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ABSTRACT  

Residents of modern cities have an elevated risk of developing immune 

mediated diseases due to lower odds of encountering rich microbial 

communities that help the formation of a healthy immune system. Due to this 

elevated risk, we are in search of prophylactic methods in order to reinforce 

urban microbial communities outdoors, and indoors, where city residents 

spend most of their time. In the light of previous studies regarding the 

biodiversity hypothesis, we should increase microbial diversity and occurrence 

of health-associated environmental microbes in cities. Such bacterial groups 

are lactobacilli, mycobacteria and proteobacterial classes including 

saprophytic taxa. Vegetation and soil are among the main sources of 

environmental microbes and their type and amount in the surrounding 

environment affect the local microbial communities. Bacterial community 

compositions, in turn, are reflected in the microbiomes of the residents. 

Several recent intervention studies support the biodiversity hypothesis and 

show that the immune system can be stimulated with increased exposure to 

rich microbial communities residing in soil and vegetation. The studies in this 

thesis focused on the immunomodulatory potential of plant and soil products 

in order to increase exposure to rich microbial communities in cities via plant 

substrates and vegetation. Most soil studies focus on natural soil but soil 

products (used in landscaping and as plant substrates), by which city dwellers 

are surrounded, are seldom studied.  

The first study of this thesis showed that long-term storage may lower the 

immunomodulatory potential of soil products even though their use may still 

be safe. To promote efficient and safe immunomodulatory use of soil products, 

I investigated the effect of long-term storage on the diversity and abundance 

of health-associated bacteria, as well as bacterial functions, in eight soil 

products. After the three-year storage, the diversity and relative abundance of 

most health-associated (potentially beneficial or harmful) bacterial taxa 

reduced. Indications of pathogenic functions did not increase during storage. 

Based on the results, it would be recommendable to determine an 

immunomodulatory shelf life for soil products and to keep storage times short. 

The second study recognized the potential of soilless air-circulating green 

walls as sources of immunomodulatory exposure at work spaces. A two-week 

exposure to the green walls during work days induced shifts in the skin 

bacterial communities of the study participants and in the immunomodulatory 

cytokines in the blood. The relative abundance of Lactobacillus spp. increased 

in connection to the green wall exposure. Additionally, the green walls induced 

an increase in the diversity of phylum Proteobacteria and class 

Gammaproteobacteria, which were connected to the reduction of pro-

inflammatory cytokine IL-17A. The exposure also increased the concentration 

of anti-inflammatory cytokine TGF-β1.  
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The third study demonstrated boosting the immunomodulatory potential 

of a standard plant substrate by supplementing it with side streams of forestry 

and agriculture. In yearlong growing experiments with grass vegetation, the 

bacterial community compositions in experimental substrates, which 

contained side streams, were compared to a commonly used grass substrate. 

The relative abundances of several proteobacterial taxa and Mycobacterium 

spp. increased in substrates containing moss, conifer needles, alnus litter 

and/or reed. Mixing commercial substrates containing side streams increased 

richness of the bacterial communities and biochar supplementation increased 

richness of phylum Proteobacteria and class Alphaproteobacteria.  

In the light of the results in this thesis, it seems that the immunomodulatory 

potential of soil products is higher when recently produced and supplemented 

with plant-based side streams that allow versatile habitats for microbes with 

varying preferences. The beneficial impact of green walls on the office workers 

indicates the immunomodulatory potential of indoor greening.  
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1. INTRODUCTION 

The beneficial health effects of environmental microbes have been studied in 

relation to microbial deprivation in urbanized areas. The interest towards this 

topic stems from the succession of ideas that microbial deprivation, alongside 

lifestyle and genetic traits for example, explains a notable portion of the 

increase in human immune dysregulation in cities which manifests as 

immune-mediated diseases, such as autoimmune diseases and allergies (Von 

Hertzen and Haahtela, 2006; Rook, 2009; Von Hertzen et al., 2011; 

Sinkkonen, 2022).  The research is motivated by the human suffering and 

financial burden on health care systems caused by immune-mediated diseases 

(AARDA, 2011; Jantunen, 2014; Haahtela et al., 2021, 2022). The hygiene and 

Old Friends hypotheses, which recognize the importance of microbial exposure 

in immune development, have been broadened into the biodiversity 

hypothesis of health highlighting biodiversity loss as the reason for urban 

microbial deprivation (Rook, 2009; Von Hertzen et al., 2011; Hanski et al., 

2012; Kondrashova et al., 2013; Haahtela, 2019). The needed biodiversity 

includes connection to soil and green spaces (Von Hertzen et al., 2011; Hanski 

et al., 2012; Haahtela, 2019). The biodiversity hypothesis is supported by 

studies where people living near nature and having more microbial exposure 

are found healthier than urban dwellers (Hanski et al., 2012; Ruokolainen et 

al., 2015; Kirjavainen et al., 2019; Nurminen et al., 2021). Additionally, the 

impact of biodiversity has been demonstrated by inducing beneficial immune 

responses and bacterial community shifts via exposure to nature-derived 

materials (Nurminen et al., 2018; Grönroos et al., 2019; Hui, Grönroos, et al., 

2019; Ottman et al., 2019; Puhakka et al., 2019; Roslund et al., 2020, 2021).  

Bacterial community composition on skin and gut have been found to 

impact human immune regulation and several bacterial taxa have been 

identified as immunomodulatory and beneficial to human homeostasis 

(Hanski et al., 2012; Fyhrquist et al., 2014; Kirjavainen et al., 2019; Valles-

Colomer et al., 2019; Roslund et al., 2020, 2021). The natural microbial 

diversity is suggested to provide environmental microbes that train the human 

immune system to tolerate harmless stimuli and to fend off pathogens (Rook, 

2009; Von Hertzen et al., 2011). The sources of beneficial microbes lie in the 

nature, in soil, plants and animals. In other words, the bacteria we are lacking 

in cities are the ones that are distributed everywhere in nature being a part of 

ecosystem processes like degradation and resource turnover (Rook et al., 

2004; Von Hertzen and Haahtela, 2006; Rook, 2009; Sinkkonen, 2022).  

To offer urban residents microbial environments that support their 

immune system formation, cities should try and mimic microbial communities 

found in nature. Roslund et al. (2020, 2021) have previously recognized that 

certain natural resources, such as forest floor, induce beneficial changes in 

human microbiota and immune regulation, but these resources are slowly 

renewable and of limited supply. Therefore, we should preserve the natural 
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areas that are left and augment the ones that have been irreversibly changed 

using sustainable resources.  

I studied the potential of soil products, indoor vegetation and forestry side 

streams as sources of beneficial bacteria that stimulate the immune system. In 

other words, I aimed to harness plants and their substrates as 

immunomodulatory tools. I investigated the storage of soil products from the 

immunomodulatory point of view by storing them long-term and observing 

their microbial communities as a whole and in regard to health-associated 

taxa. I considered the immunomodulatory potential of indoor vegetation by 

studying the impact of green walls on human subjects working in office spaces. 

This intervention study included a two-week intervention whose effects were 

detected from bacterial occurrence on skin and immune markers in the blood. 

Materials typical to forests on the Northern Hemisphere, such as moss, seem 

to contain very distinct microbial communities (Bragina et al., 2012). I 

explored the possibility of supplementing a standard plant substrate with side 

streams of boreal forestry and agriculture with the intention to increase 

beneficial bacterial occurrence in the substrate.



REVIEW OF THE LITERATURE 
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2. REVIEW OF THE LITERATURE 

2.1. IMMUNE-MEDIATED DISEASES AND IMMUNOMODULATORY 

MICROBIAL EXPOSURE 

The elevated risk of immune-mediated diseases in modern cities is partially 

explained by reduced encounters with diverse microbial communities needed 

for immune system development and this reduction results from loss of 

biodiversity and reduced contact with soil in urban areas (Rook et al., 2004; 

Von Hertzen and Haahtela, 2006; Rook, 2009; Franzetti et al., 2011; Von 

Hertzen et al., 2011; Hanski et al., 2012; Flandroy et al., 2018; Haahtela, 2019). 

Additionally, urban pollutants impact microbial communities in soil and 

plants (Parajuli et al., 2017; Tan et al., 2022) and in humans (Roslund et al., 

2019). The composition of microbial communities residing human bodies are 

known to impact the physical and mental health of people (Valles-Colomer et 

al., 2019) but environmental microbes play an important role in the balance of 

the communities and in stimulation of the immune system (Von Hertzen et al., 

2011). Through evolution, the development of human immunity has depended 

on the environment to introduce the range of the surrounding stimuli to 

tolerate and the threats for which to prepare (Rook, 2009). Environmental 

microbes provide information, with which the immune system learns to 

separate harmful from harmless stimuli, to fend off pathogens and to tolerate 

the myriad of microbes present everywhere (Rook et al., 2004; Von Hertzen 

and Haahtela, 2006; Rook, 2009; Rook and Bloomfield, 2021). 

Immunomodulatory bacterial taxa impact the immune system by stimulating 

human immune cells, for instance, via airways and skin (Rook et al., 2004; 

Von Hertzen and Haahtela, 2006; Von Hertzen et al., 2011; Fyhrquist et al., 

2014; Ottman et al., 2019). When the stimulation is lacking, the immune 

system may start to mistake harmless materials and human tissue as foreign 

threats. This may lead to the dysregulation of the immune system due to which 

inappropriate inflammatory reactions are not normally suppressed (immune-

mediated diseases) which in turn may promote dysbiosis (Von Hertzen et al., 

2011). Exposure to soil and vegetation protects from immune dysfunction, 

because environmental microbes enrich mammalian microbiota and stimulate 

immunoregulatory cells to pacify inflammation (Von Hertzen et al., 2011). For 

example, atopy is less prevalent in rural and agricultural areas where the 

encounter of diverse plants and soil that harbor rich microbial communities is 

more likely (Hanski et al., 2012; Ruokolainen et al., 2015). Additionally, the 

healthy individuals living in the midst of higher biodiversity seem to have a 

higher diversity of immunomodulatory class Gammaproteobacteria on their 

skin (Hanski et al., 2012). Agricultural land cover also seems to reduce the risk 

of diabetes in local children (Nurminen et al., 2021). The type and amount of 

the surrounding vegetation impacts the composition of the human microbiota 

(Parajuli et al., 2020). Furthermore, Ottman et al. (2019) found that exposure 

to soil impacted gut microbiota composition and promoted anti-inflammatory 
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immune regulation of mice. Due to many supporting findings, researchers 

have recommended certain lifestyle choices and practices that include 

increasing biodiversity and exposure to immunomodulatory microbes to 

reinforce immunological resilience (Mills et al., 2017; Flandroy et al., 2018; 

Haahtela et al., 2021). Indeed, urban biodiversity could be increased via 

gardens and other green spaces (Orsini et al., 2013; Puhakka et al., 2019). 

Intervention studies have shown that nature-derived materials contain rich 

microbial communities, which impact the composition of the human microbial 

communities and stimulate the immune system (Nurminen et al., 2018; 

Grönroos et al., 2019; Hui, Grönroos, et al., 2019; Roslund et al., 2020).  

 

 

2.2  HEALTH-ASSOCIATED BACTERIA IN SOIL AND VEGETATION 

The assemblages of environmental microbial communities depend on the 

conditions and substrates (e.g. Han and Perner, 2015; Navarrete et al., 2015) 

that are provided by soil and the local communities of plants and animals. 

Saprophytic microbes degrade organic materials (such as plant and animal 

waste) releasing their resources back into the soil (Alvarez et al., 2017; Herzog 

et al., 2019). Therefore, these microbes are responsible of organic matter 

turnover and present everywhere in nature. The microbial assemblages change 

over time as the degradation processes advance (Herzog et al., 2019). In urban 

parks, for example, the microbial community compositions are affected by 

vegetation types and park age (Hui et al., 2017). Microbes affect each other’s 

abundances, for example, by competing and produce antibiotics and volatile 

organic compounds (VOC) to interact (Yuan et al., 2017). Researchers have 

made efforts to categorize microbial metagenomic data based on function and 

strategy in order to turn microbial community assemblages into ecological 

information. For example, Fierer et al. (2007) compared abundances of 

bacterial groups in regard to the amount of labile carbon in soil and categorized 

them in a manner similar to r/K selection theory. Kanehisa et al., (2008) have 

developed the pathway mapping database Kyoto Encyclopedia of Genes and 

Genomes (KEGG) for connecting genomic data to functional information 

which can be used to analyze microbial community dynamics (Hui, Grönroos, 

et al., 2019; Roslund et al., 2019; Vari et al., 2021). 

The microbial communities in soil and vegetation are major sources of 

beneficial microbial exposure. However, soil contains opportunistic pathogens 

that may be harmful to humans with an immune deficiency but harmless to 

most (Hui, Grönroos, et al., 2019). Bacterial taxa known as pathogenic may 

also include non-pathogenic species that may be beneficial to the training of 

the immune system. To mention a few examples regarding the taxa studied in 

this thesis, certain bacterial species in the genus Mycobacterium are known to 

induce tuberculosis, leprosy and pulmonary infections possibly contracted 

from soil (Taylor et al., 2001; De Groote et al., 2006; Lewin et al., 2016). 

However, the genus also includes saprophytic species that could be used for 

immunotherapeutic purposes (Rook et al., 2004; Von Hertzen and Haahtela, 

2006; Flandroy et al., 2018). Actinobacteria, such as genus Mycobacterium, 
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include species capable of degrading complex carbon sources, including 

anthropogenic pollutants, due to which they are important recyclers of 

resources and also studied for bioremediational purposes (Vorbeck et al., 

1998; Moody et al., 2001; Pagnout et al., 2007; Alvarez et al., 2017). As 

Mycobacterium spp. are capable of degrading pollutants, their abundance may 

increase in the presence of such compounds in soil and on skin (Roslund et al., 

2019).  

Gammaproteobacterial genus Acinetobacter includes species that may 

cause hospital-acquired infections (Taylor et al., 2001; Li et al., 2019) but also 

includes bacteria that seem to protect from immune-mediated diseases 

(Hanski et al., 2012; Fyhrquist et al., 2014). There are pathogenic strains in 

phylum Proteobacteria, such as those in genera Salmonella and Escherichia 

causing intestinal infections and those in order Burkholderiales that may cause 

melioidosis (Taylor et al., 2001; Compant et al., 2008; Bragina et al., 2013). 

However, the diversity within the phylum Proteobacteria and its class 

Gammaproteobacteria is higher on the skin of healthy people among which 

they contribute to immune regulation (Hanski et al., 2012). Additionally, 

proteobacterial class Alphaproteobacteria is considered to be more abundant 

in microbial communities of farm-like homes that protect from asthma than 

those of non-farm like homes (Kirjavainen et al., 2019). The phyla 

Proteobacteria and Actinobacteria (including genus Mycobacterium) are 

among the dominant phyla in soil (Fierer et al., 2007) also commonly found 

on human skin (Hanski et al., 2012). Class Gammaproteobacteria is common 

in vegetation and indicates plant health (Köberl et al., 2017). Lactobacilli are 

considered as beneficial in regard to skin health and immunomodulation 

(Chapat et al., 2004; Rook et al., 2004; Von Hertzen and Haahtela, 2006; 

Kirjavainen et al., 2019; Delanghe et al., 2021) and can be utilized in skin care 

products (Rong et al., 2017; Kaur and Rath, 2019). Lactobacillus spp. is known 

to include species found in microbiota of human skin and plants (George et al., 

2018; Yu et al., 2020). Since opportunistic pathogens are present in soil, the 

safety of immunomodulatory microbial exposure must be taken into 

consideration. In previous intervention studies, exposure to soil and 

vegetation decreased the relative abundance of opportunistic pathogens on 

skin (Hui, Grönroos, et al., 2019; Roslund et al., 2021).  

 

 

2.3 ROUTES OF MICROBIAL EXPOSURE 

After birth, humans are directly exposed to environmental microbiota via 

airways, ingestion and skin contact. Microbes may passively end up colonizing 

humans but also actively invade by penetrating skin, wounds and openings of 

the body (Lydyard et al., 2011). Airborne microbes colonize human airways 

and skin (Li et al., 2019) and settled microbes are transferred via touching 

surfaces and animals commonly with our hands (Lax et al., 2014; Shaffer and 

Lozupone, 2018). From the hands, the microbes transmit to other body sites 

and on other people (Shaffer and Lozupone, 2018). Logically, touching soil and 

vegetation in public green spaces may increase the diversity of the microbial 
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community on skin, whereas microbial community of nostrils seems to be 

more affected by airborne microbiota (Selway et al., 2020).  

Cities have individual microbiomes that are affected by numerous factors, 

such as, geography  and city-specific characteristics (Chase et al., 2016; Danko 

et al., 2021), season, land use types, soil, and the characteristics and amount 

of vegetation (Franzetti et al., 2011; Mhuireach et al., 2016, 2021; Hui et al., 

2017; Parajuli et al., 2018; Li et al., 2019). Local characteristics cause variation 

among microbiomes of different sites within cities (Mhuireach et al., 2021) but 

variation may also be caused by urbanization level (Li et al., 2019; Flies et al., 

2020). High urbanization level seems to increase the abundance of airborne 

potential pathogens in the summer, probably due to high prevalence of 

anthropogenic sources (Li et al., 2019). Additionally, airborne microbes seem 

to stratify vertically depending on cell size, meaning that the microbial 

community composition varies at different heights (Robinson et al., 2021). 

Due to variation in the structure and composition of cities and green spaces, 

we need to investigate what kind of exposure pathways facilitate the exposure 

to beneficial environmental microbes. 

Surroundings also impact indoor microbial communities whose 

compositions are affected by geography (Chase et al., 2016), urbanization level 

and vegetation around the building (Ege et al., 2011; Parajuli et al., 2018; 

Kirjavainen et al., 2019). With urbanization, the diversity and abundance of 

transferred environmental microbes (from outdoors to indoors) is reduced and 

the abundance of potential pathogens increased (Parajuli et al., 2018; 

Kirjavainen et al., 2019). Furthermore, the interior conditions affect the indoor 

microbiota as well. In addition to notable impact of the occupants (Lax et al., 

2014), indoor microbial communities are shaped by indoor plants and 

probably their substrates (Mahnert et al., 2015). 

 

 

2.4  IMMUNOMODULATORY CYTOKINES AS IMMUNE MARKERS 

White blood cells (leucocytes) are a group of immune cells in the blood that 

regulate the functions of the immunological defense. Cytokines are 

immunomodulatory proteins and peptids used in cell communication, for 

example, to signal leucocytes the need for protective inflammatory reactions 

or their inhibition when the threat is over. For example, interleukin-17 (IL-17) 

group cytokines increase inflammatory reactions (Ahmed and Gaffen, 2010; 

Honkanen et al., 2010; Kuwabara et al., 2017) whereas interleukin-10 (IL-10) 

suppresses inflammation by inhibiting the synthesis of pro-inflammatory 

cytokines (Opal and DePalo, 2000; Burmeister and Marriott, 2018). Therefore, 

the concentration of cytokines in the blood indicate the induction or inhibition 

of inflammation in the body and can be used to observe immune reactions 

during immunological studies (e.g. Nurminen et al., 2018; Roslund et al., 

2020). Immune-mediated diseases are immune system disorders due to which 

the immune system mistakenly induces inflammatory reactions when it 

misidentifies the body’s own cells as foreign (autoimmune diseases) or 

interprets harmless stimuli as threats (allergies). Anti-inflammatory IL-10 and 
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TGF-β have been studied as agents inhibiting the development of immune-

mediated diseases (Opal and DePalo, 2000; Prud’homme and Piccirillo, 2000; 

Li et al., 2006; Esebanmen and Langridge, 2017; Burmeister and Marriott, 

2018), whereas pro-inflammatory IL-17 cytokines play a facilitating role in the 

risk of disease (Ahmed and Gaffen, 2010; Honkanen et al., 2010; Kuwabara et 

al., 2017). Environmental bacteria that reinforce the production of anti-

inflammatory cytokines seem to protect from immune dysfunction (Von 

Hertzen et al., 2011; Hanski et al., 2012). Indeed, bacteria have been shown to 

impact the production of immunomodulatory cytokines (e.g. Keshari et al., 

2019). 
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3. AIMS OF THE THESIS 

This thesis aims to promote the design of prophylactic practices that increase 

the abundance and diversity of beneficial microbes in cities. The focus is on 

environmental bacterial taxa that are likely to stimulate the human immune 

system and whose occurrence may, thus, protect from immune-mediated 

diseases caused by immune dysregulation. Due to urbanization and the 

subsequent pollution and loss of biodiversity, we are less likely to encounter 

environmental microbes that reinforce the formation of the immune system. 

The knowledge found in this thesis is meant to be utilized in 

immunomodulatory urban greening that considers soil and vegetation in green 

spaces as opportunities with which to reinforce immune systems with 

microbes. This knowledge has been acquired using existing products and side 

streams of forestry and agriculture. Therefore, the results should be easily 

utilized in practice in countries with similar conditions. The hypotheses of this 

thesis are: 

 

1. Long storage impairs the immunomodulatory potential of contained 

soil products by decreasing beneficial traits of the bacterial 

communities. 

 

2. Green walls induce beneficial shifts in bacterial occurrence on skin and 

in the immune regulation of humans. 

 

3.  Novel plant substrates that utilize side streams of forestry and 

agriculture contain a higher abundance and diversity of beneficial 

bacteria than a standard substrate.



MATERIALS AND METHODS 
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4. MATERIALS AND METHODS 

All the studies investigated the compositions of bacterial communities in soil 

(studies I & III) or skin swab samples (study II) under differing experimental 

circumstances. All studies were implemented in Finland using local soil and 

plant materials. Sequencing bacterial DNA revealed the metagenomes in the 

samples, and via bioinformatic methods, provided information about bacterial 

occurrence (alpha diversity and relative abundances of taxa) and predictions 

of bacterial functions. Abiotic factors in soil and immune markers in the blood 

provided further information related to the observed bacterial community 

differences. For the collection and processing of samples, I used protocols 

previously established in related studies. All test kits that were used in the 

analyses of DNA and blood samples, were used according to the manufactures’ 

instructions. Since the methods are explained in the studies, I have focused on 

the main points in this section.  

 

 

4.1 THE IMPLEMENTATION OF THE EXPERIMENTS 

With study I, I investigated the effect of long-term (3-year) storage on soil 

products that were previously investigated for immunomodulatory purposes 

(Nurminen et al., 2018; Grönroos et al., 2019). The products differ from each 

other, for example, by the source of organic matter (OM). The soil products 

included two composted products from plant and mixed sources (PlantComp 

and MixComp), a low-nutrient product fertilized with only peat (LowNutrSoil), 

two products fertilized with animal waste-based organic matter (animal 

organic matter = AOMsoil1-2), dried moss product (Moss) and two products 

fertilized with sludge-based OM (sludge organic matter = SLOMsoil1-2). The 

soil products were stored in 10L containers (Study I, Appendix B) in a cold 

room (5–7 °C). To assess the impacts of the long-term storage on the 

immunomodulatory potential of the soil products, I compared the bacterial 

diversity and occurrence of potentially beneficial taxa, and orthologs for 

butyrate production, before and after the storage. To assess the safe use of the 

soil products after the storage, I compared if the occurrence of potentially 

pathogenic taxa or functional orthologs indicating infectiousness had 

increased due to storage. To explain bacterial community shifts, I compared 

abiotic factors and functional orthologs indicating bacterial competition 

(antibiotic biosynthesis or resistance) and xenobiotic degradation before and 

after the storage.  

With study II, I explored the immunomodulatory potential of air-

circulating green walls in a month long human study. These green walls were 

of Naava One (Naava, Jyväskylä, Finland; www.naava.io) which circulate the 

indoor air through the plant roots and soilless substrate and are known to 

remove pollutant VOCs (Torpy et al., 2018). Since Naava green walls do not 

contain soil there was no risk of soil pathogens or allergens. The healthy non-
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smoker volunteers that were at least 18 years old and did not have an immune 

deficiency, immunosuppressive medication, a condition affecting immune 

response or a cancer diagnosis, were accepted as participants. Eventually 28 

volunteers working in offices (university personnel) in Lahti and Tampere 

(Finland) were selected. The study was implemented in accordance to the 

recommendations of Finnish Advisory Board on Research Integrity with the 

permission of the ethics committee of the local hospital district (Hospital 

District of Pirkanmaa, Finland). A written informed consent in accordance 

with the Declaration of Helsinki was signed by all participants. The control 

group participants worked in their normal office conditions but the 

experimental group participants received the green walls in their offices (study 

II, Table 1). To see if green walls induce beneficial bacterial community shifts 

on skin and immune reactions, skin swabs and blood samples were collected 

from all participants before, during and after the green wall exposure. The 

samples were compared between treatment groups at all timepoints and the 

random factors (city, person) were taken into account. Additionally, the 

participants answered surveys about their backgrounds and life habits during 

the experiment. The background information included current conditions and 

history regarding animal contacts, farming in the family, type of housing, local 

land use type, recreational tendencies and personal information (age, sex, city 

of work). The living habits during the test included information regarding 

medication (e.g. antibiotics), supplements (e.g. products containing 

lactobacilli), diet changes, travel, sickness, hours spent at the office and hours 

spent in the nature. 

With study III, I explored the immunomodulatory improvement of plant 

substrates by comparing experimental supplemented substrates to a standard 

substrate (study III, Tables 1-2) in terms of overall bacterial alpha diversity and 

occurrence of taxa belonging to phylum Proteobacteria and genus 

Mycobacterium. The experimental substrates were manufactured by mixing 

side streams into the standard substrate also used as a control. The side 

streams originated from Finnish forestry (conifer needles, bark, leaves, cones, 

moss) and agriculture (reed, manure). Additionally, I compared the bacterial 

community traits between the control substrate and two experimental 

substrates containing commercial processed side streams. These two 

treatments were a biochar amended soil (Biochar) and a mixture of soil 

products (Biodiverse substrate) investigated in study I. The mixture and its 

ingredients have been previously studied in intervention studies and been 

found to increase bacterial diversity on skin (Nurminen et al., 2018; Grönroos 

et al., 2019) and one of the major ingredients is moss alongside composted 

materials. The substrates were compared in year-long grass growth 

experiments implemented indoors in lab and outdoors on a field in Finland 

(study III: Tables 1-2 and Supplementary figure 1). The grass vegetation was 

included in the study to ensure the suitability of the experimental substrates 

for urban greening. For this reason, the grass biomass production was 

measured in the beginning and the end of the lab experiment. The grass grown 

in the lab consisted of sown grass which was also used in one treatment 
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outdoors (study III, table 2: Grass treatment). In most of the outdoor 

treatments sod was used as the grass vegetation, however there were two 

mulch treatments that had no grass vegetation (study III, table 2: mulch and 

mulch mix). Because the three treatments outdoors (grass, mulch and mulch 

mix) did not have sod like the other outdoor treatments, they were compared 

only to each other and not to the standard soil. Bacterial sampling of the 

substrates occurred 3–4 times during the year (seasons before winter and the 

spring after winter) and I was particularly interested in persistent differences 

and the effect of winter on the bacterial occurrence. In the lab experiment, I 

analyzed the samples taken in the fall (day134) and after the winter in the 

following spring (day316). In the outdoor experiment, I analyzed the samples 

taken in the summer (day60), fall (day90) and after the winter in the following 

spring (day350). 

 

 

4.2 THE COLLECTION AND PROCESSING OF SAMPLES REGARDING 

BACTERIA AND CYTOKINES 

 

4.2.1 Soil samples (studies I and III) 

Each soil sample (approximately 2 g) consisted of soil collected from five 

random spots of the surface layer (depth 2–12 cm). The soil was collected with 

spoons that were cleaned with 70 % ethanol in between treatments and the 

samples were stored at 80°C. The DNA was extracted using PowerSoil® DNA 

Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) and the 

concentration was measured using Quant-iTTM PicoGreen® dsDNA reagent 

kit (Thermo Fisher Scientific, Waltham, MA, USA) to confirm the extraction 

and to adjust the concentration to the same level in all samples (0.4 ng/ml) 

before amplification. To detect possible contaminant sequences in the 

extraction kit, a negative extraction control was prepared along with samples 

using only sterile water as a sample. The V4 region of 16S ribosomal RNA gene 

was used to amplify bacterial DNA with polymerace chain reaction (PCR) using 

515F and 806R primers in three replicates per sample (Caporaso et al., 2012). 

The controls used for PCR contained sterile water (negative) and Cupriavidus 

necator JMP134, DSM 4058 (positive). The controls were prepared for each 

PCR batch. The size and purity of the PCR products were assessed with agarose 

gel (1.5%) electrophoresis and the products were cleaned with Agencourt 

AMPure XP (Beckman Coulter Inc., Brea, CA, USA) before and after the 

secondary (index) PCR. The samples were sequenced with Illumina MiSeq 16S 

rRNA gene metabarcoding using 2 × 300 bp version 3 sequencing kit. The 

negative controls of DNA extraction and PCR were sequenced alongside 

samples and empty wells.  
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4.2.2 Skin swabs and blood samples (study II) 

Trained nurses collected the samples, which were then stored at −80°C until 

analysis. The skin swab samples were collected using swabs that were wetted 

with saline buffer (0.1% Tween 20 in 0.15 M NaCl). For each sample, a skin 

area (5 cm–by–5 cm) on the back of the palm was swabbed for 10 s after which 

the cotton tip was cut off into a sterile 2 ml tube. To detect possible 

contaminant sequences depending on location and sampling equipment, a 

control swab was prepared without touching skin for each location on each 

collection date. The baseline samples were collected before the intervention 

started. The skin swab samples were prepared for Miseq sequencing in the 

same manner as the soil samples in studies I and III, except that the DNA 

isolation kit was Fast DNA spin kit for soil (MP biomedicals, Santa Ana, CA). 

Venous blood samples were collected into Vacutainer CPT Mononuclear 

Cell Preparation tubes containing sodium citrate (BD Biosciences, NJ, USA) 

and centrifuged to separate the plasma, from which the cytokines were 

analyzed. IL-17A and IL-10 were measured using Milliplex MAP high sensitivity T 

cell panel kit (Merck KGaA, Darmstadt, Germany) with Bio-Plex® 200 system (Bio-

Rad Laboratories, Hercules, CA, USA) and Bio-Plex Manager software (version 4.1, 

Bio-Rad Laboratories, Hercules, CA, USA). The concentration of TGF-β1 

concentration was measured using ELISA (BioVendor, Czech Republic).  

 

 

4.3 BIOINFORMATICS 

The raw sequences were classified as OTUs to genus level using MOTHUR 

(Schloss et al., 2011; J. J. Kozich et al., 2013). The sequences were screened to 

a maximum length of 350 bp and aligned with SILVA (v 123 in study I, v138 in 

studies II-III) (Pruesse et al., 2007). The data was further organized by 

preclustering the sequences, allowing two or less differences. Chimeras were 

identified with UCHIME (Edgar et al., 2011) and removed. The sequences were 

categorized with the Bayesian classifier with a 80% bootstrap threshold (Wang 

et al., 2007). The classification references were RDP training set version 16 

(Cole et al., 2009) for study I and SILVA v138 in studies II-III. Only the 

sequences identified as bacterial in origin were further processed and clustered 

as OTUs with a 97% sequence similarity. The rare (≤ 10 sequences) and 

contaminant OTUs identified from negative controls were removed. Diversity 

indices (observed species richness, Chao1, Shannon diversity, Simpson 

diversity and evenness) were determined for each sample using MOTHUR 

(command summary.single) or the vegan package in R (Oksanen et al., 2019; 

R Core Team, 2020). The samples were subsampled to the lowest read depth 

found in the samples that also allowed a high Good’s coverage (Table 1). 

Several sequences that were potentially pathogenic (study I) according to the 

list by Taylor et al. (2001) were further identified using BLASTN version 

2.10.0+ online (Zhang et al., 2000). The metagenomic functions (study I) were 

predicted from the 16s rRNA data. The biom file needed for the analysis was 

created in MOTHUR by first repeating the classification with Greengenes 

Database (DeSantis et al., 2006) as the reference. The functions were predicted 
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using PICRUSt (Langille et al., 2013) with KEGG (Kyoto Encyclopaedia of 

Genes and Genomes, Kanehisa et al., 2008) as the ortholog reference. 
 

 
Table 1.  Summary of sequence depths, Good’s coverages and taxonomical references. 

 
 

Study 
Sample 

type 
Sequence depth 

Good's coverage 
(Average ± SD) 

Alignment 
reference 

Classification 
reference 

I Soil 4796 0.92 ± 0.04 SILVA v. 123 RDP training set v. 16 

II Skin 3893 0.98 ± 0.01 SILVA v. 138 SILVA v. 138 

III Soil 19243 and 22428* 0.94 ± 0.0012–0014  SILVA v. 138 SILVA v. 138 

* Two values are presented due to two subsampling groups 

4.4 ANALYSIS OF ABIOTIC FACTORS 

Abiotic factors pH, dry weight, C, N and bioavailable nutrients (NH4+, NO3- and 

PO4
3-) were measured before and after storage to explain possible changes in 

the bacterial communities during storage (Study I). To observe bacterial 

preferences for conditions and differences between the soil products, OM 

content and a range of elements (Cd, Al, Co, Cr, Cu, Mn, Ni, Fe, Zn, P, As, Pb) 

were measured before the storage. The dry weight of the soil products was 

determined by drying a sample of 10 g at 105 ◦C for at least 24 hours. The 

elements were measured from dry samples using Inductive Coupled Plasma 

Mass Spectrometry (ICP-MS, Elan 6000; Perkin Elmer Inc., Waltham, MA, 

USA) as in Roslund et al. (2018). OM and pH were measured using standard 

methods (SFS 3008. 1990., 1990; SFS-ISO 10390. 2005., 2005). C and N 

concentrations were determined with LECO C/N/S-200 analyzer (Leco 

Corporation, Saint Joseph, MI, USA) as in Roslund et al. (2018). Bioavailable 

nutrients were measured colorimetrically with a flow injection analyzer 

(QuickChem 8000, Lachat Instruments, Zellweger Analytics, Inc.) as 

described by Sinkkonen et al. (2013).  
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4.5 STATISTICAL ANALYSES 

The statistical analyses (Table 2) were performed in R (R Core Team, 2020) 

with packages vegan (Oksanen et al., 2019), phyloseq (McMurdie and Holmes, 

2013), lme4 (Bates et al., 2015), car (Fox and Weisberg, 2019) and emmeans 

(Lenth, 2021).  

In study I, OTU compositions, bacterial diversity indices, the most 

abundant phyla (>1%), relative abundances of proteobacterial classes, the 50 

most abundant OTUs and potentially pathogenic genera listed by Taylor et al. 

(2001), were included in the statistical analyses to detect major shifts in 

bacterial communities and among health-associated taxa between the two 

timepoints (before and after storage). To compare overall bacterial 

communities, non-metric multidimensional scaling (NMDS) with Bray-Curtis 

distances was used to create ordinations (function metaMDS) representing 

bacterial occurrence in the samples on phylum, class, order, family, genus and 

OTU levels. Using the ordinations, the communities in the samples, grouped 

by timepoints, were compared with permutational multivariate analysis of 

variance (PERMANOVA, function adonis). The bacterial, abiotic, and genetic 

variables were compared between timepoints using t-test or Wilcoxon test 

depending on their distributions, which were tested using Shapiro-Wilk test. 

The sparsely occurring potentially pathogenic genera with ten or more zeros in 

the data were analyzed in binary form (present / absent) using Fisher’s exact 

test. To detect if the abiotic factors measured from the soil products impacted 

the occurrence of the 50 most abundant OTUs, their measured values were 

fitted into NMDS ordinations (function envfit) based on the abundant OTUs 

in the samples before (all abiotic factors including elements) and after (without 

elements) storage, separately. In the case of multiple comparisons, the P-

values were adjusted (Padj) using the false discovery rate (FDR) method 

(Benjamini and Hochberg, 1995). 

In study II, the treatment groups were first compared in regard to their 

background information and living habits during the test to detect factors that 

may affect the results. Quantitative variables, such as hours, were tested using 

t-test or Wilcoxon test depending on the distribution of the variable. Nominal 

variables, such as gender, were tested with Chi-Square test. When the 

treatments were compared within one timepoint regarding relative abundance 

of taxa t-test or Wilcoxon test was used. The diversity indices, relative 

abundances of the bacterial taxa and the concentration of cytokines were 

compared using linear mixed model (LMM, function lmer) in regard to 

timepoint and treatment with the study participants nested in cities as the 

random factor. Additionally, the impact of bacterial occurrence (explanatory 

variable) on cytokine levels (dependent variable) was tested with LMM with 

timepoint as the random factor. In addition to measured values, the change in 

relation to the baseline (Day0) was calculated for Day14 and Day 28 and 

compared between treatments (Twisk et al., 2018) as previously in Roslund et 

al. (2020). 

In study III, the diversity indices and the relative abundance of 

proteobacterial taxa and Mycobacterium spp. (dependent variables) were 
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tested using repeated measures ANOVA (function aov_car) in regard to soil, 

timepoint and the interaction of soil and time (explanatory variables) with 

individual (pot or crate) as the random factor. The accuracy of the results was 

assessed by testing the equality of variances by treatment (Levene’s test) and 

sphericity of the timepoints (Mauchly’s test) in the case of more than two 

timepoints. If the Mauchly’s test was significant, the P-value regarding time 

was adjusted with the Greenhouse-Geisser correction. Otherwise, the P-values 

were adjusted with the FDR method. The variables that showed significant 

differences (<0.05) regarding soil were further tested with Tukey Post hoc test 

(functions emmeans and pairs) to see if the experimental variables differed 

from the control treatment. 

 

 
Table 2.  The summary of statistical methods used to test assumptions, to correct P-

values and to analyze (Analysis) the bacterial community compositions (1), 
functional orthologs (2), taxa (3) and diversity (4) as well as the levels of abiotic 
factors (5) and immunomodulatory cytokines (6) and the survey data of 
participants (7). 

 
 

Use Method Study Analysis 

Testing of  
assumptions 

Shapiro Wilk test I–II 

 

Levene test III 

Mauchly's sphericity test III 

P-value  
adjustment 

FDR I, III 

Greenhouse–Geisser correction * III 

Comparison of 
treatments and 

timepoints 

Permutational tests I 1, 3, 5 

Fisher's exact test I 3 

t-test I–II 2–7 

Wilcoxon test I–II 2–7 

Chi-square test II 7 

LMM II 3, 4, 6 

Repeated Measures ANOVA III 3, 4 

Tukey Post Hoc III 3, 4 

* Used when Mauchly’s sphericity assumption was violated in repeated measures ANOVA
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5. RESULTS AND DISCUSSION 

5.1 EFFECT OF LONG-TERM STORAGE ON CONTAINED SOIL 

PRODUCTS (STUDY I)  

The storage caused shifts in the bacterial communities, visible at all taxonomic 

levels, and the materials that seemed the most distinct from the others were 

moss and the composted materials (Study I, Fig 1). Species richness (Study I, 

Fig 2) of the bacterial communities, and of Proteobacteria and 

Gammaproteobacteria decreased but no change was detected in the other 

diversity indices (inverse Simpson and Shannon diversity and Simpson 

evenness) that do not emphasize singleton OTUs. Therefore, it seemed that 

bacterial community shifts were related to rare OTUs. Shifts were detected in 

the relative abundances of major phyla (Study I, Fig 3). Phylum Bacteroidetes 

decreased whereas Actinobacteria, Acidobacteria and Planctomycetes 

increased (Table 3). Although phylum Proteobacteria stayed constant, its 

classes changed (Study I, Fig 4). The relative abundance of class 

Alphaproteobacteria doubled during storage while other proteobacterial 

classes decreased considerably (Table 3). The relative abundance of most of 

the potentially pathogenic genera decreased or stayed constant during storage, 

although Pseudonocardia and Mycobacterium increased (Study I, table 1). 

Most (98 %) of the sequences of Pseudonocardia were detected after storage. 

The increase of Mycobacterium spp. was not significant after P-value 

adjustment (Study I, table 1). The BLAST results of these two genera showed 

no likely concern because the abundant OTUs did not match with pathogens 

and the low abundance OTUs that did, also matched other taxa (Study I, 

Supplementary material).  

There were increases in the estimates of several functional orthologs 

regarding xenobiotic degradation and antibiotic biosynthesis as well as the 

pathway for butyrate production due to storage (Study I, Table 2.). As 

Actinobacteria whose abundance increased during the storage, are often late-

stage degraders of complex carbon sources, it is logical that the degradation of 

xenobiotics increased in contained soil bodies during three years. There may 

be similar degraders among the Alphaproteobacteria, who increased the 

abundance of the class by half. The increased biosynthesis of antibiotics 

indicates competition, which may have accelerated over lessening labile 

carbon. Although bacteria producing butyrate (also butanoate) are beneficial 

in the gut (Valles-Colomer et al., 2019), it is unclear whether those bacteria can 

be acquired into the gut from the environment. However, butyrate-producing 

skin commensals seem to reduce inflammation topically (Schwarz et al., 2017; 

Keshari et al., 2019).  

Before storage, the measured OM content seemed to vary extensively 

depending on the soil product (2 – 99 %). Moss (99 %) and the composted 
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materials (33–54%) that also differed from the other products in the NMDS 

visualizations, had the highest OM content, whereas the low-nutrient soil had 

the lowest (2 %). During storage, the water content reduced by 58 percentage 

points in the soil products in total (Table 4) but moss and the composted 

products seemed to have the highest moisture before and after the storage 

when compared to the other products (Study I, Fig 5D). Except for water, the 

abiotic factors did not differ between the timepoints. Although the measured 

C and N content, pH and NH4+ did not change during storage, they correlated 

(Table 4) with bacterial compositions. Before storage, the concentration of Cu 

(measured only before storage) and the level pH affected the assemblage of the 

50 most abundant OTUs (Study I, Fig 6A). After storage, two abundant OTUs 

from proteobacterial genera Sulfurimonas and Paraperlucidibaca were no 

longer detected. Genus Sulfurimonas plays an important role in N and C 

recycling (Han and Perner, 2015). The factors that correlated with bacterial 

assemblages after storage (Table 4) were water content, pH, NH4+ and total C 

and N. The variation of these correlating abiotic factors in the soil products 

was visualized (Study I, Fig 5). Interestingly, the concentration of NH4+ 

increased in two soil products, especially in moss (Study I, Fig 5F).  

According to the NMDS visualization (Study I, Fig 6), eight OTUs belonging 

to phyla Chloroflexi, Acidobacteria, Bacteroidetes and Proteobacteria 

(Gammaproteobacteria) seemed to be facilitated with high Cu and pH levels, 

whereas lower levels facilitated 11 OTUs belonging to phyla Acidobacteria, 

Bacteroidetes and Proteobacteria (genera Burkholderia, Rhodanobacter, 

Dyella). According to the visualizations Study I, Fig 1, 5, 6), moss had 

contrasting bacterial communities, and pH and NH4+ levels with the 

composted materials. The three materials also diverged from other samples, 

perhaps due to higher water and OM content. Total C and N did not change 

due to storage but bacterial competition and complex carbon degradation 

increased according to antibiotic and xenobiotic orthologs and the level of C 

and N affected the bacterial assemblage only after the storage. Therefore, the 

resources may have been converted into a different form, possibly harder to 

utilize. The PICRUST results were logical and supported other bacterial 

findings. However, PICRUST and other marker gene based methods have 

limited capability of predicting microbial functions and thus future studies 

could be supplemented, for example, with metagenomic methods. 

As the long-term storage seemed to reduce resource availability and 

immunomodulatory potential based on bacterial and proteobacterial diversity 

and gammaproteobacterial abundance in the soil products, a short storage 

period is recommended for similar products. However, based on the increase 

of alphaproteobacterial and mycobacterial abundance, and butyrate 

production, the later stage of microbial succession may favor certain 

immunomodulatory taxa. Considering that the soil products seemed to differ 

regarding bacterial communities and abiotic factors, the immunomodulatory 

shelf life of urban greening products should be determined according to their 

traits. The immunomodulatory potential and shelf lives of soil products should 

be investigated further.  
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Table 3.  Summary of taxonomical test values. 

 

 

Group Taxon Test statistic P Change 

Major 
phyla 

Phylum Bacteroidetes t = 7.6 < 0.001 - 

Phylum Actinobacteria  W= 0 <0.001 + 

Phylum Planctomycetes  W = 1 0.001 + 

Phylum Acidobacteria W = 12 0.038 + 

Proteobacteria 

Class Alphaproteobacteria t = -3.8 0.004 + 

Class Betaproteobacteria  t = 2.7 0.023 - 

Class Gammaproteobacteria  W = 59 0.003 - 

Class Epsilonproteobacteria W = 64 <0.001 - 

 

 

 

Table 4.  Summary on abiotic factors’ test values of the t-test and environmental factor 
fitting (envfit) showing change during storage or correlation with bacterial 
occurrence (Detection) 

 
 

Factor Time Test statistic Padj Detection 

H20 t1–t2 t = 2.4 0.030 Reduction 

Cu t1 r2 = 0.9 0.030 Correlation 

pH 
t1 r2 = 0.9 0.020 Correlation 

t2 r2 = 0.9 0.004 Correlation 

H20 t2 r2 = 0.8 0.005 Correlation 

NH4
+ t2 r2 = 0.7 0.015 Correlation 

C t2 r2 = 0.9 0.004 Correlation 

N  t2 r2 = 0.8 0.012 Correlation 
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5.2 EFFECT OF INDOOR VEGETATION ON HUMAN MICROBIOME 

AND IMMUNE REGULATION (STUDY II) 

The relative abundance of genus Lactobacillus (Study II, Fig 1) was higher 

among the workers exposed to green walls (experimental group) than in the 

control group (Wilcoxon P = 0.0058). Additionally, the difference of Day14 to 

baseline (Day0) was higher in the experimental group and the treatment 

explained 5-25 % of the result and the significance of the model did not depend 

on the city (Table 5). According to the change (Day28 – Day0) in Shannon 

diversity of phylum Proteobacteria and class Gammaproteobacteria, diversity 

stayed higher until the follow-up day in the experimental group (Table 5 and 

Study II, Fig 2). The effect seemed to occur only in Lahti (Study II, 

Supplementary Fig 1). Among the Lahti participants, Shannon diversity of 

these taxa negatively correlated with pro-inflammatory IL-17A concentration 

among Lahti dwellers (Table 5 and Study II, Fig 3). The correlation with 

gammaproteobacterial diversity was detected only when both treatment 

groups were included in the test, while the correlation with proteobacterial 

diversity was detected when both treatments were included, and within the 

experimental group (Table 5). Our finding supports previous research where 

proteobacterial diversity on skin is connected to lower incidence of immune 

dysregulation (Hanski et al., 2012)  

The change (Day28 – Day0) in the concentration of anti-inflammatory 

TGF-β1 diverged between treatment groups (Table 5) by increasing in the 

experimental group and decreasing in the control group (Study II, Fig 4). Since 

TGF-β1 is considered to be an anti-inflammatory cytokine, this result indicates 

downregulation of inflammatory responses in the green wall group. Although 

the cities and study participants had a considerable effect on the results (Table 

5), treatment partially explained the differences in the relative abundance of 

genus Lactobacillus and the Shannon diversity of Proteobacteria and 

Gammaproteobacteria. Regarding the connection of IL-17A and 

proteobacterial diversity among Lahti participants, the random effect (persons 

and time) was notably lower. Considering that cities have their own unique 

microbiomes and that study participants may have a high random effect, which 

may be emphasized in smaller groups, the results may have been stronger if 

the experiment was done in one city with larger groups of people. Additionally, 

the workers in Tampere were located in an urban hospital area, which may 

impact the surrounding microbial communities (Li et al., 2019). Nonetheless, 

the results indicate that green walls have immunomodulatory potential 

encouraging further studies regarding the impact of indoor vegetation on 

immune regulation. 
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5.3 EFFECT OF SIDE STREAMS ON PLANT GROWTH AND 

BACTERIAL COMMUNITIES IN PLANT SUBSTRATES (STUDY III) 

The grass biomass production, which was weighed from cut and dried grass 

in two summers (before and after winter), was either higher or at the same 

level in the experimental substrates as in the standard substrate (Study III, 

Supplementary figure 3). There were no obvious visible differences in plant 

growth or survival after the experiments, which indicates that the 

experimental substrates were suitable for urban greening.  

In the lab, the biodiverse substrate (previously studied mixture) 

maintained a higher bacterial richness after the year than the standard 

substrate (Table 6 and Study III, Fig 1A). The biochar amendment, in turn, 

harbored a higher alphaproteobacterial richness and proteobacterial relative 

abundance than the standard (Table 6, Study III: Fig 1B and table 3) in the 

fall (day134). Therefore it seems, that bacterial richness in a plant substrate 

may be increased in the long term by mixing microbially rich soil products 

containing side streams, such as composted manure, with moss. Biochar 

seems beneficial for increasing the richness and relative abundance of 

proteobacterial taxa in plant substrates.  

In the lab, the substrate containing pine needles induced a higher 

gammaproteobacterial abundance (fall and spring) than the standard 

substrate (Table 6 and Study III Fig 2A). In the spring, also moss, spruce 

needles and mixed conifer needles contained a higher relative abundance of 

Gammaproteobacteria than the standard (Table 6 and Study III Fig 2A). In 

the outdoor experiment, conifer needles and moss increased the relative 

abundance of Alphaproteobacteria in the summer and fall (Table 6 and Study 

III: Fig 5). Considering the sources of these side streams the differences in 

proteobacterial occurrence may be explained by the presence of plant-

associated taxa. For example, in contrast to the standard substrate, the 

relative abundance of order Burkholderiales was increased by the substrates 

containing moss, conifer needles and reed in the lab before and after winter 

(Tukey P = ≤ 0.026, Study III: supplementary table 2). Burkholderiales is a 

known inhabitant of plants, including mosses (Bragina et al., 2012, 2013), 

which can also be detected in the results of study I, where the distinct 

conditions in moss seemed to increase the growth of Burkholderiales.  

In addition to Proteobacteria, plant-based side streams seemed to 

facilitate the abundance on Mycobcaterium spp. In both experiments (1-2), a 

higher relative abundance of Mycobacterium spp. was in connection to 

conifer needles and Alnus litter (Table 6 and Study III Supplementary figure 

4). Since most of Mycobacterium species are saprophytes rather than human 

pathogens and their increase in this study was related to plant-derived 

materials, this result seems beneficial in terms of immune modulation (Rook 

et al., 2004; Von Hertzen and Haahtela, 2006). Considering that this study 

utilized side streams sourced from boreal forests and was implemented in 

Nordic conditions, the findings benefit similar areas the most. However, the 
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findings of the study should be utilized when designing similar studies in 

different climatic and ecological conditions. 

The results indicate that processed (biochar and biodiverse substrate) and 

fresh plant-based side streams may be used to increase bacterial and 

alphaproteobacterial richness, and the relative abundance of proteobacterial 

and mycobacterial taxa in plant substrates. 

Kirjavainen et al., (2019) found that the differences in microbial 

community composition between farm-like and non-farm-like homes were 

more to do with relative abundances of certain taxa, such as 

Alphaproteobacteria, than bacterial diversity. In turn, Hanski et al., (2012) 

found that proteobacterial diversity on skin is a sign of healthy immune 

regulation and is more typical to rural than urban residents less surrounded 

by nature. Therefore, it seems logical that increasing the richness and relative 

abundance of the desired taxa in the environment increases the odds of 

encountering them.
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Table 6.  The main results of Study III. Benefit compared to standard = a higher value 

than in the standard substrate. Substrate ingredients used either as sole side 

stream (S) and/or mixed (M) with the other side streams. Experiment: 1=lab, 

2=outdoors.  

 

 

Experiment 
Side 

stream 
Benefit compared to 

standard 
Sole (S)  / 
 Mixed (M) 

Detection 
day 

Tukey P 

1 
Biodiverse 
substrate 

Bacterial richness M* 316 0.014 

1 
Biochar 

amendment 

Richness of 
Alphaproteobacteria 

S 134 0.014 

1 
Relative abundance of 

Proteobacteria 
S 134 0.013 

1 

Moss 

Relative abundance of 
Gammaproteobacteria 

M 316 ≤ 0.01 

2 
Relative abundance of 
Alphaproteobacteria 

S 60, 90 ≤ 0.05 

1 

Mixed 
conifer 
needles 

Relative abundance of 
Gammaproteobacteria 

M 316 ≤ 0.01 

2 
Relative abundance of 
Alphaproteobacteria 

M 60, 90 ≤ 0.05 

1 
Relative abundance of 
Mycobacterium spp. 

M 316 0.048 

2 
Relative abundance of 
Mycobacterium spp. 

  M** 60 0.013 

1 
Pine 

needles 
Relative abundance of 
Gammaproteobacteria 

S 134, 316 < 0.001 

1 
Spruce 
needles 

Relative abundance of 
Gammaproteobacteria 

S 316 0.002 

1 Reed 
Relative abundance of 
Gammaproteobacteria 

S, M 316 ≤ 0.01 

1 Alnus litter 
Relative abundance of 
Mycobacterium spp. 

S, M 134, 316 < 0.05 

* Biodiverse substrate was a mixture in itself and not mixed with the standard soil in the same 
proportion as other side streams. 
** Needles mixed in the substrate with cones on the surface; cone topping by itself did not seem 
to have the same effect.
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6. CONCLUSIONS AND                       
FUTURE PERSPECTIVES 

Long-term storage seemed to lower the immunomodulatory potential as well 

as the feasibility of carbon to plants in the soil products. However, there were 

indications that the later stage of microbial succession could be favorable to 

immunomodulation. As saprophytic taxa are seen as relevant to human 

immunomodulation, the dualistic results support the idea of the biodiversity 

hypothesis —the patchy heterogeneous structure of nature allows the existence 

of diverse microhabitats with varying carbon sources, co-occurrence of parallel 

successional stages, and thus, the diversity of microbes with distinct 

preferences and attributes. Therefore, facilitating patchy distribution of 

different successional stages and carbon sources should be a part of 

immunomodulatory urban greening. As the aim is to mimic the microbial 

communities of forests in cities, it would be interesting to study forest 

vegetation, such as moss that seems to increase beneficial bacteria, as 

cultivated immunomodulatory urban vegetation. As we cannot recreate nature 

in all its complexity and the problem approached in this thesis is due to 

biodiversity loss, forest-derived resources should be used in a sustainable 

manner. Since indoor microbial communities mirror the outdoor microbial 

communities, as well as the microbial habitats and conditions of the indoor 

space, we may increase beneficial bacterial exposure in homes and public 

spaces via indoor and outdoor greening. The findings that green walls impact 

human immune regulation and microbiota in this thesis support the idea of 

adding biodiversity in our vicinity. The impact of green walls, and other indoor 

vegetation, on indoor microbial communities should be further studied by 

sampling the surrounding space and the space occupants. In this thesis, I also 

found that side streams of forestry, alongside existing soil products, could be 

used to increase the occurrence of health-associated bacteria in outdoor 

microbial communities via plant substrates. To investigate how outdoor urban 

greening impacts indoor microbial communities, future studies could include 

sampling the indoor surfaces while implementing an urban greening 

intervention outdoors. To utilize finer microbial sequence analysis in the 

future, the use of OTUs with 97% similarity could be replaced with 99% 

similarity clustering or ASVs (amplicon sequence variant) allowing no 

dissimilarities. In parallel with 16S, it is advisable to explore functional 

diversity. To summarize, this thesis indicates that urban greening has a higher 

immunomodulatory potential when soil products are not stored long-term and 

are supplemented with plant-based side streams. 
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Errata 
 
Study III, Supplementary table 3, page 5/6: 
The rightmost column heading is missing (Fall — Spring). The headings should be 
the same as on the previous page. 
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