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Abstract 

Passenger cabins of public transport represent environments in which humans reside for short 

or long periods. Together with them, microorganisms they carry shape the public transport 

microbiome. Among the microbiome, mostly human-associated microbes exist, that are 

unharmful or opportunistic for healthy humans. However, particularly vulnerable groups of the 

population with weakened immune system are at higher risk for severe infections. The confined 

and, especially during rush hours, crowded space poses an environment that facilitates 

microbial transmission. Measures that reduce the spread of potential pathogens should be 

addressed to interfere with airborne and surface transmission, the two main pathways of 

microbial transmission in such spaces.  

To contribute to the research of microbial burden in public transport, this thesis addressed 

approaches to detect and reduce bacterial contaminants. For that, the train cabin microbiome 

was monitored and investigated by regular sampling through one year. Based on present data, 

most abundant and relevant genera of the public transport microbiome were identified to 

develop an in vitro bacterial community. It includes surrogates of high abundant or healthcare 

relevant genera, namely Pseudomonas, Staphylococcus, Streptococcus, Propionibacterium, 

Corynebacterium, Sphingomonas, Flavobacterium, Burkholderia and Enterococcus. All nine 

species were biosafety level 1 organisms and were the main tool to test microbial interventions 

in this thesis. The aim was to create a reference bacterial community, that can more realistically 

represent effects of potential microbial interventions compared to single model organisms, that 

are mostly used in research. After a first characterization of the in vitro bacterial community, 

two main interventions were investigated: (I) Antibacterial surface coatings based on copper 

and copper-aluminum alloys, and (II) Reduced bioaerosol propagation through an air curtain. 

As a third microbial countermeasure, thermal inactivation of members of the bacterial 

community was investigated, with the perspective of reducing microbial burden in the 

passenger cabin air. 

Characterization of the developed public transport in vitro bacterial community showed that 

the DNA remained largely intact after various stress treatments. The bacterial community was 

further used for the detection of bioaerosols, using both particle-based measurements and 

assessments of bacterial survival. This enabled the identification of a maximum air curtain 

effectivity of 66 % in reducing particle and bacterial concentrations. The importance of using 
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not only single species for investigations was highlighted by the observed protective effect of 

the in vitro bacterial community during the experiments on antibacterial surfaces. The novel 

surfaces with a copper content of 79 at.% and 100 at.% demonstrated their antibacterial 

potential after wet contact killing. Thermal inactivation of members of the in vitro bacterial 

community and a bacteriophage also proved to be an effective microbial countermeasure, with 

all of the tested microorganisms exhibiting no detectable survival after exposure to 85 °C for 

2 s.  

Overall, this thesis highlights the importance of incorporating a broader range of test organisms 

to investigate their detection and strategies to reduce bacterial contaminations. The in vitro 

bacterial community was successfully established and applied to multiple research questions, 

demonstrating its potential as a reference for studies on bacterial detection and microbial 

intervention.   
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Zusammenfassung 

Fahrgastkabinen öffentlicher Verkehrsmittel sind von Menschen und ihren Mikroorganismen 

geprägte Umgebungen. Im Mikrobiom öffentlicher Verkehrsmittel kommen überwiegend 

human-assoziierte Organismen vor, die für gesunde Menschen harmlos oder opportunistisch 

sind. Besonders gefährdete Bevölkerungsgruppen mit geschwächtem Immunsystem sind 

jedoch einem höheren Risiko für schwere Infektionen ausgesetzt. Die räumlich begrenzte und, 

insbesondere zu Stoßzeiten, überfüllte Umgebung begünstigt dabei die Übertragung von 

Mikroben. Antimikrobielle Maßnahmen werden in dieser Arbeit thematisiert, welche auf die 

Hauptübertragungswege über die Luft und Oberflächen abzielen. 

Um einen Beitrag zur Erforschung der mikrobiellen Belastung in öffentlichen Verkehrsmitteln 

zu leisten, befasste sich diese Arbeit mit Ansätzen zur Detektion und Reduzierung bakterieller 

Kontaminanten. Zu diesem Zweck wurde das Mikrobiom in Zugkabinen ein Jahr lang durch 

regelmäßige Probenahmen überwacht und untersucht. Auf Grundlage der vorliegenden Daten 

wurden die häufigsten und relevantesten Gattungen des Mikrobioms in öffentlichen 

Verkehrsmitteln identifiziert, um eine in-vitro-Bakteriengemeinschaft zu entwickeln. Diese 

umfasst Surrogate von häufig vorkommenden oder für die öffentliche Gesundheit relevanten 

Gattungen: Pseudomonas, Staphylococcus, Streptococcus, Propionibacterium, 

Corynebacterium, Sphingomonas, Flavobacterium, Burkholderia und Enterococcus. Alle neun 

verwendeten Spezies sind der Biosicherheitsstufe 1 zugeordnet und dienten in dieser Arbeit als 

Hauptinstrument zur Untersuchung mikrobieller Interventionen. Das Ziel war es, eine 

Referenz-Bakteriengemeinschaft zu schaffen, die die Auswirkungen potenzieller mikrobieller 

Interventionen realistischer darstellen kann als einzelne Modellorganismen, die meist in der 

Forschung verwendet werden. Nach einer ersten Charakterisierung der in-vitro-

Bakteriengemeinschaft wurden zwei Hauptinterventionen untersucht: (I) Antibakterielle 

Oberflächenbeschichtungen auf Basis von Kupfer und Kupfer-Aluminium-Legierungen und 

(II) Reduzierte Bioaerosolausbreitung durch einen Luftvorhang. Als dritte mikrobielle 

Gegenmaßnahme wurde die thermische Inaktivierung von verschiedenen Mikroorganismen 

untersucht, mit dem weitreichenden Ziel, die mikrobielle Belastung in der Luft von 

Passagierkabinen zu reduzieren. 

Die Charakterisierung der entwickelten in-vitro-Bakteriengemeinschaft des öffentlichen 

Nahverkehrs zeigte, dass die DNA nach verschiedenen Stress-Tests weitgehend intakt blieb. 
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Die Bakteriengemeinschaft wurde weiterführend für den Nachweis von Bioaerosolen 

eingesetzt, gemeinsam durch partikelbasierte Messungen als auch durch Bewertung der 

Überlebensrate der Bakterien. Dadurch konnte eine maximale Wirksamkeit des Luftvorhangs 

von 66 % bei der Reduzierung der Konzentration von Partikeln und Bakterien festgestellt 

werden. Die Bedeutung der Verwendung einer Bakteriengemeinschaft anstelle von 

Einzelorganismen wurde durch die beobachtete Schutzwirkung der in-vitro-

Bakteriengemeinschaft im Zuge der Untersuchungen der antibakteriellen Oberflächen 

unterstrichen. Die neuartigen Oberflächen mit einem Kupfergehalt von 79 at.% und 100 at.% 

zeigten ihr Potenzial für die Abtötung von Bakterien. Auch die thermische Inaktivierung von 

Teilen der in-vitro-Bakteriengemeinschaft sowie die Verwendung eines Bakteriophagen 

erwiesen sich als wirksame mikrobielle Gegenmaßnahme, da nach einer Exposition bei 85 °C 

für 2 Sekunden kein Überleben der getesteten Mikroorganismen mehr festgestellt wurde. 

Insgesamt unterstreicht diese Arbeit die Bedeutung der Einbeziehung eines breiteren Spektrums 

von Testorganismen, um deren Nachweis und Strategien zur Verringerung bakterieller 

Kontaminationen zu untersuchen. Die in-vitro-Bakteriengemeinschaft wurde erfolgreich 

etabliert und demonstrierte ihr Potential für die Beantwortung zahlreicher Forschungsfragen, 

die auch in Zukunft weiter adressiert werden können.  
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1 Introduction 

Many remember wearing masks, taking tests, curfews, and social distancing. It reminds us of a 

time at the beginning and in the middle of the COVID-19 pandemic, which started in 2020 (1). 

Measures were influencing social and work life in many fields, for example, because travelling 

was put under caution. It was recommended that crowded and confined spaces with little fresh 

air supply should be avoided. This description, however, fits the environment of various types 

of public transportation. Hence, public transportation has not only been highly impacted by the 

pandemic, but it remains to be an environment favoring the spread of airborne pathogens. 

Further, fomites play a crucial role in microbial spread. These are inanimate objects, such as 

surfaces that carry microbial contaminations and contribute to their transmission. It is known, 

that the COVID-19 pandemic will not be the last pandemic (1, 2). Even now, we are caught in 

a pandemic of antimicrobial resistance (AMR), often called the “silent pandemic”, since medial 

popularity is not as strong as during the COVID-19 pandemic (3, 4). 

Given the issues described above, this work addresses different measures to counteract 

microbial burden in public transport (see Figure 1). Chapter 1.1 describes the general risks of 

microbial burden and pathogen outbreaks. Further, the passenger cabin and its role in 

microbial transmission (1.3) is introduced, with a particular focus on the subway and aircraft 

cabin microbiome (1.3.1). There are different methods to interfere with bacterial contaminants 

in such environments. Investigating microbial communities through monitoring and detection 

(1.6) is important for understanding and reflecting what microorganisms are present, and for 

identifying possible threats. As thesis contribution, the public transport microbiome was 

investigated and microbial monitoring was conducted in train cabins. Based on the gathered 

data, an in vitro bacterial community representative of the public transport was created (1.3.2), 

which was applied to test a range of countermeasures, including copper-based antimicrobial 

materials (1.4.), an air curtain (1.5.) and thermal inactivation. These approaches address 

airborne and surface transmission, which are the main transmission routes for microorganisms 

within passenger cabins (1.2). 
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Figure 1: Overview of this works motivation and investigated topics. 
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1.1 Risks of microbial communities 

Microbial communities are naturally inhabiting living organisms (e.g. human skin, gut) and 

environments (e.g. plants, soil). They are composed of microorganisms, which are microscopic 

organisms, including bacteria, viruses, fungi, protozoa, microalgae, and archaea. Their 

applications are versatile, ranging from the synthesis of antibiotics by fungi and bacteria to the 

production of food, such as bread and cheese. The composition of microbial communities is 

dynamic, influenced by various factors, such as climate, nutrient availability, antimicrobials, 

radiation, surface materials, and more. Different habitats result in different microbial 

communities, and consequently in a varying stress response. Therefore, microbial communities 

can act as an indicator for risk assessment (5, 6). Reducing the microbial spread in environments 

and potential subsequent transmission to humans is important to protect vulnerable populations, 

such as immunocompromised people. Opportunistic pathogens can become pathogenic and 

therefore cause infection, when the host immune system is weakened. This issue must be 

addressed by considering the role of microorganisms in human health.  

1.1.1 Importance of microbial communities 

Commensal microorganisms are required for the host immune response. These can be found 

within the gut and on the skin (7-9). For instance, commensal skin bacteria Staphylococcus 

epidermidis induces antimicrobial peptides, modulates cytokines, and inhibits the growth of 

competing or pathogenic bacteria (10, 11). In addition, gut microbiota and their bacteria are 

essential for gut health and metabolism, including the production of vitamins, amino acids and 

short-chain fatty acids, as concluded by Thursby and Juge (2017) (12). Therefore, the complete 

eradication of microorganisms in our environment is unreasonable. Diminished exposure to 

certain commensal and environmental microorganisms has been shown to facilitate the 

development of immune disorders such as allergies and autoimmune diseases, especially in 

industrialized countries (13). This topic is addressed by the Old Friends Hypothesis. It implies 

that microorganisms that were once abundant and trained the individual immune system are no 

longer exposed to appropriately, contributing to immune disorders (14). Those microorganisms 

derive from environmental microbiota, such as plants, animals, and soil. In addition, close 

contact and interactions between people, for example through skin, contribute to individual 

microbiota and immunoregulation (15-17). Therefore, a balanced approach is needed to prevent 

the reinforcement of rising immune disorders by using targeted interventions, while 
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simultaneously minimizing pathogen outbreaks, without the complete elimination of 

microorganisms. 

1.1.2 Pathogen outbreaks 

Pathogen outbreaks, such as the recent COVID-19 pandemic, are not only caused by viruses, 

but also parasites (e.g. malaria) or bacteria (e.g. tuberculosis). Furthermore, transmission is not 

limited to airborne, but, for example, also includes fecal- oral transmitted bacteria like Vibrio 

cholerae (18). A pandemic that was reinforced during COVID-19, was the AMR pandemic (19, 

20). The misuse and overuse of antimicrobials, particularly in livestock (21) results in an 

increase in acquired resistances against antibiotics. Although AMR is not a virulence factor, it 

aggravates the treatment of infections in environments with selective antibiotic pressure, 

leading to prolonged illness and higher mortality, as concluded by Huemer et al. (2020) (22). 

This problem is further enhanced by the slow development of new antibiotics, leading to 

narrowed or no treatment possibilities, ultimately causing death of patients. By now, numbers 

of AMR-associated deaths are at 4.71 million worldwide in 2021, of which 1.14 million are 

directly traced back to AMR (23). For the year 2050, it has been estimated that 8.22 million 

deaths will be associated with AMR, therefore ~1.7 times more than in 2021. With 1.91 million 

deaths attributable to AMR globally, numbers are rising by 770.000 compared to 1.14 million 

deaths in 2021 (23).  

Most deaths by AMR can be assigned to the so-called ESKAPE pathogens. The abbreviation 

stands for the species Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species (24). Those 

pathogens are characterized by their high virulence and the ability to carry or transfer antibiotic 

resistances (25, 26). The ESKAPE pathogens represent a group of organisms that are a public 

health risk and, therefore, the subject of many studies. Additionally, the World Health 

Organization (WHO) published lists of bacterial priority pathogens in 2017 and 2024 which 

provide guidance for the investigation and analysis of new antibacterials (27, 28). Millions of 

patients that get infected with those pathogens cannot be treated easily and succumb to the 

consequences of their infections. Beside the high mortality, massive economic damage is 

caused by this crisis, as reviewed by Ahmad and Khan (2019) (29). In hospitals, various 

outbreaks have been often associated with ESKAPE pathogens (30-35). However, the spread is 
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not only limited to hospital settings. In public transport environments, various ESKAPE 

pathogens were detected before, as summarized by Ly et al. (2024) (36). 

Future pandemics are certain. They are favored by global warming and human intrusion into 

nature, from where initially hidden pathogens could expand (e.g. zoonosis). To prevent future 

outbreaks, it is of great importance to understand microbial spread. For instance, during the 

COVID-19 pandemic, the key to reduce infections was to understand that the pathogen is 

airborne. Since public transport poses an environment that favors microbial spread and is part 

of the daily routine for a majority of people, I concentrate on the public transport microbiome 

and preventive measures, focusing on selected ESKAPE species as relevant AMR risks. To 

counteract this problem, it is important to understand microbial spread, investigate and apply 

suitable detection methods and countermeasures against microbial contaminants.  

1.2 Microbial spread and infection routes 

An infection is defined as the colonization and reproduction of microorganisms in a host 

organism. If a colonization leads to an infection of the host or not, depends on the infectious 

agent (pathogenicity, virulence) and the immunological status of the host. Another aspect is the 

infection risk, which also depends on different factors and has to be investigated for each 

microorganism to point out measures to minimize infections. This was extensively investigated 

for SARS-CoV-2 (37). The steps of an infection can be summarized into six categories (38) and 

are illustrated in Figure 2. 

Microorganisms, which cause infections, can be bacteria, fungi, viruses, or parasites. Those can 

occur or settle, and multiply in a reservoir, which can be various places, such as humans, food, 

water, soil or animals, and not be neglected, environments, for instance, passenger cabins. The 

microorganisms or infectious agents can then be released from the reservoir via a port of exit. 

The port of exit is either secretions, such as saliva, or excretions (stool, urine), or fomites (e.g. 

contaminated areas, such as surfaces or hands). The released microorganisms are then 

transmitted through modes of transport, which can be direct or indirect contact. Direct contact 

is, e.g. the touching of contaminated surfaces or interaction with infected organisms, or the 

inhalation of bioaerosols, while indirect contact can occur through vectors, such as mosquitoes. 

The infectious agents then enter the body through the port of entry, possibly the respiratory tract 

(mouth, nose), eyes, wounds or the urinary tract. The infectious agents in the susceptible host 

can then settle and multiply. From the susceptible host, the infection chain continues again.  
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Figure 2: Chain of infection (based on NIOSH, (38)), with focus on the public transport 

environment. The chain of infection includes the microorganism or pathogens, a reservoir, 

which can be a passenger cabin, were pathogens can multiply. The port of exit describes 

secretions or excretions, which then lead to the modes of transport, being contact to surfaces 

(e.g. door bars), inhalation of droplets and airborne transmission. This is where 

countermeasures, such as those discussed in this paper, can come into effect. These include air 

curtains against air transmission and antibacterial surfaces against contact transmission. The 

port of entry can be the respiratory tract, oral, or open wounds. The susceptible host commuting 

gets infected and becomes the reservoir by spreading infectious agents during sickness. Created 

with BioRender. 

 

A factor that facilitates the spread of infectious diseases, which is the focus of this work, is the 

microbial transmission during travel. Within the chain of infection, there are possibilities to 

interfere and reduce infection transmission. One measure, that was performed in this work, was 

microbial monitoring of the reservoir, that is the train passenger cabin. With the detection of 

anomalies, further measures can be taken, such as targeted elimination or reduction of occurring 

pathogens. In addition, this work focusses on different countermeasures to reduce the mode of 

transport in public environments. One mode of transport are aerosols, which can carry 
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pathogenic organisms. Especially in crowded passenger cabins without proper ventilation and 

low amount of fresh air, transmission of infectious diseases is facilitated (39, 40). Several of 

these aspects are part of the presented work, and will be explored in more detail in the following 

chapters. Besides aerosols, specific fomites in the train cabin can lead to contact transmission, 

such as frequently touched seat handles. Both airborne and contact transmission are further 

described in the following sections. 

1.2.1 Airborne transmission 

Airborne transmission can be either direct droplet transmission (sneezing, coughing, talking) 

or indirect (aerosolized particles containing infectious agents). 

In a study by Knobling et al. (2022) it is suggested that bioaerosol assessment may be of 

importance for the modelling and investigation of airborne infectious disease particles (41). 

Bioaerosols can be described as airborne particulate matter (PM) of biological origin, 

containing microorganisms and their products with a particle diameter between 10 nm and 

100 µm (42). Sneezing can disperse large droplets (300-900 µm) up to 5 meters, while small 

droplets (100-200 µm) have been shown to reach a distance of up to 18 meters (43). However, 

it is highly dependent on individual human physiology, how far droplets travel after sneezing 

(44). As described in 1.2, bioaerosols present one mode of transmission of pathogens. The 

number of cells that are transmitted during an infection, is variable and depends on factors, such 

as the host’s immune system, the pathogen itself, current disease progression, and 

environmental settings. Therefore, it is of interest to investigate this specific mode of 

transmission and the possible detection methods of bioaerosols. Through decent detection, the 

development and assessment of countermeasures for bioaerosol spread is possible.  
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1.2.2 Contact transmission  

Humans conduct frequent face-touching, which promotes the transmission of infectious agents. 

In a study by Kwok et al. (2014), test subjects unknowingly touched their face with their hands 

23 times per hour (45). As described earlier, fomites contribute to microbial spread. Norovirus 

is a good example for an easily spread pathogen by contaminated surfaces, among other 

transmission routes (46). The transmission of infectious agents via surfaces has been known for 

a long time (47), and hygiene concepts have been developed ever since. These concepts include 

the use of disinfectants and cleaning agents, which reduce the microbial burden. Although 

cleaning agents and biocides are important for protection against pathogens, they have to be 

handled with care: Indications of increased resistance against disinfectants exist and are a 

concern, as concluded by Rozman et al. (2021) (48). Therefore, a responsible application is 

important to reduce the risks of arising antimicrobial resistance (49).  

The risk of infectious disease transmission through surfaces is known. And the risk is not 

unfounded. Many nosocomial pathogens can survive for months on dry surfaces, such as 

Staphylococcus aureus (including methicillin resistant S. aureus, MRSA), Enterococcus spp. 

(including vancomycin resistant enterococci, VRE), Acinetobacter spp., Pseudomonas 

aeruginosa, and many more (50). Long survival periods allow the nosocomial pathogens to be 

spread even more, if no proper cleaning is performed. As a result, immunocompromised 

patients are at high risk for infections by direct or indirect contact, further compromising their 

health critically. Therefore, surfaces present a suitable target to reduce or even completely 

disrupt transmission. 
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1.3 Passenger cabins as transmission hotspots 

The threat of rising and intensifying pandemics exists and is promoted by global transport 

networks. These include shipping, air travel, and public transportation via subway, train, and 

bus. Travel has increased substantially both locally and globally over the past few decades. This 

rise can be traced back to different factors. Over time, traveling became more affordable and, 

partially due to the media, touristic locations were promoted. The increased demand of 

travelling is pictured by the growth of prognosticated international tourist arrivals by the World 

Tourism Organization (UNWTO), which proposes an increase from 1.4 billion in 2020 to 1.8 

billion in 2030 worldwide (51). Similar, in local public transport, passenger growth has shown 

further increase, until 2020, when the COVID-19 pandemic hit (52, 53). During the pandemic 

a decline was also observed for air travel due to travel restrictions (54). In Germany, passenger 

numbers of October 2024 in regional public transport and air travel have not fully recovered to 

pre-pandemic levels of October 2019 (55, 56). In the European Union, however, air traffic 

showed even more passengers compared to 2019 levels (57).  

Transmission of pathogens and microorganisms in general is facilitated by many factors, 

especially in environments with large crowds of people and confined spaces, which do not allow 

proper ventilation. This scenario can be found in public transportation in large cities, where 

millions of people commute daily. The potential risks call for the implementation of 

countermeasures. Since air travel can be controlled more easily compared to commuting via 

train, more data to its impact to disease transmission are available. It has been traced back and 

investigated, that the spread of different types of diseases is facilitated by air travel. These 

include respiratory diseases (Influenza, COVID-19, Tuberculosis), vector-borne diseases 

(Malaria, Dengue, Chikungunya), and gastrointestinal diseases (Salmonellosis, Cholera), as 

summarized by Findlater and Bogoch (2018) (58). 

Since data is still lacking on the current state of public transport systems, it is important to 

investigate its microbiome. Some studies conducted microbiome analysis of public 

transportation, such as subway systems and aircraft cabins. The following sections will 

highlight key characteristics of those environments and their relevance to this work. 
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1.3.1 The subway and aircraft cabin microbiome  

To investigate public transport cabins and possible countermeasures to reduce microbial 

transmission, the current state of knowledge on this environment is of interest. Due to the risk 

of airborne and contact transmission, monitoring the aircraft microbiome is highly relevant. A 

unique feature of aircrafts and air travel is its potential contribution to the development of 

pandemics. Investigations on the transmission of different infectious diseases in aircraft cabins 

have been conducted. This includes airborne infections of SARS-CoV-1, SARS-CoV-2, 

Influenza and tuberculosis, but also foodborne and vector-borne infections (59). Although the 

train microbiome was subject of this present work, most studies existing on ground public 

transportation are based on the subway environment. The risks of subway systems for bacterial 

pathogens and their occurrence are further described in 2.1. 

Both subway and aircraft cabin microbiomes consist of human-associated bacterial genera, such 

as Staphylococcus, Corynebacterium, and Streptococcus. Further, they share high contents of 

Flavobacterium and Sphingomonas. This is not surprising, since aircraft and subway passenger 

cabins are exposed to humans. Substantial differences between these two indoor scenarios are 

displayed in Table 1. Mostly, higher frequencies of passengers and a maximum travel time of 

one hour is expected in subways. On the other hand, commercial aircrafts are normally habiting 

passengers for more than 1 hour and no passenger fluctuation occurs during the travel. An even 

greater influence of the microbiome lies in the surface types within these environments (60). 

The surface microbiome is affected by different factors, such as the surface composition (e.g. 

Cu with antimicrobial properties) or topography (smooth or rough, influencing microbial 

attachment, biofilm formation). 

Another difference between aircrafts and subways / trains is the ventilation. Aircraft cabins are 

equipped with high efficiency particulate air (HEPA) filters, where the recirculated air 

containing bacteria and other microbes, is filtrated (61). However, it does not ensure complete 

protection against airborne infectious agents. 

Table 1 also displays an overview of the most abundant genera in aircraft cabins and subway 

systems. The studies were conducted using 16S rRNA sequencing, and focused on the detection 

up to genera-level. This provides a good overview of the existing bacteria. However, the 

identification of pathogens is not clear with this approach. Nonetheless, as indicated in red font, 

some of the most abundant genera in those settings, namely Staphylococcus, Klebsiella 
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(Enterobacteriaceae), Pseudomonas, and Acinetobacter, are genera of ESKAPE pathogens and 

deserve close attention. 

 

Table 1: Travel mode variations and top ten abundant bacterial taxa (mostly genera) found in 

past microbiome studies within aircraft cabins and subways (based on surface and/or air 

samples). Ordered by abundance from top to bottom. Gray marked taxa display dissimilarities 

between the two environments. Red font highlights genera or family of ESKAPE pathogens. 

Travel mode variations Aircraft cabin Subway 

Ventilation system HEPA filter, recirculating air No HEPA filter, fresh air 

Travel duration ~1- > 10 hours  ~30 – 60 min 

Passenger fluctuation low high 

Bacterial taxa no.   

1 Staphylococcus Staphylococcus 

2 Pseudomonas Acinetobacter 

3 Corynebacterium Corynebacterium 

4 Streptococcus Micrococcus 

5 Enterobacteriaceae Propionibacterium 

6 Flavobacterium Pseudomonas 

7 Kocuria Sphingomonas 

8 Micrococcus Flavobacterium 

9 Sphingomonas Streptococcus 

10 Stenotrophomonas Kocuria 

References: Aircraft cabin – Weiss et al., 2019 (62), Liu et al., 2020 (63), Sun et al., 2020 (60). Subway – Afshinnekoo et al., 2018 (64), Kang 

et al., 2018 (65), Gohli et al., 2019 (66), Zhao et al., 2019 (67), Hernández et al., 2020 (68). 

1.3.2 In vitro public transport bacterial community for improved research 

Thinking about a next potential pandemic: Would we be prepared? To answer this question, 

microbial surveillance poses an important role to detect potential pathogens. Therefore, the 

comprised information in this section creates a fundament for the investigations conducted on 

the development and testing of microbial countermeasures: In this work, the train microbiome 

was investigated over a one-year study, to collect additional data and allow new insights, for 

example, regarding potential seasonality of the microbiome. Based on the gathered data, an in 
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vitro bacterial community was created, functioning as a reference tool for the test of different 

microbial countermeasures. This bacterial community is composed of nine bacterial species, 

which genera are abundant in public transport environments, or relevant genera of pathogens, 

e.g. Enterococcus, and carries an important role in this work. This specific in vitro bacterial 

community was applied to test the introduced detection methods and microbial 

countermeasures. This approach allows a closer insight to real-life environments, in comparison 

to single species model organisms. The idea is not new, since various in vitro microbial 

communities exist, resembling, for instance, the highly complex gut microbiome (69-71). 

1.4 Antimicrobial materials as a preventive strategy 

The aircraft cabin and its frequently touched surfaces, pose a risk for the transmission of 

pathogenic microorganisms (67). Therefore, one point of attack against microbial spread are 

antimicrobial surfaces, which can interfere contact transmission of pathogens. A variation of 

such materials exists and can act biocidal, as briefly described in the introduction of 2.5 

“Comparison of Single Bacteria and a Bacterial Reference Community in a Test Against Coated 

Surfaces of Varying Copper Content”. 

In some cities, antimicrobial materials or coatings are already implemented on frequently-

touched surfaces, e.g. on handrails (72, 73). The most known, studied and used material with 

antimicrobial properties is copper. Nonetheless, the mechanisms and effect of copper is not yet 

fully understood. Therefore, it is of interest to deepen the knowledge about the antimicrobial 

properties and (long-term) effects of copper to bacterial communities, but also work on 

innovative functionalization of this material.  

Besides the research on copper as an antimicrobial material, searching and creating new 

alternatives to counter resistance development is important. The application of all sorts of 

antimicrobials harbors the risk of the emergence of resistances due to selective pressure. This 

includes antibiotics, as well as antimicrobial surfaces. It is already known for antibiotics, that 

after their application as such, the emergence of respective resistance is not far (74, 75). 

Resistant bacterial strains have been isolated from animal farms with resistance to copper, but 

also antibiotics and disinfectants (76, 77). This can be traced back to high use of antibiotics and 

copper sulfate as feed supplement in animal farming. Nevertheless, the development and 

application of novel countermeasures (in combination) are crucial to act against the 
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transmission of potential pathogens. This includes microbial surveillance, but also effective and 

efficient cleaning protocols, and other countermeasures. 

1.4.1 Antimicrobial mechanisms of copper 

Copper is an essential element for the cells of all aerobic organisms (78). However, copper 

tolerance is limited and copper concentrations in the cell can become toxic. For instance, the 

copper ions Cu+ and Cu2+ can cause membrane damage by inducing reactive oxygen species 

(ROS), which are involved in oxidative stress response (79, 80). ROS include singlet oxygen 

(1O2) and ozone (O3) as well as partially reduced oxygen, such as superoxide anion (O2
•−), 

hydrogen peroxide (H2O2), and hydroxyl radicals (•OH) (81). They are generated by both 

Fenton (82) (some state also Fenton independent reactions (83)) and Haber-Weiss (84) 

reactions under aerobic conditions: 

𝐶𝑢+ + 𝐻2𝑂2 → 𝐶𝑢
2+ + 𝑂𝐻− + ∙ 𝑂𝐻 (Fenton) 

∙ 𝑂2
− + 𝐻2𝑂2

𝐶𝑢
→ 𝑂2 + 𝑂𝐻

− + ∙ 𝑂𝐻 (Haber-Weiss) 

While it is not agreed on, what exactly causes the first-degree copper damage to the cells, the 

generation of ROS leads to oxidative stress. In bacteria, oxidative stress results in the damage 

of cells by membrane damage, lipid peroxidation, protein oxidation and DNA damage, 

ultimately ending in cell death (85-88). For instance, protein damage is caused by superoxide 

and hydrogen peroxide, that can oxidize Fe-S clusters of proteins, leading to the release of Fe2+. 

Free Fe2+ can bind to the naturally negatively charged DNA, and with surrounding H2O2 and 

Fenton-like reactions, hydroxyl radicals form and react with the DNA. As a result, the DNA 

can acquire mutations, which can lead to cell death (89, 90). In addition to the induction of ROS 

generation and oxidative stress response, copper ions and copper nanoparticles (CuNPs) can 

cause direct membrane damage and altered permeabilization (91, 92). Besides copper surfaces 

and copper ions, CuNPs are subject of targeted antimicrobial strategies (93, 94). 

Copper affects different microorganisms, i.e. fungi, bacteria and viruses in both, similar but 

also different ways (86). Interestingly, even between bacteria, the effects of copper and their 

defense mechanisms can differ. Bacteria can be divided into two groups, based on their cell 

wall structure, namely gram-positive and gram-negative bacteria. Gram-negative bacteria have 

an outer membrane, equipped with lipopolysaccharides alongside phospholipids and proteins 

(95). They have a thin peptidoglycan layer with a periplasm between the outer and inner 
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membrane, while gram-positive bacteria do not possess an outer membrane, but a cell wall 

composed of a thick layer of peptidoglycan (96). The periplasmatic space of gram-positive 

bacteria is not as pronounced as in gram-negative bacteria, and is considered as periplasmic-

like compartment (97). Some studies indicate that gram-negative bacteria have better 

requirements to overcome antibacterial effects of copper due to their negatively charged cells 

(98). But this assumption does not account for all gram-positive and gram-negative bacteria, 

since there are exceptions, such as negatively charged Bacillus subtilis (compared to 

Escherichia coli) (99). 

Within gram-negative bacteria, the negative effects of copper have been the subject of research. 

The main aspects of antibacterial effects of copper in both gram-positive and gram-negative 

bacteria are protein misfolding, interference of peptidoglycan maturation, displacement of 

metals from protein binding sites, disruption of cellular redox potential, and prevention of 

lipoprotein maturation in the cell envelope (88, 100). 

1.4.2  Bacterial defense mechanisms against copper 

Although copper is an essential element for bacteria, higher concentrations lead to a toxic shift 

within the cells. To counteract this, bacteria have developed a range of mechanisms to tolerate 

higher copper ion concentrations. So far, only a handful of species have been investigated in 

detail, such as Escherichia coli or Salmonella enterica (100). Due to the different cell wall 

structures, different defense mechanisms have been developed within gram-positive and gram-

negative bacteria. For instance, periplasmic copper efflux is mediated through distinct genes of 

the cus or cue operon (101, 102). Other copper related operons exist, that contribute to copper 

defense and are related to regulation systems, copper efflux, copper oxidation, copper binding, 

and ROS defense, not necessarily attributed to gram-positive or gram-negative bacteria (103-

105).  

In this work, special focus was on the investigation of copper effects on selected gram-positive 

and gram-negative bacteria. As Table 2 shows, there are some differences in coping with 

copper stress between gram-positive and gram-negative bacteria. Gram-negative bacteria are 

normally equipped with effective efflux pumps, which transport copper ions out of the 

cytoplasm and periplasm. Further, extracellular vesicles (EVs) have been reported to extrude 

copper at high concentrations (106). Gram-positive bacteria are also able to form EVs, but have 
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been only observed in relation to antibiotic resistance and not to transport excess copper from 

the cell (107). 

 

Table 2: Mechanisms against copper induced and oxidative stress found in gram-negative and 

gram-positive bacteria. 

Mechanism Gram-negative Gram-positive 

Structural barrier Outer membrane, periplasm Thick peptidoglycan layer 

Point of attack Cytoplasm, periplasm Cytoplasm 

Copper efflux 

Cytoplasmic (e.g. CopA) (108) 

Periplasmic (e.g. CusCBA) (108, 

109) 

Extracellular vesicles (106) 

RND-type efflux systems (110, 

111) 

Cytoplasmic (e.g. CopA, CopB) 

(112-114)  

Copper 

binding/chaperones 

Intra- and extracellular 

sequestration (e.g. CusF) (108), 

regulation by copper-binding 

proteins (e.g. CsoR) (115) 

Intracellular copper chaperoning 

(e.g. CopZ) (114) 

Copper oxidation 

Enzymatic detoxification (108), 

mainly periplasmic (e.g. CueO) 

(116, 117) 

Membrane-associated or 

extracellular (114) 

ROS defense 

- Scavenging enzymes, regulated by SoxRS and OxyR (118): 

superoxide dismutases, catalases, peroxidases, terminal oxidases 

(119) 

- Glutathione (GSH) for H2O2 elimination (120, 121) 
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1.5 Air curtains against bioaerosol propagation 

Airborne transmission of pathogens (see 1.2.1) can potentially be prevented by air curtains: 

This countermeasure acts as a physical barrier for airborne pathogens, as visualized in Figure 3, 

and investigated within this thesis. 

Air curtains are not a new invention for intervening airborne transmission of microorganisms. 

In operating rooms, they help to maintain sterile conditions in combination with HEPA filters 

and laminar air flow (122). A similar principle is given in clean benches of laboratories. The 

effectiveness of air curtains is also demonstrated in cold storages or in the entrance of large 

stores, functioning as a thermal barrier by maintaining stable air conditions and facilitating 

energy savings (123).  

In addition, air curtains display a measure against airport malaria. Here, mosquitos carrying the 

malaria pathogen Plasmodium falciparum are imported by travelers or aircrafts from affected 

areas, which are then able to infect people in or nearby the airport that were not residing in 

malaria effecting regions (124). Air curtains installed in the entrance of aircrafts are suspected 

to be effective in keeping mosquitos outside the cabin and reduce the risk of distributing the 

vectors to the next destination (125). However, they are not commonly established, which can 

be attributed to constraints in their integration, maintenance, costs, and passenger comfort. 

 

Figure 3: Air curtain effect on an aerosol jet visualized by a laser light sheet (from (126)). a) 

No air curtain, b) active air curtain. b0 = 0 displays the nozzle of the air curtain. 

𝑥/𝑏0 

a) b) 
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As this work focuses on public transport cabins and reduced microbial spread, the air curtain 

was analyzed in regards to its ability to create a barrier and, therefore, prevent bioaerosol spread 

in passenger cabins. In order to understand the air curtain effectivity, great emphasis was placed 

on bioaerosol detection using particulate matter (PM) and culture-based methods. These 

methodologies and their importance are briefly described in the introduction of “Comparative 

assessment of bioaerosol propagation through an air curtain using microbiological methods 

and particulate matter sensors” (127) which is part of this thesis (see 2.4). To test bioaerosol 

detection and the effectivity of the air curtain against bioaerosol propagation, a standardized 

bacterial community was used. As described later in regards to microbial detection, 

standardized microbial communities greatly support the standardized testing of antimicrobial 

countermeasures, providing a novel insight into behavior of in vivo bacterial communities. 

1.6 Investigating microbial communities: Microbial monitoring 

and detection 

The thesis consists of two objects of investigation: 1) an unknown train microbiome and 2) an 

in vitro bacterial community, based on the public transport microbiome (aircraft, subway, train). 

To investigate both communities, different methods are necessary, which are described in the 

following. 

Microbial monitoring and therefore microbial detection are common practice in many fields, 

including the food industry, biotechnology, drug industry (e.g. clean rooms), medicine and 

healthcare (e.g. diagnostics), water quality (e.g. sewage plants), and in the aerospace sector (e.g. 

planetary protection). With microbial monitoring, quality control is provided and can assure 

safe products. For example, in food industry, a certain level of colony forming units (CFU) 

must be below a limit, especially for health relevant species, such as Listeria monocytogenes, 

to provide a safe product (128). In space flight, planetary protection includes microbial quality 

control, which allows space craft and rovers to exit Earth only when it can be assured that no 

contamination of other planets will occur (129). Microbial monitoring deepens the 

understanding of baseline conditions and deviations, and contributes to the understanding of 

infection routes. In terms of public health, microbial monitoring is important for diagnostics, 

detection and containment of infectious diseases.  
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There are different approaches and methods to conduct microbial monitoring which are suitable 

for various purposes. All of the subsequent described detection techniques were used in this 

work and substantially contribute to a better understanding of microbial spread and the 

development of effective countermeasures (Figure 4).  

 

Figure 4: Microbial detection methods utilized within this work. Created with BioRender. 

1.6.1 Broad microbial detection – 16S rRNA Sequencing 

One used method is 16S rRNA amplicon sequencing, which was conducted for the investigation 

of the train cabin microbiome, whole genome sequencing for a detailed analysis of single 

species, and cultivation for the evaluation of microbial countermeasures in terms of 

cultivability.  

The 16S rRNA gene is a highly conserved gene in bacteria and archaea, which is used for the 

identification and classification and, in addition to the conserved regions, contains 

hypervariable regions. It should be noted, that analysis of fungi and viruses is not possible, 

since the 16S rRNA gene is not found in these organisms. With the whole 16S rRNA gene, 

coding for the 16S rRNA as part of the small ribosomal subunit 30S, information on the species 

level are provided (130). Prior to sequencing, the gene can be amplified using universal primers. 

For 16S rRNA sequencing, different platforms exist. Some of the most used platforms are 
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Illumina (short-read, often used for distinct variable regions of the 16S rRNA gene), Pacific 

Biosciences (PacBio, long-read), Oxford Nanopore Technologies (ONT, long-read), and 

Sanger Sequencing (mainly used for single isolates). The reason for sequencing targeted 

variable regions of this gene with Illumina is its ability to sequence short sequence lengths of 

up to 2x300 bp via paired-end sequencing. Sequencing the whole 16S gene (~1500 bp) is 

possible with Illumina, but associated with increased data accumulation, requirement for data 

infrastructure and most limiting, higher material costs. Therefore, it is common practice to 

target the shorter variable regions (~250-500 bp), which mostly allow a reliable identification 

up to genus level (131). In total, nine variable regions (V1-V9) exist in the 16S rRNA gene, 

each with distinct features and carrying different information for phylogenetic identification 

(132). 

The advantage of 16S rRNA sequencing is that it is a high-throughput technique, which is cost-

effective compared to whole genome sequencing. It provides information on bacteria and 

archaea sufficiently down to genus level and covers both culturable and non-culturable 

organisms. In this work, the V1-V2 region was sequenced of samples originating from different 

locations of a train cabin to analyze existing taxa and their abundance as a microbial monitoring 

approach. 

1.6.2 Species-specific detection of low-biomass samples 

Low-biomass samples, as those retrieved from passenger cabins, are challenging to investigate. 

To monitor the microbial load, regular assessments are conducted. This can be achieved by 

cultivation, or DNA based methods. One disadvantage of cultivation is that it only detects 

organisms that can be cultivated. In addition, slow-growing species may be overlooked due to 

overgrowth by fast-growing species. A great challenge of detection within low-biomass 

samples is low DNA yield, which can be highly influenced by contaminations and results are 

prone to misrepresentation through PCR bias, which can be species-specific (133, 134). 

Requirements for species-specific detection from those samples include great sensitivity and 

specificity. To investigate the microbial taxonomy, diversity and abundance, amplicon 

sequencing (e.g. 16S rRNA) is a suitable approach. For a closer look into the genome up to 

species- and strain level, functional genes and metabolic pathways can be investigated by 

metagenome sequencing, which was not in scope of this work. For species-specific detection 

from low-biomass train cabin samples, real-time quantitative PCR (qPCR) was conducted for 
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environmental samples of the train. The widespread technique is utilizing a specific genetic 

region of an organism of choice, which is subsequently amplified and detected within a DNA 

sample in question (135). It is commonly used in routine laboratories as diagnostic tool, as 

highlighted by Maurin (2012) (136). To investigate the presence of specific bacterial species, 

different methods are also suitable, such as Loop-mediated isothermal amplification (LAMP), 

or fluorescence in situ hybridization (FISH). The description and application of LAMP is briefly 

summarized in Ly et al. (2024) (see 2.1) (36). The advantage of using qPCR instead of LAMP, 

is the fast primer design cost, since only two primers are needed. For LAMP, four to six primers 

are crucial, which are more complex in design (137). Other monitoring technologies exist, 

which are not dependent on DNA/RNA extraction. Warning systems, e.g. by laser-induced 

fluorescence (138, 139) are based on fluorescent emission spectra, which can be assigned to 

distinct pathogens within a sample. 
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1.7 Research questions 

As exemplified in the introduction, we are likely to be facing pathogen outbreaks, that might 

bear the risk of causing a large number of ill patients and deaths. Although countermeasures 

exist, they must be studied more deeply, and new ones must be developed constantly. It is a 

race against time, as new resistances constantly develop, hence making it near impossible to 

solve this problem once and for all. This work aims to contribute to the fight against pandemic 

threats in public transport, as this environment is prone to promoting microbial transmission. 

As indicated in Figure 1, this was accomplished by 1) understanding what microbes and 

possible pathogens have to be targeted, 2) creating and testing tools for microbial detection and 

countermeasures, and 3) testing a variation of possible countermeasures, namely an air curtain 

against bioaerosol propagation, antibacterial surfaces coated with copper and copper-

aluminum, and thermal inactivation of bioaerosols. Based on these aims, the following research 

questions were set. 

 

RQ1) What microbiome are we facing in public transport systems, and how can we 

reliably detect it? 

In order to create a reference tool to test detection and countermeasures, it is important to 

understand what the public transport microbiome is composed of. Studies that investigate the 

public transport microbiome focus mostly on the microbiome of subway environments, a few 

exist on the airplane cabin microbiome, only a handful of studies exist that analyze the bus 

microbiome, and no study has been done to date, which investigates the train microbiome. In 

the minireview “An overview of the bacterial microbiome of public transportation systems – 

risks, detection, and countermeasures”, the findings of past studies were concluded and thus 

serve as the initial inventory of what is known about the public transport environment. In 

Germany, the train is high ranked for commuting. Therefore, this makes it the perfect 

environment for investigating the risk of infection transmission. Monitoring of the train 

microbiome provides knowledge on commonly found bacteria, and, with a series of sampling 

campaigns, the core microbiome was detected in scope of the study “Microbial Communities 

in Local Train Cabins Remain Stable Through the Seasons During One Year of Monitoring”.  
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RQ2) From in vivo to in vitro: Is it possible to recreate and apply a standardized public 

transport microbiome as a simplified, yet realistic reference model for experimental 

testing? 

Based on the findings of literature and the conducted train microbiome study, the development 

of an in vitro bacterial community was initialized. In this work, the creation and first 

characterization of this bacterial community was introduced in the conference proceeding 

“Modeling the public transport microbiome: Development of a microbial reference community” 

and additional data. With this tool, microbial dynamics can be considered when testing 

measures for microbial reduction or variations in microbial detection. 

The behavior of microorganisms can be manifold. Although some species within a microbial 

community can be beneficial, others are able to comprise other bacterial species’ survival 

through competition and selective pressure (140). To investigate this sort of behavior in a stress 

induced setting, antibacterial materials were tested with two bacterial species as pure cultures 

and the bacterial community. This experimental setup was applied in the study “Comparison of 

Single Bacteria and a Bacterial Reference Community in a Test Against Coated Surfaces of 

Varying Copper Content”. With this approach, different factors could be compared, such as 

survival and metabolic activity.  

 

RQ3) To what extent can physical and material-based interventions reduce microbial load 

in passenger cabins? 

The developed bacterial community was tested as a bioaerosol, to investigate two methods for 

bioaerosol detection. For that, particulate matter measurement and culture-based methods were 

used in cooperation with the created bacterial community in the study “Comparative 

Assessment of Bioaerosol Propagation Through an Air Curtain Using Microbiological 

Methods and Particulate Matter Sensors”. The same study was investigating the first microbial 

intervention in this work. Using different air curtain settings with and without HEPA filters 

attached, the bioaerosol dispersion within a closed chamber was tested. The bacterial growth of 

two of nine species of the bacterial community that were selected for cultivation was compared 

regarding their stability and detectability for the tested scenarios. 

The current literature proposes that a copper content of ≥ 58 % has antibacterial effects. To 

confirm with the materials produced within this study, Cu-Al alloys with copper content 

between 24 at.% and 100 at.% were created by magnetron sputtering. We created controlled 
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settings with known bacterial inocula using the bacterial community developed within this 

work. In the study “Comparison of Single Bacteria and a Bacterial Reference Community in a 

Test Against Coated Surfaces of Varying Copper Content”, the antibacterial activity of the 

materials was tested by wet contact killing assay, and addressing different behavior between 

single species and the bacterial community. 

The last intervention strategy tested in this work was thermal inactivation. In food industry, it 

is already used for food safety (e.g. pasteurization), and can be applied in other settings too. 

Therefore, in the study “Short-time thermal inactivation of surrogates of the public transport 

microbiome with a low-cost thermoresistometer”, the heat tolerance of different 

microorganisms was tested, among them three bacterial species of the bacterial community. 

The aim of application for the future would be the thermal inactivation of microorganism of the 

air in passenger cabins of electronic vehicles in winter or cold seasons, where heating is 

automatically conducted for passenger comfort. 

1.8 Document structure 

This thesis is comprised of six publications, of which three are counted as official thesis 

contribution (peer-reviewed journal articles, 2.1, 2.4, 2.5), one article is submitted (2.2), one 

article is a conference paper (2.3), and one article is a co-authored contribution (2.6). 

Nonetheless, all manuscripts contribute to the answer of the research questions. 
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1. Abstract  

Millions of people commute daily by train and are exposed to the microbes brought by past and 

present passengers. Like other forms of public transportation, train cabins provide an 

environment that favors the spread of fomites due to high passenger frequency, confined space, 

and close contact, thereby putting the health of immunocompromised individuals at risk. The 

composition of environmental microbiomes can change over time. Monitoring of community 

shifts and in particular abundance of potential pathogens is relevant, when it comes to (targeted) 

application of microbial countermeasures. Only few studies exist, which focus on train cabins, 

and no such study was performed in Germany. To close this gap, we conducted a one-year 

microbial monitoring study of a German train line, taking surface and air samples from different 

locations inside train cabins. We profiled the train microbiome via 16S rRNA amplicon 

sequencing of the V1-V2 region. In addition, we used targeted qPCR to detect the opportunistic 

pathogen Staphylococcus aureus and the skin commensal Staphylococcus capitis in DNA 

samples from the train cabin samples. Our results show no significant seasonal changes in the 

train microbiome, despite varying outside temperatures; however, distinct sampling locations, 

differ significantly from others. The overall microbiome is mainly shaped by human-associated 

genera. Staphylococcus aureus was rarely detectable, while only a few sample locations showed 

positive detection of Staphylococcus capitis. The detection of (opportunistic) pathogens may 

indicate a need for more targeted and improved detection protocols from low biomass samples. 

 

2. Impact statement 

Studies that investigate the train microbiome are extremely rare. Most studies focus on subway 

microbiomes, particularly subway stations, which are often exposed to a constant outside 

climate. Public transportation is an environment favorable to microbial spread and needs to be 

investigated further. 

We collected microbial samples at different indoor (and one outdoor) locations in trains over 

the course of one year. This is relevant for detecting sampling location specific microbiomes or 

identifying shifts in the microbiome, that visualize abnormal distributions or influences of the 

environment, such as changes in temperature and humidity. 

As antimicrobial resistance is becoming an increasing threat, this study deepens our 

understanding of microbial transmission by determining the presence of the ESKAPE (1) 

pathogen S. aureus and the BSL-1 control strain S. capitis in train cabins. By investigating 
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selected sampling locations, possible countermeasures can be applied, e.g. for surfaces 

suspected with high microbial load.  

We observed human- and environment associated genera. The detection of S. capitis showed 

more positive hits than S. aureus. Although seasonal differences did not reach statistical 

significance level, a certain trend was evident. This study will help to understand certain 

microbial dynamics and identify locations which can be targeted for increased microbial 

countermeasures. 

 

3. Data summary 

The authors confirm all supporting data, code and protocols have been provided within the 

article, through submission to publicly accessible repositories or through supplementary data 

files. 

 

4. Introduction 

Public transport plays a big role in the transmission of pathogens and is therefore target of many 

studies (2, 3). Infectious agents often spread through airborne (inhalation of contaminated air) 

or contact (fomites, e.g. contaminated surfaces) transmission. Focusing on microbial 

monitoring of the train cabin air and of frequently touched surfaces provides useful information 

to develop suitable intervention strategies within those transmission routes. The spread of 

opportunistic pathogens can create health risks for passengers and their contacts, especially for 

humans with compromised immune systems, such as the elderly. The implementation of 

measures for microbial reduction is needed. Prior to that, understanding composition and 

dynamics of the existing microbiome is necessary to create targeted countermeasures to shift 

the microbial stowaway into harmless configurations and not select for pathogens. Beside the 

overall detection of public transport microbiome and pathogenic species, long-term monitoring 

can provide valuable information on seasonal changes. Seasonal dynamics were previously 

observed in subway stations in Oslo, Norway, showing increased diversity in spring and 

summer (4). As extreme weather and temperatures are showing and are expected for the 

following years due to climate change (5, 6), it is important to keep monitoring microbial 

changes in the environment and human-shaped places. Besides, microbiomes differ 

geographically (7), and collecting data on unexplored microbiomes contributes to the overall 

microbiome knowledge.  
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So far, human transportation has been shown to constitute vehicles for infectious disease 

transmission in bus rides (8), air flight (9, 10), subways (3, 11), and trains (12). Studies which 

focus on the train cabin microbiome are rare, although they play a great role in commuting for 

millions of people daily. In Germany, trains were used 2.73 billion times in 2023 (13). One 

study on the train cabin microbiome exists, showing that handrails and straps are mostly 

inhabited by human-associated microorganisms (14). However, no long-term sampling was 

conducted.  

In light of the growing threat of antimicrobial resistance (AMR), especially concerning the most 

relevant ESKAPE pathogens, it is crucial to monitor the presence of species that pose a health 

risk to understand transmission and develop countermeasures. Suitable methods must be 

applied to detect target species. Studies focusing on the detection of pathogenic 

microorganisms, used cultivation on selective media, PCR of pathogen-associated marker 

genes, or sequencing towards cultivation (16-19). Another approach to detect pathogenic 

species, is sequencing of the full 16S rRNA gene, or even the metagenome, which secures 

identification on species level (20). This would, however, not allow constant monitoring as 

these approaches are accompanied by higher costs due to increased work and material costs. 

An alternative, reliable and long-established method is qPCR, which is known for its high 

sensitivity, specificity and quantitative data, as well as high-throughput possibility.  

Taking into account the stated knowledge gaps, the train cabin of a German train line was 

selected as the object of investigation in this study. The train microbiome was investigated over 

the course of all four seasons of one year, with sample collection every two months. We 

collected samples from surfaces that are suspected to be frequently touched by passengers, or 

are expected to inherit a characteristic microbial composition. Additionally, the train cabin air 

was analyzed to allow a comparison of these distinct sample types. These are expected to differ, 

as shown by several studies (4, 21, 22). We purposely selected surface locations with different 

surface materials, since they can harbor a varied microbiome (23, 24). In line with previous 

studies of subway (25, 26) and indoor microbiomes (27), we observed a similar pattern with 

predominantly human-associated taxa. Additionally, we tested targeted pathogen detection of 

two selected bacterial species using qPCR without prior cultivation as proof of principle, to 

compare the detection to 16S rRNA sequencing. This study complements data to previous work 

by Auerhammer et al. (2023) (28) on the cultivation and characterization of (potential) 

pathogens from the train cabin. 
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5. Methods 

For this study, cabins of the train line Regional Express 6 (RE6, commuting a ~300km distance 

hourly from Minden to Cologne/Bonn Airport) from the Rhein-Ruhr-Express (RRX) were 

sampled every two month and in total six times throughout one year at the train station 

Cologne/Bonn Airport, Cologne, Germany. The sampling period was between March 2023 and 

February 2024. Sampling occurred on 2023-03-28, 2023-05-30, 2023-08-01, 2023-09-28, 

2023-12-06, and 2024-02-01.  

 

5.1 Sampling 

Both, surface and air sampling were conducted. On each sampling day, 11 sampling positions 

(armrest, door button inside, door button outside, door bar, headrest, louvers, seat handle, 1st-

class table, 2nd-class table, 1st-class under-seat handle, and train air) and blank control were 

processed (per sampling: 10 surface positions, 1 air sample,1 blank). In Figure 1, we display 

an overview of the sampling locations. To gain sufficient biomass and statistical stability for 

further processing, each surface sampling type was sampled six times (e.g. six different door 

bars for one, pooled DNA sample of sampling position “door bar”). Prior to sampling, swabs 

(C1052-50, Zymo Research) were wetted with ~20 µL of 0.8 % NaCl for optimal sampling 

efficiency. After sampling, the swabs were placed in a 1.5 mL tube and stored at -20 °C until 

further processing. In total, 60 pooled surface samples (6 swabs per pool), 6 air samples, and 6 

pooled blanks (6 swabs per sampling day) were collected within this study. 

 

 

Figure 1: Overview of the sampling locations in the train cabin. 
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Air samples were collected for ~35 min using the AerosolSenseTM (Thermo Scientific) with a 

flow rate of 200 L/min, by placing the air sampling device on a seat within the passenger cabin. 

Additionally, blank samples were taken as a control, using a wetted swab and by shortly 

exposing the swab in the train cabin air while taking few steps. No passengers were in the train 

during sampling. 

The temperature and relative humidity were documented at each sampling using a TFA 

Dostmann Thermo Hygrometer. DNA extraction was performed within a month post-sampling.  

 

5.2 DNA extraction 

For DNA extraction from the swabs, the DNA Microprep Kit (D4301, Zymo Research) was 

used. The tip of the swab and 750 µL of lysis buffer from the kit were assembled in a ZR 

Bashing Lysis Tube prior to cell disruption for 5 min at 30 /s using the TissueLyzer (QIAGEN). 

Further steps of the DNA extraction were performed according to the manufacturer’s 

instructions, with a modification to pool the samples of each sampling location (6 swabs). This 

was conducted by pooling after mixing the flow through with the binding buffer. The final DNA 

was eluted in 20 µL of nuclease free water.  

To extract DNA of the air samples, the sponge within the sampling cartridge was removed 

under sterile conditions and placed into a ZR Bashing Lysis Tube before cell disruption as 

described above. Further steps were similar as described in previous paragraph, without the 

pooling step.  

 

5.3 Library preparation & 16S rRNA sequencing 

To prepare the DNA samples for sequencing, the Quick-16S Library Prep Kit (D6400, Zymo 

Research) was used as instructed by the manufacturer, except for the following modifications. 

For the targeted sequence amplification, 2 µL of the Quick-16STM Primer Set V1-V2 and 6 µL 

of DNase/RNase free water was used for one reaction. In the final library clean-up, 20 µL of 

DNase/RNase free water was added to the beads before incubation for 2 min. The final library 

was quantified using QubitTM 1X dsDNA assay kit with high sensitivity (Q33230, InvitrogenTM) 

and adjusted to 4 nmol. 

For 16S rRNA sequencing, the Illumina MiSeqTM system was used in combination with the 

MiSeq Reagent Nano Kit v2 (500 cycles). The final concentration of the denatured DNA was 



 

44 

set to 10 pM, and 510 µL of the library was mixed with 90 µL of the PhiX control before 

loading it onto the MiSeq reagent cartridge. All samples were included in one MiSeq run, which 

comprised a negative control and the ZymoBIOMICS Microbial Community Standard as 

positive control of the 16S rRNA gene amplification by qPCR. 

 

5.4 Data processing & analysis 

Basecalling was performed with bcl2fastq (v2.19.0.316), and cutadapt (v1.18) (29) was used to 

trim adapter sequences and generate fastq files. With fastqc 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and multiqc (30), quality control 

was conducted. The trimmed fastq files were then uploaded to Qiita (31) for further processing 

(study ID 15480, https://qiita.ucsd.edu/study/description/15480). Processing included library 

split for demultiplexing, trimming to 150 bp and Deblur (v2021.09) (32). With Deblur, a 

reference hit table was generated, which was positively filtered for sequences being close 

enough to the Greengenes (v13.8) 88% sequence similarity alignment. Using Qiime2 (v2025.7), 

the following processes were conducted, based on Deblur’s “reference hit table” (33): Reads 

that occurred with a frequency <10 were filtered out, taxonomy classification was conducted 

based on Greengenes2 (v2024.09) “2024.09.backbone.full-length.nb”. Chloroplasts and 

mitochondria were excluded to avoid host- or plant-associated features. For alpha- and beta-

diversity, a rarefaction was performed with 10 iterations. Alpha- and beta-diversity were 

calculated based on a rarefaction depth of 2,200 reads per sample. For alpha-diversity, Shannon, 

Observed Features and Faith’s PD were computed (supplementary Table 1). Beta-diversity was 

calculated as weighted and unweighted UniFrac, and Bray-Curtis (34). Dissimilarities between 

samples were ordinated via PcoA and visualized as Emperor plots.  

Statistical analyses were conducted as followed to determine differences between sampling 

groups. Significance testing of top ten genera (taxa bar plot) and of all groups in alpha-diversity 

was performed using Kruskal-Wallis and Post-hoc Dunn-test with Bonferroni correction. Beta-

diversity group significance was assessed by PERMANOVA using 999 permutations 

(supplementary Table 2).  

Microbial analysis notebook is available at: jlab/microbiome_leuko_train: The train 

microbiome: A one-year study on bacterial communities 

 

 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/jlab/microbiome_leuko_train/tree/main
https://github.com/jlab/microbiome_leuko_train/tree/main
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5.5 Detection of Staphylococcus aureus and Staphylococcus capitis via qPCR 

To detect the species Staphylococcus capitis and Staphylococcus aureus, qPCR was performed 

using the Luna® Universal qPCR Master Mix (New England BioLabs®) according to 

manufacturer’s instruction. For each reaction, 2 µL of template DNA was used. Extension was 

performed at 58 °C (S. capitis) and 56 °C (S. aureus). Primer sequences were obtained from 

Kim, Yang (35). As positive control, extracted DNA from Staphylococcus capitis DSM 20326 

and Staphylococcus aureus DSM 20231 was used. Prior to DNA extraction, the selected 

bacterial strains were grown in overnight cultures in TSB at 37 °C shaking at 120 rpm. DNA 

extraction was performed using the ZymoBIOMICS DNA Miniprep Kit (D4300). For 

quantification, the QubitTM fluorometer was used with the dsDNA BR Assay Kit (Invitrogen). 

qPCR was conducted in technical triplicates (n=3). 

 

Table 1: Primer sequences from Kim, Yang (35). 

Target 

species 

Sequence (5’-3’) Size (bp) 

S. capitis  150 

Forward CGC AAG GTG GTC AAC TTG AT  

Reverse GCG CAT CGT GAA GTA ATT CC  

S. aureus  145 

Forward CAA GCA CAA GGC AGT GGT AT  

Reverse GTG GCG TTG CAA TCT CCT TA  
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6. Results 

6.1 Seasonality 

The taxonomic composition of the different sampling locations in the train during all sample 

collection times are presented at genus level as top ten most abundant genera in Figure 2. Those 

genera were Cutibacterium, Corynebacterium, Acinetobacter, Staphylococcus, Streptococcus, 

JC017, Pseudomonas, Paracoccus, and Kocuria. This finding was not surprising, since most of 

these genera are human-associated. The most abundant genus was unknown. In total, for 7,503 

of 20,786 ASVs a genus level name could not reliably be assigned (~36.1 %). 

 

Figure 2: Top ten genera in various train locations during different seasons (n=6 per sampling 

position per sampling time). 

The taxa bar plot in Figure 2 displays the relative abundances in relation to the sampling 

seasons. No distinct pattern was observed for all seasons. 

To investigate potential seasonal dynamics, the sample alpha-diversity was plotted in Figure 3 

in relation to the sampling seasons. Outside temperatures ranged from 10.2 °C to 26.5 °C 

(16.3 °C difference) (see Figure 3A). A similar trend was observed for the measured relative 

humidity within the train cabin. The temperature discrepancy was not significant within the 
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train cabin with 23.5 °C Tmin and 26.9 °C as Tmax, and a discrepancy of 3.4 °C. Subsequently, 

no significant influence on the indoor cabin microbiome was observed. The microbial 

composition of the train air was consistent throughout the whole year of sampling (see 

Figure 5), with not even half of the most abundant genera being similar to the surfaces’ 

samples. This indicates that many abundant genera of the train air differed from surface 

samples, which is consistent with the literature (37).  

 

Figure 3: Alpha-diversity per A season and temperature at sampling location in- and outside 

the train cabin (no significant difference between seasons) and B per samples at each season. 
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The alpha-diversity over time (Figure 3A and suppl. Figure S1) shows a wave-like pattern. 

Sample numbers are low and in fact statistical testing did not reach significance level.  

 

For each sampling location, alpha-diversity is displayed as observed features sorted after 

sampling season (Figure 3B). For most sampling locations, big fluctuation was observed 

throughout all sampling seasons. Interestingly, alpha-diversity increased in the final winter 

sampling for five out of eleven sampling positions. Even within the same season, there is a 

considerable difference in alpha-diversity, as demonstrated by comparing, for example, both 

winter samplings. However, no indication or explanation for this behavior was identified or 

suggested. In contrast, rather constant alpha-diversities were observed for the sampling 

locations door button inside and seat handle. Similar seasonal trends were shown for 1st-class 

table and 2nd-class table, which constitute the same surface material.  

Bray-Curtis beta-diversity of the samples is displayed in Figure 4. According to seasons, no 

distinct pattern was observed. Samples collected in summer and winter showed most variability, 

which might be due to temperature differences. 

 

Figure 4: Train microbial diversity. PcoA of Bray-Curtis distances for samples organized 

after season.  
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6.2 Sampling location 

The taxonomy bar plot in Figure 5 displays the relative abundances in relation to the sampling 

locations, based on the same data as Figure 2. 

Cutibacterium was abundant in most sampling locations, but showed significantly lower 

abundance in train air (vs. door bar (p=0.032), seat handle (p=0.020), headrest (p=0.029), door 

button inside (p=0.004)), louvers (vs. door button inside (p=0.046)), and 1st-class under-seat 

handle (vs. door button inside (p=0.029)). Significant differences were calculated by Kruskal-

Wallis tests and Post-hoc-Dunn-tests with Bonferroni-correction. The locations train air, 1st-

class under-seat handle, and louvers are all locations or surfaces which we expect to be either 

not or rarely touched, explaining the low abundance of this genus. 

Acinetobacter was most abundant on 1st- and 2nd-class table – surfaces, which are likely 

cleaned less frequently than seat handles and door bars, allowing this desiccation tolerant genus 

to persist. It showed higher abundance on the locations armrest, headrest (fall, second winter 

sampling) and louvers (first summer sampling, fall, second winter sampling). However, there 

were no significant differences. 

The occurrence of the human skin-associated Corynebacterium was evenly distributed and 

reasonably less abundant only in the train air, showing significantly lower abundance compared 

to the locations door button inside (p=0.006) and seat handle (p=0.028). As another skin-

associated genus, Staphylococcus was less abundant on 1st-class table, train air, and for most 

sampling of the louvers, therefore showing similar trends as the relative abundance of skin-

associated Cutibacterium and Corynebacterium. However, no significant differences in 

Staphylococcus abundance were found among sampling locations. 

Streptococcus was most abundant within samples of door button inside and seat handle, whereas 

significantly lower abundance was observed in the train air (vs. seat handle (p=0.004), door 

button inside (p=0.002)).  
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Figure 5: Different locations in the train harbor varying microbiomes. Top ten genera 

composition in different train areas (n=6). 

 

Positions with higher Pseudomonas abundance were 1st-class table, 2nd-class table (spring, 

winter), and 1st-class under-seat handle. However, no significant differences in abundance were 

determined between sampling locations for Pseudomonas, and other genera, such as JC017, 

Paracoccus, and Kocuria. Distinct abundance of Paracoccus was observed on armrest, 

headrests (spring), door button outside (spring), louvers (spring, summer, winter), and constant 

abundance was shown in the train air. For Kocuria, the highest abundances were shown for the 

locations headrest (spring), door button outside (spring), 1st-class under-seat handle, and the 

train air. 

Overall, we were not able to identify distinct connections between taxa abundance and surface 

materials. Most sampling locations were composed of plastic material (1st-class table, 2nd-

class table, armrest, door buttons, 1st-class under-seat handle). The headrest material was 

synthetic leather. Seat handles and door bars had metallic (painted) surfaces. 

Within a similar sampling campaign, cultivation and characterization of isolates was conducted 

by Auerhammer et al. (2023) (28). The most abundant cultivated genus was Staphylococcus, 

followed by Moraxella, and Micrococcus. Besides Staphylococcus, none of the cultured genera 
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were represented in the displayed sequencing data. In comparison, qPCR detection of 

Staphylococcus species is described in 6.4 qPCR detection. 

The sampling location-dependent alpha-diversity (Faith’s PD) is displayed in Figure 6. 

Although the train air showed consistent relative abundance of the top ten genera (Figure 5), it 

was found to have a high in-sample diversity, which was also observed by Gohli et al. (2019) 

(4). Sampling locations with highest diversity within a sampling type were the 1st-class under-

seat handle, the door bar and the train air. Comparison of sampling positions was performed 

using Kruskal-Wallis test, showing differences in alpha-diversity (H=33.442, p=0.0002). Post-

hoc-Dunn-tests using Bonferroni-correction showed significant differences only between the 

1st-class under-seat handle and louvers (p=0.03), as well as very significant compared to the 

armrest (p=0.008). Further, significant difference was observed between door bar and armrest 

(p=0.047). The different alpha-diversities could be explained by the surface materials, as 

demonstrated by Hsu et al. (2016) (23). The door bar is a metallic bar with varnish, whereas the 

armrest material is plastic. Another difference would be the touching frequency, which we 

expect to be higher for the armrest.  

Figure 6: Alpha-diversity of sampling locations. Louvers vs. 1st-class under-seat handle 

(p=0.03), armrest vs. 1st-class under-seat handle (p=0.008), armrest vs. door bar (p=0.047). 
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A driving factor on microbial similarity is sample site, visible by the clustering in Figure 7. 

However, samples of locations like 1st-class table, armrest, and louvers are widely scattered, 

indicating high shifts in microbial communities. In contrast, especially door button inside and 

seat handle samples were clustered with high proximity to each other. The beta-diversity of 

door button inside, seat handle, and some samples of headrest and door bar was similar. This 

was not expected, since those positions are characterized by different surface materials. 

 

 

Figure 7: Train microbial diversity. PCoA of Bray-Curtis distances for samples organized 

after sampling position.  
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6.3 Effect size – sampling location > sampling time 

Previous results already showed a distinct microbial pattern for each sampling position rather 

than sampling time. To analyze which component, sampling location or sampling time, had the 

most influence on the diversity (alpha and beta), forward step redundancy analysis was 

performed using Observed Features, Faith’s PD and Shannon metrices for alpha-diversity, and 

unweighted unifrac, weighted unifrac, and Bray-Curtis for beta-diversity (Figure 8, 

supplementary Figure S2). It clearly showed, that the sampling locations harbored distinct 

microbial compositions. However, seasonal changes of the microbiome were not disproved at 

this point. 

Figure 8: Sampling location has greater influence on beta-diversity compared to the 

sampling time. Effect size analysis using forward step redundancy analysis with a linear model 

composed of sampling position and sampling time on Bray-Curtis distances. 

 

6.4 qPCR detection of Staphylococcus is limited – more S. capitis than S. aureus 

Sequencing of variable regions of the 16S gene holds limitations which are reflected by the 

reliable determination of taxonomic levels until the genus level. Microbial detection via 

sequencing of the whole 16S gene can provide information on the species level, but is connected 

to higher cost. To investigate the occurrence of opportunistic pathogens, another methodology 

is needed. Therefore, qPCR was performed to aim for a species level detection within the DNA 

samples. Due to the limitation of DNA material, two target species were selected. 

Staphylococcus aureus, as one of the ESKAPE pathogens, and Staphylococcus capitis, as a 
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control as it is a skin commensal. Additionally, the results of each sampling time were 

concluded. qPCR results are represented by CT-values for each sampling position (Figure 9). 

Based on the results of the negative controls, the limit of detection was set to a CT of 35. It has 

to be noted that the calculated copy numbers were <0, therefore the data have to be considered 

with high caution. Overall, S. capitis was detected in all sampling positions but three, whereas 

S. aureus was only detected in three positions. This was expected due to S. capitis’ natural 

occurrence on human skin. S. aureus was detected in samples of seat handle, door button inside 

and 2nd-class table, where S. capitis was also detected. On the other hand, S. capitis was not 

detected in louvers, armrest, and 1st-class table. Based on these results, no concerning 

concentrations of S. aureus were found. As many studies perform selective cultivation of 

samples for pathogen detection (2, 38), it would be of interest to test cultivation simultaneously 

to qPCR to compare outcomes. Cultivation of highly touched surfaces in trains was performed 

in another study (28), investigating the same train line as in our study with focus on cultivation. 

However, no S. aureus was identified, which can be the result of non-selective cultivation or 

low abundance of cultivable cells.  

 

Figure 9: No quantitative detection of S. capitis and S. aureus in the train. 

 

Additionally, CT-values were plotted for both species according to the sampling seasons 

(supplementary Figure S3). S. capitis detection was more prominent in winter and summer, 

while S. aureus showed only a slight tendency for better detection in one summer sampling. 
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As for future investigations, other relevant genera such as Pseudomonas, Streptococcus and 

Acinetobacter would be of interest as they occurred within the top ten sequenced genera.  

 

7. Discussion 

The train cabin is a public space, which is used by millions of passengers daily. It is shaped by 

the human microbiome, mostly by the contact from skin to surface. Further, airborne 

microorganisms can spread in such confined spaces, especially within full cabins. The train 

cabin environment is favoring the transmission of opportunistic pathogens, which poses public 

health concerns, especially due to the rising threat by AMRs. Therefore, we conducted a one-

year study on the train microbiome, complemented by the detection of opportunistic pathogen 

S. aureus and control S. capitis via qPCR.  

 

7.1 No significant seasonal dynamics in the train cabin microbiome 

In this one-year study, no statistically significant difference in diversity was observed between 

the seasons. However, a distinct wave-like trend of alpha-diversity was visible throughout the 

sampling year. Other studies showed a higher alpha-diversity in different seasons. In Shanghai 

(39) metro stations, the highest alpha-diversity was observed in fall, whereas in Seoul (40), the 

fall season resulted in the lowest diversity and summer the highest. In Oslo, spring showed 

highest diversity (4). Therefore, even the comparison between roughly similar study designs 

with outdoor station analysis is not easy, as parameters such as geographic location, the 

temperature and relative humidity might create a striking difference (7, 36, 41). 

Long term studies of other indoor environments have shown seasonal dynamics of microbial 

communities. However, the study design differed, since dust samples were taken in homes (42, 

43), or active air sampling with filters was conducted, also focusing on dust collection (36). By 

collecting data on the train cabin microbiome, we contributed new information in this field, 

since no studies on the train or even subway cabin microbiome over long-term exist. 

Countermeasures to provide benign surface and air microbial communities might therefore not 

require seasonal adaptations, easing practical implementations significantly. 
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7.2 Sampling locations define the microbial composition 

Our data show that sampling location has a higher influence on the microbial composition than 

sampling time. Our result matches findings of previous studies, which state that the surface 

material is defining the surface microbiome (23). However, no specific pattern according to 

surface material could be observed in our study. Therefore, we speculate that multiple 

influences together shape the microbial indoor cabin community: The surface material, type of 

contact (e.g. door bar by hand, headrest by head), and frequency of touching (44). Alongside 

the surface samples, air samples were retrieved in this study. Here, a clear difference of the top 

ten genera was shown compared to the surface samples. The indoor air microbiome has been 

already shown to be different to the surface microbiome, since the air microbiome is shaped by 

outdoor air and non-skin sources (37). 

 

7.3 Pathogen detection in the train 

The analysis of environmental samples of public transport is mostly conducted by 16S rRNA 

sequencing to create a picture of the microbial composition, as summarized by Ly et. al (2024) 

(45). Most studies of the subway microbiome conducted sequencing of distinct variable regions 

of the 16S gene. This approach allows reliable taxonomic identification up to the genus level 

(46). However, pathogenic species cannot be targeted by sequencing of variable regions of 16S 

rRNA. Therefore, we conducted qPCR detection of target species as proof of concept, without 

prior cultivation. The mentioned AMR crisis was subjected in this study by target detection of 

one ESKAPE pathogens, S. aureus and skin commensal S. capitis as a control. qPCR revealed 

three sampling locations as S. aureus positive, and seven positions as S. capitis positive. This 

was determined by a CT-value under a threshold of 35. However, the calculation of the copy 

numbers of each species and position showed no indication of infection risk of both species due 

to an extremely low copy number near zero. This low detection outcome is expected to be result 

of the low biomass, since in other studies, cultivation of isolates was performed prior to qPCR 

(17, 18). 

In a study conducted by Auerhammer et al. in 2023 (28), samples were collected for cultivation 

in the same train line, which was investigated the present study. Different sampling locations, 

not all similar to those of this study were tested. Isolated species were identified by MALDI-

TOF MS, followed by subsequent analysis and characterization by 16S rRNA sequencing, 
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growth curves, antimicrobial susceptibility testing, evaluation of cleaning and disinfection on 

isolates, among others, on selected bacterial species. Of tested isolates, only E. cloacae showed 

noteworthy antimicrobial resistance against five antibiotics. Among those, resistance against 

last resort antibiotic colistin was identified (28). For future studies, focusing on selective 

cultivation for antibiotic resistant bacteria would be beneficial for microbial risk assessment. 

In the same study, the most abundant cultivated genera were Staphylococcus, Moraxella, and 

Micrococcus. Compared to our sequencing data, only Staphylococcus was abundant. An 

explanation would be, that abundant genera identified by 16S rRNA sequencing were not viable 

or “viable, but non-culturable” (VBNC), which is a common issue or downfall of cultivation 

(47). However, sequencing is subjected to certain restrictions. For instance, the selection of the 

target 16S sequence segment can influence the outcome. Even at the beginning, during DNA 

extraction, cells of some species or genera are more difficult to lyse than others (e.g. Gram-

positive bacteria) (48), which influences the representation of the taxonomic results. Further, 

different extraction kits result in variable sequencing results (49).  

 

7.4 The train microbiome shows high similarity to other public transport 

environments 

The train cabin microbiome is a confined space, with high fluctuation of passengers, often times 

without highly efficient ventilation system (e.g. no HEPA filtration), with varying travel 

durations. Some of these factors are also present in other indoor environments, such as airplane 

cabins. However, airplane cabin ventilation systems are more sophisticated with the use of 

HEPA filters, which are not commonly found in trains. Another similar environment is 

displayed by the subway (16, 23, 25, 50), which is characterized by typical human- and 

environment-associated genera, as concluded by Ly et al. (2024) (51). The fact that human 

shape the indoor microbiome becomes clear considering the International Space Station (ISS) 

microbiome, as an isolated environment. Here, abundant taxa are Corynebacterium, 

Streptococcus, Staphylococcus, Propionibacterium, and Pseudomonas, among others (52-55), 

which are similar to the public transport microbiome. Nevertheless, as the previous section 

showed, collecting data and perform microbial monitoring is still important. 
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7.5 Limitations of this study 

For statistical purposes, an increased number of samples would have been beneficial for the 

results. However, this was not feasible in with regard to the laboratory expense. We decided to 

take six samples of each sampling location to gather enough biomass for DNA extraction and 

analysis. In detail, e.g. for each seat handle sample, six different swabs and seat handles were 

sampled to moreover minimize sampling location bias. However, the obtained DNA was not 

detectable via Qubit measurement. Sequencing was possible, but the detection of specific 

species via qPCR constituted a challenge. Almost no S. capitis and even less S. aureus were 

detectable, which is a relieve in terms of microbial risk. To gain more information on the 

detection method, other target organisms with expected higher abundance according to 

sequencing results could be selected, such as S. epidermidis as a control and Acinetobacter 

baumannii as a pathogen. Another approach is the detection of specific genes, as previously 

conducted by Shen et al. (2018) (17). Although no prior cultivation for qPCR was intended in 

this study for time and feasibility, selective cultivation for antibiotic resistances would facilitate 

this approach by generating more output DNA. 

 

7.6 Concluding comments 

This study was the first to conduct long-term sampling in train cabins in Germany. We 

conclude, that the sampling locations within the train influence the microbial diversity in the 

train cabin the most, rather than the sampling time or seasons. Countermeasures might therefore 

work over the whole year and should be considered for each location/material in the cabin. 

Microbial detection via qPCR showed more hits for Staphylococcus capitis compared to 

Staphylococcus aureus. However, this approach has to be improved.  

The combination of 16S rRNA amplicon sequencing of the V1-V2 region and qPCR allowed 

for a broad-spectrum analysis of the train microbiome, and the targeting of specific species of 

interest. This work provides basic knowledge for future studies exploring the indoor 

microbiome of public transportation and the development of suiting microbial countermeasures 

to reduce transmission of opportunistic pathogens.  
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10. Supplements 

 

 

Figure S1: Alpha-diversity over the seasons occurs similar between metrices. A Shannon, 

B Faith’s PD. 

 

 

 

Figure S2: Sampling location has greater influence on alpha- and beta-diversity compared 

to sampling time. For Shannon, no significant findings were observed. 
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Figure S3: qPCR detection of S. capitis and S. aureus in different seasons. For this figure, 

data of the sample collection of 05/30/2023 (spring), 08/01/2023 (summer), 09/28/2023 (fall), 

and 02/01/2024 (winter) were used.  

 

 

Available in microbial analysis notebook: 

Supplementary Table 1: Alpha-diversity measures. 

Supplementary Table 2: Beta-diversity measures. 
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Summary 

A microbial community containing 9 bacterial species was created based on the most common 

bacteria in public transportation, which can be used as a reference microbiome for testing the 

efficiency of decontamination and detection methods, and also as a bioaerosol. In addition, the 

created microbial community was characterized with regard to its behavior and abundance of 

individual strains under the stress conditions of irradiation, desiccation and cold storage in order 

to investigate the stability of the product. 

Keywords 

Bioaerosol, microbial monitoring, indoor and build environment microbiome, public transport 

1. Introduction 

Public transport was particularly affected by the COVID-19 pandemic, as passengers no longer 

felt safe. There was a great concern of becoming infected in crowded, confined spaces. To 

investigate the influence of microbes to the indoor climate, a microbial community was 

developed that closely resembles the microbiome of public transport. This will be used to test 

methods for decontaminating vehicle cabins and reducing contamination. Furthermore, the 

simulated microbiome will also be used as a bioaerosol, for example to test new ventilation 

concepts (Kohl, Ly et al., 2024). Composite microbial communities are already available on the 

market, such as the ZymoBIOMICSTM Microbial Community Standard cells (MC; Zymo 

Research Corp., Irvine, CA, United States). The difference to this work, however, is that here 

a microbiome was developed for a specific environment, namely public transport and passenger 

areas. There are already studies that have examined the microbiome in subways and airplanes 

(Weiss et al., 2019, Leung et al., 2014), which mostly consist of human-associated bacteria, but 



 

69 

also environmental-associated bacteria. Airplanes and subways share the most frequently 

occurring genera (see Table 1). Genera typical of skin microbes are represented, such as 

Propionibacterium, Corynebacterium, Micrococcus and Staphylococcus. However, genera of 

environmental representatives such as Flavobacterium and Burkholderia are also represented. 

The publications on which the data in the table are based on, used different methods to identify 

the microbes in the airplane and subway samples. For the airplane samples, 16S rRNA 

sequencing (Weiss et al., 2019, Liu et al., 2020) and shotgun metagenomics (Sun et al., 2020) 

were performed, and data were compiled from other literature (Zhao et al., 2019). For the 

subway samples, methods such as 16S rRNA sequencing (Gohli et al., 2019, Hernández et al., 

2019), and Illumina HiSeq (Kang et al., 2018, Afshinnekoo et al., 2015) were used. 

In this study, nine bacteria were used to create an artificial microbial community resembling 

the microbiome of public transportation. These are based on the most frequently occurring 

genera (see Table 1). They are all classified as biosafety level 1 and are used in this community 

as a reference model for various investigations and tests of decontamination and detection 

methods. 

 

Table 1: Most abundant bacteria in aircraft cabins and subways. Based on studies that 

investigated the microbiome of aircraft cabin and subway air and surfaces. 

 Aircraft cabin Subway  Reference 

1 Staphylococcus  Staphylococcus  Aircraft cabin: Weiss et 

al., 2019, Liu et al., 2020, 

Sun et al., 2020, Zhao et 

al., 2019 

 

Subway: Afshinnekoo et 

al., 2015, Kang et al., 

2018, Gohli et al., 2019, 

Hernández et al., 2019 

2 Pseudomonas  Acinetobacter 

3 Corynebacterium  Corynebacterium 

4 Streptococcus  Micrococcus 

5 Enterobacteriaceae  Propionibacterium 

6 Flavobacterium  Pseudomonas 

7 Kocuria  Sphingomonas 

8 Micrococcus  Flavobacterium 

9 Sphingomonas  Streptococcus 

10 Stenotrophomonas  Kocuria 
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2. Materials and methods  

2.1 Test organisms and growth conditions 

The organisms are listed in Table 2 and were grown using 2x Reasoner’s 2A broth (TEKnova; 

composition: yeast extract 0.5 g, peptone 0.5 g, casamino acids 0.5 g, glucose 0.5 g, soluble 

starch 0.5 g, sodium pyruvate 0.3 g, dipotassium phosphate 0.3 g, magnesium sulfate 0.05 g, 

per Liter), Tryptic Soy Broth (Sigma-Aldrich; composition: casein peptone (pancreatic) 17 g, 

dipotassium hydrogen phosphate 2.5 g, glucose 2.5 g, sodium chloride 5 g, soya peptone 

(papain digest.) 3 g, per Liter), and Brain Heart Infusion broth (Sigma-Aldrich; composition: 

brain extract 7.8 g, heart extract 9.7 g, proteose peptone 10 g, sodium chloride 5 g, D(+)- 

Glucose 2 g, disodium hydrogen phosphate 2.5 g, per Liter). The strains Burkholderia lata DSM 

23089T, Enterococcus viikkiensis DSM 24043T, Propionibacterium cyclohexanicum DSM 

16859T, Pseudomonas antarctica DSM 1530T, Staphylococcus capitis subsp. capitis DSM 

111179 and DSM 20326T were grown for 18 h under constant shaking at 200 rpm, while the 

strains Corynebacterium halotolerans DSM 44683T, Flavobacterium frigoris DSM 15719T, 

Sphingomonas rubra DSM 26135T, and Streptococcus halotolerans DSM 101996T were grown 

for 48 h at 200 rpm. The composition of the microbial community in a solution depends on the 

desired concentration of the respective strains and can be adjusted individually. The 

composition of the bacterial strains used in this work is listed in Table 2. In addition, S. capitis 

subsp. capitis DSM 11179 was listed, which is used instead of S. capitis subsp. capitis DSM 

20326T in other experiments, depending on the type of experiment. 
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Table 2: List of utilized bacterial strains with growth conditions and reference.  

Strain Growth Reference 

Burkholderia lata DSM 

23089T 
2xReasoner’s 2A broth or agar 37 °C 

Vanlaere et al., 

2009 

Corynebacterium 

halotolerans DSM 

44683T 

Tryptic Soy Broth (TSB) or agar (TSA) 

37 °C 
Chen et al., 2004 

Enterococcus viikkiensis 

DSM 24043T 

Brain Heart Infusion (BHI) broth or agar 

37 °C 

Rahkila et al., 

2011 

Flavobacterium frigoris 

DSM 15719T 
2xReasoner’s 2A broth or agar 20 °C 

Van Trappen et 

al., 2004 

Propionibacterium 

cyclohexanicum DSM 

16859T 

Brain Heart Infusion (BHI) broth or agar 

37 °C 

Kusano et al., 

1997 

Pseudomonas antarctica 

DSM 1530T 

Tryptic Soy Broth (TSB) or agar (TSA) 

20 °C 
Reddy et al., 2004 

Sphingomonas rubra 

DSM 26135T 
2xReasoner’s 2A broth or agar 20 °C Huo et al., 2011 

Staphylococcus capitis  

subsp. capitis DSM 

20326T 

Tryptic Soy Broth (TSB) or agar (TSA) 

37 °C 

Kloos and 

Schleifer, 1975 

Staphylococcus capitis 

subsp. capitis DSM 

111179 / K1-2-2-23 

Tryptic Soy Broth (TSB) or agar (TSA) 

37 °C 

Sobisch et al., 

2019, Siems et al., 

2022 

Streptococcus 

halotolerans DSM 

101996T 

Brain Heart Infusion (BHI) broth or agar 

37 °C 
Niu et al., 2016 

 

2.2 Stress tests  

In order to characterize the developed microbial community as a product, three different 

treatments were tested. Irradiation was used to inactivate the microorganisms in order to be able 

to use the microbial community as a non-reproducible and inactive product while it is still 

molecularly detectable. A) Irradiation was applied on the microbial community using a dose 

of 10 kGy X-Ray (RS 225 A, Gulmay Medical). To test the stability of the microbial community 

after B) desiccation, 500 µL of the bacterial suspension with a total cell count of ~5 x 109 cells 
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was dried under sterile conditions. The C) stability stress test at 4 °C was conducted by storing 

the samples at 4 °C for one week, to investigate the shelf life of the bacteria.  

 

2.3 DNA extraction and 16S rRNA sequencing 

For DNA extraction, the DNA/RNA Miniprep Kit (ZYMOBIOMICS) was used according to 

the provided protocol. Prior to 16S rRNA sequencing, the samples were preprocessed using the 

Quick-16STM NGS Library Prep Kit (ZYMO RESARCH) according to the corresponding 

protocol with minor modifications: the fluorescence standards were not used and instead, 

quantification was performed by the Quantus fluorometer (Promega). Further, AMPure XP 

Beads (Beckmann Coulter) were used for the clean-up of the DNA after index PCR. 16S rRNA 

sequencing was performed with the Illumina MiSeq Reagent Kit v3 (600 cycles). 

 

2.4 Data analysis 

Data obtained from sequencing was preprocessed using divisive amplicon denoising algorithm 

2 (DADA2), the taxonomic classification was conducted using Quantitative Insights Into 

Microbial Ecology2 (QIIME2) with the plugin sklearn (scikit-learn), using a classifier 

connected to the SILVA rRNA database for 16S.  

 

3. Results and discussion 

The genera of the selected strains are known to be both human-associated and environmentally-

associated bacteria, and at the same time related to pathogens (Figure 1). The study of these 

organisms in the community provides a reference for understanding microbial interactions and 

also serves as a realistic model for various applications. 
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Figure 1: Phylogenetic tree of the developed public transport microbiome (bold) and 

related pathogens. The tree construction was performed with FastTree v2.1.8. based on 16S 

rRNA sequences. 16S rRNA of the strain S. capitis DSM 111179 was extracted from whole 

genome data using ContEst16S (Lee et al., 2017). 

 

Various stress tests and storage conditions were performed for an initial characterization of the 

microbial community produced for the first time. This was followed by DNA extraction of the 

cells and 16S rRNA sequencing to check the abundances of the respective genera within the 

microbial community before and after the treatments. Comparing the taxonomic abundance 

within the microbial positive control model community with that of the treated samples, some 

differences and similarities can be seen. In the irradiated microbial community, only 

Corynebacterium showed a significantly higher abundance than in the positive control 

(Figure 2A). The inactivation of cells using X-rays has already been investigated and earlier 

studies have shown that amplifiable DNA is still present (Josephson et al., 1993) despite the 

double-strand breaks in the DNA induced by X-rays (Dean et al., 1969). This was confirmed 

by this work with 16S rRNA sequencing. 
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Figure 2: Changes within the microbial community after irradiation, desiccation and 

storage at 4 °C. Genera relative abundances were compared after treatments with the untreated 

microbial community. After (A) irradiation and (B) desiccation, the relative abundances were 

similar to the untreated microbial community. (C) Storing the microbial community at 4 °C for 

one week showed an increase of the genus Pseudomonas. 

 

Desiccation of cells through air drying can cause hyperosmotic and matric stress, as well as 

damage of cell membranes (Potts, 1994). After desiccation, only a decrease in Burkholderia 

was observed (Figure 2B), indicating stability of the DNA while cells might be damaged. These 

results indicate the stability of the model community after irradiation and desiccation stress. 

Only when the microbial community was stored at 4 °C, significant increases in Pseudomonas 

were shown, which can be attributed to the growth characteristics of P. antarctica DSM 1530T 

at such low temperatures (Reddy et al., 2004).  
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4. Conclusions 

An artificial microbiome simulating that of public transport was developed and its behavior was 

tested under three stress conditions. Inactivation of the microbial community by X-ray 

irradiation (10 kGy), desiccation treatment and storage at 4 °C led to a change in the bacterial 

abundance of only three different strains. The microbial community was therefore mostly 

stable. In future work, the use of reference microorganisms, in particular customized 

microbiomes, will be relevant in order to achieve an approximately realistic behavior in the 

application of (novel) methods. It can be used in liquid or dry state to test microbial 

countermeasures such as antimicrobial surfaces or as a bioaerosol to test ventilation concepts. 

The microbial community presented in this work has already been used in other as a reference 

bioaerosol for the investigation of a ventilation concept to reduce the bacterial load in passenger 

cabins (Kohl, Ly et al., 2024). With regard to indoor air, this means finding and testing measures 

that are effective in improving the quality of indoor air and thus maintaining people's health. 
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3 Discussion 

The scientific contributions of this thesis are summarized in Figure 5 and will be discussed, 

based on the previously stated research questions. 

 

Figure 5: Overview of this thesis’ contributions and discussion points, indicated by dotted 

lines. Based on Figure 1. Corresponding publications: 1An overview of the bacterial 

microbiome of public transportation systems (2.1), 2Microbial communities in local train cabins 

remain stable through the seasons during one year of monitoring (2.2), 3Modeling the public 

transport microbiome (2.3), 4Aerosol propagation through an air curtain (2.4), 5Testing 

antibacterial effectivity of copper coated surfaces (2.5), 6Short-time thermal inactivation of 

surrogates of the public transport microbiome (2.6). 
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3.1 Microbial surveillance as a preventive measure 

Public transport passenger cabins represent an environment, which can facilitate transmission 

of infectious diseases. Therefore, the first research question within the frame of this dissertation 

focused on the detection of microbes within this environment. 

 

RQ1) What microbiome are we facing in public transport systems, and how can we 

reliably detect it? 

3.1.1 The public transport microbiome 

A passenger cabin is defined by its confined space, human crowds of varying individuals, 

fomites, and limited air circulation. Similar confined environments which are important to 

monitor with the aim of infection control, safety of humans and products, or resistance tracking, 

that already underlie regular microbial monitoring, are e.g. intensive care units (ICUs), clean 

rooms, or the ISS, as concluded by Mora et al. (141). Onboard the ISS, health risks are shown 

by increased AMR compared to Earth analog, and a changed microbial composition, 

highlighting the importance of monitoring (142). This is conducted every 90 days, added by 

weekly cleaning, and biweekly disinfection (141). Microbial monitoring is also conducted in 

hospitals (143), where strict cleaning protocols, especially in ICUs, exist (141).  

Microbiome studies help to detect and understand microbial taxa and dynamics, indicating 

potential transmission pathways and guiding the development of targeted countermeasures. 

This work conducted microbial monitoring under real-life conditions by sampling train cabins 

over the course of one year, every two months. To answer the first part of the research question, 

the results revealed, similar to previous studies, human-associated taxa throughout most 

sampling locations. This was expected, since humans shape their environmental microbiome, 

as shown in Table 1 of the introduction. This observation is highlighted when we compare most 

abundant taxa from different studies on a variation of human-shaped environments (see Table 

3). Four genera, namely Corynebacterium, Staphylococcus, Streptococcus, and Pseudomonas 

are highly abundant in all listed environments. Other highly abundant genera are Micrococcus 

and Kocuria. Since Table 3 consists of data from multiple previous studies (and our study, 

chapter 2.2), a variation due to sampling substrate (surface, air, dust) and detection (sequencing 

technology, data analysis) is present, which influence the outcome of microbiome studies. 
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Nevertheless, clear similarities were observed throughout the train cabin, outside the passenger 

cabins (subway station), aircraft cabin, and even onboard the ISS. 

 

Table 3: Most abundant taxa in selected human-shaped environments. Green highlights similar 

taxa in all categories.  

Train cabin  

(this work) 

Subway station 

and cabin 

Aircraft cabin ISS 

Cutibacterium Staphylococcus Staphylococcus Corynebacterium 

Corynebacterium Acinetobacter Pseudomonas Streptococcus 

Acinetobacter Corynebacterium Corynebacterium Staphylococcus 

Staphylococcus Micrococcus Streptococcus Propionibacterium 

Streptococcus Propionibacterium Enterobacteriaceae Faecalibacterium 

JC017 Pseudomonas Flavobacterium Haemophilus 

Pseudomonas Sphingomonas Kocuria Actinomyces 

Paracoccus Flavobacterium Micrococcus Pseudomonas 

Kocuria Streptococcus Sphingomonas Micrococcus  

Prevotella Kocuria Stenotrophomonas Bacillus 

References: Subway – Afshinnekoo et al., 2018 (64), Kang et al., 2018 (65), Gohli et al., 2019 (66), Zhao et al., 2019 (67), Hernández et al., 

2020 (68). Aircraft cabin – Weiss et al., 2019 (62), Liu et al., 2020 (63), Sun et al., 2020 (60). ISS: Mora et al., 2019 (144), Venkateswaran 

et al., 2014 (145), Lang et al., 2017 (146), Avila-Herrera et al., 2020 (147). 

 

To the best of my knowledge, no other longitudinal study similar to our train microbiome study 

has been conducted before, since most previous studies focused on the subway station rather 

than passenger cabins (66, 148-150). Studies, such as by Hsu et al. (2016) (151), investigated 

both train cabins and stations within three samplings (2x May, 1x October). Similar 

observations to our study were shown, such as the abundant detection of Propionibacterium 

acnes. An advantage of our study was the collection of in total six samplings (1x spring, 2x 

summer, 1x fall, 2x winter), allowing for the investigation of influences by temperature and 

relative humidity fluctuations. This can be of great relevance, as both factors influence 

microbial transmission and infection risk, and can vary between bacterial species, as concluded 

by Hiwar et al. (2021) (152). Bacterial strains of Staphylococcus aureus, Pseudomonas 

aeruginosa and Acinetobacter baumannii, all species of the ESKAPE pathogens, showed 

improved survival on high-touch dry surfaces at low temperature and relative humidity (153), 
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favoring outbreaks in cold seasons. This was also observed for two strains of E. coli.  In 

contrast, E. coli within an aerosol showed higher survival at higher relative humidity (154). 

Viruses, such as Influenza survive and transmit better at low relative humidity and temperatures 

(155-157). Further, low relative humidity can enhance the susceptibility of the host by drying 

out mucous membranes and impairing mucociliary clearance (158, 159). No significant 

different seasonal changes in diversity were found within the train cabins. Although the 

measured relative humidity highly varied throughout the sampling times, no correlation 

between the train cabin air diversity and the relative humidity was observed. Since the indoor 

temperature in the cabin was constant, it can be suggested that the detected bacteria were also 

less influenced by the relative humidity. Sampling locations showed higher variation compared 

to the sampling season. Since sampling took place at midday and cleaning occurs at night, 

evening sampling could have affected the results due to higher passenger traffic. 

3.1.2 Microbial detection – lack of standards and limited by resources 

The second part of RQ1 addresses the detection of the public transport microbiome. The 

methodical approach for microbial detection can influence the results of microbiome studies 

and is therefore important to discuss. For sampling, swabs are widely used in similar studies 

and were also used in this work for surface sampling. The handling of swabs is simple, and only 

requires minimal training. Especially for hard-to-reach spots, such as the louvers in the 

passenger cabin, swabs are suitable. Compared to swabs, wipes are better suited for sampling 

large (nonporous) surfaces and are therefore a good alternative for microbial monitoring. 

However, they can be more prone to contamination during sampling, their handling is less 

standardized and more laborious, and they can be more expensive than swabs. For air collection, 

active air or dust sampling are widely spread, but the selection of the sampling method can 

highly influence the outcome of the detected microbiome (160). The same accounts for DNA 

extraction, which can influence the yield and diversity (161). As expected, this applies for the 

data analysis, too. Within this work, 16S rRNA sequencing of the V1-V2 region was performed. 

The selection of the V1-V2 region as target was based on high taxonomic resolution of 

respiratory samples (162) and suitability for low-biomass samples (163). Sequencing of 

variable regions of the 16S rRNA gene in similar microbiome studies is common, as shown by 

Ly et al. (2021) (36). Many studies on the subway microbiome were performing 16S rRNA 

sequencing of the V3-V4 (66, 164, 165) or only the V4 region (149, 151, 166). Less frequent 

was the investigation of the whole 16S gene or metagenome sequencing. Both, however, allow 
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a deeper analysis of the microbiome and are able to reliably identify bacterial species. Although 

these methods generate detailed information, high-throughput is bound to high cost and might 

not be feasible for regular monitoring. An issue that can overestimate the abundance of bacteria 

and affects sequencing, is the intragenomic heterogeneity of 16S rRNA genes (167). The degree 

of overestimation differs for phyla, targeted variable region and full length 16S rRNA gene. 

Another common approach to investigate the microbiome is cultivation and subsequent 

sequencing (for identification). This can be less expensive, but the detection is limited to 

cultivable species. Besides the sequencing technique, data analysis can influence the results, 

for example, due to varying bioinformatic pipelines that process raw data differently or due to 

multiple available databases for feature assignment (168). It shows, that a comparison between 

studies can be difficult at some point due to the variation of used methodologies. Therefore, 

standardization for distinct targets is important. Standardized protocols have been developed 

within the MetaSUB Consortium (169, 170) and are important for conducting microbial 

monitoring studies. However, sample processing within this consortium is conducted in distinct 

laboratories and, therefore, bound to a certain capacity. Thus, the standardization cannot be 

implemented in every microbiome research study. Besides research-driven standard protocols, 

there are no legal guidelines for microbial monitoring in public transport settings. 

For targeted detection of distinct pathogenic species, performing qPCR is a good method that 

stands in contrast to the general detection of the all-over environmental microbiome. This was 

utilized to detect S. capitis and S. aureus in the train cabin, as a low-cost alternative to 

sequencing at species level. Low levels of both species were observed, while S. aureus was 

found in less sampling locations than S. capitis. Besides species specific targets, markers like 

antibiotic resistance genes can additionally be addressed. Although conducting qPCR is less 

labor and cost intensive compared to sequencing, only a few species can be targeted due to 

limited DNA of the swab samples. Alternatively, selective cultivation of potential pathogens 

can be conducted and is aimed for future studies. 

Based on the findings, it is not easy to tell if the public transport microbiome poses a human 

health threat. It is important to conduct microbial monitoring to control and be aware of the 

possible hotspots and behavioral measures that reduce microbial transmission. At which 

concentration a pathogen is stated as infectious cannot be answered easily, as it depends on host 

and pathogen, and in case of airborne transmission, on factors like exposure time, CO2 levels 

and relative humidity (171, 172). Based on that, the infectious dose can range greatly, as shown 

in a review on foodborne pathogens with a dose between <10 to over 105 organisms (173). The 
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results of our study revealed, that the diversity of the train cabin microbiome was dependent on 

the sampling position and not the sampling season. This information can be further targeted to 

identify microbial hotspots, for example via targeted detection of potential pathogens. In the 

end, obtained data can be used to determine surfaces, that should be considered for 

antimicrobial coatings or intensified cleaning protocols. These interventions can be tested using 

an in vitro model of the environment, which can help to test and optimize them under controlled 

conditions. In this work, this was performed with a variation of countermeasures.  

3.2 In vitro bacterial community of the public transport 

microbiome 

One important element of this work was the establishment and application of the in vitro 

bacterial community. Single species from this community as well as the community as a whole 

were used in all tested microbial countermeasures (air curtain, thermal inactivation, 

antibacterial materials). Learnings and findings based on the created bacterial community are 

discussed in the following, pointing out its suitability, applicability and distinct variations 

between it and single species experiments. 

 

RQ2) From in vivo to in vitro: Is it possible to recreate and apply a standardized public 

transport microbiome as a simplified, yet realistic reference model for experimental 

testing? 

3.2.1 Suitability & applicability as a reference 

As the title of this thesis suggests, one central aim is to improve detection and inspire prevention 

measures against bacterial contaminants in public transportation using an in vitro bacterial 

community. It was decided to use a community rather than single model organisms, since the 

latter are unable to properly reflect the actual response to distinct stressors compared to their 

response in a real environmental setting. This is due to community effects, which can be 

synergistic or antagonistic interactions, or genotypic and phenotypic diversity (174). Therefore, 

an approach closer to real-life settings was introduced in order to investigate and test the 

effectivity of potential microbial countermeasures. The idea is not new, as in vitro microbiomes 

exist, based on the gut (70, 175) or soil (176) microbiome. However, this is the first time that 
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such a bacterial community has been developed in regards to the public transport environment 

(177). The in vitro bacterial community resembles abundant and relevant bacterial taxa of 

known public transport microbiomes. Its composition is based on previously conducted studies 

presented in this work (see chapter 1.3, 2.1). Those include genera like Pseudomonas, 

Staphylococcus, Propionibacterium, Streptococcus, Sphingomonas, and Corynebacterium. 

Representatives such as Enterococcus and Flavobacterium are not the most abundant according 

to literature, but are nevertheless considered as relevant. For instance, Flavobacterium and 

Burkholderia were found to be abundant in a distinct publication on the aircraft cabin 

microbiome (62). Further, Enterococcus represents a genus of the ESKAPE pathogens, which 

are highly relevant due to their remarkable antibiotic resistance. 

A key advantage of the created bacterial community is its biosafety level. All community 

members have been chosen specifically to be BSL-1, which makes handling in the laboratory 

straightforward and, therefore, enhances reproducibility by other scientists. Exchanging single 

species for those that are easier to cultivate would optimize reproducibility, since 

S. halotolerans DSM 101996T and P. cyclohexanicum DSM 16859T, as well as F. frigoris DSM 

15719T and S. rubra DSM 26135T to a certain extent, exhibited aggravated cultivation.  

But to what extent is this model reflecting the microbiome of real public transport or passenger 

cabins, and what are its limitations? First of all, most genera in the in vitro bacterial community 

are represented in the public transport microbiome, like skin-associated genera Staphylococcus 

or Propionibacterium. However, only bacteria and no other microorganisms such as fungal 

species or viral particles, and no anaerobic species were included. Furthermore, highly 

prevalent bacterial taxa in public transport environments such as Micrococcus and Kocuria 

were not selected for the bacterial community due to temporal expenditure and handling in the 

laboratory. Therefore, it was decided to limit the community to nine bacterial genera, and thus 

not all abundant taxa could be considered. It has to be noted, that the selection of the species 

within the bacterial community can greatly influence its behavior and reaction of it in different 

settings due to the production of potentially harmful metabolites, as reviewed by Hibbing et al. 

(2010) (178). The composition of genera of the in vitro community was intended to be equal in 

cell concentrations, although in nature, the microbiome is composed of a combination of highly 

abundant and rare taxa, with no equal distribution and depending on their environment (179, 

180). As it is not possible to determine the exact abundance of each genus, an equally distributed 

bacterial composition was selected. The bacterial community members were carefully chosen, 

since there are many factors that need to be taken into account. Besides the reproducibility, two 
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species were selected to be distinguishable after cultivation in the bacterial community. 

Therefore, the antibiotic resistances of B. lata DSM 23089T to streptomycin and S. capitis DSM 

111179 to rifampicin was utilized. It was of great importance that other community members 

were not resistant to these antibiotics as well. To create a realistic substrate for the bacterial 

community, particularly for experiments in which the community was aerosolized to mimic 

exhalation, artificial saliva based on Woo et al. was used (2010) (181). At this point, a distinct 

difference to in vitro gut microbiomes is apparent. While in vitro gut microbiomes are often 

cultivated in one container with a special medium (182, 183), the bacterial community of this 

work was created by single cultivation of all species and mixture afterwards in PBS or artificial 

saliva. The cultivation poses one limitation of this work, as no co-cultivation was tested, which 

is expected to impact the results. Previous studies have demonstrated the impact of co-

cultivation on the increased chemical diversity of microbial compounds, which cannot be 

detected in pure cultures (184). Although co-cultivation was not in the scope of this work, as 

this thesis presents the development and first experiments with the in vitro community, future 

studies should address this issue to gain further insights into the dynamics within the 

community. This presents a great challenge, since fast- and slow-growing species are included 

in the community, which facilitates artificial dominance. Further, the species grow under certain 

temperature and media. Creating specific media that imitate the oral environment, for example, 

would facilitate new applications of the in vitro bacterial community by providing even more 

realistic surroundings. But even at this point, the applications of the bacterial community are 

manifold: Various microbial interventions can be tested using the community as reference, such 

as disinfection and cleaning agents, that are used for passenger cabins. 

It shows, that there are many obstacles that came along the development of the in vitro bacterial 

community. The “correct” selection of the species, cultivation of each species, and the approach 

to create equal distributions within the mixture. Despite the difficulties and limitations of the in 

vitro bacterial community, this model and similar studies are important to understand the 

bacterial reaction to certain stressors in a controlled setting.  

To conclude and address RQ2 regarding the development and applicability of an in vitro 

bacterial community: Although certain limitations remain, as this is the first in vitro bacterial 

community to simulate the public transport microbiome, it has been well characterized and is 

suitable to use as a reference for different experimental tests.  
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3.2.2 Single vs. bacterial community testing 

Focusing on the applicability of the created in vitro bacterial community (RQ2), a distinct driver 

of its creation is the investigation of stressors and effects on bacteria under more realistic 

settings. Single species can help to understand basic mechanisms and responses to stressors or 

conditions. However, a bacterial community adds more complexity, which has been 

demonstrated in this work in the form of synergistic behavior after wet contact killing on 

copper-containing (Cu-Al) surface coatings (see chapter 2.5) or within the investigations into 

air curtain effectivity and bioaerosol detection (see chapter 2.4). One advantage, that enhances 

applicability of the in vitro bacterial community, is the possibility to distinguish target species 

of the bacterial community by selective growth of the species S. capitis DSM 111179 and 

B. lata DSM 23089T. It was shown throughout all studies, that B. lata DSM 23089T was more 

susceptible to stressors or treatments, like desiccation (air curtain) and copper stress (Cu-Al 

coatings). This behavior can be traced back to the species’ desiccation and copper tolerance, 

based on genetic settings and Gram-staining, as discussed in chapter 2.5 (185). Another factor, 

that influences the species survival, is the bacterial community. The community showed 

significant shielding against copper stressors for S. capitis DSM 111179. With a different 

community composition, varying shielding effects can be expected due to antagonist effects 

that different species can bring, e.g. through the reinforcement of antagonistic dynamics or 

modification of pairwise interactions (186). Further influence within bacterial communities and 

in single species is quorum sensing. It is a type of communication between bacteria, which 

allows a quicker activation of specific stress responses (187). Additionally, metabolites can be 

exchanged which also favor bacteria in vicinity (188). However, metabolites can also be 

harmful, as previously described. Antagonistic interactions can be further displayed by 

environmental modifications, such as changes in pH, caused by certain metabolites, leading to 

unfavorable growth conditions (189). The microbiome is also shaped by the competition for 

resources, overgrowth of low abundant species and selective pressure (140, 190). Additional 

investigation of the bacterial community is necessary to better understand community dynamics 

and their influence on the survival of distinct species. Synergies, competition, and biofilm 

formation are effects that were not investigated but should be addressed in the future, as they 

provide important insight into real-life environments and behaviors. 

The developed simulated bacterial community allowed for the evaluation of different microbial 

countermeasures under controlled conditions. In the following section, intervention strategies 

are discussed in terms of their effectivity and applicability to public transport settings.  
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3.3 Reduction of microbial load in passenger cabins 

Different interventions were tested to reduce microbial load in hypothetical passenger cabins 

by mitigating the microbial transmission through airborne and via surface pathways.  

 

RQ3) To what extent can physical and material-based interventions reduce microbial load 

in passenger cabins? 

3.3.1 Intervention of airborne transmission 

Different physical-based interventions were tested to investigate their effectivity and 

applicability in passenger cabins. The first and major investigated physical-based intervention 

was the air curtain, equipped with HEPA filters (see chapter 2.4). For that, two different 

detection methods were employed: sensor-based particle measurement and CFU-based 

bacterial survival determination. This combination allowed for a differentiated analysis of the 

bioaerosol propagation in a closed environment. The outcome of the microbial assessment was 

dependent on the test microorganisms’ tolerance to shear forces during bioaerosol generation. 

Since the used device (BLAM, CH Technologies) was designed for the aerosolization with low 

impact on microorganisms and has been tested in a previous study (191), the shear forces were 

expected to be little. Further, during the process of aerosolization, impingement, and continued 

presence on the petri dishes until retrieval, the bacteria are exposed to desiccation. The 

desiccation tolerance of distinct members of the bacterial community was investigated in pure 

cultures. P. antarctica DSM 15318T, S. halotolerans DSM 101996T, and P. cyclohexanicum 

DSM16859T showed no detectable survival after up to 7 days of desiccation. In contrast, 

S. capitis DSM 111179 showed survival up to 28 days of desiccation, with a significant decline 

of CFU/mL (192). This observation can likely be explained by the origin of these species. More 

susceptible species were initially isolated from environments with high humidity, such as 

orange juice (193) or the respiratory tract (194). Therefore, they are expected to be less adapted 

to desiccation (193, 194). The used strain for the air curtain studies, S. capitis DSM 111179 

was first isolated from stainless steel (type V2A) aboard the ISS (195) and is therefore adapted 

to rather dry environments. Previous work (196) has shown its desiccation tolerance. According 

to the genome annotation of S. capitis DSM 111179 (annotation name: GCF_025272695.1-

RS_2024_10_12), it has similar genes as highly desiccation tolerant S. aureus that are relevant 

for its desiccation tolerance (197): clpX, coding for ATP-dependent Clp protease ATP-binding 
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subunit ClpX, sigB coding for RNA polymerase sigma factor SigB, and yjbH, coding for a 

protease adaptor protein. Of the mentioned genes, B. lata DSM 23089T only has clpx, 

potentially explaining its lower desiccation tolerance. This section presents one limitation of 

the bacterial community. Depending on the species’ isolation sites, their reaction to certain 

stressors can be highly variable and might be less close to their relatives in a real passenger 

cabin environment.  

Different factors, like temperature, relative humidity, and positioning and flow velocity of the 

aerosol source and air curtain influence the outcome of such studies and were not changed in 

this work for a better comparability between the different air curtain scenarios tested. Besides, 

as described in the first chapter of the discussion, the infectiousness and bioaerosol spread are 

influenced by above mentioned factors (198), which should be addressed in future experiments 

to move towards application in a real passenger cabin. However, this study focused on initial 

testing of the bioaerosol detection and air curtain setup to determine its effectiveness against 

bioaerosol spread and therefore its feasibility to be used in a passenger cabin. Rooting back to 

RQ3, to what extent physical-based interventions can reduce the microbial load in passenger 

cabins? Combining the air curtain with HEPA filters was shown to reduce particles and bacteria 

by up to 66%. Although no standards exist, that prescribe a minimum effectivity for microbial 

reduction of ventilation or air purification systems, particularly for public transport, 66 % 

effectivity can be considered low. However, the experimental settings included high-dose 

bacterial concentrations for facilitated detection (~2.36×109 CFU/m3 (B. lata DSM 23089T), 

~5.7×109 CFU/m3 (S. capitis DSM 111179)), higher than can be expected to be realistically 

exhaled by one person during 10 minutes of breathing (up to ~2.3×104 CFU/m3, calculated 

based on max. concentrations of 7×103 CFU/m3 after 3 min of breathing) (199). Therefore, 

more realistic settings with lower bacteria concentrations would most likely result in a higher 

air curtain effectivity.  

Besides the mechanical approach to reduce bioaerosol transmission in a passenger cabin, other 

strategies were tested in this work. Thermal inactivation of microorganisms has been long 

known, and is most popular for its application in food industry, e.g. for pasteurization of milk 

or other products. During high heat exposure, bacterial cell damage is caused on structural and 

genetic level, resulting in membrane disruption, generation of oxidative stress, as well as protein 

denaturation and aggregation (200). The aim was to use this known microbial countermeasure 

and characterize the heat tolerance of microorganisms, that are not typical food contaminants, 

but more relevant for public transport settings and pathogenic outbreaks. For this purpose, a 
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heated water bath was used in combination with bacterial solutions sealed in glass capillaries. 

This approach allowed fast heat transmission and a controlled setting. A great advantage of 

thermal inactivation is the short time period it takes to inactivate microorganisms. Results 

showed no detectable survival of the tested microorganisms after exposure to 85 °C for 2 s, 

promoting the potential of short-time thermal inactivation as a microbial intervention in 

passenger cabins. However, there are heat resistant microorganisms, that cannot be inactivated 

by this approach. For example, spores from bacteria or fungi are highly resistant to heat (201, 

202). Future experiments should test not only the microorganisms as single species, but also 

together in a bacterial community, including vegetative cells and heat-resistant spores. The 

obtained data can be compared to the next step – thermal inactivation of aerosolized 

microorganisms – for future applications in passenger cabins for air decontamination. In theory, 

the aim is to use such a setup in an electric people mover during the cold seasons when heating 

is required. Simultaneously, the heat inactivation supplies the cabin with air with lower 

microbial burden. The additional application of air curtains would enhance this effect by 

generating invisible barriers for bioaerosols. 

Besides thermal inactivation, preliminary tests using non-thermal plasma were performed as 

another measure to reduce microbial contaminants in the air. The antimicrobial properties of 

non-thermal plasma have many similarities to those of copper. The mechanisms include the 

generation of reactive oxygen and nitrogen species (RONS), UV photons, charged particles 

(203-205), leading to oxidative stress, damage of cell membranes, DNA and protein damage. 

In an experimental setup (see Figure 6), the bioaerosol source was positioned at the left site 

with a flow direction to the right. Within the flow field, three built-in plasma units were 

distributed. In the end (right site), a ventilation system enforced the flow direction of the 

bioaerosol and petri dishes were positioned to collect the bioaerosol. 

Figure 6: Experimental setup of plasma-based decontamination. 

Bioaerosol generator

Petri dish
Flow direction

Plasma units
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The preliminary tests showed great antibacterial effects, when using one of the three plasma 

units on a S. capitis DSM 111179 bioaerosol (106 CFU/mL) after five minutes of exposure. 

After incubation, 508 CFU were detected without any plasma intervention, whereas only 

13 CFU were counted with one active plasma unit. This data already shows the great potential 

of non-thermal plasma as a method for a reduced microbial burden. However, the synthesis of 

side products of plasma, such as ozone or RONS have to be addressed, since they could irritate 

human air ways (206). Therefore, filter systems and degradation systems exist and are important 

before application in public settings (207). Nevertheless, as shown by Zhang et al. (2024) (208) 

or Jangra et al. (2023) (209), non-thermal plasma is already an effective method for air 

disinfection. It shows, that there are different possibilities to reduce the microbial load in the 

passenger cabin. 

3.3.2 Intervention of contact transmission 

The material-based intervention to reduce microbial load in passenger cabins were copper-

based surface coatings. Fomites play a great role in the microbial transmission. Through the 

identification of hotspots and frequently touched surfaces in passenger cabins, targeted 

application of antimicrobial materials or coatings could be applied. Previous studies have tested 

different copper coatings, highlighting the importance of testing different microorganisms. 

Those were for instance fungal spores (210) or healthcare-related Enterococcus faecium strains, 

focusing on the impact of antimicrobial resistance and copper tolerance (211). Besides in vitro 

studies, experiments with potential antimicrobial surfaces have been conducted in real-life 

settings (e.g. public transport, hospital, schools, ISS) and have been shown to be effective (212-

216). This work focused on the effectivity of copper and copper-alloy coatings against bacterial 

species within the in vitro bacterial community and as pure cultures. The results have shown 

that 100 at.% copper-coated surfaces had a significant antibacterial effect on the reference 

bacterial community. However, coatings with 79 at.% or less Cu content showed no significant 

effect on the survival of the tested species within the bacterial community and in single species 

testings, leaving space for improvement. It should be noted, that no long-term effects were 

tested. Therefore, it cannot be stated definitely that there is no antibacterial effect at all. With 

this work, extended data on the effectivity of copper and copper-alloys on bacteria within a 

bacterial community in comparison to pure cultures were provided. 
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There are different factors that influence the antibacterial properties of copper. The physical 

transmission efficiency of microorganisms depends on surface material, hand condition or 

coverings, and humidity (217-219). Another important factor is the surface type in terms of 

complexity, since flat surfaces, like tables, are easier to clean than door knobs or irregularly 

shaped objects (220). Long-term use is accompanied with debris, oxidation, biofilm formation 

and damage of material, which can reduce the antibacterial effectivity (221), when no proper 

cleaning or maintenance is given. Copper oxidation can reduce antibacterial properties by 

decreased Cu-ion release depending on the type of oxide and surface composition. The 

formation of a passivation layer of oxidized copper can constitute a problem by decreasing the 

ion release and therefore the antibacterial properties (222).  

But overall, long-term use of copper surfaces still shows high antibacterial effectivity, as 

demonstrated by previous studies. In a study, a combination of bacterial cellulose and CuNPs 

was used for up to 90 days, which exhibited sustained antibacterial activity (223). Another study 

tested copper-coated door handles for three years, which were more effective against MRSA 

than glass and stainless steel (215). Anodic aluminum oxide-copper coatings were more 

effective than zincated Cu coatings after polishing in a study by Chen et al. (2023) (221). 

However, those results were highly dependent on the used test organisms. For example, a study 

using copper-doped Ti alloys for 14 days showed an antibacterial rate (based on untreated and 

treated bacterial count) of 100 % against S. aureus, but only 12 % against Escherichia coli 

(224). This observation can be attributed to the different properties and defense mechanisms of 

bacteria. 

As shown by Novoa-Aponte et al. (2022) (104), bacteria differ in their genetic features and, 

therefore, capabilities to conquer copper stress. The difference in copper-tolerance was also 

observed in this thesis between S. capitis DSM 111179 and B. lata DSM 23089T. Within the 

community, members carry different sets of genes related to copper tolerance, which could 

benefit species within the community, for example, by producing helpful metabolites, binding 

or sequestrating copper. The identification of copper-related genes in all bacterial community 

members was performed by WGS (Nanopore & Illumina) with subsequent hybrid assembly and 

annotation using Bakta (225), or based on publicly available annotated data from NCBI. The 

results are summarized in Table 4. The most abundant gene among the community members is 

the widely distributed copper-stress related copZ, which functions as a metallochaperone (226-

230). It was found in six out of nine bacterial species in the community.   
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Table 4. Selection of copper tolerance and oxide stress related genes found in the genomes of 

the bacterial community. BL: Burkholderia lata DSM 23089T, SC: Staphylococcus capitis 

DSM 111179, CH: Corynebacterium halotolerans DSM 44683T, EV: Enterococcus viikkiensis 

DSM 24043T, FF: Flavobacterium frigoris DSM 15719T, PA: Pseudomonas antarctica DSM 

15318T, PC: Propionibacterium cyclohexanicum DSM 16859T, SH: Streptococcus halotolerans 

DSM 101996T, SR: Sphingomonas rubra DSM 26135T. 

 

Genes BL SC CH EV FF PA PC SH SR 

copC × × ×   ×   × 

copD ×     ×   × 

copY    ×    ×  

copZ × ×  × × × ×   

pcoD ×         

cycoC ×         

cirA ×     ×    

ompR ×     ×    

cueR ×     ×    

soxR ×     ×    

csoR  ×        

csoZ  ×        

sufI ×         

cutC ×   ×    ×  

Other proteins          

Cu oxidase ×  ×  × × × × × 

Cu-containing 

nitrite 

reductase 

    ×  ×   

Cu binding 

protein 
  ×  ×   × × 

Cu resistance 

protein 
×     ×   × 

Cu chaperone 

Pcu (A) C 
×  ×   ×   × 
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Interestingly, B. lata DSM 23089T displayed the highest number of copper-related genes (14), 

but was evidently less tolerant to copper stress than S. capitis DSM 111179, with four identified 

genes. Therefore, as expected, the coded genes and their transcription should be investigated 

further to understand the defense mechanisms behind the single species and the bacterial 

community. 

To what extent can the coatings reduce the microbial load in passenger cabins? To conclude, 

antimicrobial surfaces pose a promising measure to reduce contact transmission. In contrast to 

alternative strategies against contact transmission, they display a continuous, passive measure, 

are independent from user’s behavior, and are a good addition to public transport areas with 

high fluctuation of passengers. Only few long-term experiments (16 weeks to at least 18 

months) have been conducted (212, 231), and results have shown positive effects compared to 

controls. However, little is known about the effectivity over long periods (several years), 

corrosion (especially for copper), and the effect on antibacterial properties. More research is 

needed on the influence of coated materials and the effects of relative humidity and temperature. 

Further, it is important to investigate adaptation strategies of bacterial communities. In the end, 

antibacterial coatings represent an addition to active measures, such as cleaning, which is 

inevitable. Although standardized test methods to assess the antibacterial activity of surfaces, 

such as ISO 22196 (232), the given experimental conditions do not cover real-world 

environments, for example due to high prescribed temperatures (~37 °C) and high relative 

humidity (> 90 %) (233). So far, commonly used model organisms are E. coli or S. aureus, and 

there is no standard that investigates bacterial interactions. In 2023, the ISO 7581:2023 standard 

was released to evaluate bactericidal activity of surfaces (234), which comes closer to realistic 

settings through testing under dry conditions. However, further improvements are needed to, 

for example, simulate high-touch settings and other realistic environmental conditions. 

  



 

155 

3.3.3 Safe passenger cabin of the future 

Based on current knowledge and the results of this work, which countermeasure is feasible and 

effective in a passenger cabin (RQ3)? There is no easy answer to this question. There are many 

considerations, that cannot be easily evaluated: costs for integration into cabin systems, impact 

on heating, ventilation and air conditioning (HVAC), regulatory constraints, maintenance 

requirements, etc. To make well-founded estimates, more research is needed. Measures, such 

as the thermal inactivation of the cabin air during cold months, need to be further developed to 

be considered for application in a passenger cabin ventilation system. Despite all the factors 

that are difficult to assess, a few can be categorized based on the current state of knowledge 

(Table 5). In addition to the novel countermeasures that were investigated in this work, the 

comparison shown in Table 5 includes more established methods such as UV-C and fogging 

with chemicals like H₂O₂.  

Of the countermeasures investigated, passive approaches, such as antibacterial surfaces and 

airflow-based strategies, are particularly well-suited for passenger cabins. These approaches 

can be applied continuously during operation without compromising passenger safety or 

comfort. A great advantage of the air curtain is that no chemicals and, therefore, no safety 

measures are required. However, the correct positioning for the most effective use needs to be 

determined without impairing passengers’ comfort. This study has shown that thermal 

inactivation, intended as a measure during the cold months when heating is required, is effective 

within seconds. However, further testing of bioaerosols is needed. A main drawback of this 

method is that the cabin air is not decontaminated when the cabin is not heated. If the system is 

used regardless, high energy consumption is to be expected. Non-thermal plasma has shown to 

be effective, too. Similar to the thermal inactivation, not much is known about its use in public 

transportation and testing in this setting is insufficient. However, its effectivity to reduce 

microbial loads in indoor settings has been shown (207, 235). UV-C is another method for 

surface and air disinfection, which is particularly relevant in healthcare settings (236, 237). 

Nevertheless, there are certain limitations, such as maintenance requirements, safety measures, 

variable effectivity across pathogen and surface types (238), limited surface coverage, and 

shadowing. Another established and effective intervention, fogging of H2O2, can only be used 

in public transport settings, when no passengers are present. Therefore, the operating time of 

the cabins is impaired, posing a downside of this method. In addition, the application of this 

measure is bound to staff-costs and, therefore, less suitable for passenger cabins. 
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Table 5: Comparison of bacterial interventions for passenger cabins. 

Intervention 
Target 

(air/surface) 
Mode of action 

Integration into 

passenger 

cabin  

Effectivity 
Continuous 

effect 

Passengers 

allowed 

during use 

Passenger 

comfort 

impaired 

Safety 

considerations 

Air curtain Air 

Physical 

barrier, 

dilution 

Moderate Moderate Yes Yes Yes Low 

Thermal 

inactivation 
Air 

Protein 

denaturation 
Complex High Yes Yes No Low 

Non-thermal 

plasma 
Air ROS, RNS Complex High Yes Yes No Medium 

Antibacterial 

surfaces 
Surface Cu-ions, ROS Easy Moderate Yes Yes No Low 

UV-C 

irradiation 
Air/surface 

DNA/RNA 

damage, ROS 
Moderate High No No No Medium 

H2O2 fogging Air/surface 

Oxidative 

chemical 

disinfection 

Moderate High No No No Medium 
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In regards to the industry or operator perspective, measures that are low-cost in all aspects, 

system integration, maintenance, and operation, are important. In addition, passenger comfort 

should not be impaired, or passengers should feel even safer with integrated measures. 

Considering these factors, the integration of antimicrobial surfaces would be a reasonable 

choice. However, to reduce not only contact, but also airborne transmission of pathogens, 

further measures need to be added. Hence, additional strategies should be considered: Basic 

hand hygiene is important to reduce contact transmission of pathogens (239). Other behavioral 

measures, such as wearing masks while sick, practicing social distancing, showed high 

effectivity in previous studies (240, 241), but require active participation of people. Further, 

regular surface disinfection can be time- and staff-limited, yet highly effective (242). 

Combining methods that require different defense mechanisms of microorganisms, such as 

antimicrobial surfaces (Cu-homeostasis), air curtains (desiccation tolerance), non-thermal 

plasma (oxidative stress response), or thermal inactivation (heat shock response) can pose an 

effective measure against microbial spread.   
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4 Conclusion and outlook 

Despite declining public attention since the peak of the corona pandemic, infectious diseases 

remain a relevant health risk, especially for vulnerable people with a compromised immune 

system. There is a high chance for new upcoming pathogenic species that can cause outbreaks 

and pandemics. Zoonotic spillovers and emerging infections are driven by factors, such as 

climate change, biodiversity loss, and increased wildlife contacts (243, 244). Therefore, 

understanding human indoor built environments and their microbiome is essential to inform 

and develop new measures that can reduce microbial transmission, especially in critical 

infrastructures. 

A key element in this work was posed by the in vitro bacterial community. It is based on the 

most abundant and relevant bacterial genera found in public transport. This approach allowed 

a simulation of this environment and helped to gain insights to the effects of the intervention 

strategies, that would be limited for the use of single model organisms. It is standardized and 

reproducible, making it suitable as a reference for various applications. The bacterial 

community or parts of it were used for all following investigations, and constitutes a powerful 

tool to test and evaluate existing and new microbial countermeasures. 

This work contributed the investigation of three interventions for reduced microbial spread. 

1) An air curtain to reduce bioaerosol propagation, 2) antibacterial surface coatings to conquer 

contact transmission, and 3) thermal inactivation of different microorganisms. 

The first intervention successfully applied the in vitro bacterial community to investigate 

bacterial spread in a closed chamber, influenced by an air curtain as a physical barrier for the 

bioaerosol. Bacterial detection was compared to sensor-based particle measurement, and 

similar trends in bacterial survival and particle concentrations were revealed for S. capitis DSM 

111179. B. lata DSM 23089T showed lower survival due to increased desiccation susceptibility. 

Overall, the air curtain reached a maximum effectivity of 66 % in the reduction of bacterial and 

particle concentrations. 

The evaluation of bioaerosol spread by both particle measurement and bacterial survival helped 

to understand the complementing data we obtained from those measurements. We have to be 

aware of the different factors (desiccation tolerance, size, shape, etc.) that influence the survival 

and pathogenicity of bacteria, and that particle measurements create useful additional data that 

help to visualize the bioaerosol spread. In addition, an air curtain was tested as a measure to 



 

159 

reduce bioaerosol propagation within a closed room. In future perspective, it could be applied 

in passenger cabins to reduce airborne transmission of infectious agents.  

The second microbial intervention that was investigated were copper-aluminum-based 

antibacterial surface coatings. For exposure times up to 60 min, 100 at.% Cu coatings showed 

the highest antibacterial activity. Comparing the survival of pure cultures to the bacterial 

community, a significant protective effect by the community was evident for S. capitis 

DSM 111179. This research highlighted the importance of testing communities instead of 

single model organisms, as they can highly influence the survival of single species. The novel 

alloy surface coatings are subject to improvement, but pose a helpful measure to reduce contact 

transmission of bacterial species. Future applications could be frequently-touched surfaces in 

public transport or healthcare settings. Long-term experiments are still needed, but we created 

a useful foundation that can be build up upon. 

The third measure was thermal inactivation of a set of microorganisms, including three bacteria 

of the in vitro bacterial community and a bacteriophage. The used experimental setup facilitated 

fast heat transfer to the test organisms, enabling the characterization of the target species‘ heat 

tolerance. In future studies, this approach should be tested on a broader range of species and 

bacterial communities, and subsequently compared to the thermal inactivation of airborne 

microorganisms. The long-term vision of this project lies in its application within heated 

passenger cabins, particularly during winter. 

Rooting back to the research topic and questions, what was accomplished in this work to detect 

and prevent bacterial contaminants in public transport? Microbial monitoring in a train cabin 

using 16S rRNA sequencing revealed additional data to present research findings. Those 

include high abundance of human-associated taxa, and sampling location dependent 

microbiomes. Detection can be performed using various methodologies, that offer respective 

advantages and disadvantages. For microbial monitoring on species-level and specific 

pathogens, qPCR has been proven as a possible approach. It was further shown in this thesis, 

that it is possible to recreate and apply a standardized public transport microbiome as a reference 

model for experimental testing. A series of potential countermeasures were tested with this in 

vitro bacterial community, and more can be tested in future experiments, also in other 

laboratories. As nature is truly complex, certain limitations cannot be avoided within the 

developed community. Finally, it was demonstrated that there is no single microbial 

intervention that can build the perfectly safe passenger cabin, but by combining interventions, 

multiple attack sites against bacteria can be created.  



 

160 

This thesis presents a variety of potential countermeasures, and future studies should deepen 

the investigations. Important work remains to be conducted on the long-term effects before 

these measures can be applied in real passenger cabins. It needs to be studied, how the bacterial 

community changes after prolonged exposure, for example to antimicrobial surfaces. The 

potential formation of biofilms should be further investigated, as these can impact the materials 

durability and effectivity. In addition, the behavior of the bacterial community on materials 

currently or potentially used in passenger cabins should be addressed in terms of survival and 

persistence following controlled touch events. This also accounts for cleaning agents, which 

can be tested solely or in combination with antimicrobial materials to assess their impact on the 

materials’ effectivity. Furthermore, the survival of species and colonies after exposure to 

several cycles of short-time thermal inactivation or non-thermal plasma should be explored. In 

addition, potential development of resistances or tolerances should be investigated to evaluate 

the feasibility of the tested countermeasures in real-life settings. Prior to the application of air 

curtains in passenger cabins, the experiments conducted in this work should be upscaled to 

include more realistic room dimensions, and different temperature and relative humidity 

settings. In regards to the in vitro bacterial community, conducting co-cultivation experiments 

would provide an even more realistic approach, opening new research questions and topics 

related to bacterial interactions, such as synergies, competition, and the secretion of metabolites.  

This work highlights the importance of multimodal microbial reduction strategies for public 

transport systems, addressing both air and surfaces. It has deepened our knowledge of microbial 

dynamics in such environments and demonstrates the strong potential of the in vitro bacterial 

community for future research. These insights contribute to the development of protective 

measures for vulnerable populations and improved preparedness for future pandemics.  
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