performed with the Water-Sars-Cov-2 Real-time PCR
kit (IDEXX, USA) that targets both N1 and N2 genes and the quantification of the amplified
RNA was performed through a standard curve, developed by 10-fold serial dilutions, with the
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EURM-019 standard. The assay limit of detection was set at approximately one (1) RNA copy
per reaction. Real time RT-gPCR assay was performed in triplicates on a Mic - gPCR cycler

(Bio Molecular Systems, Australia, Figure 20).

Briefly, each reaction contained 10 pl. SARS-
CoV-2 Mix, 10 pL of RNA MMix and 5 pL
purified RNA sample in a total volume of 25 pL.
The cycler was programmed as follows: one
reverse transcription cycle for 15 min at 50 °C,
followed by denaturation cycle with 1 min
duration at 95 °C and 45 amplification cycles, each

consisting of 15 sec at 95 °C and 30 sec at 60 °C.

6-Carboxyfluorescein (6-FAM) was used as a
reporter dye at the 5’ label. 6-FAM is a fluorescent

Figure 20: Mic - gPCR cycler (Bio
Molecular Systems, Australia)

dye with an absorption wavelength of 495 nm and
an emission wavelength of 517 nm (Figure 21).

Black Hole Quencher — 1 (BHQ-1) was used at the 3’ label.

As positive control was used the N1 SARS-CoV-2 target provided with the PCR kit (IDEXX,
USA) and as negative control was used RNAse free water. Controls were included in each run.

Reactions were considered positive if the cycle threshold was below 40 cycles.

TYE™ 563 (S63)
Cy*3(564)

Quenched by lowa Black® RQ ATTO™ 550 (575) ROX (608}
and Black Hole Quencher®-2 TAMRA (583) ATTO™ Rho 101 (609}
ATTO™ 565 (591) | TEX 615 (613 TYE™ 665 (665)
Texas Red*-X (617) Cy* 5 (668)
T I T T I Y
00 nm 540 nm I U 620 nm 660 nm
L ) Quenched by ZEN™-lowa Black® FQ
ATTO™ 488 (522) and Black Hole Quencher®-1
6-FAM (520) ATTO™ 532 (554)

Figure 21: Emission wavelengths of reporter dyes and the appropriate quenchers (IDT, Integrated DNA
Technologies, https://www.idtdna.com/pages/education/decoded/article/gpcr-probes-selecting-the-best-
reporter-dye-and-guencher)
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2.3.6 Physico-chemical water quality parameters

Both participating WWTPs provided data on influent
flows in m® per day, temperature (°C), biochemical oxygen

demand (BOD, mg/L), chemical oxygen demand (COD,

mg/L), pH, total Nitrogen, and total suspended solids
(TSS, mg/L) for the day of sampling. Influent flow and . J

temperature data were measured in real-time using

automated controllers.

;
==% ) M
Upon arrival of the samples at the laboratory, pH, - ‘) =

conductivity, )
Figure 22: SevenCompact pH

ammonium meter S220 (Mettler-Toledo, US)
nitrogen, ortho-

phosphate, and chloride ions concentration were
determined. pH was determined by the use of
SevenCompact pH meter S220 (Mettler-Toledo, US)
(Figure 22). The pH meter was calibrated by the use

of three calibration buffers at pH 4,7 and 10 supplied

by Merck Millipore and quality control was

Figure 23: Cond 7110 Conductivity
Benchtop Meter with a TetraCon 325  performed once a month, by measuring a Certified

electrode (WTW, Xylem Analytics,  Reference Material pH buffer at pH 7.41, supplied by
Germany)

Merck Millipore.

Conductivity was determined using a Cond 7110 Conductivity Benchtop Meter with a TetraCon
325 electrode (WTW, Xylem Analytics, Germany) (Figure 23). The instrument was calibrated
according to manufacturers’ instructions, by the use of a conductivity potassium chloride buffer
at 1,41 mS/cm, supplied by Merck Millipore. Quality control was performed once a month by
the use of the same buffer.

lons were quantified by spectrophotometric analysis (Spectroquant prove 300, Merck)
following the corresponding test kit protocol for each ion, commercially prepared by Merck
(Darmstadt, Germany). All protocols are in accordance with the “Standard Methods for the
Examination of Water and Wastewater”, published by the American Public Health Association

(APHA) (Lipps et al., 2023) and all instruments are officially certified for proper operation.
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The Spectroquant prove 300 instrument (Figure 24) comes with electronically stored
calibration functions for all test kits. The calibration curves were tested for their performance
by certified materials, as explained

below. Measurement values can be

immediately read off from the display,
expressed in the desired form.
Methods corresponding to the test kits
which belong to Spectroquant analysis

system are automatically selected by

the instrument when the respective bar

code is inserted into the

Figure 24: Spectroguant prove 300
spectrophotometer. Cells of different spectrophotometer (Merck)

path lengths are also automatically
identified, and the correct measuring range is selected.

It is worth noting that due to the complexity and turbidity of the wastewater samples, they were
all subjected to filtration by Whatman Polyvinylidene Difluoride (PVDF) syringe filters of 45

um pore diameter prior to spectrophotometric analysis.

A sample-blank measurement of each wastewater sample took place prior to analysis, to

eliminate background signal due to the turbidity and/or color of the filtered wastewater sample.

A reagent-blank sample for each described below method was prepared and measured, every
twenty (20) measurements performed, according to the procedure steps, but using distilled (DI)

water instead of wastewater sample, to determine contamination in the DI system or reagents.

A zero-test using just DI water was performed as programmed by the instrument, each time ten
(10) samples were analyzed, to assess the purity and the absence of turbidity in the DI system,

as well as the good quality of the measuring cuvette.

Ammonium Nitrogen (NH4" -N) quantification - Ammonium test kit (Cat. No.
1006830001, Merck)

The method is analogous to APHA 4500-NH3 F. The measuring range of the kit is 2.0-150 +
0.51 mg/l NH4" -N. The calibration curve of the method, as listed in the test kit Certificate of
Analysis (CoA), can be found in Appendix 6.1. The evaluation of the calibration curve as well

as the precision of the method was performed once a month by the use of a Certified Reference
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Material standard solution supplied by Merck Millipore (Ammonium CRM Standard solution
50 mg/l NHs+-N in H:0). The standard solutions’ concentration was chosen so that its

concentration was within the expected range of the samples.

Method Principle:

Ammonium Nitrogen (NH4" -N) occurs partially in the form of ammonium ions and partly as
ammonia. A pH-dependent equilibrium exists between the two forms. In strongly alkaline
solution ammonium nitrogen is present almost exclusively as ammonia, which reacts with
hypochlorite ions to form monochloramine, which in turn reacts with 2-chlorphenol or Thymol
to form indophenol blue. This is then determined photometrically at 690 nm. Because of the
inherent yellow coloration of the reagent blank, the measured solution is greenish-yellow

towards green.

Kit Components:

1. Reagent NH4-1

2. Reagent NH4-2 (contains sodium nitroprusside, troclosene sodium, dihydrate)

Test kit protocol:

1. 5 ml of Reagent NH4-1 were pipetted into a test tube.

2. 0.2 ml of pretreated sample were added into the test tube and the mixture was
mechanically agitated

3. 1 microspoon of Reagent NH4-2 was added into the test tube and the mixture was
vigorously agitated until the reagent was completely dissolved.

4. The solution was left to stand for 15 min (reaction time) and then placed into a 10 mm

cell for photometric measurement.

Chloride quantification — Chloride test kit (Cat. No. 1148970001, Merck)

The method is analogous to APHA 4500-Cl- E. The measuring range of the kit is 2.5-250 £ 0.14
mg/l CI'. The calibration curves of the method, as listed in the test kit Certificate of Analysis
(CoA), can be found in Appendix 6.2. The evaluation of the calibration curve as well as the
precision of the method was performed once a month by the use of a Certified Reference
Material standard solution supplied by Merck Millipore (Chloride CRM Standard solution 250
mg/l CI” in H20). The standard solution was diluted using volumetric flasks to 100 mg/I final

concentration, to lay within the expected range of the samples.
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Method principle:

Chloride ions react with mercury (1) thiocyanate to form the mercury (Il) chloride. The
thiocyanate released during the process, reacts with iron (I11) ions to form red iron (II)

thiocyanate which is determined photometrically at 445 nm.

Kit Components:

1. Reagent ClI-1
2. Reagent CI-2 (contains Methanol, Mercury (I1) thiocyanate)

Test kit protocol:

1. 1 ml of pre-treated sample was pipetted into a test tube.

2. 2.5 ml of Reagent CI-1 were added to the sample and the solution was agitated to mix.
3. 0.5 ml of Reagent CI-2 were added to the solution and the mixture was agitated.

4. The sample was left to stand for exactly 1 min (reaction time) and then placed into a 10

mm cell for photometric measurement.

In some cases, a 1:2 dilution of the sample with Milli-Q water was needed, due to the high

chloride concentration of samples.

Orthophosphate quantification — Phosphate test kit (Cat. No. 1148420001, Merck)

The method is analogous to APHA 4500-P C. The measuring range of the kit is 1.5-92 + 0.06
mg/l PO4>". The calibration curves of the method, as listed in the test kit Certificate of Analysis
(CoA), can be found in Appendix 6.3. The evaluation of the calibration curve as well as the
precision of the method was performed once a month by the use of a Certified Reference
Material standard solution supplied by Merck Millipore (Phosphate CRM Standard solution
1000 mg/l PO4 in H20). The standard solution was diluted using volumetric flasks to 20 mg/1

final concentration, to lay within the expected range of the samples.

Method principle:

Orthophosphate ions in sulfuric solution react with ammonium vanadate and ammonium
heptamolybdate to form orange-yellow molybdovanadophosphoric acid that is determined

photometrically at 410 nm.

Kit Components:
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1. Reagent POs-1 (contains sulfuric acid)

Test kit protocol:

1. 5 ml of pre-treated sample were pipetted into a test tube.
2. 1.2 ml of Reagent POs-1 were added to the sample and mixed.
3. The sample was placed into a 10 mm cell for photometric measurement.

2.4 Determination of inhibition and recovery efficiency

The efficiency of the methods used in recovering SARS-CoV-2 from wastewater was
determined by calculating the inhibition and viral recovery.

The effect of inhibitors was tested with the addition of known concentration (1ul) of the Rdrp
Sars-cov-2 gene (Protisvalor, France) in unknown samples. Un-spiked wastewater samples
were also analyzed to help in accurate estimation of inhibition. All spiking was done in

triplicate. The equation given below was used to assess the inhibition of the process:

with spike — no spike
% Inhibition = 100 — <( P P )>x 100

water spike

Viral recovery was determined by calculating the percentage of BCoV regained, as follows:

[BCoV measured]
[BCoV expected] X

viral recovery % = 100

The final concentration of the virus was calculated according to the following equation:

100 %
BCR %

Crecovery adjusted = Cx

2.5 Viral load normalization

The results were given in gene copies/L.:

1000 RNA copies

= sl X el x dilution factor

where:
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RNA copies  RNA copies total volume of concetrate
= x 100 x
65 ml ul extracted volume of conentrate

gene copies/100,000 population based on the population officially served from each WWTP:

w x 1000 x flow rate x 10°

population served by each WWTP

and in gene copies/100,000 dynamic population based on the concentration of ammonium

nitrogen.

wx 1000 x flow rate x 10°

dynamic population based on ammonium nitrogen

The dynamic population was estimated considering the typical NH4 -N excretion per individual

per day, as follows:

. . . m
Ammonium Nitrogen Concentration (Tg) x flow rate

7

Dynamic population =

2.6 COVID-19 cases and wastewater viral load cross-correlations
2.6.1 Data Smoothing

To perform the calculations on the RNA gene copy data against the COVID-19 cases, as well
as, the physico-chemical factors of the wastewater samples, a 5-day moving average was used.
This average reduced the noise introduced by day-to-day variability and highlighted the overall

trends which might have been obscured by the daily fluctuations.

The 5-day moving average smoothing was implemented both for the viral load in wastewater
and the human cases, to cover the lack of daily data on viral load, in contrast to the human
cases; we only received three (3) samples per city per week, whereas human cases were

recorded on a daily basis.
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2.6.2 Cross-correlation

Spearman correlation was applied to reveal any potential correlation between viral gene copies
in wastewater and human cases. The choice of Spearman correlation was made since it is a non-

parametric one to describe if two variables X and Y are related by any monotonic function.

The Spearman correlation coefficient value varies between -1 and +1. We conclude positive

correlation if the correlation coefficient is positive and strong correlation the closer it gets to 1.

More specifically, the value of the Spearman correlation coefficient indicated the direction of
the association between the variables. If the value was positive, an increase in X led to an

increase in Y as well. If the sign was negative, an increase in X led to a decrease in Y.

Along with the abovementioned correlation, a p-value was also calculated, to indicate the

probability of recording the observed correlation if no actual correlation existed.

2.6.3 Time lagged cross-correlation

We calculated the time lagged cross-correlation (TLCC) by calculating the Spearman
correlation, while we shifted the Y variable forward and backward by a preset of a maximum

temporal shift (lag).

For each lag, a p-value was also reported; in cases where the p-value was > 0.05, the estimated

correlation was disregarded.

The purpose of this analysis was to evaluate the time gap between the fluctuations of the viral
load in wastewater and the respective fluctuations in human cases and denote which factor

preceded, for the whole study period.
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CHAPTER 3 — RESULTS AND DISCUSSION
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3.1 Standard and amplification curves

We have collected and tested a total of 771 samples until today and the surveillance is still in

progress. The molecular analysis of the samples was performed once or twice per week by real-

time PCR.

20

15

0 5 10 15 20 25 30 35 Pl 41.53

Cycle Number

Figure 25: Amplification curves of wastewater viral RNA

extracts (x axis — cycle number, y axis - fluorescence)

The molecular detection of the
virus was performed with the
Water-Sars-Cov-2  Real-time
PCR kit (IDEXX, USA) that
targets both N1 and N2 genes.
A representative example of
the obtained amplification
curves is presented in Figure
25, as acquired via the Mic-
PCR cycler software. The
sigmoidal green curve with a
Ct value ~ 28 cycles is the

assays’ positive control.

The quantification of the
amplified RNA was performed
through a standard curve,

developed by 10-fold serial

dilutions, with the EURM-019 standard (Figure 27). The assay limit of detection was set at

approximately one (1) RNA copy per reaction. The coefficient of determination was R* =

0.9986, indicating strong liner relationship between Ct values and standard concentrations

(serial dilutions). The amplification plot of the standard curve is presented in Figure 26.
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Figure 27: Standard curve constructed with the EURM-019 standard by serial dilutions
and in triplicates (x axis — Concentration (copies/ul), y axis — Ct number)
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Figure 26: Standard amplification curves (x axis — cycle number, y axis - fluorescence)
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3.2 Raw data input and processing

Viral concentrations as obtained by the RT-PCR, were registered on a daily basis in an extensive
database for SARS-CoV-2 surveillance, constructed in our laboratory, alongside with the
physicochemical characteristics of each sample, for both cities (Appendices 6.4 and 6.5). The
expression of viral concentration was normalized in this database as well, by using the

respective equations described in paragraphs 2.4 and 2.5.

3.3 COVID-19 surveillance data

Data for the local COVID-19 cases for both cities (Chania and Heraklion) were provided from

the Hellenic National Public Health Organization.

Data concerning restriction measures that were implemented during the period under
investigation were obtained from the Hellenic Institute for Occupational Health and Safety

(https://www.elinyae.qgr/en). All restriction measures were recorded in an extensive database

(Appendix 6.6) for further processing.

Since we did not test for variant distribution in wastewater samples, we relied on the data
retrieved from human cases. For the period of interest, data were collected from the web site
https://covariants.org/per-country. Figure 28 represents the variant distribution in Greece from
August 2020 to January 2024.
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Figure 28: SARS-CoV-2 variants distribution in Greece, from August 2020 to January 2024,
https://covariants.org/per-country

3.4 SARS-CoV-2 viral load in wastewater during the study period

The sampling period of our study includes the months from February 2021 to October 2023 and
was divided into six sub-periods, based on crucial milestones during the pandemic. This was to

examine the possible influence of these milestones and societal behavioral changes on viral
load.

The days before the start of sample collection (25 February 2021), Greece was undergoing in-

house restriction measures from 9 pm to 5 am, and in person operation for all educational
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structures was implemented. The first sub-period included the days from 24/02/2021 (start of
sampling) to 28/04/2021, which is a day before the start of random testing of airline passengers

coming from abroad. All sub-periods are shown in Table 3 accordingly.

Notable differences were observed among the sub-periods regarding the viral load values,
between the two cities, and among the different expressions of viral load, before and after

normalization.

The maximum mean value among the sub-periods, in gc/L (667822 gc/L), for the city of
Heraklion was recorded during the first sub-period (24/02/2021-28/04/2021), when the Delta
variant was dominant, and home restrictions were implemented. This might explain the high
viral load values. Viral load values for served and dynamic population were acquired after

normalization and maximum mean values were observed during the same period.

The minimum mean viral load value in gc/L (64543 gc/L) for the city of Heraklion was recorded
during the second sub-period (29/4/2021 (random testing of airline passengers) - 27/6/2021),
which is a reasonable result of the strict restrictions implemented during the past two months,
and the clinical testing and restriction of infected individuals coming from abroad. Minimum
mean values expressed in gc/served and gc/dynamic population were observed during the same

sub-period as well.

As regards the city of Chania, the maximum mean value in gc/L was observed during the first
sub-period too (487220 gc/L), although with a slight difference to the maximum mean value
(456956 gc/L) recorded during the fifth sub-period (26/11/2021 when the first Omicron case
was recorded - 31/5/2022). However, in this case, the normalized maximum mean values,
referring to served and dynamic population, were observed during the fifth sub-period. This
difference is attributed to the normalization factors — population and ammonium nitrogen
(dynamic population) and the excess rainfall events during that period. It seems that rainwater
entering the sewer shed diluted the wastewater, lowering the ammonium nitrogen

concentrations, hence resulting in higher gc/dynamic population values.

Interestingly, the minimum mean viral load value in gc/L (46014 gc/L) for the city of Chania

was recorded during the fourth sub-period (13/9/2021 opening of schools - 25/11/2021).
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Table 3: Viral load values corresponding to sampling sub-periods for Heraklion and Chania

City Intervals gc/L gc/served population gc/108 dynamic population
Measures + variants min max mean min max mean min max mean

24/02/2021- 28/04/2021 (in-house 23434 5863452 667822 3.8E+11 9.5E+13 1.1E+13 3.6E+11 8.7E+13 1.0E+13

restrictions)
29/4/2021 (random testing of airline 9921 225535 64543 1.6E+11 3.7E+12 1.0E+12 1.7E+11 43E+12 1.1E+12

passengers) - 27/6/2021
. 28/6/2021 (end of in-house restrictions) - 19922 602875 125087 3.3E+11 1.0E+13 2.1E+12 3.3E+11 1.0E+13 2.2E+12
Heraklion

12/9/2021
13/9/2021 (schools open) - 25/11/2021 6300 277736 80533 1.3E+11 5.2E+12 1.4E+12 9.4E+10 46E+12 1.2E+12
26/11/2021(first omicron case) - 31/5/2022 63155 2109544 575500 1.2E+12 3.8E+13 1.1E+13 8.6E+11 3.5E+13 1.0E+13
1/6/2022 (end Of({ggzs)use) “O1002023 4940 1418772 328793 24E+11  26E+13 58E+12  24E+11  20E+13  4.8E+12
24/02/2021- 28/04/2021 (in-house 8009 2480440 487220 1.3E+11 46E+13 9.3E+12 1.8E+11 4.3E+13 9.7E+12

restrictions)

29/4/2021 (random testing of airline

passengers) - 27/6/2021 617 296660 80441 1.1E+10 5.1E+12 1.4E+12 1.1E+10 6.8E+12 1.4E+12
28/6/2021 (end of in-house restrictions) - ggen 440712 99221 18E+11  B8E+12 19E+12  17E+1l  84E+12  L7E+12

. 12/9/2021

Chania

13/9/2021 (schools open) - 25/11/2021 10571 115185 46014 2.0E+11 2.0E+12 7.9E+11 1.8E+11 3.0E+12 8.1E+11
26/11/2021(first omicron case) - 31/5/2022 38588 1737192 456956 6.2E+11 3.6E+13 9.5E+12 6.5E+11 55E+13 1.2E+13
1/6/2022 (end of mask use) ~6/10/2023 17606 1903120 262431  32E+11  21E+13 47E+12  3AE+11  1.8E+13  AS5E+12

(today)
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3.5 SARS-CoV-2 viral load and cases fluctuations during the pandemic

From the time our sampling started (February 2021) to the end of June 2021, Greece was
undergone restriction measures depending on the amount and severity of human cases in each
region. Regions were categorized as of high, medium, and low danger levels and surveillance
measures of less strictness were implemented respectively. Restrictions included obligatory in-
house stay hours, market activity, primary and secondary education operation (in-person or

distance learning) and differentiated for each danger level (Appendix 6.6). A brief timeline of

December 2020 29 April 2021
Gatherings of 9 people Random sample testing
maximum are allowed only 1 February 2021 of airline passengers and
for the dates 24, 23, 31 of 3 January 2021 i X lemporary Testriction ol
December and 1* of January 9 pm to 5 am n-house ITIPCdI'S‘J“ .013‘31’13110“ of PC.RTpositive individuals
2021 et all educationa arriving from abroad
restriction structures
.
3
A%Y 4 @ ] ; o A —
L 4 =L P A
ddd 222
27 December 2020 11 January 2021 el
o ) anuary 16 March 2021 10 May 2021
Start of Pfizer first - Distance Learning lor Distance learning for .
dose vaccinations Secondary education all educational In person operation
structures struclures of all educational
structures

- In person operation of
primary education

structures
28 June 2021
End of in-house
resiriclions
s
v & q=n .
= v
14 May 2021 1 June 2022
-12.30 pm to 5 pm in- End of obligatory
house restriction mask use in internal

- Re-start of food and external places

services operation until
12.15 pm

Figure 29: Pandemic time-point restrictions diagram — representative of both cities

the pandemic milestones and changes is presented in Figure 29. Both cities, Chania and
Heraklion, are described by this timeline, as differences in surveillance levels and timing were

minor.

In our study, wastewater viral load trends seem to be relatable to changes in restriction measures
within community (Figure 30), to the emergence of different variants, as well as the trending
of COVID-19 confirmed cases (Figure 31). Figure 31 is constructed by using the dataset of
the WWTP of Chania, however, is representative of both the WWTPs.
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Figure 30: Wastewater viral load versus human cases and restriction measures projection for the cities of Chania and Heraklion
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The days before the start of sample collection (25 February 2021), Greece was undergoing in-
house restriction measures from 9 pm to 5 am, and in person operation for all educational
structures was implemented. The wastewater viral load was trending rapidly upwards during
March 2021, possibly due to the increased infections in educational structures. By the middle
of March 2021, the operation of all educational structures was suspended by distance learning

and viral load presented a decrease (Figure 29, Figure 30 and Figure 31).

As observed in Figure 30, March 2021 was a high surveillance month for both cities, implying
strong intervention measures within community activities. For the city of Heraklion though, the
interventions were implemented a little earlier than those in Chania, capturing the sharp increase
in viral load while in quarantine. For both cities, the viral load significantly decreased during
the forthcoming weeks. However, in the case of Chania, higher loads were observed for a longer

time, possibly because of the late high level surveillance intervention.

The Delta variant emerged in early April 2021, leading to gradual viral load increase until May,
when Easter Holidays ended (Figure 31). It is worth noting that during that time, the number
of human cases recorded was significantly lower than expected, considering the high levels of
wastewater viral load. This could be attributed to the incapability of correct clinical testing at
that time, and/or the inaccurate data on COVID-19 confirmed cases (asymptomatic or
symptomatic but not tested individuals). In addition, these differences could be a result of the
insufficient immunity against SARS-CoV-2, because the vaccinations by then had just started,
with a very small population percentage being vaccinated with the first dose, including mostly
health care professionals. Moreover, we should always keep in mind that even asymptomatic

or human cases in the late phase of the disease may continue shedding the virus in their feces.

Vaccination rate is an important factor for SARS-CoV-2 transmission, shedding and
subsequently viral RNA occurrence in wastewater (Puhach et al., 2022). The study of Bivins
and Bibby, 2021, showed that a university mass vaccination of students leaded to minimal or
undetected on some days, wastewater viral RNA load, after the second vaccine dose, concluding
that mass vaccination reduced viral shedding in wastewater. Moreover, Yaniv et al., 2021,
described that SARS-CoV-2 RNA detected in wastewater showed a steady decrease when over
50% of the population was vaccinated. However, they observed that the antibodies produced
by the vaccine were less effective in neutralizing the Delta variant, indicating differences of

vaccine effectiveness regarding the prevalent variant.
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Figure 31: Wastewater viral load versus human cases from April of 2021 to October of 2022 for the city of Chania
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On April 29", random testing of airline passengers from abroad was implemented and a slight
decrease in viral load was observed. On the 10" of May 2021, in person operation of all schools
was re-established and on the 14" of May 2021, in-house restriction was applied between 12.30
pm and 5 pm, with the addition of the re-start of all food services. Wastewater viral load showed
a gradual increase in the upcoming days, until the first week of June, when a gradual decrease
began. Wastewater viral load and human cases trends were relatively stable until the first week
of July, when a slow increase started. This can be attributed to the fact that until the end of June
(June 28" 2021) all in-house restrictions had ended (Figure 29 and Figure 31). Possibly both
the end of pandemic restrictions and the peak of touristic activity on the island of Crete, resulted
in increased wastewater viral load levels and human cases. Trends were heading upwards at that

time and until the 10" of August.

Pandemic restriction measures and specifically lockdowns, have been broadly found to affect
COVID-19 confirmed cases and wastewater viral load (Hillary et al., 2021; Martin et al., 2020).
Indicatively, the results of the study conducted by Martin et al., 2020 showed a significant
reduction of RNA concentration in wastewater during the lockdown measures implemented in

the country.
By the end of August 2021 wastewater viral load and human cases had decreased significantly.

Human cases and wastewater viral load showed slight and comparable fluctuations during the
forthcoming weeks, from the end of September 2021 to the beginning of November 2021, when
the fluctuations became more noticeable. The first confirmed case of the Omicron variant in
Greece was recorded on the 26" of November 2021 (Figure 31). From that time on, the
wastewater viral load increased rapidly, noting the highest values ever recorded by the end of
January 2022, which is in agreement with the incidences recorded during that time too. Omicron
variant has shown faster viral replication and clearance than the wild-type SARS-CoV-2 and
the delta variant, despite exhibiting milder symptoms. It is worth highlighting that this rapid
viral load increase was also observed during and after Christmas holidays. From the end of
January 2022 to the end of February 2022, the viral load decreased. By the middle of March
2022, the viral load increased and reached a peak during Easter holidays (18 to 25 April 2022)
but decreased significantly from then until the end of May (Figure 31).

The abolition of obligatory mask use in internal and external places took place on June the 1%
of 2022. From then on, a rapid and sudden increase both in viral load and in COVID-19 cases

was observed, which peaked by the start of July 2022. Viral load in agreement with human
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cases, noted high levels during the summer season of 2022 and dropped gradually from the start
of August to the first week of September 2022. By the end of September, a peak in viral load
was observed, which could be attributed to the opening of schools on the 12" of September
(Figure 31). It is noteworthy that human incidences at that point, did not show a similar trend,
although they noted slight increasing trends too, possibly as a result of insufficient clinical

testing of infected individuals, or mild symptomatology or reduced recording of positive tests.

The trend of viral load during the following months until today, was in accordance to changes
in community activities and habits (Christmas, Easter, and Summer Holidays), following the
pattern described above. However, the correspondence between the COVID- 19 cases and the
viral load was less accurate from October 2022 until today, with the latter displaying more
noticeable peaks (Figure 32). This may be attributed to mainly two facts; the vaccine- or
infection-driven immunity of individuals that lead to asymptomatic or of mild symptoms and
thus, not recorded infections, and the reduced frequency of clinical testing within the
community after the second year of the pandemic. The values noted both for human cases and

viral load moved in notably lower levels than before, due to the same facts (Figure 32).
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3.6 Influence of rain events on viral load

The influence of rainfalls and the subsequent dilution of wastewater samples on SARS-
CoV-2 RNA detection has been referred to several epidemiological studies, as a bias
factor for data interpretation (Hillary et al., 2021; Bertels et al., 2022; Langeveld et al.,
2023; Lopez-Penalver et al., 2023; Maal-Bared et al., 2023; Saingam et al., 2023).
However, few studies to date have examined the actual effect of rainfall on virus

detection.

In the study of Nguyen Quoc et al. (2022) the rain precipitation was demonstrated to
lead to decreasing trends of SARS-CoV-2 RNA concentrations in wastewaters, despite
the increasing COVID-19 cases. Saingam et al. (2023) observed that rain precipitation
impacted SARS-CoV-2 levels and reduced WBE sensitivity.

To evaluate the influence of rain events and the consecutive dilution of the wastewater
on viral load, we collected rainfall data (millimeters of rain) from the National Obser-

vatory of Athens database — Meteo (https://meteosearch.meteo.gr/data/index.cfm). We

recorded the millimeters of rain noted during the day of sampling and on the day before
the sampling day, to consider all dilution events that could affect the wastewater sam-
ples. Rainfalls and wastewater viral load data on respective dates were compared, after
processing, using the OriginPro software (Figure to Figure 40). We should note at this
point, that the graphs presenting the rainfall incidences, though constructed with trend-
ing lines, should not be interpreted as of describing rain fluctuations. Rain events are
generally better described as single points, because they represent single events, but in

our case, where a big dataset was used, trending lines were used for better visualization.

Figure and Figure 34 include the whole dataset of the sampling period (02/2021-
10/2023) for the city of Chania (Figure ) and Heraklion (Figure 34), respectively. To
investigate the effect of rainfall events on viral load, in case they occurred either during
the sampling day or on the day before, or even both, we split the rainfall periods into
dry (spring and summer) and wet (autumn and winter) and focused on rainfalls during
the day and the previous day of sampling for each of these periods for each city in

separate.
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Figure

and Figure 36, respectively for Chania and Heraklion, are representative of

rainfalls that occurred during dry periods. We firstly focused on the city of Chania (Fig-

ure ) to study the effect of rainwater on viral load during summer (1/8/2021-
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26/9/2021), when we expected to observe higher viral loads because of increased hosted
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population (tourists) and the lack of dilution events. Viral load during that period was
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relatively high, indeed, until a sharp decrease took place that coincided with two sam-

ples collected during rainfall events; the first rainfall occurred at the day of sampling of
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the first sample, while the previous day was not rainy, and the second sample was col-

lected during a much heavier rainy day accompanied by a light rain on the day before.

As regards the city of Heraklion (Figure 36) for a different but still dry period (May
and June 2023), a heavy rainfall event during the sampling day together with a much

lighter rainfall on the day before, caused a sharp decline in viral load.

Figure and Figure 38 are representative of wet periods, during which several
rainfalls have been occurring, for the city of Chania and Heraklion respectively. The
time frame of these two graphs are periods without touristic activity, in addition to the

increase of rainfall events, and hence, dilution of samples.

In the case of Chania (Figure ), the increase of rainfalls is obvious enough, as
February and March are usually of the rainiest months in Greece. Viral load trend
fluctuates more intensively and, in most cases, is in agreement with the rainfall data.
However, the impact of light rainfall events is not easily distinguishable during that
period. A heavy rainfall event on the first days of March 2022 though, had a more

noticeable effect on viral load trends.

Accordingly, for Heraklion (Figure 38), we can observe intense fluctuations of viral
load. However, not many rainfalls were recorded during that time (March and April
2023). A noticeable, but lighter than the aforementioned rainfall recorded in Chania
occurred by the middle of March 2023, which also surprisingly, resulted in a sharper

viral load decrease.

Figure is representative of a dry period, during which rainfall incidents were
recorded both on the sampling day and the day before sampling, for the city of Chania.
Wastewater samples’ viral load value showed a small but rapid decrease when a rainfall
occurred during the days of sampling. When a strong rainfall event occurred the day
before, the respective viral load value was not that much affected. However, for the
same dry period, when a rainfall event took place both on the day of sampling and on

the day before, the respective wastewater viral load decreased rapidly.
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Figure 40 is representative of a wet period (February and March 2022), during which

many rainfall events were recorded both during the sampling day and the day before,

for the city of Heraklion. Viral load values were fluctuating in generally low levels

during that time and they dropped even more by the fourth week of February 2022,

when heavy rainfalls were recorded on both the days of interest. Low viral loads were

observed until the third week of March 2022.
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3.7 Physico-chemical characteristics of wastewater samples and SARS-CoV-2
concentrations of the WWTPs

Physico-chemical characteristics of the untreated wastewater of the two WWTPs varied
considerably depending on seasonality and between the cities. For instance, the average
influent flow rate ranged from an average value of 17792 m*/Day for the WWTP of
Chania (Table 4), to an average of 33020 m*/Day for the WWTP of Heraklion (Table
5). This is attributed to the fact that Chania WTTP serves approximately 97,000 people,
whilst the Heraklion WWTP serves approximately 200,000 people. It is worth noting
that during winter season, the influent rate of both cities is higher, due to the entering
of rainwater in the sewer shed (Table 6). We considered as winter season the months
from November to April each year and as summer season the months from May to
October. The decision was taken considering the opening of hotels and the start and

ending of rain events in our region.

The WWTP of Chania receives seawater during windy days because the sea waves can
enter the drain system. This causes, apart from a higher influent flow rate in the WWTP,
an increase in chloride ions concentration, which explains why the maximum
concentration of chloride ions is significantly higher for the WWTP of Chania (870
mg/L) comparatively to Heraklion (330 mg/l), while the respective average value for
Chania WWTP is 124 mg/L; lower compared to Heraklion (204 mg/1) (Table 4). Hence,
in accordance with the flow rate, average chloride concentration differs significantly

between the two WWTPs.

It is worth noting that high chloride ions concentrations have been found to promote
reduced viral RNA concentrations, when sodium hypochlorite is used as a disinfection

agent, according to Zhang et al. (2020) and Hemalatha et al. (2021).

The wastewater pH and conductivity values of the two WTTPs were not significantly
divergent. For both parameters however, the Heraklion WWTP showed a slight but

considerable higher average value.

As regards to the effects of pH on wastewater viral load, Amoah et al. (2022) made an
interesting observation, that pH values in the range 7.1-7.4, are associated with the
highest SARS-CoV-2 concentration. The study performed by Bardi and Oliaee (2021)
indicated that pH values lower than 5.4, together with a volatile fatty acid concentration

above 2000 mg/L leaded to total absence of SARS-CoV-2 genes.
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High conductivity values have been related to road de-icing, according to Langeveld et
al. (2023) or very low flow rates, usually during dry summer periods. However, in our
case, road de-icing is extremely rare. Thus, high conductivity values are a possible
result of seawater entrance into the sewer shed, causing increased concentrations of

several ions, such as chloride ions, as stated before.

The COD, BOD and SS average values were considerably higher for the city of Chania,
indicating more complex and polluted wastewater. This may be attributed to the fact

that the WWTP of Chania receives industrial wastewater too.

COD, BOD and SS concentrations, as indirect measures of organic loading in
wastewater, can potentially affect viral RNA recovery efficiency, because of the viral
particle affinity to organic solids as extensively studied by Petala et al. (2021) and other

research groups (Zhuang and Jin, 2003; Wong et al., 2013).

The ammonium nitrogen and phosphorus average concentrations were significantly
higher for the WWTP of Heraklion, and this could be attributed to the larger population
served by this WWTP. Moreover, ammonium nitrogen concentration ranged among the
seasons, in accordance with the influent rate fluctuations, because of the existence or

absence of rainfall dilution events (Table 7).

The concentration of different ions of interest can be underestimated because of
dilution, as a result of heavy rain events. In our case, this was particularly important for
ammonium nitrogen determination, because this parameter was used for normalization.
In addition to the interpretation of ion concentrations, it is worth noting that ammonium
nitrogen concentrations reached a peak during the summer months, because both of the

lack of rainfalls and the massive tourist population arrival on Crete.
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Table 4: Wastewater characteristics of the WTTP of Chania

Influent flow Chloride Conductivity COD BOD  Phosphate Am'monlum Suspe.nded
(m3/Day) pH (mg/L) (ms/cm) (Mmg/l)  (mg/L) (mg/L) Nitrogen Solids
(mg/L) (mg/L)
Minimum 13820 6.89 42 0.495 282 160 3 10 152
Maximum 32982 7.99 870 4.460 1530 660 28 58 936
Mean 17792 7.42 124 1.012 679 429 16 39 401
Median 17423 7.4 108 0.963 685 430 16 41 376
Table 5: Wastewater characteristics of the WTTP of Heraklion
Influent flow H Chloride Conductivity COD (mg/L) BOD Phosphate Amirtr;(;n::]m Suspended
(m3/Day) b (mg/L) (ms/cm) g (mg/L)  (mglL) (g /?_) Solids (mg/L)
Minimum 21022 6.60 76 0.454 178 110 4 14 60
Maximum 39000 8.31 330 5.250 2369 520 28 74 1260
Mean 33020 7.70 202 1.320 578 280 17 46 227
Median 32950 7.71 198 1.234 561 266 17 46 210
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Table 6: Influent flow rate (m3/Day) of the WWTPs of Heraklion and Chania during winter and summer seasons

Heraklion Chania
winter summer winter summer winter summer winter summer
season season season season season season season season
2021-2022 2022 2022- 2023 2021- 2022 2022-2023 2023
2023 2022
Minimum 31000 30900 29189 21022 14362 15174 13960 16332
Maximum 39000 37512 35570 31754 32982 20488 24334 20696
Mean 36098 34003 32836 30742 19642 17562 16769 17335

Table 7: Ammonium Nitrogen concentrations (mg/l) of the WWTPs of Heraklion and Chania during winter and summer seasons

Heraklion Chania
winter summer winter summer winter summer winter summer
season season season season season season season season
2021-2022 2022 2022- 2023 2021- 2022 2022-2023 2023
2023 2022
Minimum 22.8 41.4 13.8 30.0 9.9 315 22.8 36.2
Maximum 69.9 73.2 73.5 65.0 447 57.6 52.8 55.5
Mean 42.2 52.7 445 49.0 31.6 429 38.6 43.7
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3.8 Time-lagged Cross-Correlation between COVID-19 cases and viral load

The correlation of COVID-19 cases and viral load in wastewater has been graphically observed

in paragraph 3.8. In this study, we aimed to describe this correlation by statistical means too.

It is broadly noted that individuals infected with SARS-CoV-2 can excrete virus and/or viral
RNA through multiple bodily secretions (Prasek et al., 2023), of which faeces dominate
population-level SARS-CoV-2 RNA loading in wastewater. SARS-CoV-2 can be detected in
infected individuals’ faeces, regardless of the presence of any symptoms; even pre-symptomatic
and asymptomatic individuals were found to shed the virus via faeces (Cevik et al., 2021; Park
etal., 2021; Bertels et al., 2022). Delays between the presentation of symptoms, testing and the
reporting of test results were also commonly observed in different countries (Li et al., 2023).
Moreover, it is worth highlighting that there is a substantial period that elapses between the
viral infection and the emergence of any symptoms, known as the viral incubation time. Given
the above, clinical testing provides, not in real-time and possibly underestimated insights into
the viral occurrence within community, while WBE studies might provide information on the
onset of outbreaks and/or give a more realistic perspective of viral circulation within

community.

In this context, we correlated COVID-19 cases and wastewater viral load, aiming to note the
possible time-gap between their fluctuations on corresponding periods and thus, evaluate the
early warning capacity of our study. To do so, we calculated the time lagged cross-correlation
(TLCC) by shifting the recorded COVID-19 cases data by an offset and calculating the
Spearman cross-correlation between SARS-COV-2 RNA load and COVID-19 cases for every
shift. A maximum offset of + 30 days was used. For each lag, a p-value was also reported; in

cases where the p-value was > 0.05, then the estimated correlation was disregarded.

Figure 41 represents a TLCC graph constructed by using the data of the city of Heraklion for
the whole study period. The blue line represents the Spearman correlation coefficient and the
purple line, the p value. The red dotted line is set at zero point indicating the center, while the
green dotted line represents the peak synchrony point, meaning the point at which the best

correlation between SARS-COV-2 RNA load and COVID-19 cases is achieved.

At peak synchrony the value of the Spearman correlation coefficient is ~0.82 and the p-value

is ~8.9x102% indicating strong correlation between the variables. Peak synchrony is achieved
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at the offset of -3 days, implying that the wastewater viral load was preceding by three (3) days
the COVID-19 cases in Heraklion during the study period.

A corresponding graph for the city of Chania is presented in Figure 42. In this case, the value
of the Spearman correlation coefficient is ~0.70 at peak synchrony and the p-value is ~1.3x10"
134 indicating strong correlation between the variables. Peak synchrony is achieved at the offset
of +2 days, implying that the COVID-19 cases were preceding the wastewater viral load by 2
days in Chania during the study period.

The correlation of confirmed COVID-19 cases and wastewater viral load was significantly
differentiated in the two investigated cities. For the city of Heraklion, wastewater viral load was
preceding the cases by three days on average, implying that the wastewater can, indeed, at some
degree predict the incidences of infection and thus, the outbreaks. On the contrary, the cross-

correlation estimates are not performing likewise for the city of Chania.

This observation can be attributed to a variety of factors, including the varying wastewater
characteristics between the two cities. Moreover, several studies that have been carried out in
this context, have indicated differing levels of correspondence between the presence of SARS-
CoV-2 RNA in wastewater and the outcomes of individual testing conducted concurrently and
at the same location (Ai et al., 2021; Li et al., 2023). Specifically, Li et al. (2023) highlighted
the importance and divergence of the correlation between the two variables at the pre-peak and
post-peak stages of an outbreak. Researchers in this study concluded, that WBE showed better
capability in capturing new cases than active cases due to the higher shedding loads from new
patients. Therefore, a more focused correlation approach on outbreaks would be more accurate

in evaluating the dynamics between the two variables.
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Figure 41: TLCC graph for the city of Heraklion, for the whole study period
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3.9 Wastewater prediction on COVID-19 cases by means of machine learning

In the context of WBE for SARS-CoV-2 monitoring, several studies have examined the
use of wastewater as a prognostic tool for forecasting outbreaks in human cases. The
forecasting of COVID-19 cases relies on the fact that there is a considerable time gap
between viral infection and the onset of symptoms (viral incubation time) and is usually
achieved by implementing machine learning (ML) strategies (Cao & Francis, 2021;
(Koureas et al., 2021; Lai et al., 2023; Vaughan et al., 2023; Lopez-Penalver et al., 2023;
Hill et al., 2023). ML is valuable for analyzing large datasets because its performance
is enhanced through self-improvement, by using provided data. ML also allows for the
selection of specific models that can learn from data, recognize patterns, and make

predictions with minimal human intervention (Vaughan et al., 2023).

In our study we used python and sikit-learn and xgboost libraries for the machine

learning analysis.

Figure 43 and Figure 44 demonstrate the trained models for the city of Chania and
Heraklion respectively. We trained the models (red dots) by providing them with
respective-date data on wastewater viral load and human cases, for a pre-defined time
period (blue line). We then subtracted only the data on human cases for the remaining
study period, to test the accordance and accuracy the model develops to the real values.

The predicted cases are depicted with green dots.

Interestingly, the model seems to be able to predict the pattern of the COVID-19 cases
that followed, but provides a different estimation regarding the number of recorded
incidences. However, it should be noted, that the period for which the prediction was
made (May to October 2023) might not be the optimal, because of the reduced clinical
testing resulting from community behavioral changes. Additionally, physico-chemical
wastewater characteristics should be taken under consideration when ML strategies are
implemented as well, because they directly affect the recovery of viral RNA from

wastewater.

The complexity of the relationship between sewage measurements and disease spread
is broadly admitted. Koureas et al., 2021 in their study, developed 14 different machine
learning models from different training datasets, but could not identify a single one as

the overall best performing in terms of correlation, accuracy and generalizability. That
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fact can be interpreted considering a wide variety of factors, like technical
characteristics of the WWTP, chemical composition and physicochemical properties of
the wastewater samples, environmental parameters, analytical issues, sampling
procedures, changes in surveillance practices, alteration in the virus’s properties
because of the emergence of different variants, as well as vaccinations. It is also
noteworthy, that Koureas et al. (2021) observed that the strength association between
actual and predicted cases varied over time, and specifically between the periods for
the first and second epidemic wave. The ratio of sewage RNA measurements to reported
cases decreased in comparison to the first wave, which could be attributed to the
different variant being prevalent in each wave, different climatological parameters,

different testing rate and behaviors related to seeking healthcare.
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Figure 43: Predictions on cases for the city of Chania by machine learning
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Figure 44: Predictions on cases for the city of Heraklion by machine learning
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4.1 Conclusions

In conclusion, utilizing wastewater as a tool for WBE presents a valuable approach for
monitoring viral RNA, especially in the context of SARS-CoV-2 surveillance. However, the
complexity of the wastewater matrix, which can be influenced by various factors, highlights the
challenge of implementing a uniform model across different regions and countries.
Physicochemical parameters such as total and/or suspended solids, pH, conductivity, etc., can
significantly impact the recovery of viral RNA. Moreover, the presence of numerous inhibitors

necessitates careful calculation for inhibition and recovery.

The use of wastewater as an early warning tool for SARS-CoV-2 is complicated by the
variability of the time gap to the occurrence of human cases, which is affected by the emergence
of various virus variants as well. However, a statistically significant but not a linear correlation
was observed between wastewater viral load and human cases. To enhance the reliability and
comparability of results, standardizing protocols becomes vital, either by adopting common
protocols or by implementing ring trials. Finally, the importance of population dynamics in
different analytical approaches (use of different parameters for normalization) further

emphasizes the need for a holistic and flexible strategy in WBE.

4.2 Limitations of the study

In the pursuit of understanding viral RNA dynamics in wastewater, methodological choices,
environmental effects, and the complexities associated with viral shedding and immunity must
all be considered in order to provide a balanced interpretation of our findings. The limitations

of our study are listed below:

e The use of supernatant liquid instead of the solid particulate matter of each sample, may
have introduced variability in the results, since a portion of viral RNA might have
retained on solid particles.

e The impact of rain on viral load was acknowledged, but normalization of this effect was
not achieved, introducing a potential source of bias.

e We did not test for specific variants of the virus, which limits the ability to discern the
prevalence and dynamics of particular strains in the studied samples.

e The reliance on only two genes for analysis may have underestimated our results.

e Testing frequency for each WWTP was not daily, potentially missing fluctuations in

viral RNA concentrations.
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e The study could not encompass all human cases, like asymptomatic individuals, which
might affect the comprehensiveness of the findings.

e The inability to distinguish among asymptomatic, new, active, and convalescent cases
impedes a more in-depth understanding of infection dynamics.

e Thorough examination of the actual effects of various immunization regimens,
including variations in vaccines, doses, and time gaps until the third dose could not be
provided by this study.

e Estimating the true impact of immunity against different variants, and subsequently the
variability in viral shedding in feces, remains a challenge.

e Datarecorded corresponded to prefectures rather than cities, necessitating extrapolation
and potentially introducing uncertainties in the spatial representation of the findings.

e The correlation between wastewater viral load and COVID-19 cases would possibly be

more accurate if it was focused on the onset and/or ending of outbreaks.

4.3 Future prospects

In acknowledging the limitations inherent in our WBE study, we propose recommendations to

elevate the quality and scope of future research in this scientific field. We advocate for:

e Promotion of national networks for collaborative data collection and analysis.

e Promotion of adoption of common protocols across research initiatives.

e Facilitation of interdisciplinary collaboration, recognizing the expertise of diverse
scientific fields.

e Comprehensive surveillance incorporating elements of the so called exposome!?, such
as the assessment of heavy metals on biofilms, microplastics, pharmaceuticals,
persistent organic pollutants (POPs), antimicrobial resistance genes (ARGs), and

organisms of emerging concern.

11 The exposome is a concept used to describe environmental exposures that an individual encounters throughout
life, and how these exposures impact biology and health. It encompasses both external and internal factors,
including chemical, physical, biological, and social factors that may influence human health., Wikipedia, 9 January
2024, https://en.wikipedia.org/wiki/Exposome .
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6.1 Calibration curves and data for Ammonium test kit (Merck Millipore)

3,500 n= 10
3.000 Conc. / Konz. Absorbance
o (Standard / Patron) Extinktion
2,500 | mg/l NHg-N Extincion
< 2.0 0,131
@
g 2000 10,0 0.456
[u]
2 iR 076
E 1500 8,0 0,767
2 26,0 1,088
1,000 340 1,414
ok 1,736
0,500 s G
0,000 2,327
15,0 30,0 450 60.0 75.0 2673
Concentration (mg/l) 2,976
Calibration Function / Kalibrierfunktion | Funcién de calibracién Taégﬁ‘ ""|'1“° m';"‘ ‘“'”en
ISO 8466-1/ DIN 38402 A5 oliwert argenwe
Valor nominal Valor del lote
Slope / Steigung / Pendiente Tolerance +-/ Tolerancia 0,0384 + 0,0012 0,0268 v
Ordinate segment / Ordinatenabschnitt / Intersecto en ordenadas 0,069
Reagent blank / Reag.blindwert / Valor en blanco del react Tolerance +/-/ Tolerancia 0,060 + 0,020 A 0,055 A

Confidential interval (P=95%)

Vertrauensbereich (95% Wahrscheinlichkeit) / Intervalo de confianza (95 % de probabilidad) +2,0 g/ £1,2mg/
Standard Deviation of the Method 0.48 majl v
Verfahrensstandardabweichung / Desviacion estandar del procedimiento £0.c0mg
Variation Coefficient of the Method S | 29 v
Verfahrensvariationskoeffizient / Coeficiente de variacién del procedimiento 2o £1.2%
n= 10
75.0 lat-27"119
Target value Messergebnis /
Sollwert
Valor nominal Resultado
60.0 . Standard /
(Standard / Patron) ( .
. /I NH.-N Patron)
5 mg 4 mey/l NH N
E 45,0 20 1.9
3 10,0 10,4
3 18,0 184
@x 30,0 —
26,0 272
340 35,3
15.0 430 3.7
51,0 52,5
0.0 59,4
0,0 15,0 30,0 45,0 60,0 75.0 67 3
Target value (mgfl) 760
Calibration Function / Kalibrierfunktion / Funcién de calibracién Ta;gﬁ‘ V":‘e m';"‘ """"en
ISO 8466-1/ DIN 38402 A51 onwer argenwe
Valor nominal Valor del lote
Slope / Steigung / Pendiente Tolerance +/- | Tolerancia 1,00 + 0,03 1,01 v
Ordinate segment / Ordinatenabschnitt / Intersecto en ordenadas 04
Reagent blank / Reag.blindwert / Valor en blanco del react Tolerance +/-/ Tolerancia 0,060 + 0,020 A 0,055 A v
Confidential interval (P=95%) 2.0 maf 12 mai v
Vertrauensbereich (95% Wahrscheinlichkeit) / Intervalo de confianza (95 % de probabilidad) £20mg £l.emg
Standard Deviation of the Method 0.51 mal v
Verfahrensstandardabweichung / Desviacion estandar del procedimiento £00T My
Variation Coefficient of the Method 1950 £ 139 v
Verfahrensvariationskoeffizient / Coeficiente de variacién del procedimiento oo o
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6.2 Calibration curves and data for Chloride test kit (Merck Millipore)

n= 10
1,200 Conc. { Konz. Absorbance
(Standard / Patron) Extinktion
100 mg/l CI Extincién
<0 800 25 0,318
8 50 0,405
E = - K
50,600 e o 7.5 0,518
3 A 059
0,400 0,696
0,788
0,200 0,569
0,959
0,000 £
0,0 5,0 10,0 15,0 20,0 250 1,049
Concentration (ma/l) 1,133
Calibration Function / Kalibrierfunktion f Funcion de calibracion Target value _Lot value
ISO 8466-1/ DIN 38402 A51 Sollwert Chargenwert
Valor nominal Valor del lote
Slope / Steigung / Pendiente Tolerance +/- [ Tolerancia 0,0355 + 0,0011 0,03625
Ordinate segment | Ordinatenabschnitt / Intersecto en ordenadas 0,235
Reagent blank / Reag.blindwert f Valor en blanco del react Tolerance +/- | Tolerancia 0,225+ 0,020 A 0,239 A
Confidential interval (P=95%) £0.7ma £ 0.5 mal
Vertrauensbereich (95% Wahrscheinlichkeit) / Intervalo de confianza (95 % de probabilidad) e = my
Standard Deviation of the Method £0.22 mal
Verfahrensstandardabweichung / Desviacion estandar del procedimiento B 9
Variation Coefficient of the Method . 1 6%
Verfahrensvariationskoeffizient / Coeficiente de variacion del procedimiento t4o £1,6%
n= 10
250 -
Target value Result
Lo Sollwert Messergebnis f
20,0 > Valor nominal Resultado
- (Standard [ Patron) [{Standard / Patron)
= mg/l CI mg/l CI
15,0 g g - 2
g "':,"" 25 1,9
3 i o
& 10,0 . 7.6
9,8
12,6
15,0 15,2
17,5 174
10,0 15,0 20,0 250 200 20,0
Target value (ma/l) 225 226
250 24.9
Calibration Function / Kalibrierfunktion f Funcidn de calibracion Target value ,LOt value
IS0 8466.1 / DIN 38402 A51 Sollwert Chargenwert
Valor nominal Valor del lote
Slope ! Steigung / Pendiente Tolerance +/-f Tolerancia 1,00 £ 0,03 1,02
Ordinate segment / Ordinatenabschnitt / Intersecto en ordenadas 04
Reagent blank / Reag.blindwert / Valor en blanco del react Tolerance +/-/ Tolerancia 0,225+ 0,020 A 0,235A
Confidential interval {(P=95%) +07ma + 0.6 mal
Vertrauensbereich (35% Wahrscheinlichkeit) / Intervalo de cenfianza (95 % de probabilidad) e 2 mg
Standard Deviation of the Method £0.24 mal
Verfahrensstandardabweichung / Desviacion estandar del procedimiento o g
Variation Coefficient of the Method +75 £17%
Verfahrensvariationskoeffizient | Coeficiente de variacién del procedimiento o .
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6.3 Calibration curves and data for Phosphate test kit (Merck Millipore)

1,800 n= 10
]
1,600 / Conc. [ Konz. Absorbance
,/ (Standard / Patrdn) Extinktion
1,400 / mg/l POs-P Extincion
41200 /r' ] 0,111
81,000 5.0 0,336
5 P =
2 0,501
80'800 -
2 0,672
0,600 =
| o~ 0,834
0,400 " 1,005
0.200 e 1,172
0,000 /./ 1,339
" 00 50 10,0 15,0 20,0 25,0 30,0 1,501
Concentration (mg/l) 300 1,?'3.3
Calibration Function / Kalibrierfunktion / Funcion de calibracion Target value _LO[ value
1SO 8466-1 / DIN 38402 A51 Sollwert Chargenwert
Valor nominal Valor del lote
Slope / Steigung / Pendiente Tolerance +/- | Tolerancia +0,0017 v
Ordinate segment / Ordinatenabschnitt / Intersecto en ordenadas
Reagent blank / Reag.blindwert / Valor en blanco del react Tolerance +/- ] Tolerancia 0,060 + 0,015 A v
Confidential interval {P=95%) AT
Vertrauensbereich (95% Wahrscheinlichkeit) / Intervalo de confianza (95 % de probabilidad) e
Standard Deviation of the Method v
Verfahrensstandardabweichung / Desviacidn estandar del procedimiento
Variation Coefficient of the Method - 0.3% v
Verfahrensvariationskoeffizient / Coeficiente de variacion del procedimiento 2o £0.7%
n= 10
30,0
! Target value Result
Sollwert Messergebnis /
25,0 Valor nominal Resultado
(Standard / Patron) |(Standard / Patrdn)
20,0 mg!l POs-P mg!l POs-P
E’ 10 0,9
= 150 50
% 8.0 7.9
® 10,0 11,0
14,0
5,0 17,0
20,0
0,0 231
0,0 5,0 10,0 15,0 20,0 25,0 30,0 50
Target value (mg/l) 3'5':2
Calibration Function / Kalibrierfunktion / Funcion de calibracion Target value .Lo.t value
1SO B466.1 / DIN 38402 A51 Sollwert Chargenwert
Valor nominal Valor del lote
Slope / Steigung / Pendiente Tolerance +/-/ Tolerancia 1,00 + 0,03 1,01
Ordinate segment / Ordinatenabschnitt [ Intersecto en ordenadas 0,1
Reagent blank / Reag.blindwert / Valor en blanco del react Tolerance +/-/ Tolerancia 0,060 + 0,015 A 0,054 A
Confidential interval (P=95%) R 0.1 mal
Vertrauensbereich (35% Wahrscheinlichkeit) / Intervalo de confianza (95 % de probabilidad) =0T £0.Tmg
Standard Deviation of the Method +0.06 mall
Verfahrensstandardabweichung / Desviacion estandar del procedimiento e Mgl
Variation Coefficient of the Method 1259 £ 0.4%
Verfahrensvariationskoeffizient | Coeficiente de variacion del procedimiento o e
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AfA

677
680
688
691
695
700
704
707
714

6.4 Indicative Sample Data for the city of Heraklion

AEYA

HPAKAEIO
HPAKAEIO
HPAKAEIO
HPAKAEIO
HPAKAEIO
HPAKAEIO
HPAKAEIO
HPAKAEIO
HPAKAEIO

Hpspopnvia

ko meplodog

Seyparolny
tag (1)

26/11/2021
30/11/2021
2/12/2021
3/12/2021
7/12/2021
9/12/2021
10/12/2021
14/12/2021
16/12/2021

Hpepopnvia
napahafng

26/11/2021
30/11/2021
2/12/2021
3/12/2021
7/12/2021
9/12/2021
10/12/2021
14/12/2021
16/12/2021

Huspopnvia |Extipnon uxol
enstepyaoiag | doptiou(RNA
Seilypartog copies/L)
29/11/2021 198308,6538
31/11/2021  104353,5769
3/12/2021 289998,4615
6/12/2021 109562
7/12/2021 326595,8846
9/12/2021 317941,5385
13/12/2021 172767,6923
14/12/2021 220700
17/12/2021 254263,8462
Auvapukog

nAnBuopog pe Baon

Exktipnon
1ol
doptiou(RN
A copies/L)
pe
KOVOVLKOTIO
nen Napoxr
aVacToAEW s1e68o0u(m3/Da Ospppokpacia | XAwploly|AywyLpwenta
v v) pH | Abparog (2) (C) | «(mg/L) | (ms/cm)
208224,09 36000 7,85 19 180 14,28
109571,26 35000 7,95 19 265 14,03
304498,38 35500 7,88 15 190 1,25
115040,1 33500 7,81 14 225 1,292
342925,68 37000 7,86 13 155 1,138
333838,62 34500 7,62 14 155 1,234
181406,08 36000 7,63 16 170 1,23
231735 35500 7,8 13 145 1,123
266977,04 37500 7,6 12 0,89

Extipnon ukol
dopriou
(copies/100.000
rAnBucpad)
KOVOVLIKOTOLNUEV we
TPOG TNV TIAPOXH
£10080u Kot Tov
nAnBuopd (otabepd

Extipnon wkol
doptiov
(copies/100.000
nAnBucusd)
KOVOVLKOTOLNPEVR WG
TPOG TNV apoXh
ewgodou, Tov
mAnBuopd (otabepo
nAnBuopd) ket Toug

Extipnon ukou doptiov
[copies/100.000
rAnBucpsd)
KOVOVLKOTEOLNHEVR WG
Tpog TNV mapoyr £woodou
Ko Tov mAnBucpé

COD{mg/L) |BOD{mg/L)
685 333
685 333
561 333
561 333
561 333
522 333
522 333
522 333
574 333

Extipnon ukol doptiov
(copies/100.000 mAnBuopé)
KAVOVLKOTOLNUEV WG TIPOG TV

napoyn swoodou, Tov
mAnBuopd (Suvapkd
nAnBuopd) ko Toug

Doochwp
og
oAkdg(m
egfL)

16,4
16,8
16,4

14
12,6
11
11,5
18,8
9,5

TO CPHWVICKE rAnBuops) avaoToleig (Suvapuke mAnBuopgd) avactoleig
270000 3,56956E+12 3,74803E+12 2,64412E+12 2,77632E+12
290000 1,82619E+12 1,9175E+12 1,25944E+12 1,32241E+12
286028,5714 5,14747E+12 5,40485E+12 3,59927E+12 3,77924E+12

211050 1,83516E+12 1,92692E+12 1,73908E+12 1,82603E+12
223585,7143 6,04202E+12 6,34413E+12 5,40466E+12 5,67489E+12
180385,7143 5,48449E+12 5,75872E+12 6,08085E+12 6,38489E+12
229885,7143 3,10982E+12 3,26531E+12 2,70553E+12 2,84081E+12
241907,1429 3,91743E+12 4,1133E+12 3,23878E+12 3,40072E+12
149464,2857 4,76745E+12 5,00582E+12 6,37938E+12 6,69835E+12

111

Afwro
CHHWVLEK,
é(me/L)
52,5
58
56,4
44,1
42,3
36,6
44,7
47,7
27,9

OAiké
éafwro(mg

P43

Awpoips
va
orepsé(m
/L)

245
245
255

225

225

230

230

230

160

NAnBuspég nou
sfnmnpetsiton (pe
Baon otabspa
orowyeia MEN)
200000
200000
200000
200000
200000
200000
200000
200000
200000



AJA

678
681
685
692
694
696
705
708
711

6.5

Indicative Sample Data for the city of Chania

AEYA

XANIA
XANIA
XANIA
XANIA
XANIA
XANIA
XANIA
XANIA
XANIA

Hpspopnvia
ko iepinBog
Sewypatodn

Wiag (1)

26/11/2021
30/11/2021
1/12/2021
3/12/2021
6/12/2021
7/12/2021
10/12/2021
14/12/2021
15/12/2021

Hpepopnvia
napahafng

29/11/2021
1/12/2021
2/12/2021
6/12/2021
7/12/2021

8/12/2021
13/12/2021
15/12/2021
16/12/2021

Extipnon
uxol
, Exriyinon d}opric.)U(RN
Hp.epoun\{wt oD A copies/L)
T e .
copies/L) Déoduwp
nen Nepoxr o5 Afwro
avaoTodsw swo68ou(m3/Da BOspppokpacia Aoparog (2) | XAwprouy |AywyLpwrnre BOD(mg/ | oAtkég(m [appwviak|
v v PH (€ a(mg/L) | (msfem) | COD(mg/L) L) g/t) | é[me/L)
29/11/2021 38588,30769 40517,723 15658 NLINE KATATPADH ITO IHMEIO AEII 113 12,65 628 320 14 41,4
1/12/2021 98307,69231 103223,08 16114 7,63 KATATPADH ITO IHMEIO AEIT 595 15,63 701 520 11,7 41,7
2/12/2021 40938,46154 42985,385 17100 7,55 KATATPAQH ETO EHMEIOQ AEITMATOAHW 19,72 360 10,6 39,3
6/12/2021 53321,15385 55987,212 15664 7,08 KATATPAQH ITO EHMEIO AEIl 125 0,736 604 420 13,4 36,6
7/12/2021 61999,80769 65099,798 16628 745 KATATPAQH ETO EHMEIO AEIl 235 1,238 11,8 37,2
8/12/2021 139602,6923 146582,83 16076 7,25 17,27 ONLINE KATATPADH ET¢ 215 1,27 708 13 38,7
13/12/2021 95118 99873,9 16000 7,09 16,68 ONLINE KATATPADH ZT¢ 140 0,758 558 11 26,1
15/12/2021 165009,2308 173258,69 16600 7,22 16,35 ONLINE KATATPADH 2TO IHMEIO ! 1,423 870 320 9 31,2
16/12/2021 190294,0385 199808,74 18120 7,34 16,03 ONLINE KATATPADH 2TO ZHMEIO ¢ 0,828 589 460 7,7' 26,4_'
Ektipnon ukou
Ektipnon ukou dopriou
$opriou (copies/100.000
(copies/100.000 nAnBuopd) Ektipnon ukou dopriou Ektipnon ukou dopriou
nAnBuops) KOVOVLKOTIOLNHEVT WE (copies/100.000 (copies/100.000 mAnBucpd)
KOVOVLKOTIOLNHEVT WG TPOG TNV EpOXT mAnBucps) KOVOVLKOTIOLNHEVT WG TLPOE THV
Tpog TNV Tapoyr swgdbou, Tov KOVOVLKOTIOLNHEVR WE noapoyr swwobou, Tov
Auveapikde sigdbou Kot Tov nAnBuopd (oraBepd |mpog v Mapoyn swoddou mAnBuopd (Suvapikd
nAnBuopog ps faocn | mAnBuopd (otabBepd | mAnBuopd) ke Toug ke tov mAnBuopd mAnBuopd) ke Toug
TO CPUPWVLEKE nAnBuops) avactolsig (Suvapikd mAnBuopd) avactolsig

92605,88571
95993,4
96004,28571
81500,34286
88365,94286
88877,31429
59657,14286
73988,57143
68338,28571

6,22903E+11
1,63312E+12
7,21699E+11
8,61054E+11
1,06282E+12
2,31366E+12
1,56896E+12
2,82387E+12
3,55477E+12

6,54048E+11
1,71478E+12
7,57784E+11
9,04107E+11
1,11596E+12
2,42935E+12
1,6474E+12
2,96506E+12
3,73251E+12

112

6,52459E+11
1,65025E+12
7,29184E+11
1,0198E+12
1,16666E+12
2,52511E+12
2,55106E+12
3,70213E+12
5,04568E+12

6,85082E+11
1,73276E+12
7,65643E+11
1,07079E+12
1,225E+12
2,65137E+12
2,67861E+12
3,88724E+12

5,29796E+12

Awpoips
ve
otsped(m
/L)
264
424
392
404

356
336
364
376

NAnBuopsdg mou
sinnnpetsiton (pe
Béon orabspa
otowysic MEA)
97000
97000
97000
97000
97000
97000
97000
97000
97000




6.6 Restriction Measures Database

Xavié Hpéheio
Ané Ews | Anayépeuon Kukhoopiag Iyoheia i 6 Eotiaon/ i ¢ 6 i Iyoheia f 6 taon/ i ¢
ENITHPHIH: XANIA,

PEGYMNO,

HPAKAEIO - , . | Avaotond ) , ’ , Magbong ) ) ) ) )
AvemENoy | 39/1/2021 | 6/2/2021 | 9 -5y, é€oBog e Y.A. | Auagibong enaveetoupyia Nerrovpyia Aewwoupyia AvaoTodd Aettoupyiag un- S, éfobocpe YA [ deroupyia Avaotold Aetroupyiag Aettoupyia Avaotohd Aetroupyiag
KINAYNOY: A.

NIKOAAOE

EMITHPHEH: XANIA,

HPAKAEIO -

AYZHMENOY

KINAYNOY: . . Avaotolr . . . , . . . . . .

2/2021 | 22/2/2021 - A, it - L, A it
PEOYMNO - NOAY 6/2/20: /2/20: 9 pp - 5y, €§o8og pe Y. L Zwong Aewovpyias Newtoupyia Avaotolr Aettoupyiag 9 pp - 5, 600G pe Y. L {wong AvaoToAd Aettoupyiag Newwoupyia AvaoToAd Aettoupyiag
AYZHMENOY
KINAYNOY: Aroz
NIKOAAOZ
ENITHPHIH: XANIA,
ATIOZNIKOAAOE - Anpotiké & fupvéota:

AYZHMENOY , . Avaotoh . , . 6yt - 5y anaydpeuon N Yot X . Aetwoupyla pie click X .
KINAYNOY: 22/2/2021 | 4/3/2021 | 9 pp- 51, é€080G pe Y.A. A lhong fistishion Aewoupyia AvaoTold Aettoupyiag e s uvz::r Zou;\t?n; /:;Zemi.a Avactold Aettoupyiag way Avactol Aetoupyiag
PEGYMNO, LRI
HPAKAEIO

Bnpora & Tupvdow S |, e clck s )
X U S « wactohd etroupyia pe clic | . K- 5 T amaydpeuon . X | X .
4/3/2021 | 16/3/2021 | 9 - 5y, é€0Bog e Y.A. | Thong Alketa: avagron | e oway AvaoTodd Aettoupyiag roxdobopiac Avaotohq Avaotohd Avactohd Avaotold Aettoupyiag
Aewoupyiag
Avaotohq , ) 7 - 5 amayopeuon ) ) ) ) )
16/3/2021 | 20/3/2021 | 7 - Y.A. Av Avi AvaoTols Avaotol Avaotol Avaotol Avaotold Aetto e
/3 )/3/: Hu - 5 iy, 60606 pe aoToAr Aettoupyiag Netoupyias /Ao TOAR \WaoTOAR \wKAodopiac \WaoToA \WaoToAR \WaoToAr wvaotoAr Aettoupyiag
. ) ) Avactorq , , , , ) ) ) )
20/3/2021 | 5/4/2021 | 9 -5y, éfoBos e V.0 | AvaotoNi Aewovpyias | avpriat Avaotoq Avaotoq 9yt - 51y, £6080¢ e Y.A. | Avaotodq Avaotoh Avaotohd Avaotold Aettoupyiag
oupi
TOAY AYZHMENOY
KINAYNOY: XANIA -
AYEHMENOY Avaotohq | Aetoupyia pe click Nettoupyia pe click
KINAYNOY: | 5/4/2021 | 12/4/2021 | 8 - 5w, é6oBoc e Y.0. | Avaotol Aettoupyiag " e Avaotord Aewtoupyiag 9 - 5T, 60806 e Y.A. | Avactohd Aertoupyiag | Avactohd Aertoupyiag e AvacTohd Aewtoupyiag
Aerroupyiag away away
HPAKAEIO, A0z
NIKOAAOE,
PEGYMNO
MOAY AYZ=HMENOY
KINAYNOY: XANIA -
AYZHMENOY Bnponkd & fopvdote: |, | e clck Anpotin & Tupvdota: N e clck
vagto ewoupyia ke clic ewroupyia pe clic
KINAYNOY: 12/4/2021 | 26/4/2021 | 9 -5y, é€obog e Y.0. | avaotohd Aewwoupyiag | 2 :" . H Avaotold Aettoupyiag 9 - 5y, é6060G e Y.A. | avaotol Aettoupyias | Avaotod Aettoupyiag ‘a"’ . W Avaotohd Aettoupyiac
rroupyi w w
HPAKAEIO, ArIOE Aoke: Bia Lhong pyiae Y Akewt: Bia 1hong v
NIKOAAOZ,
PEGYMNO
TOAY AYZHMENOY
KINAYNOY: XANIA,

PEGYMNO - AnpoTKd & Fupvéota: PR Aercovovia e click AnpoTikd & Fupvéota: ewovovia e click
AVEHMENOY | 26/4/2021 | 3/5/2021 |10 -5y, é€oBoue Y. | avaotod Mewwoupyias | 2o iz Ztva la Avaotohd Aettoupyiag 10 - 5 iy, £6060¢ e Y.A. | avaotohd Aetroupyiag | Avaotohd Aettoupylac Z“’“a la Avaotohd Aettoupyiag

KINAYNOY: AOKewa: Bia Loone pviag v AoKera: Sia Zoong v

HPAKAEIO, ANOz
NIKOAAOZ
MOAY AYZHMENOY
KINAYNOY: XANIA, Eotiaon; Aettoupyia Eotiaon; Aettoupyia
PEGYMNO - AnpoTKA & Fupvdota: . . X KOTAOTNRATWY UYELOVORLKOU AnpoTikd & Fupvéota: . X KATAOTNATWY UYELOVOLLKOU
, ' ! Avactohq | Aetcoupyia pie click ! ) ) ' ! ) | Aewoupyia pe click ! ¢
AYZHMENOY | 3/5/2021 | 10/5/2021 | 11 pu- 5y, é€oBoc pe Y.A. | avaotohd Aewwoupylac M:'m‘r i: o ”Z‘xa He clic eVBLaEPOVTOC e 6poug: @) | 11 pp - 5y, E60B0G e Y.A. | avaotoM Aewoupyiac | Avaotod Aewoupylag | o ”:‘Qa ve clic EVBLAEPOVTOR E GPOUG: T)
KINAYNOY: Aorewa: St Zong pyiac v unaiBpia, B) kaBApevor, v) xwpis Noxeta: St Zong v unaiBpia, B) keBAuevoL, v) xwpi
HPAKAEIO, ATIOX Houatkr Mook
NIKOAAOZ
Eotiaon; Aetroupyia Eotiaon: Aettoupyia
) - ) ) KATACTHETWY UYELOVORLKOD Ma {bong Aewoupyia ) KATACTHATWY UYELOVORLKOD
o e Aov | Avaotohi | A lick A lick
10/5/2021 | 14/5/2021 | 11 w1 - 5y, éooc pe v.. | M GPONSAewoLpia Shwy |- AvaoTo ELroupyia e clic £vBLadEpOVTOC e 6pouc: o) | 11 pp - 5 iy, E6060 e Y.A. | GAwv Twv oxoAk@y | Avaotod Aewoupyiag | oo UPYIA HEClC EVBLAGEPOVTOC JE BPOUG: a)
TWV OXOMKWV HoVASwY Aettoupylag away . , " . away ., " |
unaiBpa, B) kabripevoy, y) xwpis HoVaSwv unaidpua, B) ka®rpevot, y) xwpis
pouotk povow
Avaotorq
Aerroupyiag - ) )
: ) , Avaotoh Aettoupyias - )
) ’ Enoyri ) Eotiaon e 6poug and 5 Hp éwg ) ) 1 Jetrovpviac ) Eotiaon e 6poug amd 5 Hp Ewg
14/5/2021 | 14/6/2021 | ATYOPEVON KuKkhodopiag Ma oo ooy | ETavaRemoURVia- 1) 0 L Nuxtepw Staowesaon | ATEYSPEVON Kukhodoplag Ma oo Enov tpémou Enavaretwoupyia -1 |, 1o Ny teo Siaokésao:
00.30- 5.00 Tt ne P | merdangava 10T, | TR NXeERL O n 00.30- 5.00 Tt ne efétaoncamsto | meAdGava 10Ty | UXEERW O n
etéraons ané o€ avaoTo ¢ o¢ avaoToN
ekaotote AEI
T0 ekdoTOTE
AEI
Avactorq
Aewroupyiag - ) , \
Envoyii EoTiaon He 6pouC amd 5 upt éw ol PTG E) Eotiaon He 6pouc and 5 pujt éwg
Anaydpeuon Kukhodoplag ) : Enavaretroupyia- 1 o S B Anayspeuon Kukhodopiag ) Supéwg0L15mu- | Emavahertoupyia- 1 oS M
14/6/2021 | 28/6/2021 A bons Tpémou 3 ) 01.15 1ty - Nutepuvr Slackédaon MaZdong A 3 X s 01.15 ru - Nuxtepwii Slaokédaon
01.30- 5.00 . R | merdrngava 10Ty 01.30- 5.00 T Nuxtepwr Slackédaon | mehdrng avé 10 T.p1.
eféraong anod O QVaOTOA! . o€ avaoTolr
A o¢ avaoToh
0 exdotote
AE|
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