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ABSTRACT
The beneficial aspects of microbes in the physiological homeostasis in the human body
including the development and functioning of the immune system have been widely
recognized. While the role of the human commensal microbiota has been fairly established,
it is now being increasingly thought that sufficient contacts with diverse environmental
microbiota may be equally important for the development of a healthy immune system.
Accordingly, the incidences of immune-mediated non-communicable diseases (NCDs) have
been suggested to have escalated in the western urban society in the recent years due to a
reduced exposure to the environmental microbes. Anthropogenic destruction of the natural
environment is one of the reasons that has restricted human-access to nature and contacts
with diverse environmental microbes. This is further confounded by the tendency of urban
people to spend most of their time indoors. It is therefore important to examine if
anthropogenic changes in the living environment affect human exposure to the
environmental microbiota and the composition of the human commensal microbiota.
Additionally, simple and safe ways of enhancing microbial contacts are also needed to
minimize the consequences associated with a reduced microbial exposure, particularly
among urban dwellers. The studies included in this thesis aimed to explore the effect of living
environment on the connections between human and microbes from different perspectives
by studying the effect of pollution on environmental microbial communities and the
coverage of built area and vegetation diversity in the surrounding on indoor exposure to the
environmental microbiota and the composition of microbiota in the human gut.
Additionally, this thesis also aimed to examine a potential way to enhance microbial contacts
among humans by the use of natural ingredients comprising of soil and plant-based
materials.
To study the effect of pollution on the environmental microbes, four different types of soils;
peat, pine forest, spruce forest and glacial sand were artificially contaminated with creosote,
the major component of which are polyaromatic hydrocarbons (PAHs). The degradation of
PAHs and resulting changes in the bacterial community were followed for up to 189 days.
Shifts in the bacterial community composition were observed, which were accompanied by
an increase in the relative abundance of Proteobacteria (and class Betaproteobacteria) and
a decrease in that of Bacteroidetes and Actinobacteria. Exposure to the environmental
microbes is now known to affect human microbiota and these particular shifts in the human
microbiota have been shown to be associated with adverse health outcomes. Therefore an
altered microbiome hypothesis was proposed, where it is speculated that the adverse health
effects associated with a direct exposure to pollutants such as PAHs could also result from
exposure to altered environmental microbes and may be even because of the disturbance in
the composition of the human microbiota.
To study the effect of land cover type on the exposure to environmental microbes inside the
houses, experimental doormats were installed inside the main door of 20 urban and 30 rural
houses for 18 days. It was observed that people living in densely built urbanized areas carried
remarkably less environmental litter and also significantly less diverse bacteria inside their
houses compared to the people living in sparsely built rural areas. Additionally, potentially
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pathogenic bacteria were more abundant in the urban doormats compared to the rural
doormats.
To investigate the effect of land cover type and garden vegetation diversity on the gut
microbiota of healthy aging Finns, stool samples were repeatedly obtained and analyzed at
two different times in 2015. Yard vegetation, particularly the number of shrub and nonwoody flowering plant species were associated with an increased abundance of
Faecalibacterium sp. and Bacteroidetes to Firmicutes ratio and a reduced abundance of
Clostridium sensu stricto sp. suggesting that garden diversity plays an important role in
shaping the gut microbiota composition. Increased coverage of built area was associated
with a higher abundance of Bacteroides sp. and Dorea sp. and a reduced abundance of
Prevotella sp. These alterations correspond to the global shifts in the compositon of gut
microbiota between rural and urban inhabitants and are also known to have several health
implications. This suggests that living in densely built urban areas could be associated with
the rising incidences of NCDs in western society that are often accompanied by changes in
the composition of the gut microbiota.
To observe if microbial contacts can be enhanced by the use of natural materials, three urban
volunteers were asked to apply soil and plant-based materials on their hands for a short time
and change in the composition of skin microbiota was monitored immediately after hand
washing. A significant increase in the diversity of skin bacteria, their biomass as well as the
relative abundance of major bacterial phyla and classes were observed. Since skin
microbiota have been shown to exert systemic effects on the human physiology including
the modulation of the immune system, this study suggested that microbial exposure via skin
could potentially be employed as a route for preventing or even treating immune-mediated
disorders, which needs to be investigated.
In conclusion, this thesis shows that the urban living environment characterized by
increasing proportion of densely built areas and high pollution levels could lead to adverse
changes in the environmental microbes, reduced indoor exposure to diverse environmental
microbes as well as adverse shifts in the composition of the gut microbiota. Yard vegetation,
particularly shrubs and flowering plants could contribute positively to gut microbial
homeostasis, particularly in the elderly population. Additionally, this thesis also revealed
that a direct contact with soil and plant based materials can be effective in increasing the
diversity of the skin microbiota.
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1. INTRODUCTION
The world is witnessing a loss of biodiversity at an alarming rate in the recent years
(Balvanera et al. 2006). Anthropogenic activities such as habitat destruction and
fragmentation as well as pollution have contributed to declining biodiversity in large part
(Chapin et al. 2000; Butchart et al. 2010; Barker and Tingey 2012). Loss of biodiversity on
a macroscopic scale has come into attention rather easily because of their tangible negative
effects on humankind in the form of climate change, perturbed water cycles and diseased
crops (McKinney 2002; Mooney et al. 2009; Challinor et al. 2014). However, there are also
microorganisms that occupy almost every habitat possible on earth including the natural
environment and the human body and represent an invisible (microscopic) biodiversity
themselves. The effects of anthropogenic disturbances on the microscopic diversity and their
functional attributes have somewhat been overlooked (Hanski 2014).
Microorganisms have a diverse but important roles in the regulation of local and global
ecosystem based on the ecological niche they occupy. They help in nutrient cycling in
different ecosystems by breaking down large organic materials including pollutants (Loreau
et al. 2001; Azam and Malfatti 2007). For example, PAHs are ubiquitous anthropogenic
organic pollutants that are more prevalent in the urban environment. More than 90% of the
PAH-compounds released into the atmosphere are deposited in upper soil layers (Wild and
Jones 1995) where they are mineralized by degrader bacteria (Lors et al. 2010). A large
number of studies have been conducted in this respect to search for candidates for an
optimal bioremediation of PAH-contaminated sites because direct human exposure to these
compounds are associated with adverse health effects including immune-mediated NCDs
(Ferrarese et al. 2008; Kaushik et al. 2012; Hew et al. 2015). However, enrichment of a few
or several degrader taxa is accompanied by a decrease in the abundance of other sensitive
taxa, suggesting that pollutants could lead to disturbances in the environmental microbial
composition, particularly if pollution is repeated and chronic.
Disturbances in the environmental microbial communities could be harmful not only for
ecosystem functioning but also for human health. It is suggested that a reduced microbial
exposure is one of the important factors contributing to the increasing prevalence of
immune-mediated NCDs in humans (Von Hertzen et al. 2011; Rook 2013; Haahtela et al.
2015). This has been advocated by the “Hygiene Hypothesis”, and more recently by the
“Biodiversity Hypothesis”. The former suggests that adopting a high level of hygiene practice
and therefore reduced microbial contacts can result in high incidences of immune-mediated
disorders (Strachan 1989). The latter emphasizes the importance of microbial transfer from
natural environments. It states that declining biodiversity, caused by the destruction of the
natural environment disrupts human contact with the microbes and enhances the risk of
developing immunological and inflammatory disorders (Von Hertzen et al. 2011; Haahtela
et al. 2015). Indeed, microbes are known to modulate immune function in humans (Round
and Mazmanian 2009; Hooper et al. 2012). Since rapidly expanding urbanization has
contributed to the loss of natural habitat to a very large extent, reduced interaction with the
environmental microbes could be one of the reasons behind high incidences of NCDs among
urban population.
8

Trillions of microbes live as commensals in various human body parts including the gut,
skin, lung and vagina and perform a variety of roles including the calibration of the human
immune system (Maynard et al. 2012; Salonen and de Vos 2014; Gupta et al. 2017). A
disturbance in their composition, referred to as dysbiosis, has been suggested to have several
consequences in humans including a compromised immune function (Hooper et al. 2012).
This, in turn, increases the risk of immune-mediated NCDs such as allergies, asthma,
inflammatory bowel diseases, diabetes and cancer in humans. The gut microbiota
composition is particularly significant in this respect as it represents the highest diversity
compared to other body habitats and it’s dysbiosis is associated with several inflammatory
and immunological disorders (Ley et al. 2006; Round and Mazmanian 2010). Reports
suggest that urban living habits characterized by a high consumption of processed food,
maintenance of high hygiene levels and extensive use of antibiotics are amongst the factors
responsible for gut microbial dysbiosis resulting in high prevalences of those diseases in
urbanized societies (Gupta et al. 2017). Exposure to environmental microbiota could lead to
shifts in the composition of the gut microbiota as observed in animal studies (Zhou et al.
2016; Ottmann et al. 2018), which however has not been studied in humans until now.
Skin is the most exposed human organ and it interacts highly with the environment and the
environmental microbes, together with the lungs and the gut (Von Hertzen et al. 2011).
Increasing number of studies have suggested the possibility of skin microbes to exert
systemic effect including the modulation of the immune system (Fyhrquist et al. 2014;
Belkaid et al. 2016; Lehtimäki et al. 2018). This suggests that skin could serve as an effective
route for the prevention and/or cure of immune system disorders. Moreover, the skin
microbiota resembles the soil and the environmental microbiota more than other human
microbiota and there is a dynamic interaction between skin and the environment (Von
Hertzen et al. 2011; Parfrey et al. 2014). This suggests the possibility of manipulation of the
skin microbiota through direct contact with natural materials to minimize the consequences
associated with reduced microbial exposure, particularly among the urban dwellers.
Taken together, these reports suggest that urban living environment that is often associated
with high pollution level and heavily built environment and diminishing vegetation could
have negative effects on human exposure to the environmental microbes and consequently
on the composition of the human microbiota and that it may be possible to enhance human
contact with the environmental microbes through the use of materials comprising of natural
ingredients. However, significant knowledge gaps still exist in understanding the way the
effects are manifested. For example, the role of pollutants on the change in the
environmental microbiota and possible health consequences in humans as a result of altered
microbial exposure has not been addressed before. Likewise, studies on the effect of the
living environment on indoor exposure to the environmental microbes, where people spend
most of their time, and the human commensal microbiota are scarce. Additionally, the
potential use of natural ingredients to modify the skin microbiota and to enhance human
contact with microbes is lacking. This thesis addresses these questions by investigating the
effect of PAH-pollution on soil microbial communities and particularly the bacterial phyla
previously shown to have association with human health. Further, the effect of the coverage
of built-up area and vegetation type in the immediate vicinity of the residential area on
9

indoor-exposure to the environmental microbes as well as the microbial composition of the
human gut is also studied. Lastly, the potential use of natural material comprising of soil
and plant based ingredients in enhancing the skin microbiota diversity through direct
contact is examined.

2. A REVIEW OF THE LITERATURE
2.1 Change in biodiversity and the effect of urbanization
An estimated half of the world population currently lives in the urbanized areas, which is
expected to rise to more than 66% by 2050 (Brueste 2011; United Nations 2014). Urban
areas are defined in several metrics including population density (400 humans per square
kilometer), percentage of built-up area and other infrastructures including roads
(McDonnell et al. 1993; Burgess 2008). Urban areas are further characterized by high
population density, percentage of roads, average annual temperature and rainfall, soil
compaction and alkalinity as well as air and soil pollution (McKinney 2002; Picket et al.
2011). It is estimated that impervious surfaces including pavement, buildings and asphalts
can cover well upto 80% at the urban core (McKinney 2002).
Even though the urbanized areas cover only 4% of the Earth’s surface, urbanization is one
of the major factors responsible for a human-induced loss of natural habitats and
fragmentation of flora and fauna because of the creation of artificial environment such as
built area (Marzluff 2001; McKinney 2006). However, the effects of urbanization on water
cycle, including increasing run off and sedimentation due to increased impervious surfaces,
soil, water, and air pollution are also equally recognized (Paul and Meyer 2001; Miltner et
al. 2004; Hamer and McDonnell 2008). Additionally, urbanization has also been suggested
to create climate difference between urban and rural areas (Grimm et al. 2008). However,
urbanization can also have positive impact due to the anthropogenic creation of new
ecosystems by the modification of existing ones resulting in the diversification of urban
environment (Brueste 2011). But, because of several negative impacts on ecosystems,
urbanization is considered as one of the biggest threats to biodiversity together with the
climate change (McKinney 2002).
The natural habitat that is lost as a result of urbanization is fragmented to several altered
habitats such as built areas, managed vegatation, ruderal vegetation (unmanaged open
green spaces) and remnants of natural vegetation (Collinge 1996; Collins et al. 2000;
McKinney 2002). This fragmentation leads to a reduction in the diversity of a number of
taxa within plants, birds, insects and mammals, which is more pronounced in the highly
built urbanized areas and is mostly caused by the vegetation loss (Mackin-Rogalska et al.
1988; McIntyre 2000; Blair 2001). Direct effects of urbanization on the soil microbial
communites are unclear (Staley 1997) with a recent report suggesting that the fungal
diversity may be adversely affected by increasing urbanization but the bacterial diversity
may not (Schmidt et al. 2017). Additionally, urbanization was not found to influence the
airborne microbial communities (Brodie et al. 2007) but analyses of household dusts in
another study suggested that people living in urbanized areas may be less exposed to diverse
10

microbes (Barberan et al. 2015). However, changes associated with the urban environment
including increasing alkalinity and temperature, moisture content, plant species and
pollution levels are known to influence the microbial community composition and diversity
(Högberg et al. 2007; Lauber et al. 2008). This suggests that more investigations are needed
to study the effect of urbanization on environmental microbial diversity. Increased soil
pollution is one of the important features associated with urban environment and soil
represents the richest source of microbes. Therefore the effect of pollutants on soil microbial
communities will be discussed below.

2.2 Soil microbial communities and the effect of disturbances
Soils represent among the richest microbial habitats with reports of more than 33000
bacterial and archaeal taxa in a single soil sample (Quince et al. 2008; Mendes et al. 2011).
The diversity of soil microorganisms is driven by several physical, chemical, biological and
environmental factors such as pH, nutrient content, moisture, soil type, plant species as well
as natural and anthropogenic disturbances (Kowalchuk et al. 2002; Griffiths et al. 2006; Ge
et al. 2008; Lauber et al. 2008; Fierer et al. 2012). Soil bacteria and fungi are highly sensitive
to environmental changes because of their high surface-to-volume ratio (Winding et al.
2005). Natural (e.g. fire, flood and drought) or anthropogenic (such as pollutants)
disturbances induce changes in the microbial community composition generally
accompanied by the replacement of sensitive by tolerant populations. This shift can
sometimes persist for up to decades (Odum et al. 1985; Haack et al. 2004). Soil microbes
may respond to environmental disturbances in the form of resistance (no change in
community) or resilience (changes followed by recovery and return to original state)
(Griffiths et al. 2001; Westergaard et al. 2001). Additionally, the intensity of effects and
recovery rates have been demonstrated to be dose-dependent (Allison and Martiny 2008;
Ager et al. 2010). Shifts induced in the community composition could have detrimental
consequences on the ecosystem functioning, especially if the tolerant microbial groups fail
to compensate for the functions assumed by the ones that have been replaced or inhibited
(Widenfalk et al. 2008).

2.3 Effect of pollution on soil microbial communities
A number of inorganic pollutants e.g. heavy metals and organic pollutants such as PAHs and
PCBs (Polychlorinated biphenyls) are associated with the urban living environment. They
mostly arise as a result of anthropogenic activities including industries, vehicles, domestic
heating and incineration (Markus and McBratney 2001; Cachada et al. 2012). They
ultimately end up in soils and water directly or via atmospheric deposition and therefore
present considerable burden on urban soil (Li et al. 2001; Heywood et al. 2006). Exposure
to organic and inorganic pollutants is associated with several health deficits in humans and
is thought to arise mostly as a result of direct contact with soil or their leaching into water
and ground water, followed by consumption (Cameron et al. 1997; Knappe et al. 2005;
Cachada et al. 2012). Upon deposition in soil, water and ground water, pollutants can lead
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to shifts in the microbial composition marked by an increase in the abundance of taxa that
thrive under such conditions and the decline of sensitive taxa (Lors et al. 2010; Plociniczak
et al. 2013; Sinkkonen et al. 2013). In the context of this thesis, PAHs, their health effects
and effect on the soil microbial communities will be discussed below.

2.4 Polyaromatic hydrocarbons (PAHs)
PAHs are produced as a result of incomplete combustion or pyrolysis of biomass and are
widespread in the environment (Mueller et al. 1989; Ferrarese et al. 2008). They represent
a group of chemical compounds that are composed of two or more, generally unsubstituted,
benzene rings fused together (Boström et al. 2002). They generally exist in complex
mixtures and the proportion of individual PAHs in those mixtures vary significantly
depending on the source (Wang et al. 2015). For example, creosote (the chemical used as a
source of PAHs in the first study of this thesis) is a widely used wood preservative. It is
composed approximately of 85% PAHs, 10% phenolic compounds; and circa 5-10%
heterocyclic aromatic compounds consisting of oxygen, sulphur and nitrogen. The main
PAHs present in creosote are naphthalene and its methylated derivatives, phenanthrene,
anthracene, fluorene, acenaphthene, fluoranthene, chrysene, pyrene, anthraquinone and
benzo[a]pyrene (Mueller et al. 1989). These particular compounds comprise of major PAHpollutants, particularly in the urban areas reported from several cities around the world
including the USA, Asia and Europe (e.g. Halshall et al. 1994; Odabasi et al. 1999; Seung et
al. 2002; Li et al. 2006). This suggests that creosote can be considered as a model compound
to study the effects of PAH compounds in the urban environment including that on the soil
microbial communities.

2.4.1 Health Effects of PAH exposure
Exposure to PAHs is associated with adverse health effects including the immunological
disorders such as asthma and other respiratory disorders, atopy as well as different forms of
cancer (Davila et al. 1996; Boström et al. 2002; Diggs et al. 2011; Noth et al. 2011; Kaushik
et al. 2012; Hew et al. 2015). The health outcomes of PAH-exposure have been attributed to
direct and indirect toxin effects on humans (Kim et al. 2013; Abdel-Shafy et al. 2016) and is
of particular concern in the urban environment where the concentration of PAHs is higher
(Cachada et al. 2012). Because of well-documented health risks, they have been included
under priority environmental pollutants by the United States Environmental Protection
Agency (US-EPA) and the Environmental European Agency (EEA) (Wild and Jones 1995;
Sun et al. 2009).

2.4.2 Effects of PAH-pollutants on soil microbial community
Almost 90% of the PAHs released into the atmosphere end up in the top 25 cm of soil (Wild
and Jones 1995) and they either bind to soil particles or are degraded by the soil microbes
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(Cachada et al. 2012). Soil bacteria possess widespread ability to degrade PAHs thereby
contributing to the global nutrient cycling process by the mineralization of those compounds
(Lors et al. 2010). In PAH-polluted environments such as soil, water and sediments,
degradation can last for decades (Mueller et al. 1989; Rivas et al. 2006; Ferrarese et al. 2008)
and therefore can induce a long term shift in the soil microbial community composition.
Some microbial taxa become more prevalent in PAH-polluted soils because of their ability
to utilize the resources more efficiently, whereas others are inhibited or replaced because of
direct PAH toxicity or competition with the specialists (Cerniglia 1992). Bacterial response
to PAH exposure vary depending on PAH and soil types as well as environmental conditions
(Juhasz and Naidu 2000; Lotfabad and Gray 2002; Singleton et al. 2006). Some examples
of shifts in the bacterial community as a result of PAH contamination are summarized in
Table 1.
Table 1. Examples of shifts in abundance of bacterial phyla and classes as a result of PAHcontamination (adapted from article I included in this thesis)
Sample type and
location
Wood
impregnation
site, Finland
Artificially
contaminated soil with
pyrene
Contaminated soil from
former manufacturedgas plant site, USA
Soil from constructed
wetland spiked with
PAH
Soil
from
timber
preservation
facility
spiked with PAHs
Industrial
creosote
contaminated soil

Effect
of
sunflower
rhizosphere in creosote
polluted
clay
and
agricultural soil
Windrow treatment of
soil contaminated
by 2,3,4-ring PAHs

Shifts in bacterial composition

Reference

increased Proteobacteria, reduced Actinobacteria,
TM7 and Planctomycetes
increased Proteobacteria, and Actinobacteria,

Mukherjee et
2014
Peng et al. 2013

increased Proteobacteria, (Sphingomonas)

Singleton et al. 2006

Increased Proteobacteria (Betaproteobacteria)

Martin et al. 2012

increased Proteobacteria (Gammaproteobacteria),
reduced Bacteroidetes, Actinobacteria decreased in
phenanthrene contaminated and increased in
fluoranthene contaminated soils
increased
Proteobacteria
Betaand
Gammaproteobacteria), reduced Actinobacteria,
and Bacteroidetes (because of added non-ionic
surfactant)
increased Proteobacteria, reduced Bacteroidetes

Sawulski et al. 2014

increased Proteobacteria (Gammaproteobacteria),
Betaproteobacteria appeared at the end of
treatment, reduced Actinobacteria

Lors et al. 2010

al.

Llado et al. 2015

Tejeda-Agredano et
al. 2013

These studies suggest that the search for general trends in microbial shifts induced by PAH
pollution in soils needs concurrent studies of microbial communities in different soil types
under similar conditions. Additionally, they have been carried out mostly with the interest
of their effects on ecosystem functioning and pursuit of the ideal microbial candidates for
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the bioremediation of PAH-contaminated sites. Therefore, there are virtually no reports or
attempts to study the effect of altered environmental microbiome as a result of pollutants or
other adverse environmental effects on human exposure. The microbial composition of the
environment and subsequent human exposure could be associated with human health (as
described below) and therefore this particular field presents a potential scope for research,
particularly in the context of urban living environment.

2.5 Microbial exposure and the living environment: The Hygiene Hypothesis
The hygiene hypothesis is the first to speculate the importance of microbial contacts for the
prevention and occurrence of immune mediated non-communicable diseases. In its original
form, this hypothesis states that less infections in early life could result in a high prevalence
of inflammatory diseases later in life (Strachan 1989). Accordingly, adoption of high hygiene
level and modern life style have been suggested to reduce exposure to microorganisms and
parasites thereby resulting in a high prevalence of non-communicable diseases (Strachan
1989; Rook et al. 2004; Noverr & Huffnagle 2005). There have been calls for the rejection
of the hygiene hypothesis, suggesting misleading information given by the hypothesis to
general public (Bloomfield et al. 2016). However, several studies have highlighted the
importance of microbial contacts for a balanced development of the immune system (eg.
Rook 2009; Von Hertzen et al 2011; Rook 2013). A microbe-rich environment can induce
both pro-inflammatory and immunoregulatory circuits early in life (Rook 2009; Schaub et
al 2009). Studies have shown that infants born via cesarean section have different gut
microbiota composition compared to those born via vaginal delivery mode (eg. Grölund et
al. 1999; Biasucci et al. 2008). This may have implications on further microbial colonization,
maturation of the immune system and therefore physiology and health later in life
(Dominguez-Bello et al. 2010). In fact, lack of exposure to vaginal microbiota has been
suggested to be associated with a higher risk of allergies in children born via cesarean section
(Rodriguez et al. 2015).
Microbes play a key role in the development of organized lymphoid tissue in the
gastrointestinal tract that is abundant in lymphoid and myeloid cells (Hooper et al 2012). It
has been observed that the development of isolated lymphoid follicles and consequently
several functional aspects of the immune system including antibody production is
compromised in the intestine of germ-free mice (Macpherson and Harris 2004; Hooper et
al. 2012). Microbes are known to influence the immune system by stimulating the protective
and regulatory aspects (Hooper et al. 2012), even though the exact mechanism by which they
do so are yet to be fully understood. However, they have been reported to affect the
regulatory immune response by enhancing the activity of regulatory T (T reg) cells by
stimulating the production of different cytokine molecules (Round and Mazmanian 2010).
For example, the induction of anti-inflammatory cytokine IL-10 production from CD4 + T
cells through the action of capsular polysaccharide A present in Bacteroides fragilis has
been shown to prevent inflammation in the gut (Mazmanian et al. 2008). Components of
Parabacteroides diastonis have been demonstrated to protect from intestinal inflammation
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by increasing the number of T reg cells and inhibiting the production of tumor necrosis factorα (Kverke et al. 2010). Likewise, Bifidobacterium infantis has been shown to enhance the
production of Treg cells in the intestine to prevent further intestinal damage following
Salmonella typhimurium infection (O’Mahony et al. 2008). Additionally, bacterial strains
belonging to Clostridium spp. cluster IV and XIVa have been shown to induce the production
of transforming growth factor β from dendritic cells by producing short-chain fatty acids
(SCFAs; Atarashi et al. 2013). Microbes also help in proper functioning of the immune
system and conferring protection against allergies because of their role in establishing a high
TH1:TH2 ratio mediated by the production of IL-22 from macrophages and antigenpresenting cells (Mazmanian et al. 2005). Even though the beneficial aspects of individual
bacterial species or strains have been recognized as mentioned above, studies suggest that
microbial diversity matters more for the prevention of immunological disorders (Pakarinen
et al 2008; Ege et al 2011; Hanski et al 2012; Heederik and von Mutius 2012) and that a
lifelong exposure may be important for long-lasting benefits (Douwes et al 2007).
The role of microbes in the proper functioning of the immune system and protection against
immunological disorders such as allergies has also been explained on the basis of geneenvironment interaction. Examples of the candidate genes that have been strongly
implicated in the etiology of allergies are the genes associated with innate immunity such as
those encoding pattern recognition receptors (PRRs) and several extracellular and
intracellular receptors such as CD14, TLRs and nucleotide-binding oligomerization
domains. Polymorphism in some of these genes encoding PRRs has been associated with an
increased production of serum IgE, which is a marker of allergic disorders such as atopy
(Baldini et al. 1999; Vercelli 2003). It has been observed that the interaction of these genes
with the environment, including microbial products, influences the development of allergies
in genetically predisposed (carrying the polymorphic genes) individuals. For example,
regular contacts of such children with pets have been shown to exhibit elevated production
of serum IgE in contrast to a reduced production in children who are in regular contact with
stable animals (Eder et al. 2005). Furthermore, microbial exposure in early life is reported
to modulate naive T-cell immune response by activating interferon gene via epigenetic
demethylation and thereby reducing the risk for allergic diseases (Vuillermin et al 2009).
Microbial modulations of the immune system is not only limited to the gut commensals. The
immunological functions carried out by commensal microbiota residing on the skin and in
the lungs have also been recognized, even though the mechanism by which they do so differ
markedly. Innante lymphoid cells that modulate lung tissue homeostasis and promote the
integrity of the epithelium have been shown to develop independent of the microbial signals
in mouse models (Monticelli et al. 2011). However, early exposure to microbial endotoxins
have been reported to induce the formation of tertiary lymphoid tissues (Rangel-Moreno et
al. 2011). Additionally, a balanced lung microbiota in terms of quantity and composition
modulates aeroallergens responsiveness and induces Treg in the first two weeks of life in mice
(Gollwitzer et al. 2014). Skin microbiota (described later), on the other hand, do not play
any role in the functional organization of the skin anatomy or for the seeding of immune
cells. However, they are known to produce the mediators of immunity such as complement
and IL-1, which in turn promote cytokine production, control invading pathogens via
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increasing microbicidal activity of skin cells and recruiting effector cells (Belkaid and Segre
2014).
2.6 Extension of the Hygiene Hypothesis: The Biodiversity Hypothesis.
Biodiversity refers to the variety of living organisms including plants, animals and
microorganisms in the environment. Variation in biodiversity can be measured within
species, between species or at the ecosystem level. Microbial diversity, in particular, is
exquisite and has attracted increasing interest because of its role in the ecosystem
functioning as well as human health (Shade 2017). The biodiversity hypothesis suggests
interrelationships between the living environment, host microbiota and immune function
and is based on two concurrent global megatrends: loss of biodiversity and increase in the
prevalence of immune-mediated non-communicable diseases (von Hertzen et al. 2011).
The biodiversity hypothesis proposes that exposure to the environmental microbes is high
in areas with a greater proportion of green and natural environment and is limited in urban
areas characterized by less green and heavily built environment. A loss of contact with
natural elements could result in the development of non-communicable diseases due to a
lack of interaction between immune system and diverse microbial communities (Von
Hertzen et al. 2011; Haahtela et al. 2015). However, biodiversity hypothesis takes into
account the diversity of broader environmental and not merely the microbial diversity as
demonstrated by the lower biodiversity in the residential environment of allergic individuals
as well as correlation between anti-inflammatory markers and skin microbiota (Hanski et
al. 2012). Despite being increasingly appreciated, the biodiversity hypothesis needs more
direct support (Ruokolainen et al. 2016).
The health effects resulting from low microbial contacts could be more profound in urban
areas, where urban dwellers' access to non-built, natural areas is limited due to low diversity
caused by changes in land use (Butchart et al. 2010) and other anthropogenic disturbances
associated with urban living environment (Chapin et al. 2000; Hanski et al. 2012). This
effect is further confounded by the fact that urban dwellers spend a majority of their time
indoors (World Health Organization 2005; Franklin 2007) resulting in even more limited
nature contacts. Therefore an increasing fraction of people is expected to suffer from the
adverse consequences of low microbial exposure since the proportion of urban population
is expected to rise continuously.
2.7 Human exposure to indoor microbes
Since people, especially in the urban areas, spend most of their time inside their houses or
workplace, studies on the microbial exposure indoors are of high significance. However,
studies on indoor microbes have mostly focused on inborn microbial communities arising
from humans or human activities, pets, house plants, raw or spoiled food materials and
firewood (Lehtonen et al. 1993; Wouters et al. 2000; Glushakova et al. 2004; Aydogdu et al.
2010). Humans have been shown to be the major source of bacteria indoors believed to
contribute via shedding from the skin alone or in fomites (Sciple et al. 1967). The majority
of bacteria inside houses comprise of gram-positive Actinobacteria and Firmicutes, while
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gram negative Proteobacteria and Bacteroidetes are present in low quantity
(Giovanannangelo et al. 2007; Pakarinen et al. 2008; Täubel et al. 2009; Noris et al. 2011).
Pets may also contribute to the diversity of indoor microbes, mainly through import from
outdoors (Fujimura et al. 2010). Additionally, the study by Noris et al. (2011) suggests that
indoor Proteobacterial community is contributed by airflow from outside, which has been
shown to be high in Proteobacteria (Brodie et al. 2007; Fierer et al. 2007).
Studies have revealed that the indoor microbial communities differ between office or house,
apartment buildings or houses as well as between rural or urban houses (Macher 2001; Chew
et al. 2003; Pakarinen et al. 2008; Ege et al. 2011). Additionally, reports suggest that indoor
bacterial communities depend on outdoor environmental factors including the land-cover
type (Alenius et al. 2009; Ege et al. 2011; Barberán et al. 2015; Dannemiller et al. 2016). Few
studies have attempted to study indoor exposure to environmental microbes and have
demonstrated that exposure occurs via human and animal transfer of microbes from
outdoors, as bioaerosol through open doors, windows and non-filtered ventilation
(Hospodsky et al. 2012; Qian et al. 2012; Adams et al. 2015). Evidences suggest that cities
around the world have similar microbial composition and probably low diversity (Staley
1997; Schmidt et al. 2017). This suggests that microbial exposure could be low among urban
dwellers and is even lower among people who spend most of their time inside houses.
However, the studies mentioned above have analyzed the household dust (or indoor
bioaerosols) to characterize the indoor microbial communities and their association with
human health (e.g. Ross et al. 2000; Pakarinen et al. 2008; Dunn et al. 2013; Barberán et al.
2015; Dannemiller et al. 2016). Therefore, studies focusing on the transfer of environmental
microbiota from outdoors to indoors is lacking. Accordingly, this represents an area of
potential research interest to study the health effects arising as a result of reduced exposure
to environmental microbes among urban dwellers.

2.8 Methods in microbiome analysis
Recent advances in the molecular technologies have revolutionized the study of microbial
diversity from a traditional culture-based approach to a highly advanced DNA-based
method that relies on amplification and sequencing of phylogenetically informative regions
within the ribosomal DNA (White et al. 1990; Jurgens et al. 1997). Even though the
monoculture-based isolation method is still valued for the functional analysis of the
organism and for the study of novel species, it is severely limited by the fact that almost 99
% of microbes cannot be cultured in laboratory (Staley and Konopka 1985; Rappe and
Giovannoni 2003). The uncultivable nature of those microbes have been mostly attributed
to their presence as spores or dead cells, special requirement for enrichment and isolation
and growth inhibition by competing species (Amann et al. 1995). DNA-based methods
obviate these shortcomings associated with culture-dependent methods and have therefore
gained popularity for microbial diversity analyses. They are now being routinely used for the
microbial analyses from a wide range of environments including soils (Fierer et al. 2007;
Urich et al. 2008), human skin (Costello et al. 2009) as well as the gut (Li et al. 2014). The
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table below (Table 2) outlines the most common molecular based methods currently in use
along with their advantages and disadvantages.

Table 2. Common molecular methods used for microbiome analyses
Method
Fingerprinting
method
(DGGE,
SSCP,
T-RFLP,
RISA/ARISA)

Description
assessment
of
community structure on
the basis of DNA
sequence and length

Advantages
Provides snapshot of
dominant bacterial
species and spatiotemporal variation,
fast and inexpensive

Fluorescent in-situ
hybridization (FISH)

microorganism
detection
and
enumeration
using
Fluorescent
rRNA
oligonucleotide probes
measurement of mRNA
copy number using
intercalating fluorescent
probes or dyes
hybridization
of
fluorescent
PCR
amplicons to molecular
probes
attached
to
microarrays
cloning gene of interest
into a vector, sequencing
and
taxonomic
assignment
sequencing of DNA
fragment libraries using
massively
parallel
platforms

high
sensitivity,
simultaneous
detection of multiple
microorganisms

Quantitative PCR

Phylogenetic
microarray

Cloning
sequencing

and

Next
generation
sequencing

Disadvantages
Poor
sensitivity
and
reproducibility, PCR bias,
only predominant species
detected,
only
short
sequence analyzed, no
direct
taxonomic
identification
requires sequence design
for probe design, laborious,
difficult access to the gene,
novel taxa not identifiable

high
sensitivity,
quantification
possible, fast and
accurate
no PCR bias, fast and
reproducible

labor
intensive,
no
community level detection

detection of
taxa possible

laborious
consuming,
quantitative

novel

expensive and complicated,
no novel taxa detected

and

time
semi-

fast, cheaper than bias caused by
PCR
traditional
Sanger chimera,
extensive
sequencing,
high- bioinformatics
required,
throughput,
novel time consuming analysis
species
can
be
detected
DGGE: denaturing gradient gel electrophoresis, SSCP: single strand conformation polymorphism, T-RFLP:
Terminal-restriction fragment length polymorphism, A/RISA: Automated/ribosomal intergenic spacer
analysis

2.8.1 Next generation sequencing (NGS)
Since the inception of sequencing technology with the Sanger (or the first generation)
sequencing in the 1970s (Sanger and Coulson 1975; Maxam and Gilbert 1977), the field of
sequencing has undergone massive technological advancement. Highly automated and high
throughput next generation sequencing represents a huge upgrade and has changed the face
of microbial research by producing huge amount of sequence data in a short time and at a
lower cost (Metzker 2010; Rastogi and Sani 2011; Liu et al. 2012). NGS rely on sequencing
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of specific hypervariable regions within the 16S rRNA gene (in amplicon sequencing) or
sheared fragments of genomic DNA (in metagenomics or shotgun sequencing).
The 454-pyrosequencing is the first and the most-used technology among the next
generation sequencing platforms (Margulies et al. 2005), which is based on pyrosequencing
of nucleotides. It has been utilized extensively for the study of microbiota from all
environments including the soil as well as in the well-recognized, large scale Human
Microbiome Project (HMP; Methe et al. 2012). Suitability of 454 pyrosequencing method
was initially questionable because of sequencing errors and generation of short (100 bp)
sequence read lengths making it unsuitable for taxonomic analyses (Kunin et al. 2010,
Tedersoo et al. 2010). However, recent improvements, including longer sequence length
output (~400 bp), possibility for tag-sequence based multiplexing and development of
algorithms to clear out ambiguous sequences has rendered it suitable for microbial research
and enhanced the possibility to analyze multiple samples in several parallel runs (Huse et
al. 2010, Quince et al. 2011).
Even though the 400 bp reads are still considered insensitive and insufficient for species
level identification of many organisms, overall reduced cost and improved sampling depth
are considered its advantages. It is specially considered suitable for projects that do not
necessitate the identification of individual taxa but rather deal with differences in the
communities such as comparison between healthy and diseased cohorts or those dealing
with the effect of diet and other environmental factors on microbiome (Weinstock 2012).
Deeper yet lower cost sampling has further been achieved by the use of newer technologies
such as lllumina Genome Analyser sequencing platform, which has been utilized by the
European based metagenomics of the human intestinal tract (MetaHIT; Qin et al. 2010).
Although this sequencing platform produces still shorter reads of 100-150 bp, allowing it to
target only one hypervariable region, it is being increasingly used because of its high
accuracy, higher throughput and lower cost (Gloor et al. 2010; Claesson et al. 2010). Table
3 summarizes the common NGS platforms in use today and the advantages and
disadvantages associated with them.
Table 3. Sequencing methods currently in use for microbiome studies
Sequencing platforms
Sequencer
Sanger3730
xl
Manufacture Applied
r
Biosystems

454GSFLX+
454
LifeSciences

IonTorrent
PGM
Ion Torrent

MiSeq

SOLiD

PacBio

Illumina

Pacific
Biosciences

Polymerase
-based
sequence
by
synthesis
Bridge
amplificati
on

Applied
Biosystem
s
Ligationbased
sequencin
g
Emulsion
PCR

Singlemolecule;
no

Sequencing
Chemistry

Cloning and
Dideoxy chain
termination

Pyrosequenci
ng

Ion
semiconduct
or
sequencing

Amplificatio
n approach

PCR

Emulsion
PCR

Emulsion
PCR
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Phospholinked
fluorescent
nucleotides

1.9∼84 Kb

0.7 Gb

100-200 Mb

6 Gb

1.2 Gb

amplificatio
n
7.6 Gb

99.9999%
20 minutes-3
hours
400-900 bp

99.9%
24 hours

99%
2 hours

99.9%
3–10 days

99.94%
7–14 days

99.9%
2–4 hours

Upto 700bp

200-400 bp

Advantages

high accuracy
and
long
reads

long reads

fast,
detection
through pH
change

50-300 bp
paired end
low
cost
and
high
coverage

50x50 bp
paired end
low cost
per base

Disadvantag
es

not a high
throughput
process

expensive,
chimeras
production,
homopolymer
error

chimeras,
homopolyme
r errors

short reads,
chimeras

not good
for
palindrom
ic
sequences,
slow, short
sequence
fragments

References

Sanger
and
Coulsen 1975;
Maxam and
Gilbert 1977

Margulies
al. 2005

Rothberg et
al. 2011

Bentley et
al. 2008

Shendure
et al. 2005

1000060000 bp
no
PCR
bias, long
read length
output
in
short time
expensive
equipment,
performanc
e bias due to
high
sensitivity
towards
contaminan
ts
Eid et al.
2009

Data output
per run
Accuracy
Time per run
Read length

et

Although the NGS technologies have drastically improved the field of microbial diversity
research, a few shortcomings are still associated with it. Most of the technologies in NGS
require prior PCR amplification of the 16S rRNA gene. Therefore they undergo some degree
of PCR bias, except for the PacBio sequencing platform, which targets single molecule and
therefore does not require PCR amplification. Additionally, sequencing errors, chimera
detection and removal, sequencing alignment also represent considerable post analytical
burden and it requires computers with substantial computational power and efficient
bioinformatics tools. However, ever-improving bioinformatics pipelines are now available
for efficient translation of 16S rRNA gene sequence data to phylogenetic information such
as MOTHUR (Schloss et al. 2009) and QIIME (Caporaso et al. 2010), thereby simplifying
the analytical part and making NGS technologies even more attractive.
Since most of these NGS technologies require extraction of DNA and PCR amplification of
16S rDNA gene, considerable attention has to be paid at various steps during the whole
process to minimize errors caused by bias in methods in microbiome studies (reviewed by
Pollock et al. 2018). Study design including the number, collection method and storage of
samples and DNA extraction methods are likely to influence the microbial communities in
the analyzed samples (e.g. Kuske et al. 1998; Lauber et al. 2010; Salonen et al. 2010; AraujoPerez et al. 2012; Bahl et al. 2012; Steven et al. 2014). Therefore, comparison of results
between studies should be done with careful consideration of sampling techniques used.
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Likewise, the choice of hypervariable regions within the 16S rDNA gene, primer selection,
PCR protocol and reagents and selection of sequencing platforms are also equally important
for an unbiased assessment of the microbial profile of the samples (Wu et al. 2010; Gohl et
al. 2016). Therefore, the PCR conditions need to be optimized and be consistent within a
study and the choice of sequencing platform must be made on the basis of aims of the
research and the accuracy required (Pollock et al. 2018).

2.9 The human microbiome
An average human harbors about 100 trillion microorganisms referred to as microbiota
(Turnbaugh et al. 2007). Most of them reside as commensals in the gut, oral cavity, skin,
respiratory tract including lungs and urogenital tract. The human gut and skin microbiome
represent the highest diversity compared to other body habitats including lungs, which were
considered sterile initially but are now known to be inhabited by the same bacterial phyla in
the skin and in the gut but at lower relative abundance and are associated with both
homestasis and development of diseases (Noverr and Huffnagle 2004; Barfod et al. 2013).
The human commensal microbiota receive nutritional and habitat support from the host
and they assume diverse functions including the inhibition of invasion by pathogens,
metabolism of indigestible food and modulation of the immune function in return (Nylund
et al. 2014; Salonen and de Vos 2014; Gupta et al. 2017; Chen et al. 2018). A disturbance in
this evolutionary relationship between microbes and humans has several adverse
consequences in humans, the most significant of which is the abnormal development and
functioning of the immune system leading to increased risks for NCDs. Accordingly, studies
on human microbiome have attempted to establish the composition of healthy human
microbiota (Turnbaugh et al. 2007; Huttenhower et al. 2012). However, evidences from
studies on diverse populations have shown that human microbiome is affected by a number
of factors including age, diet, genetics, lifestyle, hygiene level, health and medication and
exposure to environmental microbes, making the task highly complicated (e.g. Turnbaugh
et al. 2006; Gao et al. 2008; O’Keefe et al. 2015; Goodrich et al. 2016; Zhernakova et al.
2016). On an individual basis, however, the core microbiota of a particular habitat is fairly
stable and vary narrowly, unless altered by long term disturbances such as intake of
antibiotics, change in dietary habits and infections and chronic inflammatory diseases
(Ottman et al. 2012; Byrd et al. 2018).
The human gut and skin microbiota are the best-studied human microbiota and they are
also relevant in the context of this thesis. Therefore, the composition, factors affecting it and
significance of the gut and the skin microbiome will be discussed below.
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2.9.1 The human gut microbiome
The gastrointestinal tract is one of the largest internal organs in the human body and harbors
trillions of organisms including bacteria, viruses as well as eukaryotic organisms, making it
a complex ecosystem in itself. The colon alone is estimated to contain 70% of all microbes in
the human body (Ley et al. 2006) and mostly comprises of strict anaerobes (Harris et al.
1976). The vast majority of these organisms belong to the domain bacteria with an estimated
1014 cells, which is 10 times the number of human cells. However, the bacterial cells are not
uniformly distributed throughout the GIT and their abundance progressively increases from
10-1000 per gram of material in stomach and duodenum to 10 11-1012 in the large intestine
(Sekirov et al. 2010). In terms of genetic information, collective genome of intestinal
microbiota outnumbers the host genome by 100 folds (Ley et al. 2006; Qin et al. 2010;
Huttenhower et al. 2012).
More than 50 bacterial phyla have been reported from human gut and it constitutes, by far,
the largest and the most abundant bacterial communities compared to other body sites
(Riesenfeld et al. 2004; Huttenhower et al. 2012). However, more than 90% of bacterial
population belong to the phyla Firmicutes and Bacteroidetes, followed in minor fraction by
Actinobacteria, Proteobacteria, and Verrucomicrobia (Qin et al. 2010; Li et al. 2014).
Moreover, the gut microbiome composition exhibits great interindividual variation, with
reports of relative abundance of both Firmicutes and Bacteroidetes ranging from 0 to 99%
(Huttenhower et al. 2012) and 5000-fold difference between the most abundant phylotypes
(Huse et al. 2008). These bacteria are present either in the rumen or are attached to the
mucosal layer of the GIT and have been primarily thought to help in breakdown of
indigestible food particles (Gill et al. 2006).
The supposedly sterile gut at birth (Jimenez et al. 2008) begins to be colonized immediately
and undergo marked variation driven by mother’s vaginal microbiome. Infant’s gut
microbiome changes with food pattern viz. breast milk, weaning to solid food (Mackie et al.
1999; Huurre et al. 2008). In addition, the microbial succession is also influenced by a
number of factors including microbial composition of the environment, eating habit and
type of food, intestinal pH, microbial interaction, intestinal secretions, immune responses,
bacterial mucosal receptors and intake of medication (Mackie et al. 1999). The initial gut
colonization is important as it has been suggested that it plays an instrumental role in
shaping the adult gut microbiome (Bull and Plummer 2014). The adult gut microbiome is
fairly stable compared to infant and elderly microbiome (reviewed by Woodmansey 2007;
O’toole and Claesson 2010) unless altered by a long term dietary change or antibiotic use
(Ottman et al. 2012).
In elderly, the gut microbiota suffers from decreased stability and diversity as a result of the
aging process (Biagi et al. 2012). The elderly gut microbiota reveals an increase in proportion
of Bacteroidetes thereby exhibiting a transition from Firmicutes-dominant gut microbiota
composition in adults to a Bacteroidetes-rich with increasing age (Mariat et al. 2009).
However, there is huge inter-individual variation in the proportion of these two phyla with
Bacteroidetes ranging from 3-92% and Firmicutes ranging from 7-94% (Claesson et al.
2011). Significant changes also occur at the genus level with reports of decrease in the levels
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of strict anaerobes such as Bacteroides, Bifidobacteria and Clostridium spp. and increase in
the levels of facultative anaerobes such as Staphylococci, Enterococci and Streptococci
(Mikelsaar et al. 2010; Mäkivuokko et al. 2010; Zhao et al. 2011).

2.9.1.1 Factors affecting the gut microbiome
Reports from a broad range of studies recognize host ethnicity and life style as two major
factors governing the gut microbiota composition (reviewed by Gupta et al. 2017). This has
been extensively demonstrated by a number of cross-population studies comparing gut
microbiota composition between hunter gatherer communities from rural Africa and South
America to communities from rich urbanized socities from Europe and the USA (eg. De
Filippo et al. 2010; Yatsunenko et al. 2012; Tyakht et al. 2013; Schnorr et al. 2014; Gomez et
al. 2016). Gut microbiota of urban people is characterized by reduced microbial diversity in
general, accompanied by an increased abundance of bacterial genera such as Bacteroides,
Bifidobacterium, Ruminococcus, Blautia and Dorea and reduced abundance of Prevotella,
Xylanobacter and Treponema. In contrast, the gut microbiota of rural hunter gatherer
communities have increased abundance of Prevotella, Succinovibrio, Treponema,
Clostridium, Eubacterium, Lachnospira and Salmonella and depleted Lachnospiraceae and
Bacteroidales in their gut (Gupta et al. 2017).
The difference in the composition of gut microbiota between those rural and urban
communities has been mainly attributed to the difference in diet. Rural people consume
mainly carbohydrate-rich, starchy and plant-based food in contrast to the “western” highprotein and fat based diet of urban population lacking in dietary fibres (e.g. O’Keefe et al.
2007; De Filippo et al. 2010; Wu et al. 2011; Ou et al. 2013). However, healthcare system
characterized by repeated infections of gut and little to no access to modern health care in
rural population and high level of hygiene and extensive use of antibiotics in urban
population is also likely to contribute to the discrepancy observed (Mardanov et al. 2013;
Morton et al. 2015; Gomez et al. 2016). Many studies have demonstrated the potential role
of diets in altering the composition and metabolic output of gut microbiota in humans (e.g.
Duncan et al. 2007, 2008; Brinkworth et al. 2009; Claesson et al. 2012). In contrast, some
studies suggest that dietary interventions may not induce changes in gut microbiota and in
cases they do, changes might not be obvious (Korpela et al. 2014; Salonen and de Vos 2014).
However, there are evidences that dietary supplements, including prebiotics and probiotics
can induce changes in the gut microbial community by the promotion and/or enrichment of
specific bacteria such as Bifidobacteria (Bouhnik et al. 2004; Ramirez-Farias et al. 2008).
Another factor that could shape the gut microbiota is the host genetics, although its role is
fairly inconclusive (Goodrich et al. 2016). There are reports on the potential role of genetics
exemplified by the consistent influence of family and shared environment on microbiome
structure in diverse population (Yatsunenko et al. 2012) and a shared microbial signature in
infants at a high-risk for type I diabetes within same geographical location from Europe and
the USA (Kemppainen et al. 2015). More importantly, the influence of host genetics on the
gut microbiome composition has been demonstrated by studies conducted on twins and the
effect of mutation on a gene that controls secretary functions in the intestine on the
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microbial community structure (Zoetendal et al. 2001; Turnbaugh et al. 2009; Tims et al.
2013; Wacklin et al. 2014).
Access to healthcare and health status is another factor that can influence the gut microbiota
composition. Use of antibiotics is the most studied area as far as the effect on microbiota is
concerned and antibiotics can induce dramatic changes in the gut microbiota (e.g. Panda et
al. 2014; Vrieze et al. 2014).There are reports suggesting that antibiotic usage can induce
long term decline in diversity of intestinal bacteria and that members of phylum
Bacteroidetes may be more susceptible to antibiotic use, even though the effect may be
subject-specific (Jakobson et al. 2010; Dethlefson and Relman 2011). Antibiotics use is fairly
common in elderly compared to other age groups and could be one of the reasons
responsible for a high inter-individual variation in bacterial phylotype in the elderly
(Barstoch et al. 2004). The use of antibiotics should therefore be taken into consideration
while studying elderly gut microbiome.

2.9.1.2 Perturbation of the gut microbiota composition: microbial dysbiosis
Human and intestinal microbiota have been believed to co-evolve as a mutual relationship
in which humans provide a nutrient-rich environment to bacteria, which in turn help the
host by assisting in digestion of food, production of vitamins and useful metabolites
(Salonen and de Vos, 2014) as well as maturation and modulation of the immune system
(Maynard et al. 2012; Nylund et al. 2014). A breakdown in this relationship caused by
perturbation in the composition of microbiota, referred to as dysbiosis, could lead to harmful
consequences for the host, including the development of immune-mediated health
disorders. The reverse is also true, i.e. changes in host health status could induce shifts in
the microbial community composition as demonstrated by studies in animals. For example,
mice that have defective immunoregulatory components that govern inflammatory
responses have been shown to induce dysbiotic drift in gut microbiota leading to the
developmet of ulcerative colitis (Garrett et al. 2007). Likewise, lack of TLR-5 in mice induces
shifts in the gut microbiota composition leading to metabolic disorders such as insulin
resistance and hyperlipidemia (Vijay-Kumar et al. 2010). Additionally, microbial dysbiosis
and immune responses in one body compartment are now known to be transferred to
another e.g. between the gut and the lungs (Marsland et al. 2015). Animal studies have
shown that microbial metabolites such as SCFAs produced by the fermentation of dietary
fibres in the gut can exert anti-inflammatory effects in the lungs by traveling through
bloodstream, thereby preventing allergic inflammation of the airways (Trompette et al.
2014). Likewise, SCFA-induced shifts in the gut microbiota composition is also reflected to
a lower extent in the airways (Trompette et al. 2014). These observations have been
supported by a human study, which showed that fibre intake is associated with changes in
the gut microbiota composition and is correlated with lower incidence of asthma (De Filippo
et al. 2010).
However, the effect of microbial dysbiosis on human health has been the subject of more
extensive research. A number of factors could be responsible for inducing microbial
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dysbiosis, including living habit (consumption of western diet), health status including
infections, diseases and immune deficiencies, access to health-care (use of antibiotics) and
living environment via exposure to exogenous microbes (Garrett et al. 2007; De Filippo et
al. 2010; Yatsunenko et al. 2012; Morton et al. 2015; Gupta et al. 2017). The association
between microbial dysbiosis and immune-associated health disorders could be particularly
more prevalent among the elderly due to the gradual deterioration of the immune system
with age, termed immunosenescence, characterized by persistent inflammation and loss of
specific immune cells (Claesson et al. 2012; Franceschi et al. 2014). There are widespread
evidences, which suggest that dysbiosis in the gut microbiota characterized by a reduction
in the total bacterial diversity, increased or reduced abundance of certain bacterial taxa as
well as the Bacteroidetes to Firmicutes ratio could be associated with the pathogenesis of a
number of diseases in human. These include gastrointestinal disorders including celiac
diseases, colorectal cancer, crohn’s disease and ulcerative diseases as well as other systemic
health disorders such as autism, obesity, type I and type II diabetes and asthma (Table 4).
Table 4. Examples of microbial dysbiosis associated with GI and other systemic disorders
Disease
Inflammatory
bowel disease
Ulcerative colitis

Findings
increased Bacteroides in colonic mucosa
increased Blautia
protective role of Faecalibacterium prausnitzii
overall
reduced
diversity,
increased
Gammaproteobacteria and Deltaproteobacteria
reduced Firmicutes level
increased Bacteroides in large intestine mucosa

Crohn’s disease

low diversity, increased Gammaproteobacteria
reduced Faecalibacterium, Roseburia
increased Ruminococcus

Colorectal cancer

increased Akkermansia and Fusobacteria, reduced
abundance of SCFA producing Firmicutes, increased
Bacteroides and Odoribacter

Celiac disease

increased
abundance
of
Firmicutes
and
Proteobacteria and reduced abundance of
Actinobacteria
reduced gut Coprococcus, increased Sutterella and
Ruminococcus
increased Bacteroides
reduced abundance of Verrucomicrobia
overall reduced diversity, higher Bacteroidetes to
Firmicutes ratio
increased gut Dorea
enriched Betaproteobacteria in the faeces
reduced total diversity

Autism
Obesity
Type I
mellitus
Type II
mellitus
Asthma

diabetes
diabetes

25

References
Swidsinski et al. 2002
Pozuelo et al. 2015
Lopez-Siles et al. 2017
Lepage et al. 2011
Loh et al. 2012
Lucke et al. 2006
Sokol and Seksik 2010;
Gibson et al. 1991,
Loh 2012
Manichanh 2006
Sokol and Seksik 2010,
Sokol
et
al.
2009;
Joossens et al. 2011,
Kostic et al. 2012; Weir et
al. 2013; Zackular et al.
2014; Zhu et al. 2013
Cheng et al. 2013; Olivares
2014
Song et al. 2004
Wang et al. 2013
Del chierico et al. 2017
Zhang et al. 2009
Kriegel et al. 2011,
Murri et al. 2013
Zhang et al. 2013
Abrahamsson et al. 2012

2.9.2 The skin microbiome
Human skin is inhabited by diverse microorganisms including bacteria, fungi, arthropods
and virus particles (Schommer and Galio 2013; Dréno et al. 2017). Because of less favorable
growth environment such as less nutrient availability, skin harbors less abundant
microorganisms compared to the gut (Scharschmidt and Fischbach 2013). Modern
sequencing technologies have shifted the perception of skin comprising of mostly
(opportunistic) pathogens to a complex ecosystem that hosts a diverse set of
microorganisms including beneficial microbes that are involved in the maintenance of
normal homeostasis and modulation of the immune system (Schommer and Galio 2013;
Nakatsuji et al. 2017; Prescott et al. 2017). The composition of the human skin microbiome
varies according to the location in the human body and is affected by the physical
characteristics of skin such as skin thickness, amount of hair follicles and the presence of
sebaceous and sweat glands (Costello et al. 2009; Grice et al. 2009; Oh et al. 2014). It has
been shown to be governed by individual features, e.g. age, gender and the immune system,
living environment, lifestyle, medication and hygiene (Fredricks 2001; Hanski et al. 2012;
Baviera et al. 2014; Lehtimaki et al. 2017). The skin microbiome reveals a high individual
variation but somewhat temporal stability (Costello et al. 2009).
The skin microbiome is dominated by the bacterial phyla Actinobacteria, Firmicutes,
Proteobacteria and Bacteroidetes in a proportion that resembles the soil microbiome more
than the gut microbiome (Grice et al. 2009; Parfrey et al. 2014). A report suggests that soil
based microbes can remain for up to 24 hours on skin after exposure (Bateman 2017) and
the presence of transient and permanent microbes indicate a dynamic interaction with the
environment (Von Hertzen et al. 2011). Another study suggests that once formed, the skin
microbiome exhibits high stability and remains unaffected by environmental factors such as
humidity and UV-radiation (Patra et al. 2016). These observations suggest a possible role of
environment in shaping the skin microbiome and could be modified by activities that
encourage increased soil- and nature-contact.
It is now being increasingly demonstrated that skin microbes exert systemic effect and
contribute to the host immune system in contrast to previous suggestions of local effect
(Belkaid and Segre 2014; Fyhrquist et al. 2014; Belkaid and Tamoutounour 2016). In
contrast to the gut microbes, skin microbes are not needed for initiation, organization and
development of lymphoid structure (Belkaid and Hand 2014). However, skin microbiota can
contribute to the innate and adaptive immunity by the induction of various components such
as antimicrobial peptides and IL production (Galo and Hooper 2012). It has been suggested
that environmental microbiota may promote immune system by stimulating the function of
Treg cells and thereby preventing cutaneous inflammation in mice (Volz et al. 2014). This is
particularly important in the light of biodiversity hypothesis which emphasizes the role of
contact with environmental microbes in the prevention of immune mediated diseases. As
skin is the biggest and the most exposed organ, it can be expected that the modulation of
immune system by environmental microbes takes place mainly through the skin even
though the gut and respiratory tract could also play important roles (Von Hertzen et al.
2011). A study by Ruokolainen et al. (2017) revealed differences in the microbial
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compositions on the skin and the nasal epithelium between the allergic and healthy
individuals of rural Karelia region in Finland and Russia suggesting that exposure to the
environmental microbiota via skin and nasal epithelium may be an important factor in the
modulation of the immune system. The association between skin microbiota, environmental
microbes and immune function has recently been reinforced in the study by Lehtimäki et al.
(2018), which suggested that skin microbiota could be an indicator of environmental
exposure and possibly associated with allergic symptoms in a canine model. Together, these
findings suggest that skin microbiota is important for host health and immune function and
changes in the skin microbiome composition can induce systematic alterations including the
modulation of the immune function.
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3. AIMS OF THE THESIS

Reduced exposure to diverse environmental microbes and dysbiosis of the human
commensal microbiota are now being recognized to be associated with several negative
human health effects, including the increasing incidences of immune mediated NCDs, which
are on rise in the western urban society. Urban living environment is often characterized by
less proportion of natural environment and high pollution levels but the role of these factors
on human exposure to environmental microbiota and dysbiosis of the gut microbiota remain
largely unexplored. Therefore, the general aim of this thesis is to provide an increased overall
understanding of how urban living environment affects human contact and association with
microbes and to study if the use of plant and soil-based natural materials harboring a diverse
microbial community is effective in improving the microbial contact among humans. The
studies included in this thesis were based on the following hypotheses:
1. PAH-pollution of soil is associated with changes in the bacterial community
composition and shifts in the abundance of the phyla that have been shown to be
associated with human-health by previous studies.
2. Increased coverage of built area in the immediate vicinity of people’s residence results
in a lower amount of soil and natural materials as well as reduced diversity of
environmental microbiota carried inside the houses.
3. The composition of the gut microbiota in healthy elderly people is associated with the
coverage of built area and vegetation type in the living environment.
4. Direct short-term contact with soil and plant based materials is effective in increasing
the diversity of the human skin microbiota.
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4. MATERIALS AND METHODS
All of the studies included in this thesis involved 16S rRNA gene amplicon sequencing as a
core methodology to identify the environmental or human microbial communities. The
dataset obtained were then subjected to extensive univariate or multivariate statistical
analyses to study the changes in the microbial communities in the studied samples on the
basis of treatment type or their association with explanatory (environmental) variables. The
table below (Table 5) summarizes the sample type or study subjects used in the studies, the
effect studied and the treatment type that induced or environmental variables associated
with those effects.
Table 5. Overall summary of the study design in the four studies included in this thesis
Study
material/subjects
and
sampling
protocol

Effect
studied,
and
treatment
type
or
environmental
variables studied

Study I
four
types
of
pristine soils: peat,
pine forest, sand
and spruce forest
sampled at 0, 91,
and 189 days
changes in the
bacterial
community
composition of the
soils as a result of
PAH-pollution
(using creosote as
source)

Study II
litter
samples
taken
from
doormats used for
18 days from rural
and urban houses
in
southern
Finland
comparison of the
bacterial diversity
transferred
into
the houses by the
people using land
cover type around
study
sites
as
explanatory
variables

Study III
stool samples taken
repeatedly at two
different time points
from elderly people
residing in rural and
urban houses in
southern Finland
difference in the gut
bacterial community
composition
using
land
cover
and
vegetation
type
around the study
sites as explanatory
variables

Study IV
skin swabs from
three
adult
volunteers

changes in the
bacterial
composition of
skin after direct
contact with soil
and plant based
materials

The four pristine soil samples for study I was collected from four different sites in southern
Finland as described in article I. A general outline of the procedure used to study the shifts
in the soil microbial community composition and the relative abundance of major bacterial
phyla as a result of PAH contamination is shown in Figure 1. Creosote was used as a source
of PAHs and spiking was done as described in Kauppi et al. (2012) so that the concentration
of PAHs was around 1%, representing a typical PAH-contaminated site. The containers were
stored at 16 ± 1°C and the soils were sampled periodically at 28, 91, 189 days for PAHdegradation analyses by gas-chromatography mass-spectroscopy (GC-MS) and microbial
community analysis by 454-pyrosequencing. Eight uncontaminated soil samples (two from
each soil type) and another eight creosote contaminated soil samples were analyzed.
Contaminated soil samples were taken after the PAH compounds’ concentration had
reached below 80% of that observed on day 28. Day 28 samples was chosen as a reference
time to account for the loss of low molecular PAH compouds such as naphthalene as a result
of evaporation (Cousins et al. 1999; Jacobson et al. 2000). In spruce, peat and pine forest
soil, 20% degradation was observed on day 91 and on day 189 in sand. Therefore samples
for these soil types for microbiological analyses were collected on these days. Degradation
of pyrene, fluoranthene and phenanthrene was followed specifically.
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Figure 1. General outline of methodology adopted to study the soil microbial
community in response to PAH contamination in study I.

Participants for study II and study III were recruited from the city of Lahti (that represented
urban sites) and the surrounding rural sites in southern Finland (Figure 2). Experimental
doormats were installed just inside the main door of 30 rural and 20 urban houses in study
II to observe the environmental microbes transferred indoors in response to land cover type
within a 200 m radius outside the houses. An example of doormat used for the collection of
environmental litter carried inside the houses by study participants is shown in Figure 3.
The diversity and richness of the whole bacterial community and the relative abundance of
the taxa present in the doormat debris were subjected to statistical analyses, using the land
cover data (described in article II) as explanatory variables to find an association between
the dependent and environmental variables.
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Figure 2. The study sites included in study II and III. (A) The study area located in
southern Finland. (B) The rural sampling sites indicated by red triangles. (C) The urban
sampling sites in the city of Lahti (enclosed with the blue inset box in B).

Figure 3. An example of doormat used in study II. Scraper type polyethene mats of
size 45 × 57 cm were installed immediately inside the main door of the rural and urban
houses. The paper attached on the doormat contains instruction for participants to wipe
their feet on doormat after entering the house and not to clean the doormat during the usage
period.

In study III, 61 stool samples were obtained from 33 elderly people (13 rural and 20 urban)
residing in those houses in August (31 samples) and again in November (30 samples) in 2015
to study the effect of land cover within 200 m radius and vegetation type within 0.1 hectare
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on their gut bacterial communities using GLMM (generalized linear mixed model) analysis
(Figure 4). The participants were elderly retired people of 65-79 years age selected from
prospective large study called GOAL (good aging in Lahti region; described in detail in article
II). Exclusion criteria were: participants who smoked or consumed alcohol regularly, had
taken antibiotics in the past 6 months, had chronic inflammatory or immunological
disorders (details in manuscript IIII) and owned a pet or domestic animal (cat, dog, chicken,
pig, sheep, cow, horse). Written informed consent was obtained from each participant.
Approval to carry out the study was obtained from the relevant ethical committee and the
study was carried out in accordance with the recommendation from the “Finnish Advisory
Board on Research Integrity”.

Figure 4. Flowchart describing the stool sample collection from the study
participants and subsequent analyses performed in study III.

In study IV, two urban volunteers tested 16 (eight each) different composted soil, and plantbased materials (composition of the material is mentioned in article IV) by rubbing them on
their hand for 20 seconds and washing afterwards for five seconds followed by wiping with
clean paper towel. A maximum of two materials were used on a single day and there was a
gap of at least five hours between two consecutive tests. Skin microbiota samples were
obtained by taking swabs from an area of 3 X 3 cm on the back side of right hand. In another
experiment (experiment 2), two additional participants tested dried, crushed and sieved
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moss particle of <1 mm size packed in different fabrics (types of fabrics used are described
in article IV) for three hours and 45 mins. Skin swabs were taken before exposure and
immediately afterwards. Bacterial community in the swabs were analyzed to study the effect
of exposure to the test materials on skin.
Details pertaining to the protocols of all experimental tasks executed in all four studies are
described in the published articles or the manuscript. All experimental tasks involved PCRbased amplicon sequencing of specific hypervariable reasons within the bacterial 16S rDNA.
Bacterial community analyses using 454 pyrosequencing has been routinely done by the
amplification of V3 region (Huse et al. 2008). Therefore, V3 region was chosen for study I.
Amplification of the hypervariable V4 region within the 16S rRNA has been considered
reliable for the community profiling of bacteria with the Illumina sequencing platform
(Caporaso et al. 2011) and has been routinely used for the analyses of the gut and soil
bacterial communities. Therefore, this region was chosen for the rest of the studies (II-IV).
However, the V4 region might provide a poor reflection of the commensal skin microbiota
such as Propionibacterium and the amplification of the region V1–V3 has been shown to
provide better results similar to those obtained through whole metagenome sequencing
(Meisel et al. 2016). Therefore V1-V3 was substituted for V4 region in one of the experiments
in study IV that concerned skin microbiota. Although the amplicon sequencing method is
relatively common for the microbial profiling and estimation of the relative abundance of
microbial taxa in the sample under study, the quantitative estimation is likely associated
with a number of potential biases, particularly in metagenomics. The most common errors
encountered are the amplification biases because of the universality of the primers used as
well as differential affinity for primers among microbial species resulting in inflated or
underrepresented population of a particular or a group of microbial species (Pawluckzyk et
al. 2015). Additionally, sample dilution during the preparation of DNA libraries for
sequencing affects the number of sequence reads and may not reflect the quantity of the
bacteria in the sample (Amend et al. 2010). Quantitative confirmation by the use of
techniques such as qPCR in parallel with NGS has been shown to overcome the biases related
to the calculation of relative abundance to some degree (Links et al. 2014), which should be
taken into account better in the future studies.
DNA was extracted from the study samples (soil in study I, doormat debris in study II, stool
in study III and soil, moss and skin in study IV) using commercially available extraction kits
(Table 6). Gel electrophoresis on 1.5% agarose gel was carried out to check the quality of the
DNA in all studies and quantification was done using Nanodrop (Thermo Scientific,
Rockford, IL, USA) and Bioanalyzer 2100 (Agilent Technologies Inc., Santa Clara, CA, USA)
in study I and Quant-iTTM PicoGreenR (Thermo scientiﬁc, MA, USA) in the rest of the
studies. The respective hypervariable regions were amplified by PCR using the primers
specified in Table 6. All PCR reactions included sterile water as negative control to detect
contamination and Cupriavidus necator (JMP134, DSM 4058) as positive control in studies
II, III and IV. PCR products were visualized using gel electrophoresis, purified using
Agencourt AMPure XP solution (Beckman Coulter Inc.) and quantified in a similar way to
the initially extracted DNA. Table 6 summarizes the methods used in all four studies, mainly
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concentrating on the bioinformatics and statistical analyses to study the effect of treatment
type and environmental variables on the microbial communities in the study samples.
Table 6. Methods used in the studies included in this thesis
Method
FastDNA SPIN Kit for Soil

Study
I

PowerSoil® DNA Isolation Kit

II, III, IV

PAH-analysis

Toluene-extraction
using GC-MS

I

Study of microbial
communities
Polymerase
chain
reaction

PCR-based
amplicon
sequencing of 16S rRNA
amplification of V3 region
using MF341 and R518
primers
amplification of V4 region
using 515F and 806R primers

I, II, III, IV

Reference/Source
MP Biomedicals, Illkirch,
France
MoBio Laboratories, Inc.,
Carlsbad,
CA,
USA,
Nurminen et al. 2018
Karstensen
1996;
Honkonen
and
Rantalainen 2013
Berry et al. 2011

I

Muyzer et al. 1993

II,
III,
IV
(experiment 2)

Caporaso et al. 2011, 2012

amplification of V1-V3 region
using pA and pD primers

IV (experiment 1)

pyrosequencing using 454 GS
FLX Titanium Rapid Library
Preparation Kit
Illumina MiSeQ platform with
2 × 300 bp version 3
sequencing kit

I

454 Life Sciences, Roche
Diagnostics, CT, USA

II, III, IV

Integrated
Genomics
Facility at Kansas State
University
(http://www.kstate.edu/igenomics/)

Mothur version 1.35.0
Mothur version 1.39.5

I
II, III, IV

SILVA bacterial reference
v123
SILVA bacterial reference
v132
Naive Bayesian classifier using
RDP version 10
Naive Bayesian classifier using
RDP version 14
PanEuropean CORINE Land
Cover 2012 database
On-site survey

I, II

Schloss et al. 2009
Schloss et al. 2009;
Kozich et al. 2013
Pruesse et al. 2007

using primers pE and pF
Shapiro-Wilk test for testing
normal distribution

IV
I, II, IV

DNA extraction from
soil samples and
stool

Sequencing

Bioinformatics
Sequence
processing
Sequence alignment

Sequence
classification

Land cover class
determination
Vegetation
type
determination
Quantitative PCR
Statistical analyses

method
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III, IV
I

Wang et al. 2007

II, III, IV

Cole et al. 2008

II, III
III
Öqvist et al. 2008)

Linear models (ANOVA, ttest, Wilcoxon test)
p-value correction for multiple
comparision using BenjaminiHochberg false discovery
rate )
Linear model (regression;
model selection based on
minimized
Akaike
information criterion value)
GLMM (model selection done
when
the
explanatory
variables had p-value of less
than 0.1)
Permutative
multivariate
analysis
of
variance
(PERMANOVA)
non-metric multidimensional
scaling (NMDS) using Braycurtis dissimilarity metric
Principle coordinate analyses
Indicator species analysis

I, II, III, IV

Permutational
Multivariate
Homogeneity
of
Group
Dispersions (PERMDISP)

IV
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I

Myles et al. 1973; Faraway
2002
Benjamini 1995

II

Venables and Ripley 2013

III

I, III, IV

Anderson and Walsh 2013

I, III, IV

Borcard et al. 2018

II, IV
II

Gower 1966
Dufrene and Legendre
1997
(Anderson,
2006;
Anderson et al 2006)

5. RESULTS AND DISCUSSIONS

5.1 Effect of PAH-pollution on soil microbial communities (study I)
To study the changes in the soil bacterial community as a result of PAH-pollution, bacterial
16S rRNA gene fragment sequence datasets were compared between eight uncontaminated
and eight creosote contaminated soil samples. Proteobacteria was the most abundant phyla
in both uncontaminated and creosote contaminated soil types, which was followed by
Acidobacteria, Actinobacteria, unclassified bacteria, Bacteroidetes and Verrucomicrobia
(Table 7). The abundance of the phylum Proteobacteria was further increased after creosote
exposure compared to uncontaminated soil samples, and in particular, class
Betaproteobacteria was over-represented in contaminated soils. In contrast, the relative
abundance of Actinobacteria and Bacteroidetes was lower in creosote contaminated soils
(Table 7).

Table 7. Relative abundance (mean and 1 standard deviation (SD)) of the bacterial phyla
(and classes within the phylum Proteobacteria) in uncontaminated and creosote
contaminated soil samples
Uncontaminated

Creosote contaminated

Phylum

Mean

1SD

Mean

1SD

p-value

Acidobacteria

0.269

0.089

0.268

0.170

>0.05

Actinobacteria

0.092

0.041

0.049

0.016

0.043

Bacteroidetes

0.069

0.034

0.010

0.013

0.005

Candidatus_Saccharibacteria

0.013

0.006

0.002

0.003

0.015

Gemmatimonadetes

0.007

0.013

0.001

0.003

>0.05

Proteobacteria

0.315

0.071

0.509

0.166

0.046

Alphaproteobacteria

0.120

0.033

0.127

0.075

>0.05

Betaproteobacteria

0.082

0.032

0.234

0.057

0.013

Gammaproteobacteria

0.054

0.019

0.076

0.018

>0.05

Deltaproteobacteria

0.057

0.041

0.061

0.022

>0.05

Unclassified bacteria

0.130

0.107

0.049

0.061

>0.05

Verrucomicrobia

0.060

0.035

0.074

0.054

>0.05

P-values were corrected by FDR. The table includes phyla and classes represented by more than 1% of the
sequences.

PERMANOVA was carried out to compare the bacterial community composition between
creosote-contaminated and pristine soils and were visualized using NMDS ordination using
Bray-Curtis dissimilarity metric (Figure 5). It was observed that the community composition
was different at the genus level (Figure 5a) and at higher taxonomic level but not at the OTU
level (Figure 1 in article I). This was probably caused by the prevalence of OTUs unclassified
into any particular taxa suggesting limitations related to methodology including the choice
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of sequencing technology or the choice of hypervariable region within the 16S rRNA in this
study. At the phylum level, Proteobacterial community composition differed between the
two treatment types (Figure 5b). PERMANOVA revealed that creosote spiking and soil type
had separate main effects on the genus level and Proteobacterial community composition
with no strong interaction effect (Table 3 and 4 in article II).

Figure 5. NMDS ordination revealing a difference in the bacterial community
composition in creosote contaminated and pristine soil samples. (a) The bacterial
community composition was different at the genus level (b) At the phylum level, creosote
contamination induced distinct shifts in the Proteobacterial community composition. Braycurtis distance was used as dissimalirity metric. Pine.F denotes pine forest soil and Spruce.F
represents spruce forest soil.

The observation regarding the increase in the abundance of Proteobacteria (and class
Betaproteobacteria) and decrease in that of Bacteroidetes and Actinobacteria correspond to
a few preceding studies carried out in a variety of environmental samples including soil
samples and sediments (Lors et al. 2010; Martin et al. 2012; Peng et al. 2013; Mukherjee et
al. 2014; Sawulski et al. 2014; Llado et al. 2015). This suggests that these alterations could
be general consequences of PAH-pollution in the environment. These findings support the
observations from previous studies that Proteobacteria is the main degrader of PAH
(Singleton et al. 2006; Lors et al. 2010), while reduction in Bacteroidetes coud be due to
their sensitivity to hydrocarbons (Kim and Kwon 2010) and subsequent enrichment of other
microbes that can utilize these compounds.
However, these observations have been made previously in the interest of bioremediation,
which was not the scope of the current study. These bacteria comprise of the major bacterial
groups in soil as well as in the human body including the skin, nasal epithelium and the gut
(Ley et al. 2006; Fierer et al. 2007; Gupta et al. 2017). Recent studies suggest interactions
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between environmental microbes and the human microbiota and that environmental
microbes could modulate the human immune system (Von Hertzen et al. 2011; Hanski et al.
2012). Soil in particular is a very rich source of a wide variety of microbes and less exposure
to microbes in soil and vegetation has been suggested to be associated with immunemediated disorders including atopy (Von Vertzen and Haahtela 2006; Von Hertzen et al.
2006). Therefore, long-lasting modifications in the environmental microbes induced by
pollutants such as PAH could therefore affect human microbiota and consequently human
health. Studies have reported increased abundance of Proteobacteria and reduced
abundance of Actinobacteria detected in household dusts of atopic individuals and
enrichment of Proteobacteria in the household dust of asthmatics suggesting that increased
exposure to Proteobacteria and reduced exposure to Actinobacteria could contribute to the
risk of developing these diseases (Pakarinen et al. 2008; Ciaccio et al. 2015).
Another interesting possible research prospect related to the association between PAH
pollutants and human health is the direct effect of these pollutants on the human microbiota.
Actinobacteria, Proteobacteria and Bacteroidetes are abundantly present in different body
habitats. Members belonging to Bacteroidetes in particular are associated with immune
function because of their ability to modulate various components of the immune system
(Mazmanian et al. 2008; Round and Mazmanian 2010). A reduced abundance of
Actinobacteria or Bacteroidetes or increase in Proteobacteria have been associated with
several health disorders of respiratory tract, gastrointestinal disorders or other systemic
diseases (e.g. Larsen et al. 2010; Lepage et al. 2011; Chen et al. 2012; de steenhuijsen Piters
et al. 2015; Panzer and Lynch 2015; West et al. 2015).
Based on the shifts induced in soil microbial communities and the association of the
environmental and the human microbes with human health, an altered microbiome model
was proposed in which it is speculated that health-effects produced by PAH compounds
could be caused by altered exposure to environmental microbes and/or dysbiosis of the
human microbiota in addition to direct-toxin exposure as shown in Figure 6.
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Figure 6. A speculated model of the “altered microbiome hypothesis” mediated
by pollutants such as PAHs. PAH are thought to produce adverse health effects through
direct exposure. We showed that PAHs can modify the environmental microbiome and
therefore health effects may also arise due to altered human-exposure to these microbes. In
addition, PAHs can possibly alter the human microbiome like they modify the
environmental microbiome, which needs investigation. Changes in the human microbiome
are also associated with adverse health outcomes. Therefore, the health-effect of PAH (or
pollutants in general) could be multifaceted involving complex networks of interaction
between the pollutants and the environmental and the human microbiome, which could be
of potential research interest in the future.

Even though this is the first study to suggest this hypothesis, it should be acknowledged that
it is limited to the analyses at the phylum level, mainly because of technical limitations. In
addition, the effect of PAHs on human microbiota was also not studied. Future studies are
recommended to use more powerful analytical methods to study the association between
PAH pollution and any health-associated microbes in the environment and/or human body
at finer taxonomic levels. Approaches such as shotgun metagenomics sequencing that allows
not only a more comprehensive study of taxonomy and functional potential of the bacterial
communities but also offer the possibility to explore other kingdoms such as fungi, virus and
eukaryotes could be employed in future studies.
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5.2 Effect of land cover on the transfer of environmental microbes indoors
(Study II)
In order to understand the role of land-cover in the immediate vicinity of people’s houses on
indoor transfer and exposure to diverse environmental microbes, standardized doormats
were placed inside the main door of the participants’ houses in 20 urban 30 and rural
houses. Doormats were used by participants for an average of 18 (±1) days in August 2015
and the association between the amount of litter as well as the bacterial diversity on doormat
and the land cover type within 200 m radius were inferred using multiple linear regression.
The average amount of debris collected was higher in rural (13.78 ± 17.44 g) than in urban
doormats (1.37 ± 2.99 g) by 10-folds (W = 828, p < 0.001; Wilcoxon test). Additionally, the
amount of doormat debris had inverse correlation with coverage of built area (R 2 = 0.013,
p=0.009). This suggested that people living in highly built, urban areas carry significantly
less environmental litter compared to people living in rural areas having a higher proportion
of natural environment including soil in their surroundings. Soil and natural materials
comprise a diverse range of microbiota, a reduced exposure to which could lead to immune
mediated disorders (Von Hertzen and Haahtela 2006; Von Hertzen et al. 2006). An
increased exposure to soil microbiota, facilitated by the transfer of larger amount of natural
materials inside could therefore possibly confer protection against immune mediated
disorders.
Proteobacteria was the most abundant phyla on the doormats, which was followed by
Bacteroidetes, Actinobacteria, Firmicutes and Acidobacteria (Supplementary table S1,
article II). PCoA analysis revealed that the bacterial community composition did not differ
between the rural and urban doormat samples (Figure 2, article II). The diversity (Shannon’s
index; R2 = 0.31, p < 0.001) and richness (number of species; R2 = 0.28, p < 0.001) of the
doormat bacterial communities declined with an increase in the percentage of built-up area
within 200 m of the study sites (Figure 7). Additionally the diversity and richness of major
bacterial phyla i.e. Proteobacteria, Actinobacteria and Bacteroidetes exhibited negative
association with the coverage of built area. The diversity of Firmicutes was reduced,
eventhough the association was weak, while its richness had no association with an increase
in built area (Figure 3 in article II). The diversity and richness of dominant classes belonging
to Proteobacteria, i.e. Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria
declined with an increase in the coverage of built area (Supplementary figure S4 and
Supplementary table S2 in article III).
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Figure 7. Association between the bacterial diversity and richness in the
doormats and the coverage of built area in study II. The Shannon diversity index
(A) and richness (B) both decline with an increase in built area within 200 m of study sites.
The black diamonds and triangles represent rural sites and the corresponding shapes in red
denote urban sites.
An overall reduction in the alpha diversity of the bacterial community with increased
coverage of built area support the general conclusion drawn by Wills-Karp et al. (2001),
which suggested that exposure to diverse environmental microbes is limited by expanding
urbanization. This finding is particularly significant in the light of an earlier study which
suggested that the diversity of microbial species, rather than exposure to one particular
microbial component, may be particularly important in the prevention of immuneassociated diseases such as allergy and asthma (Heederik and von Mutius 2012).
Similar analyses were conducted for the relative abundance of the major bacterial phyla and
it was observed that the relative abundance of Proteobacteria (R 2 = 0.11, p = 0.017)
increased, whereas that of Actinobacteria declined (R2 = 0.24, p < 0.001) with an increase
in the coverage of built area (Figure 8). Within Proteobacteria, the relative abundance of
class Gammaproteobacteria increased with an increase in the coverage of built area (R 2 =
0.23, p < 0.001; Supplementary figure S5B in article II).
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Figure 8. Association between the relative abundance of the major bacterial
phyla in the doormat litter and the percentage of built area within 200 m
radius. The relative abundance of Proteobacteria (A) showed positive association while that
of Actinobacteria (B) showed negative association with an increase in the percentage of built
area. Black squares represent rural and red squares denote urban sites.
The increase in Proteobacteria and the reduction in Actinobacteria in doormats in heavily
built area was remarkably similar to study I where similar shifts were observed in PAHpolluted soils. Together, these findings suggest that these alterations could be a general
trend in urban context. More importantly, this finding could have clinical significance since
previous studies have demonstrated that Proteobacteria is enriched and Actinobacteria is
reduced in the household dust of asthmatics and atopic individuals suggesting that
differential exposure to these bacterial phyla could be associated with these health disorders
in particular (Pakkarinen et al. 2008; Ciaccio et al. 2015).
Doormat samples from the household owning animals such as dog, cat, cow, sheep and horse
that were originally included in the analyses were removed to observe if the findings were
confounded by animal ownership. It was observed that only the diversity of Firmicutes and
the richness of Gammaproteobacteria, which had negative association and the abundance of
Proteobacteria that had positive association with the coverage of built area disappeared.
However, these associations were already very weak (R 2 ≤ 0.11), suggesting that the findings
were not substantially affected by animal ownership. However, a previous study suggested
that pets may have a bigger role in transferring environmental microbiota indoors (Schaub
and Vercelli 2015). One possibility for the contrasting result in our study could be due to a
high variation in the distribution of animal owners in our study (13 in rural and 2 in urban)
and therefore data analysis was carried out in two different datasets: one comprising of all
50 doormat samples and the other consisiting of 35 samples without animal owners. This
prevented a direct comparison between the microbial diversity in household having animals
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and the ones without animals, which would have provided a better picture concerning the
role of animals in bringing environmental microbiota indoors. This should be taken into
consideration in future studies aiming to understand the role of pet-ownership on indoortransfer of environmental microbiota.
Further analyses were carried out at the family and genus level to explore the potential
difference in the distribution of potentially pathogenic families and genera and it was
observed that the relative abundance of Enterobacteriaceae, Mycobacteriaceae (including
genus Mycobacterium) and Streptococcaceae (genus Streptococcus) increased with an
increase in the built area coverage (Table 8).
Table 8. Statistical parameters revealing the association between potentially pathogenic
families and genera and the coverage of built area from multiple linear regression
Taxa

Statistical parameters

Family level
Streptococcaceae

R2
0.10

DF
48

p value
0.02

Enterobacteriaceae

0.13

48

0.01

Mycobacteriaceae

0.10

47

0.04

Genus level
Streptococcus

0.12

48

0.01

Mycobacterium

0.10

47

0.04

These families and genera include well characterized pathogenic species (Schwaber and
Carmeli 2008; Bottai et al. 2014; Lory 2014) suggesting that urban dwellers are exposed
more to potential pathogens while also being less exposed to diverse environmental
microbes. This observation is significant from the point of view of the hygiene hypothesis,
which suggests that exposure to pathogens early in life could be associated with better
immune function later in life. However, studies also suggest that exposure to less virulent
pathogens among increasing proportion of immunocompromised and/or chronically ill
population could be associated with an increased rate of opportunistic infections (Groll and
Walsh 2001; Liu et al. 2011), which could be of better relevance in this study that comprised
of elderly participants. This observation highlights that microbial exposure may have a
different relevance depending on age and health status, which should also be taken into
consideration.
The indoor microbial environment and the effect of exposure have been the subject of a few
previous studies that involved the analyses of household dust or bioaerosols (e.g. Pakarinen
et al. 2008; Dunn et al. 2013; Barberán et al. 2015; Dannemiller et al. 2016). There are also
reports, which suggest that land cover outside could play a role in shaping indoor microbiota
(Alenius et al. 2009; Ege et al. 2011). However, the use of indoor dust and aerosols is
confounded by poor separation of indigeneous microbial communities from those
contributed by the environment. Moreover, there are studies that suggest that indoor
microbial diversity is, in large part, shaped by human occupants (Täubel et al. 2009). This
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shortcoming was obviated in this study by sampling the debris deposited on doormats,
which presumably provides much better estimation of the microbes transferred from
outside. Analysis of exposure to environmental microbes has been the subject of growing
interest recently in the light of “the biodiversity hypothesis” which suggests that reduced
contact with environmental microbes due to declining environmental biodiversity may be
the reason behind a high prevalence of immune-mediated disorders in highly urbanized
parts of the world (Von Hertzen et al. 2011; Haahtela et al. 2015). Future studies are
therefore needed to investigate if this reduced exposure indeed have negative health effects.

5.3 Effect of land cover and vegetation type in the surrounding on the gut
microbial community in the elderly (study III)
To explore the association between the gut microbiota and the land coverage as well as the
vegetation outside the homes of elderly Finns, a 16S rRNA gene dataset comprising of
sequence information from DNA extracted from a total of 61 stool samples from 20 urban
and 13 rural volunteers collected repeatedly at two different time points (August and
November 2015) was analyzed. Firmicutes and Bacteroidetes were the two dominant phyla
in their stool samples representing 92% of the total sequences in urban samples and 91% in
rural samples, Figure 1 in manuscript III).
PERMANOVA was performed to compare the community composition of the stool bacteria
between rural and urban participants and were visualized using NMDS ordination. No
apparent difference in the community composition was observed between rural and urban
stool samples regardless of the sampling time. GLMM analysis was carried out to search for
any associations between the environmental variables and the diversity and richness of the
whole bacterial community and the relative abundance of individual taxa in stool. Two
different models were built to observe the effect of land cover (percentage of built, forest and
transitional area) within 200 m and vegetation (number of total plant species, shrubs, nonwoody flowering plant, tree and fern species) within 0.1 hectare separately. Gender, ruralurban classification and sampling month were included as factors. The diversity and
richness of the overall bacterial community were independent of the gender, sampling
season, land cover or the vegetation type. However, land cover and vegetation types were
associated with shifts in the relative abundance of several bacterial taxa.
The number of yard shrub species and non-woody flowering plants were the most important
predictor variables associated with the stool bacterial community. The relative abundance
of the phylum Firmicutes increased with an increase in the number of yard shrub species.
At the genus and family level, the relative abundance of Faecalibacterium sp. (and family
Ruminococcaceae) and Blautia sp. increased while that of Clostridium sensu stricto sp. (and
family Clostridiaceae 1) and Prevotella sp. (and family Prevotellaceae) declined with an
increase in the number of yard shrub species (Table 9). Likewise, family Prevotellaceae was
the sole taxon at lower taxonomic level that was associated with the number of non-woody
flowering plants. At the higher taxonomic levels, the abundance of class Bacteroidia and
phylum Bacteroidetes as well as Bacteroidetes to Firmicutes ratio increased with an increase
in the number of flowering plant species (Table 9).
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Table 9: GLMM results revealing the association between the relative abundance of the
stool bacterial taxa and the number of yard shrub species and non-woody flowering plant
species. Only statistically significant (p<0.05) are shown
Taxa

Estimate

Standard error

p value

0.0198

0.0071

0.004

Clostridiaceae 1a

-0.0051

0.0018

0.006

Prevotellaceaea

-0.0330

0.0135

0.014

Ruminococcaceae

0.0133

0.0040

<0.001

Blautiaa

0.0106

0.0031

0.001

Clostridium sensu strictoa

-0.0051

0.0018

0.006

Faecalibacteriuma

0.0150

0.0054

0.006

Prevotellaa

-0.0352

0.0136

0.009

Number of shrub species
Phylum level
Firmicutes
Family level

Genus level

Number of non-woody flowering plant species
Family level
Prevotellaceaea

0.0078

0.0036

0.029

Bacteroidia

0.0084

0.0029

0.004

Clostridia

-0.0058

0.0025

0.020

Bacteroidetes

0.0082

0.0027

0.003

Bacteroidetes:Firmicutesb

0.0388

0.0136

0.004

Class level

Phylum level

a=square root transformation, b=log transformation

The correlation between the abundance of a number of bacterial taxa and yard shrubs and
flowering plants suggests that the garden diversity could play an important role in the
maintenance of gut microbial homeostasis. A higher abundance of Faecalibacterium sp. is
taken as a marker of healthy gut (Rajilic-Stojanovic et al. 2011; Laursen et al. 2017), whereas
many members of Clostridiaceae and particularly those of Clostridium sensu stricto sp. are
pathogenic and their proliferation indicate unhealthy gut (Lakshminarayanan et al. 2013;
Rajilic-Stojanovic and de Vos 2014). In addition, a high Bacteroidetes to Firmicutes ratio
has been suggested to be beneficial for the human immune system because of the capability
of high proportion of Bacteroidetes to produce SCFAs in the intestine via fermentation of
dietary fibers, which are important immunomodulatory components (Thorburn et al. 2015).
Therefore, a high abundance of shrubs and flowering plants seem to contribute positively in
the maintenance of healthy gut microbiota composition and investigations of health effects
associated with them represents an attractive prospect for future research.
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Regarding the role of land use type, the coverage of built area had more influence on the
stool bacterial community compared to the forest and transitional area. Family
Bacteroidaceae and genera Bacteroides and Parabacteroides sp. increased, while that of
Prevotella sp. declined with an increase in the built area coverage (Table 10). Comparison
of the abundance of the taxa between rural and urban stool samples revealed that the built
area had similar effects to the urban environment. An increase in the abundance of
Parabacteroides sp. and Blauita sp. and decrease in the abundance of Prevotella sp. and
Clostridium sensu stricto sp. was observed in the urban samples (Supplementary figure S3
in manuscript III).

Table 10. GLMM results revealing the association between the relative abundance of the
stool bacterial taxa with the coverage of built up area within 200 m radius of participants’
houses. Only statistically significant (p<0.05) results are shown
Taxa
Family level

Estimate

Standard error

p value

Bacteroidaceaea

0.0019

0.0008

0.019

Bacteroidesa

0.0019

0.0008

0.019

Doreaa

0.0007

0.0004

0.020

Parabacteroidesa

0.0007

0.0002

0.009

Prevotellaa

-0.0030

0.0012

0.014

Genus level

a=square root transformed

An increased abundance of Dorea sp. is associated with health disorders including irritable
bowel syndrome as well as type II diabetes mellitus (Rajilic-Stonajovic et al. 2011; Zhang et
al. 2013), whereas bacterial species belonging to Parabacteroides have been demonstrated
to modulate the immune system and prevent the severity of inflammation in inflammatory
bowel diseases in mice (Kverka et al. 2010; Lathrop et al. 2011). On the other hand, there are
contrasting reports on the effect of increased Bacteroides sp. in the human gut. Some studies
suggest that its increased abundance is associated with several health disorders including
type II diabetes, inflammatory bowel diseases, ulcerative colitis and colorectal cancer
(Swidsinski et al. 2002; Lucke et al. 2006; Larsen et al. 2010; Kostic et al. 2012). Other
reports suggest that its reduced abundance is implicated in irritable bowel syndrome
(Saulnier et al. 2011) and the components of cell wall in Bacteroides fragilis may play an
important role in balancing T cell responses in the favor of prevention of allergies
(Mazmanian et al. 2008). Therefore, the possible health effects of the coverage of built
environment based on its association with the composition of the gut microbiota was not so
straightforward to predict. This suggests needs for better resolution of the bacterial taxa
upto species or strain level and simultaneous analysis of the built area coverage, the gut
microbiota composition and the health status.
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Interestingly, the findings about the associations between the abundance of stool bacterial
taxa and the coverage of built area and the urban area in general concord with several
previous reports on the difference in the gut microbiota composition in cross-continental
populations. Those studies have demonstrated a higher abundance of taxa such as
Bacteroides sp., Blautia sp. and Dorea sp. in the urban populations from Europe and
America and enriched Prevotella sp., Clostridiaceae and Clostridium clusters in the gut of
hunter gatherers from Africa and South America (Yatsunenko et al. 2012; Ou et al. 2013;
Schnorr et al. 2014; Obregon et al. 2015; O’Keefe et al. 2015; Gomez et al. 2016). However,
the study populations in those studies belong to different ethnic groups and the differences
found are primarily due to a huge diversity in life style including diet, access to modern
therapy and use of antibiotics and medicines, exposure to parasites, pets and livestocks
(Gupta et al. 2017). In contrast, the participants in this study were more homogenous
comprising of healthy people belonging to a same age group (65-79) and similar ethnicity,
not owning pets, antibiotics-free for the past 6 months and similar dietary habit
(Supplementary table S1 in manuscript III). These findings suggest that a higher coverage
of built environment could be one of the reasons behind the shifts observed in microbiota
composition of people living in highly urbanized societies compared to the people residing
in the rural parts of the world.
Based on the observed associations between the abundance of the stool bacterial taxa and
yard vegetation and land cover type, this study therefore suggests that the living
environment could play an important role in shaping the gut microbiota composition. This
opens up possibilities for further studies to investigate the reasons behind such findings.
Recent evidences suggest that exposure to or direct contact with soil and vegetation and even
house dust can modify the gut microbiota (Zhou et al. 2016; Nurminen et al. 2018, Ottman
et al. 2018). These findings are relevant in the context of the current study for two reasons.
First, study II in this thesis demonstrated that the coverage of built area affects indoor
exposure to soil and other natural materials and people living in densely built areas are
exposed to much less environmental materials and carry less litter inside their houses.
Second, the sampling time in this study, i.e. November coincides with the time of decay of
foliage fallen from the plants and probable microbial growth and therefore exposure.
Therefore, the effect of built area coverage and the vegetation type on the gut microbiota
composition could infact be due to a differential exposure to soil and natural materials and
decaying plant foliages. However, the effects of direct microbial exposure from shrubs (as
they are of about same height as humans) and consumption of edible plants and fruits such
as berries on the gut microbiota cannot be ruled out. Another interesting possibility on the
effect of surrounding vegetation on the gut microbiome may be related to the cascading
effect of green environment on the gut microbiota composition. Frequency of contacts with
the surrounding green environment is known to be associated with stress levels (Tyrväinen
et al. 2014), which in turn affects the composition of the gut microbiota (Kelly et al. 2015).
However, the later effect is less likely to hold a huge significance in this study since the gut
microbiota of the participants was not correlated with the coverage of forest around their
residence suggesting that an exposure to soil and plant-based microbiota may in fact be a
better predictor of the gut microbiota composition. Nevertheless, future researches can take
these assumptions into consideration in studying how the land cover and vegetation type are
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associated with the human gut microbiota and whether it is associated with any health
effects.

5.4 Effect of direct contact with soil and plant based materials on skin
microbiota (Study IV)
Exposure to natural biodiversity and specially contact with soil and vegetation has evidently
declined in urban populations, which could be associated with the high prevalence of
immune-mediated non-communicable diseases in the western world. Skin microbes likely
interact with the environment, receiving constant inputs from the environmental
microbiota. However, to what extent the natural materials such as soil and plant materials
in reality modify the skin micrbiome remains largely unexplored. This study investigated
whether a direct contact with specially designed natural ingredients comprising of soil and
plant materials is effective in increasing the microbial diversity on the skin.
In experiment I, two urban volunteers were asked to rub eight out of sixteen composted, soil
and plant based materials on their hands for 20 seconds. Changes in the skin microbiota
composition was measured immediately after they washed their hand. The most common
bacterial phyla on the hand skin before the exposure were Actinobacteria, Proteobacteria
and Firmicutes. It was observed that the relative abundance of Acidobacteria and
Bacteroidetes as well as that of several less common phyla increased after exposure (Figure
1, article IV). Paired t-test and Wilcoxon signed rank test results revealed that the diversity
(Shannon index) of the total bacterial community was higher (p≤0.045) after exposure at all
taxonomic levels as well as that of the tested phyla except for the phylum Firmicutes (Figure
9). Wilcoxon signed rank test of quantitative PCR also revealed that the total bacterial
abundance (number of bacterial 16S rRNA copies) was also higher after the exposure
(p=0.001, V = 9, Figure 3, article IV).
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Figure 9. Shannon diversity index of bacteria in hands before and after
exposure to plant and soil materials at all taxonomic levels (the whole
community) and the tested phyla. “t”denotes T-statistic in parametric paired t-test and
W represents W-statistic in non-parametric Wilcoxon-signed rank test

PERMANOVA revealed that the change in bacterial community composition after the
exposure to the tested materials was highly significant (Table 1, Figure 4 in article IV). Lack
of interaction between the person and treatment in all but phylum level and phylum
Actinobacteria suggested that the change observed was independent of the individual using
the test materials. PERMDISP analysis showed that the exposure induced a significantly
higher variation in the bacterial community composition at the order, family, genus and
OTU levels as well as for the OTU level data within Actinobacteria, Firmicutes,
Proteobacteria and Gammaproteobateria (Table 1, article IV). Aditionally, the skin bacterial
community composition was confirmed to have returned to initial state between two
sampling points by visualising the community composition plotted with sampling order.
In another experiment (experiment II), two volunteers tested two packets of moss filled
packets on their inner forearms for 3 hours and 45 minutes. The results revealed that it was
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effective in increasing the Shannon diversity index in all and the bacterial richness in all but
1 case (Table 11). It also led to a change in the bacterial community composition on skin,
which was more similar to the moss material than the skin itself before exposure suggesting
that the change in the composition was induced by transfer of bacterial OTUs from the
packets to the skin.
Table 11. Bacterial richness and diversity in hands increased after exposure to packets filled
with moss material. Two participants tested two packets made of different textile (ST04DIA
was tested by both participants). Values before and after using the packets are shown. Also
the respective values in the moss material used inside the packets are shown.
Packet textile

Sample

Number of OTUs

Shannon index

DS100

Before

181

2.93

DS100

After

229

3.37

Cotton fabric

Before

156

2.71

Cotton fabric

After

275

3.73

ST047DIA_1

Before

191

2.59

ST047DIA_1

After

229

3.14

ST047DIA_2

Before

230

3.15

ST047DIA_2

After

216

3.45

472

3.74

Moss

These findings suggest that nature-based materials comprising of diverse microbial
communities are effective in increasing the microbial biomass and diversity on skin after
short-term direct exposure and are hardly affected even after washing hands with water. The
second experiment presents an even more convenient way of applying the exposure material
to increase the skin microbial diversity. These findings open new possibilities to study the
effect of exposure to environmental microbes on downstream effects such as the functioning
of the immune system. This could be particularly significant in the light of biodiversity
hypothesis, which suggests that a cross-play between environmental microbes and human
immune system could confer protection against immune system dysfunction and prevent
the occurrence of immune mediated diseases (Von Hertzen et al. 2011). Additionally, since
the approaches used in this study are very simple, they could be employed as feasible
alternatives to other more complicated methods such as the transplantation of microbes
from one body part to another (Costello et al. 2009).
The role of microbes on the human immune function has been well recognized by several
previous studies with attempts to use microbe-based treatment to mitigate and cure immune
related disorders. However those have been limited to the use of living or inactivated
probiotic bacteria (Berth-Jones et al. 2006; Marschan et al. 2008; Abrahamsson et al. 2013),
parts of bacteria (Kline, 2007), bacterial or helminth excretions (McSorley et al 2012) and
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fecal transplantations. Fecal transplantation, even though promising, has only been shown
to be effective in the treatment of severe Clostridium difficile diarrhea and inflammatory
bowel diseases, and not in the modulation of the immune system in particular (Cohen &
Maharshak, 2017). Other approaches based on the exposure to certain microbial species or
their components or excretions have produced mixed results ( Berth-Jones et al. 2006; Kline
2007; Marschan et al. 2008; McSorley et al. 2012; Abrahamsson et al 2013). Among these
methods, the use of probiotics to mitigate the immune disorders has been the subject of
extensive research interest utilizing a single or few microbial species and have often
produced contradictory results possibly due to a discrepancy between disease phenotype
and microbial species or strain (Abrahamsson et al. 2013; Nermes et al. 2013; Stiemsma et
al. 2015).
The material-based approach comprising a high diversity of microbes used in this study
could be studied further to overcome those shortcomings, since exposure to diverse
microbes rather than one or few particular microbial strains could be more helpful in betterfunctioning of immune system (Pakarinen et al. 2008; Ege et al. 2011; Hanski et al. 2012;
Heederik and von Mutius 2012). This is further supported by the reports of association
between the human microbial diversity and immune disorders (Manichanh et al. 2006;
Abrahamsson et al. 2012; Scher et al. 2015) and positive association between rural living and
human microbial diversity (De Filippo et al 2010; Yatsunenko et al 2012; Schnorr et al 2014).
Additionally, the holistic approach used in the study serves to promote contact with
environmental microbial stimuli naturally and also encourages people to adopt activities
that enhances contact with soil and plants such as gardening.
This study therefore demonstrated that an exposure to nature-based materials was effective
in increasing the overall alpha and beta diversity of skin microbiota and therefore offers
promises in the manipulation of the human microbiota and possibly the immune function.
Indeed, a recent study demonstrated that exposure to soil is effective in modifying gut
microbiota composition, immune function and susceptibility to allergic inflammation in
mice (Ottman et al. 2018). It should be acknowledged that the effect observed here was
transient, which was evident from the return of the composition of the skin microbiota to
the initial stage before second sampling. This was probably mediated by short term contact
or may be due to the fact that composition of skin microbiota is more dependent on the
stability of community rather than the input from the environment (Byrd et al. 2018).
Nevertheless, previous reports suggest that soil microbiota can remain on the skin for up to
24 hours upon exposure (Bateman 2017) and skin microbiota exhibits somewhat temporal
stability (Costello et al. 2009). It is therefore possible that longer or frequent contacts could
lead to long term changes in skin microbiota, which should be investigated. Future studies
should seek approaches for long term stability of microbes transferred from soil and plant
materials into the skin.
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6. CONCLUSION AND FUTURE PERSPECTIVES
The studies described in this thesis examined the effects of the components of the living
environment including pollutants, coverage of built area and yard vegetation on the
environmental (soil) microbiota, human exposure to these microbiota indoors as well as the
human gut microbiota. The findings overall suggested that the living environment influences
human exposure to the environmental microbiota and the composition of gut microbiota,
which may have further implications on human health. A simple intervention method was
then employed to explore the possibility of enhancing human contacts with microbies by the
use of natural ingredients, which led to a short-term increase in the diversity of skin
microbiota. The results obtained from the thesis has the potential to affect the decision
making of several stakeholders including common people (mostly urban dwellers), fellow
researchers, urban planners and health-product manufacturers.
The first study showed that pollutants such as PAHs altered the composition of soil
microbiota and led to an increase in the abundance of the bacterial phylum Proteobacteria
and decrease in the abundance of Bacteroidetes and Actinobacteria regardless of the soil
types examined. Emerging studies are suggesting that the composition of the human
microbiota is influenced by the exposure to the environmental microbes (e.g. in soil) and
similar shifts in the human microbiota composition in the gut, respiratory tracts and lungs
are known to be associated with immune-mediated disorders. Based on these literature
evidences and the results from the study, a novel “altered-microbiome hypothesis” was
proposed to speculate that PAH-pollutants could be associated with human health by
changing the environmental and possibly the human microbiome in addition to their direct
impact on human physiology. It could also open up the possibility of other environmental
pollutants affecting the human health in a similar way. However, more concrete
improvements and verifications are needed in the future studies to address the shortcomings
in this study including the technological upgrade and more in-depth analyses before the
hypothesis is recognized. Nevertheless, these observations could have implications in urban
planning if it turns out that the effect of PAH pollution on the environmental microbiota is
chronic or irreversible, which should also be investigated. If so, that would necessitate the
design of urban landscaping materials to facilitate a faster degradation of those compounds
without substantial shifts in the microbial community composition, which has been the
subject of one of our recent studies (Roslund et al. 2018).
The second study examined the role of land cover type within 200 m radius on indoor
transfer of environmental microbes and demonstrated that the diversity and richness of the
overall bacterial community as well as the major bacterial phyla i.e. Proteobacteria,
Bacteroides and Actinobacteria are significantly reduced in heavily built environment. It was
also observed that urban dwellers were more exposed to potentially pathogenic bacterial
taxa including Enterobacteriaceae, Mycobacteriaceae (and genus Mycobacterium), and
Streptococcus than the rural counterparts, which could have negative effects on the health
of elderly people residing in those houses, particularly if they become immunocompromised.
The overall reduced microbial exposure among residents of heavily built urban societies
could be a significant finding because of its association with immune mediated disorders,
which is on rise in the urbanized western societies (Von Hertzen et al. 2011, Haahtela et al.
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2015). This information could be very important in urban planning to investigate the ways
to ensure a high level of microbial diversity in densely built urban areas. This is particularly
important amidst suggestions that urbanization will likely continue and more people are
expected to live in urban areas in the near future (Von Hertzen et al. 2011; United Nations
2014). One of the possible solutions to enhance exposure to diverse microbiota could be the
development of innovative consumer products containing a high forest biodiversity
(Puhakka et al. 2018). A collaborative effort between urban planning and such innovative
solutions will help urban dwellers have a better chance of being in contact with higher
environmental microbial diversity and receive the assumed benefits associated with it.
The third study demonstrated that land cover type and garden vegetation diversity were
associated with the gut microbial community of elderly Finns. The number of shrub species
was associated with an increase in the abundance of genus Faecalibacterium (family
Ruminococcaceae) and reduced abundance of Clostridium sensu stricto (family
Clostridiaceae), whereas, non-woody flowering plants was positively associated with
Bacteroidetes to Firmicutes ratio and Prevotellaceae. The coverage of built up area was
positively associated with the relative abundance of Bacteroides, Dorea and
Parabacteroides and negatively with Prevotella. Therefore, shrubs and non-woody
flowering plants seem to have positive influence on the modulation of the gut microbiota
because of the previously recognized beneficial effects of increased Faecalibacterium,
reduced Clostridium sensu stricto and increased Bacteroidetes to Firmicutes ratio on gut
health and immune function. The possible health effects of built area coverage was
unpredictable because of the previously reported bidirectional health effects of Bacteroides,
positive effect of Parabacteroides and negative effects of Dorea. Nevertheless, these shifts
corresponded to those observed in gut microbiota composition compared between rural and
urban populations in large-scale cross continental studies (Gupta et al. 2017), suggesting
that the coverage of built environment may be an important factor explaining the
observations.
These findings open up further possibilities to study the role of living environment in
shaping the gut microbiota composition. Recent reports from animal study (Zhou et al.
2016, Ottman et al. 2018) and our study on humans (Nurminen et al. 2018) suggest that gut
microbiota could in fact be modulated by exposure to soil and vegetation. These findings
could have an impact on urban planning to ensure a high exposure of urban residents to soil
and plants to maintain a healthy gut microbiota since dysbiosis of the gut microbiota is
associated with gastrointestinal and other systemic health disorders. One potential solution
can be the use of soil and plant based exposure products which has been shown to be
effective in modifying the gut microbiome in one of our most recent small-scale studies
(Nurminen et al. 2018). Depending on the outcome of the study that is being conducted on
a larger study population, a collaborative effort with the health-care product manufacturers
and urban planners would enable the development of products and services that could be
effective in increasing the diversity of the gut microbiome in urban inhabitants to minimize
the consequences resulting from a disturbed gut microbiota composition.
The final study demonstrated that a direct short-term contact with natural soil and plantbased materials is effective in increasing the biomass and the diversity of skin bacteria as
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well as the diversity of phyla Proteobacteria (including all major classes), Bacteroidetes,
Acidobacteria and Actinobacteria and at all taxonomic levels. Even though the effect was
transient, evidences from earlier studies (Patra et al. 2016; Bateman 2017) suggest that this
approach has the potential to induce long term changes in the skin microbiota once the
experimental design is optimized. Moreover, future studies are needed to study the
effectiveness of this approach in a larger study population as this study was conducted in
only two participants. Additionally, the suitability of this approach in modulating the
microbiota composition in other body parts e.g the gut as well as the immune function
mediated via the skin should be investigated.
To sum up, the findings from this thesis suggested that the anthropogenic changes in the
living environment such as the accumulation of pollution, increasing coverage of built
environment and the diversity of yard vegetation likely influence the association between
the microbes and humans. Contamination of soil by PAH- compounds led to changes in the
soil microbiota composition suggesting that pollutants may affect the human health by
altering the composition of the environmental microbiota people are exposed to or even the
human microbiota. Increased coverage of built area was associated with a reduced indoorexposure to diverse environmental microbiota and an increased exposure to pathogenic
bacteria, which could have negative impact on overall health. Garden diversity, particularly
a high abundance of shrub and flowering plant species seemed to be favorable for the gut
microbiota homeostasis because of their overall positive effect on the composition of the gut
microbiota. Finally, a nature-based intervention was examined to enhance human contact
with the environmental microbiota through short-term rubbing of hands with soil and plant
based materials, which was effective in increasing the microbial diversity and biomass.
Process optimization is probably needed for long-term benefits. Additionally, further studies
are required to verify if the observed outcomes can be translated into health effects.
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