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ΠΕΡΙΛΗΨΗ 

Η νόσος COVID-19 (Corona Virus Disease 2019), και ο αιτιολογικός της παράγοντας, ο    

κορονοϊός SARS-CoV-2 καταγράφηκαν για πρώτη φορά στην Κίνα στα τέλη του 2019  και 

εξαπλώθηκε ταχύτατα σε όλο τον πλανήτη, προκαλώντας την πανδημία COVID-19 . Κατά τη 

διάρκεια της πανδημίας, η παρακολούθηση του ιικού φορτίου αλλά  και των παραλλαγών του 

κορονοιού στα λύματα (ανίχνευση και ποσοτικοποίηση του RNA του SARS-CoV-2 και 

προσδιορισμός παραλλαγών)  συνέβαλε σημαντικά στην επιδημιολογική επιτήρηση της νόσου 

COVID-19. Την περίοδο της πανδημίας, οι μεθοδολογίες Eπιδημιολογίας με βάση τα λύματα 

(Wastewater-based epidemiology)  εξελίχθηκαν ταχύτατα σε ένα συμπληρωματικό εργαλείο 

επιτήρησης  για την COVID-19, ενώ σήμερα εφαρμόζονται και για άλλα θέματα δημόσιας 

υγείας. 

Ενώ οι κλινικές διαγνωστικές δοκιμές σε ατομικό επίπεδο για τη νόσο COVID-19 παραμένουν 

σε εξέλιξη, από μόνες τους δεν παρέχουν έναν αξιόπιστο δείκτη κινδύνου για την υγεία στην 

κοινότητα. Δεδομένου ότι τα άτομα σε διάφορες καταστάσεις μόλυνσης από τον COVID-19 

μπορούν να αποβάλλουν το RNA του SARS-CoV-2 μέσω των κοπράνων, η επιδημιολογική 

μελέτη μέσω των λυμάτων, θεωρήθηκε μια πιο ολιστική προσέγγιση. 

Πολλοί παράγοντες, ωστόσο, μπορούν να επηρεάσουν την ανάκτηση RNA από τα λύματα, 

εμποδίζοντας την επιδημιολογική σημασία του. Τα χαρακτηριστικά των λυμάτων όπως το pH, 

η αγωγιμότητα, η συγκέντρωση αιωρούμενων στερεών κ.λπ., καθώς και τα εποχιακά 

χαρακτηριστικά όπως τα γεγονότα βροχοπτώσεων, έχει βρεθεί ότι έχουν πιθανή επίδραση στην 

ανάκτηση του RNA του SARS-CoV-2 από τα λύματα. 

Έχουν διεξαχθεί διάφορες μελέτες σε αυτό το πλαίσιο και αρκετές παράμετροι έχουν 

χρησιμοποιηθεί για την ερμηνεία και/ή την κανονικοποίηση της τελικής συγκέντρωσης RNA. 

Μερικοί από τους πιο συνηθισμένους παράγοντες κανονικοποίησης περιλαμβάνουν το ρυθμό 

ροής εισροής, τον πληθυσμό που εξυπηρετείται από τις εγκαταστάσεις επεξεργασίας λυμάτων, 

τα ιόντα αμμωνίου και ορθοφωσφορικών, την αγωγιμότητα των λυμάτων και το pH, 

παράγοντες που μπορούν επίσης να χρησιμοποιηθούν για την ερμηνεία των αποτελεσμάτων. 

Για αυτήν τη μελέτη λάβαμε δείγματα λυμάτων σε ένα ευρύ χρονικό πλαίσιο, το οποίο 

περιελάμβανε βασικά κοινωνικά και πανδημικά ορόσημα και παρεμβάσεις. Συγκεκριμένα, η 

μελέτη περιλαμβάνει την περίοδο κατά την οποία εφαρμόστηκαν αυστηρά μέτρα παρέμβασης 

(π.χ. lockdown, υποχρεωτική κάλυψη προσώπου, διαδικτυακά μαθήματα κ.λπ.) και η σταδιακή 
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αφαίρεσή τους, καθώς και η έναρξη των εμβολιασμών και η εμφάνιση διαφορετικών 

παραλλαγών του ιού. 

Από τον Φεβρουάριο του 2021 έως σήμερα, συλλέγονταν δείγματα λυμάτων τρεις φορές την 

εβδομάδα από δύο σταθμούς επεξεργασίας λυμάτων που βρίσκονται στο νησί της Κρήτης 

(Χανιά και Ηράκλειο), που μας έδιναν συνολικά έξι (6) δείγματα σε εβδομαδιαία βάση. 

Περίπου 2-6 L σύνθετα δείγματα συλλέγονταν μέσω αυτόματων δειγματοληπτών σε μια 

περίοδο 24 ωρών. Συνολικά, αναλύθηκαν 781 δείγματα για τις ανάγκες της παρούσας μελέτης. 

Η παρούσα μελέτη είχε ως στόχο την επίτευξη των ακόλουθων στόχων: (1) ανίχνευση και 

ποσοτικοποίηση του γενετικού υλικού SARS-CoV-2 σε δύο WWTP που βρίσκονται στην 

Κρήτη, Ελλάδα, (2) προσδιορισμός της πιθανής σχέσης μεταξύ των κρουσμάτων COVID-19 

και των συγκεντρώσεων RNA του SARS-CoV-2 στα λύματα, (3) ενίσχυση της κατανόησης 

της σχέσης μεταξύ των φυσικοχημικών χαρακτηριστικών των λυμάτων και της ανάκτησης και 

ποσοτικοποίησης του ιού και (4) αξιολόγηση του αντίκτυπου της καραντίνας και των 

περιοριστικών μέτρων κατά τη διάρκεια της πανδημίας, τόσο στα ανθρώπινα κρούσματα όσο 

και στο ιικό φορτίο των λυμάτων, λαμβάνοντας υπόψη ταυτόχρονα την επίδραση των μαζικών 

εμβολιασμών και των παραλλαγών στα πρότυπα αποβολής του ιού. Οι γνώσεις που 

αποκτήθηκαν κατά τη διάρκεια αυτής της πανδημίας και η χρήση της επιδημιολογίας μέσω των 

λυμάτων, είναι πολύτιμες για τη μελλοντική διαχείριση των αναδυόμενων και περίπλοκων 

απειλών για τη δημόσια υγεία. 

Λέξεις κλειδιά: Επιδημιολογική Μελέτη Λυμάτων, SARS-CoV-2, COVID-19, Δημόσια 

Υγεία, Επιστήμες Περιβάλλοντος. 

 

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. 
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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). Τhe 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 6th of September 2023 (https://covid19.who.int/). COVID-19 was declared 

a pandemic by the World Health Organization (WHO) on the 11th 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 

proteins1, 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 virion2 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 cells3 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. 

 
1 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.nlm.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). 

https://covid19.who.int/
https://www.ncbi.nlm.nih.gov/books/NBK8174/%23:~:text=A%20complete%20virus%20particle%20is,inside%20a%20symmetric%20protein%20capsid
https://www.ncbi.nlm.nih.gov/books/NBK8174/%23:~:text=A%20complete%20virus%20particle%20is,inside%20a%20symmetric%20protein%20capsid
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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; Amoah 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 

https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://www.who.int/activities/tracking-SARS-CoV-2-variants
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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; Amoah 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 (Amoah 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 

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

of the viral load (Petala et al., 2021).  

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). 
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Interestingly, it has been reported 

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 

sorption sites but also provides 

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 

type of virus (Zhuang and Jin, 

2003; Wong et al., 2013; Petala et 

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 is 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).  

Figure 2: Schematic representation of the interaction of 

viruses with dissolved organic matter and solid surfaces 

(Wong et al., 2013). 
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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 

et al., 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; López-Peñalver 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). 



 

28 

 

Precipitation, ultracentrifugation, direct capture/lysis and 

centrifugal ultrafiltration are among the most common viral 

concentration methods.  

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 

(Sapula et al., 2021; Alexander et al., 2020). Although PEG 

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). 

Particulate matter can be recovered either in the form of 

a pellet, formed after ultracentrifugation, or retained and 

recovered by using a filter during ultracentrifugation 

(Figure 4). This method has a simple and easy to 

establish protocol, however, filters might clog, making 

the flow times vary. The concentration of organic 

material cannot be avoided too. 

Figure 3: Schematic 

representation of PEG - 4000 

precipitation (GenEpi-BioTrain) 

Figure 4: Ultracentrifugation 

filter device (GenEpi-BioTrain 

Programme, January 2024, 

ECDC) 
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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. 

Figure 5: Direct capture/lysis of 

nucleic acids by silica- based 

columns and magnetic beads 

(GenEpi-BioTrain Programme, 

January 2024, ECDC). 

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-guide-

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

%20protein%20purification). 

https://www.cytivalifesciences.com/en/us/news-center/magnetic-beads-a-simple-guide-10001%23:~:text=A%20magnetic%20force%20is%20applied,cell%20isolation%2C%20and%20protein%20purification
https://www.cytivalifesciences.com/en/us/news-center/magnetic-beads-a-simple-guide-10001%23:~:text=A%20magnetic%20force%20is%20applied,cell%20isolation%2C%20and%20protein%20purification
https://www.cytivalifesciences.com/en/us/news-center/magnetic-beads-a-simple-guide-10001%23:~: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 sizes4 (10, 30 and 100 kDa), have been applied to 

concentrate SARS-CoV-2 (Medema et al., 2020; Rusiñol 

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-

centrifugation step to remove larger particles and avoid 

clogging of the membrane.  

1.4.2 RNA extraction and purification principles 

RNA extraction generally consists of four steps: (1) cell lysis and homogenization, (2) 

quenching 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. TRIzol5 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 lysis/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.). 

5 Solution of phenol and guanidine isothiocyanate 

Figure 7: Centricon® 

(MILLIPORE, Merck) 

ultrafiltration device 

https://synderfiltration.com/learning-center/articles/membranes/molecular-weight-cut-off/#:~:text=Molecular%20weight%20cut-off%20(MWCO,is%20retained%20by%20the%20membrane
https://synderfiltration.com/learning-center/articles/membranes/molecular-weight-cut-off/#:~:text=Molecular%20weight%20cut-off%20(MWCO,is%20retained%20by%20the%20membrane
https://synderfiltration.com/learning-center/articles/membranes/molecular-weight-cut-off/#:~:text=Molecular%20weight%20cut-off%20(MWCO,is%20retained%20by%20the%20membrane
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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).  

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. 

Figure 8: Brief schematic representation of RNA extraction 

procedure (GenEpi-BioTrain Programme, January 2024, ECDC) 
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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 

double-stranded DNA at 

temperatures >90°C, (2) primer 

annealing at 50–75°C to promote primer 

binding to the template, and (3) extension 

of the complementary DNA strand at 72–

78°C (Figure 9). The rate of temperature 

change (ramp rate), the duration of the 

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).  

Figure 9: Fluorescent probe-based RT-PCR (GenEpi-

BioTrain Programme, January 2024, ECDC) 
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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, probes6 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 

is accomplished by fluorescence 

(Figure 9 and Figure 10). This 

physical phenomenon is the outcome 

of either fluorescent dyes (commonly 

SYBR Green I) or hydrolysis probes 

(commonly TaqMan) (Bustin & 

Mueller, 2005). Fluorescent dyes 

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 dimers7, in contrast to the fluorescent-labeled probes, 

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

 
6 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. 

Figure 10: Key concept of fluorescence mechanism 

(GenEpi-BioTrain Programme, January 2024, ECDC) 

https://en.wikipedia.org/wiki/Primer_dimer#:~:text=A%20primer%20dimer%20(PD)%20is,complementary%20bases%20in%20the%20primers
https://en.wikipedia.org/wiki/Primer_dimer#:~:text=A%20primer%20dimer%20(PD)%20is,complementary%20bases%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 

fluorescence intensity versus 

cycle number, as a DNA 

amplification curve (Valasek and 

Repa, 2005). The ideal 

amplification curve is a typical 

sigmoidal growth curve (Figure 

11). At early stages, amplification 

cannot be detected because of the 

background noise. The point at 

which the fluorescence becomes 

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).  

Figure 11: Typical qPCR amplification curve, 

(BioRender, https://www.biorender.com/template/qpcr-

amplification-curve) 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gene-amplification
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gene-amplification
https://www.biorender.com/template/qpcr-amplification-curve
https://www.biorender.com/template/qpcr-amplification-curve
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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 

be prepared and subjected to RT-PCR 

analysis. The standard curve is 

constructed by plotting the exact RNA 

concentrations against their Ct values 

(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 

Figure 12: Typical standard qPCR curve for nucleic 

acid absolute quantification (GenEpi-BioTrain 

Programme, January 2024, ECDC) 
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quantification 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). 

1.4.5 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 chromogen8 (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.  

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). 

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/) 

https://jascoinc.com/learning-center/theory/spectroscopy/uv-vis-spectroscopy/instrumentation/
https://jascoinc.com/learning-center/theory/spectroscopy/uv-vis-spectroscopy/instrumentation/
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1.5.3 Beer-Lambert Law 

A spectrophotometric measurement is the ratio of I (intensity of transmitted radiation, i.e. 

intensity of light reaching the photodetector) to I0 (intensity of incident radiation, i.e., intensity 

of light before it hits the sample) and is called transmittance (T): 

T = I/I0 

The transmittance is more commonly converted into absorbance (A): 

A = log10(1/T) = -log10T 

Beer-Lambert law describes the linear relationship between absorbance and concentration: 

A = ε * b * C 

where A is absorbance, ε is molar absorption coefficient9 [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.  

 
9 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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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  

Table 1: Various regions of visible spectrum and their corresponding colours (Akash & 

Rehman, 2020) 
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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 4oC 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 60oC for 90 minutes for pasteurization. Another 250 ml bottle of each sample was stored 

without any treatment at -80oC 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 

Disease Control and Prevention (CDC, 10 

March 2023, 

https://www.cdc.gov/nwss/testing.html) for 

Wastewater Surveillance. CDC states, that 

heat-treating wastewater is reported to 

improve SARS-CoV-2 measurement, 

however more data are needed for the 

confirmation of this effect. 

All processes were carried out in a Biosafety Level 3 (BSL3) facility, with unidirectional 

airflow and BSL-3 precautions10. 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. 

 
10 All BSL-3 precautions and safety controls can be found in the address 

https://www.cdc.gov/training/quicklearns/biosafety/, Recognizing the Biosafety Levels, CDC. 

Figure 14: Biosafety Levels built-up 

(https://www.cdc.gov/training/quicklearns/biosafe

ty/) 

https://www.cdc.gov/nwss/testing.html
https://www.cdc.gov/training/quicklearns/biosafety/
https://www.cdc.gov/training/quicklearns/biosafety/
https://www.cdc.gov/training/quicklearns/biosafety/
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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 μl (1x105 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 ~350μl 

concentrate was achieved.  

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 

inverted cone. A concentrate of about 250-450 μl was 

collected, leaving the precipitate behind, and placed in a 1.5 ml 

sterile collection tube; its exact volume was measured and 

noted to be used for the normalization at a later stage. 

Figure 15: KUBOTA 5800 

Centrifuge 

Figure 16: Centricon Plus 70 10K 

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. 200μl 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 8μl carrier RNA 

to optimize the final extracted RNA concentration. The 

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. 

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

needed to be warmed at 55oC 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 β-

mercaptoethanol needed to be prepared to achieve RNA isolation, as β-mercaptoethanol aids in 

ribonuclease (RNase) deactivation. The final β-ME concentration should be 10 μl/ml. The RNA 

extraction procedure was carried out as follows:  

Figure 17: ThermoScientific, 

Heraeus, Pico 17 Centrifuge 

Table 2: Kit components 
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1. 200 μl of the viral concentrate were placed into a 2 ml collection tube and 600 μl of the 

PM1/β-ME mixture were added. A further addition of 8 μl 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 μl 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 μl of the supernatant were transferred to a clean 2.2 ml Collection Tube. 

4. 600 μl 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 μl 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 PM5, which contains isopropanol, was mechanically shaken to mix and 600 μl 

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 μl 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 μl 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 (100μl) 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_pcr_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 μl 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 μl) 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 -80oC upon PCR analysis. 

2.3.5 qPCR 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 (QIAcuity One, 

Qiagen, Figure 19). 

For BCoV quantification we spiked each wastewater 

sample prior to processing, with 50μl of aliquoted virus, 

which contained 105 RNA copies. The RT-Digital PCR 

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 

45 cycles of 10 s at 95 °C and 30 s at 55°C. 

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 

Figure 19: QIAcuity One digital 

RT-PCR, Qiagen 

https://files.zymoresearch.com/protocols/_d6030_onestep_pcr_inhibitor_removal_kit.pdf
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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-qPCR assay was performed in triplicates on a Mic - qPCR cycler 

(Bio Molecular Systems, Australia, Figure 20).  

Briefly, each reaction contained 10 μL SARS-

CoV-2 Mix, 10 μL of RNA MMix and 5 μL 

purified RNA sample in a total volume of 25 μL. 

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 

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. 

Figure 20: Mic - qPCR cycler (Bio 

Molecular Systems, Australia) 

Figure 21: Emission wavelengths of reporter dyes and the appropriate quenchers (IDT, Integrated DNA 

Technologies, https://www.idtdna.com/pages/education/decoded/article/qpcr-probes-selecting-the-best-

reporter-dye-and-quencher)  

https://www.idtdna.com/pages/education/decoded/article/qpcr-probes-selecting-the-best-reporter-dye-and-quencher
https://www.idtdna.com/pages/education/decoded/article/qpcr-probes-selecting-the-best-reporter-dye-and-quencher
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2.3.6 Physico-chemical water quality parameters 

Both participating WWTPs provided data on influent 

flows in m3 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 

temperature data were measured in real-time using 

automated controllers.  

Upon arrival of the samples at the laboratory, pH, 

conductivity, 

ammonium 

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 

performed once a month, by measuring a Certified 

Reference Material pH buffer at pH 7.41, supplied by 

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. 

Ions 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. 

Figure 22: SevenCompact pH 

meter S220 (Mettler-Toledo, US) 

Figure 23: Cond 7110 Conductivity 

Benchtop Meter with a TetraCon 325 

electrode (WTW, Xylem Analytics, 

Germany) 
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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 

spectrophotometer. Cells of different 

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 

μm 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. 

Α 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 

Figure 24: Spectroquant prove 300 

spectrophotometer (Merck) 
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Material standard solution supplied by Merck Millipore (Ammonium CRM Standard solution 

50 mg/l NH₄-N in H₂O). 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 Cl-. 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 Clˉ in H₂O). The standard solution was diluted using volumetric flasks to 100 mg/l final 

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

Chloride ions react with mercury (II) thiocyanate to form the mercury (II) chloride. The 

thiocyanate released during the process, reacts with iron (III) ions to form red iron (III) 

thiocyanate which is determined photometrically at 445 nm. 

Kit Components: 

1. Reagent Cl-1 

2. Reagent Cl-2 (contains Methanol, Mercury (II) thiocyanate) 

Test kit protocol: 

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

2. 2.5 ml of Reagent Cl-1 were added to the sample and the solution was agitated to mix. 

3. 0.5 ml of Reagent Cl-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
3-. 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 H₂O). The standard solution was diluted using volumetric flasks to 20 mg/l 

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 PO4-1 (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 PO4-1 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 (1μl) 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: 

 

% Inhibition = 100 − (
(with spike − no spike)

water spike
) x 100 

 

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

 

viral recovery % =  
[BCoV measured]

[BCoV expected]
 x 100 

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

C recovery adjusted = C x 
100 %

BCR %
 

2.5 Viral load normalization 

The results were given in gene copies/L:  

 

=  
1000

65 ml
 x 

RNA copies

65 ml
 x dilution factor 

 

where:  
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RNA copies

65 ml
=  

RNA copies

μl
 x 100 x 

total volume of concetrate

extracted volume of conentrate
 

 

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

 

=

RNA copies
L  x 1000 x flow rate x 105

population served by each WWTP
 

 

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

nitrogen.  

 

=  

RNA copies
L x 1000 x flow rate x 105

dynamic population based on ammonium nitrogen
 

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

per day, as follows: 

Dynamic population =   
Ammonium Nitrogen Concentration (

mg
l

) x flow rate

7
 

 

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. 

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 R2 = 

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.  

Figure 25: Amplification curves of wastewater viral RNA 

extracts (x axis – cycle number, y axis - fluorescence) 
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Figure 27: Standard curve constructed with the EURM-019 standard by serial dilutions 

and in triplicates (x axis – Concentration (copies/μl), y axis – Ct number) 

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.gr/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.  

  

https://www.elinyae.gr/en
https://covariants.org/per-country
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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 

Figure 28: SARS-CoV-2 variants distribution in Greece, from August 2020 to January 2024, 

https://covariants.org/per-country  

https://covariants.org/per-country
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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/106 dynamic population 

Heraklion 

Measures + variants min max mean min max mean min max mean 

24/02/2021- 28/04/2021 (in-house 

restrictions) 

23434 

 

5863452 

 

667822 

 

3.8E+11 

 

9.5E+13 

 

1.1E+13 

 

3.6E+11 

 

8.7E+13 

 

1.0E+13 

 

29/4/2021 (random testing of airline 

passengers) - 27/6/2021 

9921 

 

225535 

 

64543 

 

1.6E+11 

 

3.7E+12 

 

1.0E+12 

 

1.7E+11 

 

4.3E+12 

 

1.1E+12 

 

28/6/2021 (end of in-house restrictions) - 

12/9/2021 

19922 

 

602875 

 

125087 

 

3.3E+11 

 

1.0E+13 

 

2.1E+12 

 

3.3E+11 

 

1.0E+13 

 

2.2E+12 

 

13/9/2021 (schools open) - 25/11/2021 
6300 

 

277736 

 

80533 

 

1.3E+11 

 

5.2E+12 

 

1.4E+12 

 

9.4E+10 

 

4.6E+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 mask use) – 6/10/2023 

(today) 
14940 1418772 328793 2.4E+11 2.6E+13 5.8E+12 2.4E+11 2.0E+13 4.8E+12 

Chania 

24/02/2021- 28/04/2021 (in-house 

restrictions) 

8009 

 

2480440 

 

487220 

 

1.3E+11 

 

4.6E+13 

 

9.3E+12 

 

1.8E+11 

 

4.3E+13 

 

9.7E+12 

 

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) - 

12/9/2021 
9860 440712 99221 1.8E+11 8.8E+12 1.9E+12 1.7E+11 8.4E+12 1.7E+12 

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 5.5E+13 1.2E+13 

1/6/2022 (end of mask use) – 6/10/2023 

(today) 
17806 1103120 262431 3.2E+11 2.1E+13 4.7E+12 3.1E+11 1.8E+13 4.5E+12 
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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 

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.

Figure 29: Pandemic time-point restrictions diagram – representative of both cities 
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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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Start of April 2021 

Emergence of Delta 

Variant 

28th of June 2021 

End of all in-house 

restrictions 

26th of November 

2021 

First confirmed 

Omicron variant 

case 

1st of June 2022 

Abolition of face 

mask use in 

internal and 

external places 

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 29th, random testing of airline passengers from abroad was implemented and a slight 

decrease in viral load was observed. On the 10th of May 2021, in person operation of all schools 

was re-established and on the 14th 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 28th 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 10th 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 26th 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 1st 

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 12th 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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Figure 32: Wastewater viral load versus human cases from September of 2022 to October of 2023 for the city of Chania 
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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; López-Peñalver 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. 

  

https://meteosearch.meteo.gr/data/index.cfm


 

73 

 

Figure35 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-

ure35) to study the effect of rainwater on viral load during summer (1/8/2021-

Figure 34: Viral load fluctuations and rainfall 

incidences on the sampling day and on the day 

before, for the whole sampling period and the 

WWTP of Heraklion 2021-2023 

Figure 3433: Viral load fluctuations and 

rainfall incidences on the sampling day and 

on the day before, for the whole sampling 

period and the WWTP of Chania 2021-2023 
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26/9/2021), when we expected to observe higher viral loads because of increased hosted 

population (tourists) and the lack of dilution events. Viral load during that period was 

Figure 36: Viral load fluctuations and rainfall 

incidences on the sampling day and on the day 

before, for a dry period and the WWTP of 

Heraklion in 2023 

Figure3635: Viral load fluctuations and 

rainfall incidences on the sampling day and 

on the day before, for a dry period and the 

WWTP of Chania in 2021 
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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 

Figure 38: Viral load fluctuations and rainfall 

incidences on the sampling day and on the day 

before, for a wet period and the WWTP of 

Heraklion in 2023 

Figure3837: Viral load fluctuations and rainfall 

incidences on the sampling day and on the day 

before, for a wet period and the WWTP of Chania 

in 2022 
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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.  

Figure37 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 (Figure37), 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. 

Figure39 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.  

Figure4039: Viral load fluctuations and 

rainfall incidences on the sampling day and on 

the day before, for a dry period and the WWTP 

of Chania in 2022 

Figure 40: Viral load fluctuations and rainfall 

incidences on the sampling day and on the day 

before, for a wet period and the WWTP of 

Heraklion in 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 m3/Day for the WWTP of 

Chania (Table 4), to an average of 33020 m3/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/l) (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 

 

 

Table 5: Wastewater characteristics of the WTTP of Heraklion 

 

 Influent flow 

(m3/Day) 
pH 

Chloride 

(mg/L) 

Conductivity 

(ms/cm) 

COD 

(mg/L) 

BOD 

(mg/L) 

Phosphate 

(mg/L) 

Ammonium 

Nitrogen 

(mg/L) 

Suspended 

Solids 

(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 

 Influent flow 

(m3/Day) 
pH 

Chloride 

(mg/L) 

Conductivity 

(ms/cm) 
COD (mg/L) 

BOD 

(mg/L) 

Phosphate 

(mg/L) 

Ammonium 

Nitrogen 

(mg/L) 

Suspended 

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 

 

 

 

 

 

 

 

 

 

 

 

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

 

  

 
Heraklion Chania 

 
winter 

season 

2021-2022 

summer 

season 

2022 

winter 

season 

2022-

2023 

summer 

season 

2023 

winter 

season 

2021-

2022 

summer 

season 

2022 

winter 

season 

2022-2023 

summer 

season 

2023 

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 

 
Heraklion Chania 

 
winter 

season 

2021-2022 

summer 

season 

2022 

winter 

season 

2022-

2023 

summer 

season 

2023 

winter 

season 

2021-

2022 

summer 

season 

2022 

winter 

season 

2022-2023 

summer 

season 

2023 

Minimum 22.8 41.4 13.8 30.0 9.9 31.5 22.8 36.2 

Maximum 69.9 73.2 73.5 65.0 44.7 57.6 52.8 55.5 

Mean 42.2 52.7 44.5 49.0 31.6 42.9 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 

et al., 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 ~8.9x10-226, 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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Figure 42: TLCC graph for the city of Chania, for the whole study period 



 

86 

 

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; López-Peñalver 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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 CHAPTER 4 – CONCLUSIONS 

  



 

91 

 

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: 

• 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. 

• The impact of rain on viral load was acknowledged, but normalization of this effect was 

not achieved, introducing a potential source of bias. 

• 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. 

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

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

viral RNA concentrations. 
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• The study could not encompass all human cases, like asymptomatic individuals, which 

might affect the comprehensiveness of the findings. 

• The inability to distinguish among asymptomatic, new, active, and convalescent cases 

impedes a more in-depth understanding of infection dynamics. 

• 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.  

• Estimating the true impact of immunity against different variants, and subsequently the 

variability in viral shedding in feces, remains a challenge. 

• Data recorded corresponded to prefectures rather than cities, necessitating extrapolation 

and potentially introducing uncertainties in the spatial representation of the findings. 

• 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: 

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

• Promotion of adoption of common protocols across research initiatives. 

• Facilitation of interdisciplinary collaboration, recognizing the expertise of diverse 

scientific fields. 

• Comprehensive surveillance incorporating elements of the so called exposome11, 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 . 

https://en.wikipedia.org/wiki/Exposome
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6.1 Calibration curves and data for Ammonium test kit (Merck Millipore) 
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6.2 Calibration curves and data for Chloride test kit (Merck Millipore) 

  



 

110 

 

6.3 Calibration curves and data for Phosphate test kit (Merck Millipore) 
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6.4 Indicative Sample Data for the city of Heraklion  
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6.5 Indicative Sample Data for the city of Chania 
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6.6 Restriction Measures Database

Χανιά Ηράκλειο

Από Έως Απαγόρευση Κυκλοφορίας Σχολεία Πανεπιστήμια Λιανεμπόριο Εστίαση/Νυχτερινή διασκέδαση Απαγόρευση Κυκλοφορίας Σχολεία Πανεπιστήμια Λιανεμπόριο Εστίαση/Νυχτερινή διασκέδαση
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λειτουργίας
Λειτουργία Αναστολή λειτουργίας

6 μμ - 5 πμ απαγόρευση 
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Δημοτικά & Γυμνάσια: 

δια ζώσης Λύκεια: 

αναστολή λειτουργίας

Αναστολή λειτουργίας
Λειτουργία με click 

away
Αναστολή λειτουργίας

ΠΟΛΥ ΑΥΞΗΜΕΝΟΥ 
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ΗΡΑΚΛΕΙΟ - 

ΑΥΞΗΜΕΝΟΥ 
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away
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Αναστολή λειτουργίας Αναστολή λειτουργίας Αναστολή λειτουργίας Αναστολή λειτουργίας

ΠΟΛΥ ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: 

ΗΡΑΚΛΕΙΟ, ΧΑΝΙΑ - 

ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: ΑΓΙΟΣ 

ΝΙΚΟΛΑΟΣ, 

ΡΕΘΥΜΝΟ

16/3/2021 20/3/2021 7 μμ - 5 πμ, έξοδος με Υ.Δ. Αναστολή λειτουργίας
Αναστολή 

λειτουργίας
Αναστολή λειτουργίας Αναστολή λειτουργίας

7 μμ - 5 πμ απαγόρευση 

κυκλοφορίας
Αναστολή λειτουργίας Αναστολή λειτουργίας Αναστολή λειτουργίας Αναστολή λειτουργίας

ΠΟΛΥ ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: 

ΗΡΑΚΛΕΙΟ, ΧΑΝΙΑ - 

ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: ΑΓΙΟΣ 

ΝΙΚΟΛΑΟΣ, 

ΡΕΘΥΜΝΟ

20/3/2021 5/4/2021 9 μμ - 5 πμ, έξοδος με Υ.Δ. Αναστολή λειτουργίας
Αναστολή 

λειτουργίας
Αναστολή λειτουργίας Αναστολή λειτουργίας 9 μμ - 5 πμ, έξοδος με Υ.Δ. Αναστολή λειτουργίας Αναστολή λειτουργίας Αναστολή λειτουργίας Αναστολή λειτουργίας

ΠΟΛΥ ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: ΧΑΝΙΑ - 

ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: 

ΗΡΑΚΛΕΙΟ, ΑΓΙΟΣ 

ΝΙΚΟΛΑΟΣ, 

ΡΕΘΥΜΝΟ

5/4/2021 12/4/2021 9 μμ - 5 πμ, έξοδος με Υ.Δ. Αναστολή λειτουργίας
Αναστολή 

λειτουργίας

Λειτουργία με click 

away
Αναστολή λειτουργίας 9 μμ - 5 πμ, έξοδος με Υ.Δ. Αναστολή λειτουργίας Αναστολή λειτουργίας

Λειτουργία με click 

away
Αναστολή λειτουργίας

ΠΟΛΥ ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: ΧΑΝΙΑ - 

ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: 

ΗΡΑΚΛΕΙΟ, ΑΓΙΟΣ 

ΝΙΚΟΛΑΟΣ, 

ΡΕΘΥΜΝΟ

12/4/2021 26/4/2021 9 μμ - 5 πμ, έξοδος με Υ.Δ.

Δημοτικά & Γυμνάσια: 

αναστολή λειτουργίας 

Λύκεια: δια ζώσης

Αναστολή 

λειτουργίας

Λειτουργία με click 

away
Αναστολή λειτουργίας 9 μμ - 5 πμ, έξοδος με Υ.Δ.

Δημοτικά & Γυμνάσια: 

αναστολή λειτουργίας 

Λύκεια: δια ζώσης

Αναστολή λειτουργίας
Λειτουργία με click 

away
Αναστολή λειτουργίας

ΠΟΛΥ ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: ΧΑΝΙΑ, 

ΡΕΘΥΜΝΟ - 

ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: 

ΗΡΑΚΛΕΙΟ, ΑΓΙΟΣ 

ΝΙΚΟΛΑΟΣ

26/4/2021 3/5/2021 10 μμ - 5 πμ, έξοδος με Υ.Δ.

Δημοτικά & Γυμνάσια: 

αναστολή λειτουργίας 

Λύκεια: δια ζώσης

Αναστολή 

λειτουργίας

Λειτουργία με click 

away
Αναστολή λειτουργίας 10 μμ - 5 πμ, έξοδος με Υ.Δ.

Δημοτικά & Γυμνάσια: 

αναστολή λειτουργίας 

Λύκεια: δια ζώσης

Αναστολή λειτουργίας
Λειτουργία με click 

away
Αναστολή λειτουργίας

ΠΟΛΥ ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: ΧΑΝΙΑ, 

ΡΕΘΥΜΝΟ - 

ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: 

ΗΡΑΚΛΕΙΟ, ΑΓΙΟΣ 

ΝΙΚΟΛΑΟΣ

3/5/2021 10/5/2021 11 μμ - 5 πμ, έξοδος με Υ.Δ.

Δημοτικά & Γυμνάσια: 

αναστολή λειτουργίας 

Λύκεια: δια ζώσης

Αναστολή 

λειτουργίας

Λειτουργία με click 

away

Εστίαση: λειτουργία 

καταστημάτων υγειονομικού 

ενδιαφέροντος με όρους: α) 

υπαίθρια, β) καθήμενοι, γ) χωρίς 

μουσική

11 μμ - 5 πμ, έξοδος με Υ.Δ.

Δημοτικά & Γυμνάσια: 

αναστολή λειτουργίας 

Λύκεια: δια ζώσης

Αναστολή λειτουργίας
Λειτουργία με click 

away

Εστίαση: λειτουργία 

καταστημάτων υγειονομικού 

ενδιαφέροντος με όρους: α) 

υπαίθρια, β) καθήμενοι, γ) χωρίς 

μουσική

ΠΟΛΥ ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: 

ΡΕΘΥΜΝΟ - 

ΑΥΞΗΜΕΝΟΥ 

ΚΙΝΔΥΝΟΥ: ΧΑΝΙΑ, 

ΗΡΑΚΛΕΙΟ, ΑΓΙΟΣ 

ΝΙΚΟΛΑΟΣ

10/5/2021 14/5/2021 11 μμ - 5 πμ, έξοδος με Υ.Δ.
Δια ζώσης λειτουργία όλων 

των σχολικών μονάδων

Αναστολή 

λειτουργίας

Λειτουργία με click 

away

Εστίαση: λειτουργία 

καταστημάτων υγειονομικού 

ενδιαφέροντος με όρους: α) 

υπαίθρια, β) καθήμενοι, γ) χωρίς 

μουσική

11 μμ - 5 πμ, έξοδος με Υ.Δ.

Δια ζώσης λειτουργία 

όλων των σχολικών 

μονάδων

Αναστολή λειτουργίας
Λειτουργία με click 

away

Εστίαση: λειτουργία 

καταστημάτων υγειονομικού 

ενδιαφέροντος με όρους: α) 

υπαίθρια, β) καθήμενοι, γ) χωρίς 

μουσική

ΟΡΙΖΟΝΤΙΑ ΜΕΤΡΑ 14/5/2021 14/6/2021
Απαγόρευση Κυκλοφορίας 

00.30 - 5.00 πμ
Δια ζώσης

Αναστολή 

λειτουργίας - 

Επιλογή 

τρόπου 

εξέτασης από 

το εκάστοτε 

ΑΕΙ

Επαναλειτουργία - 1 

πελάτης ανά 10 τ.μ.

Εστίαση με όρους από 5 μμ έως 

00.15 πμ - Νυχτερινή διασκέδαση 

σε αναστολή

Απαγόρευση Κυκλοφορίας 

00.30 - 5.00 πμ
Δια ζώσης

Αναστολή λειτουργίας - 

Επιλογή τρόπου 

εξέτασης από το 

εκάστοτε ΑΕΙ

Επαναλειτουργία - 1 

πελάτης ανά 10 τ.μ.

Εστίαση με όρους από 5 μμ έως 

00.15 πμ - Νυχτερινή διασκέδαση 

σε αναστολή

ΟΡΙΖΟΝΤΙΑ ΜΕΤΡΑ 14/6/2021 28/6/2021
Απαγόρευση Κυκλοφορίας 

01.30 - 5.00 πμ
Δια ζώσης

Αναστολή 

λειτουργίας - 

Επιλογή 

τρόπου 

εξέτασης από 

το εκάστοτε 

ΑΕΙ

Επαναλειτουργία - 1 

πελάτης ανά 10 τ.μ.

Εστίαση με όρους από 5 μμ έως 

01.15 πμ - Νυχτερινή διασκέδαση 

σε αναστολή

Απαγόρευση Κυκλοφορίας 

01.30 - 5.00 πμ
Δια ζώσης

Εστίαση με όρους από 

5 μμ έως 01.15 πμ - 

Νυχτερινή διασκέδαση 

σε αναστολή

Επαναλειτουργία - 1 

πελάτης ανά 10 τ.μ.

Εστίαση με όρους από 5 μμ έως 

01.15 πμ - Νυχτερινή διασκέδαση 

σε αναστολή
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