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1.INTRODUCTION

1.1. The Microbiome: The Holobiont Theory and One Health approach

According to Whipps et al. (1988), the term microbiome not only refers to the community of microbes
that make up the microbiota, defined as “the ecological community of commensal, symbiotic, and
pathogenic microorganisms that literally share our body space and can be determinants of health and
disease” (Lederberg and Mccray, 2001) but also refers to their “theater of activity,” that is, all types
of molecules produced by these microorganisms, including structural elements, metabolites/signal
molecules and surrounding environmental conditions (Whipps J. et al., 1988).

Recently, the definition of Whipps et al. has been updated to provide a comprehensive and integrated

description of the term (Berg et al., 2020), as shown in Figure 1.
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Figure 1. Graphical representation of the terms microbiome and microbiota: the microbiome includes both the

community of microorganisms (microbiota) and their “Theatre of activity” (modified from Berg et al., 2020).



The living part of the microbiome is the microbiota, including bacteria, archaea, fungi, algae, and
small protists—in other words—all the living members of the microbiome (Marchesi & Ravel, 2015).
Microorganisms, the most ancient organisms in the biosphere, are ubiquitous, vital to the
environment, and associated with both positive and negative health effects. In nature, they have not
only an essential role in biochemical cycles, such as the carbon cycle, by converting atmospheric
carbon dioxide into organic material (Gougoulias et al., 2014), but they also play a vital role in the
survival of living macro-organisms, contributing crucial functions for their survival and health.
Indeed, microorganisms can establish complex interactions with their host (humans, animals, and
plants), with whom they have coevolved (Moran, 2007). Up to 10 trillion living microorganisms are
estimated to be present in the human body (Sender et al., 2016), which means a ratio of 1:1 to 10:1
between the number of colonizing microorganisms and that of the total human cells (Fijan, 2014).
The human microbiome has thus a profound impact on the functions of the human body, influencing
our state of health or disease based on its composition. Accordingly, the XIX century “separation
approach,” according to which microorganisms can be subdivided into pathogens, symbionts, and
neutrals based on their interactions with the host, first used to analyze microbial-host relationship
(Lederberg & Mccray, 2001), has been replaced by the so-called “holistic approach”, which looks to
the host and its associated microbiome as a single entity (the holobiont) (Zilber-Rosenberg &
Rosenberg, 2008; Berg et al., 2020). The paradigm shift that has characterized the microbiological
research of the last decades is based on this crucial observation: a stable and resilient microbiome,
rich in biodiversity (a state called eubiosis) is necessary for the holobiont to be in a healthy state,
since it favor the health of the host (Trinh et al., 2018; van Bruggen et al., 2019). Conversely, when
the microbiome loses its balance (a state called dysbiosis) has been linked to illnesses in the host.

To note, dysbiotic microbiomes can be spread from hosts to the environment and vice versa,
influencing each other. The deep connections between the environment, plants, animals, and humans
have resulted in the development of the “One Health” concept, which refers to “an integrated,
unifying approach that aims to sustainably balance and optimize the health of people, animals, and
ecosystems. It recognizes that the health of humans, domestic and wild animals, plants, and the wider
environment (including ecosystems) are closely linked and interdependent” (One Health High-Level
Expert Panel (One Health High-Level Expert Panel - OHHLEP et al., 2022). According to the World
Health Organization document of reference, this integrated approach, schematically shown in Figure
2, recognizes the close connections between the health of humans, animals, plants, and the
environment, highlighting the need to consider these connections when developing strategies directed
toward the prevention and control of infection and AMR (Antimicrobial resistance) spread (One

Health High-Level Expert Panel (OHHLEP) et al., 2022).



Human health and animal health are interdependent.
Al the same time, both depend on the environment.

Antibiotics and
other antimicrobials

ONE HEALTH

I“Global

Figure 2. The One Health approach: the health of humans, animals, and our shared environment is strongly
interconnected. A collaborative and transdisciplinary approach is needed to counteract global issues (e.g. antibiotic

resistance, emerging, zoonotic diseases, environmental pollution) and achieve global health (LabEuropa, 2022).

The increasing accessibility of microbiome data has contributed to a better understanding of the
features and functions of the microbiome. Currently, the main obstacles facing microbiome research
are gaining a deeper comprehension of the mechanisms associated with microbiome eubiosis and
dysbiosis and investigating methods to modify the microbiomes to enhance the health of people,
animals, plants, and the ecosystem as a whole. To clarify this last statement, only through continuous
interaction with the microbiome our body can perform all the essential functions for life, underscoring
how the presence of the microbiome is fundamental to the health of the holobiont.

When the microbiome is healthy and balanced, the state defined eubiosis, its composition is typically
characterized by high biodiversity. When this balance is altered (due to poor nutrition, an unsuitable

lifestyle, the use of antimicrobial drugs, or other factors), the microbiome eventually alters, acquiring
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a composition defined dysbiosis, which is chacterized by loss of biodiversity and frequent association

with a decline in health and with development of several diseases, as shown in Figure 3.
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Figure 3. The various effects of a microbiome in dysbiosis.

1.2. The Built Environment (BE) microbiome

Microorganisms can be found in all types of environments on Earth and have even evolved to live in
extreme environments; thus, the term environmental microbiome broadly describes the ubiquitous
distribution of microorganisms across various habitats, including air, soil, aquatic environments, and
human-inhabited indoor spaces.

Notably, in recent times, humans have started spending most of their lives in indoor spaces and built
environments (BEs), including all the types of community settings (homes, workplaces, schools,
public transportation, hospital settings, etc.). Based on the continuous interaction between microbes

in the environment and in hosts, the health of human BE occupants has become more and more



affected by the continuous exposure to BE indoor microbiomes, rather than those from the external
environment of rural life, potentially influencing the human health (Dai et al.,2017).

A “healthy” BE microbiome is characterized by high biodiversity, being composed by commensal
and beneficial microbes spread by healthy humans, plants, and pets; pathogenic microorganisms that
may cause human diseases can also be present, but they generally represent a minor part. By contrast,
some BEs are essentially populated by microbes spread by humans, generating a mostly anthropic
microbiome with less biodiversity. In particularly controlled and restricted BEs, such as in the
hospitals, microbes are essentially spread by infected individuals, contributing to increase the quote
of potential human pathogens in the BE microbiome. Moreover, such pathogens can be selected by
the massive use of disinfectants and antimicrobials, rendering the BE microbiome a “non-healthy”
one, potentially associated with the risk to develop diseases for the human occupants. In the hospital
BE, this kind of microbiome is in fact responsible for the onset of the so-called healthcare associated
infections (HAIs), which represent a global concern for hospitalized subjects.

In the BE, potential pathogens can be found not only on surfaces but also in the air, particularly in
indoor spaces with air ventilation systems, causing BE air contamination (Figure 4), which can be
associated with the occurrence of the so-called “Sick Building Syndrome” (SBS) (Prussin & Marr,
2015), characterized by symptoms like headache, eye, nose, or throat irritation, nausea, fatigue,

difficulty concentrating, and other acute distress (EPA, 1991).

Figure 4. BE microbiome: microbial sources.

As mentioned, in the so-called high-traffic BEs (i.e. BEs highly frequented by humans), people
represent the major source of microorganisms that can be found within the BE, which consequently

develops an essentially anthropogenic microbiome (Zampolli J. et al., 2024). This is true not only for
9



healthcare structures but also for community environments, such as schools and mass transports.
More closed, confined, and controlled BEs have microbiomes with lower biodiversity, compared to
unrestricted environments, and with greater level of resistance to antimicrobials, due to the continuous

selective pressure exerted by the use of antimicrobial compounds in crowded BEs (Figure 5).
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Figure 5. Microbiome of unconfined and confined environments: biodiversity and resistance.

The BE microbiome is also influenced by geographical and seasonal variations, as well as by abiotic,
biotic, and anthropogenic factors (e.g. human activities and occupancy) (Rai et al., 2021), thus
different types of indoor spaces exhibit different microbiome composition, abundance, and diversity
(Adams et al., 2015; Shin et al., 2015; Bragoszewska & Biedron, 2018). Moreover, the interactions
between BE occupants, the BE itself, and the BE microorganisms are highly dynamic and complex,
originating a peculiar ecosystem made up of various organisms that interact with the surrounding
environment and among themselves (Dai et al., 2017; Mahnert et al., 2019).

Consistent with this, recent studies characterizing different BE microbiomes showed that they can
include several taxonomic groups (Marimuthu et al., 2014) and that higher occupancy levels are
associated with higher microbiome abundances (Adams et al., 2016), with lower microbiome
biodiversity and higher presence of multi-drug resistant (MDR) species compared to unrestricted
environments (Kang et al., 2018; Mahnert et al., 2019; Nowrotek et al., 2019). These features confirm
that the higher level of control and hygienization applied in highly restricted BEs exerts a strong
selective pressure on the resident microbes, finally selecting the most resistant microbes (MDR
strains) (Figure 6). In addition to hospitals, similar conditions can be found also in agriculture, animal
husbandry (Chokshi et al., 2019), and other highly occupied indoor environments, including domestic
and community ones (Jovel et al., 2016; Li et al., 2018; Xu et al., 2018; Lutz et al., 2014).
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Figure 6. Risks associated with the hospital microbiome.

1.3. The features of the BE microbiome

BEs microbiomes include bacteria, viruses, and fungi (Gilbert & Stephens, 2018; S. M. Smith et al.,
1996). Microbial contamination arises from multiple sources within indoor environments, including
human occupants, building materials, and the outdoor environment (Caselli, 2017).

As already mentioned, human presence has a major impact on the composition of the BE microbiome,
which is usually highly populated with bacteria that colonize human skin, such as Gram-positive
Staphylococci, as well as Gram-negative bacteria like members of the Enterobacteriaceae family,
fungi, and viruses.

The Home Microbiome Project has illustrated a close relationship between microbes, people, and
their homes, showing rapid colonization of the home environment by the family's microbiota (Lax et
al., 2014; Liet al., 2021). Various bacterial species inhabit domestic settings such as toilets, kitchens,

and refrigerators, potentially becoming direct sources of foodborne diseases (Jeon et al., 2013).
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Bacteria detected in these environments include Proteobacteria, Firmicutes, Actinobacteria, and
Bacteroidetes, with common genera being Propionibacterium, Bacteroides, and Staphylococcus
(Jeon et al., 2013). Additionally, Staphylococcus and Micrococcus genera have been detected in
washing machines, with half being potential opportunistic pathogens, highlighting the need for
effective cleaning and control strategies (Jacksch et al., 2021). Staphylococcus species, typically
colonizers of human skin and which can also be found in the upper respiratory tract, are frequently
transferred from humans to BE surfaces and air (Xu et al., 2015; Madsen et al., 2018; Cave et al.,
2021). These bacteria have been linked to chronic conditions and allergic diseases within domestic
environments and urban areas due to their ability to persist in dry environments and on surfaces (Oie
& Kamiya, 1996; Dietze et al., 2001). Among Staphylococcus species, Staphylococcus aureus is
notable for causing both community and hospital-associated infections (Aires de Sousa & Lencastre,
2004). Furthermore, its increasing antibiotic resistance, particularly in the form of methicillin-
resistant S. aureus (MRSA), has made it a major pathogen not only in the nosocomial but also in the
community settings (Tong et al., 2015; Cave, Cole, et al., 2021). Similarly, coagulase-negative
staphylococci, which include species such as Staphylococcus epidermidis, Staphylococcus
haemolyticus, Staphylococcus hominis, and Staphylococcus saprophyticus, were initially linked with
severe infections in hospital settings. However, these bacteria are now frequently detected in non-
healthcare environments as well (Becker et al., 2014), playing a significant role in the horizontal
transfer of AMR genes (Davis et al., 2012). Likewise, Enterobacteriaceae, a family of Gram-negative
bacteria typically present in the human gut microbiota, are also found in food, water, and home
surfaces (Manshadi et al., 2013; Ashbolt, 2015). These bacteria show widespread resistance to beta-
lactam and carbapenem antibiotics and are increasingly reported in non-healthcare settings,
highlighting a potential public health threat (Meletis, 2016; Kelly et al., 2017). Notably, the recent
spread of mobile colistin resistance (mcr) genes among MDR Enterobacteriaceae has rendered
colistin, a last-resort antibiotic, ineffective (Morrill et al., 2015). This has significant implications for
human health, as it further limits treatment options for infections caused by these resistant bacteria
(Wang et al., 2017). Indoor environments are also home to fungi, and saprotrophic fungi such as
Cladosporium, Aspergillus, and Penicillium represent a large portion of the indoor mycobiome
(Nevalainen et al., 2015; Flannigan et al., 2016). Its diversity, abundance, and composition are
influenced by climate and local environmental variations (Adams et al., 2016; Stephens, 2016).
Similar to other contaminant microorganisms, fungi can survive on BE surfaces for days to months
(Kramer et al., 2006), thus the release of spores, hyphal fragments, and mycotoxins represents a

significant source of indoor pollution.
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In universities and high school classrooms, factors such as occupancy density, ventilation, and indoor
humidity levels directly influence the diversity and abundance of airborne and surface-bound
microbes (D’Accolti et al., 2021). Research has consistently shown that high levels of microbial
contamination correlate with increased health symptoms, particularly among children and young
adults who are more susceptible to airborne pathogens (Andualem et al., 2019). As a matter of facts,
contaminated surfaces in high-traffic community BEs constitute significant reservoirs for pathogens,
posing risks to public health. This assertion is substantiated by multiple studies that highlight the
prevalence of harmful microorganisms in these environments. The research by Andualem et al.
reveals the correlation between indoor bacterial loads in classrooms and adverse health outcomes,
noting that older buildings, which often retain moisture, demonstrated higher levels of bacterial
contamination, thus worsening indoor air quality and health risks associated with respiratory
infections and allergies (Andualem et al., 2019). Additionally, Jiang et al. discuss the presence and
health implications of bioaerosols in office environments, establishing a direct link between microbial
exposure and health complaints among occupants, thus reinforcing the need for increased scrutiny on
indoor microbiological content (Jiang et al., 2023). Moreover, public transport systems, which serve
as essential components of urban infrastructure, are similarly affected. The analysis by Leung et al.
demonstrates that public transit environments harbor a distinctive microbial ecosystem, revealing
geographical specificity in the microbial composition and antibiotic-resistance (Leung et al., 2021).
This highlights the danger posed by potential pathogen dissemination in crowded transport spaces,
where airborne and surface-associated microbes can proliferate, leading to increasing public health
concerns. The integrated assessment of microbial contamination in these settings necessitates detailed
monitoring protocols. Viruses, bacteria, and fungi not only thrive in poorly ventilated spaces, but can
also be distributed via droplets and surface contact (Adetitun et al., 2024). Consequently, the
deployment of advanced surveillance techniques, such as Quantitative Polymerase Chain Reaction
(qPCR), may allow for the quantification of pathogenic microorganisms in these environments, as
suggested by the findings of Leung et al. (Leung et al., 2021) and reinforced by the necessity for air
quality improvement strategies highlighted by Andualem et al. (Andualem et al., 2019). Furthermore,
Schiitze et al. emphasize that employing sensor systems to monitor indoor air quality can provide
timely data, facilitating the implementation of control measures against microbial contamination in
real-time (Schiitze et al., 2017).

In the context of these findings, it becomes clear that comprehensive monitoring and assessment
protocols for indoor microbial contaminants are not only warranted but essential in mitigating the

health risks posed by contaminated environments in schools and public transit systems.
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1.4. Health implications of poor Indoor Air Quality (IAQ)

Several studies have linked poor indoor air quality (IAQ) and increased exposure to specific indoor
microbes with respiratory problems, allergic reactions, and other health issues. Evidences
increasingly points to the detrimental effects of indoor microbial communities on human health,
particularly concerning respiratory problems and allergic reactions (Adams et al., 2015). Significant
association was observed between the of airborne bacteria and respiratory symptoms, emphasizing
the health risks posed by microbial contaminants in indoor environments (Meadow et al., 2013).
Besides, significant association was reported between the presence of fungal DNA in classroom dust
and ocular symptoms among students (Norbdck et al., 2017). Beyond ocular symptoms, indoor
microbial exposure has been correlated with respiratory infections, especially in vulnerable
populations such as children (Prussin et al., 2015).

Preventing exposure to harmful microbial environments seems thus essential for maintaining healthy
learning spaces and ensuring optimal student performance, highlighting the need for effective
strategies to mitigate microbial hazards in indoor environments.

Microbial contamination and its impact on [AQ are exacerbated by factors such as ventilation
strategies, building design, and human occupancy (Landry et al., 2018). Meadow et al. demonstrated
that both human occupancy and ventilation strategies significantly influence airborne bacterial
community composition in indoor environments, suggesting that improved ventilation can mitigate
harmful airborne pathogens (Meadow et al., 2013). The findings suggest that well-ventilated spaces
often reflect the microbial composition of the outdoor environment, reducing the risk associated with
indoor microbial exposure. Similarly, Kembel et al. emphasized that building architecture has a
pronounced impact on the distribution of indoor microbial communities, indicating that design
interventions could potentially create healthier indoor environments (Kembel et al., 2014). Assessing
microbial contamination needs comprehensive and multifaceted approaches. Surface sampling is one
effective methodology, allowing researchers to identify and locate specific sources of bio-
contamination. Surface sampling can conveniently complement air sampling in determining the
microbial quality of indoor spaces, showcasing its utility in identifying and addressing contamination
sources (Pifar et al., 2013). Of note, indoor air can harbor a complex interplay of dormant bacteria
and viruses, further complicating the assessment of microbial risks and suggesting that indoor
environments might serve as reservoirs for pathogenic microorganisms (Prussin et al., 2015). In
educational settings, the risks of poor IAQ and microbial contamination can have profound
implications for student health and performance. Studies have indicated that improving IAQ can lead
to enhanced student health, since higher indoor particulate matter levels were associated with
respiratory symptoms in children (Ana et al., 2013). This underscores the importance of addressing
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microbial contamination through effective ventilation and hygiene practices, especially in spaces
frequented by children. An investment in clean indoor air can thus be seen as a necessary step towards
fostering better learning environments, where health and performance are not compromised by
microbial hazards. To further understand IAQ issues, ongoing research indicates that both chemical
and biological pollutants contribute to indoor air challenges, necessitating comprehensive
management strategies (Adetitun et al., 2024). The application of innovative technologies, such as
next-generation sequencing (NGS) for microbial analysis, has recently allowed to profile the
complexities of indoor microbiomes, enabling a more comprehensive approach to managing
microbial health risks (Rocha et al., 2012). Such advancements in IAQ research are crucial for
developing effective interventions that can maintain safe and healthy indoor environments. The
implications of poor IAQ are in fact extensive, significantly impacting health outcomes and overall
well-being. The interplay of microbial presence, environmental factors, and human interaction needs
continuous monitoring and proactive management to foster healthy indoor environments favoring

health and productivity.

1.5. The impact of air exchange on BE microbiome and IAQ.

Mechanical air exchange is essential to improve IAQ by facilitating the dilution and removal of indoor
contaminants, including microorganisms. These systems are particularly important in densely
occupied environments such as community and mass transport environments, where a high occupancy
load can worsen air quality issues and increase the risk of airborne disease transmission. Improved
ventilation has been shown to significantly lower airborne microbial concentrations by ensuring that
fresh air is continuously circulated. This continuous airflow helps to reduce the overall burden of
pathogens, thereby mitigating health risks associated with poor IAQ (Allen et al., 2016). Furthermore,
a well-ventilated environment was observed to contribute to improved cognitive function, thereby
linking effective ventilation to enhanced productivity (Allen et al., 2016). By contrast, inadequate
ventilation has been associated with various health issues, including respiratory infections and chronic
illnesses, by promoting the growth of harmful fungal species, which are common indoor allergens
and can exacerbate conditions such as asthma (Wang et al., 2017). Notably, the connection between
[IAQ, humidity, and the prevalence of respiratory infections, was confirmed by evidencing that
appropriate ventilation could serve as a preventive measure against such health complications (Wang
et al., 2017). The role of mechanical ventilation was particularly highlighted during the COVID-19
pandemic, when it was emphasized that well-maintained ventilation systems are necessary to reduce
airborne viral loads in public spaces (Allen et al., 2016). Effective air exchange can mitigate the

spread of airborne pathogens, proving essential during periods of increased infectious disease
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transmission. Such interventions are crucial for managing existing microbial loads and reducing the
likelihood of future contamination events, thus creating healthier environments for all occupants.
However, mechanical ventilation systems can inadvertently become reservoirs for microbial growth
if not properly maintained. Therefore, regular monitoring and cleaning are crucial to ensure their
effectiveness. Maintenance routines should include filter checks and system cleanings to prevent the
accumulation of microbial matter, which can then become aerosolized and reintroduced into indoor
air (Baldelli et al., 2022). This underscores that the design and upkeep of mechanical air systems are
as critical as their operation.

Based on these evidences, mechanical air exchange systems are crucial to maintain healthy indoor
environments by effectively managing the dilution and removal of indoor contaminants. Their role
extends beyond improving [AQ; these systems play a fundamental part in safeguarding occupant
health, preventing the spread of infections, and enhancing overall productivity in community settings.
Investing in effective ventilation systems can yield significant long-term health benefits for
communities at large. Despite the clear benefits of mechanical air exchange systems, their
implementation faces numerous challenges associated with costs, energy consumption, and
maintenance issues. The economic burden of these systems often acts as a barrier to their deployment,
particularly in educational environments where budgets are strained. The initial costs for the
installation of advanced ventilation technologies can be substantial, and many existing infrastructures
lack the necessary design features to accommodate such systems, which further exacerbates the
financial hurdles (Liu et al., 2022). Interestingly, studies indicate that while the operational expenses
of mechanical ventilation systems can be significant, optimizing energy use through strategies such
as demand-controlled ventilation (DCV) can lead to energy savings as high as 75%, thereby
mitigating the costs in the long run (Blubaugh et al., 2022). Energy consumption is another pivotal
consideration, especially since HVAC (heating, ventilation, and air conditioning) systems account for
approximately 40% of total building energy use (Liu et al., 2022). This energy demand can escalate
further in systems that are not effectively designed to utilize natural ventilation methods (Cirstolovean
et al., 2018). Consequently, the potential for energy savings becomes a critical aspect of any
building’s ventilation design. For example, improved thermal insulation and efficient system controls
that harness natural ventilation principles can significantly reduce energy consumption by
approximately 40% (Cirstolovean et al., 2018). Moreover, the implementation of advanced controls
that adapt to occupancy patterns can optimize energy usage without compromising IAQ (Sha et al.,
2021). Additionally, variability in user acceptance and understanding of these systems poses another
obstacle to their widespread adoption in educational institutions. Research indicates that users often

hold misconceptions regarding the benefits and operational aspects of mechanical ventilation
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systems, which can lead to resistance when these systems are introduced (Liu et al., 2022). This
variability in acceptance highlights the importance of educational initiatives to promote user
understanding, as occupants significantly influence the operational efficiency of HVAC systems (Liu
et al., 2022). Involving users in the decision-making process and providing training on the expected
benefits and proper use of these systems may enhance acceptance and eventual implementation. In
conclusion, addressing the challenges of mechanical air exchange systems requires a multifaceted
approach that considers initial costs, energy consumption patterns, and user acceptance levels. By
integrating advanced energy-saving strategies, optimizing system designs to fit existing
infrastructures, and investing in user education, stakeholders can significantly enhance the
deployment and effectiveness of these essential technologies in educational settings. Furthermore, A
commonly used parameter for assessing indoor air quality is the concentration of CO» (Szczurek et
al., 2015, Sanchez-Fernandez et al., 2023). This metric is essential in evaluating occupant well-being,
especially in crowded spaces like daycares and schools, where monitoring becomes increasingly
relevant (Schibuola, L et al., 2020, Settimo, G et al., 2024). When carbon dioxide concentration
reaches critical thresholds of 1000 ~ 1500 ppm(v), it may become a health concern, leading to a
decline in cognitive abilities (Satish et al., 2012) and having a narcotic effect; for this reason,
particular attention is given to settings such as schools and hospitals, which have been the focus of
numerous analyses in the scientific literature (Ballerini et al., 2015, Ballerini et al., 2023, Loreti et
al., 2016, Cesari et al. 2020, Krawczyk et al, 2016). Within this framework, low-cost sensors were
employed in the international project by Sahme (Chatzidiakou et al., 2023). Recommended indoor
COz concentrations typically range between 1000 + 1500 ppm (Dimitroulopoulou et al., 2023;
Lowther et al., 2021). In particular, in schools, IAQ is deemed good if CO2 remains below 1000 ppm
and acceptable if it is below 1500 ppm (Lowther et al., 2021). Standards such as EN 16798:2019
categorize indoor air quality by CO; concentration levels. For instance, in residential environments,
a Category I rating (the highest quality) requires CO2 levels to stay within 500 ppm above outdoor
levels in living rooms and 380 ppm in bedrooms. This aligns closely with Lowther’s review (Lowther
et al., 2021), considering the global average outdoor CO2 concentration of 419 ppm, as reported in

the NOAA’s (National Oceanic and Atmospheric Administration) 2023 annual report (NOAA, 2025).

1.6. Microbial Monitoring in indoor BEs
The characterization of the indoor microbial bioburden can provide important information about the
amount and type of the BE microbiome, also allowing to evidence the effectiveness action of the

sanitation procedures, and to take adequate countermeasures when needed.
17



To this purpose, different methods can be used. Conventional microbiological methods are largely
used, primarily culture-based methods, allowing the counting of colony-forming units (CFU) of
specific microorganisms. These methods are based on the use of RODAC plates (Replicate Organism
Detection and Counting plates, containing general or specific agar media), nitrocellulose membranes,
dip slides, swabs, sponges, and wipes that can collect microbes from surfaces and air. Though their
wide usage, all conventional culture-based techniques are time-consuming, since they depend on the
growth of microbes to be tested. Also, these methods can only evidence cultivable microbes and
depend on the type of culture media used. To overcome these limitations, providing quick and whole
characterization of the analyzed BE microbiome, molecular methods have been introduced as a useful
tool for accurate and informative analysis on environmental bioburden (D’Accolti et al., 2019a).
These methods are based on DNA technologies and can evidence even traces of microbes. Moreover,
quantitative molecular methods can provide quantitation of each microbe composing the BE
microbiome, providing not only a yes-no result. Besides, these methods can be used to evidence
particular genes harbored by the microbes of the BE microbiome, such as those associated with
antimicrobial resistance (AMR) of the microbial population, providing identification and quantitation
of several antimicrobial resistance-coding genes (ARGs) (Caselli et al., 2016, 2019; Caselli et al.,
2018). Last, the recent DNA sequencing-based technologies has led to the possibility of defining
complex microbial populations by NGS (Jovel et al., 2016), providing a potentially useful strategy
for environmental microbial surveillance (D’Accolti et al., 2019b). NGS is in fact based on deep
sequencing technologies able to characterize the whole microbial community: the whole bacteriome
can be profiled by sequencing the gene coding for 16S rRNA (conserved in bacteria), and similarly
the whole fungal community can be characterized by 18S rRNA sequencing. Furthermore, a more
comprehensive picture can be obtained by using shot-gun techniques, such as Whole Genome
Sequencing (WGS), which can simultaneously provide the whole profile of a microbial community,
identifying bacteria, virus, fungi, protozoa, etc. A combined approach of these procedures, as
schematically shown in Figure 7, may provide a complete picture, allowing timely countermeasures

to be taken, if necessary (Cason et al., 2022).
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Figure 7. Schematic representation of different molecular and conventional methods useful for characterizing the
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microbiome of the hospital environment, with a focus on AMR surveillance.

1.7. Sanitation to counteract BE bioburden

To control the BE bioburden, chemical-based detergents and disinfectants have been used so far.
However, disinfectants have several significant drawbacks. First, chemical disinfectants can worsen
water and soil pollution and have a significant negative impact on the environment (Nabi et al., 2020;
Zhang et al., 2020). Second, their effects are partial, as over 50% of surfaces cleaned with chemical
products are not sufficiently decontaminated (Carling et al., 2008), and several microbes have been
found to persist on the surfaces after treatment (Kramer et al., 2006; Goodman et al., 2008; Lawley
et al., 2010; Boyce, 2016). Furthermore, chemical sanitation has only a temporary effect, as it is not
effective in avoiding recontamination which occurs rapidly, within 0.5-2 hours after disinfection,
depending on the type of disinfectant used (Rutala & Weber, 2014; D’Accolti et al., 2021a). Last,
chemical sanitation can enhance the selection of microbes tolerant or resistant to the disinfectant itself

(McDonnell & Russell, 1999; Caini S. et al., 2013; Cornejo-Juarez et al., 2015), nullifying the
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disinfectant’s effect. Most importantly, the resistance towards disinfectants can become resistance
against antimicrobial drugs, due to cross-resistance phenomena (B. Chen et al., 2021; Clancy et al.,
2020; Kampf, 2018; Lai et al., 2021; Wand et al., 2017; Wu-Chen et al., 2023). One of the first
disinfectants reported to induce cross-resistance is chlorhexidine, which has been shown to promote
resistance to several antibiotics, including ceftazidime, sulfamethoxazole, imipenem, cefotaxime,
tetracycline, and colistin (Wand et al., 2017). Besides, benzalkonium chloride can induce diverse
Gram-negative bacteria to become resistant to ampicillin, cefotaxime, and sulfamethoxazole (REF).
Similar cross-resistance phenomena were also observed with triclosan, octenidine, sodium
hypochlorite, and didecyldimethylammonium chloride (Kampf, 2018).

Chemical sanitation is thus associated with “side effects” which are undesirable and unsafe, both for
environmental and human health, given the growing AMR diffusion. To overcome the limitations of
the conventional chemical disinfection, several alternative approaches have been proposed for BE
hygienization. These include the use of ultraviolet (UV) light or hydrogen peroxide (Weber & Rutala,
2013; Boyce, 2016), automated no-touch technologies, and self-disinfecting surfaces that work by
acting as antimicrobial agents such as iron, copper, and silver (Lansdown, 2006; Noyce et al., 2006;
Casey et al., 2010). However, despite their effectiveness, such technologies can only be applied in
the absence of patients, are not suitable for all types of surfaces and are not cost-effective (Dancer,
2014). Moreover, more recent research has shown that a sanitation strategy meant to completely
eradicate microbial contamination in the environment is harmful rather than helpful (Vangay et al.,
2015). Pathogenic species can more easily colonize an environment free of natural contamination and
lacking in “good” competitor bacteria. This can result in the spread of more virulent and resistant
strains of the pathogen. Consistent with this, an alternative approach has been considered, based on
rebalancing the microbial populations by reintroducing beneficial microbial species instead of
“oversterilizing” the environment. This method has been defined “Bidirectional Hygiene” or
“Bygiene” (Al-Ghalith & Knights, 2015) (Figure 8) and is based on the observations made in the
living organisms, where it is known that microbiota depletion, such as those resulting from prolonged
antibiotic therapy, can encourage the colonization by potentially pathogenic microorganisms, leading
to a dysbiotic condition that may play a role in the development of disease (Hawrelak & Myers, 2004;
Deshpande et al., 2013). Toward this goal, an innovative sanitation approach has been set-up and
tested in our laboratory, based on the addition of beneficial microbes (probiotics) to the cleaning
product. This system was named PCHS (Probiotic Cleaning Hygiene System) and is composed of a
fully eco-sustainable detergent containing three species of the sporogenic probiotics belonging to the

genus Bacillus.
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Figure 8. Schematic representation of the “Bygiene” principle. The introduction of good bacteria (green) in the

environment counteracts the colonization of potential pathogens (red).

1.8. Probiotic-based sanitation as a strategy to control BE bioburden

Probiotic-based sanitation (PBS) systems are defined as cleaning techniques based on the addition of
beneficial probiotics to the cleaning products. In 2010 we set-up a particular PBS, named Probiotic
Cleaning Hygiene System (PCHS), based on the use of probiotic bacteria belonging to the Bacillus
genus, to compete with harmful pathogens and promote a more stable microbial balance in indoor
environments. Notably, PCHS represents a significant shift from conventional cleaning
methodologies, which predominantly employ chemical disinfectants that can contribute to pathogen
resistance and environmental harm (Caselli, 2017). During over 15 years of research, PCHS was
shown to effectively lower pathogens 80% more than disinfectants in sanitary settings, significantly
outperforming conventional techniques that often fail to prevent surface recontamination (Caselli et
al., 2018). Furthermore, in contrast with chemical disinfectants, PCHS did not induce selection of
AMR but rather promoted a 99.9% decrease of the pre-existing ARGs, thus positively impacting on
the AMR spread (D’Accolti et al., 2023; D’Accolti et al., 2021). In addition to reducing pathogens,
PCHS also induced remodulation of the indoor microbiome, fostering a microbiological environment
that enhances resilience against future contaminations. PCHS, in fact, not only significantly decreased
pathogens but also redefined the resistome of the microbial community persisting on hospital
surfaces, enabling more favorable microbial communities (Caselli et al., 2016; Caselli et al., 2019).
This shift towards a healthier microbiome is crucial for healthcare facilities, where the risk of
healthcare-associated infections (HAIs) is a persistent concern (Caselli et al., 2018; Caselli et al.,

2019). Furthermore, the sustainable nature of probiotic cleaning offers an interesting alternative for
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institutions aiming to implement eco-friendly practices while addressing microbial contamination, an
imperative that has gained significant traction in recent years (Caselli et al., 2018; Caselli et al., 2019).
Compelling evidence suggests that the efficacy of PCHS is mostly due to the competitive exclusion
mechanism exerted by the Bacillus probiotics, that can gradually displace and replace pathogens.
Thank to this mechanism, PCHS was capable to displace pathogens, including those with AMR,
thereby enhancing hygiene standards in healthcare settings (D’Accolti et al., 2023; D’Accolti et al.,
2022). Comparative studies have shown PCHS's superior effectiveness in various trials across
multiple hospital environments, reinforcing its practical application and efficacy (Caselli et al., 2018;
Caselli et al., 2019). In conjunction with the growing body of evidence advocating for the adoption
of probiotics within environmental sanitation, these findings emphasize the need for healthcare
institutions to transition towards more sustainable and effective cleaning protocols. In this respect,
the Probiotic Cleaning Hygiene System exemplifies an innovative and effective approach to
sanitation that not only reduces the presence of harmful pathogens by up to 90% but also contributes
to a healthier indoor microbiome and mitigates the emergence of antimicrobial resistance. Given its
potential environmental benefits and alignment with sustainable practices, the adoption of such
probiotic-based cleaning methods may represent a useful tool to control microbial contamination
challenges. Indeed, the integration of probiotic cleaning systems with mechanical air exchange may
improve the efforts to manage indoor microbial contamination effectively. In fact, probiotic cleaning
can substantially reduce surface contamination while mechanical ventilation systems can ensure the
continuous removal of airborne pathogens (Caselli et al., 2018). Research indicates that such

synergistic applications may lead to a significant enhancement in indoor environmental health.

1.9. PCHS features

Probiotics are defined by FAO/WHO guidelines as “live microorganisms that confer a health benefit
to the host when administered in adequate amounts” (FAO and WHO, 2002). Probiotics have been
shown to be effective in preventing various infections, including diarrhea (Squellati, 2018),
necrotizing enterocolitis (Patel & Underwood, 2018), upper respiratory infections (Banupriya et al.,
2015), and infections in surgical patients (Rayes et al., 2002, 2012; Sommacal et al., 2015). To
develop an effective method for environmental sanitation, our research group, in collaboration with
Copma S.c.p.a., a leading company in sanitation systems, has developed the already mentioned
Probiotic Cleaning Hygiene System (PCHS), which employs three specific species belonging to the
non-pathogenic probiotic Bacillus genus, namely B. subtilis, B. pumilus, and B. megaterium. Bacillus
bacteria are Gram-positive, spore-forming rods commonly found in the environment, such as soil and

water, and in the human and animal gut. Except for the two species Bacillus anthracis and Bacillus
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cereus, all the remaining Bacillus species are considered safe for humans (EFSA, 2022) and have
been widely applied in food production, aquaculture, agriculture, and human and animal therapy. The
ability of Bacillus to persist in a sporogenic form makes them suitable for inclusion in concentrated
detergents, maintaining their viability and capacity to germinate when diluted and applied to surfaces.
In vitro studies have demonstrated that PCHS-Bacillus can nearly completely inhibit the growth of
Gram-positive and Gram-negative bacteria, as well as of fungi (Caselli et al., 2019). This inhibition
is primarily due to competitive antagonism (Gause’s law) and further to the production of
antibacterial compounds known as bacteriocins (Caselli et al., 2019). In addition, PCHS-Bacillus
were shown to produce various enzymes that can degrade and remove proteins, lipids, and organic
material in general (D’Accolti et al., 2021). These features allow a gradual reduction of undesirable
microorganisms on PCHS-treated surfaces, with a simultaneous increase in bacteria of the Bacillus
genus, which maintain the balance achieved over time, leading to a stable modulation of the
microbiota on treated surfaces. Indeed, several studies in situ have shown that PCHS leads to a stable
remodulation of the hospital microbiome and a significant reduction in AMR within the hospital
environment. These studies, performed in various public and private healthcare settings, compared
the results of PCHS to conventional chlorine-based cleaning methods (Vandini, Temmerman, et al.,
2014) or analyzed outcomes in the same wards before and after the PCHS intervention (Caselli et al.,
2016; Caselli et al., 2018). PCHS was observed to reduce pathogen contamination by up to 90% more
effectively than chemical disinfectants, without promoting the selection of antimicrobial-resistant
pathogens, evaluated using Real-Time quantitative PCR microarray (qPCR microarray) targeting 84
resistance genes (Caselli et al., 2016; Vandini et al., 2014; Caselli et al., 2018). The microbiological
surveillance in all treated hospitals ensured both the genetic stability of PCHS-derived Bacillus
species and the absence of pathogenicity in hospitalized patients (Caselli et al., 2016; Caselli et al.,
2018). Moreover, PCHS was demonstrated to inactivate enveloped viruses, including SARS-CoV-2,
Herpesviruses, Influenza viruses, and Vaccina viruses (Caselli, 2017). Since conventional
disinfectants often end up selecting for resistant microbes, the adoption of PCHS may represent a
sustainable and effective alternative in fighting HAIs sustained by MDR microbes in clinical settings
(D’Accolti et al., 2023). Hence, further supporting this aspect, PCHS implementation was shown to
halve (-52%) the number of HAIs in a multicenter study (Caselli et al., 2017).

This benefit extends beyond hospitals, showing similar results in non-sanitary environments, such as
schools and public transport environments. The main features of the PCHS system are reported in

Figure 9.
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Figure 9. Schematic representation of PCHS features, main goals and biological activity.

The usage of PCHS in these settings could lead to lower pathogen transmission rates, enhancing
overall community health and safety (Caselli et al., 2016). The flexibility of PCHS allows them to be
integrated into various environments, promoting hygiene without the collateral damage associated
with broad-spectrum chemical disinfectants (Caselli, 2017; D’Accolti et al., 2021; Caselli et al.,
2016). Furthermore, evidence suggests that the impact of PCHS is not only limited to pathogen
reduction but extends to the broad remodulation of microbial communities, contributing to enhanced
overall sanitation efforts in both clinical and non-clinical settings (Caselli et al., 2018; D’Accolti et
al., 2023). The demonstrated efficacy of probiotic cleaning, coupled with their reduced risk of driving
antimicrobial resistance, positions them as advanced sanitation tools across varied environments.
With ongoing research supporting their applications, the potential for transformative public health
outcomes from widespread adoption remains a compelling proposition (Caselli, 2017; Caselli et al.,
2018; D’Accolti et al., 2021; Caselli et al., 2016). Therefore, as institutions seek to navigate the
challenges posed by microbial contamination, the proactive incorporation of probiotic cleaning

systems could serve as a strategic intervention.

1.10. Safety of Bacillus probiotics

As mentioned, all the Bacillus species, with the exception of two species, are classified as Generally
Regarded As Safe (GRAS) by the Food and Drug Administration (FDA, 1999) and by the European
Food Safety Authority (EFSA) (EFSA, 2019), and their safety is extensively reported in the literature
(Hong et al., 2008). B. subtilis, for example, is considered a Class 1 agent (no risk) in the National
Institute of Health (NIH-US) Guidelines for Research Involving Recombinant DNA Molecules

(DHHS, 1986) and, additionally, it is not toxigenic (no toxins production), indeed it has been granted
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“Qualified Presumption of Safety” status by the European Food Safety Authority (Collins et al.,
2011). According to the recent EFSA document, the requirements to be included in the QPS group
include lack of pathogenicity and absence of acquired resistance gene (EFSA, 2005). All the species
included in the B. subtilis group, as well as Bacillus velezensis and other Bacillus species, are
considered to belong to the group that agreed with QPS (EFSA, 2022), being further considered safe
as they have never been linked to human infections or diseases. Non-pathogenic bacteria of the
Bacillus genus have a well-established history of safe use across various fields, including
biotechnology, medicine, and agriculture. Bacillus species play a key role in the industrial production
of bio-products such as proteins (Zweers et al., 2008), enzymes (Contesini et al., 2018), and
biopolymers (Jin et al., 2016). Among these, Bacillus subtilis stands out as a prolific “cell factory”
for producing industrial enzymes and biopharmaceutical proteins (Westers et al., 2004), thanks to its
excellent fermentation capabilities and its status as one of the most extensively studied Gram-positive
bacteria. These microorganisms have been used in food preparation, particularly for Asian foods,
such as a particular strain of B. subtilis (Bacillus subtilis var. Natto), which is used in the production
of Natto, a traditional Japanese food made by fermenting soybeans. In agriculture, Bacillus subtilis
QST 713 is commonly used as a bio-fungicide (e.g., Serenade by Bayer) (Leyva Salas et al., 2017),
and can be applied to soil in horticulture and agricultural fields (Trabelsi & Mhamdi, 2013). Similarly,
Bacillus pumilus spores exhibit fungicidal properties after germination, with B. pumilus GB34 being
used to prevent infections caused by Rhizoctonia and Fusarium in soybeans (EPA, 1991). Similarly,
Bacillus megaterium is used for enzyme production (Vary et al., 2007). In the medical field, Bacillus-
based spore products have been widely used as immunostimulatory agents to treat diseases,
particularly in the gastrointestinal and urinary tracts (Ciprandi et al., 1986) (Mazza, 1994). For
instance, Enterogermina® (Italy), containing Bacillus clausii spores, and Biosporin® (Ukraine), a
mix of B. subtilis 2335 and B. licheniformis 2336, are used to treat and prevent intestinal disorders
often resulting from prolonged antibiotic use (Mazza, 1994). Bacillus species have also been
suggested as potential food additives for poultry. Multiple studies have shown that supplementing
poultry diets with Bacillus subtilis PB6 enhances animal health, boosts body weight and egg
production, and significantly reduces the presence of the pathogen Clostridium perfringens in the
intestinal microbiota (Teo & Tan, 2006; Jayaraman et al., 2013). Additionally, Bacillus subtilis
species are also used in aquaculture, where they have been found to inhibit the growth of pathogenic
Vibrio species in marine crustaceans and parrot fish (Liu et al., 2018; Vaseeharan & Ramasamy,

2003). The main uses are summarized in Figure 10.
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Figure 10. Main uses of Bacillus spores.

All these assumptions form the basis of the rationale for using Bacillus probiotics as sanitizing agents
in the PCHS system. Indeed, PCHS-Bacillus have been used safely for decades in many applications
aimed to preserve human, animal, and plant health (Caselli et al., 2019; Caselli, 2017), and were
proven safe also for use as sanitizers in the hospital environment (Caselli et al., 2016).

Nevertheless, being applied in sanitary environments where potentially susceptible and fragile
subjects are hosted, PCHS safety was carefully evaluated. First, a microbiological surveillance was
implemented in each enrolled hospital to detect any infection caused by Bacillus probiotics in
hospitalized patients, or even the presence of Bacillus probiotics in blood or urine samples from
patients with HAIs. The results, including over 20.000 patients, showed the total absence of infectious
or invasive risk in Bacillus probiotics (Caselli et al., 2016). Moreover, being Bacillus probiotics in
continuous contact with surrounding pathogens on treated surfaces, their genetic stability was
evaluated, to assess any genetic change over time. The results, obtained in around 300 samples from
six different hospitals during almost two years, showed the complete absence of genetic alterations
in all the Bacillus isolated from treated surfaces, highlighting their high genetic stability even after
prolonged contact with pathogens (Bini et al., 2025). Moreover, the analysis performed by WGS
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provided the complete genome profile of the species included in PCHS products, showing the absence

of genes coding antibiotic resistance, virulence factors, and gene exchange ability.

1.11. COPMA Scpa and PCHS: a collaborative innovation

Copma S.c.p.a. is a Ferrara-based company, leader in cleaning and sanitizing systems, which patented
and implemented the PCHS system set-up and optimized by our studies. This collaboration, lasting
around 15 years, was based on the strict interaction between our university research group, developing
and optimizing the PCHS system, and the productive company, aimed at exploiting the research
results, applying the system in sifu in sanitary and non-sanitary settings, and spreading its usage in
the community. Specifically, the company is primarily dedicated to the production of the probiotic
detergent, to sign contracts with facilities interested in its sanitization services and to train its own
personnel for PCHS application. In detail, the PCHS system consists of six main components

(ANMDO, 2014):

1. Process governance: The Always Connected Copma (ACC) portal is the interactive tool through
which the entire service delivery process is constantly monitored; planning, management, and
reporting of activities and results that are updated at each stage of the process, consistent with the

principles of transparency.

2. Biocompetition: The cleaning solution based on probiotic bacteria of the Bacillus genus, can
promote the dissolution of biofilm by facilitating its mechanical removal on the one hand and
developing biological competition to reduce the resistance of potentially pathogenic agents on the

other.

3. Materials and equipment: The cleaning equipment and materials are designed to make basic
cleaning easier and more effective; thus, the application of the product is made by using prepreg
cloths and nebulization. Operationally, the probiotic solution is diluted by the cleaning staff before

being applied.

4. Training system: In healthcare, competence, and motivation are necessary, and for every
employee, the first requirement must be the Culture of Hygiene. Awareness of one's responsibilities
and the consequences of a correctly performed cleaning operation is crucial for the company.
Hospitalized patients are the first recipients of hygiene services and require facilities with high levels

of hygiene. For this reason, employees are trained through targeted training courses.
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5. Environmental impact: Environmental policies are a driver for innovation. Environmental
performance is designed and certified in accordance with the Minimum Environmental Criteria and
in line with the Green Economy Act of 28 December 2015. The model developed with the PCHS
system not only reduces the environmental impact with a significant decrease in consumption (-
30/40% Kg of material waste, -4/12% Kg of products/detergents, -40/50% Kg of hazardous chemical
substances, -15/28% of water and energy resources) but also guarantees the adoption of solutions
aimed at zeroing the climate-altering effects (CO, emissions), through compensatory measures
(planting trees, purchasing green energy, international greenhouse gas reduction projects, etc.). All
this is guaranteed by the use of the registered trademark “Copma Zero CO>”, acquired by the PCHS

system, which represents an eco-sustainable methodology.

6. Controls and certifications: As hygiene is the goal of the entire sanitization process and an
integral part of infectious risk reduction strategies, it must be monitored to keep potential pathogens
under control. Therefore, quality control is carried out against the certification systems indicated in
the Operational Protocols. The service is verified at both process and result levels on the basis of self-

control procedures and compliance with the following standards:

« UNI EN ISO 9001, to evaluate the customer satisfaction;

* UNI EN ISO 45001, to assess health and safety at work;

* Social Accountability System SA 8000, for the labor protection for company and

workers;

« UNI EN ISO 1400, to evaluate the environmental management system;

« ANMDO-CERMET Standards, for the evaluation of good cleaning and sanitation procedures in
healthcare facilities;

* PCHS Standard Compliance Indicators, to assess microbiological parameters defined by the
University of Ferrara for the PCHS system (Vandini, Antonioli, et al., 2014);

* Carbon Footprint (CFP) ISO 14037, to quantify CO, emissions;

* UNI EN ISO 16636, for the management and control of pests (pest management) and the skills that
must be possessed by professional service providers in order to protect public health, property, and
the environment;

* EU Ecolabel certificate, for indoor cleaning services.

All the six main features of the PCHS system are summarized in Figure 11.
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Figure 11. PCHS system and its six main components (https://pchs.it).

For Copma S.c.p.a., innovation is essential because it drives the development of safer, more efficient,
and sustainable solutions that respond to evolving problems, such as AMR. In this light, the PCHS
system is accompanied by a constant microbiological monitoring performed by our group, to assure
that the system is applied correctly and that the results are in line with those obtained during the

research and optimization phases.
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2. AIM OF THE RESEARCH

The project of my PhD course was focused on developing and optimizing sustainable interventions
addressed to infection control through a stable remodulation of the BE microbiome.

Conventional chemical disinfectants, used so far to control the BE bioburden, have a high
environmental impact, can allow rapid recontamination of treated environments, and favor the
persistence of resistant pathogens, contributing to AMR spread and increase. To overcome these
limitations, we previously developed a Probiotic Cleaning Hygiene System (PCHS) able to stably
decrease human pathogens in the sanitary environment 80% more than disinfectants, in parallel
reducing existing AMR (up to -99.9%) and HAI incidence (-52%) compared to what observed with
chemical sanitation.

Since PCHS studies performed so far were exclusively conducted in sanitary settings, during my PhD
my research project aimed to assess its applicability and effect in non-sanitary environments, with
the purpose to expand its potential usage particularly in high-traffic BEs. In parallel, other potential
sustainable interventions were analyzed, aimed to improve the indoor microbial and air quality,
namely the introduction of green plants and mechanical air ventilation systems.

To this aim, different studies have been performed during my PhD course in community environments
characterized by high human density:

1) Two studies about PCHS applicability and effect on indoor microbial bioburden in the mass
transportation environment; both studies were performed in collaboration with Azienda
Trasporti Milano (ATM) and included the introduction of PCHS in two subway lines located
in Milan (Italy) in pandemic and non-pandemic periods;

2) One study about the effect of combined sustainable interventions on indoor microbial and
air quality in the school environment; the study was performed in collaboration with the
high school Liceo Classico Ariosto (Ferrara, Italy), and included the introduction of green

plants, ventilation systems, and PCHS.

In both kinds of study, a pre-post and case-control study design was applied, where PCHS and the
other interventions were compared to previous and/or simultaneous controls.

All studies included the analyses of surface and air microbiomes. The samples were analyzed by both
microbiological and molecular methods, in order to profile the composition of the BE microbiome
and its AMR features. Moreover, in the school study, environmental parameters including
temperature, humidity and CO> concentration were included in the analysis.

Overall, the results showed that PCHS can be considered a useful tool to control the BE bioburden

without exacerbating the AMR spread, since it decreased the presence of pathogens 80-99% more
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than chemical disinfectants, and similarly abated their AMR up to 99.9% compared to controls.
Superimposable results were observed in mass transport and school environments.

Furthermore, significant results were also obtained by introducing plants and ventilation systems in
the school environment, supporting the use of combined green interventions to ameliorate the BE

microbiome and provide healthier community environments.
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3. MATERIAL AND METHODS

3.1. Shaping the BE microbiome of on subway trains: first study (pandemic

period)

3.1.1. Study design

The study aimed to compare the effects of PCHS versus chemical sanitation on the subway
microbiome, focusing specifically on human pathogens and related AMR. Conducted in collaboration
with the Azienda Trasporti Milanesi (ATM, Milan, Italy), after approval by the company's technical
scientific committee, it involved two driverless underground trains of the line M5 with similar

characteristics (Figure 12).

Figure 12. Plan, elevations and characteristics of the subway line M5 being tested

Each train had four compartments, 96 seats, 438 standing places, a length of 50.5 m, and a surface
area of 73 m?. At the time of the study, the ATM cleaning protocol, due to current Italian COVID-
19 regulations, consisted in chemical disinfections including ethanol, chlorine, and ammonium salt-

based products. To compare the effectiveness of PCHS with chemical disinfection, one train (n°5508)
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continued to receive the routine chemical disinfection (control), while the other (n°5511) underwent
the PCHS sanitation (Probiotic Cleaning Hygiene System; PCHS, Copma S.c.p.a., Ferrara, Italy).
Due to national guidelines requiring chemical disinfectants, PCHS could not completely replace the
chemical disinfection. Thus, after compatibility in vitro tests, PCHS was used in substitution of
chlorine disinfection, whereas ethanol and ammonium disinfectants remained in use. PCHS was
applied using prepreg cloths and nebulization, following the same schedule as the chemical
disinfectants, and was applied 30 minutes after alcohol/ammonium disinfection, to preserve the
viability of the PCHS probiotics. The study lasted 12 weeks, from September to December 2021.
Throughout the study, data on train bioburden and passenger flows were collected to analyze the

relationships between contamination levels and the type of sanitation used.

3.1.2. Compatibility in vitro tests
Before PCHS implementation on subway trains, the compatibility between PCHS and each of the
used disinfectants was evaluated in vitro. Specifically, we evaluated the viability of PCHS-derived
Bacillus (referred to as PCHS-Bacillus) after exposure to chlorine, ethanol, and ammonium-based
disinfectants on hard, non-porous surfaces under controlled laboratory conditions. Two types of
assays were conducted to assess:

e the viability of PCHS-Bacillus on surfaces subsequently treated with disinfectants

e the viability of PCHS-Bacillus on surfaces that had been previously treated with disinfectants.
The latter assay included tests with both PCHS-Bacillus spores and germinated vegetative forms. In
each assay, sterile water and a sporicidal disinfectant (Viroxid Spray, IDS SpA, Savona, Italy) were
used as negative and positive controls, respectively. In the first assay, the PCHS detergent, which
contained 107 Bacillus spores/mL, was diluted 1:100 in sterile water. Then, 10 pL of this diluted
detergent (equivalent to 10° spores) was applied to a 24 cm? surface and left to dry. Chemical
disinfectants were prepared according to the manufacturer's instructions and were uniformly applied
to the PCHS-treated surfaces using nebulization. The disinfectants were left to act for the durations
specified by the manufacturer: 1 minute for chlorine and ethanol-based products, and 15 minutes for
ammonium-based products. At the end of the exposure period, residual PCHS-Bacillus were collected
on 24 cm? contact plates (55 mm diameter Replicate Organism Detection and Counting, RODAC)
containing tryptic soy agar (TSA, Scharlab, Milan, Italy), a nonselective general medium. The
RODAC plates were incubated for 24 hours at 37 °C, after which the number of Bacillus CFU was
enumerated. In the second assay, disinfectants were uniformly applied to surfaces via nebulization
and allowed to dry. After 0.5, 1, 2, 3, 4, and 24 hours from disinfectant application, 10 pL of diluted

PCHS detergent (containing 10° spores) was spread on a 24 cm? area of the pre-disinfected surface.
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Following a contact time of 1 minute for chlorine and ethanol-based disinfectants or 15 minutes for
ammonium-based disinfectants, the amount of PCHS-Bacillus was assessed using TSA RODAC
sampling, with CFU counted after 24 hours of incubation at 37 °C. This assay was also performed
with germinated spores of PCHS-Bacillus, which were first allowed to grow overnight in tryptic soy
broth (TSB, Biolife, Monza, Italy) at 37 °C. The bacterial suspension was then diluted to a final
concentration of 10° CFU/mL, and 10 pL (equivalent to 10 bacteria) was applied to the pre-
disinfected surfaces. Following 1—15 min of contact time, Bacillus CFU were enumerated after TSA

RODAC collection and 24 h incubation.

3.1.3. Sanitation protocols on subway trains

Both chemical and PCHS sanitation were carried out by the same cleaning company (Fulgens Italia
S.R.L, Italy), leader in environmental sanitation and trained for the use of both disinfectants and
PCHS. The chemical disinfection included:

1. Daily cleaning of seats, handrails, doors, and floors with alcohol-based disinfectant (KEM
Alcohol Duo, 78% ethanol; Kemika SpA, Alessandria, Italy) and chlorine-based disinfectant
(Biospot, 200 ppm active chlorine; Kemika SpA, Alessandria, Italy);

2. Weekly treatment with a quaternary ammonium salt-based product (Hygiene Spray
Professional, containing benzalkonium chloride and Ophenylphenol; GEN-ART srl, Lanuvio,
Rome, Italy) applied via nebulization;

3. Bimonthly comprehensive disinfection using both alcohol- and chlorine-based products.
PCHS sanitation was performed using both prepreg cloths and nebulization, following the
same method as for chemical disinfectants, and adhered to the existing cleaning schedule and
surface types in the two selected trains.

PCHS sanitation replaced chlorine-based disinfection, while ethanol and ammonium disinfectants
continued to be used, based on current national COVID-19 guidelines. According to compatibility
assay results, PCHS was applied 30 minutes after the use of alcohol- or ammonium-based
disinfectants. All sanitation procedures were performed in the absence of people, at the end of the

daily train run.

3.1.4. Monitoring microbial contamination: environmental sampling

Six sampling campaigns were performed on both enrolled trains at the following intervals: TO (before
PCHS implementation) and T1, T2, T3, T4, and T5, which occurred 2, 4, 6, 9, and 12 weeks after
PCHS was introduced on the PCHS-train. Sampling was performed biweekly, except for the final
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timepoint (T5), which was delayed by an additional week due to the unavailability of ATM personnel
to assist sampling technicians during the early December holiday period. Sampling took place late at
night, after the train's last run and before the cleaning protocols were applied. At each time point, 12
points across the train were sampled, covering different areas: floors (3 samples), seats (3 samples),
handrails (2 samples), doors (2 samples), and air filters (2 samples). Air filters were not available for
sampling at T3 and T5. Each point was sampled simultaneously using two different methods
according to subsequent microbiological or molecular analyses. All samples were immediately
refrigerated at 4 °C and transported to the laboratory within 24 h. For microbiological analyses,
samples were taken in duplicate using RODAC (Replicate Organism Detection and Counting) plates
(Figure 13). The media used included:
e Tryptic Soy agar, for CFU count of total microorganisms including Bacillus spp. (Scharlab,
Milan, Italy);
e Baird Parker agar, for CFU count of Staphylococcus spp. (Scharlab, Milan, Italy).
e Cetrimide agar, for CFU count of Pseudomonas spp. (Scharlab, Milan, Italy).
e MacConkey agar, for CFU count of Enterobacteriaceae (Scharlab, Milan, Italy).
o Clostridium difficile selective agar, for CFU count of Clostridium difficile (Lickson, Palermo,
Italy).
e Sabouraud dextrose agar, for CFU count of fungi (Liofilchem, Millipore, Milan, Italy).

For molecular analyses, the same 12 points were sampled in duplicate using sterile rayon swabs
rubbed over a 100 cm? surface (Figure 14). The swabs were then placed in either 5 mL of TSB broth
(Biolife, Monza, Italy) or 0.4 mL of sterile PBS depending on the type of analysis to be performed.
All samples were immediately refrigerated and transported to the laboratory for processing within 12

hours.
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Figure 13. RODAC contact plate procedure.
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Figure 14. Sampling method by rubbing sterile swab on surfaces.

3.1.5. Microbiological analyses

The RODAC plates obtained from sampling train surfaces and air filters were incubated under
specific time and temperature conditions depending on the microorganism type. Briefly, TSA plates
were incubated at 37°C for 24 hours, selective bacteria media were incubated at 37°C for 48 hours,
and fungal After incubation, CFU grown on the plates were counted. At each time point, a total of
240 samples from surfaces and 48 samples from air filters were collected from both trains, except at
T3 and T35, when air filters were unavailable, resulting in 240 samples collected. Overall, 1,632

samples were collected and analyzed throughout the study.

3.1.6. Molecular analyses

Overall, 136 TSB swabs and 136 PBS swabs were collected from each train (120 from surfaces and
16 from air filters), for a total of 272 samples collected and analyzed.

The swab samples collected in TSB broth were incubated at 37 °C for 24 h to obtain a controlled
microbial amplification. The microbial suspension was then collected by centrifugation (12,000 xg
for 5 minutes), and microbial DNA was extracted from the resulting pellet using the commercial kit
(Exgene Cell SV mini kit, GeneAll, Seoul, South Korea). Extracted DNA was kept at -20°C until use.
An amount of 1 pg of DNA was analyzed by real-time quantitative PCR (qQPCR) microarray, using
the Microbial DNA qPCR Array for Antibiotic Resistance Genes (Qiagen, Germany). Prior to qPCR
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array analysis, the amplifiability of the extracted bacterial DNA was verified by using a universal
PanB PCR. In fact, since the PanB PCR is designed in a conserved region present in all bacterial
species, it allows the detection and confirmation of the presence of all bacteria. The qPCR microarray
allows for the simultaneous detection and quantification of 84 antibiotic resistance genes belonging
to the aminoglycoside, B-lactam, macrolide, fluoroquinolone, tetracycline, vancomycin, and other
multiple resistance mechanisms classes. The plate for this type of analysis consists of 96 wells, each
containing primers and TagMan probes specific for each detected gene and for reaction controls.
Specifically, this technique permitted the detection of:

e 84 AMR genes (A01-G11, HO1);

e S. aureus identification (G12);

e S. aureus leucocidin (H02);

¢ IgG binding protein A of S. aureus (HO3);

e Controls for the presence of bacterial DNA (Pan B-1, Pan B-3) (H04-H09).
The swabs samples collected in PBS were instead frozen at —80 °C until use. At the moment of
analysis, the total nucleic acids (TNA9 were extracted by samples using a 52 Maxwell CSC platform
equipped with the HT Viral TNA Kit (Promega, Milan, Italy). The manufacturer's TNA extraction
protocol was adjusted to enhance the lysis of Gram-positive bacteria by adding an enzymatic lysis
step involving lysozyme digestion. An amount of 100 ng of TNA was used to evidence and quantify
the SARS-CoV-2 RNA genome by qPCR after retrotranscription. The presence of the SARS-CoV-2
RNA genome in both enrolled trains was assessed by using the SARS-CoV-2 ddPCR Kit (Bio-Rad
Laboratories, Milan, Italy) (Soffritti et al., 2021). The test includes three sets of primers/probes into
a single assay multiplex, enabling the simultaneous detection of viral targets, regions of SARS-CoV-
2 nucleocapsid genes (N1 and N2), and Human RNase P, used as control to normalize the virus
counts. A total amount of 100 ng of extracted TNA per sample were analyzed, following the
manufacturer’s instructions.
In parallel, an amount of 1 ug of TNA was analyzed by 16S rRNA NGS, in collaboration with the
University of Trieste. Briefly, a qPCR with EvaGreen dye (Fisher Molecular Biology, Waltham,
MA, USA) was performed to amplify bacterial species, using U534R primer and the degenerated
primer 27FYM, targeting the V1-V3 region. Then a Nested PCR was carried out, using the primers
53 B338F Pl-adaptor and U534R_A barcode, targeting the V3 region of the 16S rRNA gene, with
a different barcode for each sample linked to the reverse primer. Negative control, including no DNA
template, was also included in the samples analysis. PCR reactions were performed using Kapa HiFi
Hotstart ready mix 2X (Kapa Biosystems, Massachusetts, MA, USA) and BSA 400 ng/uL. PCR
amplification products from each sample (100 ng) were combined to create a pooled library with a
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final concentration of 100 pM, following the manufacturer’s instructions. Template preparation was
carried out using the Ion OneTouch™ 2 System and the lon PGM Hi-Q View OT2 200 kit (Life
Technologies, Grand Island, New York, NY, USA). Sequencing was conducted using the [on PGM™
System and the Ion PGM Hi-Q View sequencing kit (Life Technologies, New York, NY, USA).
Sequence data were processed with the Quantitative Insights Into Microbial Ecology (QIIME 2
2020.2) software, which 54 facilitates the analysis of high-throughput community sequencing data
(Bolyen et al., 2019). High-quality sequences (Q > 25) were demultiplexed and filtered using default
parameters, with the exception of sequence length (150 bp). Sequences containing ambiguous bases
or with homopolymer lengths greater than 8§ were excluded. Operational Taxonomic Units (OTUs)
were clustered, and taxonomy assignment at the genus level was performed using the SILVA V.132

reference database (Quast et al., 2012), with a 97% similarity threshold.

3.2. Shaping the BE microbiome of on subway trains: second study (non-

pandemic period)

3.2.1. Study design

The second subway study was also conducted in collaboration with ATM and involved two
underground trains belonging to the new M4 metro line, identified by the serial numbers 4404 and
4435. Both trains had similar characteristics: each had four compartments, offering a total of 96 seats
and 438 standing places. Each train was 50.5 m long, with a total floor area of 73 m?.
In this study, PCHS totally replaced chemical sanitation, as it was not anymore mandatory the use of
disinfection for mas transports, after the end of the pandemic COVID-19 regulations. The study was
approved by the Company's Technical Scientific Committee. The experimental protocol, as already
employed on the two train of the line M5 (as described in the paragraph 3.1.5. Microbiological
analyses) was structured according to a pre-post model and divided into two main phases:
e Pre-PCHS phase (TO0): sanitation carried out with chemical products such as alcohol, quaternary
ammonium salts and conventional chlorine-based disinfectants, following the procedures

established by ATM.

o PCHS phase (T1-T3): sanitation carried out using PCHS, applied using pre-soaked cloths for
daily cleaning of surfaces and weekly manual misting using sprayers on air vents, ceilings, seats

and less accessible areas
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To evaluate the effectiveness of the two sanitization methods, four sampling campaigns were
conducted for each of the trains, before (TO) and after the introduction of the PCHS system

respectively: 2 weeks (T1), 7 weeks (T2) and 4 months (T3) from the beginning of the treatment, as

illustrated in Figure 15.

TQ T1 T T3
04/1 2124 171224 23/01/25 02/04/25
Chemical PCHS PCHS PCHS
Week 0 Week 2 Vieek 3 Vieek 4

Figure 15. Timeline of sampling campaigns and type of sanitization used.

3.2.2. Monitoring microbial contamination: environmental sampling

Samplings was carried out on both trains at four time points: TO, before the implementation of the
PCHS system, and T1, T2, and T3, respectively, 2 weeks, 7 weeks, and 4 months after the introduction
of the PCHS. The sampling had been conducted between 11:00 a.m. and 2:00 p.m. at the end of the
train’s services and before the scheduled train sanitation procedures began. Consistent with previous
studies, samples were taken from floors, seats and air filters.

It must be remarked that the air filters were not available at T1. Adopting the same way of sampling
employed on the M5 subway line, both molecular and microbiological, each point was sampled
simultaneously using two methods: swabs for molecular analyses and RODAC plates for the detection

and quantification of bacterial and fungal CFU.

3.2.3. Microbiological analyses
The microbiological analysis has been conducted as already described. Briefly, the RODAC plates
contained the following five specific culture media:
e Trypton Soy Agar (TSA) medium (Scharlab, Milan, Italy), a general non-selective medium
intended for the growth of total microorganisms present on the sampled surfaces.
e Baird Parker agar (BPA) medium (Scharlab, Milan, Italy), specific for the growth of bacteria
of the Staphylococcus spp. and Bacillus spp..
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e MacConkey agar (MCA) medium (Scharlab, Milan, Italy), specific for the growth of
Enterobacteriaceae spp..
e Cetrimide agar (CA) (Scharlab, Milan, Italy), specific for the growth of Pseudomonas spp.;
e Sabouraud dextrose agar (SDA) medium (Liofilchem, Millipore, Milan, Italy), specific for the
growth of fungi, including Candida spp and Aspergillus spp..
A total of 440 samples were collected from the sampled surfaces.
Following sampling, the plates were placed in a refrigerated container (2-10°C) and transported to
the Microbiology laboratory within 8 hours for further analysis. The plates were then placed in an
incubator with variable thermal parameters depending on the type of microorganism, as follows:
e TSA RODAC plates: 24 h at 37 °C
e RODAC plates with selective media (BPA, MCA, CA): 48 h at 37 °C
e SDA RODAC plates: 72 h at 25°C

At the end of the incubation times, microbial growth was analyzed by CFU counting.

3.2.4. Molecular analyses

For molecular analyses, the same points were sampled in duplicate using sterile rayon swabs, rubbed
on a 100 cm? surface delimited by a special sterile plastic mask, as illustrated in paragraph 3.1.6. The
swabs were then put in 5 mL of TSB, immediately refrigerated and transported to the Microbiology
Section within a maximum of 8 hours. Collected samples were incubated for 24 hours at 37°C with
shaking, to promote controlled growth of the microbial population collected during sampling. At the
end of the incubation, the bacterial cells were collected by centrifugation at 12,000xg for 5 minutes
at 4°C and subsequently stored at -20°C until DNA extraction and analysis by the same qPCR

microarray (Qiagen, Antibiotic Resistance Genes) previously described.

3.3. Shaping the BE microbiome in the school environment: a combined

sustainable intervention including PCHS

3.3.1. Study design

A pre—post case—control study was conducted at the High School “Liceo Ludovico Ariosto” in
Ferrara, from July 2023 to May 2024. The investigation represented a part of a Path for Transversal
Skills and Orientation (PTSO) project, approved by the school Principal. Two classrooms, each with
a floor area of 48.7 m? and comparable physical characteristics, were enrolled. One classroom was
allocated to an experimental condition (test room, TR) in which specific interventions were
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implemented, while the other classroom functioned as a control (control room, CR) and did not
receive any intervention. The principal features of the classrooms are summarized in Table 1. Both
rooms featured large outward-facing windows to provide natural light and ventilation. Additional
ceiling windows located at a height of 5.15 m and windows facing the main corridor were arranged
opposite the outward-facing windows to promote horizontal airflow within the rooms. Every

classroom had a total of 17 student desks and one teacher desk.

Features Measures

Length 847 m
Width 575m
Ceiling height 3.23m
Maximum height 515m
Floor area 487 m?

Volume 170 m?

Table 1. Main features of the enrolled classrooms.

3.3.2. Interventions applied in the enrolled classroom
Three successive interventions were carried out in the test room (TR) to enhance indoor
environmental quality:

e Introduction of 140 live green plants (T1).

e Installation of a mechanical ventilation system (T2).

e Substitution of the conventional chemical-based sanitation with PCHS (T3).
The plant species selected for T1 were Epipremnum aureum and Tillandsia kammii Rauh, chosen for
their robustness, suitability for greening walls, and ease of handling. Students were engaged in plant
care and potential propagation as part of the Path for Transversal Skills and Orientation (PTSO)
project. All plant material introduced in the TR was supplied by the Botanical Garden of the
University of Ferrara and remained in place throughout the study.
The ventilation upgrade in T2 employed the vertically oriented VEX 380S unit (Aldes, Modena,
Italy), delivering a maximum airflow of 1000 m*/h and incorporating a fan coil unit for heating. The
probiotic-based sanitation approach implemented in T3 replaced the prior chemical-based protocol
with beneficial microbial formulations designed to mitigate conventional sanitation-related concerns.
As in the studies carried out in the subway environment, PCHS was implemented in the TR during
the T3 period, and replaced the daily sanitation performed by alcohol-based products. Both

conventional and PCHS sanitations were carried out daily at the end of morning lessons by adequately
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trained school operators, according to standard procedures. The study design and timing are

schematically summarized in Figure 16.

Conventional sanitation

Conventional sanitation + Plants

Conventional sanitation + Plants

+ Mechanical ventilation system Ventilation
PCHS + Plants Plants _ system ~ PCHS
i + Mechanical ventilation system placement installation introduction
1-2 3-4 58 7-8 910 1112 1314 15-16 17-18 18-20 21-22
TO T1 T2 T3
{5 months) (1 month) (1 month) (4 months)

Figure 16. Timeline of sampling campaigns, plants placement, and type of sanitization used.

3.3.3. Environmental monitoring

The TR environment was monitored in continuum over the entire study period. Environmental
parameters assessed included temperature (°C), relative humidity (RH), and carbon dioxide (CO3)
concentrations. Measurements were obtained with Testo 160 [AQ Wi-Fi Data Loggers (Testo S.p.A.,
Milan, Italy), which provided continuous readings via two sensors deployed in the enrolled
classroom.

Microbial monitoring occurred bimonthly across all study phases, yielding a total of 22 sampling
campaigns. Of these, 10 occurred during phase TO, 2 during T1, 2 during T2, and 8 during T3. At
each sampling event, both surface and air samples were collected before and after students’ lessons
to assess the influence of student presence on microbial contamination. Surface sampling targeted the
floor, the teacher’s desk, and two student tables (Figure 17). All sampling points were conducted
using two complementary methods, corresponding to the planned analytical workflows described

subsequently.
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Figure 17. Floor plan of the enrolled classrooms, including sampling point locations.

3.3.4. Microbiological analyses
For microbiological analyses, samples were collected in duplicate by using RODAC contact plates
55 mm diameter (corresponding to a 24 cm? surface) containing the following general and specific
culture media:

e Plate Count agar (PCA, Biolife, Monza, Italy) for the total bacterial count.

e Baird Parker Agar (BP, Sharlab, Milan, Italy) for Staphylococcus and Bacillus spp..

e Mac Conkey Agar (MCA, Sharlab, Milan, Italy) for Enterobacteriaceae.

e Cetrimide agar (CA, Sharlab, Milan, Italy) for Pseudomonas spp..

e Dichloran Glycerol Agar (DG18, Sharlab, Milan, Italy) for the total fungi, including Candida

and Aspergillus spp..

Air sampling was performed at the center of the classrooms via the Surface Air System (SAS)
instrument (VWR International, Milan, Italy), collecting 1 m? of air on the same media used for

surface sampling (Figure 18).
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Figure 18. insertion of a RODAC plate on a SAS air sampler

Microbiological analyses were carried out on the collected RODAC plates by appropriate incubation
and CFU count. Briefly, bacteria were incubated at 37 °C for 24 h or 48 h on general or selective
media, respectively. Fungi were incubated at 25 °C for 72 h. At the end of incubation, microbial
growth was determined by CFU enumeration. Overall, a total of 2688 microbiological samples were
collected from surfaces and the air, including 1280 samples collected during T0O, 256 during both T1
and T2, and 896 during T3.

3.3.5. Molecular analyses

For molecular analyses, duplicate samples were collected from the same surface points by sterile
rayon swabs rubbed on a 100 cm? area and then placed in 5 mL of sterile TSB (Biolife, Monza, Italy).
All collected samples were immediately refrigerated at 2-10 °C and transported to the laboratory
within 12 hours. Molecular analyses were performed on the swabs collected in TSB broth. Samples
were incubated at 37°C for 24 h, and microbes were collected by centrifugation (12,000% g for 5 min
at 4 °C). Total DNA was extracted from the pelletized microbes by a commercial kit (Exgene Cell
SV mini kit, Gene All, Seoul, South Korea), following the manufacturer’s instructions. Extracted
DNA was quantified by spectrophotometric reading using a nanodrop at 260/280 nm wavelength, and
DNA amplifiability was checked by qualitative PCR amplifying a conserved region in the bacteria
(panB) (Caselli et al., 2018, Caselli et al. 2016). One ug of extracted DNA was then analyzed using
the Microbial DNA qPCR Array for Antibiotic Resistance Genes (Qiagen, Hilden, Germany), as

previously described.
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3.3.6. Assessment of indoor air quality

The main purpose of this phase was to evaluate the indoor air quality (IAQ) and CO: concentration
in the enrolled classroom (Figure 19 a,b), during natural ventilation (first phase) and mechanical
ventilation (second phase), by using a dual-flow heat recovery unit with post-heating support
(MVHR, mechanical ventilation with heat recovery). Data were recorded over an entire school year
period, specifically focusing on temperature, humidity, and CO; concentration levels within the
classroom, as well as in the adjacent corridor and outdoors. Measurements were collected over nine
months during the season from March 2023 to June 2024. The first period, from March to June 2023,
was utilized to check the sensors installed in the classroom and external environment, as well as to
verify the data collection system. The two months of data—from October to December 2023—
correspond to conditions without mechanical ventilation, while the remaining months correspond to
periods with active mechanical ventilation (from January 2024 to June 2024). During the latter phase,
the power consumption of the installed ventilation system was recorded using an accessible power
meter, including the electric power required by the post-heating battery. After the installation of the
mechanical ventilation system, additional sensors were installed near the air return inlet to monitor
air quality in terms of CO», temperature, and humidity levels at the ventilation unit. These parameters
were tracked between February 2024 and November 2024. The comprehensive dataset on
environmental conditions and IAQ thus provides a thorough overview of indoor air quality within the
public building, both before and after MVHR installation. For the first dataset (October 2023—June
2024), the sensors used were two factory-calibrated Testo 160 IAQ CO2 meters, one installed in the
classroom and another placed outside, with their main features listed in Table 2. The characteristics
of the power meter used are specified in its datasheet, indicating a measurement uncertainty of + 5%
of the recorded value. Table 2 also includes the accuracy and the resolution of the various measured

quantities and the measurement ranges.

Variable Range Accuracy Resolution
Temperature 0-50 °C +0.1K 01K
Humidity 0-100% £2% (range 20-80% at 25 °C) 0.1%
CO, 0-5000 ppm(v) +(50 ppm(v) + 3% m.v.) 1 ppm(v)

Table 2. Measurements range, accuracy, and resolution for Testo 160 IAQ sensor. “m.v.” refers to the measured value.

The Testo sensors used were placed in the classroom and outdoors/in the adjoining corridor at a height

of 1.70 m (Sensor 1, Figure 1b). In addition to measuring CO> concentration in ppm(v) (parts per
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million by volume), they also allow for the monitoring of temperature and humidity in the

surrounding environment, as shown in Table 3.

Variable Range Accuracy
Temperature 440 °C 05K

Humidity Up to 85% 3%

Pressure 0.6 hPa
Radon 0-20,000 Bq/ m” +10% m.v.

Particulate (PM; ) 0-500 pg;’mj‘ +5 {ug;‘m‘} +15% m.v.), range 0-150 pg,-"m.:t
VOCs (-10,000 ppb =
CO, 400-5000 ppm £(50 ppm(v) + 5% m.v.)

Table 3. Measurements ranges and accuracy for AIRTHINGS sensor.
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Figure 19. Layout and section of analyzed classroom (a); detail of MVHR and sensor position (b)
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The additional data on CO,, temperature, humidity, and the general IAQ at the entrance of the heat
recovery unit were recorded (Sensor 2, Figure 19b). These measurements were collected starting from
February 2024 utilizing a View Plus AIRTHINGS sensor; the measurement ranges and uncertainties
are reported in Table 2 for each variable. For these collected data, there are different time

granularities, and the time between a record and another is in the range of 2-6 minutes.

3.4. Statistical analysis

Statistical analyses for all the studies reported (subway line trains and classrooms) were performed
using the GraphPad Prism 5.03 software (Graph-Pad Software, San Diego, CA, USA). The parametric
Student’s t-test was used assuming as statistically significant a p-value of at least <0.05. To analyze
the resistome data, the Bonferroni correction for multiple comparisons was applied to the value

detected in the Student’s t-test, assuming a corrected pc value of 0.05 as statistically significant.
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4.RESULTS

4.1. Shaping the indoor microbiome of the high-traffic subway BE: a case-control

study during the pandemic period

4.1.1. Study design and preliminary assays

The study aimed to compare the effects of PCHS sanitation to those obtained by conventional
chemical sanitation on the subway microbiome.

To achieve this, two driverless trains of the line M5 operated by the Milan Transport Company
(Azienda Trasporti Milanesi, ATM; Milan, Italy), with nearly identical characteristics, were selected
for a 12-week study conducted during the COVID-19 pandemic (September—December 2021).

Due to anti-COVID-19 regulations for public transport sanitation, which mandated the use of
chemical disinfectants, a full replacement of chemical disinfectants with PCHS was not feasible at
the time of the study. The mandatory use of chemical disinfectants was outlined in the “Technical
Specifications and Extraordinary Hygiene Measures for the COVID-19 Pandemic,” established by
ATM in accordance with the Italian Ministry of Health guidelines (ISS, 2020). As part of this
protocol, ATM sanitation measures for trains involved daily applications of alcohol and chlorine, as
well as a weekly treatment with ammonium-based products.

Since the PCHS sanitation relies on competitive exclusion by the live probiotics in the cleanser,
preliminary compatibility tests were conducted to evaluate the viability of PCHS-Bacillus when
exposed to the chemical disinfectants required by the ATM protocol. Two types of assays were
performed to independently evaluate the viability of PCHS-Bacillus on surfaces treated either before
or after the application of each disinfectant. The results showed, as expected, that the chlorine-based
product was effective in inactivating > 90% of Bacillus spores on surfaces, whereas no significant
spore reduction (< 10%) was observed when alcohol- or ammonium-based products were applied
after PCHS use (Figure 20a). Likewise, no significant reduction in Bacillus spores (< 10%) was
observed when PCHS was applied 1 h after previous disinfection with chlorine-, ethanol-, or
ammonium-based products (Figure 20b), whereas a significant reduction (> 90%) was observed
when Bacillus vegetative forms, instead of spores, were spread on surfaces within 1 h from
disinfectant application (Figure 20c¢). At 30 min after application, disinfectants were inactive on
spores except for chlorine (causing a 25% reduction of spore titer), whereas all disinfectants were still

active against the vegetative form of PCHS-Bacillus (Figures 20b, c).
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(C) Bacillus vegetative forms
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Figure 20. Compatibility tests between PCHS-Bacillus and disinfectants. PCHS-Bacillus viability in the presence of the
indicated disinfectants was assessed in vitro on hard nonporous surfaces. (a) PCHS-Bacillus spores spread on surfaces
and subsequently treated with the indicated disinfectants. (b) PCHS-Bacillus spores spread on surfaces previously
treated with the indicated disinfectants. (¢) PCHS-Bacillus growing bacteria seeded on surfaces previously treated with
the indicated disinfectants. All results are expressed as mean CFU + S.D. of duplicate samples in two independent

experiments, measured after 24h of incubation on TSA plates.

Thus, based on the results of the compatibility assays and in consideration of the PCHS-Bacillus
germination time, the experimental sanitation protocol applied included the use of PCHS as a
substitute for chlorine-based disinfection, and it was applied 30 min after disinfection with the
alcohol- or ammonium-based disinfectants (D’Accolti et al., 2023).

Consistent with this protocol, the control train (n°5508) continued to undergo routine chemical
disinfection (chlorine, ethanol, and ammonium) throughout the study, whereas in the PCHS-treated
train (n°5511), PCHS sanitation replaced chlorine disinfection, maintaining ethanol and ammonium-
based disinfection, as detailed in Figure 21. In detail, the control train underwent daily disinfection
with ethanol and chlorine, along with weekly ammonium nebulization, while the PCHS-treated train
received daily sanitation with ethanol and PCHS, and weekly ammonium/PCHS nebulization. PCHS
was applied 30 minutes after ethanol or ammonium disinfectants.

All sanitation procedures were carried out simultaneously on both trains in the absence of passengers.
Six sampling campaigns were conducted to assess microbial contamination on surfaces and in the air

filters of both trains, starting before PCHS implementation (T0), and then at 2 (T1), 4 (T2), 6 (T3), 9
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(T4), and 12 (TS) weeks, as shown in Figure 21. At each time point, 12 points were sampled in
duplicate from surfaces (floors, seats, handrails, and doors) and air filters (though air filters were not
sampled at T3 and T5). Samples were collected using both RODAC contact plates and sterile swabs
for microbiological and molecular analysis, as described in Materials and methods.

Passenger flow data were also monitored throughout the study, revealing no significant differences
between the control and PCHS-treated trains (Table 4), although slightly higher passenger flows were
recorded in the PCHS train during all monitored periods (D’Accolti et al., 2023).

PCHS
o z 4 6 9 12
CTR DAILY Ethanol + Chlorine Ethanol + Chlarine Ethanol + Chiorine Ethanol + Chiorine Ethariol + Chiorine Ethanal + Chiorine:
(1 time/day) (4 times/day) (1 time/day) (1 time/day) (1 time/day) (1 time/day)
S WEEKLY Ammonium salt Ammanium salt Ammonium salt Ammanium salt Ammonium salt Ammanium salt
(1 time/week) (1 time/week) (1 time,/'week) (1 time/week) (1 time/week) (1 time/week)
PCHS DAILY Ethanol + Chlorine ol + PCHS hanol+ PCHS anol + PCHS hanol + PCHS \anol + PCHS
{1 time/day) |_-1 time/day) [1 time/day) _-'l time,/day) {1 time/day) gliimgfnaﬂ
S WEEKLY Ammonium salt Ammonium salt + PCHS | Ammonium salt + PCHS | Ammonium salt + PCHS | Ammonium salt + PCHS | Ammonium salt + PCHS
(1 timeweek) [1 time/week) y {1 time /week) (1 time/week) {1 time/week) {1 time/wesk)
T0 Tl T2 T3 T4 T5
|
} Sampling campaigns |

Figure 21. Schematic overview of the study design. Two trains were enrolled: the control train (CTR), which continued
to receive chemical disinfection throughout the 12-week study, and the PCHS-treated train, where chlorine-based
disinfection was replaced by PCHS sanitation. Daily and weekly sanitation protocols are represented by different

colors: light blue for daily ethanol/chlorine disinfection, dark blue for ethanol/chlorine disinfection performed four
times per day, yellow for weekly ammonium-based disinfection, and green for the introduction of PCHS (ethanol/PCHS

daily and PCHS weekly). Sampling campaigns at time points TO—T5 are indicated by red arrows.

Time periods

T0-T1 T1-T2 T2-T3 T3-T4 T4-T5

77.631 72,799 80.070 120,743 117,277

78,074 84.644 83.132 126,333 126.284
(+0.57%) (+1627%) (+3.82%)  (+4.63%)  (+7.68%)

Table 4. Passengers flow data for control and PCHS trains. Data are reported as total number of passengers in the

indicated time-period. The percentage difference in PCHS-train vs. control train are also reported in parentheses.

52



4.1.2. Characterization of basal contamination

Based on the contamination levels in collected samples, microbiome characterization of surfaces and
air was carried out using floor and air filter samples. Taxonomic and community composition analysis
at TO, determined by 16S rRNA NGS performed as described in Methods, revealed that the
Proteobacteria and Actinobacteria phyla were dominant in both trains, with relative abundances of
42% and 25% on surfaces, and 80% and 11% in the air, respectively. The same five most abundant
phyla were found in both surface and air samples, with similar order of abundances: Firmicutes,
Bacteroidota, and Cyanobacteria representing respectively 10%, 7%, and 5% in surface samples, and
3%, 3%, and 1% in air samples.

However, surface samples exhibited greater diversity and higher representation of less abundant phyla
compared to air samples. Additional phyla detected in surface samples included Deinococcota,
Acidobacteria, Fusobacteria, Chloroflexi, Myxococcota, and Patescibacteria, while Proteobacteria
and Actinobacteria together represented 91% of the total microbiome in air filters. At the genus level,
Burkholderia—Caballeronia—Parabulkolderia spp. were the most prevalent on surfaces (11%),
followed by Massilia (4.6%), Deinococcus (4.4%), Chloroplast (2.3%), Sphingomonas (2.3%),
Staphylococcus (2.2%), Friedmanniella (2.1%), and Paracoccus (2%), collectively accounting for
31% of the total taxa identified. Additionally, human-associated genera such as Cutibacterium
(1.7%), Corynebacterium (1.1%), and Streptococcus (0.8%) were present. Potential human pathogens
were also detected in low abundance, including Escherichia— Shigella (up to 1.5%), Acinetobacter
(1.1%), Pseudomonas (0.9%), and Enterococcus (0.7%). In air filters, similarly to the surface
microbiome, Burkholderia—Caballeronia—Parabulkolderia spp. were the most abundant (47%),
followed by Methylobacterium (12.1%), Novosphingobium (4.4%), Massilia (3.2%), Rhodanobacter
(2.8%), and Nesterenkonia (2.4%), collectively making up 72% of the identified taxa. Other notable
genera included Paracoccus (1.5%), Spirosoma (1.5%), Cutibacterium (1.4%), and Sphingomonas
(1.4%), while Micrococcus (0.7%) and Staphylococcus (0.6%) were less abundant compared to
surfaces.

The results from surface and air samples collected at T1-T5, following PCHS implementation
showed considerable variability in the microbial community composition for both the control and
PCHS trains. Despite this variability, the dominance of the Proteobacteria and Actinobacteria phyla
remained consistent throughout the study. However, the differences observed between different
sampling times within the same train, as well as between the control and PCHS trains at specific
timepoints, were not statistically significant. To assess similarities between the collected samples,
NGS data were analyzed using the PERMANOVA assay, which considers both microbial

composition and relative abundance. The results (Figure 22) revealed distinct clustering of surface
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(floor) and air samples, with no significant differences observed between the control and PCHS trains
at TO. At timepoints T1-T5, air filter samples continued to cluster closely in both the control and
PCHS trains, with no significant differences detected. For surface (floor) samples, no significant
variations in microbial composition were found between the trains at T1, T2, and T3.

However, at T4 and T5, while control train samples continued to cluster with earlier timepoints,
samples from the PCHS train formed a separate group, though the differences in diversity were not

statistically significant (D’ Accolti et al., 2023).
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Figure 22. PERMANOVA analysis of collected samples showing differences in clustering of surface (floor) and air
samples. CTR, control train; PCHS, PCHS-treated train (D’ Accolti et al., 2023).

Overall, the NGS results did not reveal significant changes in the microbiome composition of the
PCHS train compared to the control, indicating that PCHS implementation did not cause major shifts
in the overall microbiome. Instead, it primarily affected potential human pathogens, which were
relatively less abundant in the train’s microbiome compared to the most prevalent environmental
bacteria. Therefore, these pathogens were more effectively detected through direct CFU counts rather
than NGS analysis. In the case of the Bacillus group, NGS showed a low abundance of Bacillus
species, with relative abundance values below 1%. However, after PCHS implementation, a notable
increase in Bacillus abundance was observed in the PCHS train compared to the control one (p <
0.05) supporting the results obtained from direct CFU counts and culture-based detection methods.

For those reasons, conventional microbial monitoring of train surfaces and air filters aimed to the
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detection of six groups of potential human pathogens, including bacterial (Staphylococcus spp.,
Enterobacteriaceae spp., Pseudomonas spp., and Clostridium difficile) and fungal species (Candida
and Aspergillus spp.). Samples were collected using RODAC plates, followed by CFU counting after
appropriate incubation, as described in Materials and methods. A total of 1,632 samples were
collected and analyzed.

The results obtained at TO in both trains showed a very similar level of pathogenic contamination,
expressed as the sum of the assayed pathogens in all tested surfaces, corresponding to 10,737 CFU/m?
(median value, range 421-178,105 CFU/m?) in the control train and 11,368 CFU/m? (median value,
range 421-69,895 CFU/m?) in the train assigned for PCHS treatment. However, the various sampled
surfaces showed very different levels of pathogenic contamination, with floors being significantly
more contaminated than seats, handrails, and doors (p < 0.001) (Figure 23a). In detail, pathogens
amounted to 96,631 CFU/m? (median value; range 18,105-189,057 CFU/m?) on floors, 19,368
CFU/m? (median value; range 4,211-43,368 CFU/m?) on seats, 5,894 CFU/m? (median value; range
2,947- 10,105 CFU/ m?) on handrails, and 1,739 CFU/m? (median value; range 05,474 CFU/m?) on
doors. Air filters also showed high level of contamination, evidencing a total pathogenic load
corresponding to 86,316 CFU/m? (median value, range 52,632—-124,211 CFU/m?) and 97,474 CFU/m?
(median value, range 70,737-101,053 CFU/m?) in the control and PCHS train, respectively. At TO,
contamination was predominantly due to coagulase-negative Staphylococcus spp., which accounted
for up to 56% of all detected pathogens (median value of 4,526 CFU/m?, range 0-156,211 CFU/m?)
(Figure 23b). Gram-negative Enterobacteriaceae family was less abundant (median value 0 CFU/m?,
range 0-1263 CFU/ m?), and other bacterial genera, including Pseudomonas spp., Clostridium
difficile, and Klebsiella spp., were not detected (median value 0 CFU/ m?, range 0—0 CFU/m?).
Mycetes were however present, although at a relatively low level, with Aspergillus spp. representing
the most prevalent (median value 0 CFU/m?, range 0—1263 CFU/ m?) followed by Candida albicans
(median value 0 CFU/ m?, range 0—421 CFU/ m?). No significant differences were observed for any
of the assayed pathogens at TO in the two enrolled trains (p = 0.13).

4.1.3. Impact of PCHS on microbial contamination

Following the implementation of PCHS sanitation in place of chlorine disinfection (Figure 23c—d),
a significant reduction in pathogens was observed in both surface and air samples collected from the
PCHS-treated train compared to the control train. Such a decrease was already evident at T1, two
weeks after the introduction of PCHS, and remained consistent, with further reductions at later times,
leading to the virtual disappearance of the assayed surface pathogens at T5 (12 weeks after the

introduction of PCHS). Specifically (Figure 23c), at T1, the total surface pathogens corresponded
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21,053 CFU/m? (median value, range 0—139,789 CFU/m?) in the control train, while in the PCHS-
treated train the pathogens amounted to 8,842 CFU/m? (median value, range 0-26,105 CFU/m?),
representing a 58% reduction (p < 0.01). Notably, during the first two weeks of the study, the control
train received an erroneously increase in chlorine disinfection to four times daily due to emergency
guidelines. Despite this, the once-daily PCHS application was still significantly more effective at
reducing pathogens than the intensified chlorine regimen. At later times, chlorine disinfection was
reverted to its original schedule of once per day, making the difference between the control and
PCHS-treated trains even more pronounced. At T2 (after 4 weeks of PCHS use), surface pathogen
levels were 9,263 CFU/m? (median value, range 0-58,869 CFU/m?) in the control train, compared to
3,579 CFU/m? (median value, range 0-25,689 CFU/m?) in the PCHS train, reflecting a 61% reduction
(» <0.05). At T3 (6 weeks of PCHS), the surface pathogen load amounted to 11,158 CFU/m? (median
value, range 421-48,000 CFU/m?) in the control train, while the PCHS train showed 2,526 CFU/m?
(median value, range 0-9,684 CFU/m?), a 77% decrease (p < 0.001). At T4 (9 weeks), surface
pathogens were 10,526 CFU/m? (median value, range 0—112,842 CFU/m?) in the control train,
compared to 1,895 CFU/m? (median value, range 0—17,263 CFU/m?) in the PCHS train, (- 82%; p
<0.05). Finally, at T5 (12 weeks), surface pathogens in the control train reached 2,526 CFU/m?
(median value, range 0—84,832 CFU/m?), while the PCHS train recorded 0 CFU/m? (median value,
range 0—11,368 CFU/m?), showing a complete 100% pathogens reduction (p < 0.01). The analysis of
air filters produced similar results (Figure 23d). Filters were available for the analysis at times TO,
T1, T2, and T4. At TO, both trains exhibited comparable levels of pathogenic contamination.
However, at later timepoints, significant differences emerged between the two trains. Specifically, in
the control train, the number of pathogens trapped in air filters reached 150,737 CFU/m? at T1 (range
90,526-190,316 CFU/m?), 146,105 CFU/m? at T2 (range 79,158-297,684 CFU/m?), and 292,632
CFU/m? at T4 (range 170,526-444,632 CFU/m?). In contrast, the PCHS-treated train showed lower
pathogen levels: 91,789 CFU/m? at T1 (range 18,526—147,789 CFU/m?), 84,842 CFU/m? at T2 (range
66,947-121,263 CFU/m?), and 74,526 CFU/m? at T4 (range 43,789-146,105 CFU/m?). These results
evidenced a stabilization of the total amount of potential pathogens in the air and a trend toward
decrease, with statistically significant reductions at all timepoints: 39% at T1, 42% at T2, and 75% at
T4 (p <0.001). Panels e—f of Figure 23 shows the results with control values normalized to 100%,

to better evidence the percentage decrease in the PCHS train compared to the control one.
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Figure 23. Pathogen contamination in enrolled trains. Surfaces (floor, door, handrails, and seats) and air filters were

sampled using RODAC plates. Assayed pathogens included Staphylococcus spp., Enterobacteriaceae spp.,

Pseudomonas spp., Clostridium spp., Candida spp., and Aspergillus spp. (a) Contamination levels in tested surfaces

(floors, seats, handrails, and doors) and air filter samples. Results are expressed as median values of CFU/m? + S.D. (b)

Prevalence of assayed pathogens in total surface and air samples. Results are expressed as median values of CFU/m? +
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S.D. Values on the left Y-axis refer to Staphylococcus spp., whereas values on the right Y-axis refer to the other
microbes. (¢, d) Pathogenic contamination levels before (T0) and after (T1-T5) the introduction of PCHS sanitation on
surfaces (c¢) and air filters (d). The results are expressed as CFU/m?: median values (lower part of the box) and Q3
values (upper part of the box, representing the 75% percentile values) are shown, together with min and max values. (e,
f) Comparison between the median levels of contamination detected in the control train (CTR), normalized to 100%,
and those detected in the PCH Strain, expressed as percentage values of the PCHS train versus the number of CFU/m?

detected in the control train, taken as 100%.

4.1.4. Colonization by PCHS-Bacillus in enrolled trains

As expected, the count of PCHS-Bacillus significantly increased in the PCHS-treated train following
the introduction of PCHS sanitation, while it remained consistently low in the control train (Figure
24a-b). In the treated train surfaces, Bacillus levels increased from 0 CFU/m? (median value, range
0-16,842 CFU/m?) at TO to 4,421 CFU/m? (median value, range 0-21,895 CFU/m?) at T1, 7,789
CFU/m? (median value, range 0-29,053 CFU/m?) at T2, 7,158 CFU/m? (median value, range 842—
229,895 CFU/m?) at T3, 16,421 CFU/m? (median value, range 421-242,947 CFU/m?) at T4 (p <
0.05), and 25,263 CFU/m? (median value, range 0-274,526 CFU/m?) at T5 (p < 0.001). Similar trends
were observed in air filters, where Bacillus counts increased from 2,526 CFU/m? at TO (median value,
range 1,263-5,895 CFU/m?) to 8,421 CFU/m? (median value, range 8,421-23,158 CFU/m?) at T1,
24,421 CFU/m? (median value, range 9,263-24,842 CFU/m?) at T2, and 10,737 CFU/m? (median
value, range 4,632-17,263 CFU/m?) at T4 (p < 0.001 at all timepoints). In contrast, no significant
increase in Bacillus counts was observed in the control train at any sampling time. Namely, surface
Bacillus median values in the control train were 632 CFU/m? at TO, 213 CFU/m? at T1, 0 CFU/m? at
T2, 210 CFU/m? at T3, 421 CFU/m? at T4, and 211 CFU/m? at T5. On the air filters of the control
train, Bacillus counts were 2,737 CFU/m? at TO, 2,526 CFU/m? at T1, 2,947 CFU/m? at T2, and 1,684
CFU/m? at T4.
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Figure 24. PCHS-Bacillus amount on surfaces (a) and air (b) of enrolled trains. Bacillus spp. CFUs were counted on
Baird Parker RODAC agar plates. Results are expressed as median CFU value per m? £ SD.

4.1.6. Characterization of the microbial resistome

The surface and air microbiomes of the trains were analyzed also for AMR gene content using a gPCR
microarray, which simultaneously identified and quantified 84 AMR genes, as described in Methods.
At TO, both train microbiomes contained several resistance genes conferring resistance to various
antibiotic classes, including macrolides, methicillin, and class-C/class-D B-lactamases (Figure 25).

The most abundant AMR genes were ermC, msrA, and mecA, followed by detectable but lower levels
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of OXA4-2, OXA-23, OXA4-51 groups, ACT 5/7 group, ermA/ermB, mefA, and vanC genes. The
bacterial species S. aureus and its virulence gene spa (included in the resistoma microarray) were
also detected at moderate levels. Although both trains had comparable levels of AMR genes at TO,
subsequent timepoints revealed substantial differences. In the control train, AMR gene levels
remained largely unchanged from TO, while in the PCHS train, most AMR genes showed a significant
decrease. In detail, at T1 nearly all AMR genes detected at TO had dropped to undetectable levels in
the PCHS train compared to the control one (pc < 0.01). At later timepoints, the PCHS train
maintained these reduced AMR levels or saw further decreases, while the control train, which

underwent chemical disinfection maintained higher levels of AMR genes (Figure 25).
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Figure 25. Characterization of the resistome of the train microbiome. Results obtained by qPCR microarray analysis
performed in samples collected at the indicated times (T0-T5). Original TO resistome in surface samples and air filters
are shown together with the cumulative results refer to surface and air at T1-T5 timepoints. Results are expressed as

mean values = S.D. of Logio fold changes for each R gene when compared with controls.

4.2. Shaping the indoor microbiome of the high-traffic subway BE: a pre-post

study during the non-pandemic period

4.2.1. Study design

Since during the pandemic period the application of PCHS had to be mandatorily combined with
chemical disinfectants, we performed a subsequent study aimed to assess the PCHS effectiveness
when used in total replacement of disinfection. Similarly to the previous study performed in the
subway BE, two trains were enrolled (n°® 4404 and n° 4435) of the M4 subway line at ATM in Milan,

comparing it with the results obtained with conventional chemical disinfection. The study was
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subdivided in two phases: pre-PCHS and PCHS, during which microbiological monitoring was
conducted at various time points. Specifically, 4 sampling campaigns were carried out:

e TO — pre-PCHS phase, in which conventional sanitation was used;

e TI -2 weeks after PCHS introduction

o T2 -4 weeks after PCHS introduction

e T3 - 4 months after the introduction of PCHS
Microbial contamination was assessed on both surfaces and in the air, including the Bacillus presence,
the residual potentially pathogenic microbial community, and the presence of AMR genes in the

microbiome.

4.2.2. Microbiological analyses

Based on previous findings, the microbiological analysis of train surfaces and air filters aimed to
assess the presence of four microbial groups, identified as the major human pathogens:
Staphylococcus spp., Enterobacteriaceae, Pseudomonas spp., and fungi (with specific identification
of Aspergillus spp.). The analysis was performed by sampling with RODAC plates and subsequent
CFU counting, after appropriate incubation. A total of 440 samples were collected and analyzed.

At TO, which included sampling during chemical disinfection, the results obtained showed high
microbial contamination, consistent with the findings of the previous study. At time T0, most of the
pathogenic microorganisms were detected on air filters rather than on floor and seat surfaces. In fact,
the median counts for the sum of detected pathogens in the air filters were 482,315.79 CFU/m?® in
train 4404 and 482,947.37 CFU/m? in train 4435. A high concentration of Staphylococcus spp. was
found in the air filters, with a median of 8,000 CFU/m?3 for train 4404 and 6,526.315 CFU/m? for train
4435. The presence of Bacillus spp. was found to be low, as expected, recording a median value of
2,947.37 CFU/m? in train 4404 and 2,736.845 CFU/m? in train 4435. Microorganisms belonging to
the Enterobacteriaceae and Pseudomonas spp. families, on the other hand, reported very low or zero
median values. Conversely, on surfaces (floors and seats), the median values relating to the sum of
pathogens were found to be significantly lower than those detected in air filters, despite highlighting
a similar trend in terms of distribution of microorganisms. In fact, 14,105.26 CFU/m? were detected
in train 4404 and 11,368.42 CFU/m? in train 4435. Also, in this case, contamination was mainly
attributable to Staphylococcus spp., with median values equal to 7,157.895 CFU/m? in train 4404 and
9,052.63 CFU/m? in train 4435. The presence of Bacillus spp. was also insignificant on surfaces, with
a median equal to 421.055 CFU/m? in train 4404 and 210.525 CFU/m? in train 4435. Like the results
obtained for the filters, Enterobacteriaceae and Pseudomonas spp. showed negligible median values

in both trains. The data obtained are represented in Figure 26.
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Figure 26. Pathogen contamination at TO. Data are expressed as the logarithmic value of the median CFU/m? +

standard deviation (SD), recorded on surfaces and in the air of trains before the adoption of the PCHS.

At time T1, after 2 weeks of PCHS use, a significant reduction in the pathogenic microbial load was
observed on the surfaces of both trains analyzed. Specifically, train 4404 recorded a decrease in the
median from 14,105.26 CFU/m? (TO) to 3,789.48 CFU/m? (T1), corresponding to a reduction of
approximately 73%. Similarly, in train 4435, a decrease in the median from 11,368.42 CFU/m? (T0)
to 3,157.90 CFU/m? (T1) was observed, with a reduction of approximately 72%. In parallel, an
increase in the presence of Bacillus spp. was observed, with a recorded median of 5,052.64 CFU/m?
in train 4404 and 6,736.84 CFU/m? in train 4435. This increase is indicative of the surface
colonization process by probiotic microorganisms introduced through the PCHS protocol. Analyzing
the pathogen data, in train 4404 the median for Staphylococcus spp. was 4,000 CFU/m?, while in train
4435 it was 2,105.26 CFU/m?. Regarding Enterobacteriaceae spp. and Pseudomonas spp., no
significant presence was detected in either train, with median values equal to zero (Figure 27). During

phase T1, it was not possible to perform sampling of the air filters on both trains.
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Figure 27. Pathogen contamination at T1. Data are expressed as the logarithmic value of the median CFU/m? + SD,

recorded in the trains 2 weeks after adopting the PCHS protocol.

It should be emphasized that the occupant flow was comparable across all periods, and therefore the
decrease in contamination cannot be attributed to a reduction in occupant numbers. During the first
month of the study, at time TO (December 2024), 90,230 passengers/day were recorded, and in the
following month (T1), 95,453 passengers/day were recorded. At time T2, corresponding to 7 weeks
after the introduction of PCHS, a further reduction in the pathogenic microbial load was observed in
both surface and air samples. Specifically, in train 4404, the median of total pathogens detected on
surfaces decreased to 1,052.63 CFU/m? compared to 3,789.48 CFU/m? recorded at T1 and 14,105.26
CFU/m? at TO. Similarly, in train 4435, the values decreased to 842.11 CFU/m? at T2, compared to

3,157.90 CFU/m? at T1 and 11,368.42 CFU/m? at T0. Overall, the reduction reached approximately
92.5% (Figure 28).
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Figure 28. Pathogen contamination on surfaces, at times TO, T1, and T2. Data are expressed as the median value of

CFU/m? measured on both trains enrolled in the study.

For air samples, a similar decrease was found: in train 4404 the median total bacterial load decreased
significantly, going from 482,315.79 CFU/m? at TO to 1,684.21 CFU/m? at T2; in train 4435 the
values decreased from 482,947.37 CFU/m? to 1,684.21 CFU/m? equal to a decrease in the total
pathogenic load of 99.1% (Figure 29).
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Figure 29. Pathogen contamination in air filters, at times TO and T2. Data are expressed as the median value of CFU/m?

measured on both trains enrolled in the study.
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Analyzing individual bacterial species, Staphylococcus spp. showed a progressive reduction over
time. In train 4404, the median decreased from 7,157.90 CFU/m? at TO to 4,000 CFU/m? at T1 and
finally to 2,736.85 CFU/m? at T2. In train 4435, the values followed a similar trend, going from
9,052.63 CFU/m? at TO to 2,105.26 CFU/m? at T1 and then to 1,052.63 CFU/m? at T2. Regarding
Enterobacteriaceae and Pseudomonas spp., no significant presence was detected in surfaces or air
samples at any of the sampling phases, with medians consistently equal to zero. In parallel with the
reduction in pathogen load, an increase in colonization by probiotic microorganisms was observed,
in line with the objectives of the PCHS protocol. The genus Bacillus spp., in fact, showed a clear
increase in both surfaces and air samples. In train 4404, the surfaces showed median values of Bacillus
spp. increasing from 421.05 CFU/m? at TO to 5,052.63 CFU/m? at T1 and finally to 69,052.63 CFU/m?
at T2; for the air samples, the increase was even more significant, going from 2,947.37 CFU/m? at TO
to 118,736.84 CFU/m?® at T2. Similar dynamics were observed in train 4435: on the surfaces the
values increased from 210.53 CFU/m? at TO to 6,736.84 CFU/m? at T1 and then to 48,631.58 CFU/m?
at T2, while in the air samples they went from 2,736.85 CFU/m? at TO to 118,947.37 CFU/m? at T2.
The results showed that after just two weeks, PCHS resulted in a significant decrease in pathogenic
microorganisms (TO vs. T1, p<0.01). After seven weeks of PCHS, pathogenic contamination further
decreased both on surfaces and in the air, with significant differences between both TO and T1
(p<0.001). A final sampling (T3) was conducted four months later to assess the stabilization of the
results obtained at the first two time points. Data collected at T3 highlighted a further significant
reduction in pathogen contamination on both trains analyzed. On surfaces, the median pathogen count
was 0 CFU/m? in both trains. Among the microorganisms detected, Staphylococcus spp. were the
predominant ones, with medians of 1263.16 CFU/m? for train 4404 and 1052.63 CFU/m? for train
4435. Enterobacteriaceae and Pseudomonas spp. were not detected. Conversely, levels of Bacillus
spp., considered an indicator of probiotic colonization, remained high on both trains. The median
values recorded were 186,947.37 CFU/m? in train 4404 and 173,263.1 CFU/m? in train 4435. The
results also showed a significant decrease in the presence of pathogens in the air. In train 4404, the
median was 6,526.31 CFU/m?, and in train 4435, it was 1,263.16 CFU/m?. The presence of Bacillus
spp. was also high in the air, with values of 190,105.26 CFU/m? in train 4404 and 160,842.10 CFU/m?
in train 4435. To facilitate a more immediate understanding of the system's effectiveness, the results
detected at time T3 were compared with those recorded at time TO. As can be seen from the graphs
below, the quantity of pathogenic microorganisms drastically decreased, both in surface and air

samples, reaching values close to zero (Figure 30 and Figure 31).
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Figure 30. Comparison of pathogen contamination on surfaces, at beginning (T0) and end (T3) of the study. Data are

expressed as median value of CFU/m? + SD, measured on both trains enrolled in the study.
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Figure 31. Comparison of pathogen contamination in air filters, at beginning (T0) and end (T3) of the study. Data are

expressed as median value of CFU/m? £+ SD, measured on both trains enrolled in the study.

In parallel, the analysis of the levels of Bacillus spp. at different time intervals (T0O-T3) showed a

progressive increase in the probiotic species present in the PCHS, as expected (Figure 32, 33, 34 and
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35), confirming the ability of these probiotics to colonize the treated environment, displacing and
replacing the pathogenic component through competitive exclusion. In train 4404 (Figure 31), a
progressive increase in CFU/m? of Bacillus spp. was observed on the monitored surfaces over the
different monitoring times, accompanied by a marked decrease in the total pathogen count (excluding
Bacillus spp.). At time TO, the presence of Bacillus spp. was 421.05 CFU/m?, while with the
introduction of PCHS, Bacillus spp. increased to 5052.63 CFU/m? at T1, 69052.63 CFU/m? at T2,
and 186947.37 CFU/m? at T3. In parallel, the total microbial count minus Bacillus decreased from
32842.10 CFU/m? initially (TO0) to 421.05 CFU/m? at the end of the observation period (T3).
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Figure 32. Train 4404, surface samples. Presence of Bacillus and total microbial contamination (excluding Bacillus).

Data are expressed as median CFU/m?+ SD.

Similarly, in the air samples taken from train 4404, at TO the presence of Bacillus spp. was 2947.37
CFU/m?, while the remaining microbial flora was equal to 88,842.10 CFU/m?. No data relating to
phase T1 are available in this study. At time T2, the Bacillus reached 118,736.84 CFU/m?, while the
remaining microbial flora was practically zero (0 CFU/m?). Finally, at T3, Bacillus spp. further
increased, reaching 190105.26 CFU/m?, while the total count minus Bacillus spp. remained almost

zero, with a recorded value of only 210.52 CFU/m? (Figure 33).
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Figure 33. Train 4404, air samples. Presence of Bacillus spp. and total microbial contamination (excluding Bacillus).

In train 4435, the results obtained had a similar trend to those observed in train 4404. Initially, at TO,
a quantity of Bacillus spp. equal to 210.52 CFU/m? was recorded, while at T1 the quantity of Bacillus
spp. increased to 6736.84 CFU/m?, at T2 it reached 48631.58 CFU/m?, and finally at T3 it reached
173263.16 CFU/m?, exceeding the data recorded at time T2 by more than 3.5 times. This exponential

Data are expressed as median values of CFU/m® + SD.

growth of Bacillus spp. was accompanied by a drastic decrease in the total count without Bacillus

spp. which went from 47578.95 CFU/m? at time TO to 0 CFU/m? at time T3 (Figure 34).
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Figure 34. Train 4435, surface samples. Presence of Bacillus spp. and total microbial contamination (excluding

Bacillus). Data are expressed as median CFU/m2 + SD.

Also, in the air samples, the values of Bacillus spp. increased from TO to T3 (Figure 35). At the
beginning (TO) the Bacillus spp. were equal to 2736.84 CFU/m?, but at T2 and T3 they increased to
118947.37 and 160842.10 CFU/m?, respectively. As for Train 4404 for this train it was not possible
to analyze the air samples at time T1. Similarly, a complete elimination of the total microbial count

excluding Bacillus spp. was observed, going from 85684.20 CFU/m? to 0 CFU/m?>.
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Figure 35. Train 4435, air samples. Presence of Bacillus spp. and total microbial contamination (excluding Bacillus).

Data are expressed as median values of CFU/m® + SD.

In addition to the trend of potentially pathogenic microbial species, in this case-study the presence of
fungi associated with indoor fungal infections was also monitored. At TO, results showed high median
values of fungal contamination, especially in the air. On train 4404, the air contained 482,315.79
CFU/m’ of total fungi, of which 0 CFU/m?® were Aspergillus spp. Similarly, on train 4435, 482,947.37
CFU/m? of total fungi were found, of which 0 CFU/m? were Aspergillus spp. Surfaces were found to
be less contaminated, with median values of 14,105.26 CFU/m? of total fungi, of which 842.11
CFU/m? of Aspergillus spp., in train 4404, and values equal to 11,368.42 CFU/m? of total fungi, of
which 421.05 CFU/m? of Aspergillus spp. in train 4435. At time T1, a significant decrease in fungal
loads on surfaces was observed (air filters could not be examined at this time). On train 4404, 3789.47
CFU/m? of total fungi and 0 CFU/m? of Aspergillus spp. were found; on train 4435, 3157.89 CFU/m?
of total fungi and 0 CFU/m? of Aspergillus spp. were found. At time T2, median values were further
decreased on surfaces. On train 4404, total fungi were 1052.63 CFU/m? and Aspergillus spp. were
absent, while on train 4435, 842.10 CFU/m? were recorded for total fungi and 0 CFU/m? for
Aspergillus spp.. Inside train 4404, a concentration of 1,684.21 CFU/m? of total fungi was recorded
in the air, while Aspergillus spp. was completely absent (0 CFU/m?). Conversely, in train 4435, the
survey revealed a higher quantity of total fungi, equal to 6,947.37 CFU/m?, again with the absence of
Aspergillus spp. Finally, at time T3, fungal contamination values were found to be consistently low.

Stable values of 0 CFU/m? were recorded on surfaces for both parameters, on both trains. In the air,
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median values of 6526.31 CFU/m? of total fungi and 0 CFU/m? of Aspergillus spp. were recorded on
train 4404; on train 4435, 1263.16 CFU/m? of total fungi and 0 CFU/m3 of Aspergillus spp. were
observed. In summary, the results showed a significant decrease in fungal contamination from TO to
T3. The reduction was almost total on surfaces starting from T1, while the air maintained greater
variability and a residual presence of fungi, although decreasing significantly compared to the initial

levels detected at TO (Figure 36).
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Figure 36. Fungal contamination in the enrolled trains. Data are expressed as Logio of the median values + SD for total

fungi (left) and Aspergillus spp. (right), in the air and surface samples collected at times TO-T3.

4.2.3. Molecular analyses

The microbial population contaminating surfaces and air was characterized for the presence of AMR
genes. For this purpose, a molecular investigation method based on quantitative real-time PCR
microarray (QPCR microarray) was used. The analysis was performed on DNA extracted from the
total microbial population present in the samples. The qPCR microarray used identified and
quantified the presence of ARGs to aminoglycosides, tetracyclines, beta-lactams, and macrolides in
the microbial population of the trains. This demonstrates how antibiotic-resistant microorganisms can
also exist outside of hospital settings and how AMR can spread into the community, becoming a
public health concern. As schematically shown in Figure 37, at the initial time point TO, both trains
showed the presence of several resistance genes directed against different classes of antibiotics,
including macrolides, methicillin, and -lactams. The most frequently detected ARGs were ermC (2.5
Logio Fold Change, FC), msrA (>3 Logl0 FC), and mec4 (>1.5 Logio FC). In particular, the

identification of the mecA gene (encoding for methicillin resistance) is likely attributable to the
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presence of MRSA (Methicillin-Resistant Staphylococcus aureus) strains, highlighting a possible
health risk linked to MRSA infections even outside the hospital environment. In smaller but
detectable quantities, the following ARGs were found: OXA-2, OXA-23, OXA-51, ACT 5/7,
ermA/ermB, mefA, and vanC. The presence of the vanC gene, associated with resistance to
vancomycin, a last-line antibiotic used to treat serious infections caused by Gram-positive bacteria,
is a concern. Its early detection, both in the air and on surfaces, highlighted the spread and persistence
of resistant microorganisms within the metropolitan environment. The simultaneous identification of
the vanC and mecA genes gave these findings significant significance, indicating the possible
presence of multiply resistant microorganisms. This condition could pose a serious risk to both the

ecosystem and human well-being.
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Figure 37. Presence of ARGs at TO in surface and air samples from both enrolled trains. Data are expressed as Logio of

the mean Fold Change (FC) values, evaluated with respect to controls, £ SD.

Following the introduction of PCHS, a decrease in ARM genes was observed in both trains. In fact,
at T1, a reduction in all R genes that had been identified in the microbial population at TO was
observed in surface samples. In particular, a decrease in ermC and msr4 was observed, with values
<-1.5 Logio FC and <-1 Logio FC. The only gene not decreased was ermB, maintaining values above

1 Logio FC. This could be associated with the fact that the ermB gene is naturally present in the
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genome of the Bacillus spp. strains included in the PCHS probiotic system formulation. This does not
constitute a direct clinical risk, as it is inherent in the physiology of the probiotic and presents a low
probability of transfer to other bacteria. In both trains, it was not possible to perform the study on air

samples at time T1 (Figure 38).
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Figure 38. Presence of ARGs at T1 in surface samples from both enrolled trains. Data are expressed as Logio of the

mean Fold Change (FC) values, evaluated with respect to those obtained at TO, + SD.

At time T2, the results confirmed the decrease in AMR genes that had been identified at TO, both on
the surface and in the air. In particular (Figure 39), a significant decrease in the mecA (<-1 Logio
FC), msrA (<-1 Logio FC), ermC (<-1.5 Logio FC), and OXA-2 group (<0 Logio FC) genes was
observed on the surfaces. The OXA-50 group gene was not decreased, remaining at levels similar to
those measured at TO (+ 0.2 Logio FC). The presence of ermB also remained stable, with a slight
increase compared to TO (+ 0.2 Logio FC). In air samples, a decrease in the genes mecA (<-2 Logio
FC), vanC (<-1.5 Logio FC), mefA4 (-2 Log10 FC), ermC (<-0.5 Logio FC), ermB (<-1 Logio FC), and
ACT 5/7 group was observed. In these samples, the most significant decrease after PCHS was found

in the msrA gene (<-3.5 Logio FC, equal to 99.9%).
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Figure 39. Presence of ARGs at T2, in surface and air samples from both enrolled trains. Data are expressed as Logjo of

the mean Fold Change (FC) values, evaluated with respect to those obtained at TO, + SD.

Finally, at time T3 (Figure 40), a further decrease was observed in the ARM genes that had already
shown a decrease at time T2 (OXA-2 group, ermB, ermC, mefA, merA, mecA), while the presence of
the OXA-50 gene slightly increased (+0.6 Logio FC) and AMR genes were not present at previous
times it were found to be present: oprJ and oprM, probably following the appearance of carrier
bacteria. Among all the decreased ARM genes, the ermC gene is the one with the greatest decrease
(-2.5 Logio FC). As regards the mef4 gene, the values are approximately -1 Logio FC, while those of
merA are <-1.5 Logio FC. The mecA gene also shows a value of <-1.5 Logio FC. In air samples, a
marked decrease was observed in the genes ACT 5/7 group (<-1.5 Logio FC), ermB, ermC, mefA (all
with values equal to -2 Logio FC), msr4 (-2.5 Logio FC), vanC (-1.5 Logio FC), and mecA4 (-2.0 Logio
FC). Conversely, at T3 the appearance of some AMR genes not initially present and not present in
surface samples was detected, such as INP-5 group (+1.1 Logio FC), FOX (+0.9 Log10 FC), and NIH
(+1 Logio FC).
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Figure 40. Presence of ARGs at T3, in surface and air samples from both enrolled trains. Data are expressed as Logio of

the mean Fold Change (FC) values, evaluated with respect to those obtained at TO, + SD.

4.3. Shaping the microbiome of the school BE: a pre-post and case-control study

assessing the effects of plants, mechanical ventilation, and PCHS introduction

4.3.1. Study design
To characterize the microbiological quality of the indoor school environment and evaluate the impact
of green interventions aimed to improve it, a pre—post case—control study was performed in an Italian
high school from March 2023 to May 2024, excluding the summer holiday period, for a 10-month
total survey. Two classrooms with superimposable features were enrolled in the study, one receiving
three experimental interventions (test room, TR) and the other not receiving any interventions and
serving as a control (control room, CR). The study included four consecutive phases during which
the interventions were implemented in the TR:

e TO, providing basal values detected with usual conventional sanitation and ventilation via

window opening.
e TI1, during which greenhouse plants were added to the TR.

e T2, during which mechanical air ventilation was installed in the TR.
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e T3, during which the TR received PCHS, probiotic-based sanitation, in substitution for the

conventional chemical-based one.

4.3.2. Features of the enrolled school BE

The classroom analyzed is part of the “Liceo Ludovico Ariosto” school complex (located in Ferrara,
a municipality in Northern Italy). During lessons, the classroom is occupied by 17 students and one
teacher. Figures 19 a, b and Figure 41 a, b show the classroom layout and sensor and MVHR
position, in terms of a sketch and photos, while Figure 41 presents a photograph taken inside the
room in the absence of people and before the installation of the controlled mechanical ventilation
system that will be analyzed. Figure 19b shows that only one wall, shown on the left- hand side,
separates the classroom from the unheated environment. The key characteristics of the analyzed
environment are provided in Table 5. Specifically, Figure 42a shows that the classroom features
large windows facing outward, as well as a ceiling shield characterized by additional windows,
reaching a maximum height of 5.15 m at this point. Moreover, additional internal windows are facing

the main corridor (shown on layout sketch in Figure 19).

(a) (b)

Figure 41. A photo of the school (a) and classroom (b). In the classroom, the presence of the shield on the ceiling and

the position of the existing heating and cooling system can be observed.
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Length 8.47 m
Width 575m
Ceiling height 3.23m
Maximum height 515m
Floor area 487 m?
Volume 170 m>

Table 5. Main characteristics of the classroom analyzed.

Winter heating is currently provided by a wall-mounted fan coil with a thermostat, while summer
cooling is achieved through an air split system with a condenser unit installed on the building’s roof.
Additionally, like all other classrooms in the school complex, the classroom under examination was
not equipped with any air exchange control system, meaning ventilation was ensured manually by

opening doors and windows.
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(b)

Figure 42. (a) A view of the machine installed inside the classroom, positioned low between the two glass openings.

Above, you can also see the fan coil unit, which is part of the school’s installed systems and is used for heating. (b) A

view of the classroom, with the removable masking of the Aldes unit for aesthetic purposes.

4.3.3. Features of the introduced mechanical ventilation

The controlled mechanical ventilation machine used in the study is a commercial unit produced by
Aldes (model VEX 380, Aldes Italia, Modena, Italy), and the unit installed inside the classroom is
visible in Figure 42b. The machine is designed vertically and features a maximum airflow of 1000
m3/h. It also includes a 2 kW post-heating coil. This post-heating unit is necessary, as otherwise, the
air introduced into the environment could have a temperature lower than 20 C, resulting in thermal
discomfort for the occupants. The fans have variable speeds, and the heat exchanger operates on the
counterflow principle. The main technical specifications, as well as the performance efficiency curves
of the exchanger, are presented in Table 6 and Figure 43 based on volumetric flow rate. The post-
heating coil ensures that the air supplied is at a fixed temperature of 20.8 °C at nominal flow, assuming

an external air temperature of 15 °C.

80



Heat recovery efficiency ! 80%

Nominal power (excluding electrical post-heating) 377 W

Nominal external pressure 50 Pa

Fan efficiency 49.3%

Specific power (SFPjp;) 1189 W/(m3/s)

Filters F7 /ePM1 70% for extraction and fresh air
Sound power level 3 56 dB(A)

! According to EU n1253,/2014.

Table 6. Main prameters of the mechanical air ventilation system.
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Figure 43. Heat recovery efficiency according to UNI 308 (external temperature/ relative humidity —5°C/80%; internal
conditions: 20 °C/50%) and according to EU 1253/14 (external temperature 7°C, internal temperature 20 °C.

4.3.4. Analysis set-up and sensors
The analyses included measurement of CO> concentration during:
e The first phase (from mid-September 2023 to December 31%, 2023), with only natural
ventilation in the classroom (Sensor 1 active).
e The second phase (from January 6%, 2024 and onwards), with mechanical ventilation
implemented (Sensor 1, Sensor 2 and MVHR actives)
For the first phase, the openings of the windows and the main door facing the corridor were recorded
as well. It is also noted that, for the scenario involving controlled mechanical ventilation, the airflow
rate of the unit was limited to a constant value of 400 m>/h, estimating a necessary renewal rate of 22
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m3/h per person (17 Students and 1 Professor—®6.1 L/s per person). Subsequently, from April 8"
2024, the airflow was increased by 10% to 440 m*/h (24.4 m>/h per person, i.e., 6.7 I/s per person) to
analyze its effects on daily CO; concentration; the airflow was not increased further to keep noise
levels within acceptable limits in the classroom. The daily operating schedule of the unit was set to 6
h, from 7:00 a.m. to 1:00 p.m., so it would only be used during periods of actual occupancy and for
6 days a week (excluding Sundays, as there are no classes on Sundays). Additionally, during analyses
with controlled mechanical ventilation, the fresh air from the recuperator entering the classroom was

heated by the post-heating coil to achieve an outlet temperature of 20 C.

4.3.5. Microbiological analyses

The classroom microbiome was monitored throughout the whole study via bimonthly sampling
campaigns uniformly distributed during the study period. At each sampling campaign, five
environmental samples were collected in duplicate from the air and surfaces (floor, student tables,
and teacher’s desk), before and after the students’ classes. Surface points were simultaneously
sampled by RODAC contact plates and swabs for microbiological culture-based analyses and PCR-
based molecular analyses, respectively. The results of the microbial monitoring were similar in the
multiple sampling campaigns carried out within each period. Moreover, the environmental samples
collected from the different surfaces (floor, student tables, desks) were considered together, since
they expressed the overall contamination of the classroom environment. Based on this, the bioburden
results were calculated and expressed as median values of those detected in the different sampling
campaigns included in each period, showing the surface and air results separately. At the basal level
(TO), the results collectively evidenced the presence of potential human pathogens in the classroom
environment, as judged by RODAC CFU counts (Figure 44). The microbial bioburden, expressed as
the sum of searched pathogens, included fungi (including Aspergillus spp.) and bacteria (mostly
Staphylococcus spp., including S. aureus), and different levels of microbial contamination were
detected on surfaces and in the air, and at pre- and post-lesson timepoints. No significant differences
were observed between the TR and CR in any sample at TO (p = n.s.); thus, a median value was

collectively calculated for both enrolled classrooms.

82



(A)

100,000

TO (SURFACE) T0 (AIR)

- gumg® .. =

cRUfm
CRUfm

i , =
- " - o - "
§ g g H g i 5 B
g g ¢ g g - g g : g
= -4 I+ b
g X g L § R ¢ g
8 g 2 E ] B
H e H e £ £ £ g
2 2 = 5
a a & &
PRE POST PRE POST

Figure 44. Basal level of pathogen bioburden (T0). Prevalent pathogens and the sum of all searched pathogens are
shown. Contamination levels are illustrated as box plots with median, Q1, Q3, minimum, and maximum values of
CFU/m2 or CFU/m3 detected in surface (A) and air (B) samples, before (pre) and after (post) lessons. Being
superimposable, CR and TR values were considered together. Staphylococcus spp. are represented in green, fungi in

blue and the total pathogens in red.

In detail, before lessons, the TO surface bioburden corresponded to 12,421 CFU/m? (median value,
range 3098-45,236 CFU/m?). After the lesson period (6 h), the surface contamination increased as
expected, likely due to the presence of students, reaching 21,412 CFU/m? (median value, range 2540—
33,947 CFU/m?). Besides the expected quantitative differences attributable to the presence of human
occupants, qualitative differences were also observed in the bioburden composition before and after
lessons. In detail, before lessons, the surface bioburden essentially consisted of fungi (76.7% of the
total surface population, corresponding to a median value of 9526 CFU/m?), followed by
Staphylococcus spp. (23.2% of the total surface bioburden, corresponding to a median value of 2881.7
CFU/m?). After lessons, fungi were not any more prevalent on surfaces, representing 35.6% of the
total pathogens (7622.7 CFU/m?, median value). Instead, Staphylococci increased, accounting for
64.4% of the total bioburden (corresponding to a median value of 13,789.3 CFU/m?). The
contamination of the air was significantly lower since the total airborne bioburden corresponded to
75 CFU/m? (median value, range 65—134 CFU/m3) before lessons and 310 CFU/m? (median value,
range 250-391 CFU/m3) after lessons. The airborne population was mainly attributable to fungi
before and after lessons. Of note, Aspergillus spp. were detectable in air samples, though at a low
level (0.01% of the total mycetes), highlighting the presence of this important human pathogen in this
community environment. Overall, mycetes represented 76.5% of the total microbial population before
lessons (corresponding to a median value of 57,4 CFU/m?) and represented 64% of the total airborne

microbes after lessons (corresponding to a median value of 198.4 CFU/m?). Staphylococcus spp. were
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also well represented in the airborne microbial population, accounting for 19.8% of the total airborne
pathogens before lessons (14.9 CFU/m?, median value) and 33.7% after lessons (104.5 CFU/m?,
median value). Neither bacteria of the Enterobacteriaceae family nor mycetes of the Candida genus
were detected at TO in surface or air samples of the TR or CR (median value 0 CFU/m?, range 00
CFU/m?). At T1 (Figure 45), no significant variations were observed in the control CR compared to
the basal values detected at TO (CRT1 vs. CRTO, p =n.s.). The total surface bioburden corresponded
in fact to 12,689 CFU/m? before lessons and 17,898 CFU/m? after lessons. As observed at T0, before
lessons, the surface microbial community was mainly represented by fungi (71.5%, 9072.6 CFU/m?),
followed by Staphylococci (28.5%, 3616.4 CFU/m?), whereas after lessons, Staphylococci became
prevalent (64.9%, 11,615.8 CFU/m?) and fungi decreased in relative abundance (35%, 6264.3
CFU/m3). Also, the total airborne bioburden levels were very similar to those observed at TO,
corresponding to 74 CFU/m? before lessons and 290 CFU/m? after lessons. Fungi were prevalent in
the air both before (75.1%, 55.6 CFU/m?) and after lessons (63.6%, 184.4 CFU/m?), as also detected
at TO.
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Figure 45. Pathogen bioburden in the CR and TR rooms. The presence and proportion of total and individual pathogens
are shown during all the study periods (TO0, T1, T2, and T3). The results are expressed as the sum of the median values

obtained by RODAC sampling and CFU counts on surfaces (a) and in the air (b) before (pre) and after (post) lessons.

By contrast, some microbial alterations were observed in the TR, following the placement of green
plants (T1). First, an overall increase in bioburden on surfaces was observed compared to TO
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(15,473.7 vs. 12,421 CFU/m?), which was mainly attributable to a higher presence of Staphylococci,
whose amount corresponded to a median value of 14,130.2 CFU/m> (compared to 2881 CFU/m?; p
<0.001), thus representing the vast majority of surface bioburden even before lessons (91.3%). After
lessons, the total surface bioburden further increased, with 18,549 CFU/m? (median value), and
Staphylococcus spp. represented 96.6% of the total microbial population (17,918.3 CFU/m?, median
value). Fungi thus represented a very small fraction of the surface bioburden, both before (7.8%;
1206.9 CFU/m?) and after lessons (2.5%; 463.7 CFU/m?). In contrast, the total airborne
contamination appeared reduced in the TR at T1 compared to the control values both before lessons
(61 CFU/m? vs. 74 CFU/m?; p = n.s.) and after lessons (157.5 CFU/m? vs 290 CFU/m?; p <0.05). Of
note, the fungal component was particularly affected, representing only 56% of the total bioburden
before lessons, corresponding to 34 CFU/m? (instead of 71.5% and 55.6 CFU/m? for the control. After
lessons, the relative abundance of fungi was further decreased, as it represented 36.9% of the total
bioburden, corresponding to 58.1 CFU/m?, compared to 184.4 CFU/m? for the control.

The introduction of green plants in the TR was thus associated with a whole reduction in fungal
contamination corresponding to 38.8% (p < 0.05) before lessons and 68.4% (p < 0.01) after lessons,
in comparison with the control CR values.

At T2, a mechanical ventilation system was installed in the TR, allowing a constant flow rate of
440m>/h of fresh air (the same flow rate for the expelled air) during lesson time. The presence of
mechanical ventilation kept temperature and humidity levels constant, at 21-23 C and 40-45%,
respectively, whereas in the CR, the temperature and humidity fluctuated continuously, increasing up
to 25 °C and 65%, respectively. The microbial monitoring evidenced a clear reduction in pathogens
associated with this intervention. Specifically, before lessons, the TR surface bioburden corresponded
to 3998.9 CFU/m? (median value; range 1052.63-4578.94 CFU/m?), compared with 13,368.4
CFU/m? detected in the CR (median value; range 2549-25,621.5 CFU/m?), with a significant 70%
reduction (p <0.01). After lessons, the median value of surface contamination in the TR corresponded
to 5789.5 CFU/m? (median value, range 3578.9-6889.5 CFU/m?), compared with the 15,263.2
CFU/m? measured in the CR (median value; range 6521.7-23,121 CFU/m?), confirming that the
introduction of mechanical ventilation significantly reduced the surface contamination even in the
presence of students (—62.1%; p < 0.05). The relative abundance of the main microbial components
was similar to that observed at TO, despite the continuous presence of plants. Namely, in the TR,
fungi were prevalent before lessons, representing 73% of total surface pathogens (2919.2 CFU/m?),
whereas Staphylococci became prevalent after lessons (89%) (5152.7 CFU/m?). A clear decrease was
also observed in the airborne bioburden in the TR compared to the control. In detail, the TR air

bioburden corresponded to 28.5 CFU/m? before lessons (median value, range 21-32 CFU/m?) and 58
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CFU/m? after lessons (median value, range 45-65 CFU/m?), whereas it corresponded to 38 CFU/m?
before lessons (range 29-61 CFU/m?) and 101 CFU/m? after lessons (range 75-221 CFU/m?) in the
CR. By comparing the TR and CR values, the airborne bioburden decreased by 26% at pre-lesson
and by 42.63% at post-lesson timepoints (p < 0.05). In the air of the TR, fungi remained prevalent
both before (93%) and after lessons (66.6%), as also observed in the CR environment, though the
CFU number was diminished (26.5 vs. 52.2 CFU/m? and 38.6 vs. 70.7 CFU/m? in TR vs. CR values
before and after lessons, respectively).

At T3, PCHS was implemented in the TR in substitution for the conventional chemical one. As
expected, based on previous results, this intervention was associated with significant changes in the
TR environmental bioburden compared to the control (Figure 46). In the CR, surface contamination
was in line with what was observed at the previous timepoints, corresponding to 14,105 CFU/m?
before lessons (median value; range 11,256-28.456.3 CFU/m?) and 19,631.8 CFU/m?2 after lessons
(median value; range 12,589.6-31,102 CFU/m?). Fungi were prevalent before the arrival of students
(60% of total surface bioburden, corresponding to 8463 CFU/m?), whereas Staphylococci became
prevalent afterward (62%; 12,173.6 CFU/m?). In contrast, the levels measured in the TR showed a
significant decrease in all surface pathogens, which corresponded to 2315.8 CFU/m? before lessons
(median value, range 1473.7-4263.2 CFU/m?) and 3578.9 CFU/m? (median value, range 1136.8—
5105.3 CFU/m?) after lessons. The TR values were thus diminished compared to the CR ones, with
83.5% before lessons and 81.8% after lessons (p < 0.0001). On the other hand, the proportions of
different microbial components were maintained, with fungi representing 68% of the total surface
bioburden before lessons (1574 CFU/m?, median value) and Staphylococci becoming prevalent after
lessons (75%; 2684 CFU/m?, median value).

The decrease in pathogenic bioburden was paralleled by a gradual increase in PCHS-derived Bacillus
spp., which reached 7578.9 CFU/m? at the end of the T3 period, thus representing 76.6% and 67% of

the total microorganisms detected in the classroom before and after lessons, respectively.
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Figure 46. T3 surface and air bioburden in the TR and CR rooms. Results are expressed as median values of CFU/m2 +

SD (surface) and CFU/m3 + SD (air) detected before (pre) and after (post) lessons.

Also, air contamination levels remarkably decreased in comparison with the CR, since the TR air
pathogens corresponded to 22 CFU/m? before lessons (median value, range 9-69 CFU/m®) and 53
CFU/m? after lessons (median value, range 15-81 CFU/m?). In contrast, in line with previous periods,
the CR exhibited 63 CFU/m? of airborne pathogens before lessons (median value; range 18-101
CFU/m?) and 228 CFU/m’ after lessons (median value; range 141.2-352 CFU/m?). Fungi were
prevalent both before and after lessons in the CR (68% and 66.8%, respectively) and in the TR, where
they represented 51% and 64% of total airborne pathogens before and after lessons, respectively. Of
note, while Aspergillus was detected in the CR, with a median value of 3 CFU/m® (range 0-5
CFU/m?), no Aspergillus was found in the TR (median value 0 CFU/m?, range 0-0 CFU/m?*). Based
on the measured CFU numbers, the decrease in air contamination was 65.1% before lessons and
76.8% after lessons (p < 0.001). Figure 46 specifically evidences the differences between TR and
CR bioburden levels at the final T3 study period.

4.3.6. Molecular analyses

Floor samples, being the most abundant in terms of microbial load, were also analyzed by qPCR
microarray to profile the antibiotic resistance genes (ARGs) harbored by the microbial population
persistently colonizing the classroom environment. The results evidenced a low but detectable
presence of different ARGs in the classroom microbes, conferring resistance against antibiotics
belonging to different classes, including aminoglycosides, tetracycline, beta-lactams (including

methicillin), and macrolides. Most detected ARGs and their functions are summarized in Table 7.
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ARGs Antibiotid/Gene Function Reference
andAl Aminoglycoside Hollingshead et al., 1985 [44]
aphAs Aminoglycoside Aris et al., 2019 [45]
CTX-M-9 Group Class A beta-lactamase Sun et al., 2010 [46]
GES Class A beta-lactamase Lee et al., 2005 [47]
IMI & NMC-A Class A beta-lactamase Walther-Rasmussen et al., 2007 [45]
SFO-1 Class A beta-lactamase Matsumoto et al., 1999 [49]
SHV (238G240K) Class A beta-lactamase Caselli et al., 2016 [39]
Per-1 group Class A beta-lactamase Aly et al., 2016 [50]
VIM-7 Class B beta-lactamase Toleman et al., 2004 [51]
IMP-5 group Class B beta-lactamase Brizio et al., 2006 [52]
ACT 57 group Class C beta-lactamase Guan et al., 2024 [53]
FOX Class C beta-lactamase Gonzalez Leiza et al.,, 1994 [54]
LAT Class C beta-lactamase Tzouvelekis et al., 1994 [55]
MIR Class C beta-lactamase Papanicolacu et al., 1990 [56]
MOX Class C beta-lactamase Oguri et al., 2014 [57]
OXA-2 Group Class D beta-lactamase Bhattacharjee et al., 2015 [55]
OXA-23 Group Class D beta-lactamase Smith et al., 2013 [59]
OXA-55 Class D beta-lactamase Héritier et al., 2004 [60]
OnrB-8 group Fluoroquinolone Rezazadeh et al., 2016 [61]
ermA Macrolide lincosamide streptogramin_b Malhotra-Kumar et al., 2009 [62]
ermB Macrolide lincosamide streptogramin_b Min et al., 2008 [63]
ermC Macrolide lincosamide streptogramin_b Shivakumar et al., 1981 [64]
mefA Macrolide lincosamide streptogramin_b Daly et al., 2004 [65]
msrA Macrolide lincosamide streptogramin_b Poole et al., 2005 [66]
tetB Tetracycline efflux pump Warburton et al., 2013 [67]
mecA Methicillin Utsui et al., 1985 [68]

Table 7. Most detected ARGs with encoded functions.

In the CR, the abundance of ARGs detected at TO remained nearly unchanged throughout the whole
study, whereas some noteworthy variations were observed in the TR following the introduction of
the planned interventions (Figure 47). At TO, both the TR and CR showed the same ARGs, without
any relevant differences. The prevalent ARGs before lessons included, in order of abundance
(expressed as Logio fold change, FC, with respect to the negative control, NTC), msr4 (4.2 Logio
FC), ermB (1.9 logio FC), aphA6 (1.7 Logio FC), and mecA (1.16 Logio FC), followed by aadA1 (0.9
Logio FC), Per-1 group (0.5 Logio FC), and OXA-2 group (0.45 Logio FC). S. aureus and its virulence
genes spa and /uk (included in the microarray) were also detected at high frequency (4.47 Logio FC).
Notably, mec4 was found in the classroom environment, evidencing the likely presence of MRSA
(methicillin-resistant S. aureus) in the school environment. After the attendance of students, further
ARGs appeared, likely as a consequence of the spread of students’ bacteria. The most prevalent ARGs
after lessons included mef4 (5 Logio FC), msr4 (3.1 Logio FC), ACT-5/7 group (3.03 Logio FC),
ermB (1.9 Logio FC), FOX (1.7 Logio FC), ermC (1.7 Logio FC), and tetB (1.3 Logio FC).

At T1, following plant introduction, a decrease in some ARGs was observed in the TR, whereas ermB
(4.5 Logio FC) and mecA (2.9 Logio FC) appeared slightly increased, probably as a consequence of
the increased number of Staphylococci observed in the TR during the T1 phase of the study. No
statistical significance was detected in any of the observed differences. After classes, compared to
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what was observed at TO, some ARGs were decreased up to 2 Logs (ACT-5/7 group, FOX, ermB,
mefA), but new ARGs appeared, including aphA6 (2.08 Logio FC), CTX-M-9 group (4.9 Logio FC),
and VIM-7 (4.7 Logio FC).
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Figure 47. Resistome characterization in the TR classroom. ARGs were evidenced by qPCR microarray, performed on
floor samples at the indicated times (TO0, T1, T2, and T3) before (pre) and after (post) lessons. Results are expressed as
mean values = SD of the Logj fold change (FC) for every ARG. TO values were obtained for comparison with the
negative control (NTC) values, whereas T1, T2, and T3 values were obtained for comparison with the TO values, as

indicated on the y-axis.

At T2, upon the installation of a mechanical ventilation system, the number of ARGs appeared to
decrease compared to TO, both before and after lessons, likely in association with the decreases
observed in the whole bioburden by CFU counts. However, while aadA41, aphA6, and ermB were
decreased by up to —1.5 Logio FC before lessons, CTX-M-9 group and mefA4 were increased by around
2 Log FC compared to TO. After lessons, a remarkable drop in almost all ARGs detected at TO was
recorded, except for ermC, msrA, and mecA, which were increased by about 1 Logo each. In contrast,
at T3, the introduction of PCHS sanitation was associated with an overall decrease in all the ARGs
detected at TO, T1, and T2 before lessons (up to —99.9%, p. < 0.001). The decrease was also evident

after lessons, when all the ARGs identified in previous periods appeared to be significantly
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diminished (up to —3 Logio), thus confirming the significant impact of probiotic-based sanitation in
preventing the diffusion of drug-resistant microbes in both sanitary and non-sanitary environments.
Of note, while the differences observed between the TR and CR were not significant at TO and T1,
they became statistically significant at both T2 and T3 (0.05 < p. <0.001) (Figure 48).

At T3, the differences were significant for all the ARGs detected at both pre- and post-lesson
timepoints. Similarly, the presence of virulent S. aureus (associated with the virulence genes spa and

luk F) appeared to be significantly diminished only at T3, in the TR vs. the CR.

T0 (PRE) "TR TO (POST) -
" CR CR
7
& ]
F 4 Z 4
= i
& . E,
s e .
- =
5 5 2
£ 9
o ] i : . [
B oo A B 8 Ao A g0 dd o 9 o F8 0 o PR RO r G A O IA SR SR R TS O TS
¥ T o L0 7 - & ¢ S (s} g & RSl o
€§? sf;c:*d) & w\ﬁ{:, T ,,v@’\%s’ 'ﬁu"\\:\ ‘?-w ¢F‘@0@&?}; a;"o FEFEETE ?ﬁi K\.F 5 \'xx‘ # éég"ﬂf*{,ﬁ?ﬁw § _;.We\o: a\‘é‘?‘ﬁdj& FSELEEg
¢ * i) 5 5 e o o & b %
& FE §E o E & O £ g
& S8 T FF & & R ¥ I o
T1 (PRE) wik T1 (POST) win
CR ? CR
7
B &
- 5 e 5 !
g £ |
= :
4 i . 4
S :
o 2 o 3 ——
[ = B =3 I
= =
iz N .
< 1 I I
0 0
B R P T 0. b R = S R - S N S RT3 O a v P B . o R R B - . . R S . I o
L i 20,0 3 & & 4 F i e s SO S o A
-fﬂr\f o C \'@"U ?ni‘oam’s\.@d)&@;&d;s? i "?a‘d)ﬁbo_.? q;\;a)e FFLEL L & & g b E T é,q."e_hs q\a_g,"a‘,s' o o @@"Og—%g“ FdHgdFES
k) a5 3 L 3 ; o . I a7 i Y on? 7
X i o 2 M & & "5 A o 4 L g &
3 B L 4 B 3 2 &+ KL = S &
& E ojf‘; il Iy o & K aﬁ ¥ “e h
T2 (PRE) TR T2 (POST) ATH
CR CR
7 7
] [}
g o5
< T zl @ 4 i I
= 2 s i
o 3 o 3 1 |
= : % 5 -
@ 2 = = >
o . &
= 9 & 1 -
0 @ kE o
o R S S N RO N R S R S S 3 PP RE R TP AN RS F IR IFTIOF TR
" & i B Cs) & o = 2 g & & & o FE b Gl
Fise v "\-}iaﬂ.“h\wqu‘iﬁ,gf CEESF &?%&? FELFSFES N &£ é,'»“uﬁ £ : "‘Wo",bc?uo«.‘*%e" L
o ! e ? § ® : L L 3
£ ¥ L ge L U .4“ o i e &
: & R & P = b - L. o g i
P A R & $ ¥ & 2

90



u TR TR
T3 (PRE) m T3 (POST)
CR
7 7
& §
- -
5 g s
g- 4 4 4
VL -
o 3 g 3
'S e 2
i : g
34 =R | I |
0 o i a " - -
. 4 : n 5
S S e A RS N D AN N 0k g s 4SO RS = R e B DR é.ﬁ.,""d*@«“-':\-,ﬁ\%\\fﬁ&
F o o T FEFFLE SIS EEE & & o FFFE TG EL S ITEEFEE ST S FddEF
& F o .uee!‘ & q?p._\.,,\ \\Q-”“;f"\? T rL‘-_:\::’_.3—?:,@5 & & o a‘}!ao ;@‘ c,é_s_,‘l R -q.‘”u'(‘ts EI'c:"__r: c\_...1‘%}'-1: & 8 & & ¢
* 3 & @ o e P 3 Fo¥ ot Fa S
& & ¥R g-?'} &g & g ¥ b w ogr o
G o =

Figure 48. Resistome characterization in TR and CR classrooms. ARGs were quantified by qPCR microarray
performed on floor samples at the indicated times (T0, T1, T2, and T3) before (pre) and after (post) lessons. Results are
expressed as mean values = SD of the Logio fold change (FC) vs. the NTC for every indicated ARG. Asterisks indicate

statistically significant differences between TR and CR values (*, p. < 0.05; **, p. <0.01; *** p.<0.001).

4.3.7. Thermohygrometric and CO: concentration analysis

In Figure 49, carbon dioxide concentration, temperature, and relative humidity values, recorded for
two Sundays (October 29", 2023, and December 171, 2023), are presented. Focusing on CO2 (shown
with measurement uncertainty according to the technical datasheet), we observe that, on both days,
within the selected monitoring period from 7:00 a.m. to midnight, the indoor CO2 concentration in
the classroom exhibits a decreasing trend, dropping from about 650 ppm(v) to approximately 550
ppm(v). In contrast, outdoor CO; levels are lower than indoors and show more fluctuations. This
trend (CO>_INT) is typical in spaces where, due to external infiltration and no internal generation (as
the room is unoccupied), CO2 concentration tends to decrease. Additionally, we note that the indoor
concentration does not reach the outdoor level; this equilibration is expected to occur in the early
hours of Monday morning (not reported here for brevity). Regarding relative humidity, we observe
stability within the classroom on both days: around 70% on the Sunday in November and between
55% and 60% on the Sunday in December. Indoor temperatures also remained stable over the two
days, but were lower in December (1617 °C) compared to October’s 19-20 C. Outdoor
temperatures, however, were notably different, with December’s minimum around 7 <C compared to
October’s minimum of 14 °C. The temperature trend in December highlights how the heating system

is correctly turned off when the school is unoccupied.
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Figure 49. The CO; concentrations in the classroom (CO,_INT) and outdoors (CO,_EXT), internal
and external temperatures (T _INT and T _EXT), and internal and external relative humidity (RH_INT and RH_EXT) for
two different days (Sundays, without students): October 29" 2023 (a,b) and December 17" 2023 (¢, d)

In Figure 50, the trends of the CO; concentrations recorded over the two analyzed days in October
and December are shown, in the absence of internal CO; production due to the lack of anthropogenic
activities. It is observed that at 7:00 a.m. on both days, the concentrations are very close: 642 ppm(v)
on the October day and 641 ppm(v) on the December day. Additionally, the two curves are perfectly

superimposable, with deviations within the accuracy of the internal sensor.
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Figure 50. Trends of CO, concentrations for two Sundays: October 29", 2023 and December 17", 2023. In the figure

the shaded areas represent the uncertainties related to the measurements of the two sensors.

Let us now consider the measurements taken without controlled mechanical ventilation, i.e., when
ventilation and air exchange are manually managed by opening and closing windows during class
hours. Figure 51a,b, refer to Monday October 23™, a day when the heating system was not yet active,
as the external temperature combined with internal loads was sufficient to maintain a comfortable
climate inside the classroom (the average indoor temperature during student occupancy from 8:00
a.m. to 1:00 p.m. was 20.5 °C, with a minimum of 19.3 »C and a maximum of 21.7 °C). From the
CO; graph in Figure 51a, significant variations in CO; levels in the environment were observed (the
average value during the usual period of occupancy is 1334 ppm(v), with extremes of 618 and 2205
ppm(v). Rapid changes occur in correspondence with the opening of windows and/or doors to carry
out natural ventilation. Moreover, comparing the measured CO; values with temperature and indoor
humidity, it is observed that an increase in CO: corresponds to an increase in relative humidity in the
classroom, due to the presence of people; however, relative humidity quickly decreases following the
opening of doors and windows. This effect is also visible in the indoor temperature, although to a

lesser extent, due to the position of the installed sensor within the classroom, which is installed 1.70
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m above the floor. These data show that natural ventilation was carried out, but the exchanges were
still insufficient to ensure adequate CO; levels for the presence of people in the environment. Now,
in the case of Figure 51c, d, referring to November 23, 2023, the heating system was on, and during
the time interval of classroom occupation by students, an average temperature of 21.5 -C was
recorded, with extremes of 18-23.5 C. Even in this case, from the CO» graph, it was observed that
natural ventilation was carried out, and the corresponding trends related to humidity and indoor
temperature discussed previously are observed. Also, in this case, natural ventilation was entirely
insufficient to ensure adequate air quality in the environment during the hours of occupation (with an
average concentration of 1504 ppm(v), with a maximum of 2485 ppm(v) and a minimum of 442
ppm(v), the latter corresponding to the opening of windows). Considering the carbon dioxide
concentration shown in Figure 51a, ¢ in the absence of mechanical ventilation, a characteristic
“sawtooth” pattern can be observed. This pattern is typical of the Lotka—Volterra model (Volterra,
1926), commonly used in ecology to estimate the dynamics of two interacting populations, prey and
predator, over time. This time-dependent model describes population trends through two differential
equations, where key factors include the prey’s growth rate (in this case, the increase in CO2 when
windows are kept closed), the prey’s mortality (CO2 decreasing rate due to infiltration), and the
predator’s growth rate (represented by the opening of windows). Finally, analyzing Figure Sle, f,
referring to Wednesday December 13", which was characterized by a more severe external climate
(with an average of 11.2 «C and minimum of 8.4 °C), there were very limited air exchanges with the
outside and other environments: this situation led to poor air quality inside the classroom, reaching a
peak COy level at 12:15 of 4063 ppm(v), corresponding to a peak in relative humidity of 62%.
Furthermore, an abnormal trend is observed when attention is focused on indoor temperature. Even
in this case, the heating system was operational. Still, unlike the previously analyzed day, when the
system was turned off at the end of classroom use, in this case, the system remained on until 6:00
p.m., leading to excessively high internal air temperatures of over 27 °C. This abnormal behavior of

the system was also detected on other days of the heating season.
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Figure 51. CO; concentration, temperature, and humidity for three different days in which natural ventilation is
considered: Monday October 23" 2023 (a,b); Thursday November 23" 2023, (¢,d); and Wednesday December 13t
2023 (e,f).

In Figure 52, the graphs relating to the CO2 concentration, temperature, and relative humidity for two

days when the controlled mechanical ventilation system was operational are shown. From Figure 52
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a,b, referring to January 19" 2024, a day when both the heating system was operational and controlled
mechanical ventilation was set at a fixed flow rate of 400 m*/h from 7:00 a.m. to 1:00 p.m., a rising
CO. trend is observed, with a peak at 11:30 a.m. of 1552 ppm(v) and an average during the occupancy
period of 1204 ppm(Vv).
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Figure 52.CO; concentration, temperature, and humidity for two different days in which mechanical ventilation is
considered: January 19" 2024 (a,b) and April 4" 2024 (c,d). The data refer to conditions in the classroom (subscript
“INT”) and in the corridor (subscripts “CORR” and “CORRIDOR?”).

In fact, if carbon dioxide is seen as gas tracker, Figure52 highlights that an efficient air renew occurs.
These values are lower than those obtained with natural ventilation; moreover, during the occupancy
period, they are comparable to the values detected in the adjacent corridor (the Testo sensor
previously positioned outside was moved to the adjacent corridor). It is also observed that after the
students leave the school, CO, shows a decreasing trend both in the corridor and the classroom;
however, in the classroom, the CO; levels are close to those normally found outside. During the
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occupancy period, the temperatures were maintained at around 23 °C in the classroom while ranging
between 20 and 23 °C in the corridor; the humidity also remained stable at values between 50 and
55% in the classroom. Figure 52c, d refers to April 41, 2024, when the heating was off, but the
controlled mechanical ventilation was operating at a fixed rate of 440 m>/h. Also, in this case, the
peak of CO; increased during the occupancy period, with a peak of 1250 ppm(v) and an average
during the occupancy period of 844 ppm(v). It is also noted that during the period from 11:30 a.m. to
1:00 p.m. a plateau was reached; the values obtained are still lower compared to January 19™, 2024,
due to the 10% increase in the air renewal rate. The sensor placed in the corridor, however, measured
a lower concentration, close to what should be present outside. It is likely that some corridor windows
were open, while the classroom door to the corridor was closed. Inside the classroom, temperatures
and humidity were maintained constantly at ranges of 21-23 °C and 45-50%, respectively. It is clearly
visible that the concentration of CO: decreased following the implementation of controlled
mechanical ventilation, as well as the stabilization of the relative humidity level. Moreover, Figure
53 shows the trend of thermohygrometric parameters when using only scheduled natural ventilation,
achieved by opening the windows for 5—10 min at each hour change. The aim was to experiment with

a simple procedure carried out by the students to reduce CO; concentration.
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Figure 53. CO; concentration (a), temperature, and humidity (b) for one day in which natural ventilation is considered,

on December 1%, 2023. The typical trend of the Lotka—Volterra model is visible (Khovalyg et al., 2020).

This behavior highlights that the vast majority of schools in Italy, as well as in many other European
countries lack classrooms equipped with mechanical ventilation systems. Therefore, it is essential to
identify indirect criteria for controlling IAQ and CO; concentration. A distinct sawtooth pattern can
be observed. The presented results demonstrate that, although such an intervention is theoretically
feasible and can lead to improvements in both average and peak CO> concentrations, temperature
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control becomes more challenging. This results in complaints from students and teachers about
temperature fluctuations. In this case, the ambient temperature ranged between 18 and 23 °C,
compared to much smaller fluctuations (21-23 °C) in the case of Figure 52d (mechanical ventilation).
Additionally, considering Figure 52¢, d, when mechanical ventilation is employed, not only is a
stabilization of CO; concentration observed during the occupancy period, remaining below 1330
ppm(Vv), but also a stabilization of the indoor temperature between 8:00 a.m. and 1:00 p.m., ranging
from 22.0 to 23.3 °C. The same behavior was not observed in the case of natural ventilation (Figure
53a, b). Although periodic air changes kept the CO> concentration below 2200 ppm(v), greater
temperature variability was recorded in the classroom, ranging from 23.3 to 18.9 °C during window
openings. This resulted in an important increase in thermal discomfort associated with windows
opening for ventilation. In Figure 54a, b, the daily values of average and maximum CO» inside the
classroom for when students are present in the classroom of are reported, respectively. Focusing on
Figure 54a, it was observed that the average maximum values occurred in presence of natural
ventilation, with values reaching up to 2500 ppm(Vv). In the case of controlled mechanical ventilation,
however, the average values are much lower and rarely exceed 1200 ppm(v). Furthermore, the effect
of increasing the renewal rate of the machine in the final part of the measurement campaign is
observed: in the last part, the average CO> values resulted in an average concentration almost always
below 1000 ppm(v). Similar considerations can be made for the maximum daily concentration during
the occupancy period reported in Figure54b: it is particularly of note that the peaks of maximum
concentration in the presence of natural ventilation reach up to 4500 ppm(v), while in the case of
controlled mechanical ventilation the maximum peaks rarely exceed 1500 ppm(v). Considering

Equation 1:

orr o CNV —C RV
ACO; (%) = 10020
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Figure 54. The trends of daily average CO, during the occupancy period (a) and of the maximum
peaks (b) in the case of natural ventilation (NV) and controlled mechanical ventilation (MV). In Figure (a), the mean

percentage reduction in carbon dioxide considering MV with respect to NV is reported as well.

In expressing the percentage reduction in CO; concentration following the adoption of mechanical
ventilation, CMV represents the average concentration recorded during occupancy periods under

mechanical ventilation, while CNV refers to the average concentration recorded during occupancy
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periods under natural ventilation. Analyzing the data reported in Figure 54a, excluding non-
occupancy periods such as Easter and Christmas holidays and Sundays, a significant reduction in CO»
concentration is observed. Specifically, the daily average reduction is —62% for mean daily values.
More precisely, under natural ventilation, the daily average CO» concentration reaches 1576 ppm,
while it reaches 900 ppm under mechanical ventilation. Furthermore, considering the maximum
concentrations obtained during the same observation period, a CNV value of 4573 ppm(v) was
recorded on November 3™, 2023, and a CMV value of 1802 ppm(v) was recorded on 12 January '2h,
2024. This results in a concentration reduction of 68%, as calculated using Equation 1. It is possible
to express the CO> emission rate inside the classroom, starting from the concentration in ppm relative
to volume yCO: (ppm(Vv), as read from Testo sensors) and then expressing it as a weight concentration

(xCO2, ppm by mass, Equation 2). Additionally, the COx concentration in mg/m? of air (Ccoz) can

also be calculated within a given environment:

Hcoz
XCco2 = Yco2—— (2)
arr

ncoz2 Hco2 HCO2
Ccop = ——=- = fcop* (3)

- 5 - 7 ) i
Nair Omol air Upol air

In these equations, the variables are as follows:
e uco2 and g are the molar masses of CO; and air, which are 44 g/mol and 29 g/mol,
respectively.
®  Vuolair 1S the molar volume of air, which depends on temperature. At 20 °C, it is24.05 x 1073
m?*/mol.
e fco2 is the molar (or volume) fraction expressed as a percentage, representing the ratio of
ncoa/nair divided by 10°. For example, at a concentration of 1000 ppm(v) in the environment,

the volume fraction is 0.1%, as shown in Equation 4:

yco2 1000 0.1
106 10 100

fcoz = =0.1% (4)

The quantity of CO> in mg/m® emitted by each person in the room can be estimated using a mass
balance (Equation 5) in steady state, which considers the air supply rate into the room through

mechanical ventilation (m.i-), the external concentration (Ce.y), the internal concentration (Cin)
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measured at the machine’s intake, and the internal CO» production (mco2,1:) due to people in the

room. In this analysis, air change rate since infiltration is neglected:

Mair Cm‘t an Mco2,tot = Mgjr Cim‘ (D)

The infiltration airflow has been considered negligible compared to the airflow of the Aldes machine.
This can be inferred from Figure 51a, ¢, e; in fact, the decay of the internal CO; curve within the
class (with doors closed, no presence, and the machine turned off) is very slow. Assuming an external
concentration of Cexy = 760 ppm (500 ppm(Vv)), an internal concentration of Ci,; = 2050 ppm (1350
ppm(Vv)), and an air renewal flow rate of 480 kg/h, the total internal CO> production is calculated to
be 622 g CO/h, applying Equation 3 to determine the CO» concentration per unit of volume of air at
20 °C, considering the molar volume of air to be 24.05 *10™* m3/mol. The previous result was
obtained by applying Equation 5 to determine mcoz .. Dividing this value by the number of people

in the room (assumed to be 18, 17 students and 1 professor) provides a per-person CO> production

rate of 34.5 g CO»/(h - person). This value is in accordance with the scientific literature (Esfehani et

al., 2019, Stonner et al.,2018). By introducing a calculated average weight of 54.6 kg per person, the
CO: emission obtained is 0.63 g COx/h per kg of weight. This field data are useful for predicting the
airflow required to maintain a predetermined level of carbon dioxide in any environment where
people are at rest: of course, higher values of airflow ensure lower CO» concentrations, but face other

issues, such as noise emissions or simply energy consumption.

4.3.8. IAQ analysis

In this section, the indoor air quality conditions in the environment with and without mechanical
ventilation is presented. Consumption values are also presented accordingly. As is well known,
electrical energy consumption is strongly related to carbon dioxide emissions (Aly et al., 2016), also
regarding a dynamic consumption context (Toleman et al., 2004). Figure 55 shows the electricity
consumption trends for the MVHR system during the measurement period from February 18" to April
1812024, alongside the average external temperature recorded in Ferrara by sensors from the Emilia-
Romagna Regional Environmental Protection Agency (ARPAE) for a climate station located in the
city center (Brizio et al., 2006, Guan et al., 2024). The reported values represent averages from 7:00
a.m. to 1:00 p.m., corresponding to the actual operating hours of the MVHR system. It is noted that,
as expected, the ventilation system is turned off on Sundays. While an inverse trend between external

temperature and daily energy consumption is observed, the correlation between external temperature
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and electricity demand is not particularly strong (R? = 0.425). This electricity consumption includes
energy used by the system’s electric post-heating battery and fans. The low correlation may be
attributed to multiple influencing factors, such as the varying amounts of energy supplied by the
heating system, exchanges with the surrounding environment, and the potential openings of doors to
the outside or adjacent spaces. Additional correlations were also investigated, particularly with the
24 h daily average external temperature and with the internal average temperature during both the 6
h of occupancy and the 24 h daily period. However, the correlation index values were found to be

below 0.4.
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Figure 55. Trend of electricity demand during occupancy period vs. external air temperature (a) and correlation (b).

In Figure 56, the internal trends for temperature, CO> concentration, and humidity are shown over a
two-month period, comparing measurements from the Testo sensor (positioned 1.70 m above the
floor) with those from a sensor located near the return of the controlled mechanical ventilation unit.
In Figure 56a, it can be observed that the temperature measured near the ventilation unit is close to
that recorded by the Testo sensor, with average deviations of 0.8 K over the measurement period
(excluding data points where values from either sensor were missing). Minimal discrepancies are also
noted for relative humidity, shown in Figure 56b. with an average difference of 1% over the period.
However, for CO> concentration, the average deviation is more significant at 147 ppm (Figure 56c¢),
though still within a reasonable range. This discrepancy in CO; levels may be attributed to the

differing concentrations that can occur at various heights within a room (Tzouvelekis et al., 1994).
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Figure 56. Comparisons of temperature (a), relative humidity (b), and carbon dioxide concentration (c) inside the classroom,

measured by the Testo sensor positioned 1.7 m (“testo”) above the floor and the AIRTHINGS sensor (“MV”) located at the

mechanical ventilation outlet.
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S. DISCUSSION

5.1. Shaping the microbiome of the subway BE (pandemic period)

In confined BEs, the environment microbiome predominantly stems from human occupants (Li et al.,
2021), and can become a reservoir of microbes that can be readily transmitted to individuals,
substantially increasing the risk of acquiring infectious diseases (Adams et al., 2015; Mahnert et al.,
2019). Hospitals are recognized as paradigmatic examples of this transmission route; in fact, the
hospital microbiome serves as a reservoir for potential human pathogens. Indeed, contamination of
hospital surfaces by clinically significant pathogens is a critical concern in healthcare settings, as it
contributes to the onset of HAIs. In addition, the high selective pressure exerted by the continuous
use of disinfectants and antimicrobials in the hospital BE, renders these microbes more and more
resistant. Therefore, AMR has spread in the hospitals, becoming a parallel threat for human health,
since more and more HAI are difficult to treat with antimicrobials. The frequent surface
recontamination process, driven by the presence of colonized or infected patients, hospital visitors,
and staff, makes thorough decontamination efforts challenging. Chemical-based detergents and
disinfectants are widely used for cleaning hospital surfaces, especially in recent years when they have
been widely implemented as a mandatory measure to combat the COVID-19 pandemic, a practice
that remains common in both healthcare and non-healthcare settings. However, these chemical
methods present several significant limitations. Beyond their substantial environmental impact, they
are only effective in short-term pathogen reduction; recontamination often occurs within 30 minutes
after application (Vandini, Temmerman, et al., 2014). Furthermore, these chemical methods can drive
the selection of resistant microbial strains. Resistance can develop not only against the disinfectants
themselves but may also extend to antibiotics, as observed with chlorhexidine, a disinfectant linked
to induced resistance against colistin, a critical antibiotic for treating multi-drug-resistant Gram-
negative infections (Wand et al., 2017). Recent perspectives have shifted toward viewing
environmental health in parallel with human health. Rather than attempting to eliminate all microbes,
it may be more effective to replace harmful pathogens with beneficial microorganisms to restore a
balanced microbiome and prevent pathogenic colonization (Al-Ghalith & Knights, 2015). In the
search for an eco-friendly and effective sanitization strategy that addresses the limitations of
conventional chemical disinfection methods, we previously developed a probiotic-based sanitation
(PBS), named Probiotic Cleaning Hygiene System (PCHS). This approach employs sustainable
detergents containing spores of non-pathogenic, widely distributed probiotic bacteria from the
Bacillus genus, which have a well-documented history of safe use in human applications. Within

hospital settings, this approach achieved sustained pathogen reduction (-80%), a 99.9% decrease in
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AMR microbes, and a 52% drop in HAI incidence, without increasing environmental pollution or
AMR (Caselli, 2017; Caselli et al., 2019; Caselli et al., 2016; Caselli et al., 2018; D’Accolti et al.,
2022; D’ Accolti et al., 2021; Soffritti et al., 2022). Besides hospitals and sanitary environments, other
indoor community environments can be critical areas for human-to-human, surface-to-human, and
human-to-surface microbial exchange. Among these, mass transportation spaces are particularly
impacting on human health, as shown during the COVID-19 period, being able to transmit microbes
impacting rapidly a high number of people. Urban subways are characterized by high densities and
frequent passenger turnover. This prompted government initiatives aimed at reducing passenger
density and enhancing disinfection protocols to ensure safer travel during the COVID-19 pandemics,
and chemical disinfectants were extensively adopted as a mandatory measure to combat the pandemic
(ISS, 2020), raising serious concerns about the risk of future AMR pandemics, as emphasized by the
WHO (Getahun et al., 2020). Based on the results obtained in vitro showing the antiviral activity of
PCHS against all the enveloped viruses, including SARS-CoV-2 (D’Accolti et al., 2021; Soffritti et
al., 2022), its applicability and efficacy was tested in subways compared it to the conventional
chemical disinfectants, during the COVID-19 period. A pre—post and case—control study was thus
conducted over 12 weeks in two driverless trains (matriculated as train 5508 and 5511) of the M5
subway line of the city of Milan. Due to COVID-19- related restrictions, a full replacement of
chemical disinfection with PCHS sanitation was not feasible, so a combined approach was used. This
regimen was developed based on preliminary tests assessing the compatibility of PCHS probiotics
with chemical disinfectants. Specifically, PCHS was applied 30 minutes after disinfecting with
ethanol or ammonium-based products and was used as a substitute for chlorine-based disinfectants.
The data collected during the PCHS application revealed significant differences in pathogen levels
between the control and PCHS-treated trains. Indeed, probiotic sanitation led to a rapid reduction of
pathogens (58% decrease within 2 weeks) and eventually to near-total elimination (100% reduction
by week 12). In contrast, the pathogen levels in the control train remained relatively unchanged,
despite a four-times-daily application of chlorine disinfectant in the first two weeks, compared to a
once-daily application of PCHS in the treated train. Of note, the superior decontamination ability of
PCHS, compared to chemical disinfectants, was evident on both tested surfaces and in air, suggesting
that its action can provide a more sustained decontamination from both surface and air-dispersed
pathogens. Importantly, PCHS use induced a significant reduction in AMR genes, with levels
dropping by up to 2-log compared to the control train, aligning with previous observations in PCHS
treated sanitary environments (Caselli et al., 2019; Caselli et al., 2018). To better understand the
alterations of trains’ microbiomes during PCHS application, the microbial population was also

profiled by NGS, as described in Results. At all timepoints, the five most prevalent phyla in both
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trains were Proteobacteria, Actinobacteria, Firmicutes, Bacteroidota, and Cyanobacteria, echoing
previous subway studies (Gohli et al., 2019; Leung et al., 2019; Vargas-Robles et al., 2020). Surface
samples contained more diverse, less common phyla, like Deinococcota, and Acidobacteria while air
filters samples were dominated by Proteobacteria and Actinobacteria. At the genus level,
Burkholderia—Caballeronia— Parabulkholderia was the most abundant group in both air and surface
samples (11% and 47%, respectively), representing a mix of environmental and potentially
pathogenic species (Beukes et al., 2018), also detected in the human nasopharyngeal tract (Ferrari et
al., 2022). PERMANOVA analysis confirmed distinct clustering of surface and air microbial
communities, aligning with previous findings (Leung et al., 2019). The passenger microbial input
was also well represented in train microbiomes as several human colonizers were detected, although
at lower abundance compared with predominantly environmental strains. Staphylococcus,
Cutibacterium, Corynebacterium and Streptococcus genera were indeed observed at levels of
abundance between 0.8 and 2.2%, similarly to what reported in previous studies (Hernandez et al.,
2020; Vargas-Robles et al., 2020). However, although the predominant phyla and genera remained
consistently ordered in abundance throughout the study, individual abundances varied considerably
between bacterial groups in both trains, resulting in no statistically significant difference between the
PCHS-treated and control trains. Similarly, the 28 taxa comprising the core train microbiome showed
minimal changes, indicating that PCHS had little impact on the overall microbial signature. Only
three genera, Bacillus, Roseomonas, and Clostridium, showed significant changes: Bacillus increased
slightly in the PCHS train (0.2% to 0.4%, p < 0.05), while Roseomonas and Clostridium decreased
(from 0.7% and 0.5% to 0.3% each, p < 0.05). This contrasts with CFU counts and microarray data
showing reduced pathogen and AMR presence in the PCHS vs. control train. Nonetheless, Bacillus
spp. did show a measurable increase in the PCHS-treated train compared to the control, although its
relative abundance remained below 1%. In contrast to findings from hospital environments, where
PCHS application significantly altered the whole microbiome (Caselli et al., 2016, 2019; Caselli et
al., 2018; Vandini, Temmerman, et al., 2014), the subway microbiome showed minimal changes,
likely due to its distinct basal composition. Indeed, unlike the hospital microbiome which is
predominantly human derived (Dai et al., 2017; Lax et al., 2017; Mahnert et al., 2019), the train
microbiome is mainly composed of environmental species, whose proportions are less affected by
Bacillus additions. On the other hand, in hospital settings, human pathogens, with their high nutrient
requirements, may be more readily suppressed by PCHS-Bacillus through competitive exclusion
mechanisms. Interestingly, most of the human microbiome members identified in the train
microbiome are typical of normal human skin and oral flora, consistent with previous findings

(Human Microbiome Project Consortium, 2012; Leung et al., 2019). These results, alongside the
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AMR data, highlight the need for active microbiological monitoring in mass transit settings, where
dense crowds facilitate horizontal transmission between microorganisms and human hosts.
Additionally, environmental microbes may contribute to the human skin microbiome and resistome
(Kang et al., 2018), making it essential to manage microbial communities in high-occupancy
environments like public transportation. In conclusion, this first phase of my PhD project provided
the first detailed analysis of microbiome dynamics in a subway environment, comparing chemical
sanitation to PBS methods, highlighting the effectiveness of PCHS in lowering pathogen

contamination, AMR risk and pollution.

5.2. Shaping the microbiome of the subway BE (non-pandemic period)

The aim of this other phase of my PhD project was to evaluate the effects of PCHS used as a complete
replacement for chemical disinfection. To this end, a study was conducted in collaboration with ATM
of Milan, involving two underground trains on the M4 Line (registrations 4404 and 4435). The study
was designed as a pre post study lasting a total of 4 months: the pre-PCHS phase (T0) and the PCHS
phase (divided into three periods: T1, T2, T3). Initial results (T0) showed a high baseline microbial
load, with a predominance of potentially pathogenic microorganisms such as Staphylococcus spp..
This situation corresponds to what is found in the literature in BE environments with a high density
of human occupation, where skin-borne bacteria are among the most represented. Before the start of
PCHS treatment, surfaces and air filters showed high levels of bacterial and fungal contamination.
Following the introduction of PCHS, a significant reduction in baseline contamination was observed
after just two weeks. Indeed, at T1, a greater than 70% decrease in pathogenic load on surfaces was
observed, a decrease that further stabilized and increased at the following time point (T2). Pathogenic
contamination was reduced by 92.6% on surfaces and 99% on air filters. Finally, after approximately
four months (T3), an almost complete elimination of the pathogenic microbial load was observed,
with values reaching near zero. These data demonstrate the true value of PCHS sanitization, capable
of stably and long-lastingly decontaminating environments by promoting sustainable biological
competition that hinders recolonization by pathogens. In parallel, resistome analyses using qPCR
microarrays have shown that PCHS use is associated with a stable decrease in ARGs of up to 3 log (-
99.9%), confirming previous studies conducted in healthcare settings. Interestingly, both trains at
time TO showed significant levels of several resistance genes against various antibiotic classes,
including macrolides, methicillin, and B-lactams, both on surfaces and in the air. With the
implementation of PCHS, a decrease in all ARGs present at TO was observed, confirming and further
supporting the use of PCHS as a means of counteracting the spread of AMR. The results obtained at
T3 in the air, where a slight increase in the genes OXA4-50 (which confers resistance to B-lactams),
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oprJ, oprM, INP-5 group, FOX and NIH were observed, can be traced back to the extremely dynamic
nature of air and filters, elements continuously exposed to the external environment, capable of
capturing even microbial DNA residues. Therefore, these isolated results should be interpreted as
transient events that do not impact the overall reliability of the system, which instead consistently
showed a significant decrease in most ARGs in all treated environments. To conclude, also in this
other phase of my PhD project, the adoption of alternative sanitization methods based on the use of
probiotics of the Bacillus genus has shown be effective in combating AMR and could ensure a
sanitized environment capable of preserving the health of occupants. PCHS therefore emerges as a
valid and sustainable solution, with potential benefits beyond the healthcare sector, extending to
densely populated community environments. The integration of probiotic systems for environmental
hygiene management could emerge, in the long term, as an innovative and reliable intervention to
combat the worsening of antimicrobial resistance, while offering reduced environmental impact and

greater protection of public health.

5.3. Shaping the microbiome e of the school BE: impact of combined interventions
Among high-traffic BEs, schools represent the one where humans spend most of their time during the
educational phase of their lives. Of note, microbes have been persistently detected on surfaces and in
the air of the school environment, where they have been associated with the onset of various diseases
in this age group (Taubel et al., 2024, Etsy et al. 2018, Adams et al., 2021). Consequently, monitoring
the school microbiome may be important to maintaining a healthy learning environment and
preventing the onset of diseases in students and teaching staff. It is recognized that indoor
microbiomes are affected by ventilation type, building features, and cleaning modalities. Inadequate
airflow is in fact associated with health complications (Ferrari et al., 2023, Stabile et al., 2017), and
plant introduction is considered a possible tool for improving air quality and cognitive
performance in students (Bringslimark et al., 2007, Pegas et al., 2012). Moreover, bioburden control
has so far been addressed by conventional chemical disinfection, which may increase chemical
pollutants and induce the potential selection of drug-resistant microbes (Nabi et al.,2020, Kampf et
al., 2018). In contrast, sustainable cleaning systems based on probiotic use (PCHS) have been
reported as a promising alternative, having been shown to stably control bioburden without selecting
AMR (Caselli et al., 2016, Caselli et al., 2018, Caselli et al, 2019, D’ Accolti et al. 2019, D’ Accolti et
al. 2021 D’Accolti et al. 2023, Cason et al. 2021). In this last phase of my PhD project, it has been
investigated the effects of different interventions (plant introduction, mechanical ventilation systems,
and PCHS sanitation) on the school microbiome by performing a pre—post case—control study in an
Italian high school. The results collected at the basal level in both enrolled classrooms (TR and CR)
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showed the presence of several potential pathogens both on surfaces and in the air. The whole surface
bioburden appeared consistent with that measured in non-sanitary environments (Park et al., 2021,
Yang et al., 2022), with >12,000 CFU/m? before the entrance of students and around 20,000 CFU/m?
after six hours of the continuous presence of occupants (students and teachers). Fungi and
Staphylococci were the prevalent microbes, in line with what was previously observed. Fungi
accounted for over 75% of the surface bioburden before lessons and Staphylococcus spp. represented
>60% of the total bioburden measured after lessons. Of note, Aspergillus species were almost always
detected as part of the resident fungal population, raising potential risks for the health of human
occupants. In fact, some Aspergillus species can be harmful to humans, as they behave as significantly
opportunistic pathogens, potentially causing multiple diseases, including invasive pulmonary
infections and allergic diseases, especially in fragile subjects (Mousavi et al., 2016). These results are
in line with those obtained in other studies, particularly in school areas with inadequate ventilation
and high humidity (Salonen at al., 2015, Sadrizadeh et al., 2022, Song et al., 2024), and further support
the fact that human-derived bacteria are common in spaces where people (such as students)
congregate (Prussin et al., 2015, Gilbert et al., 2018). Of note, several genes conferring antibiotic
resistance (ARGs) were identified in the microbial population persisting in the classroom
environment, confirming that AMR is no longer confined to hospitals but is spreading significantly
outside of sanitary settings. Prevalent ARGs included genes conferring resistance against different
classes of antibiotics, including beta-lactams, aminoglycosides, and macrolides. Methicillin
resistance, likely ascribable to the presence of methicillin-resistant S. aureus (MRSA) (Votintseva et
al. 2014), was also detected. This finding further highlights the spread of MRSA in the general
population in non-sanitary environments and is in line with previous studies performed on antibiotic-
resistant microbes in schools (Stanforth et al., 2010, Matecka-Adamowicz et al., 2020, Wang et al.
2020) and in high-traffic community environments (D’Accolti et al. 2023). The introduction of
Golden pothos and Tillandsia kammii Rauh plants, chosen essentially for their resilience and
suitability for greening walls, caused an unexpected shift in the TR microbial population, with a
significant increase in the staphylococcal component and a concomitant reduction in the fungal one.
This may be attributed to the potential impact of plants on the classroom’s microbial dynamics via
changes in environmental factors able to slow fungal proliferation or through the release of bacterial
species from the plant microbiome, in line with findings obtained in a previous study (Mahnert et al.
2015). More specifically, changes in physical parameters (such as temperature and relative humidity),
as well as the release of volatile organic compounds (VOCs) and other plant-derived factors, may
have created an environment favoring the growth of Staphylococci but not that of fungi, which

typically thrive in more humid conditions (Portnoy et al., 2005). Also, specific plant-associated
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bacteria may have outcompeted fungi and contributed to the observed increase in Staphylococcus spp.
This hypothesis appears consistent with previous studies showing that plant-associated bacteria could
effectively colonize indoor environments (Mahnert et al., 2015, Mahnert et al., 2018) and compete
with fungi for nutrients and space. However, since comprehensive species identification of all the
bacterial species was not performed, it is not currently possible to determine whether the increased
bacteria were environmental Staphylococci or cocci of human origin, and more detailed analyses
should be performed to further explore this aspect (including whole-genome sequencing, WGS) and
clarify the sources of dynamics of these microbial populations. The installation of mechanical
ventilation systems is instead recognized as a potential factor able to significantly impact the indoor
microbiome, and consistent with this at T2, a significant reduction in contamination was observed in
the TR compared to the CR. More specifically, a drop of 70% and 62% was observed in the total
microbial population measured before and after lessons, confirming that mechanical ventilation can
efficiently prevent over-contamination, likely by controlling the environmental factors that could

favor the growth of pathogens, such as temperature and humidity (Niza et al., 2024). All the details
of the ventilation systems adopted during the study are described in a companion article. Noticeably,
during the first phase, room ventilation was obtained by opening windows and doors, resulting in a
highly variable rate over time, also depending on external climatic conditions and the amount of time
the windows were open. With the introduction of mechanical ventilation, the airflow rate was set at
440 m’/h, equivalent to 24 m3/h per person (17 students and 1 teacher—6.7 L/s per person), in
accordance with the European national standards (UNI EN 16798-1), which require a minimum air
exchange of 4 L/s (14.4 m3/h) per person in schools. The records of CO,, temperature, and relative
humidity showed that relative humidity was significantly lower in the TR, where it did not exceed
45%, compared to the CR, where it constantly reached 65%. This parameter, together with the
temperature (maintained at 21-23 °C), may have significantly impacted the growth of
microorganisms inside the TR. Moreover, the accurate monitoring of CO2 concentration (Ballerini et
al., 2025) showed that CO, concentrations dropped significantly in the TR with mechanical
ventilation (<1300 ppm-v) compared to natural ventilation (4500 ppm-v), with an average decrease
in concentration of 62%, with potential improvement in psychological well-being and learning
outcomes. At T3, further significant changes were observed, associated with the introduction of
PCHS in substitution for conventional chemical cleaning, based on the use of denatured alcohol on
furniture surfaces and chlorine on the floors. The results, in fact, evidenced a significant drop in
surface pathogens of 83% before lessons and of 81% after lessons, compared with what was detected
in the CR (p < 0.001). PCHS, by introducing beneficial Bacillus probiotics, has previously been

recognized as an effective tool to stably control the colonization by pathogens in treated environments

111



(Vandini et al , 2014, Caselli et al., 2018, Caselli et al., 2019,Caselli et al., 2017, Caselli et al., 2016
D’Accolti et al., D’Accolti et al., 2019, D’Accolti et al. 2022, Urdaci et al., 2004) via active
competition with the surrounding pathogens. Our data confirm the results previously obtained in other
community spaces (D’Accolti et al., 2023), showing a significant stabilizing effect of PCHS both on
the surface and in the air both before and after lessons, associated with the increase in Bacillus in the
treated environment. In particular, the low number of pathogens detected after lessons highlights
PCHS’ ability to prevent recontamination of the treated environment, despite the continuous
microbial spread associated with student occupancy. These data thus support the usefulness of PCHS
in high-traffic non-sanitary settings to protect the environment long term from potentially harmful
contamination (Caselli et al., 2016, Caselli et al., 2018, Caselli et al., 2019, D’Accolti et al. 2019,
D’Accolti et al., 2022, D’ Accolti et al., 2023). Moreover, considering that the abundance of indoor
Bacillus spp. has been significantly associated with gut microbial diversity and the Gut Microbiome
Health Index (Zhang et al., 2023), these data may also be of importance toward improving the general
health of attending students. In addition, the resistome analysis showed that the application of PCHS
was associated with an overall decrease in all the ARGs detected in the classroom environment of up
to 3 Log10 in the previous study periods, confirming that it may be an important tool for tackling the
spread of AMR in the community. Thus, probiotic cleaning was compatible with the presence of a
mechanical ventilation system (which did not disturb the PCHS—Bacillus colonization) and could
further contribute to the decrease in pathogens and AMR in a summation mode. The school
microbiome data are in line with those reported in previous case studies, although a direct comparison
is difficult because most published data derive from NGS analyses, whereas we quantified the
microbial contaminants by CFU count. Despite these methodological differences, Staphylococci and
other human-derived bacteria were reported as the main source of bacteria in classrooms, together
with fungi mostly attributed to the outdoor environment (Lee et al., 2021). Of note, the
bacterial/fungal fraction of the school indoor microbiome was associated with respiratory diseases
(Park et al., 2025, Fu et al., 2024], whereas increased biodiversity in the school microbiome was
instead suggested to protect students and school staff against these infections (Park et al., 2025).
Various studies have shown that the presence of green plants is associated with an increased number
of bacterial taxa (Dockx et al., 2022), and further research would be needed to analyze in detail the
plant-related taxa composition of the indoor microbiome and to explore its contribution to health
effects. Other studies have confirmed that indoor plants can enrich indoor microbial diversity (Dockx
et al., 2021) and support the enhancement in commensal skin microbes and immune regulation
(Soinen et al. 2022). Last, green plants were also associated with 10% lower CO, and more stable

temperatures (Danielski et al., 2022). Ventilation was also reported to affect surface and airborne
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bacteria and fungi possibly associated with respiratory symptoms in schoolrooms (Daisey et al.,
2003), and to impact CO, temperature, and humidity parameters of the indoor air (Langiano et al.,
2024), thus strengthening what we observed. No studies on PBS usage in the indoor school
environment are available in the literature, but several studies were conducted in sanitary and non-
sanitary areas, showing a significant decrease in potential surface and airborne pathogens (Vandini et
al., 2014, Caselli et al., 2017 Caselli et al., 2018, Caselli et al., 2019, D’ Accolti et al., 2022, D’ Accolti
et al., 2023). Major published school case studies are summarized in Table 8 and emphasize the
overall importance of understanding the interaction between the indoor microbiome and the
environmental characteristics (plants, relative humidity, building confinement, and CO:
concentration) in designing disease prevention strategies (Fu et. al., 2022). Our data show that
different types of sustainable intervention can be compatible with each other and concur to obtain
additive results, exceeding those achievable by applying separate interventions. A combined
intervention including plants, mechanical ventilation, and probiotic cleaning could thus be highly
effective at reducing the indoor bioburden and AMR, suggesting that an integrated approach may not
only help to reduce all persistent pathogens but also have a direct impact on limiting the presence and
spread of antibiotic resistant microorganisms in these environments, which is particularly important
in public spaces, where exposure to resistant strains can pose a serious health risk to vulnerable

populations such as students.

Setting Study Aim Analysis Methods Primary Qutcomes References
. N - Microbial S Bacteria derived from humans :
Elementary schools (Karea) monitoring NGS (165 rRNA/ITS) Fungi mostly attributed to the outdoor environment Lee etal, 2021

Elementary schools (USA)
Dormitory rooms (China)
155 Households (Belgium)
176 Living rooms (Belgium)
Offices

(Finland)

Secondary school (Sweden)

Several schools

High school
(Ttaly)

Impact of indoor microbiome on
Tesp. infections

Impact of indoor microbiome
on rhinitis

Impact of plants on
indoor microbiome

Impact of outdoor green space
on indoor microbiome

Impact of green walls on skin
microbiota and immunity
Impact of indoor plants

on environment

Review of indoor air quality
and health

Environmental
and microbial monitoring

NGS (165 rRNA/ITS)

NGS (165 rRNA)
NGS (165 rRNA/ITS); gPCR

NGS (165 rRNA/ITS); gPCR

NGS (165 rRNA)

Measurement of indoor physical
parameters (sensors)

Correlation of ventilation, CO,, and
CFU counts

Measurement of CO; and CFU
counts in indoor air

Indoor microbiome with high biodiversity may provide
better protection against respiratory infections

Indoor microbiome associated with rhinitis (specific taxa)

Indoor plants associated with increased
microbial biodiversity.
Bacterial/ fungal richness increased with >3 plants
Residential green associated with increased

microbial biodiversity

Air-circulating green walls may enhance skin health and
immune Tesponse

Indoor plants associated with decreased CO; (—10%) and
more stable temperature

Bacterial/ fungal pathogens in classroom air

Inadequate ventilation decreases air quality (CO»

and hioburden}

Staphylococcus spp. and other potential pathogens found
in indoor air

Inadequate ventilation affects air quality (CO.)

Park et al., 2025
Fuetal, 2024
Dockx et al, 2022

Dockx et al, 2021
Soininen et al., 2022

Danielski et al., 2022

Daisey et al, 2003

Langiano et al, 2024

Table 8. Major published studies on the indoor microbiome in community environments.
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6. CONCLUSIONS

This PhD project on the use of PCHS as other sustainable strategies to improve indoor BE
microbiome and health closely aligns with the One Health approach, which recognizes the
interconnection of human, animal, and environmental health, and supports the need for sustainable,
eco-friendly solutions that minimize negative impacts on the environmental microbiome while
promoting public health. The One Health framework furthermore emphasizes the reduction of AMR,
being currently one of the most significant challenges for the human health. Chemical disinfection,
massively used so far to control the infectious risk, depletes microbial biodiversity and drives the
spread of AMR.

Our results showed that PCHS, a patented PBS system set-up in collaboration with Copma S.c.p.a.
as the industrial partner of my PhD., can instead provide an eco-sustainable and microbiome-friendly
solution that can shape stably the microbial communities without disrupting beneficial microbes or
fostering AMR. The collected data further showed that this approach can be generalizable, being
applicable and effective not only in healthcare settings but also in non-sanitary environments, such
as mass transportation spaces and classrooms. The versatility of PCHS highlights its adaptability for
diverse settings, addressing human and environmental health needs through infection control
practices that are safer for humans the natural ecosystem. In conclusion, PBS can contribute to a
broader, sustainable health framework, by offering a preventive approach to infection control that
safeguards public health, preserves ecological balance, and supports global efforts to combat AMR,
advancing the critical objectives of the One Health vision. The research also revealed several key

findings and paves the way for further investigations, including:

e Confined BEs can serve as reservoirs for human pathogens, thus long-lasting decontamination
systems may be more effective in preventing infections compared to temporary
decontamination;

e Deep sequencing techniques are continuously evolving; thus, a periodic reassessment of
PCHS-Bacillus may be useful to further exclude the acquisition of any genes related to
resistance or virulence, ensuring over time that probiotics maintain effectiveness and do not
acquire potentially harmful features;

e Based on the versatility of PCHS and on the One Health indications, it would be important to
extend the research to other fields where the PBS may be beneficial, such as livestock

management and agriculture.
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In parallel, this project included examining the impact of adopting other sustainable interventions
(such as green plants and mechanical ventilation) in highly frequented indoor spaces, such as schools.
The key findings showed that:

e green plants can substantially affect the classroom microbiome, although not significantly from
a statistical point of view, suggesting that the inclusion of appropriate plants could apport benefits
to the indoor BE;

e CO; concentration in the classroom dropped significantly with mechanical ventilation, with peak
values reaching more than 4500 ppm(v) under natural ventilation and rarely exceeding 1500
ppm(v)with mechanical ventilation. The average concentration during occupancy decreased from
around 2500 ppm(Vv) to levels close to 1000 ppm(v) and a reduction of 62%, considering mean
values during the occupation period and the daily reduction reached -68% considering the
maximum daily values (Figure 54a, b)

Future research might explore operating the machine at variable rates to adjust flow based on other
pollutant dilution needs and assess the effects of slight positive pressure on radon, VOC, and
particulate matter concentrations. Moreover, in future analyses, attention will be paid to the role of
operative temperature. Renewable energy sources are also planned to be integrated, aiming to make
the classroom nearly carbon-neutral. This study may be usefully included in multidisciplinary analyse
addressed to sustainable regeneration of school spaces, focusing on improved habitability with
objectives that include:

e Characterization of the environmental microbiome (microbial, bacterial, and fungal
communities) and methods to support a balanced ecosystem, including compatible plant
installations (green classrooms).

e Control of thermohygrometric, physical, chemical, and energy parameters to enhance
occupant health and reduce the built environment’s carbon footprint (decarbonization).

e Improvement in psychological well-being and learning outcomes by enhancing the aesthetic,
functional, and material qualities of spaces, promoting interaction among people and between
individuals and their environment (interior design);

e Development and prototyping of innovative educational spaces, using specific and
quantitative knowledge of the various parameters that contribute to the livability of

constructed spaces.
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6.1. Scientific production

The results of the research projects developed during my PhD have been published in international
peer-reviewed journals with impact factor, and presented in several national and international
meetings:

Publications:

Soffritti I, D'Accolti M, Cason C, Lanzoni L, Bisi M, Volta A, Campisciano G, Mazzacane S,
Bini F, Mazziga E, Toscani P, Caselli E, Comar M. Introduction of Probiotic-Based Sanitation
in the Emergency Ward of a Children's Hospital During the COVID-19 Pandemic. Infect Drug
Resist. 2022 Mar 30;15:1399 1410. doi: 10.2147/IDR.S356740.

D'Accolti M, Soffritti I, Bini F, Mazziga E, Arnoldo L, Volta A, Bisi M, Antonioli P, Laurenti
P, Ricciardi W, Vincenti S, Mazzacane S, Caselli E. Potential Use of a Combined
Bacteriophage-Probiotic Sanitation System to Control Microbial Contamination and AMR in
Healthcare Settings: A Pre-Post Intervention Study. Int ] Mol Sci. 2023 Mar 31;24(7):6535.
doi: 10.3390/ijms24076535.

D'Accolti M, Soffritti I, Bini F, Mazziga E, Cason C, Comar M, Volta A, Bisi M, Fumagalli
D, Mazzacane S, Caselli E. Shaping the subway microbiome through probiotic-based
sanitation during the COVID-19 emergency: a pre-post case-control study. Microbiome.
2023 Mar 30;11(1):64. doi: 10.1186/s40168-023-01512-2.

Soffritti I, D'Accolti M, Bini F, Mazziga E, Volta A, Bisi M, Rossi S, Viroli F, Balzani M,
Petitta M, Mazzacane S, Caselli E. Characterization of the Pathogenic Potential of the Beach
Sand Microbiome and Assessment of Quicklime as a Remediation Tool. Microorganisms.
2023 Aug 7;11(8):2031. doi: 10.3390/microorganisms11082031.

Bisi M. Excessive presence of Nitrogen and Phosphorus in the Drini River and their impact
on the Kune-Vain lagoon ecosystem: how anthropization can affect biodiversity. September
2023. The Scientific Journal of the Observatory of Mediterranean Basin 8(1-2):94-98.
doi:10.37199/041008111.

Soffritti I, D'Accolti M, Bini F, Mazziga E, Volta A, Bisi M, Mazzacane S, Caselli E.
Probiotic-Based Approaches for Sustainable Control of Infectious Risk in Mass Transport:
Current Data and Future Perspectives. Microb Biotechnol. 2025 Jun;18(6): €70177. doi:
10.1111/1751-7915.70177.

D'Accolti M, Soffritti I, Mazziga E, Bini F, Bisi M, Volta A, Mazzacane S, Caselli E. 4
Sustainable Combined Approach to Control the Microbial Bioburden in the School
Environment. Microorganisms. 2025 Mar 30;13(4):791. doi:
10.3390/microorganisms13040791.
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https://doi.org/10.37199/o41008111

Bini F, Soffritti I, D'Accolti M, Mazziga E, Caballero JD, David S, Argimon S, Aanensen
DM, Volta A, Bisi M, Mazzacane S, Caselli E. Profiling the resistome and virulome of
Bacillus strains used for probiotic-based sanitation: a multicenter WGS analysis. BMC
Genomics. 2025 Apr 18;26(1):382. doi: 10.1186/s12864-025-11582-1.

Soffritti I, D'Accolti M, Bini F, Mazziga E, Volta A, Bisi M, Mazzacane S, Caselli E.
Probiotic-Based Approaches for Sustainable Control of Infectious Risk in Mass Transport:
Current Data and Future Perspectives. Microb Biotechnol. 2025 Jun;18(6): €70177. doi:
10.1111/1751-7915.70177.

Participation at national and international meetings

1.

M. D’accolti, I. Soffritti, E. Mazziga, F. Bini, M. Bisi, A. Volta, S. Mazzacane, E. Caselli. A
Sustainable Combined Approach to Control the Microbial Bioburden in the School
Environment. Congresso SIM-Societa Italiana di Microbiologia 2025 (Catania, 24-27
settembre 2025).

F. Bini, I. Soffritti, M. D’accolti, E. Mazziga, J. Diaz Caballero, S. David, S. Argimon, D. M.
Aanensen, A. Volta, M. Bisi , S. Mazzacane, E. Caselli. Profiling the resistome and virulome
of Bacillus strains used for probiotic-based sanitation: a multicenter WGS analysis. Congresso

SIM-Societa Italiana di Microbiologia 2025 (Catania, 24-27 settembre 2025).

. E. Mazziga, M. D’Accolti, I. Soffritti, F. Bini, L. Arnoldo, A. Volta, M. Bisi, P. Antonioli,

P. Laurenti, W. Ricciardi, S. Vincenti, S. Mazzacane, E. Caselli. Potential Use of a
Combined Bacteriophage-Probiotic Sanitation System to Control Microbial Contamination
and AMR in Healthcare Settings: A Pre-Post Intervention Study. Congresso SIM-Societa
Italiana di Microbiologia 2023 (Cagliari, 24-27 settembre 2023).

L. Soffritti, M. D’ Accolti, F. Bini, E. Mazziga, C. Cason, M. Comar, A. Volta, M. Bisi, D.
Fumagalli, S. Mazzacane, E. Caselli. Shaping the subway microbiome through probiotic-
based sanitation during the COVID-19 emergency: a pre-post case-control study. Congresso
WoM-World of Microbiome 2023 (Sofia, 26-28 ottobre 2023

M. D’Accolti, I. Soffritti, F. Bini, E. Mazziga, A. Volta, M. Bisi, S. Mazzacane, E. Caselli.
Shaping the subway microbiome by a probiotic-based sanitation during the COVID-19
emergency. Congresso SIM-Societa Italiana di Microbiologia 2023 (Cagliari, 24-27
settembre 2023).

F. Bini, I. Soffritti, M. D'Accolti, E. Mazziga, A. Volta, M. Bisi, S. Rossi, F. Viroli, M.

Balzani, M. Petitta, S. Mazzacane, E. Caselli. Characterization of the Pathogenic Potential
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of the Beach Sand Microbiome and Assessment of Quicklime as a Remediation Tool.
CONGRESSO SIM-Societa Italiana di Microbiologia 2023 (Cagliari, 24-27 settembre
2023).

. M. D’Accolti, I. Soffritti, F. Bini, E. Mazziga, A. Volta, M. Bisi, S. Mazzacane, E. Caselli.

Shaping the subway microbiome by a probiotic-based sanitation during the covid-19
emergency. CONGRESSO MicrobiotaMi (Milano 3-5 aprile 2023).

. M. D’Accolti, L. Soffritti, F. Bini, E. Mazziga, A. Volta, M. Bisi, S. Mazzacane, E. Caselli.
Shaping the subway microbiome by a probiotic-based sanitation during the COVID-19
emergency. CONFERENZA Young Minds at Work: Blending Biology and Bioinformatics
(Online, 16 Dicembre 2022)

. M. D’Accolti, I. Soffritti, F. Bini, E. Mazziga, A. Volta, M. Bisi, S. Mazzacane, E. Caselli.
Shaping the subway microbiome through probiotic-based sanitation during the COVID-19
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