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Introduction

Since the end of the COVID-19 pandemic, the use of 
wastewater-based epidemiology (WBE) has grown rapidly. 
It has been used to detect and epidemiologically monitor 
the presence of SARS-CoV-2. In addition to distinguish-
ing infectious diseases, the distinct presence of various 
pharmaceutical and chemical components has been used 
to assess drug use patterns and assess collective popula-
tion exposure. The potential of WBE is amply illustrated 
by its ability to predict or prevent potential outbreaks in a 
community before patients develop clinical symptoms and 
up to three weeks before diagnostic clinical cases (Sims & 
Kasprzyk-Hordern, 2020). The economic feasibility of the 
methodology is underlined by its ability to provide a timely 
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Abstract
The COVID-19 pandemic has underscored the importance of alternative epidemiological tools capable of providing real-
time, population-level insights into infectious disease dynamics. Wastewater-based epidemiology (WBE) has emerged as 
a powerful, non-invasive method for tracking viral transmission within communities. While initially focused on SARS-
CoV-2, WBE now offers the potential for multiplex surveillance of a broader range of respiratory pathogens. This study 
applied WBE to monitor the circulation of six major respiratory viruses such as Human adenovirus (HAdV), SARS-
CoV-2, Influenza A and B, Respiratory Syncytial Virus (RSV) A/B, and Rhinoviruses, over a six-month period (ISO 
weeks 2022-40 to 2023-13) in the city of Patras, Greece. Weekly composite samples from a central wastewater treatment 
plant were analyzed via quantitative PCR, and viral genome concentrations were normalized per 100,000 inhabitants. The 
results revealed distinct circulation patterns: HAdV and SARS-CoV-2 were detected consistently throughout the period, 
while Influenza A peaked during the winter months, followed by Influenza B. RSV, however, appeared earlier in the sea-
son (first detectable from ISO week 2022-46) and overlapped with Influenza. Rhinoviruses displayed intermittent peaks, 
indicating multiple waves or persistent low-level transmission. Correlation analyses showed strong positive associations 
between influenza viruses, RSV, and SARS-CoV-2, suggesting synchronized seasonal trends. Hierarchical cluster analysis 
classified the viruses into three distinct groups: (1) an epidemic cluster including Influenza A/B, RSV, and Rhinoviruses; 
(2) a persistently present cluster represented by HAdV; and (3) a separate episodic cluster characterized by SARS-CoV-2. 
These groupings reflect differences in viral epidemiology and shedding behaviour. This study confirms the effectiveness 
of WBE in tracking the temporal dynamics of multiple respiratory viruses and provides evidence of its utility in supple-
menting traditional clinical surveillance systems. The consistent detection of underreported pathogens such as HAdV 
underscores the added value of environmental monitoring for public health preparedness and early warning applications. 
These findings advocate for the integration of WBE into routine respiratory virus surveillance frameworks.
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snapshot of the course and presence of a pathogen in the 
population, contributing to the epidemiological surveillance 
of the disease, accompanying the clinical recording (hospi-
tal admissions or recorded cases) by the health systems of 
the countries. In examining the bioethical and personal-data 
considerations related to wastewater-based epidemiological 
surveillance, previous analyses have generally suggested 
that monitoring wastewater entering large municipal sewer 
networks presents comparatively low privacy concerns, as 
noted in recent discussions (Doorn et al. 2022; Gable et al., 
2020).

Currently, several countries have established national 
WBE frameworks for SARS-CoV-2 enforcement, which 
were formalised by Commission guidance in March 2021, 
and efforts are now underway to integrate additional emerg-
ing pathogens or persistent pathogens, their strains or vari-
ants, into countries’ epidemiological protection systems 
(Tavazzi et al., 2023). Furthermore, the latent period of the 
disease, which can extend up to two weeks before the onset 
of symptoms, introduces time lags between the onset of the 
disease and the subsequent reporting of clinical outcomes. 
These observations collectively suggest that urban waste-
water within communities may harbour the virus at signifi-
cant concentrations. Throughout the pandemic, WBE has 
emerged as a promising tool for providing insights into the 
prevalence and course of the disease, highlighting its poten-
tial as a valuable adjunct to surveillance efforts (Ahmed et 
al., 2020; Dumke et al., 2022).

The rationale behind the selection of specific respira-
tory viruses is presented in the following section. Human 
adenoviruses (HAdV), recognized, are prominent patho-
gens associated with a diverse array of human afflictions, 
including respiratory illnesses, gastroenteritis, conjuncti-
vitis, and chronic systemic infections, and are particularly 
notable among immunocompromised individuals (Osuo-
lale  et al.,  2015). Characterized by their exclusive human 
host tropism, adenoviruses are ubiquitously present in ter-
restrial and aquatic environments. Instances of adenovirus 
outbreaks have been documented across various settings, 
spanning military facilities, recreational water venues, 
healthcare institutions, and residential care facilities (Flint 
& Nemerow, 2017).

The pervasive presence of these viruses in wastewater 
and aquatic ecosystems underscores their heightened prev-
alence compared to that of other enteric viruses. Owing 
to their environmental stability and robust detectability, 
human adenoviruses are valuable indicators of wastewater 
contamination and offer insights into the presence of other 
viral pathogens (Bofill-Mas et al., 2006) Extensive research 
underscores the proclivity of adenoviruses to manifest in 
conspicuously elevated concentrations relative to their 
viral counterparts, rendering them promising candidates as 

biomarkers within aquatic ecosystems (Albinana-Gimenez 
et al., 2009). Temporal and geographical variations in ade-
novirus serotype prevalence underscore the dynamic nature 
of adenovirus epidemiology. Documented alterations in 
serotype prevalence across different regions suggest the 
potential emergence of novel strains and the displacement 
of existing strains. Despite adenovirus outbreaks predomi-
nantly occurring during winter or early spring, infections 
occur year-round without distinct seasonality, particularly 
within enclosed communities where epidemic trends tend to 
escalate (Lynch et al. 2016).

HAdV can be transmitted through airborne routes. Ade-
noviruses responsible for respiratory infections, such as 
types 3, 4, 7 and 21 - are known to spread through respi-
ratory droplets expelled when an infected person coughs, 
sneezes or talks. These droplets can be inhaled by people 
nearby or sit on surfaces, leading to indirect transmission. 
HAdV types 3, 4, 7 and 21 have been strongly associated 
with outbreaks of acute respiratory disease (ARD), particu-
larly in crowded settings such as military barracks, schools 
and healthcare facilities. For example, studies have shown 
that HAdV-3 and HAdV-7 are major causes of severe 
respiratory infections in children, sometimes leading to 
life-threatening conditions. Similarly, HAdV-21 has been 
implicated in severe respiratory disease epidemics (Zaki et 
al., 2020). Research indicates that HAdV-7 infections can 
result in more severe disease outcomes compared to other 
types. A study published in BMC Infectious Diseases found 
that HAdV-7 infection caused more severe pneumonia, 
respiratory failure, and longer hospitalization periods com-
pared to HAdV-3. This highlights the virulence of certain 
adenovirus types and the need for vigilant monitoring and 
preventive strategies (Fu et al., 2019).

Respiratory Syncytial Virus (RSV) is a common patho-
gen in children and increasingly recognized in adults, espe-
cially the elderly. It primarily causes upper respiratory 
infections but can lead to bronchiolitis in young children 
and, in rare cases, progress to pneumonia, respiratory fail-
ure, apnea, or death. Treatment is mostly supportive. Pas-
sive immunization is available for at-risk children, such 
as premature infants or those with cardiac, pulmonary, or 
neuromuscular conditions. One antiviral treatment exists, 
but its use is limited due to cost, side effects, and limited 
efficacy, and is reserved for high-risk patients (Hernroth 
eta al 2002, Corman et al., 2012). RSV is a single-stranded, 
negative-sense RNA virus from the Paramyxoviridae fam-
ily and Pneumovirus genus. Discovered in chimpanzees 
in 1955, it was soon identified in humans (Sims et al. 
2020). RSV infects about 90% of children by age two and 
frequently affects older children and adults due to weak 
long-term immunity. While most infections are mild, up 
to 40% of primary infections in children under one cause 
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bronchiolitis. Globally, Respiratory syncytial virus (RSV) 
is estimated to cause approximately 33 million episodes of 
acute lower respiratory infections globally in young chil-
dren annually, resulting in around 3 million hospitalizations 
and up to 118,000–199,000 deaths, predominantly in low- 
and middle-income settings. (Public Health Agency of Can-
ada, 2024). In temperate climates, RSV incidence typically 
peaks during winter‑spring, while tropical regions exhibit 
more variable seasonal patterns. High‑risk groups include 
premature infants, children with underlying health condi-
tions, and the elderly, who face increased risk of severe out-
comes and hospitalization. (WHO, 2025)

Influenza is a contagious viral infection affecting the 
upper and lower respiratory tract. It spreads through respira-
tory droplets and contaminated surfaces. Infected individu-
als are contagious even before symptoms appear and remain 
so for 5–7 days. While most recover in a few days, serious 
complications like pneumonia can occur, especially in young 
children, the elderly, pregnant women, and immunocom-
promised individuals. Symptoms include fever, cough, sore 
throat, and runny nose. Seasonal flu outbreaks occur mainly 
in autumn and winter, spreading rapidly across populations 
and varying in severity by age group (Hewitt et al., 2013; 
Martin et al., 2023; Rashed et al., 2022). Influenza A and B 
viruses cause annual epidemics worldwide. Outbreaks in the 
Northern Hemisphere usually occur from October to March, 
and from April to August in the Southern Hemisphere. In 
tropical regions, flu circulates year-round. Seasons domi-
nated by H3N2 are typically more severe, particularly for 
children and older adults. The WHO tracks global influenza 
trends and virus strains monthly (WHO, 2025).

Finally, discovered in the 1950 s, Human Rhinoviruses 
(HRVs) are mostly known as the leading cause of the “com-
mon cold”; they are ubiquitous, and HRV infections occur 
year-round (Prado et al., 2014) HRVs, members of the fam-
ily Picornaviridae and the genus Enterovirus. HRV repli-
cates in nasal and posterior nasopharynx mucosa (Bivins 
et al., 2021). Transmission is mainly attributed to hand 
contact between persons or through fomites. Oral or aero-
sol transmission seems to be rare and dependent on viral 
particles concentration in the droplets. Viral loads in saliva 
are about 30 times lower than in nasal secretions (Kumb-
lathan et al. 2022). Studying rhinoviruses is important for 
several reasons, both from a clinical and public health per-
spective. Although typically mild, rhinovirus infections 
result in significant healthcare visits, school/work absences, 
and productivity losses, moreover, they are also frequently 
involved in co-infections with other respiratory pathogens, 
complicating clinical outcomes.

This study aims to monitor the most common and air-
borne-transmitted respiratory viruses, through Wastewater-
Based Epidemiology (WBE), and to conduct a comparative 

investigation and trend analysis. The goal is to identify 
circulation patterns and evaluate the potential of WBE as a 
tool for community-level surveillance of these viruses. This 
study is a continuation of previous research article of Anas-
topoulou et al., 2024.

Materials and Methods

Wastewater Treatment Plant of Patras

The urban Wastewater Treatment Plant (WWTP) of Patras 
includes both municipal waste and rainwater, making the 
network type mixed. Considering the spatial characteristics 
of the city, the biological treatment system serves a total 
of 168.034 inhabitants, and the maximum daily wastewater 
supply reaches 43,000 m3/d. Based on the information of 
the Special Secretariat of Water, the average incoming load 
from sewage is 11,359 Kg BOD5/day while the maximum is 
13,207 Kg BOD5/day. The average of the incoming sewage 
supply amounts to 37,745 m3/day with a maximum value of 
43,075 m3/day. Primary and secondary treatment, nitrogen 
and phosphorus removal, biological disinfection, chlorina-
tion and sand filters are applied in these facilities (Fig. 1).

Sampling Strategy

Sampling was carried out by the technical staff of the WWTP 
of Municipality of Patras. The samples were composite, 
24-hours, and were collected every Monday, Tuesday and 
Thursday, over a period of 6 months, from the beginning of 
October 2022 (ISO week 2022-40) until the end of March 
2023 (ISO week 2023-13), covering the whole period. Total 
of 76 samples were collected. The selection of the specific 
days was based on the need to capture a variety of condi-
tions and obtain an overall representative sampling. More-
over, based on the official epidemiological data of Greece 
on the presence and circulation of respiratory viruses in the 
community, this period of the year, covering autumn, winter 
and early spring months, can give us an overall image of the 
circulation of the viruses selected to study. The composite 
samples were 24-hour time-dependent composites collected 
using an automatic sampler provided by the Patras WWTP. 
The sampler obtained three equal-volume subsamples over 
a 24-hour period, which were then combined to form the 
composite sample. All samples were collected at the WWTP 
influent, prior to any treatment or screening. During collec-
tion, the sampler maintained the samples at approximately 
5 °C. After the 24-hour composite was completed, samples 
were stored at 5  °C until the following morning and then 
transported to the laboratory in insulated coolers with ice 
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(KEDY), used as the positive control sample, while PCR 
grade water (No Template Control) served as the negative 
control sample in each run.

For the HadV PCR reaction, the reaction mixture com-
prised 12.5 µL of TaqMan™ Universal PCR Master Mix 
(Thermo Fisher Scientific, Woolston, Warrington, UK), 0.5 
µL of each primer, and 1 µL of RNase-free water (Jena Bio-
science, Lobstedter, Germany). A total of 15 µL of reaction 
mix and 10 µL of the isolated sample were added to each 
PCR reaction tube.

For the Influenza A and B viruses, multiplexed and for 
the detection of RSV A/B and Rhinoviruses the One Step 
RT-qPCR kit (Enzyquest, Heraklion, Crete, Greece) was 
used.

Primer and probe sequences for the target genes are 
summarized in Table  1, reference indicated with slight 
modifications. For the SARS-CoV 2 reaction the primer 
sets nCoV_IP2 and nCoV_IP4 were multiplexed depicted 
in research article of Anastopoulou et al., 2024. Detailed 
cycling conditions are provided in Table  2. Multiplexed 
assay used for the detection of Influenza A and Influenza B. 
All samples were analyzed in triplicates and in 1:10 dilu-
tion for the assessment of inhibition effect on the qPCR 
reaction. qPCR inhibition was detected in all wastewater 
samples tested. To mitigate this effect, all quantification was 

packs. Upon arrival, they were processed immediately for 
analysis.

Extraction and RNA Purification Method

The Total Nucleic Acid Extraction was performed using 
Wizard® Enviro Total Nucleic Acid Kit (Promega, Wis-
consin, United States). This method was adopted, enabling 
direct collection and concentration of total nucleic acids 
from 40 ml wastewater and process carried following the 
protocol presented in the research article of Anastopoulou et 
al., 2024. Furthermore, the One Step PCR inhibitor removal 
kit (Zymo, Irvine, CA, USA) was employed to eliminate the 
inhibitory effects present in the samples.

Real‑Time qPCR Assays

For the detection and quantification of viruses, q-PCR 
assays were conducted using a Thermocycler Stratagene 
Mx30005P (Thermo Scientific, Waltham, MA, USA). The 
protocols employed were in accordance with manufactur-
ers’ instructions. enhancing result reliability and mitigating 
potential inhibitory effects. A predetermined quantity of 
the virus, designated as the Positive Amplification Control, 
provided by the Greek National Public Health Laboratory 

Fig. 1  Geographical depiction of 
the WWTP of Municipality of 
Patras
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performed on 1:10 diluted extracts, and genome copy num-
bers were calculated based on the diluted template. There-
fore, the final reported concentrations already incorporate 
the correction for inhibition.

Normalization of Data

The concentration (Genome Copies/L) of each virus 
detected per sample in the influent wastewater samples 
was normalized per 100,000 residents based on the average 
daily flow rate (m3/d) of the WWTP and the estimated real-
time population served by the plant. Ammonium loads were 
used as an anthropogenic marker to estimate the size of the 
real-time population served. A population equivalent (PE) 
of 7.0 g NH4-N per day per person was applied, as this is 
the value estimated for Greek cities and used by the Greek 
National Wastewater Epidemiology Network ​(​​​h​t​t​p​s​:​/​/​a​p​t​h​.​
m​n​s​s​.​e​u​/​​​​​)​.​​

The real-time population served was calculated by divid-
ing the concentration of NH4-N that was determined in the 
influent samples with the average NH4-N excreted daily per 
resident, according to Eq. 1.

Normalized concentrations of the individual compounds 
per 100,000 inhabitants were calculated as depicted in 
Eq. [1].
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7

)
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Statistical Analysis

For the statistical analysis Mean values obtained from all 
samples of each iso week for each virus used to represent 
each iso week. Possible correlations between all viruses 
detected through the course of time were investigated, 
including SΑRS-CoV-2 data from previous research (Anas-
topoulou et al., 2024). In addition, further investigation 
was conducted to explore a possible correlation between 
the viruses and the officially reported COVID-19 cases of 
the city of Patras. Hierarchical cluster analysis (HCA) was 
applied clustering of the six monitored respiratory viruses 
based on their weekly concentration profiles to identify sim-
ilarities in temporal circulation patterns. HCA for viruses 
was conducted using squared Euclidean distance and aver-
age linkage (between-groups). Correlation analyses were 
performed using IBM SPSS Statistics v27 and indepen-
dently replicated in Python (SciPy & Μatplotlib), while all 
graphical outputs were generated using Microsoft Excel 
2016 and Python.

Table 1  Primers used for qPCR assays
Virus Primer/

Probe 
name

Sequence (5′–3′) Reference

HAdV HAdF 5’-CWTACATGCACATCKCSG 
G-3’

(Heim et al., 
2003)

HAdR 5’-CRCGGGCRAAYTGCAC-
CAG-3’

HAdPr 5’-[FAM]-​C​C​G​G​G​C​T​C​A​G​G​T​A​C​
T​C​C​G​A​G​G​C​G​T​C​C​T-[BHQ1]−3’

Influ-
enza 
A

IAV 
M FW 
(ABI)

5’-CAAGACCAATCYTGT-
CACCTCTGAC − 3’

(Mercier et 
al., 2022)

IAV M 
RV(ABI)

5’- GCATTYTGGACAAAVC-
GTCTACG-3’

IAV M 
probe 
(IDT)

5’-[FAM]- ​T​G​C​A​G​T​C​C​T​C​G​C​T​
C​A​C​T​G​G​G​C​A​C​G -[BHQ1]−3’

Influ-
enza 
B

IBV 
NS FW 
(ABI)

5’-TCCTCAAYTCACTCTTC-
GACG-3’

(Mercier et 
al., 2022)

IBV 
NS RV 
(ABI)

5’-​C​G​G​T​G​C​T​C​T​T​G​A​C​C​A​A​A​T​
T​G​G-3’

IBV NS 
probe 
(IDT)

5’-[HEX]-​C​C​A​A​T​T​C​G​A​G​
C​A​G​C​T​G​A​A​A​C​T​G​C​G​G​T​
G-[BHQ1]−3’

RSV 
A/B

RSV 
A/B FW

5’-CTCCAGAATAYAGGCAT-
GAYTCTCC-3’

(Hughes et 
al., 2022)

RSV 
A/B RV

5’-GCYCTYCTAATYACWGCT-
GTAAGAC-3’

RSV 
A/B 
Probe

5’-[HEX]-​T​A​A​C​C​A​A​A​T​T​A​G​
C​A​G​C​A​G​G​A​G​A​T​A​G​A​T​C​A​
G-[BHQ1]−3’

Rhi-
novi-
ruses

Primer 
Pic-1

5’-​T​C​C​T​C​C​G​G​C​C​C​C​T​G​A​A​T-3’ (Do et 
al.,2010)

Primer 
Pic-3

5’-​G​A​A​A​C​A​C​G​G​A​C​A​C​C​C​A​A​
A​G​T​A​G​T-3’

Probe 
Pic-5

5’-[FAM]-YGGCTAACCY-
WAACCC-[BHQ1]−3’

Table 2  Thermal profile of real time qPCR assays
Virus Steps Thermal Profile Num-

ber of 
Cycles

HAdV assay Hot Start 2 min at 50 °C 1
Enzyme Activation 10 min at 95 °C 1
Annealing & extension 15 s at 95 °C 45

1 min at 60 °C
Influenza A/
Influenza B 
multiplexed, 
RSV A/B and 
Rhinovi-
ruses assay 
multiplexed

Reverse Transcription 
(RT)

15 min at 55 °C 1

RT inactivation/Hot 
Start Taq DNA poly-
merase activation

2 min at 95 °C 1

Cycle denaturation,
Annealing & extension

15 s at 95 °C 45
1 min at 60 °C
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Physicochemical Parameters

To support the interpretation of viral RNA signals in waste-
water-based surveillance, a set of key physicochemical 
parameters was measured in the influent wastewater sam-
ples. These parameters provide essential context regarding 
the wastewater matrix, which can influence viral particle 
stability, concentration efficiency, and detection sensitivity. 
The selected parameters included pH, electrical conductiv-
ity, chemical oxygen demand (COD), biological oxygen 
demand (BOD), total nitrogen, suspended solids, and ammo-
nium. These indicators were chosen for their relevance to 
both general wastewater quality and their potential impact 
on virus partitioning, adsorption, detection sensitivity and 
recovery efficiency during sample processing. (Bivins et al., 
2020)

Physicochemical parameters of the influent wastewater 
samples were measured in samples taken and are shown in 
Table 3.

Sample Results

Throughout the six-month surveillance period, the analysis 
of 76 wastewater samples exhibited complete positivity for 
HAdV and SARS-CoV 2, for Influenza A 51,3% positiv-
ity (n = 39/76), for Influenza B 19,7% positivity (n = 15/76), 
for RSV A/B, 39,5% positivity (n = 30/76) and for Rhinovi-
ruses 44,7% positivity, (n = 34/76). All mean values of viral 
genome copies normalized per 100.000 inhabitants per ISO 
week are depicted in Supplementary Table 1. The chart in 
Fig. 2 provides an additional dimension for visualizing the 
data in the course of time. The horizontal axis delineates the 
epidemiological weeks, as per the ISO week calendar sys-
tem, while the vertical axis represents the concentration of 
viral genome copies per liter normalized per 100.000 inhab-
itants. It’s important to note that the ISO week calendar sys-
tem is a standardized leap week system established by the 
International Organization for Standardization (ISO) and 
can provide us with an overview of the presence of viruses 
in the community.

To explore potential associations between the respiratory 
viruses detected in wastewater samples, Spearman’s rho 
two-tailed correlation analysis was performed. This non-
parametric method was selected because it does not assume 
normality and is appropriate for assessing monotonic rela-
tionships between variables. The analysis identified several 
statistically significant associations. Influenza A showed 
moderate positive correlations with both RSV A/B (ρ = 0.576, 
p = 0.003) and Rhinovirus (ρ = 0.467, p = 0.025). In addition, 
a strong positive correlation was observed between Influ-
enza B and SARS-CoV-2 (ρ = 0.655, p < 0.001). No other 
correlations reached statistical significance (Supplementary 

Results

Quantification of Viral Load

The quantification of genome copies on respiratory viruses 
was conducted using standard curves established for the 
respective target genes. The standard curve was generated 
based on a control sample containing 10^7 genome copies, 
(gc)/µl, which underwent serial tenfold dilutions from 10^7 
to 10^0 gc/µl. For HAdV, the Limit of Detection (LOD) was 
determined to be 2509 gc/L of wastewater, for Influenza A, 
2151 gc/L, for Influenza B 3819 gc/L, for RSV A/B 2397 
gc/L and for Rhinoviruses 6346 gc/L. Positive Amplifica-
tion Controls (PACs) used have the following quantities. For 
Influenza A 2,04Ε + 07 gc/µl, for Influenza B, 2,13Ε + 07 gc/
µl (in house produced by Laboratory of Molecular Microbi-
ology, Department of Veterinary Science, AUTH), for RSV 
A/B, 1,02E + 06 gc/µl provided by KEDY, and for Rhinovi-
ruses, 1,25E + 04 gc/µl (Amplirun ® Rhinovirus RNA con-
trol, Vircell Molecular). The efficiency of the procedure was 
assessed using the equation of efficiency (Anastopoulou et 
al., 2024). The following values represent the mean val-
ues obtained across all plates for each virus. For HadV the 
slope was calculated as −3.317, with a Y-intercept value of 
39.97, resulting in an efficiency of 100.2%. For Influenza A 
standard curve characteristics are, slope: −3,52, y intercept: 
41,35, Rsq: 0,993 and Efficiency: 92,2%. For Influenza B 
standard curve characteristics are, slope: −3,419, y inter-
cept: 45,58, Rsq: 0,993 and Efficiency = 96,1%. For Rhi-
noviruses standard curve characteristics are, slope: −3,00, 
y intercept: 42,92, Rsq: 0,991 and Efficiency: 115,3%. For 
RSV A/B standard curve characteristics are slope: −3,22, y 
intercept = 40,88, Rsq = 0,988, efficiency = 104,3%. Ct val-
ues were recorded for all samples and Mean Ct values per 
sample used for the quantification. The virus concentration 
was expressed as Genome Copies per Liter using the pro-
vided equations, depicted on research article of Anastopou-
lou et al., 2024.

Table 3  Physicochemical parameters of wastewater samples
Physicochemical parameters
of wastewater samples

Mean Range

Average daily supply (m3/day) 36.357 35.800–36.500
PH 7,47 7,19 − 7,68
Conductivity (µS/cm) 1.399 1.223–1.653
COD (mg/L O2) 374 228–594
BOD (mg/L O2) 229 148–328
Total Nitrogen (mg/L N) 51 39–71
Suspended Solids (mg/L) 161 105–275
Ammonium (mg/L NH4-N) 37 29–56
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justification for their separation. Specifically, a substantial 
numerical jump in the clustering coefficients was observed 
during the transition from Stage 3 to Stage 4. The coeffi-
cient increased tenfold rising at the formation of the INFA/
INFB/RSV/RHINOV group when SARS-CoV-2 was incor-
porated. This significant increase in heterogeneity justifies 
the classification of SARS as a distinct cluster, as merging it 
with Cluster 2 would substantially compromise the internal 
homogeneity of that group (Supplementary Tables S4).

Table S3 and Supplementary Figure S1). The hierarchical 
cluster analysis of respiratory viruses based on temporal 
concentration profiles revealed three main clusters. The first 
cluster included Influenza A, Influenza B, RSV, and Rhi-
noviruses, which showed similar seasonal behavior. SARS-
CoV-2 formed a second distinct cluster due to its episodic 
high peaks. HAdV constituted a separate third cluster, 
reflecting its persistent and stable detection pattern across 
the entire observation period depicted in Fig. 3 and Supple-
mentary Figure S2. Although the rescaled dendrogram, in 
Supplementary Figure S2 visually suggests a close proxim-
ity between SARS-CoV-2 and the members of Cluster 2, 
the Agglomeration Schedule provides clear mathematical 

Fig. 2  Epidemiological Curves of HAdV and SARS-CoV 2, Influenza A and B, RSV A/B and Rhinoviruses, during 2022 and 2023 ISO weeks 
normalized per 100.000 inhabitants, based on Wastewater surveillance of city of Patras, Greece
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potential community-level pandemics. The temporal trends 
of viral genome copies normalized per 100,000 inhabitants 
provide a clear view of the dynamic circulation of respira-
tory viruses within the community across the study period.

According to the findings of the present research, HAdV, 
exhibited the most persistent and elevated signal through-
out the entire monitoring period, maintaining high viral 

Discussion

Following the conclusion of the COVID-19 pandemic 
and up to the present, wastewater epidemiology has dem-
onstrated considerable significance as a dual-purpose tool 
for both preemptive measures and immediate detection of 

Fig. 3  Graphical representation 
of the hierarchical clusters of 
viruses, generated using Python
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wastewater-based surveillance for tracking co-circulating 
respiratory pathogens.

The positive results of SARS-CoV 2 were expected 
when epidemiological surveillance was carried out from 
the beginning of autumn, continued during the winter and 
reached the beginning of spring. These seasons both in lit-
erature and based on the recording of clinical cases are con-
sidered peak months of the virus and they are extensively 
presented in research article of Anastopoulou et al., 2024.

Furthermore, the hierarchical cluster analysis grouped the 
six respiratory viruses into three distinct clusters based on 
their temporal distribution patterns across the observation 
period. Influenza A, Influenza B, RSV, and Rhinoviruses 
clustered together, indicating similar seasonal circulation 
and synchronized peaks during the colder months. In con-
trast, HAdV and SARS-CoV-2 each formed separate clus-
ters, reflecting distinct epidemiological behavior. HAdV 
exhibited persistent detection with unique fluctuations, 
while SARS-CoV-2 demonstrated continuous presence with 
sharp, high-magnitude peaks, particularly in late 2022 and 
early 2023.

The hierarchical clustering results of the respiratory 
viruses offer deeper insight into the epidemiological dynam-
ics of respiratory viruses at the community level. The group-
ing of Influenza A, Influenza B, RSV, and Rhinoviruses into 
a single cluster suggests shared seasonal drivers, likely 
linked to colder temperatures, increased indoor activity, and 
school-term transmission patterns (Polo et al., 2021; Chen 
et al., 2020). In contrast, the unique clustering of SARS-
CoV-2 and another of HAdV reflects their divergent behav-
ior: SARS-CoV-2 presented sharp episodic peaks likely 
associated with variant waves and public health policy 
shifts, while HAdV maintained persistent levels possibly 
due to environmental resistance and prolonged fecal shed-
ding (Martin et al., 2023).

The analysis of viral genome concentrations across the 
study period revealed distinct temporal patterns in virus 
circulation. During the peak of the winter season, specifi-
cally from ISO weeks 2023-1 to 2023-5, a period of high 
viral activity was observed. This phase was characterized 
by the simultaneous presence and elevated levels of Influ-
enza A, RSV, HAdV, SARS-CoV-2 and Rhinoviruses, 
reflecting a typical epidemic period where multiple respi-
ratory pathogens co-circulate at high concentrations. Nota-
bly, from week 2023-6 onwards, there was a detectable 
shift with the emergence of Influenza B and a significant 
increase in SARS-CoV-2 concentrations, In contrast, the 
period between weeks 2022-40 and 2022-49 was associated 
with generally lower circulation for most viruses, although 
HAdV and SARS-CoV-2 remained consistently detectable, 
highlighting their persistence even during non-peak peri-
ods. These observations align with recent literature. Boehm 

loads (~ 10¹²–10¹⁴ gc/100,000) even during periods of low 
activity for other viruses. This sustained presence indicates 
widespread and continuous adenovirus circulation, which 
may be attributed to its environmental stability and pro-
longed shedding. Although weekly public bulletins issued 
by the National Public Health Organization (NPHO) for 
2022–2023 did not specifically report adenovirus activity, 
reflecting a surveillance emphasis on influenza, RSV, and 
SARS‑CoV‑2, our wastewater analysis from Patras revealed 
persistent and elevated HAdV levels. This discrepancy sug-
gests that adenovirus transmission was likely occurring in 
the community but remained under-detected by conven-
tional clinical reporting systems. Adenoviruses are com-
monly found in human feces and exhibit resilience against 
chemical or physical pollutants (Hewitt et al., 2013), partly 
accounting for the elevated positivity rates observed. The 
detection of adenovirus in wastewater during the sampling 
period aligns with existing literature, affirming its environ-
mental resilience and stable presence, devoid of seasonal 
patterns (Lynch et al. 2016). HAdV genome copies can 
correlate with physicochemical parameters in wastewater 
samples, studies have shown significant differences in the 
presence of adenovirus in water and the values for nitrites, 
phosphates, and fixed and total solids (Silva et al., 2011). 
Adenovirus has been identified as the best indicator for 
evaluating the efficiency of wastewater treatment plants 
in eliminating viruses (Martin et al., 2023). Therefore, the 
presence of HAdV genome copies can be used as an indica-
tor of viral pollution in wastewater samples (Rashed et al., 
2022).

Influenza A and B viruses showed distinct seasonal peaks, 
with Influenza A peaking prominently in the winter months 
(weeks 2022–50 to 2023–10), followed by Influenza B, 
which demonstrated a delayed but similarly sharp increase 
during early 2023. These seasonal spikes are consistent with 
known influenza epidemiology and validate the sensitivity 
of wastewater surveillance in capturing community-level 
influenza activity. RSV showed elevated concentrations 
during late autumn and winter (peaking in week 2023–1 
and 2023-9), aligning with the typical RSV seasonality. 
Rhinoviruses displayed a broader temporal distribution 
with intermittent peaks, particularly around weeks 2023–2 
and 2023–5, suggesting multiple transmission waves or 
persistent low-level circulation. The positive correlation 
that was observed between HAdV and RSV A/B, is sug-
gesting a possible concurrent circulation pattern or similar 
shedding dynamics in the population. Furthermore, positive 
significant correlations between Influenza A and Rhino-
virus, Influenza A and RSV A/B, Influenza B and SARS-
CoV-2 may indicate overlapping seasonal trends or shared 
transmission drivers, reinforcing the value of multiplex 
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were found between the wastewater SARS-CoV-2 levels 
and positivity rates of SARS-CoV-2, influenza, or RSV 
in the community during the study period. Positivity rates 
are depicted in Supplementary Table S2. Reasons for lack 
of Significant Correlation can be explained by the follow-
ing facts: The clinical testing data from the Mobile Health 
Units (KOMY) is based on voluntary participation and is 
not representative of the general population. This self-selec-
tion bias can distort observed positivity rates and limit their 
comparability to population-wide wastewater signals. Viral 
load in wastewater may precede or lag clinical case detec-
tion due to differences in viral shedding, incubation period, 
test-seeking behavior, and reporting delays and final (Peccia 
et al., 2020). Nevertheless, we observe consistency in the 
trends across the datasets: SARS-CoV-2 is detected at rela-
tively stable levels in wastewater, which is reflected in the 
recorded test positivity rates. A similar pattern is observed 
for influenza (considering influenza A and B combined), 
where wastewater signals align with test positivity. Οn the 
other hand, RSV test positivity in the community showed a 
gradual decline from ISO week 2022-50 onward, whereas 
wastewater RSV concentrations remained elevated until 
ISO week 2023-11 and then dropped sharply. Therefore, the 
two datasets did not exhibit parallel or mirrored trends.

With regards to the normalization process, ammonium 
concentrations were relatively stable across the monitor-
ing period (mean 37 mg NH₄-N/L; range 29–56), and the 
average daily flow also showed no extreme outliers. These 
observations reduce the likelihood that sudden, large non-
population ammonium inputs biased the normalized viral 
trends. We acknowledge that, in general, factors such as 
industrial discharges, stormwater intrusion, or changes in 
wastewater composition can influence ammonium levels. 
However, it is important to note that no industrial wastewa-
ter is discharged into Patras WWTP, which minimizes this 
specific source of variability.

To summarize, the trends observed in the figure sup-
port the feasibility and effectiveness of wastewater-based 
surveillance in tracking the presence and intensity of mul-
tiple respiratory viruses simultaneously. These patterns 
mirror known seasonal behaviors while also highlight-
ing co-circulation dynamics, which were also statistically 
supported by the correlation analysis. This underlines the 
importance of integrating wastewater surveillance into rou-
tine public health monitoring frameworks for early warn-
ing and comprehensive pathogen tracking. Furthermore, 
wastewater-based epidemiology (WBE) continues to dem-
onstrate early warning potential, as temporal signals often 
precede or complement clinical surveillance, particularly 
for SARS-CoV-2 (Sims & Kasprzyk-Hordern, 2020). 
However, limitations persist, including virus-specific vari-
ability in shedding, environmental degradation rates, and 

et al. (2023) noted that wastewater-based surveillance can 
capture the diverse circulation patterns of multiple respira-
tory viruses, emphasizing that pathogens like HAdV often 
exhibit unique, persistent trends compared to the sharp sea-
sonal peaks of Influenza and RSV. Similarly, Carducci et 
al. (2024) described cyclical temporal trends in wastewater, 
with the greatest differences observed between the epidemic 
(winter) and inter-epidemic (summer) phases. Furthermore, 
findings from Swiss surveillance (Baumgartner et al., 2025) 
confirm that while SARS-CoV-2, RSV, and Influenza A 
often show synchronized temporal peaks, HAdV and Rhi-
noviruses tend to be present at persistent background levels. 
Our data supports this differentiation, as Rhinoviruses dem-
onstrated a sustained presence throughout the study, while 
Influenza A and RSV circulation was more strictly confined 
to the winter weeks. In line with typical seasonal patterns, 
Influenza B concentrations in wastewater peaked during late 
winter- early spring. This late-season emergence is a well-
documented feature of Influenza B epidemiology, distin-
guishing it from the earlier winter peaks of Influenza A. This 
is supported by Caini et al. (2015), who noted that Influ-
enza B typically exhibits late-season circulation patterns, 
often trailing behind the peak of Influenza A in temperate 
climates. Collectively, these results underscore the capacity 
of wastewater-based surveillance to differentiate between 
co-circulating viral waves and persistent background patho-
gens across different seasons.

Data retrieved from the National Public Health Orga-
nization of Greece (EODY) was used to explore potential 
correlations between community respiratory pathogen posi-
tivity and normalized viral load in wastewater samples from 
Patras, spanning ISO week 2022-50 to ISO week 2023-13. 
Specifically, the dataset included positivity rates for SARS-
CoV-2, influenza viruses, and respiratory syncytial virus 
(RSV) derived from non-sentinel community testing con-
ducted by EODY’s Mobile Health Units (KOMY). These 
units perform rapid antigen testing (Rapid Ag) for SARS-
CoV-2 in individuals who voluntarily present for testing, 
whether symptomatic or asymptomatic. For molecular 
surveillance of the three aforementioned pathogens, a ran-
dom subset of symptomatic individuals with influenza-like 
illness is selected using an algorithm that ensures geo-
graphical and demographic representation across Greece. 
It is important to note that this sampling framework does 
not produce a representative sample of the general popula-
tion. However, it may provide a useful indicator of percent 
positivity trends within the community. To assess the rela-
tionship between clinical surveillance data and wastewater-
based epidemiology (WBE), Spearman’s rho correlation 
was conducted between weekly normalized viral load in 
wastewater and aforementioned weekly pathogen positiv-
ity rates, for the three viruses. No significant correlations 
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challenges in differentiating viable versus fragmented viral 
genomes (Wade et al., 2022; Polo et al., 2021). Despite this, 
the application of WBE as a multiplex surveillance tool for 
monitoring co-circulating respiratory pathogens is increas-
ingly recognized as a cost-effective and population-level 
approach to pandemic preparedness.

Conclusion

This study demonstrates the applicability and reliability of 
wastewater-based epidemiology (WBE) for the simultane-
ous monitoring of multiple respiratory viruses, including 
HAdV, SARS-CoV-2, Influenza A and B, RSV A/B, and 
Rhinoviruses, at the community level in Patras, Greece. The 
consistent detection of HAdV and SARS-CoV-2, along with 
the seasonal peaks observed for Influenza A, Influenza B, 
and RSV, confirms the capacity of WBE to reflect viral cir-
culation trends corresponding to clinical and environmental 
patterns. Hierarchical clustering and correlation analyses 
revealed distinct epidemiological behaviors, with some 
viruses showing persistent detection and others displaying 
synchronized epidemic peaks. The study also highlights 
the environmental persistence of HAdV. These findings 
underscore the critical role of WBE in complementing 
conventional epidemiological tools by providing timely, 
population-wide insights into the dynamics of viral trans-
mission, supporting early warning systems and informed 
public health interventions. Continued integration of WBE 
into routine surveillance frameworks can enhance prepared-
ness and response strategies for future respiratory pathogen 
outbreaks.
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