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PREFACE 
 
This dissertation was submitted to fulfil the requirements for obtaining the 
degree of Doctor of Philosophy (Ph.D.) from the Faculty of Engineering and 
Science at Aalborg University.  
 
The research for this thesis was conducted from January 2020 to July 2024 
at the Center for Microbial Communities at Aalborg University under the 
supervision of Prof. Mads Albertsen and was funded by the Poul Due 
Jensen Foundation. The PhD project included a 3.5-month research visit at 
the Cooperative Institute for Research in Environmental Sciences, 
University of Colorado, Boulder, Colorado, USA under supervision by Prof. 
Noah Fierer. Throughout the duration of the Ph.D. project, I was affiliated 
with the Department of Chemistry and Bioscience within the Faculty of 
Engineering and Science at Aalborg University. 
 
Chapter 1 provides an introduction to microbiology. It offers historical 
context, explains how ecological theory can be applied to assemblages of 
microbial communities, and explores the major differences between 
microorganisms and macroorganisms. Chapter 2 presents the specific 
objectives of the PhD project. Chapter 3 serves as a walkthrough of the 
processes involved in the workflow from environmental sample to a DNA 
sequence as well as the subsequent analysis of microbial community data, 
thereby setting the stage for the topics of the presented papers. Chapter 4 
provides a summary of the most important findings of the presented papers, 
placing them in the context of the current challenges in characterising 
microbial communities and highlighting how these findings serve to extend 
the knowledge within the field of microbial ecology. Chapter 5 till Chapter 
12 presents one paper and its associated supplementary material at a time.  
 
 
Thomas Bygh Nymann Jensen, 
 
July 2024 
 
 
“You could also ask who’s in charge. Lots of people think, well, we’re humans; we’re the 
most intelligent and accomplished species; we’re in charge. Bacteria may have a different 
outlook: more bacteria live and work in one linear centimeter of your lower colon than all 
the humans who have ever lived. That’s what’s going on in your digestive tract right now. 
Are we in charge, or are we simply hosts for bacteria? It all depends on your outlook.” 
― Neil deGrasse Tyson 
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PCR: Polymerase chain reaction 
Operon: An operon is a functioning unit of deoxyribonucleic acid containing a 
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Though trivial one note needs to be addressed on the use of microbial vs 

prokaryotic as well as the use of the term metagenomic sequencing. Microbial is 

sometimes used to denote an analysis of bacteria and archaea, when strictly 

speaking microbial should only be used as a description of all microbial organisms 

including microbial eukaryotes. Similarly, the term metagenomics is sometimes 

wrongfully applied within the field to denote taxonomic classification of amplicon 

sequences obtained from complex samples. Though the template DNA for the 

amplicon sequencing is of a metagenomic origin, the amplicons themselves do not 

qualify as metagenomic data.



 

16 
 

  



 

17  

ENGLISH SUMMARY 
 
Identification of life is essential to our understanding of the world. 
Traditionally, the focus has been on objects we can recognise with our own 
eyes, such as plants and animals. However, with the introduction of DNA 
sequencing methods, it has become apparent that prokaryotes, small cells 
invisible to the naked eye, pose a vastly larger diversity than observable life. 
Together with the expansion of the global microbial diversity, it has become 
increasingly more evident that prokaryotes are deeply involved in the 
sustainability of the ecosphere by being facilitators of biogeochemical 
nutrient cycles. Today we know that microbes are everywhere on Earth, and 
that they impact all aspects of our lives.  
 
Microbes rarely act on their own, but are found as members of intricate 
communities, which can be imagined as a coherent organism with an 
enormous functional repertoire. However, identifying the role of the 
individual community members is not trivial due to the formation of symbiotic 
relationships as well as interactions with the immediate physical and 
chemical surroundings. Furthermore, all microbes are not everywhere and 
understanding the factors that govern the where, how and why is critical for 
leveraging microbial processes in the management of natural ecosystems, 
mitigation of climate change, and in civil infrastructure applications.  
 
Compared to the classical natural sciences, microbial ecology is still a 
young scientific field, and the last 20 years has seen even progressively 
ambitious large-scale projects to break new ground in microbial ecology. 
The focus of this PhD project is another such ambitious task; the 
characterization of the environmental microbiome of an entire country at an 
unprecedented scale. The first part of this PhD project revolves around how 
miniaturisation processes can be used for bringing down the costs in 
amplicon and whole genome shotgun sequencing from complex microbial 
samples. The second part takes a dive into how full-length 16S rRNA gene 
amplicons can increase the resolution of metagenomic derived taxonomic 
profiles. The work also demonstrates how the above-ground and below-
ground communities respond in a similar manner to the major ecological 
gradients of temperate terrestrial ecosystems. Furthermore, the work 
highlights how key community members of the microfauna yield insights 
about the above-ground system and allow for the prediction of 
measurements reflecting the ecological gradients. The third part 
investigates how taxonomy derived from 16S rRNA gene amplicons can be 
linked to functional traits and life history strategies represented by amino 
acid auxotrophies across various environments. Finally, the last part of the  
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project highlights the major findings from the Microflora Danica project 
encompassing full-length 16S rRNA gene and operon sequencing of the 
16S and 18S rRNA gene of 449 samples, as well as shallow metagenomic 
sequencing of more than 10.000 samples across Denmark. In summary, 
this thesis highlights and showcases how amplicon and metagenomic 
sequencing can complement each other in the disentanglement of 
environmental microbiomes.  
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DANSK RESUMÉ 
 
Identifikation af livet er afgørende i forståelsen af verden omkring os. 
Traditionelt har fokus været på objekter, vi kan observere med vores egne 
øjne, såsom planter og dyr. Med introduktionen af metoder til sekventering 
af DNA, er det dog tydeliggjort, at prokaryoter, små celler, der er usynlige 
for det blotte øje, udgør en langt større diversitet end det observerbare liv. 
Sammen med udvidelsen af den globale mikrobielle diversitet er det blevet 
mere og mere evident, at prokaryoter er dybt involveret i økosfærens 
bæredygtighed ved at være facilitatorer af biogeokemiske 
næringsstofkredsløb. I dag ved vi, at mikrober er overalt på Jorden, og at 
de påvirker alle aspekter af vores liv. 
 
Mikrober findes sjældent alene, men indgår som medlemmer af indviklede 
systemer, som kan forestilles som værende én sammenhængende 
organisme med ét enormt funktionelt repertoire. Identifikationen af de 
enkelte medlemmers rolle er dog ikke triviel grundet tilstedeværelsen af 
symbiotiske relationer, samt interaktioner med de umiddelbare fysiske og 
kemiske omgivelser. Dog er alle mikrober ikke overalt, og forståelsen af de 
faktorer, der styrer hvor, hvordan og hvorfor, er afgørende for at udnytte 
mikrobielle processer i forvaltningen af naturlige økosystemer, afbødning af 
klimaændringer og til applikationer inden for civil infrastruktur 
 
Sammenlignet med de klassiske naturvidenskaber er mikrobiel økologi 
stadig et ungt videnskabeligt område, og de sidste 20 år har set progressivt 
ambitiøse storskalaprojekter for at opnå nye landvindinger inden for 
mikrobiel økologi. Fokus på dette PhD-projekt er en anden lige så ambitiøs 
opgave; karakteriseringen af det naturlige mikrobiom for et helt land på en 
hidtil uset skala. Den første del af dette PhD-projekt omhandler, hvordan 
miniaturiseringsprocesser kan bruges til at nedbringe omkostningerne ved 
amplicon- og helgenomsekventering fra komplekse mikrobielle prøver. Den 
anden del tager et dyk ned i, hvordan fuldlængde 16S rRNA-gen amplicons 
kan øge opløseligheden af metagenomisk afledte taksonomiske profiler. 
Arbejdet demonstrerer desuden, hvordan de overjordiske og underjordiske 
systemer har en lignende respons på de store økologiske gradienter fundet 
i tempererede terrestriske økosystemer. Desuden fremhæver arbejdet, 
hvordan centrale medlemmer af mikrofaunaen informere om det 
overjordiske system og giver mulighed for forudsigelse af målinger, der 
reflekterer de økologiske gradienter. Den tredje del undersøger, hvordan 
taksonomi afledt af 16S rRNA-gen amplicons kan kobles til funktionelle træk 
og livsstrategier repræsenteret ved aminosyre-auxotrofier på tværs af 
forskellige miljøer. Endelig fremhæver den sidste del af projektet de 
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vigtigste resultater fra Microflora Danica-projektet, der omfatter fuldlængde 
16S rRNA-gen og operon-sekventering af 16S og 18S rRNA-genet på 449 
prøver, samt metagenomisk sekventering af mere end 10.000 prøver på 
tværs Danmark. I sin helhed fremhæver og viser denne afhandling, hvordan 
amplicon og metagenomisk sekventering kan komplementere hinanden i 
udredningen af naturlige mikrobiomer. 

 



CHAPTER 1. INTRODUCTION 

21  

CHAPTER 1. INTRODUCTION 
 
1.1 CATALOGUING OF INVENTORY 
 
1.1.1 FLORA DANICA 
 
A central part in performing any kind of ecology study is comparison of the 
sampled inventory to a reference catalogue. The lack of such a Danish 
national index combined with inspiration by the ideas of the Age of 
Enlightenment and the Scientific Revolution, was probably what made the 
medical doctor Georg Christian Oeder propose the creation of such a 
catalogue in 1753; Flora Danica. The very purpose of Flora Danica was to 
share the knowledge of botany and by doing so to obtain greater knowledge 
of both the useful and harmful properties of the various plants native to 
Denmark. By doing so the goal was to better utilise the local resources and 
thereby benefit the Danish economy. 122 years later (1761-1883) Flora 
Danica was finished and ended up as a Scandinavian work due to the 
inclusion of the Norwegian and the most important Swedish plants [1]. Flora 
Danica is to this day still the largest printed atlas of botany.  
 
1.1.2 THE AGE OF OMICS 
 
Though the Age of Enlightenment ended with the coming of the 19th 
century, humans kept the pursuit of expanding scientific knowledge. With 
the more recent advances and introduction of new cutting-edge molecular 
techniques we have now transcended into a molecular and data-driven 
approach which can be described as the Age of Omics. The development 
of various omics technologies has enabled high-throughput quantitative 
monitoring of the abundance of distinct biological molecules [2] (Figure 1). 
One such molecule is deoxyribonucleic acid (DNA), with its corresponding 
suite of methods together termed genomics. With the discovery of the 
double-helix structure of DNA in 1953 [3] by Francis Crick, Rosalind 
Franklin, James Watson and Maurice Wilkins the foundation was laid for the 
strenuous task of deciphering the genetic code. A task that is still today 
perfected through new approaches within technologies and methods related 
to sequencing of DNA, data processing, analysis and interpretation. A 
genomic analysis allows for the genomic-scale analysis of the genetic 
sequence of a single individual, or of the assemblage of individuals in a 
community, which is the case when performing a metagenomic analysis. 
Analysis of the genetic sequence can yield information of the DNA under 
investigation in response to environmental factors, distance and time [2].  
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Figure 1: The omics cascade. The prefix “meta-” is used to indicate that the system under 
study consists of multiple species. This term is often used analogues with the 
characterisation of the microbial community in an uncultured sample. The aim of a meta-
omic analysis is to detect and describe differences in an assemblage of microbial 
organisms, genes, variants, pathways or metabolic functions [4]. Each biomolecule is 
associated with its own field of research, each of which again is associated with its own 
technologies and methodologies. The cascade can be interpreted as the sequential and 
hierarchical flow of information through biological systems, the associated biomolecules 
and the effect on analytical throughput when going from analysis of metabolic potential 
(genotype) to realised metabolism (phenotype). Briefly, the biomolecules and resolution 
can be listed as: DNA (What can happen?), RNA (What appears to be happening?), 
Protein (What makes it happen?), Metabolite (What has happened and is happening?). 
Inspired by [5]. Created with BioRender.com.  
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1.2 WE LIVE IN A MICROBIAL WORLD 
 
1.2.1 MICROBIOLOGY FOR PEOPLE IN A HURRY 
 
Since the dawn of humankind, we have both battled and benefited from 
microbes. Battles in the form of infectious disease and food spoilage, and 
benefits in the form of fermented foods increasing the nutrient composition 
and availability together with the storage life [6]. Theories exist that the rise 
of the Sumerian empire would not have been possible without beer, due to 
the limited sources of clean water, and the fact that even low amounts of 
ethanol is enough to kill pathogens [7]. Neither would we today see the Giza 
pyramid in Egypt as the builders were provided a daily ration of 5 litres of 
beer [8]. Since the first observation of microbes almost 350 years ago, 
humans have endeavoured to characterise, understand, cultivate, and take 
advantage of microbes due to their vast importance and pervasiveness in 
our environment. From the time of van Leeuwenhoek's initial microscopic 
observation till today's more molecular-based and data-driven methods, the 
discipline of microbiology has seen quite a transformation (Figure 2).  
 
The father of early modern medicine, Avicenna, suggested in his work of 
1020 The Canon of Medicine, that tuberculosis and other diseases might be 
contagious of nature [9]. In continuation of this idea the Ottoman scholar 
Akshamsaddin noted that: “This infection occurs through seeds that are so 
small they cannot be seen but are alive.” [10]. In 1546 Girolamo Fracastoro 
similarly noted that epidemic diseases such as syphilis spread by means of 
seeds of disease [11,12]. Athanasius Kircher in 1658 suggested that 
infectious diseases such as bubonic plague was mediated by a contagium 
animatum, which we today know correspond to Yersinia pestis [12]. The first 
discovery of microorganisms by means of observation of bacteria was 
recorded by Antonie van Leeuwenhoek in 1677 through his newly invented 
light microscope [13]. Another early microscopist, Robert Hooke, was the 
first to use the term cell when in 1665 relating it to his findings of hexagonal 
shapes in cork [14].  
 
A mere 200 years had to pass before Louis Pasteur created the first liquid 
growth medium (1860) [15] and through a series of experiments rejected 
the idea of spontaneous generation with his results instead supporting the 
germ theory of disease (1862) [16]. Linking specific microbes to diseases 
was pioneered by Robert Koch by linking anthrax to rod-shaped bacteria by 
microscopy in 1876 [17]. Together with his assistant Walter Hesse and his 
wife Fannie he developed the first solid medium using agar as a solidifying 
agent [17]. Simultaneously another of his assistants, Julius Petri, designed 
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what is now known as the petri dish [17]. These findings together resulted 
in the plating technique which improved the isolation and cultivation of 
bacteria. Koch also laid the foundation and development of staining 
methods, by which he identified Mycobacterium tuberculosis, the causing 
agent of tuberculosis [16]. A large step toward harnessing the potential of 
the microbes was with the discovery of an antibiotic substance by Alexander 
Fleming in 1928 [18]. Fleming found that a mould of the Penicillium genus 
inhibited the growth of staphylococci and other gram-positive pathogens 
[18].  
 
The foundation of genetics was laid in 1944 by Oswald Avery, Maclyn 
McCarty, and Colin MacLeod, when they identified DNA as the genetic 
material of Streptococcus pneumoniae [16]. The double-helix structure of 
DNA was identified in 1953 [19] by James Watson, Francis Crick, Rosalind 
Franklin, and Maurice Wilkins, with the first two continuing their work by 
deciphering the genetic code [16]. In 1957 Francis Crick stated his first 
version of the central dogma, which dictates the genetic information flow 
from DNA to ribonucleic acid (RNA) (and the reverse case), and from RNA 
to protein. Around the time Marshall Nirenberg and Heinrich Matthaei 
conducted the first experiments, which showed that RNA sequences code 
for specific amino acids [20].  
 
In 1977 the genome of the first bacteriophage phi X174 was sequenced 
[21], and in 1995 the first bacteria, Haemophilus influenzae Rd, was 
sequenced [22]. Also in 1977, Carl Woese and George Fox, discovered a 
third domain of life, by analysis of the small subunit (SSU) ribosomal RNA 
(rRNA). Comparing SSU sequences they confirmed the existence of 
bacteria and eukaryotes, but also observed a group equally distinct from 
bacteria and eukaryotes, which they named archaebacteria [23]. The 
domain was renamed to Archaea, due to new SSU rRNA data showing a 
closer relatedness to Eukarya than Bacteria [24]. With the increase in 
available sequencing data in the 2000s and 2010s, a two domain of life 
theory evolved. Central to this theory is the branching of Eukarya from within 
Asgard archaea, which to this day is still under debate [24–27]. The increase 
in available sequencing data can be attributed to the invention of the 
polymerase chain reaction (PCR) method by Kary Mullis in 1983, in which 
a small amount of DNA can be copied to large quantities over a short period 
of time [28,29].  
 
These discoveries are only a short and condensed walkthrough of the 
history of microbiology, and other major discoveries have been left out, and 
new discoveries published every day.  
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Figure 2: Microbiology for people in a hurry. Historical overview of selected major 
scientific breakthroughs in microbiology from the last millennium. The timeline for the 
production of Flora Danica was added to visualise the enormous task it was to compile. 
Created with BioRender.com 
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1.2.2 THE MICROBIAL DIVERSITY 
 
When recording the plants (Archaeplastida within Eukaryotes on Figure 3) 
for Flora Danica, Georg Christian Oeder probably did not expect that the 
environment surrounding the plants harboured a vastly larger diversity in 
the form of microorganisms. Current estimates set the global number of 
plant species not to exceed 400,000 of which ~94% are associated with an 
accepted species name [30,31]. In 2011 Mora and colleagues estimated the 
planet to harbour ~7.8 million animal species, 298,000 plants, 611,000 
fungi, and 63,900 protists of which only 1.2 million at that time were 
described [32]. Though the number of species in each of these categories 
should probably be increased, the most drastic difference between their and 
current estimates is for prokaryotes. Though they acknowledged that their 
projections of 10,000 bacteria and 500 archaea were likely underestimated, 
they are very different from later findings putting the global number of 
microbial species in the range of millions to trillions, which is still a subject 
of controversy [32–39]. Species of macrobiota, such as plants, can readily 
be described and distinguished by means of observation, which is not the 
case for microbes. Furthermore, the species concept as it is defined for 
macrofauna; “a group of living organisms consisting of similar individuals 
capable of exchanging genes or interbreeding.”, does not apply to 
prokaryotes and some eukaryotes as they perform asexual reproduction 
and are able to perform horizontal gene transfer - potentially even between 
the two prokaryotic domains [40]. Hence, an estimation of the global 
microbial diversity will be influenced not only by the computational 
methodology used, but also on the definition used for a species 
representative.  
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Figure 3: The tree of life. In 2016, Hug and colleagues updated the tree of life using 16 
ribosomal proteins derived from genomes and metagenome assembled genomes rather 
than the ribosomal RNA genes. The tree presents 92 bacterial phyla, 26 archaeal phyla, 
and all five eukaryotic supergroups, with major lineages colour-coded and named, using 
italics for well-characterised lineages. A notable aspect of this tree is the numerous major 
lineages that lack isolated representatives, indicated by red dots. Eukaryotic supergroups 
are identified, albeit without detailed delineation due to their low resolution. The candidate 
phyla radiation (CPR) phyla, consisting solely of organisms lacking isolated representatives 
and still under definition, is assigned a single colour. The relationship between Eukarya, 
Bacteria, and Archaea remains debated, with the emergence of Eukarya thought as an 
endosymbiotic event between bacterial and archaeal cells. The updated phylogenetic tree 
structure shows variations from the findings of Woese and colleagues in 1990 [41], 
highlighting how the selection of taxa or proteins for phylogenetic analysis can significantly 
impact results. Adapted from [42]. 
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For the study of the microbial content of a sample, the ribosomal RNA 
operon is the most widely used phylogenetic marker for taxonomic profiling. 
The operon is universally present due to its vital role in the metabolic 
functioning of all forms of life. Since the 18S gene provides lower resolution, 
it is common to use the internal transcribed spacer (ITS) between the small- 
and large-subunit rRNA genes to distinguish microbial eukaryotes. The 16S 
gene is ~1500 bp long and is composed of 9 variable regions (V1-V9) in 
combination with conserved stretches of nucleotides (Figure 4). The highly 
conserved regions allow for binding of amplification primers as well as 
regions with high nucleotide variability contributing with taxonomic 
resolution (Figure 4) [43,44]. The V4 region is commonly used as a target 
for analysis of prokaryotic diversity, especially in soil, and is also 
recommended by the most comprehensive single study on the microbiome 
of the planet, the Earth Microbiome Project [45]. V4 operational taxonomic 
units (OTUs) are often used with a cut-off of 97% sequence similarity to be 
representable of a species, though data suggest that 100% is more 
appropriate for the V4 region and 99% for full-length (FL) 16S sequences 
[46]. The open-reference Earth Microbiome Project comprises 307,572 
unique 90 base pair (bp) V4 sequences after subsetting and rarefying to 
5,000 reads across 23,828 samples. The subset covering 150 bp of the V4 
region amounts to 202,540 sequences [35].  
 

 
Figure 4: The prokaryotic small-subunit ribosomal RNA gene. Shannon entropy 
(distance from homogeneity of DNA bases) across the 16S rRNA gene. The figure was 
constructed based on alignment of a single representative of all species in the Greengenes 
database v13.5. The 16S rRNA gene sequences were aligned against Escherichia coli K-
12 MG1655 (NCBI Gene ID 947777). The variable regions (V1-V9) are highlighted from 
commonly used primer binding sites (grey panels) and in-silico regions based on entropy 
calculations (red lines). Adapted from [44]. 
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The current debate on the global prokaryotic diversity seems to be divided 
between supporting an estimate in the low millions or the low trillions [32–
38]. Locey and Lennon estimated that Earth harbours as many as 1 trillion 
microbial species based on an approach with theory from macroecology and 
biodiversity [33]. The authors applied a unified scaling law to predict the 
abundance of dominant species across 30 orders of magnitude. They 
combined the predicted number of dominant species with the use of the 
lognormal species abundance distribution model to arrive at their estimate. 
The scaling laws, also known as power laws, describe the relationship 
between species richness (S) and number of individuals in an assemblage 
(N) as S ~ Nz, with z being an empirical or theoretical derived constant. The 
lognormal distribution model suggests that a right-skewed frequency 
distribution is approximately normal when log-transformed [47]. The 
existence of ~1030 prokaryotic cells on the planet was assumed. For the 
estimation of z the authors compiled a dataset, which was primarily made 
up of a 14,615 site subset of the closed-reference 97% V4 OTU dataset 
from the Earth Microbiome Project [45]. Besides the V4 OTUs from the Earth 
Microbiome project, they included V3-V5 OTUS from the Human 
Microbiome project and rRNA amplicons from MG-RAST including 128 
samples of fungal ITS. They did not elaborate on the total OTU count in this 
dataset. Furthermore, Lennon recently published a paper together with 
Fishman that revealed how richness beyond the previous estimate of 1 
trillion is feasible and in agreement with empirical predictions [39].  
 
Contradicting the previous finding, Louca and colleagues compiled a 97% 
V4 OTU dataset of 34,368 samples across 492 studies and named it the 
Global Prokaryotic Census. The authors deliberately excluded data from the 
Earth Microbiome Project for downstream evaluation against this dataset. 
After filtering for OTUs present in at least two samples of the same study 
the result was 739,880 prokaryotic OTUs (690,474 bacterial and 49,406 
archaeal) [35]. Sequences in this composite data set cover at least 200 base 
pairs in the V4 hypervariable region. By considering each study an 
independent sampling unit they estimated the existence of 0.8-1.6 million 
V4 OTUs on the planet, which they extend to 2.2-4.3 million full-length OTUs 
clustered at 97% identity. With clustering at 99% similarity, they predicted 
the existence of 3-9 million V4 OTUs. They further substantiated this claim 
with fitting the data to a log-normal distribution curve which resulted in the 
estimation of 886,291 prokaryotic 97% V4 OTUs. The authors performed 
extrapolation of 6 different statistical richness estimators, utilising sampling 
theory-based methods to take into consideration the frequencies of low-
abundance classes (e.g., singletons, doubletons, etc.) [33,35,36]. Unlike 
methods based on models of biodiversity, these statistical estimators 
employ more available data and do not assume anything about biological 
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processes [33,36]. They acknowledged that these results contrast with the 
speculations of the vast “rare microbial biosphere” proposed by Locey and 
Lennon as well as others. Finally they showed how, at 97% similarity, the 
Global Prokaryotic Census captured 89-96% of prokaryotic sequences in 
public databases and recaptured 92% of the sequences in the 150 bp Earth 
Microbiome Project subset mentioned previously [35].  
 
In response to the estimate 6 orders of magnitude lower prokaryotic 
diversity by Louca and colleagues, Locey and Lennon published another 
paper in 2020. They attributed the discrepancy to violations of sampling 
theory, misuse of biodiversity theory and performed a reanalysis of the 
Global Prokaryotic Census dataset. This led to an estimate of ~1014 microbial 
taxa, which is in accordance with their previously reported finding of 1012. 
This comes as no surprise as the GPC recaptured 92% of the sequences in 
the 150 bp Earth Microbiome project dataset, which comprised 70% of the 
dataset originally used by Locey and Lennon [33]. They elaborate on how 
the statistical estimators used in microbiome research operate under the 
assumption that all taxa, even those not observed, are present during 
sampling and that the samples accurately reflect the ecosystem being 
studied. They highlight that the Global Prokaryotic Census dataset, despite 
being a substantial collection of 16S rRNA gene sequences, primarily 
features samples from central North America, central Europe, and Eastern 
China, leaving large areas of the world underrepresented or unrepresented. 
They note that this geographical bias deems this dataset non-representative 
of the microbiome of Earth, ultimately leading to underestimation of the 
global microbial diversity from statistical estimators.  
 
It should be noted that the estimate from Louca and colleagues has been 
disputed in a publication from Wiens, due to underestimation of host-
associated species [37]. Specifically, the contribution from species 
associated with insects, as a large fraction of these are estimated to be 
currently unrecorded [34,37,48]. In 2017, before the publication of the 
estimate by Louca and colleagues, Larsen and colleagues estimated 0.209 
to 5.8 billion species on Earth, with 66% to 91% being bacteria [34]. Wiens 
supported this range with an estimate of 0.183 to 4.2 billion species, with 
58% to 88% bacteria [37]. In 2021 Louca and colleagues published a 
response on how the previously estimated host-associated bacterial 
richness would decrease with better justified statistical models [38]. They 
finally highlight that all estimates presented are based on 16S rRNA OTUs, 
and that at finer phylogenetic resolution enabled by whole-genome 
sequencing (e.g. bacterial strain level or ecostype), might reveal substantial 
higher bacterial richness than their estimates [38].   
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As presented in this chapter, there exists a substantial disagreement about 
the global prokaryotic diversity. The 6 order of magnitude difference is 
founded on fundamental disagreement on the appropriate approach used 
for modelling of bacterial diversity of the rare biosphere on a global scale. 
One thing the two datasets do have in common is that they both suffer from 
geographical bias, since large geographical areas remain unsampled to this 
day [49–52]. Furthermore, the published estimates do (almost) not include 
the suspected vast diversity of microbial eukaryotes. Furthermore, while 
sub-region targeting was once adequate for identifying taxa at the genus 
level, it lacks the precision to distinguish species, and the suitability of 
specific sub-regions depends on the taxa being studied [44]. Today, this 
compromise is challenged by long-read sequencing technologies, allowing 
for assembly-free sequencing of full-length small-subunit rRNA genes or 
transcripts [53,54]. Full-length 16S sequences offer better taxonomic 
resolution than targeting sub-regions (especially V4), which often fail to 
accurately reflect the diversity in the original data [44] (Figure 4). Finally, a 
very recent publication on the maintenance of bacterial rRNA operons on 
plasmids adds for an interesting discussion on the implications of horizontal 
gene transfer of the prokaryotic phylogenetic marker gene itself [55]. From 
a genomic perspective the average nucleotide identity (ANI) is used to 
define the species boundaries of prokaryotes with a value of 95% 
representing the boundary between two different species. The use of this 
species definition might alone tremendously affect previous estimates of the 
global diversity. As a final remark it should be noted, that though there exists 
disagreements between the number of prokaryotic species by some orders 
of magnitude, the estimates of microfauna most likely outnumber the 
macrofauna by quite some margin (Figure 3).  
 
  



HIGH-THROUGHPUT DISENTANGLEMENT OF ENVIRONMENTAL MICROBIOMES 

32 
 

1.3 MICROBIAL COMMUNITIES 
 
1.3.1 MICROBES AND THEIR SURROUNDINGS 
 
Microbes are essential for the sustainability of the ecosystem they inhabit 
by facilitating biogeochemical nutrient cycles (Figure 5) [56,57]. Microbes 
also have a direct influence on the behaviour and health of all animals 
including humans. It is known that bacteria are necessary for human 
digestion, nutrient absorption and immunity [58], as well as being capable 
of causing or treating disease in people [59]. Microbes living below the 
surface of terrestrial ecosystems affect the biodiversity, composition and 
health of the aboveground fauna [60–63]. Additionally, evidence points to 
the relationship between soil biodiversity and the ecological and 
evolutionary responses of terrestrial ecosystems to recent and future 
environmental change [63–67]. Understanding the factors that control these 
processes is critical for leveraging microbial processes in management of 
natural ecosystems, mitigation of climate change, and in civil infrastructure 
applications including agriculture, biogas production, wastewater treatment, 
and value chemical production [57] (Figure 5).  
 
Historically, microbes have been characterised by means of morphology 
enabled by microscopic investigation. However, it has become evident that 
not all microbes are easily cultured and isolated, due to complex metabolic 
strategies or the need for the presence of symbiont organisms [68]. This 
has led to the description of new species solely based on reconstructed 
genomes derived from environmental samples. However, the processes a 
microbial cell can carry out, as determined by its genotype, is not 
necessarily equal to the expressed phenotype under the environmental 
conditions, from which it was sampled. Linking the genomic derived 
functional potential to actual function requires validation studies of cultured 
organisms. Advanced culturing methods have been developed to culture a 
wider range of microbes [69], but the task is still a tedious process, why 
most prokaryotes remain uncultured [70]. Adding yet another layer of 
complexity to this problem, is the fact that many genes are still of unknown 
function or described as encoding for a hypothetical protein.  
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Figure 5: Microorganisms and climate change in marine and terrestrial biomes. 
Microbial primary production in marine environments plays a significant role in CO2 
sequestration, while also recycling nutrients for the marine food web. On land, 
microorganisms are crucial decomposers of organic matter, enriching the soil with nutrients 
for plants while emitting CO2 and CH4 into the atmosphere. Over millennia, microbial 
biomass and organic matter transform into fossil fuels, which, when burned, release 
greenhouse gases rapidly, disrupting the carbon cycle and causing atmospheric CO2 levels 
to rise as fossil fuel consumption continues. Human activities, including agriculture, 
industry, transport, and consumption, combined with environmental factors such as soil 
type and light, significantly influence the complex interactions between microorganisms and 
other organisms. These interactions play a crucial role in how microbes affect and are 
affected by climate change. In turn, climate change factors such as rising CO2 levels, 
increased temperatures, and changes in precipitation patterns also impact microbial 
responses, with broad implications for the entire ecosystem. OMZ, oxygen minimum zone. 
Adapted from [71].  
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1.3.2 MICROBIAL COMMUNITY ASSEMBLY 
 
Assemblages of co-occurring microbial species in space and time is the 
defining feature of a microbial community [72] (Figure 6). The diversity and 
structure within these communities are highly habitat dependent with few 
different species present in a sourdough starter culture compared to 
thousands of species in a gram of soil [73]. Diversity, also known as 
richness, here refers to the number of different species within the observed 
community and is linked with the term α-diversity. The term structure relates 
to the composition and relative abundance of these species in a sample and 
the differences between samples reflecting β-diversity. The richness can 
differ significantly between communities, but it generally follows that the 
majority of taxa are low abundant [74] (Figure 6). Furthermore, a large 
fraction of this rare biosphere might even be in a dormant state [72]. This 
phenomenon aligns with the universally observed species abundance 
distribution (SAD), a fundamental ecological pattern that explores the 
commonness and rarity among species [72,75] (Figure 6).  
 

 
 
Figure 6: Species abundance distributions. A. Rank-abundance plot, where each point 
represents the abundance of a single species - here defined based on sequence 
similarity. The plot highlights the characteristic that a small number of organisms are 
highly abundant, whereas the majority of taxa occur at low abundances. Inspired by [72]. 
B. Species abundance distribution (SAD) of A on a log-scale. A slight positive skew is 
observed compared to the fitted log-normal distribution. Inspired by [35]. Both figures 
were generated from the combined Microflora Danica V1-V8 16S rRNA gene sequence 
datasets from 457 samples [Paper 4].  
 
A feature of biological communities is the presence of a disproportionate 
number of low-abundant species [72]. This feature is even more 
pronounced for microbial communities, which possibly arise due to the 



CHAPTER 1. INTRODUCTION 

35  

relative scale that microfauna is examined at, as compared to macrofauna 
[72]. When the abundances are mapped on a logarithmic scale, they 
approach a normal distribution (known as the log-normal distribution) [75]. 
The species abundance distribution is crucial to the existing theories of 
biodiversity and macroecology, which seek to comprehend patterns of 
abundance, distribution, and diversity across different spatial and temporal 
scales [47]. Though there exists debate on the importance of the low 
abundant taxa, communities with many different taxa harbouring the same 
genetic potential adds functional redundancy, which can be linked to the 
overall stability and resilience of the ecosystem [76].  
 
Microbial communities can show a high degree of complexity not only due 
to the species diversity but also through the numerous metabolic processes 
they perform. These processes are often linked due to the fact that microbes 
are interdependent, which results in ecologically important yet complex 
symbiotic interactions [77] (Figure 7). Microbial interactions are also 
determined by the life history strategy of the members of the community 
[78,79]. Life history strategies shed light on how bacterial populations 
balance energy use between growth, resource acquisition, and survival [80]. 
In relation to different resource acquisition strategies, auxotrophy refers to 
an organism's reliance on external sources for essential metabolites due to 
gaps in their biosynthetic pathways [81]. This often indicates a dependence 
on symbiotic relationships for survival or selection for presence in nutrient-
dense environments. Conversely, prototrophy denotes metabolic 
independence of an organism, as it has the ability to produce all necessary 
metabolites [81]. These symbiotic interactions can range from mutualistic, 
where members exchange metabolites for shared growth, to parasitic, 
where parasites infiltrate living cells for exploitation of the metabolic 
machinery of the host, inflicting damage in the process (Figure 7). As an 
example, a mutualistic interaction occurs when two or more organisms 
collaboratively metabolise a compound, with one organism consuming 
harmful metabolic byproducts produced by the other. This process, known 
as syntrophic degradation, benefits both parties: it aids the producer by 
removing detrimental metabolites, thereby encouraging beneficial metabolic 
pathways, while the consuming organism gains nutrients (Figure 7). This 
framework helps understand the complex behaviours of microbial 
communities and their adaptive strategies for survival and growth (life 
history strategies). The wide range of such interactions within these 
communities has a direct impact on the community's overall structure and 
stability [82]. The communities can be quite stable over time but might also 
be sensitive to environmental shifts, which can alter their composition and 
function, making them useful indicators of environmental health [83]. 
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Figure 7: Microbial community assembly. A. Species abundance distribution across 
space or time. Differences in habitat suitability for different species are influenced by time 
or geography and generates a positive relationship between the abundance and the 
distributions of species. Inspired by [75]. B. Types of biotic interactions. For every 
participant in an interaction, three potential outcomes exist: beneficial (+), detrimental (−), 
and neutral (0). Take parasitism as an example: the parasite gains advantage (+) from the 
interaction, while the host suffers harm (−), leading to the representation of this relationship 
with the symbols + −. Inspired by [84]. C. Schematic of metabolic interactions. A simple 
syntrophic schematic for the degradation of the compound C1, bacteria B1 metabolises C1 
to the metabolite C2, which inhibits the continued growth of B1. B2 can metabolise C2 to 
C3, and hence the interaction between B1 and B2 can be categorised as mutualistic. 
Downstream B3 metabolises C3 leading to a commensalistic relationship between B2 and 
B3. Inspired by [85]. 
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1.3.3 MICROBIAL ECOLOGY AND BIOGEOGRAPHY 
 
Microbial biogeography 
Microbial biogeography explores the spatial and temporal distribution 
patterns of microorganisms, seeking to decode their presence across Earth. 
This scientific field examines the reasons why certain microbes are found in 
particular geographic areas but not others, how microbial communities 
evolve over time, and what historical, environmental, and evolutionary 
forces influence these distribution patterns [86,87]. By examining microbial 
dispersal across continents, environmental gradients, and different habitats, 
microbial biogeography often considers the roles of dispersal, drift, 
selection, and speciation in determining where microorganisms are found 
[86–88]. The aim is to understand why certain microbes are found in 
particular geographic areas but not others and how factors like climate, 
geography, and historical events shape these distribution patterns 
[86,87,89]. Through mapping microbial presence and analysing distribution 
patterns, this field endeavours to predict how microorganisms respond to 
environmental changes, providing insights into the ecological distributions 
of soil microbial diversity, community composition, and functional traits from 
regional to global scales [87–89]. Additionally, microbial biogeography can 
provide insights into how microbes adapt to habitat changes, especially with 
regards to climate change, and thereby attempt at predicting the microbial 
responses to environmental shifts. By doing so, microbial biogeography can 
provide insight into the underlying mechanisms that generate and hinder 
biodiversity [86].  
 
Microbial community ecology 
Microbial community ecology is concerned with the relationships between 
microorganisms and their physical surroundings across space and time 
[72,90]. It examines how microbes contribute to and are affected by the 
ecosystems they are found in. This field explores the roles of 
microorganisms in topics such as biogeochemical cycling (such as carbon 
and nitrogen cycles), their impact on environmental health and disease, 
community composition and dynamics, and the ecological functions they 
perform [71]. Microbial ecology often looks at the diversity and structure of 
microbial communities, how these communities are structured and function 
within ecosystems, and how environmental factors and biological 
interactions influence these communities [72]. Furthermore, microbial 
community ecology can aim at evaluating the importance of specific 
community members, predicting environmental habitability for specific taxa, 
predicting the overall community stability and evaluating how the 
communities respond to disturbances [91].  
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Summary of Differences 
Microbial biogeography and microbial ecology are closely related yet distinct 
fields within microbiology that both study various aspects of microorganisms 
and their environments. Microbial community ecology and microbial 
biogeography both seek to explain species abundance distributions across 
space and time. At its core both aim at answering the questions: Where are 
they, how many are they, why are they here but not there, and what are they 
doing? Biogeography explores the "where" of microorganisms, mapping 
their spatial distribution and understanding their geographical patterns. 
Ecology, however, delves into the "how" and "why," examining the roles of 
microorganisms, interactions within ecosystems, and their ecological 
relationships with both living and non-living elements. At their intersection 
biogeographical insights enhance our understanding of microbial ecology 
and vice versa. Together, these fields provide a comprehensive 
understanding of the importance of microorganisms to the ecosystems of 
Earth, their impact on ecosystem health and stability, and how 
microorganisms adapt to environmental changes. Given the existence of an 
overlap in the topics of the two fields, it is problematic that similar patterns 
and processes are occasionally described using inconsistent nomenclature 
in both frameworks [76,90].  
 
1.3.4 ECOLOGICAL THEORY 
 
Microbial communities of free-living microbes follow the species-area 
relationship which dictates that larger areas tend to harbour larger species 
richness. On the same note turnover in microbial communities are observed 
across geographical distance and environmental gradients resulting in 
distance-decay of the community composition [72]. Different conceptual 
frameworks exist for classifying the drivers of the species-area relationship. 
Among these is the conceptual synthesis of community ecology as 
proposed by Vellend [72,92] or the Biotic-Abiotic-Migration (BAM) 
framework proposed by Soberón and Peterson [93,94] (Figure 8). 
 
Vellend's conceptual synthesis of community ecology as presented 
by Nemergut et al. 
A central inquiry in ecological science revolves around how diversity arises 
and is sustained. The processes shaping genetic diversity within a species 
are typically seen as evolutionary in nature, encompassing mutation, 
selection, gene flow, and genetic drift. In contrast, the creation of diversity 
among species is generally attributed to ecological factors. Vellend has 
drawn a comparison between these evolutionary processes and four 
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corresponding ecological mechanisms: diversification (speciation), 
selection, dispersal, and ecological drift. 
 
Diversification. The generation of new genetic variation. Diversification 
has been proposed in place of speciation to acknowledge changes in 
community structure that can occur without the emergence of new species 
[95].  
 
Dispersal. Movement of organisms across space with time.  
 
Selection. Changes in community structure caused by deterministic fitness 
differences. 
 
Drift. Stochastic changes in the relative abundance of different species 
within a community through time.  
 
Vellend's conceptual framework presents several advantages. It integrates 
both deterministic elements like selection and stochastic elements such as 
ecological drift, thereby reconciling niche and neutral theories. Three of 
these processes - dispersal, drift, and diversification - are fundamental to 
neutral theory. The framework also emphasises the role of evolutionary 
processes, particularly diversification, in shaping community structures, 
acknowledging how both evolutionary and ecological forces interplay to 
affect diversity and structure. Additionally, it offers a flexible model for 
comparing communities across different ecosystems under a unified 
theoretical lens. Thus, Vellend's approach has the potential to evolve 
microbial ecology into a field defined by mechanistic and predictive 
approaches rather than just descriptive observation. However, while 
Vellend's framework is well-regarded, especially in microbial ecology, 
pinpointing the exact effects of the four processes on community assembly 
is complex. Moreover, converting this theoretical model into a practical, 
quantitative framework poses even more complex challenges. 
 
Soberón and Peterson’s Biotic-Abiotic-Migration (BAM) framework as 
presented by Malard and Guisan 
The BAM framework builds on an expansion of the concept of 
environmental niches proposed by G. Evelyn Hutchinson in 1957 [93,96]. A 
Hutchinsonian niche is conceptualised as a multi-dimensional space where 
each dimension represents different environmental conditions and 
resources required for the indefinite survival and reproduction of a species 
[96,97]. Hutchinson identified two primary types of niches: the fundamental 
environmental niche and the realised niche. The fundamental 
environmental niche represents the ideal range of conditions a species 
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could theoretically thrive in. The realised environmental niche is the more 
restricted set of conditions within which a species actually lives in the natural 
world, taking into account interactions with other living organisms such as 
mutualism and competition [98] (Figure 8). 
 
The concept of the realised environmental niche was further expanded to 
incorporate three principal categories of factors that influence where a 
species can be found geographically. Firstly, there are abiotic factors (A), 
such as climate and the physicochemical factors of the environment, which 
set the physiological bounds for the survival of a species in a locale (Figure 
8). Secondly, biotic factors (B) involve interactions with other organisms that 
can either enhance (like mutualism) or hinder (such as competition) the 
ability of a species to sustain its populations, thus influencing its geographic 
spread (Figure 8). Thirdly, factors related to the capacity of a species to 
reach and establish itself in new areas are crucial (M) (Figure 8). This 
aspect, which takes into account natural barriers and the dispersal 
capabilities of a species, helps to discern the actual distribution of a species 
from potential areas deemed suitable solely based on abiotic and biotic 
factors. The intersection of these three sets of factors defines the range of 
environmental conditions truly inhabited by the species, providing a broader 
definition of the realised environmental niche commonly applied in ecology. 
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Figure 8: The microbial niche. A. The fundamental and realised niche. The resource 
space can be thought of as a multidimensional representation of physicochemical factors. 
The fundamental niche of an organism in the resource space, can be described from the 
genomic information. The part of the fundamental niche actually occupied at a moment in 
space and time is described as the realised niche. A generalist will utilise varying portions 
of its fundamental niche based on the surrounding biotic and abiotic factors. On the other 
hand, a specialist organism, having a very limited niche breadth, will consistently carry out 
only the limited functions that its genome encodes. Adapted from [98]. B. The Biotic-Abiotic-
Migration framework by Soberón and Peterson [93]. The realised environmental niche of a 
species is shaped by three key sets of factors: abiotic conditions (A), such as climate and 
physicochemical properties, which set physiological limits; biotic factors (B), including 
interactions with other species, influencing population maintenance and distribution; and 
migration (M) to potential colonisation sites, dictated by geographic barriers like oceans or 
mountains and the dispersal capabilities of the organism. Inspired by [93,94]. 
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1.3.5 FROM MACROBIOTA TO MICROBIOTA 
 
Though there exist many parallels between the ecology of macro and micro 
fauna, some major differences exist between the two, which might lead to 
discrepancy in the importance of different processes to the community 
ecology of microbes. First, the distinction of different microbial species is 
fundamental for many of the topics in studying ecology of microbial 
communities. The traditional biological species concept, as proposed by 
Ernst Mayr, defines species based on reproductive isolation and genetic 
exchange [76]. However, this concept falls short for prokaryotes which 
reproduce asexually [76]. An alternative definition is the ecological species 
concept proposed by Cohan [99]. The ecological species concept presents 
a species as a group of individuals sharing identical key ecological traits 
(ecotypes). The hypothesis is based on the assumption that bacteria occupy 
specific niches where periodic selection eliminates genetic variation within 
each niche but allows for differentiation of inhabitants in separate niches. 
Consequently, species that are distinct both genetically and ecologically can 
emerge when there exist minimal or no genetic recombination. This 
approach suggests that ecological principles acknowledging these distinct 
species are relevant to bacteria and predicts a direct correlation between 
molecular and ecological diversity [76]. 
 
A mediator of shared ecological traits between different species is horizontal 
gene transfer. Horizontal gene transfer can introduce new genes, resulting 
in different ecological responses of the same species across samples, or 
the same ecological response of different species under the same 
favourable conditions [76]. As a result of horizontal gene transfer, it is 
believed that the prokaryotic genome is divided into two separate 
components: the core genome and the accessory genome [76]. The core 
genome contains genes that are typically crucial for survival and may serve 
as the genetic foundation for species as defined by Ernst Mayr [76]. The 
accessory genome carries genes that confer specialised ecological 
functions, of which some may be easily acquired or lost [76]. Even within 
the same species, categorised by their core genome, individual strains may 
exhibit a wide variance in their accessory genes, leading to a range of 
ecological functions. From this perspective, Cohan's concept of ‘ecotypes’ 
represents transient groups defined by specific combinations of accessory 
genes, suggesting that an ecological niche alone cannot account for the 
observed unity within species determined by the lineage of their core genes 
[76]. Additionally, the phylogenetic and physiological diversity of microfauna 
is substantially greater than that of macrofauna adding complexity in 
disentangling inter and intra domain interactions [76]. 
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Besides the problems related to defining a species, the much smaller size 
of microorganism makes it challenging to define the boundaries of a 
community. The smaller size also gives rise to the ease by which microbes 
are passively dispersed by either meso- or macrofauna (Figure 9), or by 
means of e.g. wind currents, which is typically greater as compared to 
macrobiota [72]. As microbes interact strongly with each other in their local 
environment and may also interact closely with their immediate physical and 
chemical surroundings, the definition of the community needs to be defined 
by taking the scale and the abiotic environment into account. In essence, 
defining a microbial community requires careful consideration of spatial and 
temporal scales, interactions among organisms, and the interplay between 
biotic and abiotic factors. Each study in microbial community ecology must 
explicitly address these elements to clarify what is meant by community in 
the specific context.  
 
Finally, for investigation of hypothesis related to the community structure it 
is important to have in mind that for a marker gene, such as the 16S rRNA 
gene, relative abundance does not have a 1-to-1 relationship to the number 
of individuals due to biases associated with sampling and DNA extraction 
protocols, as well as difference in 16S rRNA or genome copy numbers 
[100,101] (Figure 10). Furthermore, the microbiota data used for analysis 
is compositional, which is accompanied by its own caveats [102] (Figure 
10). 

 
Figure 9: Microbial dispersal in soil habitats. A. Conceptual illustration of microbial 
dispersal. Colour saturation corresponds to mode of dispersal. B. Modes of microbial 
dispersal. Dispersal of bacteria within the soil matrix can occur through various 
mechanisms across different spatial and temporal scales. On the smallest scale, bacterial 
cells move due to Brownian motion and are 'pushed' by the process of cell division. At 
larger scales, bacteria can disperse passively via water flow or actively by swimming or 
swarming on moist surfaces. Some bacteria also hitch rides on fungal hyphae, which bridge 
air-filled gaps in the soil. Nonmotile bacteria depend on passive methods of dispersal, such 
as being transported by invertebrates, like earthworms, or larger animals. Inspired by 
[103].  
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Figure 10: Compositional datasets. A. Sequencing of nucleic acids from a bacterial 
population only provides data on relative, not absolute, abundance of molecules. The 
counts in a high-throughput sequencing dataset represent the proportion of counts for each 
feature (like OTU or gene) in a sample, adjusted by the sequencing depth. Consequently, 
we can only ascertain the relative abundances from such data. B. The bar plots illustrate 
the discrepancy between the actual count and the proportion of molecules for two features, 
A (red) and B (grey), across three samples. The top bar graphs display the total counts for 
each sample, with the height of each colour indicating the count of each feature. Upon 
sequencing these samples, absolute count data is lost, leaving only relative abundances 
or "normalised counts", as depicted in the bottom bar graph. Notably, although features A 
and B show identical relative abundances in samples 2 and 3, the actual counts in the 
environment differ. This demonstrates how sequencing only provides relative, not absolute, 
molecular abundance data. C. The table displays actual and perceived changes for each 
sample when comparing one sample to another. Inspired by [102]. Created with 
BioRender.com 
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1.4 STANDING ON THE SHOULDERS OF GIANTS 
 
1.4.1 MICROBIAL ECOLOGY ON THE GLOBAL SCALE 
 
Large-scale projects utilising advanced technologies has significantly 
enhanced our comprehension of the microbial world, uncovering the 
ubiquitous nature of microbes and their adaptation to various environments, 
from the ocean depths to high mountain peaks. These studies underscored 
the pivotal roles microorganisms play in biogeochemical processes, nutrient 
cycling, and climate dynamics. Overall, such extensive research into 
microbial ecology and biogeography has reshaped our knowledge about the 
essential functions within ecosystems of these tiny life forms, their 
widespread distribution, and their adaptability to changing conditions, which 
is vital for forecasting biodiversity shifts and developing effective 
conservation strategies. 
 
Among the first large scale microbial studies was the Global Ocean 
Sampling Expedition (GOS) (2004-2008) [104,105] and the Tara Oceans 
expedition (2009-2013) [106]. Both studies have expanded our knowledge 
of microbial diversity and ecology in the oceans. The studies found immense 
diversity of marine viruses, bacteria and small eukaryotes. The GOS 
Expedition identified novel genes and metabolic pathways, thereby 
shedding light on the genetic basis of key microbial processes that influence 
nutrient cycling, carbon fixation, and the marine food web. It also provided 
evidence of widespread horizontal gene transfer among marine 
microorganisms, suggesting a dynamic exchange of genetic material that 
contributes to microbial adaptation and evolution in the ocean [104]. The 
Tara Oceans Expedition provided insight into the global distribution patterns 
of planktonic organisms and their correlation with environmental factors, 
advancing our understanding of how marine ecosystems function [107]. It 
also provided evidence of how climate change affects plankton diversity and 
distribution, with implications for the broader marine food web and global 
biogeochemical cycles [108]. 
 
Overlapping with the timelines of the global marine studies and an increased 
interest in the human microbiome led to the conduction of the Human 
Microbiome Project (HMP) (2007-2016) [109] and Metagenomics of the 
Human Intestinal Tract (MetaHIT) (2010-2014) [110,111]. Both projects 
have provided insights into the complex interactions between humans and 
their microbiomes, highlighting the importance of microbes in association 
with health and disease. The projects revealed that the human body hosts 
a vast array of microbes, with bacterial cells outnumbering human cells by 
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a large margin. Furthermore, the human gut microbiome contains millions 
of unique microbial genes, vastly outnumbering the human genome in terms 
of gene content [59]. Both projects have identified associations between the 
microbiome and several medical conditions, which have opened new 
avenues for developing microbiome-based therapeutic interventions [112]. 
MetaHIT researchers proposed the concept of ‘enterotypes’ - distinct 
groupings of gut microbiota that may be associated with diet, geography, 
and health status, suggesting that the human population can be stratified 
based on gut microbiome composition [113]. Together, the HMP and 
MetaHIT have greatly enriched our comprehension related to the complexity 
of microbiomes, its critical role in health and disease, and its potential for 
developing novel therapeutic strategies. 
 
The same researchers that conducted the HMP proposed to evaluate the 
microbiome of Earth [45]. The Earth Microbiome Project (EMP) (2010-2018) 
has revealed an incredible diversity and catalogued many previously 
unknown microorganisms. The EMP data have shown that microbial 
communities exhibit specific patterns of distribution and diversity that 
correlate with environmental factors such as climate, geography, and 
habitat type. By examining the genetic information of microbial communities, 
the EMP500 has provided insights into the metabolic pathways and 
ecological functions performed by microbes in different environments [114]. 
In summary, the Earth Microbiome Project represents a significant leap 
forward in our understanding of the microbial world. It emphasises the 
complexity and importance of microbial life on Earth and its indispensable 
contributions to ecosystem functions and planetary health.  
 
More initiatives exist such as the Global Soil Biodiversity Initiative (GSBI), 
which focuses on evaluating soil biodiversity and its contribution to 
ecosystem functionality worldwide [115]. GSBI highlights the critical role of 
soil microorganisms in maintaining soil health, enhancing crop yields, and 
providing ecosystem services. Through the mapping of soil biodiversity, this 
initiative seeks to guide sustainable land management practices and 
conservation efforts. The International Census of Marine Microbes (ICoMM) 
was a project under the Census of Marine Life program [116]. ICoMM 
sought to catalogue the diversity, distribution, and abundance of microbial 
life in the oceans. By sampling and analysing microbial communities from 
various marine environments, ICoMM has expanded our understanding of 
marine microbial diversity and its role in ocean ecosystems.  
 
Besides studies that collect and categorise new samples, initiatives exist 
which seek to collect the already generated meta-omic data in a uniform 
framework. One such initiative is the creation of a genomic reference 
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catalogue of the microbiomes of Earth from >10.000 metagenomic samples 
in the IMG/M database and aimed at capturing the extant microbial, 
metabolic and functional potential. [117]. The samples represent 
microbiomes of diverse habitats covering all the continents and oceans of 
Earth, including microbiomes from human and animal hosts, engineered 
environments, and natural and agricultural soils. The catalogue expanded 
the known phylogenetic diversity of Bacteria and Archaea by 44% and is 
broadly available for streamlined comparative analyses, interactive 
exploration, metabolic modelling and bulk download. The authors 
demonstrated the utility of this collection for understanding secondary-
metabolite biosynthetic potential and for resolving thousands of new host 
linkages to uncultivated viruses [117]. Another such initiative is the 
Searchable, Planetary-scale mIcrobiome REsource (SPIRE) [118]. SPIRE 
consolidates different metagenome-derived microbial data types in a unified 
manner, spanning across habitats, geographical locations, and 
phylogenetic categories. The initiative encompasses ~100.000 
metagenomic samples from 739 studies covering a wide array of microbial 
environments in combination with manually-curated contextual metadata. 
Across a total metagenomic assembly of 16 Tbp, SPIRE comprises 35 
billion predicted protein sequences and 1.16 million newly constructed 
metagenome-assembled genomes (MAGs) of medium or high quality [118]. 
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1.4.2 FINDINGS IN SOIL MICROBIAL ECOLOGY 
 
In 2018 Delgado-Baquerizo and colleagues showed how only 2% of 
bacterial taxa account for nearly half of the soil bacterial communities across 
the globe and mapped the global distribution of groupings of ecological 
clusters of these dominant taxa [119]. In 2021 the same first author 
evaluated the structure and function of urban greenspaces and 
neighbouring natural ecosystems across the globe [120]. The study 
revealed that urban soils are key reservoirs of diversity for soil bacteria, 
protists, and functional genes, yet they give rise to highly uniform microbial 
communities globally. Urban greenspaces contain more fast-growing 
bacteria, algae, amoebae, and fungal pathogens, but fewer ectomycorrhizal 
fungi compared to natural ecosystems. These urban areas also have higher 
levels of genes linked to human pathogens, greenhouse gas production, 
rapid nutrient cycling, and abiotic stress than their natural counterparts. The 
composition of urban soil microbial communities is significantly influenced 
by city wealth, management practices, and local climate conditions [120]. 
Bahram and colleagues showed that bacterial genetic diversity in topsoil 
was highest in temperate regions, unlike fungal diversity, and that microbial 
gene composition was more closely related to environmental factors than to 
geographic distance [121]. It showed the existence of distinct global niches 
for fungi and bacteria, with diverse responses to precipitation and soil pH. 
Evidence of bacterial-fungal competition was found through analysis of 
antibiotic-resistance genes in both topsoils and oceans, underscoring the 
role of biotic interactions in shaping microbial communities. The results 
suggested that competition and environmental filtering determined the 
abundance, structure, and gene functions of these communities, indicating 
variable contributions to global nutrient cycling across different locations 
[121]. A recent publication used 2.941 soil metagenomes from NCBI as well 
as 348 samples from China and 15 from Europe to construct 40.039 MAGs 
[122]. This soil catalogue includes 3.641 high-quality genomes and 
identifies 16.530 of 21.077 species-level genomes as novel. From the 
unknown species-level genomes bins, they identified 43.169 biosynthetic 
gene clusters as well as 8.545 CRISPR-Cas genes, highlighting the 
catalogue as a genomic resource [122].  
 
The soil microbiome has also seen publications on the continental scale. In 
Europe samples from the Land Use/Cover Area frame Survey (LUCAS) 
evaluated microbial biodiversity metrics and the distribution of potential 
functional groups across a gradient of land-use intensity [123]. The 
researchers discovered that the lowest levels of bacterial and fungal 
diversity were found in less-disturbed environments. In environments with 
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high disturbance, there was a significant increase in bacterial 
chemoheterotrophs, along with a higher presence of fungal plant pathogens 
and saprotrophs (feeders of decaying organic matter), and a decrease in 
beneficial fungal plant symbionts. The study suggested guidelines for 
environmental policy and advocated for the simultaneous consideration of 
both taxonomical and functional diversity in monitoring efforts [123]. For 
North America a study on the US-based National Ecological Observation 
Network (NEON) dataset has been conducted [124]. The study analysed 
average genome size, GC content, codon usage, and amino acid content 
from soil metagenomes spanning the entire US territory except Hawaii. The 
researchers identified that the most influential environmental factor affecting 
the distribution of these genomic traits was soil pH and contributed this 
relationship to the relationship of pH and various environmental factors, 
especially soil carbon content. Microbial communities in soils with high pH 
and lower carbon-to-nitrogen (C:N) ratios exhibited smaller genomes and 
higher GC content, suggesting a selective pressure against AT base pairs 
due to their higher C:N ratio as compared to GC base pairs. The study also 
observed that microbial communities in soils with lower C:N ratios favoured 
genes coding for amino acids with lower C:N, indicating nutrient 
conservation in amino acid stoichiometry [124]. Studies from Africa are 
notably absent, but a recent study tackled the issue of global sampling bias 
by the conduction of a comprehensive biogeographical survey of top-soil 
microbiomes from sub-Saharan Africa [52]. The findings indicated that the 
nine sub-Saharan countries involved in the study possessed distinct soil 
microbiomes. By incorporating soil chemistry and climate data from the 
sampled sites, the study showed that the top-soil microbiome was 
influenced by a variety of environmental factors such as pH, precipitation, 
and temperature. Using structural equation modelling, a predictive model 
was developed to assess how soil microbial biodiversity in sub-Saharan 
Africa might respond to future climate change scenarios, identifying the sub-
Saharan African countries that are at risk of significant losses in soil 
microbial ecology and productivity due to climate change [52]. Finally, the 
eighth and forgotten continent of Earth, Zelandia [125,126], is represented 
by a study of more than 3.000 samples from 606 sites in New Zealand [127]. 
The study showed how 85% accuracy of land use and 83% accuracy for 
prediction of sites grouped by physico-chemical properties could be 
obtained from community data obtained from 16S rRNA gene sequencing 
[127]. The authors further demonstrated that soil bacterial communities offer 
valuable perspectives on the effects of land use on soil ecosystems and that 
they can serve as an effective method for assessing soil quality [127].
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CHAPTER 2. OBJECTIVES OF THE PHD 
STUDY 
 
Inspired by the same thoughts that led to the cataloguing of the entire danish 
flora over a period of 122 years, the drastic proposal of the Microflora Danica 
project was to catalogue the environmental microbiome of Denmark. The 
aim, similar to Flora Danica, is the generation of a near-complete reference 
database of the microflora of Denmark, in the hopes that the microflora of 
Denmark can be similarly studied, and its riches contribute to the extension 
of science. The reasoning of the project was, that with the accelerated 
development related to the sequencing of DNA seen over the last two 
decades, the time was right to apply novel DNA-based sequencing 
technologies at country scale. The specific objectives of the PhD study 
included: 
 

• Setting up a high-throughput sample to sequence workflow for 
performing metagenomic library preparations of 10,000 
environmental samples combined with subsequent downstream 
bioinformatic processing.  

 
• Merging of data into a national microbial reference database to serve 

as the backbone for analysis of diversity and composition of microbial 
communities across an entire country.  

 
• Apply prevalent and novel ecological theory derived from the 

ecological analysis of macrobiotic communities to increase the 
understanding of environmental microbial community dynamics. 

 
The main output of this dissertation is a collection of scientific papers. The 
work presented here, in its essence, attempts to address some of the same 
basic questions that have captivated scientists since the origin of 
microbiology: Who are they, where are they, what can they do, and what 
are they doing?  
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CHAPTER 3. PREAMBLE FOR BODY OF 
WORK 
 
3.1 FROM ENVIRONMENTAL SAMPLE TO DNA 
SEQUENCE 
 
In the upcoming chapter, a detailed context for the key topics of each 
supporting paper will be provided, thereby highlighting how they fit into 
broader research themes, enhance current scientific understanding, and 
impact advancements in the field of environmental microbiology. 
 
3.1.1 DECIPHERING THE GENETIC CODE 
 
The introduction of PCR and new DNA sequencing methods has allowed 
the detection of taxa from complex samples independently from their 
cultivation status. To decipher the genomic content of an organism one must 
implement a strategy for sequencing the base pairs, which the genome is 
composed of. The field of DNA sequencing has undergone quite some 
development since its introduction in the late 1970s [128], and different 
methods can be applied to characterise microbial communities; Amplicon 
sequencing (a targeted method) and whole genome shotgun sequencing 
(an untargeted method). Whether to use amplicon or whole genome 
shotgun (WGS) sequencing is highly context-dependent, with either method 
having its own advantages. The preparation of amplicon sequencing 
libraries are cheaper compared to the costs in preparing metagenomic 
libraries by at least a factor of 12 [Paper 1], and provides means of 
characterisation of low abundant organisms, at the expense of the 
taxonomic resolution that can be achieved, at a lower sequencing effort as 
compared to metagenomic sequencing [4,129]. In principle WGS 
sequencing has the potential to sequence all DNA or RNA in a sample, 
thereby allowing complete community profiling, which can be linked to 
functional potential, but requires a much larger sequencing effort [130]. The 
Illumina and BGI platforms are predominant in whole genome shotgun 
sequencing due to very high outputs and accuracy, but at the cost of 
sequencing length. Long-read sequencing platforms such as the ones 
provided by Oxford Nanopore and Pacific Biosciences (Pacbio) are now 
more widely used due to recent increases in yield and accuracy [131,132].  
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3.1.2 CAVEATS 
 
Before beginning the analysis of a microbial community analysis, it is 
important to consider the limitations and biases inherent in the 
methodologies used for generation of the sequencing data (Figure 11). 
Contamination can occur at any sample processing step in the forms of 
microbial contaminants in laboratory or kit reagents [133], cross-
contamination between samples during library preparation, cross-over from 
previous sequencing runs [134] or sample bleeding occurring on the 
sequencing lane [135]. Low-biomass samples are especially susceptible to 
all these types of contamination [136]. To quantify possible contamination, 
it is recommended to include reaction blanks without any added template 
DNA as controls [133]. To trace any source of contamination such reaction 
blanks can be added at each processing step (Figure 11). Performing 
technical replicates can aid in assessing variability and separate technical 
from true variability [137], though this is often not feasible due to the overall 
cost of conducting sequencing experiments.  
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Figure 11: From sample to sequence flowchart. Schematic overview of the steps from 
acquiring an environmental sample to analysis of the generated sequencing data. Sample 
collection. Environmental material should be collected in a closed container and cooled if 
not directly processed to minimise effects from external factors. Sample handling. The 
collected environmental material is subsampled (100-500 mg) and should be 
representative of the environment it originates from. DNA extraction. Genetic material 
from intact cells as well as environmental DNA is isolated by means of cell lysis and 
purification. The genetic material should represent all community members. Library 
preparation. Before sequencing, the DNA needs to be prepared in accordance with the 
selected sequencing strategy and method. For sequencing of multiple samples in parallel, 
identifiers need to be added to the individual samples before multiplexing and subsequent 
sequencing. Data analysis. After demultiplexing the generated raw data needs to undergo 
appropriate processing to remove sequencing adapters and reads of insufficient quality. 
Depending on the analysis the data needs to be compared to a reference catalogue. 
Created with BioRender.com 
 
3.1.3 SAMPLE HANDLING 
 
The first step in any microbial community analysis is the acquisition of the 
samples of interest. Several factors must be considered to make sure that 
the sampling reflects a research question or hypothesis. Since many 
microbial systems are highly dynamic [138], one might consider how to 
address temporal and spatial effects, or apply stratification to make sure all 
factorial combinations of categorical variables describing the sampling area 
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are represented [Paper 2]. In other instances, factors such as sampling 
depth, surrounding vegetation, fertilisation and irrigation practices or partial 
oxygen pressure might be worth recording or retrieved from external 
sources [Paper 2, Paper 4]. However, it might be unfeasible to obtain 
certain metadata due to technical, time or financial limitations. The next step 
is the choice of sample collection and preservation protocols, since both 
may impose effects larger than the biological signal of interest in some 
cases [139]. The primary objective of collecting sample material is to ensure 
sufficient biological biomass for downstream processing while minimising 
the introduction of contamination [137]. Enrichment methods might be 
applied to samples from environments with scarcity of community members, 
as protocols for construction of optimal sequencing libraries require 
anything from nanograms to micrograms of DNA [138]. However, the 
physical separation of the starting material might come with introduction of 
bias [140]. Enrichment by means of isolation of cells from the samples, has 
been done to either increase DNA yields or avoid the coextraction of 
enzymatic inhibitors (such as humic acids), which can affect the 
downstream processing [137]. The latter is particularly relevant for soil 
samples [Paper 1]. Finally, factors such as timespan from collection to 
freezing as well as the number of freeze-thaw cycles a sample is subjected 
to can influence the observed microbial community [141].  
 
3.1.4 ISOLATION AND PURIFICATION OF DNA 
 
The key objective of the DNA extracted from the biomass is to be 
representative of all present community members and be of sufficient 
quantity and quality for preparation of sequencing libraries [138][Paper 1]. 
Many commercial kits specific for the extraction of DNA from environmental 
samples can be acquired, each differing in their procedure by either utilising 
chemical or mechanical disruption of the cells. The more vigorous 
mechanical lysis techniques can result in reduced DNA integrity, which can 
lead to DNA loss in library preparations involving size-selection [137]. In 
regard to mechanical lysis, the lysing matrix also exists in a variety of 
compositions, with the most common being silicate or ceramic spheres. The 
inorganic material in soil (often silicate minerals), can act as a lysing matrix 
itself and thereby affect the integrity of the obtained DNA [Paper 1]. 
Increased DNA integrity is observed from DNA extraction performed after 
separation of cells from the soil matrix, though with differences to the 
observed community [142]. Bead beating has systematically been shown to 
affect the observed microbial community when performing 16S rRNA gene 
amplicon sequencing [100][Paper 1]. One finding was that the amount of 
applied mechanical force had a greater impact on the observed community 



CHAPTER 3. PREAMBLE FOR BODY OF WORK 

57  

(relative abundance of gram-positive bacteria) than had the type of lysing 
matrix and chemistry used. Extensive bead beating increased the total DNA 
from hard to lyse microbes, but also decreased overall DNA integrity 
[100][Paper 1].  
 
The presence of a variety of contaminants including proteins, polyphenols 
and humic substances may inhibit PCR by binding to the Taq polymerase, 
the template DNA or both [143–145]. Extraction and purification methods 
differ in the lysis, inhibitor removal and DNA binding chemistry (Figure 12). 
A detergent such as SDS or CTAB is used with the purpose of chemical 
lysis, and addition of lysozyme, proteinase K and RNAse is commonly used. 
Inhibitor removal strategies varies among kits and include addition of 
polyvinylpyrrolidone (PVP), polyvinylpolypyrrolidone (PVPP), cetyl trimethyl 
ammonium (CTAB), activated charcoal or flocculating agents such as 
CaCl2, MgCl2, FeCl3 [146,147]. According to Braid and colleagues CTAB 
and PVP have proven unreliable regarding inhibitor removal [146]. 
Furthermore, carryover of contaminants from the kit itself (SDS, CTAB, 
EDTA, phenol, urea, guanidine) may also inhibit the PCR reaction [145]. 
Other factors affecting DNA extraction from environmental samples are pH 
and clay content [148]. Due to their opposite charge, the DNA molecules 
adsorb strongly to clay particles and thereby has the potential to 
substantially lower the yield from these samples [149]. Similarly, samples 
with a low content of biomass tend to yield low DNA quantities [Paper 1]. 
The mere number of publications on the topic of a cost-effective method to 
purify DNA from soil indicate the lack of a perfect protocol. Many of these 
protocols cannot be used in a high throughput setting due to inclusion of 
time-consuming steps, addition of hazardous substances such as phenol 
and chloroform, or steps preventing using the SBS format. The substantial 
research performed on soil emphasises how important it is to verify the 
extraction protocol used through benchmarking of multiple methods, and to 
use the observed microbial community as a target for optimisation 
[137][Paper 1]. 
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Figure 12: DNA isolation and purification. DNA isolation and purification can generally 
be achieved by either of two approaches. A. Adsorption of DNA to silica membranes 
happens via the hydrophobic effect under the presence of chaotropic salts. B. Alternatively 
DNA can be bound to beads coated with carboxyl groups, which can then be immobilised 
in a magnetic field due to the bead core consisting of polystyrene and magnetite. Impurities 
are removed by means of stepwise washing and finally the isolated and purified DNA is 
eluted in an appropriate volume. Created with BioRender.com 
 
3.1.5 LIBRARY PREPARATION TECHNIQUES 
 
With the reduction in sequencing costs due to increasingly high outputs from 
a single run on the Next Generation Sequencing (NGS) platforms and the 
option to multiplex up to 96 or 384 samples [137], library preparation has 
become a significant proportion of the total metagenomic project cost 
[Paper 1]. In an attempt to reduce the costs associated with the library 
preparation, protocols performing dilution of the expensive reagents, or 
replacing them with cheaper alternatives has been proposed [150,151]. 
Another possibility is to miniaturise the reaction volumes of the individual 
protocol steps [152–154][Paper 1, Paper 2, Paper 4]. Though specialised 
micro-dispensing platforms come with a steep entry price, break-even is 
reached with as little as 2000 metagenomic library preparations [Paper 
1].  Miniaturising of the Illumina DNA prep library protocol by a factor of 10 
reduces the total chemical and plastic costs at least 8-fold [151][Paper 1].  
 
If insufficient DNA material was extracted for construction of optimal 
metagenomic sequencing libraries, the template material can be enriched 
by means of multiple displacement amplification (MDA). The method can be 
used to increase DNA yields but might introduce contamination from 
reagents, formation of chimeric sequences and amplification bias, with the 
impact depending on the amount of starting material and the number of 
amplification rounds performed [138,140].  
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3.1.6 AMPLICON SEQUENCING 
 
Amplicon sequencing, also known as metabarcoding, takes advantage of 
PCR to amplify a specific region of the genome of interest prior to 
sequencing [28] (Figure 13). However, the inclusion of the PCR step will 
include some bias in the results as it is reliant on small nucleotide priming 
sequences. Primers miss certain taxonomic groups, thereby failing at 
capturing the full microbial community. Furthermore, as standard protocols 
are resolved around targeting only a small region of the total target gene - 
primarily determined by the read length of the sequencing platform - the 
selected region can have a large impact on the resulting observed microbial 
community [44,100,155,156]. This can be circumvented by using full-length 
or near full-length sequences, which can be sequenced on the long read 
platforms [54,156–159][Paper 2, Paper 4], or as synthetic long reads, if the 
sequencing platform prohibits the direct sequencing [53]. Another source of 
bias is the PCR itself due to differences in amplification efficiency as a result 
of the nature of the DNA template itself (known as GC bias)[137], or due to 
the presence of inhibitory substances as a result of poor DNA purification 
[Paper 1].  
 
The marker gene sequences obtained from an amplicon sequencing 
experiment are traditionally subjected to a clustering algorithm and a 
predefined similarity threshold, thereby generating operational taxonomic 
units, which are less prone to sequencing errors [160]. However, the 
clustering process will be at the expense of taxonomic resolution, as single 
nucleotide variants distinguishing different species will be lost [161]. 
Instead, the exact denoised sequences can be used, which is referred to as 
amplicon sequencing variants (ASVs) [161][Paper 1, Paper 2, Paper 3, 
Paper 4].  
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Figure 13: Polymerase Chain Reaction. The PCR reaction involves amplification of a 
targeted section of the genome using short synthetic DNA fragments known as primers, 
and then amplifying that segment using several rounds of DNA synthesis. 1. Denaturation 
of the template genomic template DNA conferred by increasing the reaction temperature. 
2. Lowering of the reaction temperature allows for the binding of the synthetic DNA oligos 
to the denatured template DNA. 3. A DNA polymerase synthesis the remainder of the 
complement to the template strand by addition of nucleotides. Created with BioRender.com 
 
3.1.7 WHOLE GENOME SHOTGUN SEQUENCING 
 
Metagenomic sequencing can be performed without implementing PCR and 
thereby avoids the associated bias. However, some standard protocols do 
implement PCR based on the amount of input material, which allows the 
construction of metagenomic libraries from samples with very low biomass, 
or from cells which are hard to extract and purify template material from. 
Including some cycles of PCR amplification allows the construction of 
metagenomic libraries from as little as one ng of DNA [Paper 1, Paper 2, 
Paper 4] (Figure 14). For sequencing on NGS platforms the input DNA 
undergoes fragmentation, which can be done by means of restriction 
enzymes for specific motifs or by means of bead-linked transposomes [162]. 
If PCR is included, this step will also be prone to amplification bias if 
inhibitory substances are present.  
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A community profile is obtained by aligning the metagenomic reads to a 
catalogue of reference sequences or genomes [Paper 1, Paper 2, Paper 3, 
Paper 4]. Therefore, data obtained from metagenomic sequencing 
experiments also depends on good reference databases, populated with all 
representatives from the microbial community under study. Since this is not 
the case yet, except for host-associated samples [163], effort has been 
made recently to expand the databases by adding environmental 
metagenome assembled genomes [117,164–166]. The generation of MAGs 
involves multiple bioinformatic processing steps [Paper 4]. First the 
individual reads are trimmed, and quality filtered, to remove unambiguous 
parts of the sequences. The reads are then assembled into longer contigs, 
by means of computational algorithms. The contigs are then sorted into 
bins, reflecting the reconstructed genomes, based on different parameters 
obtained from compositional features [167]. This methodology is currently 
undergoing development for the inclusion of new features and 
improvements to the binning algorithms themselves [168–171].  
 
The assembly approach has its own limitations in the form of assembly 
break due to the presence of long homopolymeric regions and/or high strain 
heterogeneity causing chimeric and fragmented genomes. Furthermore, 
obtaining MAGs from the lowest prevalent microbes may require 
unreasonable sequencing depth to obtain sufficient genomic coverage [74]. 
Better assembly results can be obtained from libraries constructed from 
PCR and fragmentation free approaches with subsequent sequencing on 
the long read platforms [Paper 4]. Furthermore, DNA modifications such as 
methylation, which can be obtained from raw Nanopore signals or Pacbio 
5-base sequencing, can be used as features for improving the algorithms 
for contig binning or for the enrichment of specific taxa of interest [172–
175].  
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Figure 14: Metagenomic library preparation. A. Bead-linked transposomes facilitate the 
fragmentation of genomic DNA (gDNA) and the attachment of Illumina sequencing primers 
simultaneously. B. The reduced-cycle PCR amplification enhances sequencing-ready DNA 
fragments while incorporating indexes and adapters. C. Once amplified, these fragments 
are cleansed and combined into a pool of sequence-ready libraries. Adapted from [176]. 
 
3.2 BEYOND THE DNA SEQUENCE 
 
3.2.1 TAXONOMIC DATABASES 
 
Databases for 16S rRNA gene amplicon profiling have existed for a longer 
time than genome databases and are more populated due to the reference 
sequences being easier to obtain even for the low-prevalent community 
members. The population of the databases can be attributed to a number 
of large scale projects with the aim of describing the microbiomes of a single 
or multiple biotopes [156,159][Section 1.4][Paper 4]. For amplicon 
sequencing the most widely used databases include SILVA [177], 
Greengenes [43,178], and NCBI RefSeq [179] whereas for MAGs obtained 
by shotgun sequencing GTDB, custom, or proprietary databases are mostly 
used. Likewise, the classification of the metagenomic reads themselves 
relies on a catalogue of reference genomes for mapping [Paper 4].  The 
usage of a database for prokaryotic profiling has the goal to assign a seven 
rank taxonomy comprising the Kingdom, Phylum, Class, Order Family, 
Genus and Species level and sometimes even an annotation of the specific 
strain in question (applicable for whole genomes and not amplicons). Since 
the official nomenclature is relying on culturing and isolation from pure-
culture type strains [180], there is debate on how to classify currently 
uncultured taxa, which comprise most of the microbial diversity[70]. A 
framework denoted SeqCode has been proposed to expand the 
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nomenclature with metagenome-assembled genomes and single-cell 
amplified genomes obtained from metagenomic sequencing data [181].  
 
A major obstacle in the use of 16S reference databases to perform robust 
taxonomic assignments of all members of a complex microbial community 
is the lack of reference sequences with a high identity match (98.7% 
identity) [157]. Furthermore, the existing reference sequences are prone to 
have an incomplete or wrong taxonomy assigned [53,54]. The 
abovementioned widely used reference databases meet neither of these 
requirements, as most of the uncultured representatives are missing a 
reference sequence or a complete taxonomy [157]. Though, with the 
advances in high-throughput culture-independent methods a large number 
of near-perfect 16S rRNA reference sequences can be generated from 
either DNA or RNA, the latter circumventing primer bias 
[53,54,156,157,159][Paper 2, Paper 4]. The resulting reference sequences 
can then be assigned taxonomy based on sequence similarity thresholds, 
and addition of static de novo names at any taxonomic level when needed 
[157][Paper 2, Paper 4] (Figure 15). Another foundational problem in 
microbial ecology is determining the taxonomy and relative abundance of 
microorganisms of metagenomic origin. However, recent advances allow for 
the community composition to be estimated using conserved regions within 
multiple universal marker genes, not including the 16S or 18S rRNA 
phylogenetic marker gene [163]. This approach allows for the identification 
of individual metagenomes with a potential to recover novel metagenome-
assembled genomes from lineages of interest, and can incorporate the 
user-recovered genomes into its reference database to improve the 
resolution of the profiling [163]. By doing so, the quantification of the total 
diversity of Bacteria and Archaea in metagenomic data shows that microbial 
genome databases are still far from saturated [163][Paper 3, Paper 4]. 
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Figure 15: Overview of the AutoTax taxonomic framework. 1. FL-ASVs (or FL-OTUs) 
are initially mapped to the SILVA 138 SSURef NR99 database [177] to determine the 
closest relative and the corresponding percent sequence identity. 2. Based on the 
sequence identity and the taxonomic thresholds suggested by Yarza et al. [182], taxonomy 
is assigned after appropriate sequence trimming. 3. For species-level identification, FL-
ASVs are further matched to type strain sequences from the SILVA database 4. Species 
names are assigned if the sequence identity surpasses 98.7% and only a single species 
meets this threshold. 5. FL-ASVs are grouped at varying percent identities, which helps in 
establishing a stable de novo taxonomy. 6. A comprehensive taxonomy is formed by 
integrating the SILVA-based taxonomy with the de novo taxonomy to fill any gaps. The 
sources of taxonomic classifications for FL-ASVs are indicated by coloured squares: 
orange for SILVA SSURef NR99, yellow for SILVA type strains, blue for de novo names, 
and grey for names excluded during the AutoTax process. Adapted from [157].   
 
3.2.2 LINKING TAXONOMY AND FUNCTIONAL POTENTIAL 
 
Exploration of the functional potential of the microbial communities, allows 
for hypotheses related to their metabolic function to be made. Analysing 
these metabolic characteristics enriches our understanding of microbial 
interactions, ecological functions, and life history strategies in various 
settings, thereby broadening our comprehension of nutrient cycling, 
ecosystem behaviour, and microbial adaptability to environmental 
pressures. Generally, the functional potential of environmental 
metagenomes can be obtained in two ways. Firstly, microbial metagenomic 
reads offer a comprehensive snapshot of the genetic material present in 
environmental samples. The mapping of metagenomic reads against a 
reference catalogue of functional genes or genomes, can identify specific 
genes involved in the metabolic pathways of interest [137][Paper 4] (Figure 
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16). This process involves aligning short DNA sequences obtained from 
metagenomic samples to known sequences within the reference catalogue, 
allowing for the detection of the genes from different microbial taxa [137]. 
Contrastingly, sequencing of the 16S rRNA phylogenetic marker gene does 
not directly yield information about the functional potential of the organism 
it represents. However, the mapping of microbial 16S ASVs to a catalogue 
of reference genomes allows the functional potential to be inferred from the 
genome of which the ASV is aligning to [183,184][Paper 3] (Figure 16). 
Thereby this method can offer some of the same insights as obtained from 
metagenomic whole genome shotgun sequencing. The mapping of 16S 
genes to reference genome catalogues is particularly valuable when 
metagenomic data from complex communities are scarce, as 16S amplicon 
sequencing is still the prevalent approach for identifying bacterial 
communities.  
 
Neither method is without caveats, as any functional potential is limited to 
the understanding of the metabolic pathways and the overall coverage of 
the used reference catalogues. Specifically for amplicon-based functional 
prediction methods, these predictions tend to be skewed towards known 
reference genomes including at least one copy of the 16S gene, making the 
identification of rare, environment-specific functions less likely than for the 
metagenomic approach. Though the latest version of PICRUSt [184] has 
allowed for the incorporation of user-specified genomes, allowing 
exploration of specific environments, these genomes will have to be 
generated from metagenomic sequencing first anyways. Furthermore, 
amplicon-based methods lack the precision needed to identify strain-
specific functionalities because these methods can only differentiate 
between taxa based on variations in the sequences of the targeted marker 
gene [184]. 
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Figure 16: DNA sequence reference mapping. Information about the functional potential 
can be obtained by two approaches. A. Metagenomic reads originate from every part of 
the genome under investigation, and hence also from functional genes. B. Amplicon reads 
originating from the 16S rRNA gene, can be mapped to a catalogue of reference genomes 
which include at least one copy of the 16S rRNA gene. The functional potential can then 
be inferred from the reference genome to which the 16S rRNA gene sequence is mapping.  
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3.2.3 ANALYSIS OF MICROBIOME DATA 
 
The analysis of microbiome data, that being of either taxonomic or functional 
origin, aims at dissecting the complexity of microbial communities, thereby 
illuminating the diversity, composition, and adaptability of microorganisms 
to environmental conditions (Figure 17). This multi-faceted approach 
provides a detailed examination of the richness and evenness of species 
within a community, revealing not just the variety of life forms present 
(diversity) but also identifying the specific species that make up these 
ecosystems (composition). By delving into how these communities respond 
to ecological gradients - variations in factors like pH, moisture and 
disturbance - mechanisms by which environmental pressures sculpt 
microbial landscapes, or vice versa, can be uncovered [Paper 2, Paper 4]. 
Analysis on microbial diversity within ecosystems can be categorised into 
alpha, beta, and gamma diversity, each representing and providing different 
aspects of biodiversity and insights into microbial community structure, 
distribution, and ecological function. Together, alpha, beta, and gamma 
diversity provide a comprehensive framework for studying microbial 
communities, from the intricate species relationships within specific habitats 
to the broad patterns of diversity across larger geographical scales.  
 
Alpha diversity 
Alpha diversity refers to the diversity within a specific area or ecosystem 
and is a measure of the variety and abundance of species in a single 
microbial community [185] (Figure 17). It encompasses the number of 
observed taxa or inferred richness from observation, and the abundance 
(evenness) of species. 
 
Beta diversity 
Beta diversity measures the change or turnover in species composition 
between different areas or ecosystems, providing a comparison of microbial 
community composition across different environments or along 
environmental gradients [185] (Figure 17). Beta diversity is essential for 
assessing the effects of environmental gradients and disturbances on 
community composition [Paper 1, Paper 2, Paper 4]. Beta-diversity is 
quantified using various distance metrics, each highlighting different 
aspects of community dissimilarity [188]. These metrics essentially calculate 
the ecological distance between pairs of communities. To calculate these 
distances, one typically constructs a matrix of presence-absence or relative 
abundances for the community members under comparison. This is often 
done after application of a data transformation procedure [188]. Commonly 
used metrics are the Bray-Curtis dissimilarity, the Jaccard index, the 
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Sørensen-Dice Coefficient (also known as binary Bray-Curtis dissimilarity) 
and the UniFrac Distance [189,190]. The chosen metric is then applied to 
each pair of communities in the dataset, producing a distance matrix that 
represents the beta diversity among all pairs of communities. This matrix 
can then be used as input in downstream analysis, such as ordination 
methods (e.g. PCoA, NMDS and RDA) or hierarchical clustering to visualise 
and evaluate the ecological distances between communities (Figure 17). 
The dissimilarity matrix can also be used to evaluate community distance 
decay, which is the ecological principle that geographical separation leads 
to increased dissimilarity among communities [72]. Similarly, the 
geographical location can be used to map out geographical patterns in 
microbial distribution and allows for the partitioning of spatial and 
environmental drivers of microbial community divergence [Paper 2, Paper 
4]. 
 
Gamma diversity 
Gamma diversity is the overall diversity for different ecosystems within a 
larger region and represents the total richness across all communities within 
that region. It essentially combines the alpha diversity of individual 
communities and the beta diversity among those communities. Gamma 
diversity gives a macroscopic view of the microbial diversity across a 
landscape, geographical area, or habitat type, highlighting the broad-scale 
patterns of microbial distribution and the cumulative effects of local and 
regional processes on microbial diversity. Like the other diversity metrics, 
gamma diversity has its roots in ecological theory of macrobiota, where the 
current best practice is using Hill numbers of order q (also known as the 
effective number of species) [186,187] [Paper 4]. The parameter q, in 
biodiversity measurement, determines the sensitivity of diversity indices to 
species abundance. With q=0, species abundances are ignored, and 
diversity (0D) simply equals the total number of species. When q=1, species 
are weighted by their relative abundances, making 1D a measure of the 
effective number of common or "typical" species in the community. At q=2, 
the focus shifts towards abundant species while rare species are less 
considered, and 2D represents the effective number of “dominant” or highly 
abundant species. 1D and 2D equals the exponential of Shannon entropy and 
the inverse of the Simpson concentration, respectively. Hence, these are 
known as Shannon diversity and Simpson diversity, not to be confused with 
the Shannon and Simpson diversity indexes. The calculations can be 
incidence-based rather than abundance-based, thereby using frequencies 
to determine if a taxon is considered abundant or not [186,187] [Paper 4]. 
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Beyond diversity metrics 
The abundance of each identified taxa across the investigated samples can 
itself be thought of as variables (also known as features) and used in 
univariate or multivariate analysis such as correlations with abiotic and biotic 
variables (Figure 17). The numerical value of the relative abundance of 
such microbial features is not necessarily directly associated with the 
feature importance, as both the rare and abundant taxa are important for 
the overall function of the ecosystem. The abundant taxa drive variation in 
respiration, metabolic potential, cell yield, and the rare taxa are influencing 
the capacity of the communities to degrade specific substrates [191].  
 
The core community members, which are taxa consistently present across 
a type of sample, can serve as a fingerprint of the type of sample under 
investigation, and serve as indicators of the underlying biological processes 
that sustain various environmental niches [Paper 2, Paper 4]. The core taxa 
in complex communities are typically identified from the frequency by which 
a specific taxon is observed in samples from a particular habitat [192]. 
Additionally, an abundance threshold may be set to select taxa that are 
likely to have a significant quantitative effect on ecosystem functions [193]. 
As complex microbial communities harbour a vast low-abundant diversity, 
this method can also serve to reduce the number of microbial features for 
subsequent modelling [Paper 2]. As a continuation of this the core 
community members provide means for prediction of location on ecological 
gradients and classification of the specific habitat a given sample was taken 
from [Paper 2, Paper 4] (Figure 17). Finally, the DNA sequences 
themselves, being derived from either a taxonomic or a functional gene, can 
serve as phylogenetic markers allowing for investigation of the trait-specific 
evolutionary development of the investigated taxa [Paper 2, Paper 4] 
(Figure 17).  
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Figure 17: Analysis of microbiome derived feature tables. Overview of visualisation 
and statistics associated with tables of taxonomic or functional features derived from 
microbiome sequencing data. The downstream analysis of microbiome feature tables 
includes A. α-diversity (within-sample diversity), B. β-diversity (between-sample distance), 
C. taxonomic composition (relative abundance of features), D. difference comparison 
(significantly difference in features between groups), E. correlation analysis (correlation of 
features and sample metadata), F. network analysis (global view correlation of features), 
G. classifications from machine learning (group classification or sample metadata 
regression analysis), H. phylogenetic tree (phylogeny tree or taxonomy hierarchy). Adapted 
from [185].
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CHAPTER 4. CONCLUSIONS AND 
PERSPECTIVES 
 
The common theme for the presented papers in this thesis is “large-scale”, 
that being used in relation to describe high-throughput processing or in 
relation to sampling effort. Together, these papers provide a comprehensive 
view of microbial ecology and practical methodologies for future research. 
By integrating these studies into the wider scientific landscape, their role in 
filling research gaps and shaping future inquiries will be demonstrated, 
thereby emphasising their collective importance in expanding our 
knowledge of ecological and biological systems. 
 
Paper 1 was conducted to lay the foundation for standardised protocols to 
be used in the Microflora Danica project. From the planning phase it was 
evident that a solution that performed well on a range of different soils was 
needed. In a high-throughput environment, it is not feasible to determine the 
soil type of each individual sample and perform the DNA extraction 
accordingly. Any high-throughput solution should perform similar and 
acceptable on a range of different soils. Therefore, one of the aims of Paper 
1 was to benchmark high-throughput DNA extraction methods, which allows 
for automation procedures, based on length, quality, quantity and the 
observed microbial community profile. Furthermore, it was crucial for the 
conduction of the Microflora Danica project that the cost of library 
preparations was reduced, to enable the processing of 10.000 samples 
within the budget of the project. Therefore, Paper 1 also showcases how a 
nanoliter drop-dispensing system allows for the miniaturisation of both 
amplicon and metagenomic library preparations by a factor of 5 and 10 
respectively. As more large-scale studies will be needed for future progress 
within the field of microbial ecology, downscaling will allow for an increase 
in the number of included samples within a fixed budget. 
 
Paper 2 dives into a subset of the soil samples included in the Microflora 
Danica project from different terrestrial ecosystems found in Denmark. The 
samples of this study were subjected to both full-length 16S rRNA gene 
amplicon and metagenomic sequencing. These data are linked to vast 
recordings of the above-ground macrobiota as well as physicochemical 
measurements serving as proxies for the major environmental gradients. 
The constructed 16S rRNA gene sequences were used to generate an 
ecosystem-specific reference database, which increased the obtainable 
resolution of the metagenomic derived community profiles. The aim of 
Paper 2 was to evaluate the response of both the above-ground and the 
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below-ground communities to these major ecological gradients and 
evaluate to what extent the below-ground prokaryotic communities mirror 
those of the above-ground assemblages of plants, animals, and macrofungi. 
Paper 2 also demonstrates how microbial indicators with great success can 
be used for prediction of the variables serving for proxies of the 
environmental gradients as well as in the classification of terrestrial habitats, 
which is otherwise reliant on a specialised expertise evaluation. This holds 
potential, as the microbes have previously been overlooked and will be 
important to consider in future management and conservation efforts.  
 
Paper 3 was an outcome from the external stay at University of Colorado, 
Boulder. This study took advantage of the vast amount of available 16S 
rRNA gene amplicon data from more than 3.700 samples spanning a broad 
diversity of habitats, including Danish municipal wastewater treatment 
plants. The ASVs were linked to available high-quality genomes in GTDB 
with the aim of elucidating the taxonomic and environmental distribution of 
amino acid auxotrophies. Paper 3 found that three thirds of bacterial taxa 
can synthesise all amino acids, and that auxotrophies are more prevalent in 
obligate intracellular parasites and in free-living taxa with genomic attributes 
characteristic of “streamlined” life history strategies. Furthermore, 
auxotrophic taxa were discovered to be more prevalent in host-associated 
environments and fermented food products, whereas they were relatively 
scarce in soil and aquatic systems. The findings of Paper 3 enhance our 
understanding of amino acid auxotrophy across the bacterial tree of life and 
identifies the ecological settings where auxotrophy may be an 
advantageous survival strategy. This approach holds the potential to aid in 
the challenges of bringing yet-to-be-cultivated microbes into culture by 
examining the specific auxotrophies within generated metagenome 
assembled genomes of uncultured taxa. 
 
Paper 4 serves as a conclusion to the Microflora Danica sampling campaign 
and highlights the main findings of the project. The study presents more 
than 10.000 metagenomic datasets, 415 full-length 16S rRNA gene 
amplicon datasets, as well as 449 bacterial and eukaryotic rRNA operon 
datasets. The study is of an unprecedented spatial resolution with one 
sample per 4 km2 of the geographical area of Denmark. The samples cover 
the major habitat types, and each sample is provided with a comprehensive 
five-tier environmental ontology, which serves as a habitat classification 
system. Paper 4 uses this detailed resolution to assess the habitat-specific 
microbial novelty relative to the existing databases, to investigate the 
diversity within and between samples across Denmark and evaluate the 
effect of land-management on microbial diversity and community 
homogenisation. Paper 4 also shed light on the distribution and diversity of 
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nitrifiers, key functional groups within a country that is 60% agricultural land. 
In doing so, Paper 4 provides support for niche differentiation of comammox 
and canonical nitrite oxidising bacteria, which underlines the general need 
for further investigation of this functional group. The Microflora Danica 
dataset lays the groundwork for addressing key questions in microbial 
ecology, such as the factors that influence microbial diversity, distribution, 
and functionality. 
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