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• RSV and influenza virus in wastewater
from Barcelona city show a seasonal dis-
tribution.

• SARS-CoV-2 was more prevalent in waste-
water than RSV and RSV more than influ-
enza.

• WBS is epidemiologically useful for moni-
toring virus circulation and outbreaks.

• WBS efficacy anticipating the peaks of in-
fection of respiratory viruses may vary.
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Wastewater-based surveillance can be a valuable tool tomonitor viral circulation and serve as an earlywarning system.
For respiratory viruses that share similar clinical symptoms, namely SARS-CoV-2, influenza, and respiratory syncytial
virus (RSV), identification in wastewater may allow differentiation between seasonal outbreaks and COVID-19 peaks.
In this study, to monitor these viruses as well as standard indicators of fecal contamination, a weekly sampling cam-
paign was carried out for 15 months (from September 2021 to November 2022) in two wastewater treatment plants
that serve the entire population of Barcelona (Spain). Samples were concentrated by the aluminum hydroxide
adsorption-precipitation method and then analyzed by RNA extraction and RT-qPCR. All samples were positive for
SARS-CoV-2, while the positivity rates for influenza virus and RSV were significantly lower (10.65 % for influenza
A (IAV), 0.82 % for influenza B (IBV), 37.70 % for RSV-A and 34.43 % for RSV-B). Gene copy concentrations of
SARS-CoV-2 were often approximately 1 to 2 logarithmic units higher compared to the other respiratory viruses.
Clear peaks of IAV H3:N2 in February and March 2022 and RSV in winter 2021 were observed, which matched the
chronological incidence of infections recorded in the Catalan Government clinical database. In conclusion, the data ob-
tained from wastewater surveillance provided new information on the abundance of respiratory viruses in the Barce-
lona area and correlated favorably with clinical data.
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1. Introduction

The impact of the COVID-19 pandemic has highlighted the necessity for
more robust estimates and models of respiratory virus circulation (World
Health Organization, 2022). Outbreaks of SARS-CoV-2 now need to be moni-
tored in addition to those of seasonal viruses, which have made a comeback
after their temporary suppression byCOVID-19 controlmeasures. Themost rel-
evant are influenza viruses A and B (IAV/IBV), and respiratory syncytial virus
(RSV) (García-Arroyo et al., 2022), which account for the majority of
coinfections with SARS-CoV-2 (Chung et al., 2021). In temperate regions, epi-
demics of seasonal influenza typically occur during the winter months
(Jiménez-Jorge et al., 2016); in Spain the peak incidence occurs in January–
February, and that ofRSV inNovember–December (García-Arroyo et al., 2022).

The similar symptomatology of this trio of viral threats hinders their
clinical diagnosis (Chotpitayasunondh et al., 2021; Huang et al., 2020).
Yet differentiation among them is crucial for monitoring outbreaks occur-
ring outside of the usual seasonal patterns, especially in the context of a
pandemic in which the community circulation of respiratory viruses has
been altered by the global implementation of non-pharmaceutical interven-
tions to mitigate the COVID-19 burden (Chow et al., 2023; Li et al., 2020).
Wastewater-based surveillance (WBS), increasingly being used around the
world to monitor infectious diseases (Monteiro et al., 2022; Schmitz et al.,
2021; Sims and Kasprzyk-Hordern, 2020), may prove helpful in identifying
the periods of highest incidence of each virus.

An efficient, highly specific, cost-effective, non-invasive, real-time sur-
veillance technique, WBS has been widely adopted during the COVID-19
pandemic to provide comprehensive public health information and allow
authorities to track the virus (Betancourt et al., 2021; Kitajima et al.,
2022; Monteiro et al., 2022; Polo et al., 2020; Schmitz et al., 2021). The
ability ofWBS systems to detect both symptomatic and asymptomatic trans-
mission provides a more accurate reflection of virus spread in a population
(de Llanos et al., 2022; Wu et al., 2020). The detection of viral genetic ma-
terial, which appears in wastewater due to fecal shedding in infected indi-
viduals (Chavarria-Miró et al., 2021; Medema et al., 2020), can alert
public health agencies to the community transmission of pathogens more
quickly than diagnostic tests, thus facilitating their control (Li et al., 2022;
Peccia et al., 2020). WBS has already being successfully applied to monitor
other viral diseases such as influenza A, RSV, poliovirus, norovirus, and hep-
atitis A around the world (Ahmed et al., 2023; Deshpande et al., 2003;
Heijnen and Medema, 2011; Hellmér et al., 2014; Hughes et al., 2022;
Koureas et al., 2023; Pintó et al., 2007). Furthermore, it has been demon-
strated that SARS-CoV-2 RNA levels in wastewater correlate with incidence
rates obtained from clinical epidemiological data (Peccia et al., 2020; Wolfe
et al., 2021). WBS data also allow the identification of specific variants and
their circulation levels (Carcereny et al., 2021; Heijnen et al., 2021). Other
relevant pathogenic respiratory viruses such as influenza are detectable in
human excreta, despite being primarily airborne diseases (Hirose et al.,
2016; Minodier et al., 2019). Therefore, as the RNA of respiratory viruses
can be detected in wastewater even when the virus is no longer infectious
(Hughes et al., 2022; Wolfe et al., 2022), WBS is a valuable monitoring tool.

In response to the growing need to differentiate SARS-CoV-2 from dom-
inant seasonal respiratory viruses, the aim of this work was to evaluate,
monitor, and compare RNA levels of IAV/IBV, RSV-A/RSV-B, and SARS-
CoV-2 in wastewater in the metropolitan area of Barcelona, Spain, as well
as measure indicators of human fecal contamination. It was envisaged
that the results would shed light on the epidemiology of influenza and
RSV infection in the wake of the COVID-19 pandemic and help design
tools that can discern between outbreaks of community transmitted dis-
eases of similar symptomology such as influenza, RSV, and COVID-19.

2. Material and methods

2.1. Sample collection

The densely populated metropolitan area of Barcelona, Spain, was cho-
sen as a model to measure the occurrence of five respiratory viruses: SARS-
2

CoV-2, IAV/IBV, and RSV-A/RSV-B. From September 9th, 2021, to Novem-
ber 15th, 2022, 122 wastewater samples were collected weekly (a total of
61 weeks) on weekdays (Monday to Wednesday) between 9:00 AM-
10:00 AM from two major wastewater treatment plants (WWTP1 and
WWTP2) that together serve the 3.3million inhabitants of the city of Barce-
lona, WWTP1 serving approximately 65 % and WWTP2 35 % of the popu-
lation. Other municipalities in the province of Barcelona are also serviced
by these WWTPs, as stated in official data provided by the Barcelona met-
ropolitan area public administration webpage (AMB, 2021a, 2021b). Sam-
ples (200 mL) were collected in sterile polypropylene (PP) containers and
kept at 4 °C until processing, which took place within 24 h after sampling.

2.2. Control viral particles

Viral particles with genetic material from each target virus, incorpo-
rated with a lentiviral vector system (Sakuma et al., 2012), were used as
positive controls and to study the recovery efficiency of the method used:
VIASURE Viral Influenza A, Influenza B & RSV Positive Control Kit of
CerTest Biotec (Barcelona, Spain). Particles of both influenza viruses and
RSVs from a stock of 109 particles/mL were diluted up to 1 particle/mL.
Tested concentrations ranged from 2 particles/mL of sample up to 200 par-
ticles/mL of sample. In the case of SARS-CoV-2, as a process control, 10 μL
of a stock containing 8.8×105 TCID50 units of the attenuated PUR46-MAD
strain of the transmissible gastroenteritis enteric virus (TGEV) (Moreno
et al., 2008) was added to 200 mL of each sample prior to the
concentration step.

2.3. Sample concentration

Wastewater was concentrated using the adsorption-precipitation
method with aluminum hydroxide. This technique has previously been im-
plemented for the study of SARS-CoV-2 in wastewater by numerous re-
search groups throughout Spain (Carcereny et al., 2021; Randazzo et al.,
2020). It was selected for the present study over other concentration
methods due to its efficiency in detecting SARS-CoV-2, while being fast,
simple, and cost-effective (Pérez-Cataluña et al., 2021). All the samples
were processed within 24 h after collection in a manner equivalent to
that used for the analysis of SARS-CoV-2, so that the data for the different
viruses could be more easily compared. Briefly, 200 mL samples were col-
lected and their pH was adjusted to 6.0. An AlCl3 solution was added to
reach a final concentration of 0.009 N and thoroughly mixed by manual
shaking. The pH was adjusted again to 6.0 and the mixture was further
shaken with an orbital shaker for 15 min at 150 rpm and centrifuged at
1700 ×g for 20 min. The supernatant was discarded, and the pellet resus-
pended in 10mL of a 3%beef extract solution (Becton, Dickinson and Com-
pany, Sparks, MD, US). Samples were shaken for 10 min at 200 rpm,
followed by a centrifugation step at 1900 ×g for 30 min. The supernatant
was discarded and the pellet resuspended in 2 mL of 1× phosphate-
buffered saline solution.

2.4. Nucleic acid extraction

Nucleic acid was extracted within the 24 h after concentration, using a
method previously described (Carcereny et al., 2021) in a class II biosafety
cabinet using the Macherey-Nagel Nucleospin RNA virus kit and following
the manufacturer's instructions with slight modifications to favor RNA sta-
bility and recovery (Randazzo et al., 2020). Briefly, these modifications in-
cluded the initial addition of 25 μL of Plant RNA Isolation Aid reagent
(Ambion™, Thermo Fisher Scientific, Vilnius, Lithuania) to 150 mL of the
concentrated sample and 600 mL of lysis buffer from the NucleoSpin
Virus kit, mixing by pulse-vortexing for 1 min. The homogenate was then
centrifuged for 5 min at 10,000 ×g to remove the debris. This supernatant
was subsequently processed according to the manufacturer's instructions,
eluted in 100 mL of RNAse-free H2O and used immediately for quantifica-
tion or stored at −20 °C. Quantification was performed within the 24 h
after extraction.
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2.5. RT-qPCR quantification

The following genes were targeted for quantification by real-time quan-
titative reverse transcription polymerase chain reaction (RT-qPCR): the
gene encoding matrix protein M1 from influenza A and B viruses (World
Health Organization, 2015)the gene encoding nucleoprotein N from RSV
A and B viruses (Hu et al., 2003) and SARS-CoV-2; the IP4 fragment of
the gene encoding the RNA-dependent RNA polymerase (RdRp) (Institute
Pasteur, Paris) (Corman et al., 2020) that encodes viral RNA polymerase,
and the gene encoding N1 (CDC 2019-Novel Coronavirus (2019-nCoV)
Real-Time RT-PCR Diagnostic Panel https://www.cdc.gov/coronavirus/
2019-ncov/lab/rt-pcr-panel-primer-probes.html) that encodes nucleocap-
sid protein. The sample was considered positive for SARS-CoV-2 when
one of the two target genes was detected. The qPCR analyses of the genes
encoding M1 and N (proteins of influenza viruses and RSV, respectively)
were carried out using Viasure Real Time PCR Detection kits (CerTest
Biotec), which contain all the necessary components to perform real-time
PCR (specific primers and probes, dNTPs, buffer, polymerase, and
retrotranscriptase) in a stabilized format, as well as an internal control to
rule out inhibition of polymerase activity. Real-time qPCRwith TaqMan hy-
drolysis probes was performed in class II biosafety cabinets using the
StepOne Real Time PCR System (Applied Biosystems, Foster City, USA)
with a 20 μL reaction mixture following the program described in
Table 1. All sampleswere run in duplicate (including the standards and neg-
ative controls). After the amplification reaction, virus genes were detected
in the FAM channel and the internal control in the VIC/HEX/JOE channel.
All viruses were evaluated at the same time. Samples were considered pos-
itive (and quantifiable) if they reached a cycle threshold (Ct) value within
the values of the standard curve and if the internal control included in the
reaction was amplified correctly. The standard curves were generated
with serial decimal dilutions of commercial synthetic RNA. Twist Synthetic
SARS-CoV-2 RNA Control 2 (Twist Biosciences, San Francisco, CA, US) was
used for SARS-CoV-2 and commercial synthetic RNA included in the respec-
tive detection kits (CerTest Biotec) for RSV and influenza. The Ct values
were converted into gene copy (GC)/L values using the corresponding stan-
dard curves and volumes tested. The GCnumberwas defined as themean of
the data obtained from duplicate analysis. A sample was considered nega-
tive if it showed no amplification signal and the internal control gave a pos-
itive signal. Inhibition of the PCR reaction can be ruled out by the
amplification of the internal control included in the reaction. If the negative
control gave a signal or the positive control lacked a signal, the results were
considered invalid, and the samples were analyzed directly and with dilu-
tions to counteract the possible presence of reaction inhibitory compounds.

For SARS-CoV-2 determination, RT-qPCR detection of genes encoding
IP4 andN1were used, following the protocol described by the Institute Pas-
teur, Paris (Corman et al., 2020) for the gene IP4 and the CDC protocol
(CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic
Table 1
q RT-PCR conditions for influenza viruses, RSV and SARS-CoV-2.

Virus Step Temperature

RSV

Reverse transcription 45 °C
Initial denaturalization 95 °C
Denaturalization 95 °C
Annealing/extension 60 °C

Influenza

Reverse transcription 45 °C
Initial denaturalization 95 °C
Denaturalization 95 °C
Annealing/extension 60 °C

SARS-CoV-2 (N1) Reverse transcription 50 °C
Initial denaturalization 95 °C
Denaturalization 95 °C
Annealing/extension 55 °C

SARS-CoV-2 (IP4) Reverse transcription 55 °C
Initial denaturalization 95 °C
Denaturalization 95 °C
Annealing/extension 58 °C
Final extension 40 °C

3

Panel https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-
primer-probes.html) for the N1 gene. RT-qPCR amplification, data interpre-
tation, and quantification of TGEV in the process control and the SARS-
CoV-2 viral targets were performed as previously described (Carcereny
et al., 2021; Chavarria-Miró et al., 2021).

2.6. Detection of reference fecal indicators

E. coliwas chosen as a bacterial fecal indicator. Detection was achieved
following the ISO protocol (ISO 9308-1) for the enumeration of E. coli and
coliform bacteria based onmembrane filtration and subsequent culture in a
chromogenic agar medium (Anonymous, 2014). Somatic coliphages were
used as a viral fecal indicator and detected following the double agar
layer technique (ISO 10705: 2) (Anonymous, 2000).

2.7. Statistical analysis

Computation of data and statistical tests and charts were performed
using GraphPad Prism 9 (GraphPad Software, San Diego, CA, US). Weekly
influenza and RSV case numbers in the two WWTP catchments were com-
pared with combined IAV/IBV and combined RSV A/RSV B wastewater
RNA concentration (log10 GC/L) using Spearman's rank correlation (ρ). In
the event where there were two wastewater RNA measurements during
the period, the higher value was used. Spearman's rank correlation was
also used to evaluate the correlation between microbial indicators and the
respiratory viruses in wastewater. The Mann-Whitney test was used to de-
fine the differences on virus occurrence between the two WWTP and to
evaluate the differences between the counts of microbial indicators in the
samples; evaluations were based on significance levels of p=0.05. As con-
centrations in wastewater are likely log-normally distributed, for statistical
analysis data was 10-log transformed.

3. Results and discussion

3.1. Detection of SARS-CoV-2, IAV/IBV, and RSV-A/RSV-B inwastewater sam-
ples

The efficiency of viral concentration and extraction methods was tested
by spiking wastewater with a stock containing a known quantity of TGEV
particles (used as a process control) and particles containing influenza
and RSV genetic material. Although the concentration and extraction
methods were originally devised for the detection of SARS-CoV-2 nucleic
acids, they were successfully applied here to measure the respiratory vi-
ruses IAV/IBV and RSV-A/B.

The recovery rates from wastewater reached 20.93 %± 14.8 for influ-
enza virus and 17.10 % ± 15.5 for RSV. The average recovery rate for
TGEV was 43.15 % ± 25.7 confirming the viability and efficiency of the
Time Number of cycles Limit of detection (GC/L)

15 min 1 7.31 × 103

2 min 1
10 s 45
50 s
15 min 1 6.01 × 103

2 min 1
10 s 45
50 s
10 min 1 1.90 × 104

3 min 1
3 s 45
30 s
20 min 1 2.93 × 104

3 min 11
15 s 50
30 s
30 s 1

https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html


Fig. 1. Positivity rate of all respiratory viruses. Percentage of positive samples for
the respiratory viruses analyzed in wastewater of both WWTPs during the
sampling camping.
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method for analysis of respiratory viruses other than SARS-CoV-2 in waste-
water. No significant differences in TGEV recovery rates were observed be-
tween the twoWWTPs (44.0%±24.2 forWWTP1 and 41.10%±26.4 for
WWTP2).

The abundance of SARS-CoV-2 differed significantly from that of the
other target viruses (Fig. 1). While SARS-CoV-2 was detected in all samples
collected from both WWTPs (100 % detection rate for the SARS-CoV-2 N1
gene), influenza virus and RSV were present in <50 % of the total samples
analyzed. Specifically, IAV was observed in 10.65 % of the total samples,
with a higher frequency in WWTP1 (16.39 %) than in WWTP2 (4.92 %),
whereas IBV was only detected in one of the WWTP1 samples. RSV-A and
RSV-Bwere found in 37.7% and 34.43% of the total samples, respectively,
and more frequently in WWTP1 than WWTP2, particularly RSV-B (Fig. 1).

3.2. Levels of indicators of fecal contamination in wastewater in Barcelona

E. coli and somatic coliphages in wastewater samples, analyzed follow-
ing standardized protocols (Anonymous, 2000; International Organization
for Standardization, 2014), showed comparable average concentrations in
bothWWTPs (Table 2). No significant differences (p> 0.05) were observed
among the analyzed samples and between the WWTPs, the levels being
within those reported in previous studies for wastewater sampled from
the same WWTPs (Lucena et al., 2003). The microbial indicators analyzed
did not correlate with the respiratory viruses. Influenza virus did not corre-
late with E. coli (p=0.832) or somatic coliphages (p=0.072), and consid-
ering that many values were below the LOD, the real correlation should be
lower. Similarly, RSV did not correlate with E. coli (p = 0.334 for RSV-A
and p = 0.199 for RSV- B) or with somatic coliphages (p = 0.102 (RSV-
A) and 0.959 (RSV-B)). Finally, SARS-CoV-2 also did not show correlation
with E. coli (p = 0.245) or somatic coliphages (p = 0.668).

When comparing the results of molecular and culture detection
methods, microorganism abundance is frequently higher according to the
GC number compared to culturable indicators, as molecular analysis im-
plies a lower inactivation of DNA and does not discriminate between live
or dead, active or inactive, or infectious or non-infectious organisms
(Field and Samadpour, 2007; Khan et al., 2007). However, in our samples,
the fecal indicator concentrations were similar to or higher than the GC/L
concentrations of the target viruses. Moreover, the indicator values re-
mained very stable throughout the sampling campaign (p > 0.05)
(Table 2), which precludes any correlation between them and the detected
Table 2
Average concentrations of E. coli and somatic coliphages during the sampling cam-
paign for bothWWTP. No significant differences were observed among the samples
(p > 0.05).

WWTP n E. coli log10(CFU/mL) Somatic coliphages log10(PFU/mL)

WWTP1 61 Average 4.57 4.41
SD 0.17 0.17

WWTP2 61 Average 4.41 4.32
SD 0.20 0.17

4

GC numbers of respiratory viruses. Although we observed, and some stud-
ies have reported, a correlation between fecal indicators and incidence of
COVID-19 or abundance of SARS-CoV-2 (Nagarkar et al., 2022; Zhan
et al., 2022), our analyses and those previously reported were carried out
at the height of the pandemic, when SARS-CoV-2 levels were consistently
high. Respiratory viruses are not original from the intestinal tract, and
since they are pathogens, their occurrence is dependent on the presence
of sick people among the population. Therefore, in a non-pandemic situa-
tion, and outside of the epidemic season, respiratory viruses will not be cir-
culating in the population or observed in wastewater, and consequently
cannot be correlated with indicators of fecal pollution.

3.3. Respiratory virus levels throughout the sampling campaign

Although the SARS-CoV-2 positivity rate in our samples was 100 %, a
slight difference in frequency was observed between the two target SARS-
CoV-2 genes. N1 was found in all samples, whereas IP4 was detected in
98.36 % (Supplementary Fig. 1). Although a sample was considered posi-
tive if either of the two genes were detected, N1 was used to monitor
SARS-CoV-2 abundance because of itsmore consistent detection and higher
concentration in both WWTPs.

The analysis of influenza virus revealed that IAV always predominated
over IBV in wastewater sampled from both WWTPs, reaching a prominent
peak in late February/early March, while being practically absent the rest
of the year (Fig. 2). This peak was more acute and longer lasting in
WWTP1samples (weeks 24 to 34) (Fig. 2A). In contrast, IBV was only de-
tected once in week 55 in wastewater from WWTP1 (Fig. 2A).

Regarding RSV, a peak of detection of both subtypes was apparent dur-
ing the winter months (weeks 8 to 20 and 55 to 61) in samples from both
WWTPs (Fig. 2). Sporadic occurrences of RSV-A/B in WWTP1 (Fig. 2A)
and mainly RSV-A in WWTP2 (Fig. 2B) were also observed during the
year without a clearly defined peak of detection.

Overall, a higher load of influenza virus and RSVwas found inwastewa-
ter sampled from WWTP1 than WWTP2. According to the environmental
data provided by the Barcelona Metropolitan Government (AMB, 2021a,
2021b), WWTP1 has a treatment capacity equivalent to 3 million inhabi-
tants, 50 % higher than WWTP2, which would explain its higher positivity
rate. However, the differences for each virus between bothWWTPwere not
significant (IV p = 0.08; RSV p = 0.312 and SARS-CoV-2 p = 0.175).

Considering the results of both WWTPs together, selecting the highest
values of each virus obtained each week, during the 2021/2022 epidemic
season, the SARS-CoV-2 N1 gene was detected at an average of 105 GC/L
(Fig. 3), with a higher concentration than the IP4 gene throughout the sam-
pling campaign (Fig. S1). This finding is consistent with data reported
worldwide and may be explained by the higher sensitivity of the N1 versus
the IP4 assay (Etievant et al., 2020). SARS-CoV-2 concentration increased
slightly during the winter season (Week 13 to 23), but always remained be-
tween 1 and 2 logarithms higher than the other analyzed viruses through-
out the period (Fig. 3).

When detected, the concentrations of the genes M1 (influenza) and N
(RSV) were in the range of 104–105 GC/L, being consistently lower than
those of the SARS-CoV-2 genes in the corresponding samples (Fig. 3).
RSV was detected in a higher number of samples than influenza virus
throughout the epidemic season, although the concentrations were similar.
These findings were in line with our expectations, as the detection of influ-
enza and RSV has declined globally since the onset of the COVID-19 pan-
demic (Adlhoch et al., 2021; Groves et al., 2021; Olsen et al., 2021),
likely due to the use of non-pharmacological interventions to control the
spread of SARS-CoV-2, such as social distancing, mask-wearing, and imple-
mentation of lockdown measures, which suppressed the circulation of all
respiratory viruses (Huang et al., 2020; Sanz-Muñoz et al., 2021).

3.4. Comparison of WBS data with clinical records from public health databases

Epidemiological data on the incidence of respiratory diseases were col-
lected from public databases in the Catalonia Autonomous Community
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Fig. 2. Viral titers of RSV and influenza virus. Values are expressed as gene copies/L (GC/L) of influenza virus and RSV during the sampling campaign in wastewater from
A)WWTP1 and B)WWTP2. Dots show the results of each sampling point for each virus and lines show the spline smoothers for each virus. Bottom line indicates the limit of
detection (LOD) of Influenza virus (blue) and RSV (red). Non-detects have been replaced with LOD values/2.
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(Departament de Salut, Generalitat de Catalunya (Health Department
Govern of Catalonia), 2022).We searched for cases of COVID-19 (indicative
of SARS-CoV-2), influenza (IAV/IBV), and bronchiolitis (RSVA/B) diag-
nosed in hospitals and primary care centers during the weeks of the sam-
pling campaign in the area serviced by the two WWTPs. Bronchiolitis was
chosen as RSV is its leading etiological agent, more than other respiratory
viruses. Unfortunately, the infectious agent causing the bronchiolitis cases
was not indicated in the dataset. Althoughpneumonia can also be devel-
oped in more severe cases of RSV infection, it is not so common and may
also be caused by several other infectious agents. It cannot be discarded
that bronchiolitis is caused by other infectious agents, but even so, RSV is
the most commonly associated agent (Leung et al., 2005; Pickles and
DeVincenzo, 2015; Piedimonte and Perez, 2014).

The data provided by the SIVIC (Departament de Salut, Generalitat de
Catalunya (Health Department Government of Catalonia), 2022) indicate
a total of 413,663 diagnosed cases of COVID-19 in comparison with
50,494 and 20,779 diagnosed cases of influenza and bronchiolitis, respec-
tively, within the region covered by the WWTPs during the sampling cam-
paign.
5

When comparing the viral load in the wastewater samples with the clin-
ical data, similar tendencies were found in the patterns of viral concentra-
tions and incidence of associated diseases/symptoms (Fig. 4), particularly
for influenza and COVID-19 cases that show an increase in the detection
of IAV and SARS-CoV-2 respectively in some period just prior to the begin-
ning of the increase in the numbers of both diseases. Accordingly, there is a
significant correlation between the detection of influenza virus and the
number of cases (p = 0.03) and between SARS-CoV-2 detection and the
number of COVID-19 cases (p = 0.0001). In contrast, no correlation was
found between bronchiolitis and RSV (p=0.39), perhaps because the clin-
ical disease used as marker is less specific of RSV infections. Therefore, the
results evaluating the potential of WBS for early warning of different infec-
tious agents may vary depending on the use of the appropriate clinical data
for each disease. Moreover, the number of reported clinical cases is likely to
be an underestimation, as individuals withmild or asymptomatic infections
usually do not visit health care centers. This was apparent in COVID-19,
whose incidence according to the clinical records declined more signifi-
cantly than the SARS-CoV-2 concentration in wastewater (Fig. 4). The dif-
ference in detection levels was even more striking for RSV, which is



LOD RSV
LOD IV

LOD SARS

Fig. 3. Comparison of RSV, influenza virus and SARS-CoV-2. (A) Comparison of SARS-CoV-2, influenza A/B, and RSV-A/B concentrations (log10 GC/L) during the study,
considering the highest value obtained in both WWTPs on each sampling day. (B) Heatmap showing the abundance of each virus along the study. The legend shows the
highest value corresponding to the most intense color expressed in log10 units. Dotted lines indicated the LOD of each virus.
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significantly underreported in individuals over 14 years of age due to mild
or inexistent symptoms (Heppe-Montero et al., 2022; Koureas et al., 2023).
According to the clinical data, cases of influenza outnumbered those of
RSV, whereas WBS data indicated that RSV was always predominant,
with detection of influenza virus largely restricted to the epidemic season,
unlike RSV. Possible explanations include different rates of viral shedding
in feces, differences in viral stability in wastewater or, as mentioned, a
higher number of asymptomatic RSV cases in the population.

The higher number of reported influenza cases than of RSVwas surpris-
ing, as the seasonal epidemic activity of RSV in Catalonia is longer than that
of influenza virus, as reflected in epidemiological data from previous years
in the SIVIC public database (Departament de Salut, Generalitat de
Catalunya (Health Department Govern of Catalonia), 2022). A study car-
ried out with data obtained before the pandemic found that RSV cases
were most frequently detected early in the season, in late autumn and win-
ter (November to January), whereas the incidence of IAV reached a clear
peak in the later winter months (February to March)(García-Arroyo et al.,
2022). In the present study, IBVwas detected only once inwastewater sam-
ples throughout the sampling campaign and sporadic evidence of both RSV
subtypes was observed along the year.

Although RSV infection is diagnosed less frequently than other respira-
tory viruses and is generally associated with children, its occurrence in
adults is of concern, since asymptomatic individuals can infect suscepti-
ble individuals, including children under 14 years of age, who can de-
velop harsher symptoms (Mitchell et al., 2017). In the aftermath of the
COVID-19 pandemic, this issue is of even greater importance, as the de-
velopment of herd immunity was hindered by the suppression of most
respiratory viruses other than SARS-CoV-2 (Ando et al., 2023; Di
Mattia et al., 2021).

As RSV-infected individuals seeking hospital treatment are generally
only those with severe symptoms, clinical data do not accurately reflect
the real infection dynamics in the population. In contrast, undiagnosed or
asymptomatic infections can be detected in wastewater (Heppe-Montero
et al., 2022). This hypothesis is supported by the data collected from
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wastewater in the metropolitan region of Barcelona, where RSV was
found to be more common and longer-lasting than suggested by clinical re-
cords, being detected throughout the year and not only in seasonal epi-
demics.

Another important finding from the analysis of clinical data is the resur-
gence of several respiratory viruses, some being more reported than before
the COVID-19 pandemic and others less so (Fig. 5). Out of all the respiratory
viruses isolated in hospitals in Catalonia during the study period, 47 %
corresponded to SARS-CoV-2. The next most common were influenza and
parainfluenza viruses (42.3 %), 95 % of the former being identified as
IAV, which also predominated in wastewater samples. Next in frequency
were rhinoviruses (30.2 %), that were reported twice as much as before
the pandemic (14 %) (Fig. 5). The detection of RSV infection was lower
compared to influenza and rhinovirus, representing 9.4 % of the total,
and lower than before the pandemic (Fig. 5). Other respiratory viruses
were detected in minor percentages (Fig. 5), with adenoviruses showing a
decrease in comparison with pre-pandemic data.

The alteration of viral community dynamics by the drastic reduction in
seasonal respiratory virus transmission during the COVID-19 pandemic
(Ando et al., 2023; Chow et al., 2023) has stimulated interest in monitoring
the evolution of virus concentrations in wastewater. Consequently,
wastewater-based epidemiology has been implemented as a robust tool to
predict outbreaks and changes in the occurrence of respiratory viruses
(Chavarria-Miró et al., 2021; Randazzo et al., 2020; Viveros et al., 2022).
The WBS data of SARS-CoV-2 and IAV obtained in the present study corre-
late with clinical data. IAV showed clearly defined peaks of incidence coin-
ciding with an increase in the number of cases. However IAV was only
detected in some time points in wastewater while there were influenza
cases along the whole period. Weak ormoderate correlation of IAVwith in-
fluenza disease has previously been reported (Ahmed et al., 2023; Wolfe
et al., 2022). The lack of detection of influenza virus at certain times in
our study even though there was detection of clinical cases could be attrib-
uted to different factors; among others the proportion of influenza-infected
individuals that shed the virus fecally (Chan et al., 2011; Hirose et al.,



Fig. 4. Results of respiratory virus detection in wastewater and of number of cases reported in public health databases. A) Detection of SARS-CoV-2, influenza virus, and RSV
during the sampling campaign in both WWTPs (left Y-axis log10GC/L). B) Primary care and hospital diagnostics in the area covered by the two WWTPs (right Y-axis log10
number of reported cases).
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2016), the viral fecal load and the duration of the viral shedding after the
disease (Chan et al., 2011) or the higher levels of IAV found in solid frac-
tions as opposed to liquid fractions of wastewater (Wolfe et al., 2022).

Correlation was also found for SARS-CoV-2 concentrations in wastewa-
ter and COVID-19. Some correspondence could also be observed between
RSV and the number of cases, although without statistical correlation.
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This is probably because RSV causes a higher number of asymptomatic
cases and/or milder symptomatic infections that are not reported and be-
cause bronchiolitis is a less clear clinical marker. These results support
the value of WBS as a diagnostics tool in clinical settings, when the
reflecting clinical cases serves as an epidemiological signal to confirm out-
breaks of a specific virus, as it was previously shown in other studies



Fig. 5. Changes in the proportion of respiratory viruses identified in hospitals before and after the pandemic. Proportion (%) of respiratory viruses (non-SARS-CoV-2)
identified in clinical laboratories in Catalan hospitals during this study compared with the data obtained before the SARS-CoV-2 pandemics.
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(Ahmed et al., 2023; Hughes et al., 2022). In terms of anticipating the peaks
of infection, WBS is less useful, as the outbreaks can only be predicted a few
days beforehand, unless the report of the clinical cases is also delayed, in
which case the WBS could provide the peak information significantly be-
fore the clinical report. The potential role of WBS systems in preventive
health measures should be assessed in studies of other respiratory viruses
such as parainfluenza or rhinovirus, whose circulation after the COVID-19
pandemic has increased in the population worldwide in an unpredictable
way (Chow et al., 2023). This resurgence has been observed all around
the globe, and predictions of the behavior of respiratory viruses after pan-
demic measures have not been entirely accurate (Agca et al., 2021;
Groves et al., 2021; Hodjat et al., 2021).

4. Conclusions

This study has provided significant data on the presence and evolution
of respiratory viruses in the city of Barcelona, revealing different epidemi-
ological patterns to those before the COVID-19 pandemic. Some respiratory
viruses, especially RSV, were detected at a higher rate in wastewater com-
pared to the number of reported clinical cases, which could be attributed to
non-attendance at health care centers of asymptomatic individuals or those
with mild symptoms. As these undetected cases can result in a spread of in-
fection and cause outbreaks, they should be regulated. This function could
feasibly be performed by WBS, a reliable and cost-effective tool that can
provide relevant information about viral dynamics in a population indepen-
dently of clinical records. The epidemiological study of wastewater needs
further research to realize its potential as a system that can confirm and an-
ticipate outbreaks of infectious diseases.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.164495.
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