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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Caused by the SARS-CoV-2 virus, Coronavirus disease 2019 (COVID-19) has been affecting the world since the

end of 2019. While virus-laden particles have been commonly detected and studied in the aerosol samples from

Keywords: indoor healthcare settings, studies are scarce on air surveillance of the virus in outdoor non-healthcare envi-
SARS-CoV-2 ronments, including the correlations between SARS-CoV-2 and other respiratory viruses, between viruses and
f\gl\ali?r;igrespiratory virus environmental factors, and between viruses and human behavior changes due to the public health measures
Bioaerosol against COVID-19. Therefore, in this study, we collected airborne particulate matter (PM) samples from
Air pollution November 2019 to April 2020 in Bern, Lugano, and Zurich. Among 14 detected viruses, influenza A, HCoV-NL63,
Surveillance HCoV-HKU1, and HCoV-229E were abundant in air. SARS-CoV-2 and enterovirus were moderately common,

while the remaining viruses occurred only in low concentrations. SARS-CoV-2 was detected in PM;o (PM below
10 um) samples of Bern and Zurich, and PM 5 (PM below 2.5 um) samples of Bern which exhibited a concen-
tration positively correlated with the local COVID-19 case number. The concentration was also correlated with
the concentration of enterovirus which raised the concern of coinfection. The estimated COVID-19 infection risks
of an hour exposure at these two sites were generally low but still cannot be neglected. Our study demonstrated
the potential functionality of outdoor air surveillance of airborne respiratory viruses, especially at transportation
hubs and traffic arteries.

1. Introduction

It has been more than two years since the onset of the Coronavirus
Disease 2019 (COVID-19) caused by an enveloped, single-stranded,
positive-sense RNA betacoronavirus, severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) first being reported in Wuhan,
China in December 2019. Unfortunately, even with the rapidly devel-
oped vaccines and drugs, most parts of the world are still facing severe
risks evidenced by the infection wave in the spring of 2022 mainly
caused by Omicron variants. The severity of this pandemic has far
exceeded the other two large-scale epidemics caused by severe acute
respiratory syndrome coronavirus (SARS-CoV) and Middle East Respi-
ratory Syndrome coronavirus (MERS-CoV) in the last two decades.

The possible transmission paths for viral respiratory infectious dis-
eases between humans are mainly through direct (person-to-person) and
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indirect (via fomites) contact (Morawska and Cao 2020). In addition,
respiratory viruses could be present in particulate matter (PM), with
aerosols suggested as the third transmission mechanism (Setti et al.
2020a). Notably, 239 scientists from 32 countries wrote an open letter to
the World Health Organization (WHO) emphasizing the importance of
preventing the airborne transmission of COVID-19 (Morawska and
Milton 2020).

Thus, surveillance of virus-laden aerosols is suitable for monitoring
this path and assessing qualitative and quantitative molecular epide-
miological information on population exposure to SARS-CoV-2 (Anand
et al. 2021). So far, many studies have detected the presence of SARS-
CoV-2 RNA in indoor aerosols, mainly in hospitals (Ang et al., 2022;
Baboli et al., 2021; Barbieri et al., 2021; Bazzazpour et al., 2021; Cheng
et al., 2020; Chia et al., 2020; Ding et al., 2021; Dumont-Leblond et al.,
2020; Feng et al., 2021; Ghaffari et al., 2021; Guo et al., 2020; Habibi
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et al., 2021; Hemati et al., 2021; Kenarkoohi et al., 2020; Lednicky et al.,
2020a,b; Liu et al., 2020; Lopez et al., 2021; Nor et al., 2021; Passos
et al., 2021; Razzini et al., 2020; Stern et al., 2021a,b; Tan et al. 2020;
Yarahmadi et al. 2021; Zhou et al. 2021), as well as in residential rooms
(Nannu Shankar et al. 2022), transportation (Hadei et al. 2021; Lednicky
et al. 2021; Moreno et al. 2021) and other public indoor places (Hadei
et al. 2021). Some further detected the presence of SARS-CoV-2 nucle-
ocapsids (Krambrich et al. 2021) or even viable viruses (Lednicky et al.,
2020a, 2021). However, there are much fewer studies focusing on out-
door aerosols (Chirizzi et al. 2021; Dunker et al. 2021; Kayalar et al.
2021; Linillos-Pradillo et al. 2021; Passos et al. 2021; Pivato et al. 2021;
Senatore et al. 2021; Setti et al. 2020b), and even fewer which suc-
cessfully detected the viral RNA (Kayalar et al. 2021; Liu et al. 2020;
Setti et al. 2020b; Stern et al. 2021a). This is understandable due to the
rapid dilution in outdoor air, and more complex and variable environ-
mental conditions. However, the lack of outdoor studies has left several
gaps in our understating of the behaviors of aerosolized viruses and their
interactions with the surrounding environment:

First of all, most outdoor studies only focused on the viral RNA
detection in the air outside hospitals (Kayalar et al. 2021; Liu et al. 2020;
Stern et al. 2021a). The viral concentrations away from hospitals are still
largely unknown. How the concentration of SARS-CoV-2 in air is influ-
enced by human activities, such as the rising of infection cases, public
health measures and lockdowns, also needs to be studied.

Secondly, the relationship between SARS-CoV-2 and other respira-
tory viruses in aerosols is also largely unknown. So far, coinfections have
been reported between SARS-CoV-2 and influenza A (Dadashi et al.
2021), influenza B (Dadashi et al. 2021), human parainfluenza virus
(HPIV1) 1 (Boschiero et al. 2022), HPIV2 (Boschiero et al. 2022), HPIV3
(Boschiero et al. 2022), HPIV4 (Rodriguez et al. 2020), human coro-
naviruses (HCoV) NL63 (Pigny et al. 2021), HCoV-OC43 (Boschiero
et al. 2022), HCoV-HKU1 (Boschiero et al. 2022), HCoV-229E (Lau et al.
2021), human respiratory syncytial virus (HRSV) (Jiang et al. 2020),
human metapneumovirus (HMPV) (Jiang et al. 2020; Pigny et al. 2021),
adenovirus (Pigny et al. 2021), and picornaviruses which include
rhinovirus (Boschiero et al. 2022; De Francesco et al. 2021; Pigny et al.
2021) and enterovirus (Boschiero et al. 2022). Moreover, lockdowns and
other measures including mass masking and universal hygiene also
seriously impacted other infectious respiratory diseases causing a sig-
nificant decline of infections during the pandemic (Chiapinotto et al.
2021; Hsieh et al. 2020). Incidence numbers of influenza A and B,
HMPV, HPIV, HRSV and other HCoV decreased or disappeared during
the pandemic (De Francesco et al. 2021; Diesner-Treiber et al. 2021).
Due to the control measures, seasonal epidemics of influenza, HRSV and
HMPV either ended earlier (Kuitunen 2021; Redlberger-Fritz et al.
2021), were delayed (Delestrain et al. 2021; Williams et al. 2021) or
even prevented (Kuitunen 2021). In contrast, the case number of
adenovirus did not decrease significantly (De Francesco et al. 2021),
while Rhinovirus cases were commonly observed to be increased
together with SARS-CoV-2 cases (De Francesco et al. 2021; Haapanen
et al. 2021; Redlberger-Fritz et al. 2021). These two along with
enterovirus and HCoV-NL63 were also commonly observed in children
in 2020-2021 winter (Diesner-Treiber et al. 2021). Thus, it is of interest
to investigate if their concentrations in air followed the same trends as in
patients, which may imply the role of aerosol transmission of these
viruses.

Lastly, outdoor air conditions including wind speed, temperature,
humidity, UV radiation, seasonal allergens such as pollens and spores
and air pollutants such as PM, sulfur dioxides (SO3), ozone (O3) and
nitrogen oxides (NOy) may influence the survival of the airborne viruses.
Though the impacts of temperature, humidity and sunlight on aero-
solized viruses, COVID-19 cases and mortality have been studied
(Ahlawat et al., 2020; Dabisch et al., 2021; Huang et al. 2020; Schuit
et al. 2020) and better air quality due to less emissions during the
lockdowns has been observed worldwide (Grange et al. 2021; Wang
et al. 2022), the research regarding the effect of seasonal allergens and
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air pollutants has only focused on the latter two parameters, not on
aerosolized virus. For example, one study observed that a high airborne
pollen concentration was associated with an increased SARS-CoV-2
infection rate (Damialis et al. 2021), and more studies found an asso-
ciation between the exposure to poor air quality and COVID-19 inci-
dence or mortality around the world including in Austria (Hutter et al.
2020), China (Pansini and Fornacca, 2021; van der Valk, 2021; Wang
et al., 2020), France (Ogen 2020; Pansini and Fornacca 2021), Germany
(Ogen 2020), India (Kulkarni et al. 2021; Rathod and Beig 2021), Iran
(Pansini and Fornacca, 2021; van der Valk, 2021), Italy (Coccia, 2020;
Dragone et al., 2021; Ogen, 2020; Pansini and Fornacca, 2021; van der
Valk, 2021), Peru (Vasquez-Apestegui et al. 2021; Wannaz et al. 2021),
Singapore(Lorenzo et al. 2021), Spain ( Marques et al., 2021; Ogen,
2020; Zoran et al., 2021), UK (Pansini and Fornacca 2021), and the US
(Gujral and Sinha, 2021; Pansini and Fornacca, 2021; Razzaq et al.,
2020; van der Valk, 2021; Meo et al., 2021). This association was also
found to apply to other airborne viruses, such as influenza (Chen et al.
2018; Chen et al. 2017; Croft et al. 2019; Xu et al. 2013), measles (Peng
et al. 2020), HRSV (Ye et al. 2016), rhinovirus (Rodrigues et al. 2019)
and SARS-CoV (Kan et al. 2005). To explain these statistical findings,
many hypothesized mechanisms have been proposed: pollutant expo-
sure may alter viral entry and surface levels of attachment receptors,
regulate pathogen-sensing mechanisms, influence viral replication and
antiviral interferon production, interfere with mitochondrial function
and autophagy, impact macrophage and natural killer cell function, alter
adaptive immune responses, enhance related immunopathology
including virus-induced tissue damage and inflammation(Woodby et al.
2021), and exacerbate comorbidities, such as hypertension, diabetes,
and coronary artery diseases(Sharma and Balyan 2020). Another po-
tential but controversial mechanism is that the particulate matter can
act as a ‘carrier’ for viral droplet nuclei, facilitating viral survival in the
air, promoting atmospheric transport, and causing further spread of
viral infection (Ma et al., 2017; Sedlmaier et al., 2009; Sgrensen et al.,
2000; Zhao et al. 2019b). Some studies have indicated that the ab-
sorption to particulate matter prolongs viral infectivity (Cruz-Sanchez
et al. 2013; Gerba and Stagg 1979). However, the conjugation to par-
ticles may inhibit syncytia formation and infection rate (Cruz-Sanchez
et al. 2013), and pollutants such as NO; and O3 are common disinfec-
tants which can inactivate viruses (Jiang et al. 2019; Murray et al. 2008;
Shomali et al. 2015; Tseng and Li 2006).

To fill these gaps, a field study is urgently needed to reveal the re-
lationships between aerosolized SARS-CoV-2 and human activities, be-
tween SARS-CoV-2 and other airborne viruses, and between aerosolized
viruses and air pollutants. In addition, we would also like to evaluate the
infection risk induced by exposure to these respiratory viruses in aerosol
outdoors. Thus, in this study, we collected aerosol samples from three
sites in different environmental settings in Switzerland before and dur-
ing the first wave of the COVID-19 pandemic, and measured concen-
trations of 16 different respiratory viruses all of which can cause
influenza-like symptoms, lower respiratory infections and cardiopul-
monary complications (Ackerson et al. 2019; Shi et al. 2017; Troeger
et al. 2017), with quantitative polymerase chain reaction (qQPCR), trying
to improve understanding of the above questions.

2. Materials and methods
2.1. Sample collection and pretreatment

Fine particle samples, which have diameters that are 2.5 pm and
smaller (PM5 5) and coarse particle samples, which have diameters that
are 10 pm and smaller (PM;() were collected from three sites of the
Swiss National Air Pollution Monitoring Network (NABEL) (Fig. 1) from
November 2019 to April 2020. The three sites were Bern-Bollwerk (a
curbside site next to Bern main train station), Lugano —Universita (a site
on the university campus), Ziirich Kaserne (a courtyard site in the city
center, 500 m away from Zurich main train station, mainly surrounded
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Fig. 1. The sampling locations (a) and time periods (b).

by residential areas with high population density). The detailed sam-
pling procedure has been described in previous NABEL studies (Gianini
et al. 2012; Hueglin et al. 2005). Briefly speaking, aerosol samples were
collected every 4th day for PMy 5, and every 2nd day for PM; on quartz
fiber filters (Pallflex Tissuquartz QAT-2500-Up, @ = 150 mm) on a 24-
hour basis using high-volume samplers (Digitel DA-80H, 30 m®/h flow
rate) equipped with respective PM size selective inlets and stored at — 80
°C before further analysis.

With a punch of 25 mm in diameter, 8 pieces were taken from every
filter, treated with 750 pL 75% ethanol to deactivate potential viruses
and stored at —20 °C before further analysis. We pooled seven random
pieces from every half month together. They were cut into fragments,
put into a 15 ml centrifuge tube with 3 ml phosphate-buffered saline
buffer (PBS), vortexed for 30 min and centrifuged for 10 min to extract
aliquots.

2.2. RNA extraction, cDNA synthesis and real-time quantitative PCR

RNA was extracted into a 140 pL aliquot for every pooled sample
with QIAamp viral RNA Mini kit (Mo Bio, Qiagen, Germany) according
to the manufacturer’s protocol. We used 8 pL extracted RNA for cDNA
synthesis with SuperScript™ III First-Strand Synthesis SuperMix for
qRT-PCR (Thermo Fisher Scientific, USA) according to manufacturer’s
protocol. The quality and quantity of the extracted DNA were

determined by gel electrophoresis and an Infinite® 200 PRO plate
reader (TECAN, Switzerland).

The presence of viral RNA in the samples was first detected by PCR.
All PCR products were used for making standard plasmids used in qPCR,
except for SARS-CoV-2 and HCoV-229E, of which standard plasmids
were made from PCR products of SARS-CoV-2-positive clinical samples
and lab cultures of HCoV-229E (ATCCVR-740TM, USA) as detailed in
our previous study(Tao et al. 2022). The PCR reaction mixture was 20
uL, containing 1 pL of DNA template, 14.92 pL of ddH2O, while the
volumes of other components were proportional according to the pro-
tocol of Taq DNA Polymerase, recombinant (Life Technologies, Thermo
Fisher, USA). The primers of 16 target respiratory viruses and primer
melting temperatures (Tm) are listed in SI. 1 Table 1. The PCR products
were run on 2% agarose gel electrophoresis to detect the presence of the
target genes. The products were purified with a QIAquick®gel extrac-
tion kit (Qiagen, Germany). The purified genes were cloned into E.coli
JM109 with pGEM-T Easy vector system (Promega, USA). Positive
clones were randomly selected by blue-white screening method, and
then cultivated and checked by PCR. The plasmids were extracted with a
Qiaprep spin miniprep kit (Qiagen, Germany) to serve as the standard
plasmids for qPCR. The concentration of the extracted plasmids was
quantified by Infinite® 200 PRO plate reader (TECAN, Switzerland).

All target genes were quantified by qPCR on a CFX96 Touch™Real-
Time PCR Detection System (BioRad, USA) using SYBR Green I
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approach. The reaction mixture of qPCR was 10 pL, containing 5 pL
SsoAdvanced Universal SYBR Green supermix (BioRad, USA), 0.25 pL of
each primer, 0.5 pL of template and 4 pL of ddH3O. The primers and Tm
values were the same as for PCR (SI. 1 Table 1). Purity of the qPCR
products was checked using the melting curve method. All measure-
ments were conducted in triplicates. The amount of each target gene was
calculated based on the corresponding standard curve which was set up
with tenfold serial dilution with the above-mentioned plasmids carrying
the corresponding genes.

2.3. The acquisition of environmental information and statistical analyses

The data of environmental factors including Os, nitrogen dioxide
(NO3), SO,, carbon monoxide (CO), PM;(, PM, s, elemental carbon (EC)
in PMy 5, particle number concentration (PNC), non-methane volatile
organic compounds (NMVOC), NOy, temperature (T), precipitation
(PREC) and radiation (RAD) of the studied period were downloaded
from the Swiss Federal office of the Environment (FOEN)’s website
(FOEN. 2021). Daily new case numbers of the studied cantons and date
were downloaded from the Swiss Federal office of Public Health
(FOPH)’s website (FOPH. 2021). Current population of the studied
cantons were downloaded from the Swiss Federal Statistical office
(FSO)’s website (FSO. 2021). The related figures, Fig. 3 and SI. 1 Fig. 1
were drawn with Microsoft Excel 2016. The average values, standard
deviations of all data including both environmental factors and viral
abundances, and the linear regression of the standard curve were
determined with Microsoft Excel 2016. All data were added 1 and then
logarithmized for normalization.

Shapiro-Wilk test was performed as the normality test of all QPCR
results of different cities, PM fractions and collection periods (Fig. 1).
For the ones which passed the normality test, Paired Student’s t test was
used to assess the abundance differences between PMy 5 and PM;jg.
Otherwise, randomization test on matched samples was performed.
Friedman test and its post-hoc analysis were used to examine the
abundance differences among the three cities and of different viruses. To
evaluate the temporal abundance difference, randomization test was
used for the ones which passed the normality test; for the others, F test
was firstly used to determine the homogeneity of the variances, and
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independent two-sample Student’s T Test with equal or unequal vari-
ance assumption was used accordingly. All F tests and Student’s T tests
were performed in Microsoft Excel 2016, while other tests were per-
formed in Rstudio (v3.6.0) with the ‘stats’ and the’PMCMR’ package
(RStudio Team, 2018; Pohlert, 2014).

All figures except Fig. 1, Fig. 3 and SI. 1 Fig. 1 were drawn with
Rstudio (v3.6.0)(RStudioTeam 2018). The heat map Fig. 2 was drawn
with the ‘pheatmap’ package (Kolde 2010). The principal component
analysis (PCA) analysis was conducted with the ‘ggplot2’ (Wickham
2011) and the ‘ggord’ package (Beck 2017). A correlation between the
abundances of two target genes or environmental factors was considered
statistically robust if Spearman’s correlation coefficient (r) was > 0.3
and the P-value was < 0.05. The robust pairwise correlations of the
target genes formed their co-occurrence networks using the ‘psych’
(Revelle 2018) and ‘igraph’ package (Csardi and Nepusz, 2006).

2.4. Risk assessment based on a dose-response model

A Beta-Poisson model developed for SARS-CoV, HCoV-229E and
influenza A (Watanabe et al. 2012, 2010) was used for the infection risk
assessment in this study. The model is expressed as:

d 1 —a

pld) =11+ (2a - 1)]

where p(d) is the infection risk at a dose of d and parameters N5 and a in
the beta-Poisson model are the median dose to trigger the response and
the exponential fitting parameter based on the experiments challenging
humans or mice with SARS-CoV (Watanabe et al. 2010), HCoV-229E
(Watanabe et al. 2010), and influenza A (Watanabe et al. 2012)(SIL. 1
Table. 2). The dose d was estimated by.

n "
d = Z / Nresp X Vtidal X /‘L X ﬂl X ﬁz X Cair,i(t) deep,idl
i=1 Jh

where Npgp is the total number of respirations (20 times per minute),
Viida is the tidal volume (500 ml per respiration), 4 is the average viable
rate of the virus based on previous field studies ( Ang et al., 2022;
Dumont-Leblond et al., 2020; Lednicky et al., 2020a,b, 2021; Nannu
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Fig. 2. The absolute abundance of viruses in all air samples (logw(copies/m3 + 1), A and B after the abbreviations of the months stand for the first half and second

half of that month).
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Shankar et al. 2022; Xie et al. 2020), listed in SI. 1 Table. 2. cqr,i(t) is the
airborne virus concentration carried by the particles in size bin i. There
were only 2 size bins, one for PM;g.o 5 and one for PM 5 in this study,
due to the limitation of the sampling. The virus dose was converted from
the measured viral RNA concentration by using conversion factors: f;
(copies per Plaque Forming Unit (PFU)) and f2 (50% Tissue Culture
Infectious Dose (TCID50) per PFU) with average values from previous
studies(Kim et al. 2020; Peduru Hewa et al. 2009; Sampath et al. 2005;
Thompson and Bennett 2017), listed in SI. 1 Table. 2. Due to the fact that
SARS-CoV-2 was frequently detected in PM;( of Zurich and Bern before
the outbreak, we hypothesized that certain background interference in
these samples existed and the interference was not detected in Lugano
samples. Thus, to estimate the infection risk of SARS-CoV-2, we used the
differences between the measured concentrations after the outbreak and
the average concentrations before the outbreak to eliminate the poten-
tial background environmental interference. In this study, according to
these viruses’ phylogeny, all the parameters of SARS-CoV were used for
SARS-CoV-2, HCoV-229E for all other coronaviruses, influenza A for
both influenza A and B, except that A for SARS-CoV was used as 4 for all
HCoVs.

faep is the deposition fraction of particles in size bin i in the human
respiratory tract. It was calculated using the deposition model for
pathogenic bioaerosols(Bair 1995; Guha et al. 2014), with the following
assumptions: 1) the studied bioaerosols fitted a polydisperse distribution
(Guha et al. 2014) with the activity median aerodynamic diameter
(AMAD) assumed as 2.5 pm according to previous field studies(Menut
et al. 2016; Rivas et al. 2020); 2) the viral loads of the particles were
proportional to their surface.

The box plot in Fig. 7 was drawn with the ‘ggplot2’ package (Wick-
ham 2011).

3. Results

3.1. The abundance variations of airborne viruses in three cities and the
co-occurrence network of the viruses

Among all 16 target viruses, only HRSVA and HRSVB were not
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detected (Fig. 2). Influenza A, HCoV-NL63, and HCoV-HKU1 were the
ones which passed the normality test during most periods (SI. 1 Table.
3). These three along with HCoV-229E were significantly more abun-
dant than the others, with concentrations expressed as log;o(copies/m>
+ 1) higher than 1.5 (Fig. 2, SI. 1 Table. 4). Enterovirus and SARS-CoV-2
were the medium ones, with concentrations expressed as log;o(copies/
mi+1) higher than 1 but lower than 1.5 (Fig. 2, SI. 1 Table. 4). The rest
ones were the rare ones, occasionally detected generally with low
abundances (Fig. 2).

Among the PM;o samples, a peak of SARS-CoV-2 abundance was
detected in Bern in late March right after the lockdown coinciding with a
peak of new COVID cases (Fig. 3), while a significant increase was
observed in Zurich after the outbreak which decreased slowly after the
lockdown (SI. 2 Table. 1). SARS-CoV-2 abundances in PM10 in Bern and
Zurich were significantly higher than the ones in Lugano (SI. 2 Table. 5).
Among the PM; 5 samples, SARS-CoV-2 was only detected in Bern after
the outbreak (SI. 2 Table. 1).

For the abundant group, most measurements showed significant in-
creases after the outbreak (SI. 2 Table. 1). A possible explanation would
be that the SARS-CoV-2 outbreak coincided with the seasonal epidemics
of these viruses, for example, the influenza case number did peak in the
middle of February in 2020(FOPH; Cabecinhas et al. 2021). In addition,
more frequent outdoor activities due to the warm weather after March
could also be a factor. One exception was HCoV-229E, which showed
significant decreases in Lugano’s PM10 and in Zurich’s both PM2.5 and
PM10. Another exception was influenza A showing a significant
decrease in PM10 in Lugano after the winter vacation started (SL. 2
Table. 1). For other viruses in the medium group, enterovirus was only
observed to have a significant increase in PMjo in Zurich after the
lockdown (SI. 2 Table. 1). In the rare group, most viruses did not change
significantly during the studied period (SI. 2 Table. 1).

In PMy 5, only positive correlations were detected between viruses
(Fig. 4, SI. 1 Table. 6-7). There were four groups, the biggest one
included HMPV, influenza A, HCoV-NL63 and HCoV-HKU1. SARS-CoV-
2 was positively correlated with HCoV-OC43 (Fig. 4, SI. 1 Table. 6-7).
None of those correlations could be found in PM; apart from the pos-
itive connections between influenza A, HCoV-NL63 and HCoV-HKU1

10000

1000

—
—
.
New case number

FebA FebB MarA MarB AprA AprB

Time

New case number in Bern Canton New case number in Ticino Canton New case number in Zurich Canton Bern PM2.5

+ Bern PM10 A Lugano PM10 e Zurich PM10

Fig. 3. The abundance of SARS-CoV-2 and new case number in the local cantons (A and B after the abbreviations of the months stand for the first half and second half
of that month).



Y. Tao et al.

p— InfuéPa B

Environment International 164 (2022) 107266

HMPV HPIV1
- HCoV229E HPIV4 RhinGvirus
HPW4 ) Virus Type
Entefovirus Enterovirus HC OV‘ 0OC43 EntdVirus
HCoV
HCoffkL63 ~ HCoW 0\C§ L ey \
SARS'CoV 2 o influenza C°N N}f’ SARS CoV 2
a i Inﬂu&&A
mﬂ? I 229E
e - HCoV Hm%xcev
HCo¥ HKU1 i Infhuéiza B °
Rhinévirus O3

Fig. 4. The co-occurrence network of the airborne viruses in PM2.5 (left) and PM10 (right) (orange lines stand for positive correlation, blue lines for negative
correlation, the widths of the lines indicate the relative size of the coefficient, and the sizes of the circles show the relative viral abundances). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 4, SI. 1 Table. 8-9). In PM,, several positive correlations were
found forming a group including influenza A and B, HCoV-NL63, -OC43
and -HKU1 as well as HPIV3. HCoV-229E was negatively correlated to
both HCoV-HKU1 and SARS-CoV-2. Finally, SARS-CoV-2 was positively
correlated with enterovirus (Fig. 4, SI. 1 Table. 8-9).

3.2. The redundancy analysis (RDA) of the viruses, new COVID-19 cases
and the environmental factors and their co-occurrence network

Among all the environmental factors and new COVID-19 cases, only
the concentration of Os, radiation and temperature increased from
winter to spring which coincided with the rise of new COVID-19 cases
(SI. 1 Fig. 1). Most other environmental factors decreased, except PM> s,
PM;o and precipitation which remained stable (SI. 1 Fig. 1). These
trends were generally similar to the ones in other years (FOEN. 2021).

The RDA analysis (Fig. 5) showed that the viruses in PM3 5 in Bern
were more heavily impacted by pollutants like NO5, NOy, CO, elemental
carbon (EC) in PM; s, particle number concentration (PNC), and non-
methane volatile organic compounds (NMVOC), while in Lugano they
were more affected by PMy 5, SO5 and Os. Os, radiation (RAD), tem-
perature and new COVID-19 cases pointed to a similar direction in the
analyses of viruses in both PM3 5 and PM;. These four factors pointed to
the similar direction as SO, did in the analysis of PMy 5 in Fig. 5, sug-
gesting they have similar influences on the airborne viruses, while in the
analysis of PMj it was precipitation pointed to the similar direction
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with these four (Fig. 5). This suggests environmental factors influenced
the viruses differently in PM; 5 and PM;jg. Noticeably, in Fig. 5, Bern’s
early March sample was almost on the arrow of precipitation. Since PM
were negatively correlated with heavy precipitation (Zhao et al. 2020;
Zheng et al. 2019; Zhou et al. 2020), it is understandable that SARS-CoV-
2 was not detected in this PMy 5 sample and extremely low in the
respective PM; samples, in contrast to Bern’s late February, late March
and early April samples.

In the co-occurrence network (Fig. 6, SI. 1 Table. 10-13), only
influenza A behaved similarly in both PMys and PM;o. In both PM
fractions, it was positively correlated with temperature and Os. In PMj 5
SARS-CoV-2 was positively correlated with daily new COVID-19 cases,
while this correlation did not exist in PM; for which daily new COVID-
19 cases were correlated with influenza A, HCoV-NL63 and HCoV-OC43
instead. In PM;y SARS-CoV-2 and enterovirus were found to be nega-
tively correlated with SOz and NMVOC.

3.3. Infection risk of different respiratory viruses through aerosol
transmission

Fig. 7 shows the infection risks of different influenza and HCoV vi-
ruses through aerosol transmission from 1 h of exposure. Although
influenza A was more abundant than influenza B and several HCoVs, its
infection risk was similar to influenza B, around 108, and much lower
than HCoVs (Fig. 7). For HCoVs, HCoV-NL63, HCoV-OC43 and HCoV-
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Fig. 5. The RDA analysis of all target airborne viruses in PM2.5 (left ) and PM10 (right) and environmental factors in three cities (A and B after the abbreviations of

the months stand for the first half and second half of that month).
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HKU1's infection risks were around 10'3, while HCoV-229E’s was lower,
around 10 similar to SARS-CoV-2's (Fig. 7). Yet, in late March, the
infection risk of SARS-CoV-2 in Bern was 1.913%o (Fig. 7g), which was
higher than the total COVID case rate before May in Canton Bern
(1.769%o). After the potential environmental interference was excluded
by subtracting the average measured concentration before the outbreak
from the other data, all risks decreased (Fig. 7h) and coincidentally, the
infection risk in Bern in late March dropped to 1.769%o, the same as the
total case rate in the Canton Bern before May.

4. Discussion

4.1. Influencing factors on the detection and monitoring of SARS-CoV-2
in air

There have been several attempts to detect SARS-CoV-2 viral RNA in
outdoor aerosol previously (Chirizzi et al., 2021; Dunker et al., 2021;
Kayalar et al., 2021; Linillos-Pradillo et al., 2021; Liu et al., 2020; Passos
et al., 2021; Pivato et al., 2021; Setti et al., 2020a,b; Stern et al. 2021a),
but only four succeeded, and three of them mainly sampled outside
hospitals (Kayalar et al. 2021; Liu et al. 2020; Stern et al. 2021a). Yet,
our results along with two previous studies suggested the possibility of
the existence of airborne SARS-CoV-2 in urban sites (Kayalar et al. 2021;
Setti et al. 2020b). One possible reason for these successful detections
was high-flowrate sampling for an extended time. Most of the failed
attempts sampled either with a flowrate much lower than 500 L/min
(Chirizzi et al. 2021; Dunker et al. 2021; Habibi et al. 2021; Pivato et al.
2021) or for periods much shorter than 24 h (Passos et al. 2021). Two
other reasons are the sampling location and timing.

Among our sampling locations, SARS-CoV-2 was rarely detected in
Lugano, though it was even more heavily plagued by the pandemic in
the first wave than the other two cities. And the possible reason is the
sampling site was a university campus. Lugano university acted quickly
in the beginning of the pandemic by enforcing social distance, hygiene
policies and even shutting down (Isobel 2020). And young people were
not the main population group being infected in the first wave (FOPH,
2021). These premises made the air at university campuses less likely to
contain SARS-CoV-2 at that time, which may explain the failed de-
tections of several studies (Chirizzi et al. 2021; Dunker et al. 2021),
including ours and another study which sampled with 500 L/min for
almost 1 day (Linillos-Pradillo et al. 2021). In contrast, SARS-CoV-2 was
most frequently detected in Bern, which was a roadside sampling site
close to the train station with heavy passenger flow. It was also the only

site where SARS-CoV-2 was detected in PMj 5. Fine particles are known
to have the tendency to agglomerate into large particles. Thus, even
though hospital studies showed that patients shed both fine and coarse
particles containing SARS-CoV-2 (Liu et al. 2020; Nor et al. 2021; Stern
et al. 2021a), our results showed the absence of SARS-CoV-2 in PMj 5 in
all samples from Zurich and some samples from Bern despite its exis-
tence in respective PM;o. Compared to a residential area, more people
with diverse health statuses and contact traces congregate at a traffic
artery increasing the possibility of sampling from patients’ emissions.
This agrees with a previous study showing that urban roadsides with
heavy traffic were more likely to be the hotspots (Kayalar et al. 2021)
where the viruses could be from reported potential indoor sources, such
as vehicles, trains and stations (Hadei et al. 2021; Lednicky et al. 2021;
Moreno et al. 2021). Since the viruses can be quickly dispersed in out-
door air, the risk of outdoor infection by ambient PM in other parts of the
cities could be much lower than the one at the hotspots like our sampling
site near the traffic hub in Bern.

Noticeably, the positive SARS-CoV-2 signals in PMy 5 in Bern were
found right after the outbreak, in late February, late March and early
April (Fig. 3) and SARS-CoV-2's concentration in PMy 5 was positively
correlated with the new COVID-19 cases (Fig. 3), highlighting the
importance of the timing. In Zurich, SARS-CoV-2's concentration in
PM;( rose significantly after the outbreak, and there was a slight
decrease one month after the lockdown (Fig. 3). In contrast, a sharp
decrease of SARS-CoV-2's concentration in PM;y was detected in Bern
half a month after the lockdown, synchronized with the decrease of the
local new case number. This suggests, the lockdown was generally
effective in reducing the ambient SARS-CoV-2 concentration, which may
explain that some studies did not detect SARS-CoV-2 in PM since they
sampled during the local lockdown (Chirizzi et al. 2021; Linillos-Pradillo
et al. 2021). Our results also suggest that lockdowns have a more instant
impact on areas with heavy traffic such as the Bern sampling site, a
transportation hub, than on residential areas like the Zurich sampling
site.

The temporal variations of meteorological factors and pollutants
should also be taken into consideration for the timing of airborne virus
detection and monitoring. For example, precipitation likely caused the
absence of SARS-CoV-2 in PM3 5 and low concentration in PM; in Bern
in early March. Thus, PM could be a carrier of the virus. Yet, the capacity
was limited, since there were no positive correlations between SARS-
CoV-2 and either PMy 5 or PM;g. Therefore, our findings do not sup-
port the assumption that the positive correlation between high COVID-
19 incidence number or mortality and heavy air pollution was caused
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directly by more PM carrying more SARS-CoV-2. The correlation is more
likely due to polluted air making individuals more vulnerable when
exposed to the viruses (Sharma and Balyan 2020; Woodby et al. 2021).

Another important factor could be the sampling and preservation
methods. We utilized the PM samples which were normally collected to
provide common air quality parameters such as PMy 5 and PMjg. This
approach took advantage of the existing infrastructures of air quality
monitoring networks and provided added values to the collected PM
samples. A recent study suggested the recovery was higher for samples
with short or even no preservation (Licen et al. 2022). The recovery from
Polytetrafluorethylen(PTFE) filters was also higher and easier and could
be further enhanced by an elution buffer containing up to 40% of fetal
calf serum (Robotto et al. 2021). This might also be a reason that very
few studies succeeded in SARS-CoV-2 viral RNA detection in outdoor air
and for those successful ones including ours, the actual abundances
could be higher than the reported values (Kayalar et al. 2021; Liu et al.
2020; Setti et al. 2020b; Stern et al. 2021a). In addition, the sampling
and preservation methods to test the viability of airborne SARS-CoV-2
have not been fully explored yet. To our knowledge, only two studies
successfully detected viable SARS-CoV-2 in air with Sioutas Personal
Cascade Impactor Sampler (PCIS) using PTFE filters (Lednicky et al.
2021) and Viable Virus Aerosol Sampler (VIVAS) using High-Efficiency
Particulate Air (HEPA) filters (Lednicky et al. 2020a),. Therefore, it is
still urgent to explore, optimize and standardize the possible sampling
and preservation methods for airborne SARS-CoV-2 in the future.

4.2. Influencing factors on the detection and monitoring of other viruses in
air

The influencing factors on the aerosol concentrations of other res-
piratory viruses include the sampling location, timing and the charac-
teristics of the viruses as well.

Different respiratory viruses surely have different characteristics
which influence their aerosol concentrations. Influenza A in air has been
commonly compared with influenza B in different environments in
previous studies (Coleman et al. 2018; Shiu et al. 2020; Xie et al. 2020;
Yadana et al. 2019; Zhao et al. 2019a), with which our study agrees on
that influenza A was generally more frequently detected and more
abundant in air than influenza B. HCoVs were much less frequently
found and less abundant in air compared to influenza A in previous
studies, while HRSVs’ concentrations varied in different environments
(Coleman et al. 2018; Xie et al. 2020; Yadana et al. 2019), In our study,
we failed to detect HRSVs, and some HCoVs like HCoV-NL63, HCoV-
HKU1, and HCoV-229E were frequently detected with high abundances,
while HCoV-OC43 was rarely found, which could be caused by different
sampling locations.

On the topic of sampling locations, as our sampling site of Lugano
was a university campus, we noticed a significant decrease of influenza
A in PM;( between the 2019 semester and the winter vacation, which
did not exist on other sites. This could be caused by the change of human
activity, especially student presence between the two time periods.
Thus, monitoring airborne viruses on campus during vacation is less
efficient.

The sampling timing had a marginal impact on rare viruses because
their significant temporal variations were rarely detected as mentioned
before, but a strong one on the abundant viruses. Though some studies
reported that seasonal epidemics of respiratory viruses in some countries
ended earlier in 2020 (Redlberger-Fritz et al. 2021) or were delayed
(Delestrain et al. 2021; Williams et al. 2021) or absent in 2021 (Diesner-
Treiber et al. 2021; Kuitunen 2021), our study found significant peaks of
influenza A in air in the spring of 2020 which agreed with other studies
demonstrating that the seasonality of influenza A still existed in 2020
(SI. 2 Table. 1) in Switzerland (FOPH, 2019; Cabecinhas et al. 2021),
similar as the situations in other places around the world (Chiapinotto
et al. 2021; De Francesco et al. 2021; Hsieh et al. 2020; Kuitunen 2021).
Similarly, significant spring peaks of three other abundant viruses were
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also detected in our study (SI. 2 Table. 1).

Just like SARS-CoV-2, these viruses were rarely found to be corre-
lated to environmental factors or air pollutants. Even for certain air
pollutants like O3, which was positively correlated with influenza A in
both PM, s and PM;y, HCoV-229E in PM, s and HCoV-HKU1 in PM;q
(Fig. 6, SI. 1 Table. 10-13), the underlying mechanism could be very
complicated, such as its collinearity with the sunny weather and more
outdoor activities and emissions of local people in such weather.

4.3. The necessity of monitoring airborne viruses

During this pandemic, sewage surveillance of SARS-CoV-2 has been
developed as a monitoring system for the local COVID-19 prevalence
and even the emerging of new variants (Ahmed et al. 2020; Medema
et al. 2020; Smyth et al., 2022; Wu et al., 2020). Air surveillance is
comparably rare, due to the influencing factors mentioned above, but
surely air surveillance of SARS-CoV-2 has its own merits. First, accord-
ing to our findings, the concentrations in PMy5 can approximately
represent local COVID-19 prevalence with the right choice of the sam-
pling site. Moreover, it is possible to estimate the infection risk for local
population, which is not applicable for sewage surveillance. Our esti-
mation is generally rough, because of the following reasons: there were
other factors we did not include, such as different particle surface area
distributions, the variation of respiration frequency and tidal volume of
different population groups and their different activities; some esti-
mated parameters were not generated from human studies (Watanabe
et al. 2010); the viable rate of SARS-CoV-2 was mainly estimated from
hospital studies, which could be much lower in outdoor air. Thus, the
estimation can certainly be improved by more experiments, for example
testing the viable rate of SARS-CoV-2 in outdoor air directly. Our esti-
mation did reasonably and roughly show that although the outdoor
infection risks were generally low comparing to the local case rate, they
should not be neglected in certain hotspots since they were not lower
than the estimated risks for indoor areas with only one infected indi-
vidual shedding viruses (Zhang et al. 2021; Zhang and Wang 2021).
Thus, the air of these hotspots such as transportation hubs like our
sampling site in Bern should be monitored for the public safety.

For other viruses, monitoring them in air can give us information
about their seasonal or non-seasonal prevalence among a certain pop-
ulation, such as influenza A among students or elderly. Moreover, po-
tential risks for coinfections could be monitored, especially since these
respiratory viruses we studied share similar transmission routes.
Regardless of the frequency, all the abundant viruses we studied have
been found to coinfect withSARS-CoV-2 (Boschiero et al. 2022; Dadashi
et al. 2021; Jiang et al. 2020; Lau et al. 2021; Pigny et al. 2021;
Rodriguez et al. 2020). Nevertheless, most of them were not correlated
with SARS-CoV-2 directly in our results (Fig. 4, SI. 1 Table. 6-9).
However, among the two viruses which were positively correlated with
SARS-CoV-2 (Fig. 4, SI. 1 Table. 6-9), enterovirus is of concern.
Enterovirus is one of the most common picornaviruses along with
rhinovirus belonging to the same genus. They usually cause mild
symptoms for adults, but are very contagious and could be dangerous for
small children and cause epidemics among them. The correlation be-
tween enterovirus and SARS-CoV-2 found in our result resonated with
the fact that their coinfection has been recognized (Boschiero et al.
2022; Pigny et al. 2021) and the cases of its relative rhinovirus were
commonly observed to increase with SARS-CoV-2 cases (De Francesco
et al. 2021; Haapanen et al. 2021; Redlberger-Fritz et al. 2021), though
its correlation with SARS-CoV-2 in air was not detected. In addition, a
preprint suggests that the new Omicron variant could have gained a
unique insertion mutation from HCoV-229E from a co-infected indi-
vidual, which is very alarming (Venkatakrishnan et al. 2021). Although
more evidence is needed for this and a negative correlation between
HCoV-229E and SARS-CoV-2 was detected in our study (Fig. 4, SI. 1
Table. 8-9), the rare cases of SARS-CoV-2 coinfected with HCoV-229E
have been reported (Boschiero et al. 2022; Lau et al. 2021), suggesting



Y. Tao et al.

similar rare coinfections between SARS-CoV-2 and other viruses should
not be overlooked. After all, the possibility of the emergence of a more
virulent and contagious variant of either SARS-CoV-2 or other virus
through this way should not be neglected, in addition to the concern that
the coinfections with other viruses such as adenovirus and influenza
may enhance SARS-CoV-2 infectivity, aggravate the symptoms and even
increase mortality(Bai et al. 2021; Guan et al. 2021; Swets et al. 2022).
Clearly, monitoring these viruses in air may give us an early warning.

5. Conclusion

It is possible to monitor airborne viruses including SARS-CoV-2 in
ambient PMs. Although there are a lot of influencing factors and un-
certain mechanisms in need of further study, we showed that our current
monitoring results were able to represent approximately the prevalence
of the disease and estimate the infection risks to some level. Therefore,
air surveillance in hotspots has the potential to become an essential tool
during this and future pandemics and epidemics of other respiratory
viruses.
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