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INTRODUCTION 

We are born into the microbial world, where microbes have been active for 
billions of years before our existence as species. Co-evolution between us and the 
microbes has led to interactions, which can be beneficial for the survival of both 
counterparts. It is increasingly clear that microbes have an extensive effect on the 
host phenotype, making our bodies not only relevant for us but also creating a 
habitat for trillions of organisms who depend on us. We provide the nutrients and 
space, and in return, the microbes contribute with relevant metabolic functions 
and protection against pathogens. To highlight the importance of this co-existence, 
humans are sometimes considered holobionts or “superorganisms”. 

The microbiome can be studied in the context of different environments; how-
ever, this thesis focuses on the gut, which harbours most of the microbes in the 
human body. The thesis introduces discoveries from three relevant topics in the 
microbiome field: sample collection opportunities for preventative medicine and 
microbiome-based diagnostics, detection of novel factors that drive microbiome 
inter-individual variability by using a population cohort supplemented with 
electronic health records and elucidating causal effects using animal models. The 
thesis makes use of volunteer samples from Estonia, including a comprehensive 
dataset from more than 2500 Estonian Microbiome project participants and an 
additional dataset of 30 healthy volunteers, both of which were established as part 
of the thesis. Moreover, a “humanised” mouse model is used to verify whether 
microbiome changes following antibiotic use detected in the Estonian Micro-
biome project translate to physiological effects in mice. 

In the first part of the thesis, I will review the current state of the microbiome 
field, briefly covering models and methods used for microbiome studies as well 
as highlighting the achievements and hurdles that the field is facing. After that, I 
will introduce the results of three original first-author publications. First, I will 
show that the faecal immunochemical tests used in national colon cancer 
screening programs can have the potential to additionally be used for microbiome 
studies. This opens a new opportunity to improve colon cancer screening diag-
nostics using microbiome data. After that, I will introduce the Estonian Micro-
biome cohort, the first large-scale population-based microbiome study in Estonia, 
and thereby show the value of Electronic Health Records in studying links 
between health parameters and the microbiome. The valuable findings from the 
Estonian Microbiome cohort dataset are further studied in the third original 
publication, investigating the effect of repeated antibiotic usage history on gut 
mucus barrier function using human donors’ stool samples in the mouse model.  
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1. REVIEW OF THE LITERATURE 

1.1 The rise of the microbiome studies 

The microbiome is regarded as a collection of bacteria, viruses, fungi, archaea, 
and protozoa in a specific habitat in different organisms and environments. 
Although the importance of microscopic organisms has already been known to 
humankind for centuries, the human microbiome as a research field has signifi-
cantly progressed thanks to several relevant breakthroughs that have been crucial 
for understanding the importance of these small but powerful cohabitants. These 
include, for example, seeing the microbes for the first time with the microscope 
to being able to study their biochemical properties by culturing the anaerobic 
strains in bulk, followed by the possibility to characterise whole culturable and 
unculturable communities and their potential functionality using sequencing 
techniques (further discussed in “The origins of human microbiota research,” 
2019). The microbiome field especially started to bloom thanks to the increasing 
development of throughput DNA sequencing at the beginning of the 21st century.  

Undoubtedly, the microbiome has been a “trendy” subject with continuously 
increasing interest among scientists from all walks of life and the public. This can 
be illustrated by the number of publications about the microbiome, which has 
multiplied more than five-fold in the last ten years, from 5,413 studies published 
in PubMed in the whole year of 2014 to over 27,886 studies appearing in 2023 
(Figure 1a). Around 5,000 studies were published about the microbiome in 
January 2024 alone, indicating growing scientific activity. Concurrently, the 
global public interest in the microbiome has steadily increased within the last ten 
years, reaching its peak in January 2024, as noted in the Google Search requests 
data from Google Trends (Figure 1b). This continuous interest has resulted in 
hundreds of registered clinical trials and the acceptance of several microbiota-
based therapies being approved by the US Food and Drug Administration (FDA) 

 

in 2022–2023 (Mullard, 2023).  
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Figure 1. Interest in the microbiome. (a) – Number of publications about the microbiome 
in PubMed from January 2014 to January 2024. (b) – 10-year overview of the worldwide 
relative interest in the term “microbiome” from Google Trends. Author’s own work.  
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1.2 Current understanding of the human microbiome 

1.2.1 Introduction to the human microbiome 

Recent decades have unravelled the rich and complex hidden microbial com-
munities inhabiting our bodies. Calculations show that there are approximately 
as many microbial cells as human cells in our body, although their weight seems to 
be minuscule compared to the human body weight (Sender et al., 2016) (Figure 2). 
The studies have also highlighted the vast metabolic capacity of the microbial 
community compared to humans, as illustrated by the microbiome having at least 
500–2000 times more genes compared to the human genome (Li et al., 2014; 
Tierney et al., 2019) (Figure 2). This incredibly rich genetic variability helps to 
make the microbiome as a whole relatively resilient, enabling it to survive and 
persist in a variable environment, even after different perturbations.  
 

Figure 2. Human-to-microbe weight, cell, and gene count ratio (Author’s own work 
based on data from Sender et al., 2016; Tierney et al., 2019). 
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Significant contributors to the understanding of the structure and function of the 
microbiome came from Human Microbiome Project (HMP) and MetaHit con-
sortia, characterising microbes and their functionality in different body regions 
and populations (Huttenhower et al., 2012; Li et al., 2014). These first large-scale 
human microbiome studies also showed that the members of microbial com-
munities varied between healthy individuals, and no common microbiome com-
position was present in all body sites or individuals.  

The current consensus is that microbial colonisation starts at birth (Kennedy 
et al., 2023). It has been shown that the highest concentrations and diversity of 
microorganisms are found in the gastrointestinal tract of the body (Huttenhower 
et al., 2012; Simon & Gorbach, 1984). Bacteria comprise most of this biomass, 
and as they are easier to cultivate and manipulate than other microorganisms, they 
have been the focus of most studies. Almost a complete list of the most dominant 
prokaryotic domains (such as phyla, genera and even species) of the Western-
style populations’ gut microbiome has been described. However, novel taxa are 
continuously being discovered, and hundreds of human-related species are still 
difficult to characterise experimentally. More than 5,000 microbial species have 
been described in the human gut globally, and the number is expected to increase 
(Almeida et al., 2020; Kim et al., 2021; Pantiukh et al., 2024). Although human 
populations share many prevalent gut microbial species, geographical regionality 
seems to be observed in the microbiome, especially at the strain or subspecies 
level, also indicating potential differences in functionality (Blanco-Míguez, 
Gálvez, et al., 2023; Costea, Coelho, et al., 2017a; Suzuki et al., 2022). This may 
be due to co-evolution between humans and our gut microbes and the microbes 
adapting to the host’s local environments and cultural differences. 

The gut microbiome displays person-specific signatures; however, groups of 
similar microbiome profiles or so-called entero- and community types are often 
observed among individuals (Aasmets et al., 2022; Arumugam et al., 2011) 
(Figure 3). These distinct community types seem to have common microbial 
characteristics that stratify the community into different groups. It is unclear 
whether these enterotypes or community types can be the result of different life-
style factors, such as diet or disease states, or they represent optimal composition 
states where microbes in communities are most compatible with each other 
(Costea et al., 2017). Possibly both.  
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Figure 3. Interindividual variability and stratification of the gut microbial communities. 
Atuhor’s own work based on Aasmets et al., 2022. 
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traits that wield their influence from the outside. These include, among others, 
diet, physical activity, smoking habits, and medication use. Often, it is difficult 
to differentiate the effect sizes of individual factors influencing the microbiome, 
as they might be associated with each other (e.g., disease and drug usage). 

In the absence of perturbations, the adult microbiome is generally considered 
relatively stable, although some oscillations occur (Abu-Ali et al., 2018; Chen et 
al., 2021). During our life, main shifts occur from infancy to puberty and from 
adulthood to ageing (Martino et al., 2022). The stability is also observed at the 
metatranscriptome level, though the transcriptome is observed to be more 
dynamic (Abu-Ali et al., 2018). Additionally, the general functional potential of 
the microbiome is observed to be stable (Huttenhower et al., 2012). The micro-
biome composition can return to the baseline even after transient disruptions, as 
can be shown with repetitive diurnal 24-h period shifts within the same healthy 
individuals (Thaiss et al., 2014). Short-term changes in dietary patterns may 
modulate the microbiome quickly; however, the composition typically returns to 
the pre-invention state (David et al., 2013).  
 

 
Figure 4. Gut microbiome-associated factors and functions. Author’s own work.  
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1.2.2 Gut microbiome in human health  

The microbes are important modulators of host physiology. The microbiome has 
even been considered an additional organ to the host’s own organs, as it is in-
volved in several essential bodily functions, such as food digestion and energy 
extraction, activation and modulation of the immune system, pathogen defence, 
regulation of gut homeostasis, drug metabolism and detoxification, production of 
various important metabolites, such as short chain fatty acids (SCFAs), secondary 
bile acids, neurotransmitters (e.g. serotonin and gamma amino butyric acid), 
trimethylamine N-oxide (TMAO), etc. (Figure 4) (reviewed, for example, in Bik 
et al., 2018; Cani, 2018; Gilbert et al., 2018; Liu et al., 2022). 

The colon, where the highest concentrations of microbes reside, is an essential 
part of the intestine, aiding in food digestion and preventing colonisation of patho-
genic microbes. The gut microbes significantly contribute to these functions; 
however, when not controlled, they may pose a threat. To physically separate 
these trillions of microbes from the epithelial surface, the intestines are lined with 
a gel-like mucus layer (Figure 5). The colonic mucosal barrier consists of the 
inner sterile denser layer, which is impenetrable to the microbes, and a looser 
outer layer, where microbes reside (Luis & Hansson, 2023). Initially considered 
only a lubricant for stool, the mucosal barrier has been shown to be an important 
facilitator of gut homeostasis, protecting intestinal epithelium against infection 
and inflammation as well as providing nutrients and attachment sites for the gut 
microbes, facilitating their colonisation (Paone & Cani, 2020). The mucosal layer 
is also an important modulator for the host immune system, acting as a reservoir 
for host defence molecules such as antimicrobial peptides (AMPs). 

Dynamic bidirectional interactions between the host and the microbes help to 
regulate the mucosal barrier function (Figure 5). The host protects itself against 
the microbes by the goblet cells continuously secreting mucus to push the 
microbes away from the epithelium (Luis & Hansson, 2023). Additionally, the 
host controls the levels of the microbes by producing antimicrobial peptides 
(AMPs) and antibodies (De Vos et al., 2022; Mukherjee & Hooper, 2015). Vice 
versa, the microbiome and microbial composition have been shown to affect 
mucosal barrier properties (Jakobsson et al., 2015; Johansson et al., 2015). The 
gut bacteria can additionally metabolise and produce many molecules that can 
modulate the gut environment and maintain the healthy gut barrier function. 
These include, for example, SCFAs, such as acetic, propionic, and butyric acids, 
which, among other roles, help to provide energy for epithelial cell proliferation, 
maintain an anaerobic environment in the gut, and regulate immune cells to 
produce antimicrobial factors (Cani, 2018).  
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Figure 5. Bidirectional interactions of the colonic mucosal barrier with the gut micro-
biome. AMP – antimicrobial peptides, SCFAs – Short Chain Fatty Acids. Author’s own 
work. 
 
Just as we have primarily broadened our focus from understanding monogenic 
diseases to more complex polygenic diseases, microbial research is expanding its 
interest from single microbial taxa-induced diseases to more complex com-
munity-mediated conditions. In the context of the microbiome, we are beginning 
to understand that “one bug = one disease” might not even be the case for infec-
tious diseases as these disease-related “pathogens” can be part of a normal micro-
biome, often causing no harm (Crobach et al., 2018; Ferretti et al., 2023).  

There has been an exponential increase in studies linking altered microbial 
taxa and characteristics of the microbiome to different types of diseases. These 
include, for example, inflammatory bowel diseases, cancer, diabetes, coeliac 
disease, and obesity, a modest list of a plethora of conditions being studied in 
relation to the microbiome (De Vos et al., 2022). In some cases, individual micro-
bial taxa are associated with diseases without any major shifts in the community 
markers (such as Shannon alpha diversity) (Wirbel et al., 2019). On the other 
hand, some of the diseases may lack consistent taxa associated with the disease 
but have clear differences in the whole community-based markers, e.g. lower 
microbial richness, as can be the case for obesity (Lin et al., 2023) and inflam-
matory bowel diseases (IBD) (Abdel-Rahman & Morgan, 2023). Whether these 
detected changes in different diseases are causal, consequential, or bystander 
remains unresolved. Determining the directionality of the associations can be 
problematic, as they are seldom unidirectional and usually rather complex. 
Additionally, microbiome changes might not even be disease-specific, as shown 
by a meta-study of 28 metagenome-wide association studies’ (MWAS) datasets, 
where the overlap of microbiome signatures between different diseases was found 
(Duvallet et al., 2017). Additionally, the disease state and microbiome com-

Goblet cell

Host defence Microbial regulation

Antibodies

AMPs

Mucus-degrading
microbesSCFAsContinuous 

mucus secretionImprenetability

Colonic epithelium

Gut microbiota

Denser inner mucus layer

Looser outer mucus layer



 
 

20 

position changes are most likely also linked to additional factors (e.g., inflam-
mation). Therefore, causal factors and the functional mechanisms behind the 
detected associations still need to be elucidated.  

Finding disease-specific signals is further complicated as, to date, no con-
sensus exists in the scientific community on what a healthy microbiome is, as 
there seems to be no clear, healthy microbial makeup. Significant variability and 
uniqueness between individuals make characterisation a “common” healthy 
microbiome difficult. Although the terms “good” and “beneficial” or “bad” and 
“harmful” are frequently used for describing the microbes, the microorganisms 
and their metabolites are generally neither, as their impact on the host depends 
largely on the context. Therefore, these dualistic classifications remain rather 
simplistic. The term “dysbiosis”, i.e., the imbalance in the microbiome, is often 
used when describing various alterations in the microbiome associated with 
human conditions. Although the term is regarded as vague and has limited clinical 
application (Olesen & Alm, 2016), it is still common practice to characterise 
disruption of microbial composition and function with the term. As current 
knowledge in the microbiome field is mostly based on correlations from single 
timepoint studies with a limited number of participants, large multi-timepoint 
datasets from well-characterized cohorts following individuals’ health trajec-
tories longitudinally are needed. These types of studies, in combination with 
functional analyses, could help to tackle the questions of causality in the human 
microbiome. 
 
 

1.3 Studying the microbiome – opportunities and 
considerations 

The microbiome can be studied using different methods, models, and study 
designs. Various focus points and resolutions could be targeted, giving different 
aspects of relevant information about the structure and function of the micro-
biome in various habitats and organisms (Figure 6). Historically, many micro-
biome studies focused on more general phylum-level taxonomic changes. How-
ever, the focus has shifted to more detailed aspects of taxonomy, such as genera, 
species or strains. Compared to the taxonomical aspect of the microbiome, func-
tional resolution is still rather unexplored and requires more detailed systematic 
studies. In terms of study scope and experimental design, all aspects highlighted 
in Figure 6 are still very relevant points of focus depending on the study question.  
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Figure 6. Different resolutions and approaches of microbiome research (Author’s own 
work based on Schmidt et al., 2018). 
 

1.3.1 Methods for characterising the microbiome  

Although the field is continuously improving, several methods have taken hold, 
allowing for improved characterisation of these microbial communities and their 
role in human health (Figure 7). Sequencing approaches analysing microbial 
DNA, such as targeted amplicon and shotgun metagenomic sequencing, have 
dominated the field and are extensively used to characterise the microbiome. 

Figure 7. Commonly used methods to characterise microbiome. Author’s own work 
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Targeted amplicon or marker gene sequencing uses the conserved genes and 
regions in groups of organisms to characterise the composition of microbes in the 
sample. For bacteria and archaea, sequencing of specific regions in the 16S 
ribosomal RNA gene is used, and for fungi, the internal transcribed spacer (ITS) 
region is commonly sequenced. The method allows to characterise the microbial 
composition of the samples to some degree, helping to tackle the question “Who 
is there?”. The method is still extensively used in microbiome studies, as it is 
considered cost-effective, allowing microbiome analysis in large sample sets. The 
limitation is that it cannot capture lower taxonomic ranks of microbes (such as 
species and strains) and disregards other kingdoms in the microbiome, e.g., 
viruses or eukaryotes. The method also has limited capacity to characterise the 
functional capacity of the microbes.  

Metagenomic sequencing uses total genomic material present in the sample 
for analysis and allows the compositional and functional profile of the community 
from all domains of life to be characterised. The method addresses the questions 
“Who is there, and what can they potentially do?”. Characterisation of the com-
munity can be done using reference-based or de novo assembly-based methods. 
Reference-based characterisation or metagenomic profiling uses databases with 
previously characterised and catalogued microbes to assign taxonomy or functio-
nality to the sequenced reads. The limitation can be the databases’ content and 
size, e.g. species from previously uncharacterised populations not being present 
in the reference databases (Blanco-Míguez, Beghini, et al., 2023; Pantiukh et al., 
2024). These novel species can be discovered using de novo metagenomics 
assembly, which allows for the reference-free reconstruction of the genomes 
present in the samples. However, higher sequencing depth and computational 
power are needed to assemble the Metagenome-Assembled Genomes (MAGs) 
from complex communities, which can be more costly and labour-intensive com-
pared to reference-based profiling. Fortunately, the mappability of the faecal 
metagenomic reads has significantly improved in the last decade, as some time 
ago, taxonomy couldn’t be assigned to half of the sequencing reads but is now 
higher than 85% with the median around 95% in some studies (Thomas & Segata, 
2019). However, we still lack functional annotation for many genes. Thus, there 
is still much to discover about the functionality of the microbiome.  

Although sequencing has been dominating the field for the past few years, 
other omics methods, e.g., metatranscriptomics, metaproteomics, and metabolo-
mics, have also proven to be useful for microbiome-related discoveries, especially 
in providing insights into the functional activities of microbes and answering the 
question “What do they actually do?”. These methods, especially metabolomics, 
have been frequently used in combination with findings from metagenomics 
sequencing and are also expected to be increasingly used in population-based 
studies as they become cheaper and more standardised.  
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1.3.2 Models to study the microbiome effects 

Whether changes in the microbiome are responsible for the conditions and 
diseases or merely a side effect of the changed microenvironment needs to be 
studied and proven. This can be done using different approaches (Figure 8). The 
models vary in complexity and depth in which the functional mechanisms could 
be assessed. There are more reductionist setups, like in vitro and in vivo studies, 
where microbes' functional effects and causal roles can be studied. These studies 
may require successful isolation and cultivation of taxa of interest. With regards 
to treating humans or understanding their diseases, using human samples is 
relevant. However, the complexity of these studies is higher, and functional 
understanding might be difficult to obtain. Furthermore, human samples are not 
always possible to receive for ethical reasons. Therefore, more simplistic and 
attainable approaches are used.  

Figure 8. Models used to study environment − the microbiome − host interactions. 
Modified from Lindell et al., 2022.  
 
In in vitro models, the effect of specific conditions or factors can be tested on 
individual strains or pre-defined communities, independently of the impact of the 
host (Maier & Typas, 2017). This can be upscaled to test numerous conditions or 
agents simultaneously, e.g., testing 1200 drugs on 40 gut microbes (Maier et al., 
2018). The studies are essential to generate or test hypotheses for animal models 
and human studies and explain the potential functional mechanisms behind 
observations from cross-sectional studies in great detail.  

Animal models, especially murine models, are often used for assessing 
causality. The germ-free mice and colonisation of mice with human microbiota 
have been important methods in uncovering several aspects of the role of the 
microbiome in different functions of the body (Kostic et al., 2013). Using gnoto-
biotic (i.e., an animal with known microbial communities) or germ-free models 
(i.e., grown sterile and having no microbial communities) allows researchers to 
control the experimental setups and the microbial communities in the body. 
Microbial associations detected in cross-sectional studies are sometimes experi-
mentally validated in animal models using faecal microbiota transplantation 
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(FMT) (Wang & Jia, 2016). While mouse models have their advantages, several 
limitations need to be acknowledged. Their digestive tract is anatomically and 
physiologically different, differences exist in the immune system, cage effects 
often occur due to coprophagy, and the microbiome is different between mice and 
humans (Park & Im, 2020). Therefore, in vitro and in vivo findings can sometimes 
be challenging to translate into human context. Furthermore, germ-free models 
can be expensive, need specific facilities and conditions to be maintained, and are 
therefore not widely available (Kennedy et al., 2018). 

Human population studies can be used to investigate healthy people and 
individuals with different diseases. Collecting samples together with large 
amounts of health data allows these studies to identify health-associated micro-
bial biomarkers. Several large-scale (here regarded as >1000 participants) cross-
sectional studies have associated stool microbiome composition with various host 
and environmental factors, providing an integrated view of the relative impact of 
the factors on the microbiome and identifying relevant co-variates affecting the 
microbiome (Falony et al., 2016; Gacesa et al., 2022; Si et al., 2022; Zhernakova 
et al., 2016). These population-based studies have already revealed many previ-
ously unknown links and expanded our understanding of factors that drive the 
differences between individuals. They have also helped determine lifestyle fac-
tors which are the most important in influencing the microbiome. Nevertheless, 
running microbiome studies with humans is complicated due to sample collection 
issues, ethical problems, and huge variability between individuals, as well as the 
difficulty of interpreting the functional background of the results. Furthermore, 
large sample sizes are needed to detect more specific associations with microbial 
parameters and human characteristics, as only a few species out of hundreds are 
present in almost all samples, with the majority of species detected in less than 
50% of samples (Sanna et al., 2022).  

 

1.3.3 Considerations and limitations in microbiome data analysis  

The microbiome is a complex network system with parts interacting and affecting 
each other in different contexts. Every individual has their own specific micro-
biome, which can complicate finding disease- or trait-specific signatures. Usually, 
the sample sizes in microbiome studies are relatively small, while many microbial 
markers (e.g., hundreds to thousands of species or genes) are analysed simultane-
ously. Different species might share functional characteristics. The species are 
also intertwined in metabolic pathways and networks. Although many diseases 
and conditions have been linked to changes in the microbiome, the causal role of 
these associations often remains elusive (De Vos et al., 2022). Several factors 
hinder finding consistent associations, including the compositional nature of the 
data, technical variation, nature of the studies and many more.  

A vast amount of the data comes from cross-sectional studies. These studies 
have been crucial in determining microbiome associations with different factors 
and are still relevant to date, mapping microbiomes of various populations world-
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wide. However, inherent limitations exist with these studies. For example, under-
standing how species interact with each other is difficult to interpret from these 
types of studies, as interactions in the microbiome can be dynamic in space and 
time (Olsson et al., 2022; Tropini et al., 2017; Vandeputte et al., 2021). Additio-
nally, within-study and between-study batch effects may occur (Schmidt et al., 
2018). These differences may originate from sample collection and storage condi-
tions, extraction protocols, and computational analysis (Bharti & Grimm, 2021; 
Costea et al., 2017). Although the technical variation has a considerable effect, 
the overall effect size is still lower than the other factors combined, affecting the 
microbiome (Gacesa et al., 2022). To increase reproducibility across different 
disciplines in the microbiome field, guidelines for reporting data have been 
created (e.g. STORMS checklist by Mirzayi et al., 2021). Nevertheless, there is 
still an urgent need to develop standards for the microbiome field, and efforts to 
establish these are actively ongoing (e.g., Human Microbiome Action 
https://humanmicrobiomeaction.eu/).  

Most studies use DNA sequencing for microbiome analysis. However, micro-
biome data from DNA sequencing is compositional in nature and, therefore, non-
quantitative (Gloor et al., 2017). Relative abundances of taxa or genes are inferred 
from non-informative total library sizes and then related to various factors. 
Depending on the bioinformatics pipeline or used on microbiome data, the results 
can vary significantly (Sun et al., 2021). The compositional data analysis may 
also introduce false-positive associations between taxa or taxa and covariates. 
When trying to determine which microbes differ between study groups, the results 
might also differ depending on the differential abundance analysis method used 
(Nearing et al., 2022). Furthermore, there is a problem interpreting zero values in 
sequence counts, which may not always mean that the microbe is not present in 
the sample (Silverman et al., 2020). An additional aspect to keep in mind when 
using microbiome sequencing data is that analysing DNA does not mean we 
capture microbes that were alive in the sample. To alleviate the issues with data 
compositionality, several quantitative approaches have been introduced, in-
cluding spiked-in standards and known cell numbers (Satinsky et al., 2013; 
Stämmler et al., 2016), flow cytometry (Vandeputte et al., 2017), and predicting 
cell counts using machine learning models (Nishijima et al., 2024).  

Many studies still run genus-level analysis; however, the focus is shifting 
to species or even strain level, the preferred taxonomic unit in microbiology 
(Figure 6). Even the strain level might not be ideal, as studies on pathogen 
isolates have shown that there may be enormous strain-level diversity and core 
genes only capture some of the variability present (Thomas & Segata, 2019). 
Even two bacterial strains from the same species might have vastly different 
genetic makeup, so genus-level studies capture only limited genetic information 
(Blanco-Míguez, Gálvez, et al., 2023). Moreover, the accessory or variable 
genome, i.e., the set of genes present in some but not all strains of a species, 
maybe more than ten times larger than the core genome, i.e., the set of genes 
present in all species (Thomas & Segata, 2019).  
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1.3.4 Microbiome-based diagnostic and prognostic tools 

Microbiome analysis can be complicated, and it requires computational resources 
and specific knowledge. Therefore, we must consider whether measuring the 
microbiome adds value to traditional diagnostics or therapeutics. As an example, 
obesity might be linked to the gut microbiome (Thingholm et al., 2019). How-
ever, it does not make sense to diagnose obesity using microbiome-based diag-
nostics when we could use a weighing scale. When the microbiome causes 
obesity, however, then these studies comparing healthy and obese individuals are 
relevant if they could be linked with experiments to verify the causal role of the 
microbiome. This type of knowledge could be used to estimate the risk of obesity 
in the population, potentially helping to postpone or circumvent the condition. 
Investigating the causal role experimentally is not always possible, as numerous 
microbes still cannot be grown and characterised in vitro. The functional mecha-
nisms behind therapeutics are not always understood in detail, even if the thera-
peutics have proven useful, as can be the case for faecal microbiota transplan-
tation. Therapeutics require causality, even if we don’t completely understand the 
mechanism. Additionally, the detected disease-microbe associations from cross-
sectional studies should be replicated independently and compared with other 
phenotypes to ensure the association is robust and specific to the disease of 
interest. 

Modern healthcare is focused on preventing or delaying disease onset and 
complications by preventing the diseases through lifestyle modifications for 
populations at risk. Various diagnostic methods, such as blood tests, physical 
examinations, imaging and biopsies, are used. However, more efficient, non-
invasive, easy-to-collect biomarkers are continuously being researched (Ratiner 
et al., 2023). There is great interest in using microbiomes in combination with 
conventional risk factors for disease diagnosis and early detection, thereby more 
accurately identifying disease-prone individuals for screening (Ratiner et al., 
2023). Additionally, the microbiome could also be used to understand perso-
nalised disease manifestations and variable responses to treatments. The micro-
bial “fingerprints” can be an opportunity to link microbial signatures to divergent 
clinical outcomes in patients, potentially discriminating between diseases in 
different stages or with similar symptoms, e.g. in cirrhosis and fibrosis or IBD 
and inflammatory bowel syndrome (IBS) (Oh et al., 2020; Vich Vila et al., 2018).  

A significant issue complicating finding microbiome-based diagnostic and 
prognostic tools is inter-individual variability and population-based differences, 
which may result in the microbiome-based tests not applying uniformly to all. 
Therefore, large-scale studies are necessary to determine statistically and biologi-
cally meaningful findings. Fortunately, research shows that consecutive samples 
from the same individual, when collected in the same manner, are more similar 
to each other (Chen et al., 2021). Therefore, this relative stability of the micro-
biome shows promise in the use of this type of data in diagnostics. However, 
more research is needed.  
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CRC has been a good example of microbiome-based signatures, as microbial 
taxa have been important discriminators in colon cancer patients in different 
geographically diverse datasets with comparable accuracy and specificity to the 
faecal occult blood tests used in the clinic (Thomas et al., 2019; Wirbel et al., 
2019; Zeller et al., 2014). Additional studies on colon cancer patients showed that 
incorporating metagenome and metabolomics data enabled to further distinguish 
patients with early and late colon cancer from healthy controls (Yachida et al., 
2019). Microbiome-associated serum metabolites could also be useful predictors 
for early-stage colon cancer, achieving higher sensitivities than commonly 
clinically utilised biomarkers, such as carcinoembryonic antigen (CEA) (Chen et 
al., 2022). Moreover, studies have shown that incorporating microbiome may 
improve the prediction accuracy of different diseases, such as Type 2 Diabetes 
and Alzheimer’s, as well as predict blood glycaemic responses to diet (Ferreiro 
et al., 2023; Y. Liu et al., 2024; Reitmeier et al., 2020; Zeevi et al., 2015). There 
is also a great interest in determining the microbiome in disease-predisposing 
conditions, such as obesity (Thingholm et al., 2019), insulin sensitivity (Pedersen 
et al., 2016), and hypertension (O’Donnell et al., 2023), thereby using the micro-
biome as a biomarker before the disease’s onset. As an example, microbial-
produced metabolites, e.g. TMAO, might help to predict the risk of heart disease 
(Wang et al., 2011). As thousands of associations between microbial metabolites 
and diseases have been shown, screening these signatures could be used as a 
potential diagnostic or therapeutic (Wang et al., 2023).  

Nevertheless, although the first studies show the potential value of the micro-
biome data, additional research is needed. We still need to understand the factors 
contributing to the interindividual variability and detect disease- and population-
specific differences to create useful diagnostic, prognostic and therapeutic tools.  
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2. AIMS OF THE STUDY 

This thesis explores various aspects relevant to understanding the value of micro-
biome studies in human health. These topics range from microbiome sample 
collection possibilities in clinical screening programs to using population studies 
to discover novel factors associated with the microbiome, as well as testing novel 
hypotheses from population studies on animal models. The specific aims of the 
thesis are as follows: 
 
• To assess the suitability of stool samples from faecal immunochemical test 

tubes used in the Estonian colon cancer screening program for microbiome 
analysis;  

• To characterise factors associated with gut microbiome composition using a 
population-based Estonian microbiome cohort (EstMB) consisting of indi-
viduals from the Estonian Biobank, supplemented with Electronic Health 
Records data; 

• To investigate the effect of a history of repeated antibiotic use on microbiome 
and gut physiology using donor samples from the Estonian Microbiome 
Cohort for human-to-mouse faecal microbiome transplantation. 
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3. RESULTS AND DISCUSSION 

3.1 Samples used in national colorectal cancer 
screening programs can be implemented for 

microbiome studies (Ref. I) 
As more and more studies describing disease-specific microbiome signatures 
from stool samples take hold, there is a huge opportunity to start implementing 
microbiome testing for more accurate disease diagnosis and prediction where the 
sensitivity and specificity of traditional tests could be improved. This can be the 
case for colorectal cancer (CRC) screening programs where faecal immuno-
chemical tests are used. CRC is a challenging global public health problem, and 
it is the second most common cause of cancer death in Europe. Recent data indi-
cates that the incidence of CRC is increasing, especially among younger adults 
(Vuik et al., 2019). CRC development is a long stepwise process, enabling the 
detection and removal of pre-cancerous lesions before they become malignant. 
The detection of CRC in its early stages is of high importance, as the 5-year 
survival rate in early stages is higher than 90%; however, it lowers to less than 
20% in later stages (Araghi et al., 2021). Therefore, many countries in Europe 
have started population-based screening programs for 50–74-year-olds. In Estonia, 
as in many other countries, the screening is done as a two-step process. First, 
faecal occult blood is non-invasively analysed from stool samples using a faecal 
immunochemical test (FIT), which is then followed by a confirmatory colono-
scopy in case the FIT test is positive.  

Although the screening is relatively cost-effective, the programs face many 
challenges, including low sensitivity for pre-cancerous and early-stage cancers, 
invasive diagnostics for golden standards, false negatives due to risk factors such 
as smoking and advanced age, lesions being missed during diagnostics and false 
positive diagnoses. Consequently, most cancer diagnoses happen in late stages, 
where the 5-year survival rate is much lower (Araghi et al., 2021). Taken together, 
new, highly specific, inexpensive, and sensitive non-invasive screening tests that 
improve the early detection of colon cancer are needed. Numerous studies have 
already linked the microbiome to colon cancer (reviewed in Wong & Yu, 2023). 
Microbiome signatures from stool have been shown to predict colon cancer, and 
stage-specific signatures have also been found (Wirbel et al., 2019; Yachida et al., 
2019). The samples in these studies are mainly collected using standard methods 
of the microbiome field, i.e., collecting stool samples without stabilisation liquid 
and immediately freezing these samples. The collection method, however, is not 
part of standard testing for colon cancer, which instead uses faecal immuno-
chemical test tubes (as recommended by the European Commission for EU colon 
cancer screening programs). The microbiome sample should ideally also be col-
lected before colonoscopy-related bowel cleansing, as the procedure is associated 
with the loss of individual taxa (Jalanka et al., 2015). Consequently, the samples 
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used for microbiome studies, which were collected after colonoscopy, might also 
be different from the original samples. 

Therefore, our study aimed to test whether the microbiome could already be 
captured from the same faecal immunochemical test tubes used in Estonian colon 
cancer screening programs, which are usually collected as a first step as part of 
the screening. This would circumvent the need to collect an additional stool sample, 
as both the faecal occult blood test and microbiome characterisation could be 
done from the same FIT before any invasive procedures. We used the immedi-
ately frozen stool, i.e., the “gold standard” of microbiome studies, as the basis, 
and additionally, a stool was collected in a stabilisation liquid for comparison. 
The study was done as a pilot study in parallel to the colon cancer study to show 
the appropriateness of FIT samples for microbiome collection.  
 

3.1.1 Description of materials and methods 

The study used 30 healthy Estonians (16 women and 14 men, age 39 ±12.1 years, 
mean BMI 24±4.7 kg/m2) who had not taken any antibiotics within two months 
before sampling and had no known gastrointestinal disorders. The participants 
took seven stool samples using three different sample collection methods – stool 
sample without any stabilising solution frozen quickly at −20 °C after sample 
collection (i.e., golden standard of microbiome studies), stool sample in stabili-
sation buffer tube (DNA-RNA Shield tube, Zymo Research, Irvine, California), 
and stool sample in faecal immunochemical test tube (FIT, Aidian, Espoo, 
Finland) used in colon cancer screening programs in Estonia (Figure 9). FIT and 
stabilisation buffer tubes were collected in three replicates; one was frozen at the 
same time as fresh stool without a buffer, and two others were kept at room 
temperature for four (96h) and seven days (168h), respectively. This was done to 
imitate the approximate time the samples may be at room temperature during the 
delivery to the study centres with the national postal service. All samples from 
the participants were collected within the same week. In total, 214 samples were 
analysed, including positive and negative controls. The DNA from the samples 
were extracted using a Qiagen PowerSoil Pro DNA extraction kit. Sequencing 
was done using Illumina’s next-generation MiSeq sequencing, using the V3-V4 
hypervariable region of the prokaryotic 16S ribosomal RNA gene.  
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Figure 9. Overview of the sample collection and microbiome analysis. Day 0 –
immediately frozen samples; Day 4 – samples were kept at room temperature for 4 days; 
Day 7 – samples were kept at room temperature for 7 days; Neg – Negative control; Pos – 
Positive control. Published in Ref. I. 
 

3.1.2 Microbiome can be analysed from colorectal cancer 
screening FIT tubes  

The “gold standard” for microbiome collection is a fresh-frozen stool (Wang 
et al., 2018). Depending on the country, as is the case for Estonia, fresh-frozen 
stool samples unaffected by procedure-related treatments might not be possible 
to obtain due to screening program logistics. Therefore, we were interested in 
whether the sample tubes used for faecal occult blood testing differ from the gold 
standard of the microbiome collection, which is often used in studies linking the 
stool microbiome with different diseases. Additionally, we used a stabilisation 
buffer as an additional control, which is often used as an alternative when fresh 
frozen stool cannot be obtained. Using samples from 30 healthy individuals, we 
showed that the interpersonal variability is greater than the variability originating 
from the sample collection type, and the sample collection has a significant but 
low effect on the variance between individuals (Figure 10). Beta diversity shows 
clustering based on individuals, not by sample collection type, and the sample 
type is not a significant factor influencing the microbial community according to 
the PERMANOVA analysis. As there is substantial personal variation between 
individuals, the strong suit of this study is using samples from the same person 
and from the same time point.  

We additionally tested whether the community has changed in Day 4 and 
Day 7 samples compared to the Day 0 samples and discovered that the time spent 
at room temperature has a low impact on the microbiome samples. We detected 
that FIT keeps the community stable as there are no significant differences in any 
of the alpha diversity measurements, while stabilisation buffer samples have diffe-
rences in the Shannon diversity index between Day 0 and Day 4 (Figure 10b–e). 
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Figure 10. Microbiome diversity between sample types and time points.(a) Principal 
component analysis (PCA) of beta diversity between storage conditions. Samples are 
coloured and connected based on the individual’s ID. Boxplots represent the observed 
genera (b) and Shannon diversity indexes (c) of FIT samples and the observed genera 
(d) and Shannon diversity indexes (e) of stabilisation buffer samples from different time 
points. FR – fresh-frozen samples; FIT0 – immediately frozen FIT samples; FIT4 – FIT 
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stabilisation buffer samples frozen on day 7. Published in Ref. I.
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We were also interested in whether there are more specific differences in the 
taxonomic composition at the genus level between gold standard and FIT tubes 
or stabilisation buffer samples, especially in genera previously associated with 
colorectal cancer. Focusing on colorectal cancer-associated taxa was relevant, as 
the study was conducted as a pilot experiment to the larger ongoing CRC-micro-
biome study where patients from the screening program are used. We detected 
that when comparing the number of differentially abundant microbial genera in 
both sample types to the fresh-frozen sample, there are more differentially 
abundant genera in the stabilisation buffer (16 out of 171 genera, 9%) compared 
to samples stored in FIT (7 out of 171 genera, ~4%), indicating that the FIT keeps 
the microbial community more similar to the fresh-frozen community, especially 
in previously cancer-associated genera (Figure 11). Comparing the test tubes, we 
showed that only one genus (Rombutsia) was significantly different between Day 
0 and Day 4 or Day 7 in FIT samples, indicating that the community captured on 
Day 0 remains the same for a week. The limitation of the study is that the 16S 
rRNA gene instead of metagenomics sequencing was used for microbiome 
characterisation, making us unable to characterise whether any species previously 
characterised as associated with colon cancer has been changed. 
 

Figure 11. Genera-specific changes in the microbial communities compared to the fresh-
frozen sample. Genera in bold belong to the core 95% most prevalent genera. Genera in 
squares have previously been associated with colorectal cancer based on (Wirbel et al., 
2019; Yachida et al., 2019). FIT0 – immediately frozen Fecal Immunochemical Test 
samples; SB0 – immediately frozen stabilisation buffer samples. Published in Ref I. 
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3.1.3 Microbiome-based diagnostics and 
the potential of screening program samples 

Enormous potential lies in national screening programs as a potential source for 
microbiome samples, which could be paired with traditional screening diag-
nostics or create new tools for diseases where current diagnosis methods are too 
invasive, insensitive, or not specific enough. More than 50,000 participants take 
part in the national colon cancer screening in Estonia each year. Pairing the micro-
biome analyses with national health registries holds great potential for micro-
biome tests beyond the screening programs of specific diseases, as these prog-
rams include participants of a particular age group, regardless of their health status. 
This testing, in combination with biobanks, which include both healthy and 
diseased individuals from a population, can be effectively used to validate the 
developed models from clinical cohorts and find at-risk populations in biobank 
participants to screen people at risk even earlier. This might be useful, especially 
in colon cancer, where the disease incidence is increasing, especially in young 
adults (Vuik et al., 2019), where screening programs may not include all the age 
groups at risk. Using the Estonian biobank data, we have also determined that 
around 12% of all colon cancer patients received their diagnoses when they were 
younger than 55 years old.  

However, it is relevant to capture disease-specific signals to develop diag-
nostic and prognostic tools. Screening cohorts might help to identify these signals 
better than clinical cohorts studying only one type of disease, as overlaps between 
different diseases might go unnoticed. The screening programs can also help 
discover comorbidities and shared symptoms. Additionally, microbiome-based 
diagnostics must add a value beyond the current standard. In the case of colon 
cancer, for example, a faecal occult blood test on the stool is used as part of the 
diagnosis. The microbiome diagnostic should have additional explanatory power 
beyond this traditionally used measurement. Otherwise, it would be a compli-
cated and expensive additional test. New studies, however, have included micro-
biome analysis as a complementary test to the current diagnostic method and 
achieved higher specificity (Malagón et al., 2020, 2023). However, in general, it 
is necessary to bear in mind that the screening test can only be helpful if the 
participation rate is high. Therefore, microbiome-based testing should not shrink 
these rates.  

This study was done as a pilot on healthy individuals before starting to collect 
faecal tubes from colon cancer screening participants and patients diagnosed with 
colon cancer. Overall, we showed that microbiome analysis is possible from these 
types of samples, and the community remains the same in the time that the sample 
is expected to be in the post. The limitation of this study was that it used 16S 
rRNA gene sequencing data, which does not allow for taxa comparison of previ-
ously cancer-associated species. Moreover, due to the sampling technique, much 
less of the sample is obtained with FIT tubes compared to the common stool 
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sample collection methods, so the metagenomics and metabolomics analyses 
should be further tested. Furthermore, it is highly unlikely that the samples could 
be used for species cultivation in vitro. However, the study, combined with other 
studies, shows that microbiome testing from FIT tubes is possible and can be used 
for microbiome collection when fresh-frozen stool samples are not possible to 
obtain.  

 
 

3.2 Using the Estonian microbiome cohort to 
describe the factors associated with microbiome 

compositional changes (Ref. II) 

Population-based biobanks offer great opportunities to study the microbiome’s 
role in human health. As population-based studies include both healthy and 
diseased individuals, they allow us to find disease-specific microbiome signals 
and capture healthy individuals at risk before they develop the disease. They can 
also be useful in determining signals overlapping between different diseases as 
well as determining relevant confounders affecting the disease-specific microbial 
signatures. Studies have also shown that population-specific microbes, which 
reflect lifestyle and environmental differences, exist (Gupta et al., 2017). There-
fore, to understand whether the previously determined links between microbiome 
and different factors or diseases are cohort-specific or can also be observed in 
other datasets, more populations should be studied. 

Here, we introduce a new large-scale population-based Estonian Microbiome 
cohort that utilises electronic health records (EHR) information and shotgun 
metagenomics sequencing data. The uniqueness of the cohort comes from the 
opportunity to use longitudinal health records, not relying on single time-point 
questionnaire-based data. Electronic health records allow the tracking of an 
individual’s medical history not only before but also after sample collection. 
Although a few population-based microbiome cohorts already existed (Falony 
et al., 2016; Zhernakova et al., 2016), to our knowledge, only one population-
based microbiome cohort, including shotgun metagenomics sequencing and 
follow-up health data from electronic health registries, had been published at the 
time (Salosensaari et al., 2021). This FINRISK cohort, similar to EstMB, allows 
the tracking of the health of individuals for a long period of time, enabling the 
determination of long-term associations between gut microbiome composition 
and health. Furthermore, the microbiome data from the FINRISK cohort, which 
was collected in 2002, has allowed for the prediction of the risk of different 
incident diseases, further showing the value of these types of cohorts with 
longitudinal health data (Liu et al., 2022; Ruuskanen et al., 2022). Nevertheless, 
many unknown factors influencing the microbiome in different populations likely 
exist, which could be studied using population-based biobanks.  
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3.2.1 Description of the cohort and methods 

In the years 2017–2019, a subset of 2509 adult participants (age range 23–
89 years, 70.3% women) from the Estonian Biobank (EstBB) were recruited to 
the Estonian Microbiome Project (EstMB). The participants were recruited from 
all counties in Estonia, and the project aimed to study the association between 
health parameters and microbiome. Established in 1999, the Estonian Biobank is 
among the leading volunteer-based biobanks in Europe, with around 20% of the 
adult population (> 210,000 participants, ≥ 18 years old) being recruited. The 
biobank aims to investigate the genetic, environmental, and behavioural back-
ground of common diseases and traits, trying to advance personalised medicine 
and public health in Estonia. All biobank participants have signed a broad consent 
form that allows scientists to access comprehensive phenotype data from the 
nationwide EHRs, enabling continuous monitoring of the health status of the 
participants across a lifespan in detail. These EHRs are recorded by medical spe-
cialists, providing the scientists with reliable information about pseudonymised 
individuals’ disease diagnoses, prescription medication usage, and medical 
procedures. In addition to EHRs, the participants answered extensive question-
naires about dietary preferences, living environment and lifestyle choices. The 
Estonian Microbiome Project participants donated additional oral, plasma, and 
stool samples, which allowed us to study gut metagenome and pair it with the 
individuals’ deep phenotypic data. The shotgun metagenomic paired-end se-
quencing (4.62 ± 0.44 Gb) and bioinformatic characterisation of taxonomic and 
functional profiles was done by Novogene Bioinformatics Technology Co., Ltd. 
Following the publication (Ref. II), several new datasets have been collected in 
EstMB and EstBB; therefore, an updated timeline as of August 2024 of the 
sample and data collection milestones in EstBB has been included in the thesis 
(Figure 12a). A general overview of the data and samples used in Ref. II is shown 
in Figure 12b. 
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Figure 12. General overview of the EstBB and EstMB datasets. (a) Timeline of major 
milestones in EstBB and EstMB data collection (author’s own work, first published in 
Ref. II, updated August 2024). (b) A general overview of the data and samples available 
in EstMB. Author’s own work. EHR – Electronic Health Records, IBD – Inflammatory 
Bowel Diseases, NMR – Nuclear Magnetic Resonance Spectroscopy, PPI – Proton Pump 
Inhibitors, SSRI – Selective serotonin reuptake inhibitors, T2D – Type II Diabetes, 
WES – Whole Exome Sequencing, WGS – Whole Genome Sequencing, WHR – Waist-
To-Hip-Ratio.  
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3.2.2 Landscape of the Estonian Microbiome 

“Let us remain Estonians but let us become Europeans too” (In Estonian: “Olgem 
eestlased, aga saagem ka eurooplasteks”) is a quote by Estonian poet Gustav 
Suits, which also applies to the current state of the Estonian gut microbiome. 
Comparing the microbiome to other population studies, the cohort has evident 
characteristics of a “Westernized” population, where five main phyla characterise 
most of the microbiome composition. The community is dominated by Firmicutes 
and Bacteroides (new names Bacillota and Bacteroidota), followed by Proteo-
bacteria, Actinobacteria and Verrucomicrobia (new taxonomic names Pseudo-
monadota, Actinomycetota, Verrucomicrobiota, respectively) (Figure 13a). Even 
at the phylum level, interindividual variability is visible. Although the microbial 
taxa vary between individuals, the general functionality of the microbiome is 
relatively similar, as previously shown (Figure 13b) (Huttenhower et al., 2012). 
When looking at the whole microbiome composition at the beta diversity level, 
the Bacteroides genus seems to be an essential driver behind community composi-
tion differences, as indicated by the PC1-PC2 axes on the PCA plot (Figure 13c). 
What may be driving the interindividual variability in this Westernized population? 

Figure 13. General microbiome taxonomic (a, c) and functional profile (b) of the Estonian 
Microbiome Cohort across all EstMB cohort subjects. (a) Phylum-level microbiome 
composition of individual participants; (b) Functional profile (KEGG domains) of 
individual participants; (c) Species-level PCA biplots coloured by the most dominant 
genus in the sample. KEGG – Kyoto Encyclopedia of Genes and Genomes, PCA – 
Principal component analysis. Published in Ref. II.  
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We analysed 252 diet-, disease-, medication-, and other lifestyle-related factors, 
determining 136 factors being associated with either taxonomic or functional 
level alpha-diversity, beta-diversity or certain species or KEGG orthology. Major 
factors affecting the microbiome variability between individuals are first stool 
characteristics such as stool consistency (assessed with the Bristol Stool Scale) 
and gut emptying frequency, followed by host intrinsic factors such as BMI, 
weight-to-hip ratio and disease states (Figure 14). This is in accordance with the 
previous studies, which also reported stool characteristics and BMI as the most 
important sources of variation (Falony et al., 2016; Zhernakova et al., 2016). In 
our cohort, most of the significant factors describing variation are diseases. 
Generally, the microbiome characteristics may reflect lifestyle choices, as stated 
by Professor Paul Ross at the Human Microbiome Action conference, “You get 
the microbiome you deserve” (Human Microbiome Action Summit, 29 February 
2024). Smoking, eating more meat products, drinking more soft drinks, as well 
as having diseases or taking medications end up in a less diverse microbiome 
(Figure 14). Conversely, exercising more, eating more berries, fruits, and vegeta-
bles, and generally feeling mentally and physically healthy are also associated 
with a more diverse microbiome (Figure 14). However, as has been the case with 
previous studies, each trait individually explains a very low percentage of the 
variability in the microbiome composition. This is also the case for the overall 
explained variability, which also remains low (10.14 %). Since our study, the 
Dutch Microbiome Project study, which increased their sample size more than  
7-fold compared to the first study, has still found the same factors to be relevant, 
including age, sex, BMI, stool consistency and gut emptying frequency, but 
additionally explained the significance of cohabitation and exposome (Gacesa 
et al., 2022). However, the explained variation still remains modest (>15%). 
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Figure 14. Significant factors associated with microbiome alpha and beta diversity. The 
heatmap depicts the Spearman correlation coefficients between each factor and alpha 
diversity metrics (Shannon’s index of diversity and the observed richness of species). 
Blue indicates a negative correlation, and red a positive correlation. The bar plot shows 
how much variance of the microbial composition each factor explains (based on the 
Euclidean distance on the centred log-ratio-transformed data). * – FDR < 0.05. Published 
in Ref. II.  
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3.2.3 History of medication use is a significant factor influencing 
microbiome and complicates finding disease-specific associations 

Confirming previous findings, we observe medication use as an important factor 
affecting the microbiome, with human-targeted drugs significantly affecting the 
microbiome in addition to the antimicrobials, where the effect on the microbes is 
expected. This is in accordance with the results previously shown in vitro (Maier 
et al., 2018) and also in population studies (Jackson et al., 2018; Vich Vila et al., 
2020). However, EHRs allow us to study the effects of medications even further, 
making it possible to focus on the history of drug usage in greater detail. 
Interestingly, excluding antibiotics usage 6 months before sample collection, a 
typical exclusion period for microbiome study participants, we observed that a 
10-year antibiotic use history is an important source of variation, which seems to 
be dose-dependently associated with loss of diversity and microbiome com-
position changes (Figure 15a). Generally, we observe that the more antibiotics a 
person has taken, the more Bacteroides-dominant microbiome they have. The 
accumulative effect of antibiotic use on the microbiome was similarly observed 
by Forslund et al. 2021 (Forslund et al., 2021). In our data, the effect is visible 
when the participant has used antibiotics 3 times in the last 10 years. As the 
average consumption rate of antibiotics is around 1 course per person per year in 
the EU, the effect is visible at a consumption rate presumably much lower than 
average (based on the European Centre for Disease Prevention and Control. Anti-
microbial consumption – Annual epidemiological surveillance report for 2017). 
Depending on the antibiotics, the specific effects might vary. The most prescribed 
antibiotics in EstMB are Penicillins With Extended Spectrum (J01CA) and 
Macrolides (J01FA). However, the specific effects of antibiotic class are difficult 
to assess in human studies, as most people do not consistently take the same class 
of antibiotic in their lifetime. Nevertheless, we have recently observed that 
macrolides and fluoroquinolones have larger and long-term effects compared to 
other antibiotics, detectable years after consumption (Aasmets et al., 2024). 
Unexpectedly, antidepressants, representing a human-targeted drug group, seem 
to have similar, although milder, effects on the microbiome (Figure 15b). In 
addition to antidepressants, we have recently observed the long-term effects of 
several psycholeptics, e.g. alprazolam (N05BA12, e.g., Xanax) and diazepam 
(N05BA01, e.g. Valium), detectable even 4 years after use (Aasmets et al., 2024). 

Interestingly, we also observed microbiome signatures in different diseases 
and shared microbial signatures between these diseases, indicating a common 
“dysbiosis”. However, when taking the history of antibiotic use into account, 
most of these associations within diseases and between diseases disappeared. Our 
study shows that a history of antibiotic use may be behind several disease-specific 
associations, warranting the need to collect long-term antibiotic use history data 
when trying to determine disease-specific signatures or understand the risk 
factors of complex diseases. 
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Figure 15. Associations of medication use history with different microbial parameters. 
Associations with history of antibiotics use (a) or history of antidepressant use (b) and 
microbial parameters (Shannon diversity index, Observed number of species, i.e. species 
richness, or the first two principal components (PCs) of the species-level microbial 
composition). The sample size for antibiotics were for non-users n = 243; [1,2] n = 549; 
[3,4] n = 440; [5,7] n = 395; [8,42] n = 400 and for antidepressants non-users n = 1761; [1,2] 
n = 188; [3,4] n = 96; [5,9] n = 109; [10,55] n = 115. * – FDR < 0.05, ** – FDR < 0.01, *** – 
FDR < 0.001, **** – FDR < 0.0001, ns – non-significant. Published in Ref. II.  
 

3.2.4 Future directions of the population-based cohorts in 
microbiome studies 

Following our study, multiple new microbiome cohorts have been published, and 
new cohorts are being continuously collected as the understanding of the impor-
tance of the topic increases globally. To date, the most significant published 
population-based microbiome cohorts in Europe using metagenomic sequencing 
data are depicted in Figure 16. Additionally, the metagenomics studies using the 
Japanese 4D and Israeli 10K cohort have been published following our publi-
cation (Nagata et al., 2022; Zahavi et al., 2023). An increasing number of meta-
genomics cohorts allows multi-cohort comparison studies with increased sample 
sizes to validate the findings and maybe address some of the challenges in the 
reproducibility and generalizability crisis that the microbiology and the micro-
biome fields are facing (Schloss, 2018).  
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Figure 16. Large-scale (>1000 participants) population-based gut metagenomics studies 
in Europe. * – 16S rRNA gene sequencing, but was among the first population cohorts. 
Author’s own work using free European map from  
https://simplemaps.com/resources/svg-maps. 

 
All the cohorts have identified many factors associated with the microbiome, but 
we are still explaining a surprisingly small portion of the variation between indi-
viduals (10–15%). Even the strongest covariates explain only very little of the 
overall differences observed between individuals. Significant contributions to 
microbial composition changes also originate from technical factors, such as 
sample collection, storage and handling, and especially DNA extraction methods 
(Costea et al., 2017). However, the technical variation explains a very small 
proportion of variation. So, what are we still missing? In general, we may lack 
information about relevant factors or have not accurately characterised the mea-
sured variables (Schmidt et al., 2018). As an example, the immediate effect of 
antibiotic use may be known. Still, we discovered how a long-term history of 
antibiotic use may also significantly influence the microbiome, additionally 
determining the long-term effects of antidepressants. Furthermore, we have 
recently expanded this observation, showing that several other drug classes, 
including psycholeptics, proton pump inhibitors and beta blockers, display long-
term effects (Aasmets et al., 2024). Large-scale population biobanks, which 
include long-term drug use data as is available in EHRs, enable the systematic 
investigation of these long-term effects in great detail. Moreover, the impact of 
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stochastic processes may be more substantial than we previously thought, and we 
may only be able to predict some of the microbiome changes (Schmidt et al., 
2018). Many identified associations are probably more complex and confounded 
by secondary factors. Furthermore, changes in microbial cell counts are likely to 
be relevant in addition to the relative abundance shifts (Vandeputte et al., 2017). 
The detected associations from population studies should, therefore, be further 
studied using animal models or in vitro methods to understand the functional 
background or physiological effects of detected correlations. 

Although many relevant findings came from these cross-sectional cohorts, 
there is a need for prospective cohorts following individuals in time. One of the 
significant strengths of the EstMB cohort is the possibility of using EHRs to 
investigate disease occurrences, medical procedures, and medication usage before 
and after sample collection. This, in combination with the chance to recontact the 
subjects and invite them for additional studies, allows us to study incident 
diseases without being hindered by medication/procedural effects. Longitudinal 
studies could provide insights into the microbiome's dynamics and help identify 
disease-specific signals in the microbiome. Some associations emerge only when 
looking at even lower taxonomy levels than species (Costea, Coelho, et al., 2017b), 
indicating the need to describe subspecies or strain-level data. In addition, the 
understanding of the functional capacity of the microbiome remains low, as most 
of the functional genes of the microbiome still need to be characterised, and this 
is a very relevant aspect of understanding the microbiome’s role in diseases.  

 
 

3.3 A history of repeated antibiotic use in healthy 
human donors leads to microbiota-dependent 

mucus defects in mice (Ref. III) 

Antibiotics have been used effectively to treat bacterial infections in humans and 
animals for over half a century, and they are considered the foundation of modern 
medicine. However, excessive antibiotic use does not come without conse-
quences, as they are losing their efficacy against pathogens due to the spread of 
antimicrobial resistance, and their use has been associated with the pathogenesis 
of complex diseases, such as IBD, coeliac disease, diabetes, etc. (Fenneman et al., 
2023). Many complex diseases, such as IBD, obesity, and diabetes, have also 
been associated with deficient gut mucosa (Johansson et al., 2014; Miranda et al., 
2019; Schroeder et al., 2020; Shen et al., 2019). The gut mucosal barrier is an 
important defence mechanism, keeping the microbes at a distance from the colon 
epithelium. The gut microbiota has been shown to influence the mucosal layer, 
as illustrated by germ-free mice having a penetrable inner mucus layer (Johansson 
et al., 2015) and microbiome compositional differences affecting mucus function 
and development (Jakobsson et al., 2015). Intrigued by the finding of long-term 
antibiotic effects on the microbiome in the Estonian Microbiome cohort (Ref. II), 
we wanted to investigate further whether these antibiotic-driven changes in the 
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microbiome could have consequences for the host physiology. As antibiotics 
influence the microbiome, and the microbiome influences the mucosal barrier, 
we were interested in studying the link between the two. Making use of a deeply 
phenotyped Estonian microbiome cohort and human-to-mouse faecal microbiota 
transplantation (FMT), we aimed to determine the effects of antibiotics-modified 
microbiota on the colonic mucosal barrier.  
 

3.3.1 Description of materials and methods 

Using the phenotypic and electronic health records data from the Estonian Micro-
biome cohort, we could carefully select otherwise healthy donors whose samples 
were used for a human-to-mouse FMT experiment to study the effects of the 
history of repeated antibiotics use on the mucosal layer in the colon (Figure 17a). 
From 2509 individuals, participants with complex diseases or recent medication 
histories influencing the alpha and beta diversity of the microbiome, according to 
our previous study (Ref. II, Ref. III Supplementary 1 and 2), were excluded. 
Thereafter, four otherwise healthy donors with a 5-year history but not a recent 
6-month history of antibiotic use were selected (age 41±12.4 years, 75% female, 
BMI 23.5±1.79 kg/m2). These donors were matched with four healthy donors 
without a 10-year history of antibiotic use based on age, sex, BMI, Bristol stool 
scale and diet (age 45±12.4 years, 75% female, BMI 22.4±2.44 kg/m2). The stool 
samples from donors were pooled according to the respective groups and then 
transplanted three times to microbiota-depleted adult mice (Figure 17b). The 
mucus function, including mucus growth rate and penetrability, was studied using 
an ex vivo assessment of viable tissue 10 days after the first human-to-mouse 
microbiota transplant. Shotgun metagenomic paired-end sequencing was carried 
out by Novogene Bioinformatics Technology Co., Ltd.  
 



 
 

46 

 
Figure 17. Human-to-mouse faecal microbiota transplant study outline. (a) Workflow of 
faecal microbiota donor selection and experimental plan of the study; (b) Outline of the 
mouse experiment. ATC – The Anatomical Therapeutic Chemical Classification, BL – 
mouse baseline stool, FMT – Faecal Microbiota Transplant, FMT-C – mice that received 
FMT from the hCTRL pool, FMT-ABX – mice that received FMT from the hABX pool, 
hABX pool – pooled stool from human donors with a history of repeated antibiotic use, 
hCTRL pool – pooled stool from human controls with no history of antibiotic use in 
10 years preceding stool collection, ICD-10 – 10th revision of the International Classi-
fication of Diseases, Post-FMT – samples taken at termination after faecal microbiota 
transplantations. Published in Ref. III.  
 

3.3.2 FMT from human donors with a history of antibiotic 
use results in physiological, microbiome- and  

metabolome-related differences in mice  

Initially thought only as a lubricant for faecal matter, the mucosal layer has actually 
been shown to have an important role in the gut by establishing a protective layer 
between microbes residing in the colon and the epithelium (Schroeder, 2019). 
Intrinsic characteristics of the colonic mucosal barrier include continuous rene-
wal (also known as mucus growth rate) and impenetrability of the layer close to the 
epithelial surface (Luis & Hansson, 2023). This is important for clearing the micro-
bes away and keeping them at a distance from the epithelial layer. We observed 
impairment in both of these characteristics in mice receiving microbiota from 
human donors with a history of antibiotic use, supplemented with a reduced num-
ber of filled goblet cells and visual differences in the mucosal layer (Figure 18).  
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Figure 18. Results from mucus function evaluation in mice distal colon following FMT 
from human donors. (a) Mucus growth rate; (b) Mucus penetrability representative 
images; (c) Representative isosurface images visualising mucus penetrability; (d) Aver-
age number of goblet cells per crypt; (e) Representative confocal Z-stack and isosurface 
images of the colonic mucosal layer. FMT-C – mice that received FMT from the hCTRL 
pool, FMT-ABX – mice that received FMT from the hABX pool. Circles represent male 
mice, while squares represent female mice. * – p < 0.05; ** – p < 0.01; *** – p < 0.001; 
**** – p < 0.0001. Published in Ref. III.  
 
In addition to the dysfunctional colonic mucosal layer, we also observed different 
physiological, microbiome-related, and metabolomic differences between the 
two mice groups (Figure 19). For example, we saw an increase in abdominal fat 
(Figure 19a–c). A distinct microbiome and metabolome profile exists in mice 
who received the microbiome from donors with a history of antibiotic use 
compared to the healthy controls without any recent antibiotic use (Figure 19d–g). 
We observed that none of the nine differentially abundant species with higher 
relative abundances in the control group were present in the group with a history 
of antibiotic use (Figure 19e). Vice versa, six from the differentially abundant 
species with higher relative abundance in the antibiotics group were only present 
in this mouse group. This indicates that antibiotic use might deplete some species 
in the community and help others to colonise. Interestingly, several previously 
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shown mucus-degrading microbes were significantly more abundant in the anti-
biotics group (e.g. Akkermansia muciniphila and Bacteroides fragilis, as well as 
Bacteroides salyersiae, Blautia producta, Parasutterella excrementihominis), 
even starting to dominate the community. These results indicate that antibiotic 
use might lead to microbiome composition with higher mucus degradation capa-
city.  

Several mucus-degrading bacteria were detected in the mice who received 
FMT from the donor group with an antibiotic-use history. One of the detected 
microbes, Akkermansia muciniphila, has been highlighted as a potential next-
generation probiotic, displaying improved metabolic markers in obese and 
overweight patients with insulin resistance (Depommier et al., 2019). However, 
there are concerns about its use as a probiotic, as an increased abundance of the 
microbe has been observed in multiple sclerosis and Parkinson's disease patients 
(Heintz-Buschart et al., 2018; Jangi et al., 2016). Additionally, A. muciniphila is 
capable of degrading the gut mucosal layer, thereby rendering the host more 
vulnerable to pathogens. This is thought to be fibre-dependent (Desai et al., 2016; 
Wolter et al., 2024), indicating that the effects of A. muciniphila might be context-
specific.  

Additionally, distinct metabolomics profiles could be identified in the mice 
who received microbiota from healthy donors with a history of antibiotic use 
compared to healthy controls without any recent antibiotic use (Figure 19f–g). 
The SCFA profile differed in mice receiving FMT from donors with a history of 
antibiotic use compared to the non-antibiotic-using donors, with SCFAs (buty-
rate, propionate, valerate) being higher in the antibiotics group. Increased SCFAs 
have previously been linked to adiposity phenotype in mice who received sub-
therapeutic doses of antibiotics at an early age (Cho et al., 2012). As SCFAs 
provide energy to the colonocytes, Cho et al. 2012 study suggests that the 
absorption of SCFAs into the portal circulation may stimulate adipogenesis, also 
shown previously (Cho et al., 2012; Hong et al., 2005). This is in line with our 
observation of increased adipose tissue in mice who received FMT from anti-
biotic users. Additionally, many human population studies have linked antibiotic 
use to obesity, although further studies are needed to assess the causality of the 
microbiome in the process (Vallianou et al., 2021). 

FMT has proven to be a valuable tool for functional microbiome studies and 
has been used to study the role of the microbiome in different phenotypes. By 
transferring phenotypic characteristics from one mouse to another or between 
humans and mice, associations detected in population studies can be validated in 
animal models. However, one needs to bear in mind that mice are not humans 
when it comes to microbiome and physiology (Arrieta et al., 2016). As it is mostly 
unfeasible to obtain live tissue samples from generally healthy human donors, 
animal models still offer a way to study the antibiotic-gut mucosal layer asso-
ciations. 
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Figure 19. Distinctive physiological, microbiome-related and metabolomic characte-
ristics of mice groups following FMT. (a) Abdominal fat weight after FMT; (b) total body 
weight after FMT; (c) Abdominal fat as a percentage of the total body weight; (d) beta 
diversity of the microbiota between FMT-C and FMT-ABX mouse stool at baseline and 
after FMT; (e) Significantly differentially abundant species in mouse distal colon content 
between the two groups (FDR < 0.05). Bacterial species previously shown to degrade 
mucus are in bold (f) Heatmap of the top 20 metabolites from the relative metabolomics 
profile by individual mouse (unpaired t-test p < 0.05); (g) Volcano plot highlighting 
significant differentially abundant metabolites between two groups in the relative 
metabolomics profile (FDR <0.05);. FMT – Faecal Microbiota Transplant. FMT-ABX – 
mice receiving FMT from the hABX pool, FMT-C – mice receiving FMT from the hCTRL 
pool. Circles represent male mice, while squares represent female mice. * – p < 0.05. 
Published in Ref. III.  
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3.3.3 General implication of the study  

Using human-to-mouse faecal microbiota implantation, we determined the 
potential long-term effects of repeated antibiotic use history on host physiology 
(Figure 20). In a healthy state, the mucus layer is constantly renewed with the 
help of numerous goblet cells releasing mucus and is impenetrable to the diverse 
set of gut microbes. Moderate mucus consumption is considered to be part of 
homeostasis. However, following repeated antibiotic use, the microbiome be-
comes less diverse and has a different microbial community from individuals 
without antibiotic use. The mucus growth rate is lower, there are fewer goblet 
cells, and the mucosal layer is more penetrable to the microbial communities 
(Figure 20). This may be due to an overly active mucus-foraging microbial 
community, which can cause an imbalance between mucus secretion and mucus 
degradation, thereby leading to increased penetrability and barrier breakdown. 
These microbiota-mediated mucus defects could lead to enteric infections and 
potentially to different gut-related diseases.  
 

Figure 20. The gut mucosal barrier in healthy individuals and following the history of 
antibiotic use. Author’s own work.  
 
The discovery of antibiotics was one of the greatest achievements of modern 
medicine, not only drastically increasing life expectancy by helping to treat 
infectious diseases but also making it possible to carry out organ transplants and 
open-heart surgery, treat cancer, etc. (Hutchings et al., 2019). Antibiotic use is 
globally increasing (Browne et al., 2021), and concurrently, the deaths associated 
with bacterial antimicrobial resistance are increasing as well (Murray et al., 
2022). Moreover, antibiotic use has been associated with various complex 
diseases, such as increased risk of asthma (Korpela et al., 2016), food allergy and 
allergic diseases (Hirsch et al., 2017), coeliac disease (Mårild et al., 2013), and 
IBD (Duan et al., 2024). In addition to antibiotics, these diseases have also been 
linked to the microbiome (Fenneman et al., 2023; Hufnagl et al., 2020; Parrish 
et al., 2023). Through antibiotic use, long-lasting alterations are being made to a 
mutualistic relationship that has taken millennia to evolve: the relationship between 
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the host and its microbiota. Taken together, the (mis)use of antibiotics calls for 
global antibiotic stewardship to reduce and optimise the use of antibiotics. More 
targeted methods, which are less damaging to our commensal microbes, are 
necessary to research, as we have just recently started to understand the long-term 
effects of antibiotic use on our health.  
 
 

3.4 Future perspectives for the gut microbiome studies 
and its role in personalised medicine 

Although understanding the importance of the gut microbiome evolves rapidly, 
the microbiome field is still mostly in the observational study phase. We have 
learned about numerous lifestyle factors that we can influence and thereby 
potentially change our microbiome. Additionally, it is becoming increasingly 
clear that the microbiome plays a role in different diseases and is part of the perso-
nalised host responses to different interventions, such as diet and medications. 
However, in addition to the known information about the microbiome, there are 
still many unknowns. For example, most of the variance in the human micro-
biome remains unexplained. We might know the microbiome's main components; 
however, we still need to more deeply understand how these components interact 
in networks in a spatial and temporal context. This also requires a shared under-
standing of a “healthy” desirable endpoint, both in the microbiome and the host.  

In times of ageing and “Westernizing” populations, an increase in the preva-
lence of complex diseases, and the continuous and increasing spread of anti-
microbial resistance and related infections, the microbiome holds enormous 
potential in developing new and effective population-based early-stage disease 
diagnostics, treatment opportunities, and predictive tools. Although many un-
knowns exist, the field is already trying to translate the current knowledge into 
real-life applications and personalised medicine (Ratiner et al., 2023). From 
observing the differences to bringing new differences about, we are learning how 
to use the microbiome by modulating it in the desired way. While an individual's 
genome comes from parental genomes and is complex to change, the microbiome 
is considered to be more plastic and can be modified more easily. There is high 
hope of using specific microorganisms or products of their metabolism for health 
benefits and as clinical treatment options. A part of the microbiome research 
focuses on trying to modulate the microbiome in a health-benefitting direction, 
using different microbe supplementation or augmentation techniques, such as 
faecal microbiota transplantation (FMT), pro- and prebiotics and diet-based 
modulation (Ben-Yacov et al., 2021; Berry et al., 2020; Zeevi et al., 2015). The 
field's ultimate goal would be targeted microbiome modulation with predictable 
outcomes, including desired biological response without negative side effects.  

The first microbiome-based therapeutics have emerged and have proven to be 
efficacious in the clinic. The most famous example is FMT, where complex 
communities are transferred from a healthy donor to the recipient, restoring their 
microbiome function. These types of therapeutics, such as Vowst and Rebyota, 
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have recently been accepted as treatments by the FDA. Moreover, around 300 
Phase I–IV clinical trials have been registered to investigate the effect of FMT on 
different diseases, such as inflammatory bowel syndrome (IBS), inflammatory 
bowel diseases (IBD), non-alcoholic fatty liver disease (NAFLD), atopic 
dermatitis, among others (https://clinicaltrials.gov/, accessed 8th of April 2024). 
Although a lot of research still needs to be done, this shows hope for microbiome-
based treatments.  

Even though we do not completely grasp the functional links behind the 
microbes and diseases, it is possible to start testing the microbiome in diagnostic 
or prognostic models for diseases. In an ideal microbiome-based personalised 
medicine world, disease diagnostics would include information about known risk 
factors, as well as information about our genome and additionally also micro-
biome (Figure 21). Currently, only the first studies have started to explore these 
options for disease risk predictions (Liu et al., 2024). However, we are still far 
from this reality, as the microbiome field still needs further standardisation. 
Additionally, microbiome-based personalised medicine can only be possible 
when the variance of the normal human microbiome is understood. 

 

 
Figure 21. Vision for personalised medicine using known risk factors, the human genome 
and microbiome-based markers. Modified from Ratiner et al., 2023.  
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Including more detailed and comprehensive health data and recruiting more 
people and new populations in longitudinal prospective studies with multiple time 
points can improve the quality of microbiome studies. More countries and cultu-
res should be represented to understand the effects of strain-level specificity in 
populations. For building predictive models, there is a great need to increase the 
cohort sizes in addition to deep phenotyping and collecting more time points to 
track how different interventions affect microbiome dynamics. Additionally, 
observational studies need to be complemented with more interventional studies, 
as they can provide a functional understanding of the gut microbiome. The meta-
genomics should be supplemented with multi-omics data layers, and ideally, the 
samples of the population studies should be collected in a way that allows for 
further cultivation and testing in the labs. Deeply phenotyped population studies 
have determined interesting associations that should now be followed up on in in 
vitro or animal models, as has been done in the current thesis. This, however, 
might not always be possible. 

Increasing antimicrobial resistance, long-term changes and loss of diversity or 
commensal taxa in the microbiome composition, as well as increasing associa-
tions with complex diseases, warrant further studies into other treatments for 
pathogen suppression besides antibiotics. Additionally, there have been some 
concerns that in industrialised societies, we are losing our microbial diversity and 
should, therefore, start storing our microbiome for the health of future generations 
(Dominguez Bello et al., 2018). This can go hand in hand with increasing sample 
collection in different populations. This might also allow for autologous faecal 
microbiota transplantation. Moreover, the screening programs could offer a way 
to collect samples longitudinally, as often these programs invite the participants 
back every few years, potentially allowing to study disease progression. Although 
we have a long way to go, we already know that the microbiome is important and, 
therefore, should take care of our microscopic companions in the body as best as 
possible.  
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CONCLUSIONS 

Undoubtedly, an increasing number of publications, continuous public interest, 
numerous clinical studies, and clinically accepted microbiome-based treatments 
have shown great potential in the field of microbiome with a goal to improve the 
health of humans and other organisms. It is more and more appreciated that the 
host functions cannot be separated from the microbial communities in them. 
However, we are still mostly in the exploratory phase, trying to understand general 
patterns and changes in how and which of our lifestyle choices are impacting the 
microbiome and how the microbiome can potentially be used to describe changes 
happening in our physiology. We still need to characterise factors in greater detail 
to understand what is behind the differences between individuals and samples. 
Additionally, we are exploring opportunities to determine whether the micro-
biome composition could be helpful in improving disease diagnostics and pre-
dictive tools, as well as trying to determine possibilities and caveats in doing so. 
The current thesis tries to tackle some of these questions. Therefore, the main 
conclusions drawn from this thesis are as follows: 

• The faecal immunochemical test tubes used in colon cancer screening prog-
rams have the potential to be used to study the gut microbiome, which might 
simplify large-scale sample collections and microbiome-test-supplemented 
screening programs in the future. 

• Population cohorts supplemented with extensive health data, such as the 
Estonian Microbiome cohort introduced in this thesis, are valuable for un-
covering new factors influencing the microbiome. As an example, we have 
discovered that the 10-year repeated but not recent usage history of antibiotics 
and antidepressants is a significant factor associated with the changes in the 
gut microbiome. 

• A repeated but not recent history of antibiotic use results in changed microbial 
communities and gut mucosal barrier defects in the colon, including lower 
mucosal growth rate, increased penetrability and lower number of goblet cells. 
  

Although there is still a lot to discover and the field is still figuring out its 
standards, all of these studies presented in this thesis indicate the important role 
of the gut microbiome in the interface of human health and disease. We are 
already increasingly understanding the effects of antibiotics and other drug use 
on the microbiome and our health. Studies presented in this thesis, in combination 
with research done by others, warrant us to follow the principle of “as much as 
needed, as least as possible” in medication usage, as we do not still understand 
the long-term effects. However, the research continues…  
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SUMMARY IN ESTONIAN 

Soolestiku mikrobioomi kasulikkus inimtervise mõistmisel 
 
Kiiresti kasvav teaduslike ja populaarteaduslike artiklite, kliiniliste uuringute ja 
turul müüdavate mikrobioomil baseeruvate toodete hulk vihjab, et huvi meie 
kehas esinevate mikroobide vastu on suurenenud nii teadlaskonnas kui ka ühis-
konnas laiemalt. Mikrobioom, ehk kindlas piirkonnas elavate bakterite, viiruste, 
seente ja arhede kooslus, on viimasel ajal saanud aina rohkem tähelepanu eel-
kõige tänu DNA sekveneerimistehnoloogiate kiirele arengule, mis võimdaldab 
neid organisme kergemini ja soodsamalt uurida kui varem. Kuigi esimesed 
mikrobioomil põhinevad ravimeetodid on saanud Ameerika Ühendriikide Toidu- 
ja Ravimiameti poolt heakskiidu, on mikrobioomi valdkond peamiselt veel 
vaatlusuuringute keskne, kirjeldades üldiseid inimeste vahelisi mikroobikoos-
luste muutusi ja mustreid. Ühelt poolt üritame välja selgitada, kuidas meie kesk-
kond ja elustiili valikud mõjutavad meie mikrobioomi. Teisalt soovime aga 
mõista, kuidas mikrobioom mõjutab meie keha toimimist. Lisaks uurivad mikro-
bioomi valdkonna teadlased võimalusi ning kaardistavad ka takistusi, kuidas 
mikrobioomi kasutada haiguste varajaseks diagnoostimiseks ja ennetamiseks. 
Eelmainitud teemasid käsitleb ka käesolev doktoritöö, tuginedes samuti DNA 
sekveneerimistehnoloogiate arengust tulenenud võimalustele mikrobioomi uurida.  

Mikrobioomi olulisusest lähtuvalt on inimest peetud ka holobiondiks või 
“superorganismiks”, kus erinevad liigid elavad üheskoos sümbioosis täites üks-
teise jaoks olulisi ja elutähtsaid rolle. Arvutused näitavad, et inimkehas on 
mikroobirakke umbes sama palju kui inimese enda rakke, kuigi mikroobide kogu-
kaal on meie enda rakkudega võrreldes miniatuurne. Samas kui vaadata ainu-
laadsete geenide hulka, on mikroobide talitlusvõimekus inimese genoomi omast 
vähemalt 500–2000 korda suurem – umbes 20 000 inimese geeni versus praegu 
teadaolevad 45 000 000 mikroobi geeni. See muljetavaldav geneetiline varieeru-
vus võib ka seletada, miks mikrobioomi on oma olulisuse tõttu loetud ka eraldi 
elundiks inimese enda organite kõrval. Nii on näiteks soolestiku mikrobioom 
tihedas koostöös meie enda kehaga, aidates organismil viia läbi mitmeid olulisi 
ülesandeid. Mikrobioom on muuhulgas oluline toidu, eriti kiudainete lagunda-
misel ja omastamisel, immuunsüsteemi ja soolestiku barjääri kujundamisel ja 
reguleerimisel, kaitsel nakkushaiguste eest, oluliste ainevahetuse saaduste toot-
misel (näiteks vitamiinid, lühikese ahelaga rasvhapped jm) ning ka kompleks-
haiguste tekkes.  

Kuigi mikrobioomi saab uurida erinevates keskkondades ja keha piirkonda-
des, analüüsib käesolev doktoritöö soolestiku mikrobioomi, kus paikneb enamus 
kehas elavates mikroobidest. Lisaks keskendub töö mikrobioomi mõjutatavatele 
teguritele ja mikroobikoosluste kasutusvõimalustele inimtervise mõistmisel ja 
edendamisel. Doktoritöös antakse ülevaade inimese mikrobioomi valdkonna 
hetkeseisust, kajastades lisaks ka mikrobioomi analüüsi meetodied ja nendega 
soetud probleeme, aga ka valdkonna saavutusi ja võimalusi, kuidas mikrobioomi 
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saaks rakendada personaalmeditsiinis. Doktoritöö praktiline osa koosneb kolmest 
originaalsest esiautori publikatsioonist, mis katavad mikrobioomi ja inimtervise 
valdkonnas olulisi teemasid nagu proovide kasutamisvõimalused ennetava medit-
siini osana, riiklikel biopankadel põhinevate mikrobioomi uuringute olulisus ning 
loommudelite kasutamine populatsioonipõhistel uuringutel tuvastatud hüpo-
teeside põhjalikumaks uurimiseks. Iga publikatsiooni lõpus mõtestatakse vastava 
teadusartikli olulisust tervisevaldkonnas laiemalt ja lõpetuseks antakse nägemus 
mikrobioomiga seotud tuleviku väljavaadetest.  

Esimene publikatsioon uurib mikrobioomi analüüsi võimalikkust peitveretesti 
tuubidest, mida kasutatakse Eesti riiklikus jämesoolevähi programmis soolevähi 
esmaseks testimiseks. Uuringu käigus leiti, et peitvere testi tuubid on sobilikud 
ka mikrobioomi analüüsi läbi viimiseks ja seda isegi juhul kui proov on olnud 
kuni nädal aega toatemperatuuril. Töö imiteeris olukorda, kus proov on trans-
pordil pikalt postis, mis võib potentsiaalselt mõjutada proovi mikroobikooslusi. 
Uuringu tulemused näitavad, et testituube saaks rakendada riiklikul laiapõhjalisel 
mikrobioomi testimisel, et arendada mikrobioomipõhist diagnostikat. Näiteks 
võimaldavad töö tulemused nüüd edasi uurida võimalusi, kuidas parandada 
jämesoolevähi sõeluuringu testide tundlikkust ja spetsiifilisust, aga ka kaaluda 
uute mikrobioomi testide välja töötamist teiste haiguste, näiteks põletikuliste 
soolehaiguste ja põletikulise soolesündroomi või hüpertensiooni vastu, mille 
diagnostikat võiks mikrobioomi analüüs eelnevate uuringute alusel parandada, 
kuid mille takistuseks võib olla lihtne mikrobioomi proovide kogumine.  

Teises publikatsioonis tutvustatakse Eesti Geenivaramu juurde loodud Eest-
laste Mikrobioomi kohordi uuringut, mis on üks suurimaid populatsioonipõhiseid 
metagenoomi kohorte maailmas. Doktoritöö raames koguti ja analüüsiti 2509 
eestlase soolestiku mikrobioomi kooslusi seoses erinevate elustiili tegurite ja 
tervisenäitajatega, kasutades selleks metagenoomse DNA sekveneerimise and-
meid, mis võimaldavad mikrobioomi kooslust palju täpsemini hinnata, kui levi-
nud ühte geeni analüüsivad meetodid. Lisaks teeb uuringu maailmas unikaalseks 
võimalus kasutada riiklikke digitaalseid terviseandmeid, mille abil saab täpsemini 
hinnata mikrobioomi ning ravimite ja haiguste vahelisi seoseid. Nii leidsime, et 
kõige enam mõjutab eestlaste mikrobioomi omavahelisi erinevusi soole tühjenda-
mise sagedus, kehamassiindeks ja talje- ja puusa ümbermõõdu suhe ning ka sugu. 
Lisaks oli selle töö üheks kõige olulisemaks leiuks antibiootikumide korduva 
kasutamise järel tekkinud soolestiku mikrobioomi mitmekesisuse vähenemine ja 
koosluse muutused, mis on tuvastatvad isegi siis, kui antibiootikume viimase 
poole aasta jooksul tarvitatud ei ole, kuid on tarvitatud korduvalt viimase 10 aasta 
jooksul. Mida rohkem on antibiootikumi kuure läbitud on 10 aasta jooksul läbi-
tud, seda selgemalt on muutused näha. Sama, kuigi kergemat mõju, oli näha ka 
antidepressantide korduval tarvitamisel, isegi kui viimase poole aasta jooksul 
enne proovi andmist polnud inimene ravimit tarvitanud. Mujal maailmas pole 
ravimite mõju mikrobioomile nii pikaajaliselt võimalik olnud uurida, peamiselt 
seetõttu, et enamus uuringuid kasutavad küsitlus-põhiseid ühe ajapunkti and-
meid, mis toetuvad inimese enda mälule, samas meie uuring võimaldas kasutada 
põhjalikke terviseregistreid, mis peamiselt on pärit meditsiinisüsteemist.  
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Kolmandas publikatsioonis vaadeldakse põhjalikumalt teises artiklis tuvas-
tatud antibiootikumide kasutamise pikaajalist mõju soolestiku mikrobioomile. 
Nimelt kasutasime uuringus nii nimetatud humaniseeritud hiiremudelit, et tuvas-
tada, kas antibiootikumide kasutamise mõjul mikrobioomile võib olla ka füsio-
loogiline tagajärg. Töö käigus vaadeldi inimese mikrobioomi mõju soolestiku 
barjäärile kasutades selleks hiiremudelit, kellele tehti inimese mikrobioomi üle-
kanne. Uuringusse kasutatud mikrobioomi doonorid olid üldiselt terved inimesed 
Eestlaste Mikrobioomi kohordist, kellel puudusid mikrobioomi mõjutavad 
komplekshaigused. Samuti polnud nad hiljuti tarvitanud mikrobioomi mõjutavaid 
ravimeid. Siiski oli näha, et hiirtel, kelle mikroobikooslus pärineb inimestelt, kes 
olid viimase viie aasta jooksul antibiootikume korduvalt tarvitanud, isegi kui nad 
pole seda hiljuti teinud, on soolestiku limaskesta barjäär läbilaskvam ja oluliselt 
aeglasema taastootmise kiirusega, kui doonoritel, kes viimase 10 aasta jooksul 
antibiootikume tarbinud ei ole. Samuti oli vahe lima tootvate karikrakkude arvu-
kuses, mida oli antibiootikumidest mõjutatud mikrobioomi kooslusega hiirtel 
vähem. Samas oli nendel hiirtel kõrgem kõhurasva hulk ja protsent.  

Kuigi oleme mikrobioomi uuringutega veel lapsekingades ja palju on teha 
valdkonna standardiseerimiseks, on selles doktoritöös esitatud teadustööd juba 
selgeks märgiks, et soovides paremini aru saada oma tervisest, peame me mõt-
lema ka oma mikrobioomile ja selle kasutusvõimalustele. Kuigi me ei oska veel 
kirjeldada, on aina selgem, et mitmeid inimese enda kehafunktsioone ja elu üldi-
semalt ei saa vaadata eraldatult mikrobioomist. Samuti on kasvamas arusaam, 
mis on meie elustiilitegurite pikaajalised mõjud. Nii on aina selgem, et lisaks 
mikroobidele suunatud ravimitele võivad ka inimesele suunatud suunatud ravi-
mid tegelikult mõjutada mikroobe ja seeläbi ka meie enda tervist. Käesoleva 
doktoritöö tulemused koos teiste avaldatud teadustöödega annavad ravimite 
määramisel alust printsiibile “nii palju kui vaja, nii vähe kui võimalik”, sest meil 
pole veel selget ülevaadet nende pikaajlistest efektidest. Uurimistöö aga jätkub... 
 
 



 
 

58 

REFERENCES 

Aasmets, O., Krigul, K. L., & Org, E. (2022). Evaluating the clinical relevance of the 
enterotypes in the Estonian microbiome cohort. Frontiers in Genetics, 13.  
https://doi.org/10.3389/FGENE.2022.917926 

Aasmets, O., Taba, N., Liis Krigul, K., Andreson, R., Biobank, E., Team, R., & Org, E. 
(2024). Long-term consequences of drug usage on the gut microbiome. MedRxiv, 
2024.07.17.24310548. https://doi.org/10.1101/2024.07.17.24310548 

Abdel-Rahman, L. I. H., & Morgan, X. C. (2023). Searching for a Consensus Among 
Inflammatory Bowel Disease Studies: A Systematic Meta-Analysis. Inflammatory 
Bowel Diseases, 29(1), 125–139. https://doi.org/10.1093/IBD/IZAC194 

Abu-Ali, G. S., Mehta, R. S., Lloyd-Price, J., Mallick, H., Branck, T., Ivey, K. L., Drew, 
D. A., Dulong, C., Rimm, E., Izard, J., Chan, A. T., & Huttenhower, C. (2018). Meta-
transcriptome of human faecal microbial communities in a cohort of adult men. 
Nature Microbiology, 3(3), 356–366. https://doi.org/10.1038/S41564-017-0084-4 

Almeida, A., Nayfach, S., Boland, M., Strozzi, F., Beracochea, M., Shi, Z. J., Pollard, 
K. S., Sakharova, E., Parks, D. H., Hugenholtz, P., Segata, N., Kyrpides, N. C., & 
Finn, R. D. (2020). A unified catalog of 204,938 reference genomes from the human 
gut microbiome. Nature Biotechnology 2020 39:1, 39(1), 105–114.  
https://doi.org/10.1038/s41587-020-0603-3 

Araghi, M., Arnold, M., Rutherford, M. J., Guren, M. G., Cabasag, C. J., Bardot, A., 
Ferlay, J., Tervonen, H., Shack, L., Woods, R. R., Saint-Jacques, N., De, P., 
Mcclure, C., Engholm, G., Gavin, A. T., Morgan, E., Walsh, P. M., Jackson, C., 
Porter, G., … Soerjomataram, I. (2021). Colon and rectal cancer survival in seven 
high-income countries 2010–2014: variation by age and stage at diagnosis (the ICBP 
SURVMARK-2 project). Gut, 70(1), 114–126. https://doi.org/10.1136/GUTJNL-
2020-320625 

Arrieta, M. C., Walter, J., & Finlay, B. B. (2016). Human Microbiota-Associated Mice: 
A Model with Challenges. Cell Host & Microbe, 19(5), 575–578.  
https://doi.org/10.1016/J.CHOM.2016.04.014 

Arumugam, M., Raes, J., Pelletier, E., Paslier, D. Le, Yamada, T., Mende, D. R., 
Fernandes, G. R., Tap, J., Bruls, T., Batto, J. M., Bertalan, M., Borruel, N., 
Casellas, F., Fernandez, L., Gautier, L., Hansen, T., Hattori, M., Hayashi, T., 
Kleerebezem, M., … Zeller, G. (2011). Enterotypes of the human gut microbiome. 
Nature 2011 473:7346, 473(7346), 174–180. https://doi.org/10.1038/nature09944 

Ben-Yacov, O., Godneva, A., Rein, M., Shilo, S., Kolobkov, D., Koren, N., Dolev, N. C., 
Shmul, T. T., Wolf, B. C., Kosower, N., Sagiv, K., Lotan-Pompan, M., Zmora, N., 
Weinberger, A., Elinav, E., & Segal, E. (2021). Personalized Postprandial Glucose 
Response–Targeting Diet Versus Mediterranean Diet for Glycemic Control in 
Prediabetes. Diabetes Care, 44(9), 1980–1991. https://doi.org/10.2337/DC21-0162 

Berry, S. E., Valdes, A. M., Drew, D. A., Asnicar, F., Mazidi, M., Wolf, J., Capdevila, J., 
Hadjigeorgiou, G., Davies, R., Al Khatib, H., Bonnett, C., Ganesh, S., Bakker, E., 
Hart, D., Mangino, M., Merino, J., Linenberg, I., Wyatt, P., Ordovas, J. M., … 
Spector, T. D. (2020). Human postprandial responses to food and potential for 
precision nutrition. Nature Medicine 2020 26:6, 26(6), 964–973.  
https://doi.org/10.1038/s41591-020-0934-0 

Bharti, R., & Grimm, D. G. (2021). Current challenges and best-practice protocols for 
microbiome analysis. Briefings in Bioinformatics, 22(1), 178–193.  
https://doi.org/10.1093/BIB/BBZ155 



 
 

59 

Bik, E. M., Ugalde, J. A., Cousins, J., Goddard, A. D., Richman, J., & Apte, Z. S. (2018). 
Microbial biotransformations in the human distal gut. British Journal of Pharmaco-
logy, 175(24), 4404. https://doi.org/10.1111/BPH.14085 

Blanco-Míguez, A., Beghini, F., Cumbo, F., McIver, L. J., Thompson, K. N., Zolfo, M., 
Manghi, P., Dubois, L., Huang, K. D., Thomas, A. M., Nickols, W. A., Piccinno, G., 
Piperni, E., Punčochář, M., Valles-Colomer, M., Tett, A., Giordano, F., Davies, R., 
Wolf, J., … Segata, N. (2023). Extending and improving metagenomic taxonomic 
profiling with uncharacterized species using MetaPhlAn 4. Nature Biotechnology 
2023 41:11, 41(11), 1633–1644. https://doi.org/10.1038/s41587-023-01688-w 

Blanco-Míguez, A., Gálvez, E. J. C., Pasolli, E., De Filippis, F., Amend, L., Huang, K. D., 
Manghi, P., Lesker, T. R., Riedel, T., Cova, L., Punčochář, M., Thomas, A. M., 
Valles-Colomer, M., Schober, I., Hitch, T. C. A., Clavel, T., Berry, S. E., Davies, R., 
Wolf, J., … Strowig, T. (2023). Extension of the Segatella copri complex to 13 species 
with distinct large extrachromosomal elements and associations with host conditions. 
Cell Host & Microbe, 31(11), 1804–1819.e9.  
https://doi.org/10.1016/J.CHOM.2023.09.013 

Browne, A. J., Chipeta, M. G., Haines-Woodhouse, G., Kumaran, E. P. A., Hamadani, 
B. H. K., Zaraa, S., Henry, N. J., Deshpande, A., Reiner, R. C., Day, N. P. J., Lopez, 
A. D., Dunachie, S., Moore, C. E., Stergachis, A., Hay, S. I., & Dolecek, C. (2021). 
Global antibiotic consumption and usage in humans, 2000–18: a spatial modelling 
study. The Lancet Planetary Health, 5(12), e893–e904.  
https://doi.org/10.1016/S2542-5196(21)00280-1 

Cani, P. D. (2018). Human gut microbiome: hopes, threats and promises. Gut, 67(9), 
1716–1725. https://doi.org/10.1136/GUTJNL-2018-316723 

Chen, F., Dai, X., Zhou, C. C., Li, K. X., Zhang, Y. J., Lou, X. Y., Zhu, Y. M., Sun, Y. L., 
Peng, B. X., & Cui, W. (2022). Integrated analysis of the faecal metagenome and 
serum metabolome reveals the role of gut microbiome-associated metabolites in the 
detection of colorectal cancer and adenoma. Gut, 71(7), 1315–1325.  
https://doi.org/10.1136/GUTJNL-2020-323476 

Chen, L., Wang, D., Garmaeva, S., Kurilshikov, A., Vich Vila, A., Gacesa, R., Sinha, T., 
Segal, E., Weersma, R. K., Wijmenga, C., Zhernakova, A., & Fu, J. (2021). The long-
term genetic stability and individual specificity of the human gut microbiome. Cell, 
184(9), 2302–2315.e12. https://doi.org/10.1016/j.cell.2021.03.024 

Cho, I., Yamanishi, S., Cox, L., Methé, B. A., Zavadil, J., Li, K., Gao, Z., Mahana, D., 
Raju, K., Teitler, I., Li, H., Alekseyenko, A. V., & Blaser, M. J. (2012). Antibiotics 
in early life alter the murine colonic microbiome and adiposity. Nature 2012 
488:7413, 488(7413), 621–626. https://doi.org/10.1038/nature11400 

Costea, P. I., Coelho, L. P., Sunagawa, S., Munch, R., Huerta‐Cepas, J., Forslund, K., 
Hildebrand, F., Kushugulova, A., Zeller, G., & Bork, P. (2017a). Subspecies in the 
global human gut microbiome. Molecular Systems Biology, 13(12).  
https://doi.org/10.15252/MSB.20177589 

Costea, P. I., Coelho, L. P., Sunagawa, S., Munch, R., Huerta‐Cepas, J., Forslund, K., 
Hildebrand, F., Kushugulova, A., Zeller, G., & Bork, P. (2017b). Subspecies in the 
global human gut microbiome. Molecular Systems Biology, 13(12), 960.  
https://doi.org/10.15252/MSB.20177589/SUPPL_FILE/MSB177589-SUP-0010-
TABLEEV8.XLSX 

Costea, P. I., Hildebrand, F., Manimozhiyan, A., Bäckhed, F., Blaser, M. J., Bushman, 
F. D., De Vos, W. M., Ehrlich, S. D., Fraser, C. M., Hattori, M., Huttenhower, C., 
Jeffery, I. B., Knights, D., Lewis, J. D., Ley, R. E., Ochman, H., O’Toole, P. W., 



 
 

60 

Quince, C., Relman, D. A., … Bork, P. (2017). Enterotypes in the landscape of gut 
microbial community composition. Nature Microbiology 2017 3:1, 3(1), 8–16. 
https://doi.org/10.1038/s41564-017-0072-8 

Costea, P. I., Zeller, G., Sunagawa, S., Pelletier, E., Alberti, A., Levenez, F., Tramon-
tano, M., Driessen, M., Hercog, R., Jung, F. E., Kultima, J. R., Hayward, M. R., 
Coelho, L. P., Allen-Vercoe, E., Bertrand, L., Blaut, M., Brown, J. R. M., Carton, T., 
Cools-Portier, S., … Bork, P. (2017). Towards standards for human fecal sample 
processing in metagenomic studies. Nature Biotechnology 2017 35:11, 35(11), 1069–
1076. https://doi.org/10.1038/nbt.3960 

Crobach, M. J. T., Vernon, J. J., Loo, V. G., Kong, L. Y., Péchiné, S., Wilcox, M. H., & 
Kuijper, E. J. (2018). Understanding clostridium difficile colonization. Clinical Micro-
biology Reviews, 31(2). https://doi.org/10.1128/CMR.00021-17/ASSET/ 3D9B3DED-
6526-41ED-86EB-E2BE4D7180B6/ASSETS/GRAPHIC/ ZCM0021826260002.JPEG 

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E., Wolfe, 
B. E., Ling, A. V., Devlin, A. S., Varma, Y., Fischbach, M. A., Biddinger, S. B., 
Dutton, R. J., & Turnbaugh, P. J. (2013). Diet rapidly and reproducibly alters the 
human gut microbiome. Nature 2013 505:7484, 505(7484), 559–563.  
https://doi.org/10.1038/nature12820 

De Vos, W. M., Tilg, H., Van Hul, M., & Cani, P. D. (2022). Gut microbiome and health: 
mechanistic insights. Gut, 71(5), 1020–1032. https://doi.org/10.1136/GUTJNL-2021-
326789 

Depommier, C., Everard, A., Druart, C., Plovier, H., Van Hul, M., Vieira-Silva, S., 
Falony, G., Raes, J., Maiter, D., Delzenne, N. M., de Barsy, M., Loumaye, A., 
Hermans, M. P., Thissen, J. P., de Vos, W. M., & Cani, P. D. (2019). Supplementation 
with Akkermansia muciniphila in overweight and obese human volunteers: a proof-
of-concept exploratory study. Nature Medicine, 25(7), 1096–1103.  
https://doi.org/10.1038/S41591-019-0495-2 

Desai, M. S., Seekatz, A. M., Koropatkin, N. M., Kamada, N., Hickey, C. A., Wolter, M., 
Pudlo, N. A., Kitamoto, S., Terrapon, N., Muller, A., Young, V. B., Henrissat, B., 
Wilmes, P., Stappenbeck, T. S., Núñez, G., & Martens, E. C. (2016). A Dietary Fiber-
Deprived Gut Microbiota Degrades the Colonic Mucus Barrier and Enhances 
Pathogen Susceptibility. Cell, 167(5), 1339–1353.e21.  
https://doi.org/10.1016/J.CELL.2016.10.043 

Dominguez Bello, M. G., Knight, R., Gilbert, J. A., & Blaser, M. J. (2018). Preserving 
microbial diversity: Microbiota from humans of all cultures are needed to ensure the 
health of future generations. Science, 362(6410), 33–34.  
https://doi.org/10.1126/SCIENCE.AAU8816/ASSET/DBFBB2AC-DFF5-45BE-
B0E7-42192AA99E49/ASSETS/GRAPHIC/362_33_F1.JPEG 

Duan, R., Zhang, C., Li, G., Li, J., & Duan, L. (2024). Antibiotic Exposure and Risk of 
New-Onset Inflammatory Bowel Disease: A Systematic Review and Dose-Response 
Meta-Analysis. Clinical Gastroenterology and Hepatology.  
https://doi.org/10.1016/J.CGH.2024.02.010 

Duvallet, C., Gibbons, S. M., Gurry, T., Irizarry, R. A., & Alm, E. J. (2017). Meta-analysis 
of gut microbiome studies identifies disease-specific and shared responses. Nature 
Communications 2017 8:1, 8(1), 1–10. https://doi.org/10.1038/s41467-017-01973-8 

Falony, G., Joossens, M., Vieira-Silva, S., Wang, J., Darzi, Y., Faust, K., Kurilshikov, A., 
Bonder, M. J., Valles-Colomer, M., Vandeputte, D., Tito, R. Y., Chaffron, S., Ryme-
nans, L., Verspecht, C., Sutter, L. De, Lima-Mendez, G., D’hoe, K., Jonckheere, K., 
Homola, D., … Raes, J. (2016). Population-level analysis of gut microbiome variation. 



 
 

61 

Science, 352(6285), 560–564. https://doi.org/10.1126/SCIENCE.AAD3503/SUPPL_ 
FILE/TABLE_S9.XLSX 

Fenneman, A. C., Weidner, M., Chen, L. A., Nieuwdorp, M., & Blaser, M. J. (2023). 
Antibiotics in the pathogenesis of diabetes and inflammatory diseases of the 
gastrointestinal tract. Nature Reviews. Gastroenterology & Hepatology, 20(2), 81–
100. https://doi.org/10.1038/S41575-022-00685-9 

Ferreiro, A. L., Choi, J. H., Ryou, J., Newcomer, E. P., Thompson, R., Bollinger, R. M., 
Hall-Moore, C., Ndao, I. M., Sax, L., Benzinger, T. L. S., Stark, S. L., Holtzman, 
D. M., Fagan, A. M., Schindler, S. E., Cruchaga, C., Butt, O. H., Morris, J. C., Tarr, 
P. I., Ances, B. M., & Dantas, G. (2023). Gut microbiome composition may be an 
indicator of preclinical Alzheimer’s disease. Science Translational Medicine, 
15(700). https://doi.org/10.1126/SCITRANSLMED.ABO2984 

Ferretti, P., Wirbel, J., Maistrenko, O. M., Rossum, T. Van, Alves, R., Fullam, A., 
Akanni, W., Schudoma, C., Schwarz, A., Thielemann, R., Thomas, L., Kandels, S., 
Hercog, R., Telzerow, A., Letunic, I., Kuhn, M., Zeller, G., Schmidt, T. S., & Bork, P. 
(2023). C. difficile may be overdiagnosed in adults and is a prevalent commensal in 
infants. ELife, 12. https://doi.org/10.7554/ELIFE.90111.1 

Forslund, S. K., Chakaroun, R., Zimmermann-Kogadeeva, M., Markó, L., Aron-
Wisnewsky, J., Nielsen, T., Moitinho-Silva, L., Schmidt, T. S. B., Falony, G., Vieira-
Silva, S., Adriouch, S., Alves, R. J., Assmann, K., Bastard, J. P., Birkner, T., 
Caesar, R., Chilloux, J., Coelho, L. P., Fezeu, L., … Bork, P. (2021). Combinatorial, 
additive and dose-dependent drug–microbiome associations. Nature 2021 600:7889, 
600(7889), 500–505. https://doi.org/10.1038/s41586-021-04177-9 

Gacesa, R., Kurilshikov, A., Vich Vila, A., Sinha, T., Klaassen, M. A. Y., Bolte, L. A., 
Andreu-Sánchez, S., Chen, L., Collij, V., Hu, S., Dekens, J. A. M., Lenters, V. C., 
Björk, J. R., Swarte, J. C., Swertz, M. A., Jansen, B. H., Gelderloos-Arends, J., 
Jankipersadsing, S., Hofker, M., … Weersma, R. K. (2022). Environmental factors 
shaping the gut microbiome in a Dutch population. Nature 2022 604:7907, 
604(7907), 732–739. https://doi.org/10.1038/s41586-022-04567-7 

Gilbert, J. A., Blaser, M. J., Caporaso, J. G., Jansson, J. K., Lynch, S. V., & Knight, R. 
(2018). Current understanding of the human microbiome. Nature Medicine 2018 
24:4, 24(4), 392–400. https://doi.org/10.1038/nm.4517 

Gloor, G. B., Macklaim, J. M., Pawlowsky-Glahn, V., & Egozcue, J. J. (2017). Micro-
biome datasets are compositional: And this is not optional. Frontiers in Microbiology, 
8(NOV), 294209. https://doi.org/10.3389/FMICB.2017.02224/BIBTEX 

Gupta, V. K., Paul, S., & Dutta, C. (2017). Geography, ethnicity or subsistence-specific 
variations in human microbiome composition and diversity. Frontiers in Micro-
biology, 8(JUN), 237451. https://doi.org/10.3389/FMICB.2017.01162/BIBTEX 

Heintz-Buschart, A., Pandey, U., Wicke, T., Sixel-Döring, F., Janzen, A., Sittig-Wie-
gand, E., Trenkwalder, C., Oertel, W. H., Mollenhauer, B., & Wilmes, P. (2018). The 
nasal and gut microbiome in Parkinson’s disease and idiopathic rapid eye movement 
sleep behavior disorder. Movement Disorders : Official Journal of the Movement 
Disorder Society, 33(1), 88–98. https://doi.org/10.1002/MDS.27105 

Hirsch, A. G., Pollak, J., Glass, T. A., Poulsen, M. N., Bailey-Davis, L., Mowery, J., & 
Schwartz, B. S. (2017). Early-life antibiotic use and subsequent diagnosis of food 
allergy and allergic diseases. Clinical & Experimental Allergy, 47(2), 236–244. 
https://doi.org/10.1111/CEA.12807 

Hong, Y. H., Nishimura, Y., Hishikawa, D., Tsuzuki, H., Miyahara, H., Gotoh, C., Choi, 
K. C., Feng, D. D., Chen, C., Lee, H. G., Katoh, K., Roh, S. G., & Sasaki, S. (2005). 



 
 

62 

Acetate and Propionate Short Chain Fatty Acids Stimulate Adipogenesis via GPCR43. 
Endocrinology, 146(12), 5092–5099. https://doi.org/10.1210/EN.2005-0545 

Hufnagl, K., Pali-Schöll, I., Roth-Walter, F., & Jensen-Jarolim, E. (2020). Dysbiosis of 
the gut and lung microbiome has a role in asthma. Seminars in Immunopathology 
2020 42:1, 42(1), 75–93. https://doi.org/10.1007/S00281-019-00775-Y 

Hutchings, M., Truman, A., & Wilkinson, B. (2019). Antibiotics: past, present and future. 
Current Opinion in Microbiology, 51, 72–80.  
https://doi.org/10.1016/J.MIB.2019.10.008 

Huttenhower, C., Gevers, D., Knight, R., Abubucker, S., Badger, J. H., Chinwalla, A. T., 
Creasy, H. H., Earl, A. M., Fitzgerald, M. G., Fulton, R. S., Giglio, M. G., Hallsworth-
Pepin, K., Lobos, E. A., Madupu, R., Magrini, V., Martin, J. C., Mitreva, M., Muzny, 
D. M., Sodergren, E. J., … White, O. (2012). Structure, function and diversity of the 
healthy human microbiome. Nature 2012 486:7402, 486(7402), 207–214.  
https://doi.org/10.1038/nature11234 

Jackson, M. A., Verdi, S., Maxan, M. E., Shin, C. M., Zierer, J., Bowyer, R. C. E., 
Martin, T., Williams, F. M. K., Menni, C., Bell, J. T., Spector, T. D., & Steves, C. J. 
(2018). Gut microbiota associations with common diseases and prescription medi-
cations in a population-based cohort. Nature Communications 2018 9:1, 9(1), 1–8. 
https://doi.org/10.1038/s41467-018-05184-7 

Jakobsson, H. E., Rodríguez‐Piñeiro, A. M., Schütte, A., Ermund, A., Boysen, P., 
Bemark, M., Sommer, F., Bäckhed, F., Hansson, G. C., & Johansson, M. E. (2015). 
The composition of the gut microbiota shapes the colon mucus barrier. EMBO 
Reports, 16(2), 164–177. https://doi.org/10.15252/EMBR.201439263/SUPPL_FILE/ 
EMBR201439263.REVIEWER_COMMENTS.PDF 

Jalanka, J., Salonen, A., Salojärvi, J., Ritari, J., Immonen, O., Marciani, L., Gowland, P., 
Hoad, C., Garsed, K., Lam, C., Palva, A., Spiller, R. C., & De Vos, W. M. (2015). 
Effects of bowel cleansing on the intestinal microbiota. Gut, 64(10), 1562–1568. 
https://doi.org/10.1136/GUTJNL-2014-307240 

Jangi, S., Gandhi, R., Cox, L. M., Li, N., Von Glehn, F., Yan, R., Patel, B., Mazzola, M. A., 
Liu, S., Glanz, B. L., Cook, S., Tankou, S., Stuart, F., Melo, K., Nejad, P., Smith, K., 
Topçuolu, B. D., Holden, J., Kivisäkk, P., … Weiner, H. L. (2016). Alterations of the 
human gut microbiome in multiple sclerosis. Nature Communications 2016 7:1, 7(1), 
1–11. https://doi.org/10.1038/ncomms12015 

Johansson, M. E. V., Gustafsson, J. K., Holmen-Larsson, J., Jabbar, K. S., Xia, L., Xu, H., 
Ghishan, F. K., Carvalho, F. A., Gewirtz, A. T., Sjovall, H., & Hansson, G. C. (2014). 
Bacteria penetrate the normally impenetrable inner colon mucus layer in both murine 
colitis models and patients with ulcerative colitis. Gut, 63(2), 281–291.  
https://doi.org/10.1136/GUTJNL-2012-303207/-/DC1 

Johansson, M. E. V., Jakobsson, H. E., Holmén-Larsson, J., Schütte, A., Ermund, A., 
Rodríguez-Piñeiro, A. M., Arike, L., Wising, C., Svensson, F., Bäckhed, F., & Hansson, 
G. C. (2015). Normalization of Host Intestinal Mucus Layers Requires Long-Term 
Microbial Colonization. Cell Host & Microbe, 18(5), 582–592.  
https://doi.org/10.1016/J.CHOM.2015.10.007 

Kennedy, E. A., King, K. Y., & Baldridge, M. T. (2018). Mouse Microbiota Models: 
Comparing Germ-Free Mice and Antibiotics Treatment as Tools for Modifying Gut 
Bacteria. Frontiers in Physiology, 9(OCT).  
https://doi.org/10.3389/FPHYS.2018.01534 

Kennedy, K. M., de Goffau, M. C., Perez-Muñoz, M. E., Arrieta, M. C., Bäckhed, F., 
Bork, P., Braun, T., Bushman, F. D., Dore, J., de Vos, W. M., Earl, A. M., Eisen, 



 
 

63 

J. A., Elovitz, M. A., Ganal-Vonarburg, S. C., Gänzle, M. G., Garrett, W. S., Hall, 
L. J., Hornef, M. W., Huttenhower, C., … Walter, J. (2023). Questioning the fetal 
microbiome illustrates pitfalls of low-biomass microbial studies. Nature, 613(7945), 
639–649. https://doi.org/10.1038/S41586-022-05546-8 

Kim, C. Y., Lee, M., Yang, S., Kim, K., Yong, D., Kim, H. R., & Lee, I. (2021). Human 
reference gut microbiome catalog including newly assembled genomes from under-
represented Asian metagenomes. Genome Medicine, 13(1), 1–20.  
https://doi.org/10.1186/S13073-021-00950-7/FIGURES/6 

Korpela, K., Salonen, A., Virta, L. J., Kekkonen, R. A., Forslund, K., Bork, P., & De Vos, 
W. M. (2016). Intestinal microbiome is related to lifetime antibiotic use in Finnish 
pre-school children. Nature Communications 2016 7:1, 7(1), 1–8.  
https://doi.org/10.1038/ncomms10410 

Kostic, A. D., Howitt, M. R., & Garrett, W. S. (2013). Exploring host–microbiota inter-
actions in animal models and humans. Genes & Development, 27(7), 701–718. 
https://doi.org/10.1101/GAD.212522.112 

Li, J., Jia, H., Cai, X., Zhong, H., Feng, Q., Sunagawa, S., Arumugam, M., Kultima, J. R., 
Prifti, E., Nielsen, T., Juncker, A. S., Manichanh, C., Chen, B., Zhang, W., 
Levenez, F., Wang, J., Xu, X., Xiao, L., Liang, S., … Mende, D. R. (2014). An inte-
grated catalog of reference genes in the human gut microbiome. Nature Bio-
technology 2014 32:8, 32(8), 834–841. https://doi.org/10.1038/nbt.2942 

Lin, Y., Xu, Z., Yeoh, Y. K., Tun, H. M., Huang, W., Jiang, W., Chan, F. K. L., & Ng, 
S. C. (2023). Combing fecal microbial community data to identify consistent obesity-
specific microbial signatures and shared metabolic pathways. IScience, 26(4), 106476. 
https://doi.org/10.1016/J.ISCI.2023.106476 

Lindell, A. E., Zimmermann-Kogadeeva, M., & Patil, K. R. (2022). Multimodal inter-
actions of drugs, natural compounds and pollutants with the gut microbiota. Nature 
Reviews. Microbiology, 20(7), 431. https://doi.org/10.1038/S41579-022-00681-5 

Liu, J., Tan, Y., Cheng, H., Zhang, D., Feng, W., & Peng, C. (2022). Functions of Gut 
Microbiota Metabolites, Current Status and Future Perspectives. Aging and Disease, 
13(4), 1106. https://doi.org/10.14336/AD.2022.0104 

Liu, Y., Méric, G., Havulinna, A. S., Teo, S. M., Åberg, F., Ruuskanen, M., Sanders, J., 
Zhu, Q., Tripathi, A., Verspoor, K., Cheng, S., Jain, M., Jousilahti, P., Vázquez-
Baeza, Y., Loomba, R., Lahti, L., Niiranen, T., Salomaa, V., Knight, R., & Inouye, M. 
(2022). Early prediction of incident liver disease using conventional risk factors and 
gut-microbiome-augmented gradient boosting. Cell Metabolism, 34(5), 719–730.e4. 
https://doi.org/10.1016/J.CMET.2022.03.002 

Liu, Y., Ritchie, S. C., Teo, S. M., Ruuskanen, M. O., Kambur, O., Zhu, Q., Sanders, J., 
Vázquez-Baeza, Y., Verspoor, K., Jousilahti, P., Lahti, L., Niiranen, T., Salomaa, V., 
Havulinna, A. S., Knight, R., Méric, G., & Inouye, M. (2024). Integration of 
polygenic and gut metagenomic risk prediction for common diseases. Nature Aging 
2024, 9(9), 1–11. https://doi.org/10.1038/s43587-024-00590-7 

Luis, A. S., & Hansson, G. C. (2023). Intestinal mucus and their glycans: A habitat for 
thriving microbiota. Cell Host & Microbe, 31(7), 1087–1100.  
https://doi.org/10.1016/J.CHOM.2023.05.026 

Maier, L., Pruteanu, M., Kuhn, M., Zeller, G., Telzerow, A., Anderson, E. E., Brochado, 
A. R., Fernandez, K. C., Dose, H., Mori, H., Patil, K. R., Bork, P., & Typas, A. (2018). 
Extensive impact of non-antibiotic drugs on human gut bacteria. Nature, 555(7698), 
623–628. https://doi.org/10.1038/NATURE25979 



 
 

64 

Maier, L., & Typas, A. (2017). Systematically investigating the impact of medication on 
the gut microbiome. Current Opinion in Microbiology, 39, 128–135.  
https://doi.org/10.1016/J.MIB.2017.11.001 

Malagón, M., Alwers, E., Oliver, L., Ramió-Pujol, S., Sánchez-Vizcaino, M., Amoedo, J., 
de Cambra, S., Serra-Pagès, M., Castells, A., Aldeguer, X., Garcia-Gil, J., & 
Brenner, H. (2023). Clinical performance study of a fecal bacterial signature test for 
colorectal cancer screening. PLOS ONE, 18(11), e0293678.  
https://doi.org/10.1371/JOURNAL.PONE.0293678 

Malagón, M., Ramió-Pujol, S., Serrano, M., Amoedo, J., Oliver, L., Bahí, A., Miquel-
Cusachs, J. O., Ramirez, M., Queralt-Moles, X., Gilabert, P., Saló, J., Guardiola, J., 
Piñol, V., Serra-Pagès, M., Castells, A., Aldeguer, X., & Garcia-Gil, L. J. (2020). 
New fecal bacterial signature for colorectal cancer screening reduces the fecal 
immunochemical test false-positive rate in a screening population. PLOS ONE, 
15(12), e0243158. https://doi.org/10.1371/JOURNAL.PONE.0243158 

Mårild, K., Ye, W., Lebwohl, B., Green, P. H. R., Blaser, M. J., Card, T., & Ludvigsson, 
J. F. (2013). Antibiotic exposure and the development of coeliac disease: A nation-
wide case-control study. BMC Gastroenterology, 13(1), 1–9.  
https://doi.org/10.1186/1471-230X-13-109/TABLES/3 

Martino, C., Dilmore, A. H., Burcham, Z. M., Metcalf, J. L., Jeste, D., & Knight, R. (2022). 
Microbiota succession throughout life from the cradle to the grave. Nature Reviews 
Microbiology 2022 20:12, 20(12), 707–720. https://doi.org/10.1038/s41579-022-00768-z 

Miranda, M. C. G., Oliveira, R. P., Torres, L., Aguiar, S. L. F., Pinheiro-Rosa, N., 
Lemos, L., Guimarães, M. A., Reis, D., Silveira, T., Ferreira, Ê., Moreira, T. G., Cara, 
D. C., Maioli, T. U., Kelsall, B. L., Carlos, D., & Faria, A. M. C. (2019). Frontline 
Science: Abnormalities in the gut mucosa of non-obese diabetic mice precede the 
onset of type 1 diabetes. Journal of Leukocyte Biology, 106(3), 513–529.  
https://doi.org/10.1002/JLB.3HI0119-024RR 

Mirzayi, C., Renson, A., Furlanello, C., Sansone, S. A., Zohra, F., Elsafoury, S., Geist-
linger, L., Kasselman, L. J., Eckenrode, K., van de Wijgert, J., Loughman, A., Mar-
ques, F. Z., MacIntyre, D. A., Arumugam, M., Azhar, R., Beghini, F., Bergstrom, K., 
Bhatt, A., Bisanz, J. E., … Waldron, L. (2021). Reporting guidelines for human 
microbiome research: the STORMS checklist. Nature Medicine 2021 27:11, 27(11), 
1885–1892. https://doi.org/10.1038/s41591-021-01552-x 

Mukherjee, S., & Hooper, L. V. (2015). Antimicrobial Defense of the Intestine. Immunity, 
42(1), 28–39. https://doi.org/10.1016/J.IMMUNI.2014.12.028 

Mullard, A. (2023). FDA approves second microbiome-based C. difficile therapy. Nature 
Reviews Drug Discovery, 22(6), 436. https://doi.org/10.1038/D41573-023-00081-1 

Murray, C. J., Ikuta, K. S., Sharara, F., Swetschinski, L., Robles Aguilar, G., Gray, A., 
Han, C., Bisignano, C., Rao, P., Wool, E., Johnson, S. C., Browne, A. J., Chipeta, 
M. G., Fell, F., Hackett, S., Haines-Woodhouse, G., Kashef Hamadani, B. H., 
Kumaran, E. A. P., McManigal, B., … Naghavi, M. (2022). Global burden of bacterial 
antimicrobial resistance in 2019: a systematic analysis. The Lancet, 399(10325), 629–
655. https://doi.org/10.1016/S0140-6736(21)02724-0 

Nagata, N., Nishijima, S., Miyoshi-Akiyama, T., Kojima, Y., Kimura, M., Aoki, R., 
Ohsugi, M., Ueki, K., Miki, K., Iwata, E., Hayakawa, K., Ohmagari, N., Oka, S., 
Mizokami, M., Itoi, T., Kawai, T., Uemura, N., & Hattori, M. (2022). Population-
level Metagenomics Uncovers Distinct Effects of Multiple Medications on the 
Human Gut Microbiome. Gastroenterology, 163(4), 1038–1052.  
https://doi.org/10.1053/j.gastro.2022.06.070 



 
 

65 

Nearing, J. T., Douglas, G. M., Hayes, M. G., MacDonald, J., Desai, D. K., Allward, N., 
Jones, C. M. A., Wright, R. J., Dhanani, A. S., Comeau, A. M., & Langille, M. G. I. 
(2022). Microbiome differential abundance methods produce different results across 
38 datasets. Nature Communications 2022 13:1, 13(1), 1–16.  
https://doi.org/10.1038/s41467-022-28034-z 

Nishijima, S., Stankevic, E., Aasmets, O., Schmidt, T. S. B., Nagata, N., Keller, M. I., 
Ferretti, P., Juel, H. B., Fullam, A., Robbani, S. M., Schudoma, C., Hansen, J. K., 
Holm, L. A., Israelsen, M., Schierwagen, R., Torp, N., Arumugam, M., Bendtsen, F., 
Brøns, C., … Consortia, M. (2024). Fecal microbial load is a major determinant of 
gut microbiome variation and a confounder for disease associations. BioRxiv, 
2024.03.18.584290. https://doi.org/10.1101/2024.03.18.584290 

O’Donnell, J. A., Zheng, T., Meric, G., & Marques, F. Z. (2023). The gut microbiome 
and hypertension. Nature Reviews Nephrology 2023 19:3, 19(3), 153–167. 
https://doi.org/10.1038/s41581-022-00654-0 

Oh, T. G., Kim, S. M., Caussy, C., Fu, T., Guo, J., Bassirian, S., Singh, S., Madamba, E. V., 
Bettencourt, R., Richards, L., Yu, R. T., Atkins, A. R., Huan, T., Brenner, D. A., 
Sirlin, C. B., Downes, M., Evans, R. M., & Loomba, R. (2020). A Universal Gut-
Microbiome-Derived Signature Predicts Cirrhosis. Cell Metabolism, 32(5), 878–
888.e6. https://doi.org/10.1016/J.CMET.2020.06.005 

Olesen, S. W., & Alm, E. J. (2016). Dysbiosis is not an answer. Nature Microbiology 
2016 1:12, 1(12), 1–2. https://doi.org/10.1038/nmicrobiol.2016.228 

Olsson, L. M., Boulund, F., Nilsson, S., Khan, M. T., Gummesson, A., Fagerberg, L., 
Engstrand, L., Perkins, R., Uhlén, M., Bergström, G., Tremaroli, V., & Bäckhed, F. 
(2022). Dynamics of the normal gut microbiota: A longitudinal one-year population 
study in Sweden. Cell Host & Microbe, 30(5), 726–739.e3.  
https://doi.org/10.1016/J.CHOM.2022.03.002 

Pantiukh, K., Aasmets, O., Krigul, K. L., & Org, E. (2024). Metagenome-assembled 
genomes of Estonian Microbiome cohort reveal novel species and their links with 
prevalent diseases. BioRxiv, 2024.07.06.602324.  
https://doi.org/10.1101/2024.07.06.602324 

Paone, P., & Cani, P. D. (2020). Mucus barrier, mucins and gut microbiota: the expected 
slimy partners? Gut, 69(12), 2232–2243. https://doi.org/10.1136/GUTJNL-2020-322260 

Park, J. C., & Im, S. H. (2020). Of men in mice: the development and application of a hu-
manized gnotobiotic mouse model for microbiome therapeutics. Experimental & 
Molecular Medicine 2020 52:9, 52(9), 1383–1396. https://doi.org/10.1038/s12276-
020-0473-2 

Parrish, A., Boudaud, M., Grant, E. T., Willieme, S., Neumann, M., Wolter, M., Craig, S. Z., 
De Sciscio, A., Cosma, A., Hunewald, O., Ollert, M., & Desai, M. S. (2023). Akker-
mansia muciniphila exacerbates food allergy in fibre-deprived mice. Nature Micro-
biology 2023 8:10, 8(10), 1863–1879. https://doi.org/10.1038/s41564-023-01464-1 

Pedersen, H. K., Gudmundsdottir, V., Nielsen, H. B., Hyotylainen, T., Nielsen, T., Jensen, 
B. A. H., Forslund, K., Hildebrand, F., Prifti, E., Falony, G., Le Chatelier, E., Leve-
nez, F., Doré, J., Mattila, I., Plichta, D. R., Pöhö, P., Hellgren, L. I., Arumugam, M., 
Sunagawa, S., … Pedersen, O. (2016). Human gut microbes impact host serum 
metabolome and insulin sensitivity. Nature, 535(7612), 376–381.  
https://doi.org/10.1038/NATURE18646 

Ratiner, K., Ciocan, D., Abdeen, S. K., & Elinav, E. (2023). Utilization of the microbiome 
in personalized medicine. Nature Reviews. Microbiology.  
https://doi.org/10.1038/S41579-023-00998-9 



 
 

66 

Reitmeier, S., Kiessling, S., Clavel, T., List, M., Almeida, E. L., Ghosh, T. S., Neu-
haus, K., Grallert, H., Linseisen, J., Skurk, T., Brandl, B., Breuninger, T. A., Troll, M., 
Rathmann, W., Linkohr, B., Hauner, H., Laudes, M., Franke, A., Le Roy, C. I., … 
Haller, D. (2020). Arrhythmic Gut Microbiome Signatures Predict Risk of Type 2 
Diabetes. Cell Host & Microbe, 28(2), 258–272.e6.  
https://doi.org/10.1016/J.CHOM.2020.06.004 

Ruuskanen, M. O., Erawijantari, P. P., Havulinna, A. S., Liu, Y., Méric, G., Tuomilehto, J., 
Inouye, M., Jousilahti, P., Salomaa, V., Jain, M., Knight, R., Lahti, L., & Niiranen, 
T. J. (2022). Gut Microbiome Composition Is Predictive of Incident Type 2 Diabetes 
in a Population Cohort of 5,572 Finnish Adults. Diabetes Care, 45(4), 811.  
https://doi.org/10.2337/DC21-2358 

Salosensaari, A., Laitinen, V., Havulinna, A. S., Meric, G., Cheng, S., Perola, M., Valsta, L., 
Alfthan, G., Inouye, M., Watrous, J. D., Long, T., Salido, R. A., Sanders, K., 
Brennan, C., Humphrey, G. C., Sanders, J. G., Jain, M., Jousilahti, P., Salomaa, V., … 
Niiranen, T. (2021). Taxonomic signatures of cause-specific mortality risk in human 
gut microbiome. Nature Communications 2021 12:1, 12(1), 1–8.  
https://doi.org/10.1038/s41467-021-22962-y 

Sanna, S., Kurilshikov, A., van der Graaf, A., Fu, J., & Zhernakova, A. (2022). Challenges 
and future directions for studying effects of host genetics on the gut microbiome. Nature 
Genetics 2022 54:2, 54(2), 100–106. https://doi.org/10.1038/s41588-021-00983-z 

Satinsky, B. M., Gifford, S. M., Crump, B. C., & Moran, M. A. (2013). Use of internal 
standards for quantitative metatranscriptome and metagenome analysis. Methods in 
Enzymology, 531, 237–250. https://doi.org/10.1016/B978-0-12-407863-5.00012-5 

Schloss, P. D. (2018). Identifying and Overcoming Threats to Reproducibility, Repli-
cability, Robustness, and Generalizability in Microbiome Research. MBio, 9(3). 
https://doi.org/10.1128/MBIO.00525-18 

Schmidt, T. S. B., Raes, J., & Bork, P. (2018). The Human Gut Microbiome: From 
Association to Modulation. Cell, 172(6), 1198–1215.  
https://doi.org/10.1016/J.CELL.2018.02.044 

Schroeder, B. O. (2019). Fight them or feed them: how the intestinal mucus layer manages 
the gut microbiota. Gastroenterology Report, 7(1), 3–12.  
https://doi.org/10.1093/GASTRO/GOY052 

Schroeder, B. O., Birchenough, G. M. H., Pradhan, M., Nyström, E. E. L., Henrics-
son, M., Hansson, G. C., & Bäckhed, F. (2020). Obesity-associated microbiota contri-
butes to mucus layer defects in genetically obese mice. Journal of Biological Che-
mistry, 295(46), 15712–15726. https://doi.org/10.1074/JBC.RA120.015771 

Sender, R., Fuchs, S., & Milo, R. (2016). Are We Really Vastly Outnumbered? Revisiting 
the Ratio of Bacterial to Host Cells in Humans. Cell, 164(3), 337–340.  
https://doi.org/10.1016/j.cell.2016.01.013 

Shen, L., Ao, L., Xu, H., Shi, J., You, D., Yu, X., Xu, W., Sun, J., & Wang, F. (2019). 
Poor short-term glycemic control in patients with type 2 diabetes impairs the intestinal 
mucosal barrier: A prospective, single-center, observational study. BMC Endocrine 
Disorders, 19(1), 1–6. https://doi.org/10.1186/S12902-019-0354-7/FIGURES/1 

Si, J., Vázquez-Castellanos, J. F., Gregory, A. C., Decommer, L., Rymenans, L., Proost, S., 
Centelles Lodeiro, J., Weger, M., Notdurfter, M., Leitner, C., Santer, P., Rungger, G., 
Willeit, J., Willeit, P., Pechlaner, R., Grabherr, F., Kiechl, S., Tilg, H., & Raes, J. 
(2022). Long-term life history predicts current gut microbiome in a population-based 
cohort study. Nature Aging 2022 2:10, 2(10), 885–895.  
https://doi.org/10.1038/s43587-022-00286-w 



 
 

67 

Silverman, J. D., Roche, K., Mukherjee, S., & David, L. A. (2020). Naught all zeros in 
sequence count data are the same. Computational and Structural Biotechnology 
Journal, 18, 2789–2798. https://doi.org/10.1016/j.csbj.2020.09.014 

Simon, G. L., & Gorbach, S. L. (1984). Intestinal flora in health and disease. Gastro-
enterology, 86(1), 174–193. https://doi.org/10.1016/0016-5085(84)90606-1 

Stämmler, F., Gläsner, J., Hiergeist, A., Holler, E., Weber, D., Oefner, P. J., Gessner, A., 
& Spang, R. (2016). Adjusting microbiome profiles for differences in microbial load 
by spike-in bacteria. Microbiome, 4(1), 1–13. https://doi.org/10.1186/S40168-016-
0175-0/FIGURES/6 

Sun, Z., Huang, S., Zhang, M., Zhu, Q., Haiminen, N., Carrieri, A. P., Vázquez-Baeza, Y., 
Parida, L., Kim, H. C., Knight, R., & Liu, Y. Y. (2021). Challenges in Benchmarking 
Metagenomic Profilers. Nature Methods, 18(6), 618. https://doi.org/10.1038/S41592-
021-01141-3 

Suzuki, T. A., Fitzstevens, J. L., Schmidt, V. T., Enav, H., Huus, K. E., Ngwese, M. M., 
Grießhammer, A., Pfleiderer, A., Adegbite, B. R., Zinsou, J. F., Esen, M., Velavan, 
T. P., Adegnika, A. A., Song, L. H., Spector, T. D., Muehlbauer, A. L., Marchi, N., 
Kang, H., Maier, L., … Ley, R. E. (2022). Codiversification of gut microbiota with 
humans. Science, 377(6612), 1328–1332. https://doi.org/10.1126/SCIENCE. ABM7759/ 
SUPPL_FILE/SCIENCE.ABM7759_MDAR_REPRODUCIBILITY_CHECKLIST.PDF 

Thaiss, C. A., Zeevi, D., Levy, M., Zilberman-Schapira, G., Suez, J., Tengeler, A. C., 
Abramson, L., Katz, M. N., Korem, T., Zmora, N., Kuperman, Y., Biton, I., Gilad, S., 
Harmelin, A., Shapiro, H., Halpern, Z., Segal, E., & Elinav, E. (2014). Transkingdom 
control of microbiota diurnal oscillations promotes metabolic homeostasis. Cell, 
159(3), 514–529. https://doi.org/10.1016/j.cell.2014.09.048 

The origins of human microbiota research. (2019). Nature Research 2021.  
https://www.nature.com/articles/d42859-019-00073-5 

Thingholm, L. B., Rühlemann, M. C., Koch, M., Fuqua, B., Laucke, G., Boehm, R., 
Bang, C., Franzosa, E. A., Hübenthal, M., Rahnavard, A., Frost, F., Lloyd-Price, J., 
Schirmer, M., Lusis, A. J., Vulpe, C. D., Lerch, M. M., Homuth, G., Kacprowski, T., 
Schmidt, C. O., … Huttenhower, C. (2019). Obese Individuals with and without Type 
2 Diabetes Show Different Gut Microbial Functional Capacity and Composition. Cell 
Host & Microbe, 26(2), 252–264.e10. https://doi.org/10.1016/J.CHOM.2019.07.004 

Thomas, A. M., Manghi, P., Asnicar, F., Pasolli, E., Armanini, F., Zolfo, M., Beghini, F., 
Manara, S., Karcher, N., Pozzi, C., Gandini, S., Serrano, D., Tarallo, S., Franca-
villa, A., Gallo, G., Trompetto, M., Ferrero, G., Mizutani, S., Shiroma, H., … Segata, N. 
(2019). Metagenomic analysis of colorectal cancer datasets identifies cross-cohort 
microbial diagnostic signatures and a link with choline degradation. Nature Medicine, 
25(4), 667–678. https://doi.org/10.1038/S41591-019-0405-7 

Thomas, A. M., & Segata, N. (2019). Multiple levels of the unknown in microbiome 
research. BMC Biology, 17(1), 1–4. https://doi.org/10.1186/S12915-019-0667-
Z/FIGURES/1 

Tierney, B. T., Yang, Z., Luber, J. M., Beaudin, M., Wibowo, M. C., Baek, C., Mehlen-
bacher, E., Patel, C. J., & Kostic, A. D. (2019). The Landscape of Genetic Content in 
the Gut and Oral Human Microbiome. Cell Host and Microbe, 26(2), 283–295.e8. 
https://doi.org/10.1016/J.CHOM.2019.07.008/ATTACHMENT/8AEC0041-7139-
42D0-816B-439A93DCAAFB/MMC7.XLSX 

Tropini, C., Earle, K. A., Huang, K. C., & Sonnenburg, J. L. (2017). The Gut Microbiome: 
Connecting Spatial Organization to Function. Cell Host & Microbe, 21(4), 433–442. 
https://doi.org/10.1016/J.CHOM.2017.03.010 



 
 

68 

Vallianou, N., Dalamaga, M., Stratigou, T., Karampela, I., & Tsigalou, C. (2021). Do 
Antibiotics Cause Obesity Through Long-term Alterations in the Gut Microbiome? 
A Review of Current Evidence. Current Obesity Reports, 10(3), 244.  
https://doi.org/10.1007/S13679-021-00438-W 

Vandeputte, D., De Commer, L., Tito, R. Y., Kathagen, G., Sabino, J., Vermeire, S., 
Faust, K., & Raes, J. (2021). Temporal variability in quantitative human gut micro-
biome profiles and implications for clinical research. Nature Communications, 12(1). 
https://doi.org/10.1038/S41467-021-27098-7 

Vandeputte, D., Kathagen, G., D’Hoe, K., Vieira-Silva, S., Valles-Colomer, M., Sabino, J., 
Wang, J., Tito, R. Y., De Commer, L., Darzi, Y., Vermeire, S., Falony, G., & Raes, J. 
(2017). Quantitative microbiome profiling links gut community variation to microbial 
load. Nature 2017 551:7681, 551(7681), 507–511.  
https://doi.org/10.1038/nature24460 

Vich Vila, A., Collij, V., Sanna, S., Sinha, T., Imhann, F., Bourgonje, A. R., Mujagic, Z., 
Jonkers, D. M. A. E., Masclee, A. A. M., Fu, J., Kurilshikov, A., Wijmenga, C., 
Zhernakova, A., & Weersma, R. K. (2020). Impact of commonly used drugs on the 
composition and metabolic function of the gut microbiota. Nature Communications 
2020 11:1, 11(1), 1–11. https://doi.org/10.1038/s41467-019-14177-z 

Vich Vila, A., Imhann, F., Collij, V., Jankipersadsing, S. A., Gurry, T., Mujagic, Z., 
Kurilshikov, A., Bonder, M. J., Jiang, X., Tigchelaar, E. F., Dekens, J., Peters, V., 
Voskuil, M. D., Visschedijk, M. C., van Dullemen, H. M., Keszthelyi, D., Swertz, 
M. A., Franke, L., Alberts, R., … Weersma, R. K. (2018). Gut microbiota com-
position and functional changes in inflammatory bowel disease and irritable bowel 
syndrome. Science Translational Medicine, 10(472).  
https://doi.org/10.1126/SCITRANSLMED.AAP8914 

Vuik, F. E. R., Nieuwenburg, S. A. V., Bardou, M., Lansdorp-Vogelaar, I., Dinis-
Ribeiro, M., Bento, M. J., Zadnik, V., Pellisé, M., Esteban, L., Kaminski, M. F., 
Suchanek, S., Ngo, O., Májek, O., Leja, M., Kuipers, E. J., & Spaander, M. C. W. 
(2019). Increasing incidence of colorectal cancer in young adults in Europe over the 
last 25 years. Gut, 68(10), 1820–1826.   
https://doi.org/10.1136/GUTJNL-2018-317592 

Wang, C. Y., Kuang, X., Wang, Q. Q., Zhang, G. Q., Cheng, Z. S., Deng, Z. X., & Guo, 
F. B. (2023). GMMAD: a comprehensive database of human gut microbial metabolite 
associations with diseases. BMC Genomics, 24(1), 1–9.  
https://doi.org/10.1186/S12864-023-09599-5/FIGURES/4 

Wang, J., & Jia, H. (2016). Metagenome-wide association studies: fine-mining the micro-
biome. Nature Reviews Microbiology 2016 14:8, 14(8), 508–522.  
https://doi.org/10.1038/nrmicro.2016.83 

Wang, Z., Klipfell, E., Bennett, B. J., Koeth, R., Levison, B. S., Dugar, B., Feldstein, 
A. E., Britt, E. B., Fu, X., Chung, Y. M., Wu, Y., Schauer, P., Smith, J. D., 
Allayee, H., Tang, W. H. W., Didonato, J. A., Lusis, A. J., & Hazen, S. L. (2011). 
Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. 
Nature 2011 472:7341, 472(7341), 57–63.  
https://doi.org/10.1038/nature09922 

Wang, Z., Zolnik, C. P., Qiu, Y., Usyk, M., Wang, T., Strickler, H. D., Isasi, C. R., 
Kaplan, R. C., Kurland, I. J., Qi, Q., & Burk, R. D. (2018). Comparison of fecal col-
lection methods for microbiome and metabolomics studies. Frontiers in Cellular and 
Infection Microbiology, 8(AUG), 301.  
https://doi.org/10.3389/FCIMB.2018.00301/FULL 



 
 

69 

Wirbel, J., Pyl, P. T., Kartal, E., Zych, K., Kashani, A., Milanese, A., Fleck, J. S., Voigt, 
A. Y., Palleja, A., Ponnudurai, R., Sunagawa, S., Coelho, L. P., Schrotz-King, P., 
Vogtmann, E., Habermann, N., Niméus, E., Thomas, A. M., Manghi, P., 
Gandini, S., … Zeller, G. (2019). Meta-analysis of fecal metagenomes reveals global 
microbial signatures that are specific for colorectal cancer. Nature Medicine 2019 
25:4, 25(4), 679–689. https://doi.org/10.1038/s41591-019-0406-6 

Wolter, M., Grant, E. T., Boudaud, M., Pudlo, N. A., Pereira, G. V., Eaton, K. A., 
Martens, E. C., & Desai, M. S. (2024). Diet-driven differential response of 
Akkermansia muciniphila modulates pathogen susceptibility. Molecular Systems 
Biology, 20(6), 596–625. https://doi.org/10.1038/S44320-024-00036-7/SUPPL_FILE/ 
44320_2024_36_MOESM14_ESM.PDF 

Wong, C. C., & Yu, J. (2023). Gut microbiota in colorectal cancer development and 
therapy. Nature Reviews Clinical Oncology 2023 20:7, 20(7), 429–452.  
https://doi.org/10.1038/s41571-023-00766-x 

Yachida, S., Mizutani, S., Shiroma, H., Shiba, S., Nakajima, T., Sakamoto, T., Watan-
abe, H., Masuda, K., Nishimoto, Y., Kubo, M., Hosoda, F., Rokutan, H., Matsu-
moto, M., Takamaru, H., Yamada, M., Matsuda, T., Iwasaki, M., Yamaji, T., 
Yachida, T., … Yamada, T. (2019). Metagenomic and metabolomic analyses reveal 
distinct stage-specific phenotypes of the gut microbiota in colorectal cancer. Nature 
Medicine, 25(6), 968–976. https://doi.org/10.1038/S41591-019-0458-7 

Zahavi, L., Lavon, A., Reicher, L., Shoer, S., Godneva, A., Leviatan, S., Rein, M., Weiss-
brod, O., Weinberger, A., & Segal, E. (2023). Bacterial SNPs in the human gut 
microbiome associate with host BMI. Nature Medicine 2023 29:11, 29(11), 2785–
2792. https://doi.org/10.1038/s41591-023-02599-8 

Zeevi, D., Korem, T., Zmora, N., Israeli, D., Rothschild, D., Weinberger, A., Ben-
Yacov, O., Lador, D., Avnit-Sagi, T., Lotan-Pompan, M., Suez, J., Mahdi, J. A., 
Matot, E., Malka, G., Kosower, N., Rein, M., Zilberman-Schapira, G., Dohnalová, L., 
Pevsner-Fischer, M., … Segal, E. (2015). Personalized Nutrition by Prediction of 
Glycemic Responses. Cell, 163(5), 1079–1094.  
https://doi.org/10.1016/J.CELL.2015.11.001 

Zeller, G., Tap, J., Voigt, A. Y., Sunagawa, S., Kultima, J. R., Costea, P. I., Amiot, A., 
Böhm, J., Brunetti, F., Habermann, N., Hercog, R., Koch, M., Luciani, A., Mende, 
D. R., Schneider, M. A., Schrotz-King, P., Tournigand, C., Nhieu, J. T. Van, 
Yamada, T., … Bork, P. (2014). Potential of fecal microbiota for early-stage detection 
of colorectal cancer. Molecular Systems Biology, 10(11), 766.  
https://doi.org/10.15252/MSB.20145645 

Zhernakova, A., Kurilshikov, A., Bonder, M. J., Tigchelaar, E. F., Schirmer, M., Vata-
nen, T., Mujagic, Z., Vila, A. V., Falony, G., Vieira-Silva, S., Wang, J., Imhann, F., 
Brandsma, E., Jankipersadsing, S. A., Joossens, M., Cenit, M. C., Deelen, P., Swertz, 
M. A., Weersma, R. K., … Fu, J. (2016). Population-based metagenomics analysis 
reveals markers for gut microbiome composition and diversity. Science (New York, 
N.Y.), 352(6285), 565. https://doi.org/10.1126/SCIENCE.AAD3369 

  



 
 

70 

ACKNOWLEDGMENTS 

This work was done at the best institute with the most encouraging, insightful and 
humorous colleagues at the University of Tartu – the Institute of Genomics. 

First and foremost, I want to thank Professor Elin Org for being an extra-
ordinary supervisor, part-time comedian, and full-time mother lion. You stop at 
nothing to make sure that we are not only good scientists but also good people. 
You radiate confidence and happiness, and you are an ideal role model for young 
people in science – approachable, caring, and fun, but also having the courage to 
fight for what is right. Without your constant unconditional support, I would have 
most likely quit doing science a long time ago, and I am truly happy that I can 
call you not only my mentor but also my dear friend. Thank you for picking me 
up and believing in me when I couldn’t do it myself.  

Secondly, my gratitude belongs to my co-supervisor, Tõnis Org, who taught 
me a lot about being compassionate with myself. Our discussions always calmed 
me down when I became too worried about some small, very unimportant detail 
in life. This excitement you have towards trying to figure things out in the lab 
(and beyond) is addictive, and if I could have ~10% of your problem-solving 
skills, I think I would be rocking this scientific world. I am sure we will have 
many more discussions to come in the future now that you are also becoming a 
microbiome scientist. All roads lead to Rome, and it seems more recently, also to 
the microbiome.  

Koit, 6 years ago, I had no idea about your existence. Now, I am grateful to 
call you one of my best friends, who has helped me to figure out what standards 
I want to set for myself in life. You are an exceptional scientist, not only because 
you keep the big picture in mind but also because you do not lose integrity even 
in small, seemingly pointless endeavours. I am honoured to have a friend like 
you, who is patient, kind, caring and at the same time humble, even if stressful 
times try to make you think otherwise about yourself. And thank you for 
enriching this world with such a fantastic family, who, I hope, sometimes accept 
me as their own. We need to keep on searching for that (scientific) drama to be 
addicted to, as this has always been our joy, a guiding light. We make a hell of a 
team together. 

The microbiome team, with current and past members, is hands down the best 
place to work, not only because of the mentality that all of you have for 
exceptionally doing whatever you set your mind on but also for all the fun times 
that we create together. Kreete, for continuously inspiring me to keep on going 
through rain and rainbows (always with a little help of sarcasm). Kateryna, for 
discussions about life, books, movies, culture and, of course, enjoying our 
motivation-saving croissants from Cruffin. Reidar, for always being humble and 
having an optimistic view of life. Annabel, for your orientation to detail and 
ability to take up new knowledge with ease. Nele, for your support in my darker 
days and for always being my yes-woman for whatever wild ideas I come up 
with. And Andri, you fit right into our quirky little team, and I already have a 



71 

good feeling about the memories (or chaos in the system) we will create together 
in the future.  

I met new great friends thanks to these studies. All my incredible, inspiring, 
and jaw-droppingly remarkable women (Triin, Maris, Kelli, Natàlia, Lili, Mari-
Liis, Annely Triinu, Monika, Merli, Kristi(s) and Krista(s). You kept me going 
even when I thought that going on was impossible. I think about you every day 
with a smile on my face. I also cannot be more grateful for Andres and Reedik, 
who have helped me through the days when my energy levels were not matching 
my usual norms and helped me recover. Erik, I think we are very similar in our 
attitude towards work, and I found comfort in knowing that someone as great as 
you can understand what I am going through on my not-so-great days. Martin, I 
appreciate our discussions greatly, and I really hope that our friendship will 
survive the test of time. Thank you, Steven – you inspired me a lot with your 
“let’s focus on solutions” attitude, and I surely think that the institute would have 
collapsed without you and Krista Liiv. Mait, for all the challenges and encour-
agements, when “selgroog” became a question. My friends in Umeå, what an 
unexpected, wild and fun ride it was! Thank you for being my other scientific 
family. Additionally, my dear current and former fellow PhD students in the 
Institute of Genomics. I have yet to hear from a person who did not have a bumpy 
ride in their PhD. Only a good support team can help navigate this journey, and I 
am happy to have had such talented, fun and goal-oriented people by my side. 
And this also leads to my favourite bunch – IT tuba. Thank you for your humour 
and your commitment and patience with us.  

My girls Ana, Ola and Naths, the distance is nothing when you have these 
types of sisters all over the world. You bring clarity, humour and encouragement 
to my daily life. Hans, Epp, Laur, Kaur, Märten, Tiit, Hendrik, Silver ja kõik mu 
Jaanikesed, you are like my tech crew who keep the engine running in the 
background. This program called Kertu would have stopped working a long time 
ago without your support. Thank you, BC Vändad, for all the jokes, political 
discussions, movie nights, and (some) bike rides, which kept me afloat. Ula and 
Ulakad – you hold a special place in my heart and welcome me with open arms, 
whether it is an (exceptionally) good day or a bad one. 21CC Triatloniklubi Tartu 
team – thanks for keeping me sane by making all our workouts so fun that I 
probably got bigger ABS muscles just from laughing so much with you all.  

Without the constant support of my (extended) family, I would not have been 
able to choose and continue on this path. Ema Merle, isa Andres, õde Tiiu, vend 
Ott, Kerttu ja Sabrina, tädi Tiiu and Uncle Norm, tädi Made, Aigi, you have been 
my source of motivation in different forms and thanks to you this work is now 
between these green covers. And Karle, if our future is even half as marvellous 
as our past, I will start believing in this soulmate nonsense. 

Many people who are not mentioned here still have an integral part in my life, 
keeping me going, and I appreciate you dearly.  

And last but not least, this work was written at writing retreats and writing 
days organised by the Institute of Genomics, University of Tartu, which are, by 
the way – awesome! 



 
 

 
 
 
 
 

PUBLICATIONS  
  



 
 

CURRICULUM VITAE 

Name: Kertu Liis Krigul 
Date of birth: 09.12.1992 
Contact: Estonian Genome Center, Institute of Genomics, University of 

Tartu 
 Riia 23b, 51010, Tartu 
E-mail: kkrigul@gmail.com 
 
Education: 
2021– PhD in Gene Technology, Institute of Genomics, University of 

Tartu (transferred due to a change in the structural unit) 
2018–2021 PhD in Gene Technology, Institute of Molecular and Cell Bio-

logy, University of Tartu 
2016–2018 Master’s Degree in Biotechnology, Norwegian University of 

Science and Technology 
2012–2016 Bachelor’s Degree in Biology, Institute of Molecular and Cell 

Biology, University of Tartu 
 
Professional employment: 
2021–…. University of Tartu, Institute of Genomics (Junior Research 

Fellow) 
2019–… University of Tartu, University of Tartu Youth Academy 

(Lecturer of MOOC “Genes – myths and reality”) 
2019–2021 University of Tartu, Institute of Genomics (Specialist)  
2018–2020 University of Tartu, Institute of Genomics (Ambassador of 

National Personalised Medicine project) 
2016–2017 University of Tartu (Project manager of Realia et Naturalia 

Freshmen’s conference) 
 
Administrative work: 
2023–... Estonian Society for Microbiology 
2022–2024 Member of the American Society for Microbiology (ASM) 
2021–2023 PhD representative in the council of the Institute of Genomics 
2021–2022  Faculty of Science and Technology student representative in the 

Senate 
2015–2016  The president of the Bioscience Students’ Association 
2015–2016  Representative of the Faculty of Science and Technology 

(student council, University of Tartu) 
2014–2016  A member of the Bioscience program council 
2013–2014 Representative of the Faculty of Science and Technology 

(student council, University of Tartu) 
 
 
 
 

129



 
 

Publications: 
Aasmets, Oliver; Taba, Nele; Krigul, Kertu Liis; Andreson, Reidar; Estonian 

Biobank Research Team; Org, Elin (2024). Long-term consequences of drug 
usage on the gut microbiome. medRxiv, 2024.07.17.24310548.  
https://doi.org/10.1101/2024.07.17.24310548.  

Klemets, Annabel; Reppo, Ingrid; Krigul, Kertu Liis; Volke, Vallo; Aasmets, 
Oliver; Org; Elin (2024). Fecal microbiome predicts treatment response after 
the initiation of semaglutide or empagliflozin uptake. medRxiv, 2024.07. 
19.24310611. https://doi.org/10.1101/2024.07.19.24310611 

Pantiukh, Kateryna; Aasmets, Oliver; Krigul, Kertu Liis; Org, Elin. Meta-
genome-assembled genomes of Estonian Microbiome cohort reveal novel 
species and their links with prevalent diseases (2024). bioRxiv 2024.07.06. 
602324. https://doi.org/10.1101/2024.07.06.602324  

Milani, Lili; Alver, Maris; Laur, Sven; Reisberg, Sulev; Haller, Toomas; 
Aasmets, Oliver; Abner, Erik; Alavere, Helene; Allik, Annely; Annilo, 
Tarmo; Fischer, Krista; Hudjashov, Georgi; Jõeloo, Maarja; Kals, Mart; Karo-
Astover, Liis; Kasela, Silva; Kolde, Anastassia; Krebs, Kristi; Krigul, Kertu 
Liis; Kronberg, Jaanika; Kruusmaa, Karoliina; Kukuškina, Viktorija; Kõiv, 
Kadri; Lehto, Kelli; Leitsalu, Liis; Lind, Sirje; Luitva, Laura Birgit; Läll, 
Kristi; Lüll, Kreete; Metsalu, Kristjan; Metspalu, Mait; Mõttus, René; Nelis, 
Mari; Nikopensius, Tiit; Nurm, Miriam; Nõukas, Margit; Oja, Marek; Org, 
Elin; Palover, Marili; Palta, Priit; Pankratov, Vasili; Pantiukh, Kateryna; 
Pervjakova, Natalia; Pujol-Gualdo, Natàlia; Reigo, Anu; Reimann, Ene; Smit, 
Steven; Sokurova, Diana; Taba, Nele; Talvik, Harry-Anton; Teder-Laving, 
Maris; Tõnisson, Neeme; Vaht, Mariliis; Vainik, Uku; Võsa, Urmo; Esko, 
Tõnu; Kolde, Raivo; Mägi, Reedik; Vilo, Jaak; Laisk, Triin; Metspalu, Andres 
(2024). From Biobanking to Personalized Medicine: the journey of the 
Estonian Biobank (submitted) 

Krigul, Kertu Liis & Feeney, Rachel H.; Wongkuna, Supapit; Aasmets, Oliver; 
Holmberg, Sandra M.; Andreson, Reidar; Puértolas Balint, Fabiola; Pantiukh, 
Kateryna; Sootak, Linda; Org, Tõnis; Tenson, Tanel; Org, Elin & Schroeder, 
Björn O. (2024). A history of repeated antibiotic usage leads to microbiota-
dependent mucus defects. Gut Microbes, 16(1).  
https://doi.org/10.1080/19490976.2024.2377570  

Aasmets, Oliver; Krigul, Kertu Liis; Org, Elin (2022). Evaluating the clinical 
relevance of the enterotypes in the Estonian Microbiome cohort. Frontiers in 
Genetics, 1943. https://doi.org/10.3389/fgene.2022.917926  

Aasmets, Oliver & Krigul, Kertu Liis; Lüll, Kreete; Metspalu, Andres; Org, Elin 
(2022). Gut metagenome associations with extensive digital health data in a 
volunteer-based Estonian microbiome cohort. Nature Communications, 
13 (1), 1–11. https://doi.org/10.1038/s41467-022-28464-9 

Krigul, Kertu Liis; Aasmets, Oliver; Lüll, Kreete; Org, Tõnis; Org, Elin (2021). 
Using fecal immunochemical tubes for the analysis of the gut microbiome has 
the potential to improve colorectal cancer screening. Scientific Reports, 11 (1). 
https://doi.org/10.1038/s41598-021-99046-w 

 

130 



 
 

Saare, Merli; Krigul, Kertu Liis; Laisk-Podar, Triin; Ponandai-Srinivasan, 
Sakthivignesh; Rahmioglu, Nilufer; Lalit Kumar, Parameswaran Grace; 
Zondervan, Krina; Salumets, Andres; Peters, Maire. (2018). DNA methylation 
alterations-potential cause of endometriosis pathogenesis or a reflection of 
tissue heterogeneity? Biol Reprod. 1;99(2):273–282.  
https://doi.org/10.1093/biolre/ioy067 

 
Popular science articles:  
Krigul, Kertu Liis (2023). Soolebakterite liigirikkust laastab juba vähene 

antibiootikumide tarbimine. ERR Novaator.  
Aasmets, Oliver; Krigul, Kertu Liis (2023). Probiootikumidest tõenduspõhiselt. 

Lege Artis.  
Org, Elin; Krigul, Kertu Liis; Aasmets, Oliver (2022). Eestlaste mikroobi-

kooslust võivad mõjutada kümnendi eest võetud ravimid. ERR Novaator. 
Krigul, Kertu Liis (2021). Mikrobioota olulisus ja kasutusvõimalused medit-

siinis. Lege Artis.  
Krigul, Kertu Liis (2021). Mikroobide uurimine aitab tõhustada jämesoolevähi 

ennetust.   
Krigul, Kertu Liis (2019). Tudeng Arktikas: kui Eesti talveööd ja suvepäevad 

pole piisavalt pikad. ERR Novaator.  
Krigul, Kertu Liis; Org, Elin (2018). Soolestiku mikrobioomi roll tervises ja 

haiguses. Perearst. 
 
Supervised dissertations: 
Annabel Raudsepp Bachelor’s Degree, Institute of Molecular and Cell Bio-

logy, University of Tartu, Estonia, 2021, “Gut tissue micro-
biome profile in Estonian colorectal cancer screening 
patients” 

Annabel Raudsepp Master’s Degree, Institute of Molecular and Cell Biology, 
University of Tartu, Estonia, 2023, “Interactions between 
the gut microbiota and novel type 2 diabetes medications 
in type 2 diabetes patients” 

Claudia Maria Ruhno Bachelor’s Degree, Institute of Molecular and Cell 
Biology, University of Tartu, 2023, “Using a mouse model 
to study the human gut microbiome”  

Johanna Toodu Bachelor’s Degree, Institute of Molecular and Cell Bio-
logy, University of Tartu, 2024 “Possibilities for micro-
biome analysis from faecal occult blood tests used in the 
screening of colorectal cancer in Estonia” 

Linda Sootak  Bachelor’s Degree, Institute of Molecular and Cell Bio-
logy, University of Tartu, 2022, “Associations between 
the oral microbiome and colorectal cancer”  

Valida Kazimova  Bachelor’s Degree, Institute of Technology, University of 
Tartu, 2023, “Characterization of gut microbiome com-
position in T2D patients under SGLT2i and GLP1RA 
treatment” 

131 



 
 

Awards and scholarships: 
2023 ASTRA project PER ASPERA Graduate School in Biomedicine and 

Biotechnology Mobility Grant for “EMBO | EMBL Symposium: The 
human microbiome” 

2023 Best microbiology-related poster presentation award at the Annual 
Conference for Institute of Genomics and Institute of Molecular and Cell 
Biology (awarded by the Estonian Society for Microbiology in col-
laboration with the American Society for Microbiology) 

2023 Estonian Academy of Sciences “Science in 3 minutes” laureate 
2023 L’Oréal-UNESCO “For Women in Science Young Talents” Baltic 

program award 
2023 Valda and Bernard Õun scholarship 
2023 ASTRA project PER ASPERA Graduate School in Biomedicine and 

Biotechnology Mobility Grant for “Cell Symposia: Infection Biology in 
the Age of the Microbiome 

2022–2023 EU MIBEst Twinning grant support for staff exchange in Umeå Uni-
versity 

2022 Best Selected Talk (Microbiome Virtual International Forum) 
2022  The University of Tartu “Science in 3 minutes” thesis competition winner 
2022 Best microbiology-related oral presentation award at the Annual Confe-

rence for Institute of Genomics and Institute of Molecular and Cell 
Biology (awarded by the Estonian Society for Microbiology in col-
laboration with the American Society for Microbiology 

2022 Best Oral Presentation Award at the annual Conference for the Institute 
of Genomics and Institute of Molecular and Cell Biology 

2022 COST Inclusiveness Target Countries (ITC) Conference Grant 
2022 ASTRA project PER ASPERA Graduate School in Biomedicine and 

Biotechnology Mobility Grant for EMBO YiP PhD course and visit to 
EMBL lab groups 

2021 Scientific articles competition “Science to Wikipedia 2020” jury re-
cognition award for the article “Jämesoolevähk” 

2021 University of Tartu Badge of Distinction 
2021 COST Inclusiveness Target Countries (ITC) Conference Grant  
2020 “Science Popularizer of the Year” award for the exhibition "GENEius 
2020 Best Poster Award at the Insitute of Molecular and Cell Biology and 

Institute of Genomics Annual Conference 
2019 Lydia and Felix Krabi scholarship 
2019  Tamkivi Foundation for Natural Sciences scholarship 
2019 Scholarship in Smart Specialization Growth Areas 
2018 Tartu Students' Nature Conservation Circle photo competition “Warmth” 

1st award  
2017 Science photographer of the year (Wikimedia Eesti). 
  

132 



 
 

ELULOOKIRJELDUS 

Nimi: Kertu Liis Krigul 
Sünniaeg: 09.12.1992 
Aadress: Eesti Geenivaramu, Genoomika instituut, Tartu Ülikool  
 Riia 23b, 51010, Tartu 
E-post: kkrigul@gmail.com 
 
Haridus: 
2021– PhD geenitehnoloogia, genoomika instituut, Tartu Ülikool 

(struktuuriüksuse muutus) 
2018–2021  PhD geenitehnoloogia, molekulaar ja rakubioloogia instituut, 

Tartu Ülikool 
2016–2018 Magistrikraad biotehnoloogias, Norra teadus ja tehnoloogia 

ülikool 
2012–2016  Bakalaureusekraad bioloogias, molekulaar- ja rakubioloogia 

instituut, Tartu Ülikool  
 
 
Teenistuskäik: 
2022–… Tartu Ülikool, genoomika instituut (mikrobioomika noorem-

teadur)  
2019–… Tartu Ülikool, Tartu Ülikooli Teaduskool (MOOC “Geenid – 

müüdid ja tegelikkus” õppejõud) 
2019–2021 Tartu Ülikool, genoomika instituut (spetsialist)  
2018–2020 Tartu Ülikool, genoomika instituut (geenidoonorite teavitaja ja 

teavitajate koolitaja, riiklik personaalmeditsiini projekt) 
2016–2017 Tartu Ülikool (Realia et Naturalia rebaste konverentsi projekti-

juht) 
 
 
Teadusorganisatsiooniline ja- administratiivne tegevus: 
2023–... Eesti Mikrobioloogide Ühendus 
2022–2024 Ameerika Mikrobioloogide Ühingu (ASM) liige 
2021–2023 Doktorantide esindaja genoomika instituudi nõukogus 
2021–2022 Loodus- ja täppisteaduste valdkonna üliõpilasesindaja senatis 
2015–2016 Bioteaduste Üliõpilaste Seltsi president 
2015–2016 Loodus- ja tehnoloogiateaduskonna esindaja TÜ üliõpilas-

esinduses 
2014–2016 TÜ bioteaduste programminõukogu liige 
2013–2014 Loodus- ja tehnoloogiateaduskonna esindaja TÜ üliõpilas-

esinduses 
 
 
 
 

133 



 
 

Teaduspublikatsioonid: 
Aasmets, Oliver; Taba, Nele; Krigul, Kertu Liis; Andreson, Reidar; Estonian 

Biobank Research Team; Org, Elin (2024). Long-term consequences of drug 
usage on the gut microbiome. medRxiv, 2024.07.17.24310548.  
https://doi.org/10.1101/2024.07.17.24310548.  

Klemets, Annabel; Reppo, Ingrid; Krigul, Kertu Liis; Volke, Vallo; Aasmets, 
Oliver; Org; Elin (2024). Fecal microbiome predicts treatment response after 
the initiation of semaglutide or empagliflozin uptake. medRxiv, 2024.07. 
19.24310611. https://doi.org/10.1101/2024.07.19.24310611 

Pantiukh, Kateryna; Aasmets, Oliver; Krigul, Kertu Liis; Org, Elin. Meta-
genome-assembled genomes of Estonian Microbiome cohort reveal novel 
species and their links with prevalent diseases (2024). bioRxiv 2024.07. 
06.602324. https://doi.org/10.1101/2024.07.06.602324  

Milani, Lili; Alver, Maris; Laur, Sven; Reisberg, Sulev; Haller, Toomas; Aas-
mets, Oliver; Abner, Erik; Alavere, Helene; Allik, Annely; Annilo, Tarmo; 
Fischer, Krista; Hudjashov, Georgi; Jõeloo, Maarja; Kals, Mart; Karo-
Astover, Liis; Kasela, Silva; Kolde, Anastassia; Krebs, Kristi; Krigul, Kertu 
Liis; Kronberg, Jaanika; Kruusmaa, Karoliina; Kukuškina, Viktorija; Kõiv, 
Kadri; Lehto, Kelli; Leitsalu, Liis; Lind, Sirje; Luitva, Laura Birgit; Läll, 
Kristi; Lüll, Kreete; Metsalu, Kristjan; Metspalu, Mait; Mõttus, René; Nelis, 
Mari; Nikopensius, Tiit; Nurm, Miriam; Nõukas, Margit; Oja, Marek; Org, 
Elin; Palover, Marili; Palta, Priit; Pankratov, Vasili; Pantiukh, Kateryna; 
Pervjakova, Natalia; Pujol-Gualdo, Natàlia; Reigo, Anu; Reimann, Ene; Smit, 
Steven; Sokurova, Diana; Taba, Nele; Talvik, Harry-Anton; Teder-Laving, 
Maris; Tõnisson, Neeme; Vaht, Mariliis; Vainik, Uku; Võsa, Urmo; Esko, 
Tõnu; Kolde, Raivo; Mägi, Reedik; Vilo, Jaak; Laisk, Triin; Metspalu, Andres 
(2024). From Biobanking to Personalized Medicine: the journey of the 
Estonian Biobank (submitted) 

Krigul, Kertu Liis & Feeney, Rachel H.*; Wongkuna, Supapit; Aasmets, Oliver; 
Holmberg, Sandra M.; Andreson, Reidar; Puértolas Balint, Fabiola; Pantiukh, 
Kateryna; Sootak, Linda; Org, Tõnis; Tenson, Tanel; Org, Elin & Schroeder, 
Björn O. (2024). A history of repeated antibiotic usage leads to microbiota-
dependent mucus defects. Gut Microbes, 16(1).  
https://doi.org/10.1080/19490976.2024.2377570  

Aasmets, Oliver; Krigul, Kertu Liis; Org, Elin (2022). Evaluating the clinical 
relevance of the enterotypes in the Estonian Microbiome cohort. Frontiers in 
Genetics, 1943. https://doi.org/10.3389/fgene.2022.917926. 

Aasmets, Oliver & Krigul, Kertu Liis; Lüll, Kreete; Metspalu, Andres; Org, Elin 
(2022). Gut metagenome associations with extensive digital health data in a 
volunteer-based Estonian microbiome cohort. Nature Communications, 
13 (1), 1–11. https://doi.org/10.1038/s41467-022-28464-9 

Krigul, Kertu Liis; Aasmets, Oliver; Lüll, Kreete; Org, Tõnis; Org, Elin (2021). 
Using fecal immunochemical tubes for the analysis of the gut microbiome has 
the potential to improve colorectal cancer screening. Scientific Reports, 11 (1). 
https://doi.org/10.1038/s41598-021-99046-w 

134 



 
 

Saare, Merli; Krigul, Kertu Liis; Laisk-Podar, Triin; Ponandai-Srinivasan, 
Sakthivignesh; Rahmioglu, Nilufer; Lalit Kumar, Parameswaran Grace; 
Zondervan, Krina; Salumets, Andres; Peters, Maire. DNA methylation alte-
rations-potential cause of endometriosis pathogenesis or a reflection of tissue 
heterogeneity? Biol Reprod. 2018 Aug 1;99(2):273–282.  
https://doi.org/10.1093/biolre/ioy067 

 
Populaarteaduslikud artiklid:  
Krigul, Kertu Liis (2023). Soolebakterite liigirikkust laastab juba vähene anti-

biootikumide tarbimine. ERR Novaator.  
Aasmets, Oliver; Krigul, Kertu Liis (2023). Probiootikumidest tõenduspõhiselt. 

Lege Artis.  
Org, Elin; Krigul, Kertu Liis; Aasmets, Oliver (2022). Eestlaste mikroobikoos-

lust võivad mõjutada kümnendi eest võetud ravimid. ERR Novaator. 
Krigul, Kertu Liis (2021). Mikrobioota olulisus ja kasutusvõimalused medit-

siinis. Lege Artis. 
Krigul, Kertu Liis (2021). Mikroobide uurimine aitab tõhustada jämesoolevähi 

ennetust.  
Krigul, Kertu Liis (2019). Tudeng Arktikas: kui Eesti talveööd ja suvepäevad 

pole piisavalt pikad. ERR Novaator. 
Krigul, Kertu Liis; Org, Elin (2018). Soolestiku mikrobioomi roll tervises ja 

haiguses. Perearst. 
 
Juhendatud väitekirjad: 
Annabel Raudsepp Bakalaureuse kraad, Molekulaar- ja rakubioloogia instituut, 

Tartu Ülikool, 2021, “Eesti jämesoolevähi sõeluuringu 
patsientide mikrobioomi koosluste erinevused soole 
koeproovides” 

Annabel Raudsepp Magistri kraad, Molekulaar- ja rakubioloogia instituut, 
Tartu Ülikool, 2023, “Uute diabeediravimite ja soolestiku 
mikrobioota interaktsioonid teist tüüpi diabeediga pat-
sientidel” 

Claudia Maria Ruhno Bakalaureuse kraad, Molekulaar- ja rakubioloogia insti-
tuut, Tartu Ülikool, 2023, “Hiiremudeli kasutamine ini-
mese soolestiku mikrobioomi uurimiseks” 

Johanna Toodu Bakalaureuse kraad, Molekulaar- ja rakubioloogia insti-
tuut, Tartu Ülikool, 2024, “Mikroobikoosluse analüüsi 
võimalikkus Eesti jämesoolevähi sõeluuringus kasutata-
vatest peitvere testi proovidest” 

Linda Sootak  Bakalaureuse kraad, Molekulaar- ja rakubioloogia insti-
tuut, Tartu Ülikool, 2022, “Suu mikrobioomi seosed jäme-
soolevähiga” 

Valida Kazimova  Bakalaureuse kraad, Tehnoloogia instituut, Tartu Ülikool, 
2023, “Soolestiku mikrobioomi kirjeldus SGLT2i ja 
GLP1RA ravi saavatel tüüp 2 diabeedi patsientidel” 

 

135 



 
 

Auhinnad ja stipendiumid: 
2023 ASTRA projekt PER ASPERA Biomeditsiini ja biotehnoloogia doktori-

kooli lähetustoetus konverentsile “EMBO | EMBL Symposium: The 
human microbiome” 

2023 Parim mikrobioloogia-teemaline postriettekanne TÜMRI ja GI aasta-
konverentsil (auhinna andja Eesti Mikrobioloogide Ühendus ja American 
Society for Microbiology)  

2023 Eesti teaduste akadeemia “Teadus 3 minutiga” laureaat 
2023 L’Oréal-UNESCO noorte talentide Baltikumi programmi “Naised tea-

duses” auhind 
2023 Valda ja Bernard Õuna mälestusfondi stipendium 
2023 ASTRA projekt PER ASPERA Biomeditsiini ja biotehnoloogia doktori-

kooli lähetustoetus konverentsile “Cell Symposia: Infection Biology in 
the Age of the Microbiome 

2022–2023 EU MIBEst Twinning grandi toetus välislähetuseks Umeå ülikooli 
2022 Parim mikrobioloogia-teemaline ettekanne TÜMRI ja GI aastakonve-

rentsil (auhinna andja Eesti Mikrobioloogide Ühendus ja American 
Society for Microbiology) 

2022 Parima suulise ettekande auhind Tartu Ülikooli genoomika instituudi ja 
molekulaar- ja rakubioloogia instituudi aastakonverentsil  

2022 Parim väljavalitud suuline ettekanne (Microbiome Virtual Internationl 
Forum) 

2022 Tartu Ülikooli “Teadus 3 minutiga” konkursivooru võitja 
2022 COST Inclusiveness Target Countries (ITC) konverentsi stipendium 
2022 ASTRA projekt PER ASPERA Biomeditsiini ja biotehnoloogia doktori-

kooli lähetustoetus EMBO YiP PhD kursusele ja laborikülastustele 
EMBL-is 

2021 Artiklikonkursi “Teadus Vikipeediasse 2020” žürii tunnustus artikli 
“Jämesoolevähk” eest 

2021 Tartu Ülikooli aumärk 
2021 COST Inclusiveness Target Countries (ITC) konverentsi stipendium 
2020 Riiklikult tunnustatud teaduse populariseerija (näituse “GEENiaalne”) 
2020 Parima postri auhind TÜ molekulaar- ja rakubioloogia ning genoomika 

instituudi aastakonverentsil 
2019 Nutika spetsialiseerumise doktorandistipendium 
2019 Lydia ja Felix Krabi stipendium 
2019 Tamkivi reaalteadustefondi stipendium  
2018 Tartu Üliõpilaste Looduskaitseringi fotokonkurss “Soojus” I koht 
2017 Aasta teadusfotograaf (Vikipeedia Eesti) 

136 



137 

DISSERTATIONES BIOLOGICAE 
UNIVERSITATIS TARTUENSIS 

 
  1. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p. 
  2. Enn K. Seppet. Thyroid state control over energy metabolism, ion transport 

and contractile functions in rat heart. Tartu, 1991, 135 p.  
  3. Kristjan Zobel. Epifüütsete makrosamblike väärtus õhu saastuse indi-

kaatoritena Hamar-Dobani boreaalsetes mägimetsades. Tartu, 1992, 131 lk. 
  4. Andres Mäe. Conjugal mobilization of catabolic plasmids by transposable 

elements in helper plasmids. Tartu, 1992, 91 p. 
  5. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp. 

strain EST 1001. Tartu, 1992, 61 p. 
  6. Allan Nurk. Nucleotide sequences of phenol degradative genes from 

Pseudomonas sp. strain EST 1001 and their transcriptional activation in 
Pseudomonas putida. Tartu, 1992, 72 p. 

  7. Ülo Tamm. The genus Populus L. in Estonia: variation of the species bio-
logy and introduction. Tartu, 1993, 91 p. 

  8. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli ribo-
some. Tartu, 1993, 68 p. 

  9. Ülo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p. 
10. Arvo Käärd. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor 
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p. 

11. Lilian Järvekülg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p. 

12. Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu, 
1993, 47 p. 

13. Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst. 
trees grown under different enviromental conditions. Tartu, 1994, 119 p.  

13. Mati Reeben. Regulation of light neurofilament gene expression. Tartu, 
1994, 108 p. 

14. Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p. 
15. Ülo Puurand. The complete nucleotide sequence and infections in vitro 

transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p. 
16. Peeter Hõrak. Pathways of selection in avian reproduction: a functional 

framework and its application in the population study of the great tit (Parus 
major). Tartu, 1995, 118 p. 

17. Erkki Truve. Studies on specific and broad spectrum virus resistance in 
transgenic plants. Tartu, 1996, 158 p. 

18. Illar Pata. Cloning and characterization of human and mouse ribosomal 
protein S6-encoding genes. Tartu, 1996, 60 p. 

19. Ülo Niinemets. Importance of structural features of leaves and canopy in 
determining species shade-tolerance in temperature deciduous woody taxa. 
Tartu, 1996, 150 p. 



138 

20. Ants Kurg. Bovine leukemia virus: molecular studies on the packaging 
region and DNA diagnostics in cattle. Tartu, 1996, 104 p. 

21. Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996, 
100 p. 

22. Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor 
transcription factors in neurogenesis. Tartu, 1996, 109 p. 

23. Maido Remm. Human papillomavirus type 18: replication, transformation 
and gene expression. Tartu, 1997, 117 p. 

24. Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,  
124 p. 

25. Kalle Olli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p. 

26. Meelis Pärtel. Species diversity and community dynamics in calcareous 
grassland communities in Western Estonia. Tartu, 1997, 124 p. 

27. Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania: dis-
tribution, morphology and taxonomy. Tartu, 1997, 186 p. 

28. Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997, 
80 p. 

29. Arvo Tuvikene. Assessment of inland water pollution using biomarker 
responses in fish in vivo and in vitro. Tartu, 1997, 160 p. 

30. Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of 
23S rRNA. Tartu, 1997, 134 p. 

31. Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga 
ecosystem. Tartu, 1997, 138 p. 

32. Lembi Lõugas. Post-glacial development of vertebrate fauna in Estonian 
water bodies. Tartu, 1997, 138 p. 

33.  Margus Pooga. Cell penetrating peptide, transportan, and its predecessors, 
galanin-based chimeric peptides. Tartu, 1998, 110 p. 

34. Andres Saag. Evolutionary relationships in some cetrarioid genera (Liche-
nized Ascomycota). Tartu, 1998, 196 p. 

35. Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p. 
36.  Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the 

eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p. 
37. Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on 

the competition and coexistence of calcareous grassland plant species. 
Tartu, 1998, 78 p. 

38. Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keropla-
tidae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae). Tartu, 
1998, 200 p.  

39. Andrus Tasa. Biological leaching of shales: black shale and oil shale. 
Tartu, 1998, 98 p. 

40. Arnold Kristjuhan. Studies on transcriptional activator properties of tumor 
suppressor protein p53. Tartu, 1998, 86 p. 

41.  Sulev Ingerpuu. Characterization of some human myeloid cell surface and 
nuclear differentiation antigens. Tartu, 1998, 163 p. 



139 

42.  Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic 
factors in the shallow lake Võrtsjärv. Tartu, 1998, 118 p. 

43. Kadri Põldmaa. Studies in the systematics of hypomyces and allied genera 
(Hypocreales, Ascomycota). Tartu, 1998, 178 p. 

44. Markus Vetemaa. Reproduction parameters of fish as indicators in envi-
ronmental monitoring. Tartu, 1998, 117 p. 

45. Heli Talvik. Prepatent periods and species composition of different Oeso-
phagostomum spp. populations in Estonia and Denmark. Tartu, 1998, 104 p. 

46. Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water 
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p. 

47. Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998, 
77 p. 

48. Indrek Ots. Health state indicies of reproducing great tits (Parus major): 
sources of variation and connections with life-history traits. Tartu, 1999, 
117 p. 

49.  Juan Jose Cantero. Plant community diversity and habitat relationships in 
central Argentina grasslands. Tartu, 1999, 161 p. 

50. Rein Kalamees. Seed bank, seed rain and community regeneration in 
Estonian calcareous grasslands. Tartu, 1999, 107 p. 

51.  Sulev Kõks. Cholecystokinin (CCK) – induced anxiety in rats: influence of 
environmental stimuli and involvement of endopioid mechanisms and 
serotonin. Tartu, 1999, 123 p. 

52. Ebe Sild. Impact of increasing concentrations of O3 and CO2 on wheat, 
clover and pasture. Tartu, 1999, 123 p. 

53. Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p. 

54. Andres Valkna. Interactions of galanin receptor with ligands and G-pro-
teins: studies with synthetic peptides. Tartu, 1999, 103 p. 

55. Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999, 
101 p. 

56.  Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded 
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p. 

57.  Tiina Tamm. Cocksfoot mottle virus: the genome organisation and trans-
lational strategies. Tartu, 2000, 101 p. 

58. Reet Kurg. Structure-function relationship of the bovine papilloma virus 
E2 protein. Tartu, 2000, 89 p. 

59. Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p. 

60. Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS. Tartu, 
2000, 88 p. 

61. Dina Lepik. Modulation of viral DNA replication by tumor suppressor 
protein p53. Tartu, 2000, 106 p. 

62. Kai Vellak. Influence of different factors on the diversity of the bryophyte 
vegetation in forest and wooded meadow communities. Tartu, 2000, 122 p. 



140 

63. Jonne Kotta. Impact of eutrophication and biological invasionas on the 
structure and functions of benthic macrofauna. Tartu, 2000, 160 p. 

64. Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner 
sea the West-Estonian archipelago. Tartu, 2000, 139 p. 

65.  Silvia Sepp. Morphological and genetical variation of Alchemilla L. in 
Estonia. Tartu, 2000. 124 p. 

66. Jaan Liira. On the determinants of structure and diversity in herbaceous 
plant communities. Tartu, 2000, 96 p. 

67. Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu, 2001, 
111 p. 

68. Tiit Teder. Direct and indirect effects in Host-parasitoid interactions: 
ecological and evolutionary consequences. Tartu, 2001, 122 p. 

69. Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its 
transport across the plasma membrane. Tartu, 2001, 80 p. 

70. Reet Marits. Role of two-component regulator system PehR-PehS and 
extracellular protease PrtW in virulence of Erwinia Carotovora subsp. 
Carotovora. Tartu, 2001, 112 p. 

71. Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus 
major, breeding in Nothern temperate forests. Tartu, 2002, 126 p. 

72. Rita Hõrak. Regulation of transposition of transposon Tn4652 in Pseudo-
monas putida. Tartu, 2002, 108 p. 

73. Liina Eek-Piirsoo. The effect of fertilization, mowing and additional 
illumination on the structure of a species-rich grassland community. Tartu, 
2002, 74 p. 

74. Krõõt Aasamaa. Shoot hydraulic conductance and stomatal conductance 
of six temperate deciduous tree species. Tartu, 2002, 110 p. 

75. Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002, 112 p. 
76. Neeme Tõnisson. Mutation detection by primer extension on oligonucleo-

tide microarrays. Tartu, 2002, 124 p. 
77. Margus Pensa. Variation in needle retention of Scots pine in relation to 

leaf morphology, nitrogen conservation and tree age. Tartu, 2003, 110 p. 
78. Asko Lõhmus. Habitat preferences and quality for birds of prey: from 

principles to applications. Tartu, 2003, 168 p. 
79. Viljar Jaks. p53 – a switch in cellular circuit. Tartu, 2003, 160 p. 
80. Jaana Männik. Characterization and genetic studies of four ATP-binding 

cassette (ABC) transporters. Tartu, 2003, 140 p. 
81. Marek Sammul. Competition and coexistence of clonal plants in relation 

to productivity. Tartu, 2003, 159 p 
82. Ivar Ilves. Virus-cell interactions in the replication cycle of bovine 

papillomavirus type 1. Tartu, 2003, 89 p.  
83. Andres Männik. Design and characterization of a novel vector system 

based on the stable replicator of bovine papillomavirus type 1. Tartu, 2003, 
109 p. 



141 

84. Ivika Ostonen. Fine root structure, dynamics and proportion in net primary 
production of Norway spruce forest ecosystem in relation to site conditions. 
Tartu, 2003, 158 p. 

85. Gudrun Veldre. Somatic status of 12–15-year-old Tartu schoolchildren. 
Tartu, 2003, 199 p. 

86. Ülo Väli. The greater spotted eagle Aquila clanga and the lesser spotted eagle 
A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004, 159 p.  

87. Aare Abroi. The determinants for the native activities of the bovine 
papillomavirus type 1 E2 protein are separable. Tartu, 2004, 135 p. 

88. Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004, 116 p. 
89. Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspension 

feeders and mesograzers in the northern Baltic Sea. Tartu, 2004, 117 p. 
90. Maarja Öpik. Diversity of arbuscular mycorrhizal fungi in the roots of 

perennial plants and their effect on plant performance. Tartu, 2004, 175 p.  
91. Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004, 109 p. 
92. Kristiina Tambets. Towards the understanding of post-glacial spread of 

human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004, 163 p. 

93. Arvi Jõers. Regulation of p53-dependent transcription. Tartu, 2004, 103 p. 
94. Lilian Kadaja. Studies on modulation of the activity of tumor suppressor 

protein p53. Tartu, 2004, 103 p. 
95. Jaak Truu. Oil shale industry wastewater: impact on river microbial 

community and possibilities for bioremediation. Tartu, 2004, 128 p. 
96. Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu, 2004, 

105 p. 
97. Ülo Maiväli. Studies on the structure-function relationship of the bacterial 

ribosome. Tartu, 2004, 130 p.  
98. Merit Otsus. Plant community regeneration and species diversity in dry 

calcareous grasslands. Tartu, 2004, 103 p. 
99. Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus, 

Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004, 167 p. 
100. Ilmar Tõnno. The impact of nitrogen and phosphorus concentration and 

N/P ratio on cyanobacterial dominance and N2 fixation in some Estonian 
lakes. Tartu, 2004, 111 p. 

101. Lauri Saks. Immune function, parasites, and carotenoid-based ornaments 
in greenfinches. Tartu, 2004, 144 p.  

102. Siiri Rootsi. Human Y-chromosomal variation in European populations. 
Tartu, 2004, 142 p. 

103. Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative 
plasmid pEST4011. Tartu, 2005. 106 p.  

104. Andres Tover. Regulation of transcription of the phenol degradation 
pheBA operon in Pseudomonas putida. Tartu, 2005, 126 p. 

105. Helen Udras. Hexose kinases and glucose transport in the yeast Hansenula 
polymorpha. Tartu, 2005, 100 p. 



142

106. Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005, 162 p. 

107. Piret Lõhmus. Forest lichens and their substrata in Estonia. Tartu, 2005, 
162 p.  

108. Inga Lips. Abiotic factors controlling the cyanobacterial bloom occurrence 
in the Gulf of Finland. Tartu, 2005, 156 p. 

109. Krista Kaasik. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005, 121 p. 

110. Juhan Javoiš. The effects of experience on host acceptance in ovipositing 
moths. Tartu, 2005, 112 p.  

111. Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae 
mitochondrial DNA helicase Hmi1. Tartu, 2005, 103 p.  

112. Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae): 
distribution, population structure and ecology. Tartu, 2005, 112 p.  

113. Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA 
operon in Pseudomonas putida. Tartu, 2005, 106 p.  

114. Mait Metspalu. Through the course of prehistory in India: tracing the 
mtDNA trail. Tartu, 2005, 138 p.  

115. Elin Lõhmussaar. The comparative patterns of linkage disequilibrium in 
European populations and its implication for genetic association studies. 
Tartu, 2006, 124 p. 

116. Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006, 126 p. 

117. Heili Ilves. Stress-induced transposition of Tn4652 in Pseudomonas 
Putida. Tartu, 2006, 120 p. 

118. Silja Kuusk. Biochemical properties of Hmi1p, a DNA helicase from 
Saccharomyces cerevisiae mitochondria. Tartu, 2006, 126 p. 

119. Kersti Püssa. Forest edges on medium resolution landsat thematic mapper 
satellite images. Tartu, 2006, 90 p. 

120. Lea Tummeleht. Physiological condition and immune function in great tits 
(Parus major l.): Sources of variation and trade-offs in relation to growth. 
Tartu, 2006, 94 p. 

121. Toomas Esperk. Larval instar as a key element of insect growth schedules. 
Tartu, 2006, 186 p.  

122. Harri Valdmann. Lynx (Lynx lynx) and wolf (Canis lupus) in the Baltic 
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p. 

123. Priit Jõers. Studies of the mitochondrial helicase Hmi1p in Candida albi-
cans and Saccharomyces cerevisia. Tartu, 2006. 113 p. 

124. Kersti Lilleväli. Gata3 and Gata2 in inner ear development. Tartu, 2007, 
123 p.  

125. Kai Rünk. Comparative ecology of three fern species: Dryopteris carthu-
siana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and 
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007, 143 p.  



143 

126. Aveliina Helm. Formation and persistence of dry grassland diversity: role 
of human history and landscape structure. Tartu, 2007, 89 p.  

127. Leho Tedersoo. Ectomycorrhizal fungi: diversity and community structure 
in Estonia, Seychelles and Australia. Tartu, 2007, 233 p.  

128. Marko Mägi. The habitat-related variation of reproductive performance of 
great tits in a deciduous-coniferous forest mosaic: looking for causes and 
consequences. Tartu, 2007, 135 p.  

129. Valeria Lulla. Replication strategies and applications of Semliki Forest 
virus. Tartu, 2007, 109 p.  

130. Ülle Reier. Estonian threatened vascular plant species: causes of rarity and 
conservation. Tartu, 2007, 79 p. 

131. Inga Jüriado. Diversity of lichen species in Estonia: influence of regional 
and local factors. Tartu, 2007, 171 p. 

132. Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based 
cooperation. Tartu, 2007, 112 p. 

133. Signe Saumaa. The role of DNA mismatch repair and oxidative DNA 
damage defense systems in avoidance of stationary phase mutations in 
Pseudomonas putida. Tartu, 2007, 172 p. 

134. Reedik Mägi. The linkage disequilibrium and the selection of genetic 
markers for association studies in european populations. Tartu, 2007, 96 p.  

135. Priit Kilgas. Blood parameters as indicators of physiological condition and 
skeletal development in great tits (Parus major): natural variation and 
application in the reproductive ecology of birds. Tartu, 2007, 129 p.  

136. Anu Albert. The role of water salinity in structuring eastern Baltic coastal 
fish communities. Tartu, 2007, 95 p.  

137. Kärt Padari. Protein transduction mechanisms of transportans. Tartu, 2008, 
128 p. 

138. Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu, 
2008, 125 p. 

139. Ülle Jõgar. Conservation and restoration of semi-natural floodplain mea-
dows and their rare plant species. Tartu, 2008, 99 p. 

140. Lauri Laanisto. Macroecological approach in vegetation science: gene-
rality of ecological relationships at the global scale. Tartu, 2008, 133 p. 

141. Reidar Andreson. Methods and software for predicting PCR failure rate in 
large genomes. Tartu, 2008, 105 p.  

142. Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008, 175 p. 
143. Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea. 

Tartu, 2008, 98 p.  
144. Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008, 

190 p. 
145. Daima Örd. Studies on the stress-inducible pseudokinase TRB3, a novel 

inhibitor of transcription factor ATF4. Tartu, 2008, 108 p. 
146. Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria 

(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p. 



144 

147. Ulvi Karu. Antioxidant protection, carotenoids and coccidians in green-
finches – assessment of the costs of immune activation and mechanisms of 
parasite resistance in a passerine with carotenoid-based ornaments. Tartu, 
2008, 124 p. 

148. Jaanus Remm. Tree-cavities in forests: density, characteristics and occu-
pancy by animals. Tartu, 2008, 128 p. 

149. Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. gra-
nulosus in Estonia: phylogenetic relationships and occurrence in wild 
carnivores and ungulates. Tartu, 2008, 82 p. 

150. Eve Eensalu. Acclimation of stomatal structure and function in tree ca-
nopy: effect of light and CO2 concentration. Tartu, 2008, 108 p. 

151. Janne Pullat. Design, functionlization and application of an in situ synthe-
sized oligonucleotide microarray. Tartu, 2008, 108 p. 

152. Marta Putrinš. Responses of Pseudomonas putida to phenol-induced 
metabolic and stress signals. Tartu, 2008, 142 p.  

153.  Marina Semtšenko. Plant root behaviour: responses to neighbours and 
physical obstructions. Tartu, 2008, 106 p. 

154. Marge Starast. Influence of cultivation techniques on productivity and 
fruit quality of some Vaccinium and Rubus taxa. Tartu, 2008, 154 p.  

155. Age Tats. Sequence motifs influencing the efficiency of translation. Tartu, 
2009, 104 p. 

156.  Radi Tegova. The role of specialized DNA polymerases in mutagenesis in 
Pseudomonas putida. Tartu, 2009, 124 p. 

157. Tsipe Aavik. Plant species richness, composition and functional trait 
pattern in agricultural landscapes – the role of land use intensity and land-
scape structure. Tartu, 2009, 112 p. 

158. Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying 
the replication and interactions of alphaviruses and hepaciviruses. Tartu, 
2009, 104 p. 

159. Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic 
Instability in its Host Cell. Tartu, 2009, 126 p. 

160. Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic 
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of 
young duplicated genes. Tartu, 2009, 168 p. 

161. Ain Vellak. Spatial and temporal aspects of plant species conservation. 
Tartu, 2009, 86 p. 

162. Triinu Remmel. Body size evolution in insects with different colouration 
strategies: the role of predation risk. Tartu, 2009, 168 p. 

163. Jaana Salujõe. Zooplankton as the indicator of ecological quality and fish 
predation in lake ecosystems. Tartu, 2009, 129 p. 

164. Ele Vahtmäe. Mapping benthic habitat with remote sensing in optically 
complex coastal environments. Tartu, 2009, 109 p.  

165. Liisa Metsamaa. Model-based assessment to improve the use of remote 
sensing in recognition and quantitative mapping of cyanobacteria. Tartu, 
2009, 114 p. 



145

166. Pille Säälik. The role of endocytosis in the protein transduction by cell-
penetrating peptides. Tartu, 2009, 155 p. 

167. Lauri Peil. Ribosome assembly factors in Escherichia coli. Tartu, 2009, 
147 p. 

168. Lea Hallik. Generality and specificity in light harvesting, carbon gain 
capacity and shade tolerance among plant functional groups. Tartu, 2009, 
99 p. 

169. Mariliis Tark. Mutagenic potential of DNA damage repair and tolerance 
mechanisms under starvation stress. Tartu, 2009, 191 p. 

170. Riinu Rannap. Impacts of habitat loss and restoration on amphibian po-
pulations. Tartu, 2009, 117 p. 

171. Maarja Adojaan. Molecular variation of HIV-1 and the use of this know-
ledge in vaccine development. Tartu, 2009, 95 p. 

172. Signe Altmäe. Genomics and transcriptomics of human induced ovarian 
folliculogenesis. Tartu, 2010, 179 p. 

173. Triin Suvi. Mycorrhizal fungi of native and introduced trees in the 
Seychelles Islands. Tartu, 2010, 107 p. 

174. Velda Lauringson. Role of suspension feeding in a brackish-water coastal 
sea. Tartu, 2010, 123 p. 

175. Eero Talts. Photosynthetic cyclic electron transport – measurement and 
variably proton-coupled mechanism. Tartu, 2010, 121 p.  

176. Mari Nelis. Genetic structure of the Estonian population and genetic 
distance from other populations of European descent. Tartu, 2010, 97 p. 

177. Kaarel Krjutškov. Arrayed Primer Extension-2 as a multiplex PCR-based 
method for nucleic acid variation analysis: method and applications. Tartu, 
2010, 129 p. 

178. Egle Köster. Morphological and genetical variation within species comp-
lexes: Anthyllis vulneraria s. l. and Alchemilla vulgaris (coll.). Tartu, 2010, 
101 p. 

179. Erki Õunap. Systematic studies on the subfamily Sterrhinae (Lepidoptera: 
Geometridae). Tartu, 2010, 111 p.  

180. Merike Jõesaar. Diversity of key catabolic genes at degradation of phenol 
and p-cresol in pseudomonads. Tartu, 2010, 125 p. 

181. Kristjan Herkül. Effects of physical disturbance and habitat-modifying 
species on sediment properties and benthic communities in the northern 
Baltic Sea. Tartu, 2010, 123 p. 

182. Arto Pulk. Studies on bacterial ribosomes by chemical modification 
approaches. Tartu, 2010, 161 p. 

183. Maria Põllupüü. Ecological relations of cladocerans in a brackish-water 
ecosystem. Tartu, 2010, 126 p.  

184. Toomas Silla. Study of the segregation mechanism of the Bovine 
Papillomavirus Type 1. Tartu, 2010, 188 p. 

185.  Gyaneshwer Chaubey. The demographic history of India: A perspective 
based on genetic evidence. Tartu, 2010, 184 p. 



146 

186.  Katrin Kepp. Genes involved in cardiovascular traits: detection of genetic 
variation in Estonian and Czech populations. Tartu, 2010, 164 p. 

187. Virve Sõber. The role of biotic interactions in plant reproductive per-
formance. Tartu, 2010, 92 p. 

188.  Kersti Kangro. The response of phytoplankton community to the changes 
in nutrient loading. Tartu, 2010, 144 p. 

189.  Joachim M. Gerhold. Replication and Recombination of mitochondrial 
DNA in Yeast. Tartu, 2010, 120 p. 

190. Helen Tammert. Ecological role of physiological and phylogenetic diver-
sity in aquatic bacterial communities. Tartu, 2010, 140 p. 

191.  Elle Rajandu. Factors determining plant and lichen species diversity and 
composition in Estonian Calamagrostis and Hepatica site type forests. 
Tartu, 2010, 123 p. 

192. Paula Ann Kivistik. ColR-ColS signalling system and transposition of 
Tn4652 in the adaptation of Pseudomonas putida. Tartu, 2010, 118 p. 

193.  Siim Sõber. Blood pressure genetics: from candidate genes to genome-
wide association studies. Tartu, 2011, 120 p. 

194. Kalle Kipper. Studies on the role of helix 69 of 23S rRNA in the factor-
dependent stages of translation initiation, elongation, and termination. 
Tartu, 2011, 178 p. 

195. Triinu Siibak. Effect of antibiotics on ribosome assembly is indirect. Tartu, 
2011, 134 p. 

196. Tambet Tõnissoo. Identification and molecular analysis of the role of 
guanine nucleotide exchange factor RIC-8 in mouse development and 
neural function. Tartu, 2011, 110 p. 

197. Helin Räägel. Multiple faces of cell-penetrating peptides – their intra-
cellular trafficking, stability and endosomal escape during protein trans-
duction. Tartu, 2011, 161 p.  

198. Andres Jaanus. Phytoplankton in Estonian coastal waters – variability, 
trends and response to environmental pressures. Tartu, 2011, 157 p. 

199.  Tiit Nikopensius. Genetic predisposition to nonsyndromic orofacial clefts. 
Tartu, 2011, 152 p. 

200.  Signe Värv. Studies on the mechanisms of RNA polymerase II-dependent 
transcription elongation. Tartu, 2011, 108 p. 

201. Kristjan Välk. Gene expression profiling and genome-wide association 
studies of non-small cell lung cancer. Tartu, 2011, 98 p. 

202. Arno Põllumäe. Spatio-temporal patterns of native and invasive zoo-
plankton species under changing climate and eutrophication conditions. 
Tartu, 2011, 153 p. 

203. Egle Tammeleht. Brown bear (Ursus arctos) population structure, demo-
graphic processes and variations in diet in northern Eurasia. Tartu, 2011, 
143 p.  

205. Teele Jairus. Species composition and host preference among ectomy-
corrhizal fungi in Australian and African ecosystems. Tartu, 2011, 106 p.  



147 

206. Kessy Abarenkov. PlutoF – cloud database and computing services sup-
porting biological research. Tartu, 2011, 125 p.  

207. Marina Grigorova. Fine-scale genetic variation of follicle-stimulating 
hormone beta-subunit coding gene (FSHB) and its association with repro-
ductive health. Tartu, 2011, 184 p. 

208.  Anu Tiitsaar. The effects of predation risk and habitat history on butterfly 
communities. Tartu, 2011, 97 p. 

209.  Elin Sild. Oxidative defences in immunoecological context: validation and 
application of assays for nitric oxide production and oxidative burst in a 
wild passerine. Tartu, 2011, 105 p. 

210.  Irja Saar. The taxonomy and phylogeny of the genera Cystoderma and 
Cystodermella (Agaricales, Fungi). Tartu, 2012, 167 p. 

211. Pauli Saag. Natural variation in plumage bacterial assemblages in two wild 
breeding passerines. Tartu, 2012, 113 p. 

212. Aleksei Lulla. Alphaviral nonstructural protease and its polyprotein sub-
strate: arrangements for the perfect marriage. Tartu, 2012, 143 p. 

213. Mari Järve. Different genetic perspectives on human history in Europe and 
the Caucasus: the stories told by uniparental and autosomal markers. Tartu, 
2012, 119 p. 

214. Ott Scheler. The application of tmRNA as a marker molecule in bacterial 
diagnostics using microarray and biosensor technology. Tartu, 2012, 93 p. 

215. Anna Balikova. Studies on the functions of tumor-associated mucin-like 
leukosialin (CD43) in human cancer cells. Tartu, 2012, 129 p. 

216. Triinu Kõressaar. Improvement of PCR primer design for detection of 
prokaryotic species. Tartu, 2012, 83 p. 

217. Tuul Sepp. Hematological health state indices of greenfinches: sources of 
individual variation and responses to immune system manipulation. Tartu, 
2012, 117 p. 

218.  Rya Ero. Modifier view of the bacterial ribosome. Tartu, 2012, 146 p. 
219. Mohammad Bahram. Biogeography of ectomycorrhizal fungi across dif-

ferent spatial scales. Tartu, 2012, 165 p. 
220. Annely Lorents. Overcoming the plasma membrane barrier: uptake of 

amphipathic cell-penetrating peptides induces influx of calcium ions and 
downstream responses. Tartu, 2012, 113 p. 

221. Katrin Männik. Exploring the genomics of cognitive impairment: whole-
genome SNP genotyping experience in Estonian patients and general popu-
lation. Tartu, 2012, 171 p. 

222. Marko Prous. Taxonomy and phylogeny of the sawfly genus Empria 
(Hymenoptera, Tenthredinidae). Tartu, 2012, 192 p. 

223. Triinu Visnapuu. Levansucrases encoded in the genome of Pseudomonas 
syringae pv. tomato DC3000: heterologous expression, biochemical charac-
terization, mutational analysis and spectrum of polymerization products. 
Tartu, 2012, 160 p. 

224. Nele Tamberg. Studies on Semliki Forest virus replication and patho-
genesis. Tartu, 2012, 109 p. 



148 

225. Tõnu Esko. Novel applications of SNP array data in the analysis of the 
genetic structure of Europeans and in genetic association studies. Tartu, 
2012, 149 p. 

226. Timo Arula. Ecology of early life-history stages of herring Clupea haren-
gus membras in the northeastern Baltic Sea. Tartu, 2012, 143 p. 

227. Inga Hiiesalu. Belowground plant diversity and coexistence patterns in 
grassland ecosystems. Tartu, 2012, 130 p. 

228. Kadri Koorem. The influence of abiotic and biotic factors on small-scale 
plant community patterns and regeneration in boreonemoral forest. Tartu, 
2012, 114 p.  

229. Liis Andresen. Regulation of virulence in plant-pathogenic pectobacteria. 
Tartu, 2012, 122 p. 

230. Kaupo Kohv. The direct and indirect effects of management on boreal 
forest structure and field layer vegetation. Tartu, 2012, 124 p. 

231. Mart Jüssi. Living on an edge: landlocked seals in changing climate. Tartu, 
2012, 114 p. 

232.  Riina Klais. Phytoplankton trends in the Baltic Sea. Tartu, 2012, 136 p. 
233. Rauno Veeroja. Effects of winter weather, population density and timing 

of reproduction on life-history traits and population dynamics of moose 
(Alces alces) in Estonia. Tartu, 2012, 92 p.  

234. Marju Keis. Brown bear (Ursus arctos) phylogeography in northern Eura-
sia. Tartu, 2013, 142 p.  

235. Sergei Põlme. Biogeography and ecology of alnus- associated ecto-
mycorrhizal fungi – from regional to global scale. Tartu, 2013, 90 p. 

236. Liis Uusküla. Placental gene expression in normal and complicated 
pregnancy. Tartu, 2013, 173 p. 

237. Marko Lõoke. Studies on DNA replication initiation in Saccharomyces 
cerevisiae. Tartu, 2013, 112 p. 

238. Anne Aan. Light- and nitrogen-use and biomass allocation along pro-
ductivity gradients in multilayer plant communities. Tartu, 2013, 127 p.  

239. Heidi Tamm. Comprehending phylogenetic diversity – case studies in 
three groups of ascomycetes. Tartu, 2013, 136 p.  

240. Liina Kangur. High-Pressure Spectroscopy Study of Chromophore-
Binding Hydrogen Bonds in Light-Harvesting Complexes of Photo-
synthetic Bacteria. Tartu, 2013, 150 p.  

241. Margus Leppik. Substrate specificity of the multisite specific pseudo-
uridine synthase RluD. Tartu, 2013, 111 p. 

242. Lauris Kaplinski. The application of oligonucleotide hybridization model 
for PCR and microarray optimization. Tartu, 2013, 103 p. 

243.  Merli Pärnoja. Patterns of macrophyte distribution and productivity in 
coastal ecosystems: effect of abiotic and biotic forcing. Tartu, 2013, 155 p. 

244. Tõnu Margus. Distribution and phylogeny of the bacterial translational 
GTPases and the Mqsr/YgiT regulatory system. Tartu, 2013, 126 p. 

245.  Pille Mänd. Light use capacity and carbon and nitrogen budget of plants: 
remote assessment and physiological determinants. Tartu, 2013, 128 p.  



149

246. Mario Plaas. Animal model of Wolfram Syndrome in mice: behavioural, 
biochemical and psychopharmacological characterization. Tartu, 2013,  
144 p.  

247. Georgi Hudjašov. Maps of mitochondrial DNA, Y-chromosome and tyro-
sinase variation in Eurasian and Oceanian populations. Tartu, 2013, 115 p. 

248.  Mari Lepik. Plasticity to light in herbaceous plants and its importance for 
community structure and diversity. Tartu, 2013, 102 p. 

249. Ede Leppik. Diversity of lichens in semi-natural habitats of Estonia. Tartu, 
2013, 151 p.  

250. Ülle Saks. Arbuscular mycorrhizal fungal diversity patterns in boreo-
nemoral forest ecosystems. Tartu, 2013, 151 p.  

251.  Eneli Oitmaa. Development of arrayed primer extension microarray assays 
for molecular diagnostic applications. Tartu, 2013, 147 p. 

252. Jekaterina Jutkina. The horizontal gene pool for aromatics degradation: 
bacterial catabolic plasmids of the Baltic Sea aquatic system. Tartu, 2013, 
121 p. 

253. Helen Vellau. Reaction norms for size and age at maturity in insects: rules 
and exceptions. Tartu, 2014, 132 p.  

254. Randel Kreitsberg. Using biomarkers in assessment of environmental 
contamination in fish – new perspectives. Tartu, 2014, 107 p.  

255. Krista Takkis. Changes in plant species richness and population per-
formance in response to habitat loss and fragmentation.Tartu, 2014, 141 p. 

256.  Liina Nagirnaja. Global and fine-scale genetic determinants of recurrent 
pregnancy loss. Tartu, 2014, 211 p.  

257. Triin Triisberg. Factors influencing the re-vegetation of abandoned 
extracted peatlands in Estonia. Tartu, 2014, 133 p. 

258. Villu Soon. A phylogenetic revision of the Chrysis ignita species group 
(Hymenoptera: Chrysididae) with emphasis on the northern European 
fauna. Tartu, 2014, 211 p. 

259.  Andrei Nikonov. RNA-Dependent RNA Polymerase Activity as a Basis 
for the Detection of Positive-Strand RNA Viruses by Vertebrate Host Cells. 
Tartu, 2014, 207 p. 

260. Eele Õunapuu-Pikas. Spatio-temporal variability of leaf hydraulic conduc-
tance in woody plants: ecophysiological consequences. Tartu, 2014, 135 p.  

261. Marju Männiste. Physiological ecology of greenfinches: information 
content of feathers in relation to immune function and behavior. Tartu, 
2014, 121 p. 

262. Katre Kets. Effects of elevated concentrations of CO2 and O3 on leaf photo-
synthetic parameters in Populus tremuloides: diurnal, seasonal and inter-
annual patterns. Tartu, 2014, 115 p. 

263. Külli Lokko. Seasonal and spatial variability of zoopsammon communities 
in relation to environmental parameters. Tartu, 2014, 129 p.  

264. Olga Žilina. Chromosomal microarray analysis as diagnostic tool: Estonian 
experience. Tartu, 2014, 152 p.  



150 

265.  Kertu Lõhmus. Colonisation ecology of forest-dwelling vascular plants 
and the conservation value of rural manor parks. Tartu, 2014, 111 p. 

266.  Anu Aun. Mitochondria as integral modulators of cellular signaling. Tartu, 
2014, 167 p.  

267.  Chandana Basu Mallick. Genetics of adaptive traits and gender-specific 
demographic processes in South Asian populations. Tartu, 2014, 160 p. 

268.  Riin Tamme. The relationship between small-scale environmental hetero-
geneity and plant species diversity. Tartu, 2014, 130 p. 

269. Liina Remm. Impacts of forest drainage on biodiversity and habitat quality: 
implications for sustainable management and conservation. Tartu, 2015, 
126 p.  

270. Tiina Talve. Genetic diversity and taxonomy within the genus Rhinanthus. 
Tartu, 2015, 106 p. 

271. Mehis Rohtla. Otolith sclerochronological studies on migrations, spawning 
habitat preferences and age of freshwater fishes inhabiting the Baltic Sea. 
Tartu, 2015, 137 p. 

272. Alexey Reshchikov. The world fauna of the genus Lathrolestes (Hymenop-
tera, Ichneumonidae). Tartu, 2015, 247 p. 

273.  Martin Pook. Studies on artificial and extracellular matrix protein-rich 
surfaces as regulators of cell growth and differentiation. Tartu, 2015, 142 p. 

274. Mai Kukumägi. Factors affecting soil respiration and its components in 
silver birch and Norway spruce stands. Tartu, 2015, 155 p. 

275. Helen Karu. Development of ecosystems under human activity in the 
North-East Estonian industrial region: forests on post-mining sites and 
bogs. Tartu, 2015, 152 p. 

276. Hedi Peterson. Exploiting high-throughput data for establishing relation-
ships between genes. Tartu, 2015, 186 p. 

277.  Priit Adler. Analysis and visualisation of large scale microarray data, 
Tartu, 2015, 126 p.  

278.  Aigar Niglas. Effects of environmental factors on gas exchange in deci-
duous trees: focus on photosynthetic water-use efficiency. Tartu, 2015, 
152 p.  

279.  Silja Laht. Classification and identification of conopeptides using profile 
hidden Markov models and position-specific scoring matrices. Tartu, 2015, 
100 p. 

280.  Martin Kesler. Biological characteristics and restoration of Atlantic 
salmon Salmo salar populations in the Rivers of Northern Estonia. Tartu, 
2015, 97 p. 

281. Pratyush Kumar Das. Biochemical perspective on alphaviral nonstruc-
tural protein 2: a tale from multiple domains to enzymatic profiling. Tartu, 
2015, 205 p 

282.  Priit Palta. Computational methods for DNA copy number detection. 
Tartu, 2015, 130 p.  

283. Julia Sidorenko. Combating DNA damage and maintenance of genome 
integrity in pseudomonads. Tartu, 2015, 174 p.  



151 

284.  Anastasiia Kovtun-Kante. Charophytes of Estonian inland and coastal 
waters: distribution and environmental preferences. Tartu, 2015, 97 p. 

285.  Ly Lindman. The ecology of protected butterfly species in Estonia. Tartu, 
2015, 171 p. 

286. Jaanis Lodjak. Association of Insulin-like Growth Factor I and Corti-
costerone with Nestling Growth and Fledging Success in Wild Passerines. 
Tartu, 2016, 113 p.  

287.  Ann Kraut. Conservation of Wood-Inhabiting Biodiversity – Semi-Natural 
Forests as an Opportunity. Tartu, 2016, 141 p. 

288. Tiit Örd. Functions and regulation of the mammalian pseudokinase TRIB3. 
Tartu, 2016, 182. p. 

289. Kairi Käiro. Biological Quality According to Macroinvertebrates in Streams 
of Estonia (Baltic Ecoregion of Europe): Effects of Human-induced 
Hydromorphological Changes. Tartu, 2016, 126 p. 

290.  Leidi Laurimaa. Echinococcus multilocularis and other zoonotic parasites 
in Estonian canids. Tartu, 2016, 144 p. 

291.  Helerin Margus. Characterization of cell-penetrating peptide/nucleic acid 
nanocomplexes and their cell-entry mechanisms. Tartu, 2016, 173 p. 

292. Kadri Runnel. Fungal targets and tools for forest conservation. Tartu, 
2016, 157 p.  

293. Urmo Võsa. MicroRNAs in disease and health: aberrant regulation in lung 
cancer and association with genomic variation. Tartu, 2016, 163 p.  

294.  Kristina Mäemets-Allas. Studies on cell growth promoting AKT signaling 
pathway – a promising anti-cancer drug target. Tartu, 2016, 146 p. 

295. Janeli Viil. Studies on cellular and molecular mechanisms that drive normal 
and regenerative processes in the liver and pathological processes in 
Dupuytren’s contracture. Tartu, 2016, 175 p. 

296.  Ene Kook. Genetic diversity and evolution of Pulmonaria angustifolia L. 
and Myosotis laxa sensu lato (Boraginaceae). Tartu, 2016, 106 p. 

297. Kadri Peil. RNA polymerase II-dependent transcription elongation in 
Saccharomyces cerevisiae. Tartu, 2016, 113 p.  

298. Katrin Ruisu. The role of RIC8A in mouse development and its function 
in cell-matrix adhesion and actin cytoskeletal organisation. Tartu, 2016, 
129 p.  

299. Janely Pae. Translocation of cell-penetrating peptides across biological 
membranes and interactions with plasma membrane constituents. Tartu, 
2016, 126 p.  

300. Argo Ronk. Plant diversity patterns across Europe: observed and dark 
diversity. Tartu, 2016, 153 p. 

301. Kristiina Mark. Diversification and species delimitation of lichenized 
fungi in selected groups of the family Parmeliaceae (Ascomycota). Tartu, 
2016, 181 p. 

302. Jaak-Albert Metsoja. Vegetation dynamics in floodplain meadows: in-
fluence of mowing and sediment application. Tartu, 2016, 140 p. 



152

303. Hedvig Tamman. The GraTA toxin-antitoxin system of Pseudomonas 
putida: regulation and role in stress tolerance. Tartu, 2016, 154 p. 

304. Kadri Pärtel. Application of ultrastructural and molecular data in the 
taxonomy of helotialean fungi. Tartu, 2016, 183 p. 

305. Maris Hindrikson. Grey wolf (Canis lupus) populations in Estonia and 
Europe: genetic diversity, population structure and -processes, and hybridi-
zation between wolves and dogs. Tartu, 2016, 121 p. 

306. Polina Degtjarenko. Impacts of alkaline dust pollution on biodiversity of 
plants and lichens: from communities to genetic diversity. Tartu, 2016,  
126 p. 

307.  Liina Pajusalu. The effect of CO2 enrichment on net photosynthesis of 
macrophytes in a brackish water environment. Tartu, 2016, 126 p.  

308. Stoyan Tankov. Random walks in the stringent response. Tartu, 2016, 94 p. 
309.  Liis Leitsalu. Communicating genomic research results to population-

based biobank participants. Tartu, 2016, 158 p. 
310. Richard Meitern. Redox physiology of wild birds: validation and appli-

cation of techniques for detecting oxidative stress. Tartu, 2016, 134 p. 
311. Kaie Lokk. Comparative genome-wide DNA methylation studies of healthy 

human tissues and non-small cell lung cancer tissue. Tartu, 2016, 127 p. 
312. Mihhail Kurašin. Processivity of cellulases and chitinases. Tartu, 2017, 

132 p. 
313. Carmen Tali. Scavenger receptors as a target for nucleic acid delivery with 

peptide vectors. Tartu, 2017, 155 p. 
314. Katarina Oganjan. Distribution, feeding and habitat of benthic suspension 

feeders in a shallow coastal sea. Tartu, 2017, 132 p. 
315.  Taavi Paal. Immigration limitation of forest plants into wooded landscape 

corridors. Tartu, 2017, 145 p.  
316. Kadri Õunap. The Williams-Beuren syndrome chromosome region protein 

WBSCR22 is a ribosome biogenesis factor. Tartu, 2017, 135 p. 
317.  Riin Tamm. In-depth analysis of factors affecting variability in thiopurine 

methyltransferase activity. Tartu, 2017, 170 p. 
318.  Keiu Kask. The role of RIC8A in the development and regulation of mouse 

nervous system. Tartu, 2017, 184 p. 
319.  Tiia Möller. Mapping and modelling of the spatial distribution of benthic 

macrovegetation in the NE Baltic Sea with a special focus on the eelgrass 
Zostera marina Linnaeus, 1753. Tartu, 2017, 162 p. 

320.  Silva Kasela. Genetic regulation of gene expression: detection of tissue- 
and cell type-specific effects. Tartu, 2017, 150 p. 

321. Karmen Süld. Food habits, parasites and space use of the raccoon dog 
Nyctereutes procyonoides: the role of an alien species as a predator and 
vector of zoonotic diseases in Estonia. Tartu, 2017, p. 

322. Ragne Oja. Consequences of supplementary feeding of wild boar – concern 
for ground-nesting birds and endoparasite infection. Tartu, 2017, 141 p. 

323. Riin Kont. The acquisition of cellulose chain by a processive cellobio-
hydrolase. Tartu, 2017, 117 p. 



153 

324. Liis Kasari. Plant diversity of semi-natural grasslands: drivers, current 
status and conservation challenges. Tartu, 2017, 141 p. 

325. Sirgi Saar. Belowground interactions: the roles of plant genetic relatedness, 
root exudation and soil legacies. Tartu, 2017, 113 p. 

326. Sten Anslan. Molecular identification of Collembola and their fungal 
associates. Tartu, 2017, 125 p. 

327. Imre Taal. Causes of variation in littoral fish communities of the Eastern 
Baltic Sea: from community structure to individual life histories. Tartu, 
2017, 118 p. 

328. Jürgen Jalak. Dissecting the Mechanism of Enzymatic Degradation of 
Cellulose Using Low Molecular Weight Model Substrates. Tartu, 2017, 
137 p. 

329.  Kairi Kiik. Reproduction and behaviour of the endangered European mink 
(Mustela lutreola) in captivity. Tartu, 2018, 112 p. 

330. Ivan Kuprijanov. Habitat use and trophic interactions of native and 
invasive predatory macroinvertebrates in the northern Baltic Sea. Tartu, 
2018, 117 p. 

331.  Hendrik Meister. Evolutionary ecology of insect growth: from geographic 
patterns to biochemical trade-offs. Tartu, 2018, 147 p. 

332.  Ilja Gaidutšik. Irc3 is a mitochondrial branch migration enzyme in 
Saccharomyces cerevisiae. Tartu, 2018, 161 p. 

333. Lena Neuenkamp. The dynamics of plant and arbuscular mycorrhizal 
fungal communities in grasslands under changing land use. Tartu, 2018, 
241 p. 

334. Laura Kasak. Genome structural variation modulating the placenta and 
pregnancy maintenance. Tartu, 2018, 181 p. 

335.  Kersti Riibak. Importance of dispersal limitation in determining dark 
diversity of plants across spatial scales. Tartu, 2018, 133 p. 

336.  Liina Saar. Dynamics of grassland plant diversity in changing landscapes. 
Tartu, 2018, 206 p. 

337.  Hanna Ainelo. Fis regulates Pseudomonas putida biofilm formation by 
controlling the expression of lapA. Tartu, 2018, 143 p. 

338.  Natalia Pervjakova. Genomic imprinting in complex traits. Tartu, 2018, 
176 p. 

339. Andrio Lahesaare. The role of global regulator Fis in regulating the 
expression of lapF and the hydrophobicity of soil bacterium Pseudomonas 
putida. Tartu, 2018, 124 p. 

340.  Märt Roosaare. K-mer based methods for the identification of bacteria and 
plasmids. Tartu, 2018, 117 p. 

341. Maria Abakumova. The relationship between competitive behaviour and 
the frequency and identity of neighbours in temperate grassland plants. 
Tartu, 2018, 104 p. 

342. Margus Vilbas. Biotic interactions affecting habitat use of myrmecophi-
lous butterflies in Northern Europe. Tartu, 2018, 142 p. 



154 

343. Liina Kinkar. Global patterns of genetic diversity and phylogeography of 
Echinococcus granulosus sensu stricto – a tapeworm species of significant 
public health concern. Tartu, 2018, 147 p. 

344. Teivi Laurimäe. Taxonomy and genetic diversity of zoonotic tapeworms 
in the species complex of Echinococcus granulosus sensu lato. Tartu, 2018, 
143 p. 

345. Tatjana Jatsenko. Role of translesion DNA polymerases in mutagenesis 
and DNA damage tolerance in Pseudomonads. Tartu, 2018, 216 p. 

346. Katrin Viigand. Utilization of α-glucosidic sugars by Ogataea (Hanse-
nula) polymorpha. Tartu, 2018, 148 p. 

347. Andres Ainelo. Physiological effects of the Pseudomonas putida toxin grat. 
Tartu, 2018, 146 p. 

348. Killu Timm. Effects of two genes (DRD4 and SERT) on great tit (Parus 
major) behaviour and reproductive traits. Tartu, 2018, 117 p. 

349. Petr Kohout. Ecology of ericoid mycorrhizal fungi. Tartu, 2018, 184 p. 
350.  Gristin Rohula-Okunev. Effects of endogenous and environmental factors 

on night-time water flux in deciduous woody tree species. Tartu, 2018, 
184 p. 

351. Jane Oja. Temporal and spatial patterns of orchid mycorrhizal fungi in 
forest and grassland ecosystems. Tartu, 2018, 102 p. 

352.  Janek Urvik. Multidimensionality of aging in a long-lived seabird. Tartu, 
2018, 135 p. 

353.  Lisanna Schmidt. Phenotypic and genetic differentiation in the hybridizing 
species pair Carex flava and C. viridula in geographically different regions. 
Tartu, 2018, 133 p. 

354. Monika Karmin. Perspectives from human Y chromosome – phylogeny, 
population dynamics and founder events. Tartu, 2018, 168 p. 

355.  Maris Alver. Value of genomics for atherosclerotic cardiovascular disease 
risk prediction. Tartu, 2019, 148 p. 

356.  Lehti Saag. The prehistory of Estonia from a genetic perspective: new 
insights from ancient DNA. Tartu, 2019, 171 p. 

357. Mari-Liis Viljur. Local and landscape effects on butterfly assemblages in 
managed forests. Tartu, 2019, 115 p.  

358. Ivan Kisly. The pleiotropic functions of ribosomal proteins eL19 and eL24 
in the budding yeast ribosome. Tartu, 2019, 170 p. 

359. Mikk Puustusmaa. On the origin of papillomavirus proteins. Tartu, 2019, 
152 p. 

360.  Anneliis Peterson. Benthic biodiversity in the north-eastern Baltic Sea: 
mapping methods, spatial patterns, and relations to environmental gradients. 
Tartu, 2019, 159 p. 

361. Erwan Pennarun. Meandering along the mtDNA phylogeny; causerie and 
digression about what it can tell us about human migrations. Tartu, 2019, 
162 p. 



155 

362.  Karin Ernits. Levansucrase Lsc3 and endo-levanase BT1760: characteri-
zation and application for the synthesis of novel prebiotics. Tartu, 2019, 
217 p. 

363. Sille Holm. Comparative ecology of geometrid moths: in search of contrasts 
between a temperate and a tropical forest. Tartu, 2019, 135 p. 

364. Anne-Mai Ilumäe. Genetic history of the Uralic-speaking peoples as seen 
through the paternal haplogroup N and autosomal variation of northern 
Eurasians. Tartu, 2019, 172 p. 

365.  Anu Lepik. Plant competitive behaviour: relationships with functional 
traits and soil processes. Tartu, 2019, 152 p. 

366. Kunter Tätte. Towards an integrated view of escape decisions in birds 
under variable levels of predation risk. Tartu, 2020, 172 p. 

367.  Kaarin Parts. The impact of climate change on fine roots and root-
associated microbial communities in birch and spruce forests. Tartu, 2020, 
143 p. 

368. Viktorija Kukuškina. Understanding the mechanisms of endometrial 
receptivity through integration of ‘omics’ data layers. Tartu, 2020, 169 p. 

369. Martti Vasar. Developing a bioinformatics pipeline gDAT to analyse 
arbuscular mycorrhizal fungal communities using sequence data from 
different marker regions. Tartu, 2020, 193 p. 

370.  Ott Kangur. Nocturnal water relations and predawn water potential disequi-
librium in temperate deciduous tree species. Tartu, 2020, 126 p. 

371. Helen Post. Overview of the phylogeny and phylogeography of the  
Y-chromosomal haplogroup N in northern Eurasia and case studies of two 
linguistically exceptional populations of Europe – Hungarians and Kalmyks. 
Tartu, 2020, 143 p. 

372. Kristi Krebs. Exploring the genetics of adverse events in pharmacotherapy 
using Biobanks and Electronic Health Records. Tartu, 2020, 151 p. 

373.  Kärt Ukkivi. Mutagenic effect of transcription and transcription-coupled 
repair factors in Pseudomonas putida. Tartu, 2020, 154 p. 

374.  Elin Soomets. Focal species in wetland restoration. Tartu, 2020, 137 p. 
375.  Kadi Tilk. Signals and responses of ColRS two-component system in 

Pseudomonas putida. Tartu, 2020, 133 p. 
376.  Indrek Teino. Studies on aryl hydrocarbon receptor in the mouse granulosa 

cell model. Tartu, 2020, 139 p. 
377. Maarja Vaikre. The impact of forest drainage on macroinvertebrates and 

amphibians in small waterbodies and opportunities for cost-effective 
mitigation. Tartu, 2020, 132 p. 

378. Siim-Kaarel Sepp. Soil eukaryotic community responses to land use and 
host identity. Tartu, 2020, 222 p. 

379.  Eveli Otsing. Tree species effects on fungal richness and community 
structure. Tartu, 2020, 152 p. 

380.  Mari Pent. Bacterial communities associated with fungal fruitbodies. Tartu, 
2020, 144 p. 



156

381.  Einar Kärgenberg. Movement patterns of lithophilous migratory fish in 
free-flowing and fragmented rivers. Tartu, 2020, 167 p.  

382.  Antti Matvere. The studies on aryl hydrocarbon receptor in murine 
granulosa cells and human embryonic stem cells. Tartu, 2021, 163 p. 

383. Jhonny Capichoni Massante. Phylogenetic structure of plant communities 
along environmental gradients: a macroecological and evolutionary 
approach. Tartu, 2021, 144 p. 

384. Ajai Kumar Pathak. Delineating genetic ancestries of people of the Indus 
Valley, Parsis, Indian Jews and Tharu tribe. Tartu, 2021, 197 p. 

385. Tanel Vahter. Arbuscular mycorrhizal fungal biodiversity for sustainable 
agroecosystems. Tartu, 2021, 191 p. 

386.  Burak Yelmen. Characterization of ancient Eurasian influences within 
modern human genomes. Tartu, 2021, 134 p. 

387.  Linda Ongaro. A genomic portrait of American populations. Tartu, 2021, 
182 p. 

388.  Kairi Raime. The identification of plant DNA in metagenomic samples. 
Tartu, 2021, 108 p. 

389. Heli Einberg. Non-linear and non-stationary relationships in the pelagic 
ecosystem of the Gulf of Riga (Baltic Sea). Tartu, 2021, 119 p. 

390.  Mickaël Mathieu Pihain. The evolutionary effect of phylogenetic neigh-
bourhoods of trees on their resistance to herbivores and climatic stress. 
Tartu, 2022, 145 p. 

391. Annika Joy Meitern. Impact of potassium ion content of xylem sap and of 
light conditions on the hydraulic properties of trees. Tartu, 2022, 132 p. 

392.  Elise Joonas. Evaluation of metal contaminant hazard on microalgae with 
environmentally relevant testing strategies. Tartu, 2022, 118 p. 

393. Kreete Lüll. Investigating the relationships between human microbiome, 
host factors and female health. Tartu, 2022, 141 p. 

394. Triin Kaasiku. A wader perspective to Boreal Baltic coastal grasslands: 
from habitat availability to breeding site selection and nest survival. Tartu, 
2022, 141 p. 

395. Meeli Alber. Impact of elevated atmospheric humidity on the structure of 
the water transport pathway in deciduous trees. Tartu, 2022, 170 p. 

396.  Ludovica Molinaro. Ancestry deconvolution of Estonian, European and 
Worldwide genomic layers: a human population genomics excavation. 
Tartu, 2022, 138 p. 

397. Tina Saupe. The genetic history of the Mediterranean before the common 
era: a focus on the Italian Peninsula. Tartu, 2022, 165 p. 

398.  Mari-Ann Lind. Internal constraints on energy processing and their con-
sequences: an integrative study of behaviour, ornaments and digestive 
health in greenfinches. Tartu, 2022, 137 p. 

399. Markus Valge. Testing the predictions of life history theory on anthropo-
metric data. Tartu, 2022, 171 p.  

400.  Ants Tull. Domesticated and wild mammals as reservoirs for zoonotic 
helminth parasites in Estonia. Tartu, 2022, 152 p. 



157 

401. Saleh Rahimlouye Barabi. Investigation of diazotrophic bacteria asso-
ciation with plants. Tartu, 2022, 137 p. 

402. Farzad Aslani. Towards revealing the biogeography of belowground 
diversity. Tartu, 2022, 124 p.  

403.  Nele Taba. Diet, blood metabolites, and health. Tartu, 2022, 163 p.  
404.  Katri Pärna. Improving the personalized prediction of complex traits 

and diseases: application to type 2 diabetes. Tartu, 2022, 190 p. 
405.  Silva Lilleorg. Bacterial ribosome heterogeneity on the example of bL31 

paralogs in Escherichia coli. Tartu, 2022, 189 p. 
406. Oliver Aasmets. The importance of microbiome in human health. Tartu, 

2022, 123 p. 
407. Henel Jürgens. Exploring post-translational modifications of histones in 

RNA polymerase II-dependent transcription. Tartu, 2022, 147 p. 
408. Mari Tagel. Finding novel factors affecting the mutation frequency: a case 

study of tRNA modification enzymes TruA and RluA. Tartu, 2022, 176 p. 
409. Marili Sell. The impact of environmental change on ecophysiology of 

hemiboreal tree species – acclimation mechanisms in belowground. Tartu, 
2022, 163 p. 

410.  Kaarin Hein. The hissing behaviour of Great Tit (Parus major) females 
reflects behavioural phenotype and breeding success in a wild population. 
Tartu, 2022, 96 p. 

411.  Maret Gerz. The distribution and role of mycorrhizal symbiosis in plant 
communities. Tartu, 2022, 206 p. 

412. Kristiina Nõomaa. Role of invasive species in brackish benthic community 
structure and biomass changes. Tartu, 2023, 151 p. 

413.  Anton Savchenko. Taxonomic studies in Dacrymycetes: Cerinomyces and 
allied taxa. Tartu, 2023, 181 p. 

414.  Ahto Agan. Interactions between invasive pathogens and resident myco-
biome in the foliage of trees. Tartu, 2023, 155 p. 

415.  Diego Pires Ferraz Trindade. Dark diversity dynamics linked to global 
change: taxonomic and functional perspective. Tartu, 2023, 134 p. 

416. Madli Jõks. Biodiversity drivers in oceanic archipelagos and habitat 
fragments, explored by agent-based simulation models. Tartu, 2023, 116 p. 

417.  Ciara Baines. Adaptation to oncogenic pollution and natural cancer defen-
ces in the aquatic environment. Tartu, 2023, 164 p. 

418.  Rain Inno. Placental transcriptome and miRNome in normal and compli-
cated pregnancies. Tartu, 2023, 145 p. 

419. Daniyal Gohar. Diversity, genomics, and potential functions of fungus-
inhabiting bacteria. Tartu, 2023, 138 p. 

420.  Sirli Rosendahl. Fitness effects of chromosomal toxin-antitoxin systems in 
Pseudomonas putida. Tartu, 2023, 154 p. 

421. Mathilde Frédérique E. André. New Guinea, a hotspot for Human evo-
lution: settlement history and adaptation in northern Sahul. Tartu, 2023, 
202 p. 



422.  Vlad-Julian Piljukov. Biochemical characterization of Irc3 helicase. Tartu, 
2023, 137 p. 

423.  Gerli Albert. Carbon use strategies of macrophyte communities in the 
northeastern Baltic Sea: implications for a high CO2 environment. Tartu, 
2023, 128 p. 

424. Mariann Koel. The molecular interactions between trophoblast and endo-
metrial cells in embryo implantation. Tartu, 2023, 171 p. 

425.  Robin Gielen. Diversity and ecological role of pathogenic fungi in insect 
populations. Tartu, 2023, 139 p. 

426.  Kaspar Reier. Quantity, stability and disparity of ribosomal components 
in Escherichia coli stationary phase. Tartu, 2023, 151 p. 

427.  Linda Rusalepp. The impact of environmental drivers and competition on 
phenolic metabolite profiles in hybrid aspen and silver birch. Tartu, 2023, 
153 p. 

428.  Eliisa Pass. The effect of managed forest-wetland landscapes on forest grouse 
and nest predation. Tartu, 2023, 115 p. 

429.  Sanni Färkkilä. Methods for studying plant-fungal interactions – reflecting 
on the old, the new and the upcoming. Tartu, 2024, 147 p. 

430.  Maarja Jõeloo. Advances in microarray-based copy number variation 
discovery and phenotypic associations. Tartu, 2024, 209 p.  

431. Natàlia Pujol Gualdo. Decoding genetic associations of female reproduc-
tive health traits. Tartu, 2024, 205 p.  

432.  Sirelin Sillamaa. The role of helicases Hmi1 and Irc3 in yeast mito-
chondrial DNA maintenance. Tartu, 2024, 189 p.  

433.  Iris Reinula. Genetic variation of grassland plants in changing landscapes. 
Tartu, 2024, 201 p.  

434.  Vi Ngan Tran. The cellular dynamics and epithelial morphogenesis in 
Drosophila wing development. Tartu, 2024, 158 p. 

435. Slendy Julieth Rodríguez Alarcón. Intraspecific trait diversity in plants: 
characterizing effects of trait variation on community assembly and eco-
system functioning. Tartu, 2024, 129 p.  

436. Arun Kumar Devarajan. Microbes and climate change: insights from 
plant-microbe interactions in rice phyllosphere and soil microbiomes in 
subarctic grasslands. Tartu, 2024, 224 p.  

437. Leonard Owuraku Opare. Rearing density effects on a commercially 
important insect species. Tartu, 2024, 145 p.  

438.  Siqiao Liu. The effect of anthropogenic disturbance on soil fungal commu-
nities. Tartu, 2024, 172 p.  

 


	Ref1_Krigul et al 2021.pdf
	Using fecal immunochemical tubes for the analysis of the gut microbiome has the potential to improve colorectal cancer screening
	Results
	Study design. 
	Impact of the sample collection strategy on gut microbiome diversity. 
	Differentially abundant genera between sample collection strategies. 
	Gut microbiome composition stability over time. 


	Discussion
	Materials and methods
	Sample population and collection. 
	DNA extraction and sequencing. 
	Microbial community analysis. 
	Statistical analysis. 

	References
	Acknowledgements


	Ref2_AasmetsAndKrigul_2022.pdf
	Gut metagenome associations with extensive digital health data in a volunteer-based Estonian microbiome cohort
	Results
	Cohort overview
	Landscape of the Estonian gut microbiome
	Overview of microbiome&#x02013;nobreakphenotype associations
	Associations with long-term usage of medications
	The role of antibiotic usage in common dysbiosis

	Discussion
	Methods
	EstMB and metadata collection
	Microbiome sample collection and DNA extraction
	Metagenomics data analyses
	Filtering microbiome data
	Statistics and reproducibility
	Microbiome diversity analysis
	Core microbiome detection
	Detecting microbial features associated with the phenotypes
	Prediction models for common diseases
	Detection of species co-occurrence

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


	Ref3_Krigul et al 2024.pdf
	Abstract
	Introduction
	Materials and methods
	Human donor recruitment and sample collection
	Human donor inclusion criteria
	Human-to-mouse fecal microbiota transplantation (FMT)
	Mucus thickness and growth rate measurements
	Mucus penetrability measurements
	Tissue histology
	Colony-forming unit (CFU) counts
	RNA extraction and cDNA generation
	Quantitative real-time PCR analysis
	DNA extraction and metagenomic sequencing
	Bioinformatics analysis and processing of the metagenomic sequencing data
	Metabolomics analysis
	Statistical analyses

	Results
	Repeated antibiotic use in humans promotes mucosal barrier dysfunction in mice following FMT
	Increased expression of Muc2 and Reg3γ might compensate for impaired mucus function
	Distal colon microbiome composition differs between antibiotic users and healthy controls
	History of antibiotic use results in a distinct microbial metabolite profile

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Data availability statement
	Author contributions
	Ethics approval
	References




