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Abstract
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knowledge, one assembly at a time. Digital Comprehensive Summaries of Uppsala 
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Most life forms that inhabit Earth today are still unknown or are difficult to study. Accessing 
their DNA can give us information of their biology, ecology, and evolution, even when 
unculturable. The research here presented focused on method development for genomic 
research of non-model organisms. Paper I and II contributed to a comprehensive 
expansion of the genomic data available in arbuscular mycorrhizal (AM) fungi, an 
essential group of plant symbionts. While paper III and IV focused on the analysis of the 
generated genomic data. Paper I presents the development of a workflow that allows 
for DNA sequencing and assembling of AM fungal genomes, from as little as one single 
spore, by sorting and individually amplifying and sequencing nuclei. In paper II, the novel 
workflow was utilized to expand genomic data on AM fungi, by generating de novo genome 
assemblies from 22 different taxa. The evolutionary relationships within the group was also 
explored. In paper III possible genetic differences between nuclei of individual AM fungal 
organisms was examined, following the hypothesis of their sole reproductive asexual mode. 
Our results suggest low levels of genetic variation within the studied taxa. We also located 
genes involved in mating recognition, supporting earlier observations of a possible hitherto 
unknown sexual stage in AM fungal life cycle. Paper IV explores an important component 
that affects genomic architecture, the so-called transposable elements (TEs), which are selfish 
genetic elements that have the ability to move and multiply within the genome. These 
elements must be analyzed carefully, as we found that a significant part of what is initially 
classified as unknown repeat sequences are, in fact, not TEs, but genes from the fungus itself, 
that appear in many copies. We confirm that AM fungi contain a high proportion of TEs in 
their genomes. Furthermore, analyzing the evolutionary history of these genera, we observe a 
link with the existence of a possible control mechanism in the genus Rhizophagus. Our novel 
workflow and the comprehensive taxon sampling go beyond a few model organisms to bring 
the diverse monophyletic lineage of AM fungi fully into the genomic era.
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Introduction 

 
The information contained in the DNA constitutes an architecture plan of the 
functions and characteristics of an organism. Genomics is the study of the 
DNA sequence, which is found in every cell or nucleus of an organism. By 
being able to read it, we are able to obtain information on an organism’s 
biology, and infer how it interacts with the surrounding environment. More-
over, the code and structure of DNA can also give us hints on the evolution-
ary history of the organism, which allows us to learn about the evolutionary 
processes that have shaped the organism to what it is today. This is especial-
ly interesting when working with organisms with a long evolutionary histo-
ry, such as arbuscular mycorrhizal (AM) fungi, whose origin dates back 400 
million years, based on fossil remains. Throughout that time, this group of 
fungi has been important symbionts for most terrestrial plants. AM fungi 
provide mineral nutrients to the plant, such as nitrogen and phosphorus, 
while obtaining in return some of the carbon that the plant fixes during pho-
tosynthesis.  

Throughout these pages I take you on a journey through years of research 
in this important group of fungi, and how AM fungal genomic research has 
quickly boosted in the later years, after a slow beginning. The characteristics 
and life cycle of AM fungi have hindered their genomic study; they live 
underground and do not produce any major visible structures. This, and the 
fact that they only complete their life cycle when in contact with a plant, 
make genetic research challenging in AM fungi. It is difficult to obtain 
enough tissue to extract DNA for sequencing, and the quality of the extract-
ed DNA is affected, as they are easily contaminated by plant DNA and other 
organisms living in the soil. In my research, I have developed and refined 
methods that eliminate these problems by sorting out and sequencing DNA 
from individual nuclei, extracted directly from within the spores that AM 
fungi produce. The resulting sequences of DNA are then like a puzzle with 
millions of pieces, and we have to find out how they fit together. This is also 
represented in this thesis, in which de novo genome assembly pipelines were 
an important subsequent part. 

Thus, research during my doctoral studies has focused on method devel-
opment and genomic analysis on complicated non-model organisms, such as 
AM fungi. With my work, I hope to have contributed to a strong expansion 
of the available genomic data in this group of ecologically and economically 
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important plant symbionts. The methodology is described in detail in papers 
I and II. Then, in papers II, III and IV I was able to explore the genomic 
data to infer evolutionary patterns within the AM fungal taxa, analyze genet-
ic diversity within an organism, and explore the repeat content harbored 
inside the genomes of AM fungi.  

Most biodiversity on Earth remains hidden to the human eye and, in some 
cases, to the available human tools as well. Nonetheless, the last 20 years 
have been an exciting path of continuous development of DNA extraction 
and sequencing techniques, as well as our greatly improved knowledge on 
genome characteristics across different species. The methods that my collab-
orators and I have used and developed could be applied and refined for the 
genomic study of other organisms across the Tree of Life, inhabiting com-
plex environments, which could expand our knowledge of the unexplored 
diversity. 
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Arbuscular mycorrhizal fungi 

1. A long maintained symbiosis 
AM fungi form the most common mycorrhizal association with plants. This 
group of fungi are associated in symbiosis with ca. 80% of vascular plant 
species on land (Bonfante and Genre, 2008). Fossil evidence place their 
origin in the mid-Ordovician period (ca 460-470 MYA) coinciding with the 
first evidences of land plants (Redecker, Kodner and Graham, 2000; 
Rubinstein et al., 2010), however, proof of direct interaction of fungi and 
plants can be found first in fossils from the early Devonian period (407 
MYA) (Remy et al., 1994; Taylor et al., 1995; Trewin, 2004; Taylor, Kerp 
and Hass, 2005). There is a wide acceptance in the scientific community that 
symbiosis of plants with soil fungi facilitated plant colonization of land, in a 
time where soils were low in minerals and plants lacked roots and vascula-
ture (Pirozynski and Malloch, 1975; Selosse and Le Tacon, 1998; 
Bidartondo et al., 2011; Selosse and Strullu-Derrien, 2015), and thus, vascu-
lar plant species that do not have the current ability to form AM symbioses 
have lost this ability in independent events throughout evolution (Wang and 
Qiu, 2006). Fungal symbionts of early plants might have provided an en-
hanced access to mineral nutrients and water, as well as disease resistance, 
and an increased tolerance to herbivores, based on current plant benefit evi-
dence (Gehring and Whitham, 1994; Van Breemen et al., 2000; Pozo and 
Azcón-Aguilar, 2007; Cameron et al., 2013; Hoeksema et al., 2018). The 
early non-saprotrophic AM fungi would have benefited by receiving in re-
turn photosynthetically fixed plant carbohydrates, in a low organic carbon 
environment (Selosse and Le Tacon, 1998; Selosse and Strullu-Derrien, 
2015).  

The long evolution of this partnership highlights the ecological benefits 
for both plant and fungus that span up to this date. Experiments featuring 
absence/presence of AM fungi in association with plants have shown re-
markable effects in plant phenotypes, demonstrating that AM fungi improves 
plant growth, enhance their capacity to absorb water and minerals, and 
boosts defense responses in plants, protecting them from pathogens (Smith 
and Read, 2008; Jung et al., 2012). The mycorrhizal interaction of AM fungi 
with plants is even more crucial for the fungi, as it is essential for the com-
pletion of their life cycle (figure 1), and consequently, AM fungi are consid-
ered obligate biotrophs (Parniske, 2008; Bonfante and Genre, 2010).  
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However, it should be mentioned that this relationship is not always bene-
ficial for all parts, and multiple studies have shown a mutualism-parasitism 
continuum, ranging from beneficial to detrimental effects to the plant 
(Klironomos, 2003; Jones and Smith, 2004; Mariotte et al., 2013), since it 
was first postulated by Johnson, Graham and Smith, (1997). AM fungal fit-
ness also varies in response to different plants (Bever, Pringle and Schultz, 
2003). The existing range of beneficial-detrimental mycorrhizal interactions 
could be leveraging a benefit to the community as a whole. Strong mutualis-
tic interaction would provoke a decline in species diversity, selecting only 
for those plants extremely sustained by the mutualism with fungi; while a 
negative feedback can contribute to the maintenance of competing plant 
species, with different degrees of interaction with the fungal community 
(Bever, 1999). Therefore, complex community dynamics in ecosystems 
could ultimately be shaped by the range of mutualistic to parasitic interac-
tions between plant and AM fungal populations (Bever, 2002).  

1.1. AM fungal life cycle 
AM fungal mycelium germinates from multinucleated asexual spores (figure 
1, 2), following a process independent from the host plant. Then, hyphae is 
able to grow a few weeks on its own using the nutrient reserve stored in the 
spore (Giovannetti, 2000; Genre and Bonfante, 2016), exploring the soil in 
search of plant exudates that act as signals that will trigger a hyphal growth 
and branching (figure 1), by boosting fungal metabolism (Buee et al., 2000; 
Akiyama, Matsuzaki and Hayashi, 2005; Besserer et al., 2006; Nagahashi 
and Douds, 2011). The fungus also secretes molecules that notify the host of 
its close presence, inducing a systemic response in the plant before the initia-
tion of symbiosis (Bécard et al., 2004).  

The plant host and the AM fungus establish contact, initiating the symbi-
otic phase, in which hyphae adheres to the plant epidermis and forms a pene-
trating hypha with the ability to enter the plant cell lumen (figure 1) 
(Bonfante and Genre, 2010). The plasma membrane invaginates around the 
growing hyphae maintaining the integrity of the plant cell (Bonfante, 2001; 
Genre and Bonfante, 2016). Intracellular hypha then forms a branching 
structure resembling a small tree (figure 1), which is the reason why AM 
fungi are named after the Latin word arbusculum. This structure allows for a 
more efficient nutrient exchange by increasing contact surface, as the invag-
ination of the plant cell membrane delineates tightly around the branches of 
the arbuscule (Paszkowski, 2006; Bonfante and Genre, 2010). Arbuscules 
have a short life span of 4-5 days, after which fungal walls collapse and hy-
pha retracts. Subsequently, the plant cell recovers its previous intra-cellular 
organization and can host a new colonization event (Bonfante and Genre, 
2010).  
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While the symbiotic interaction takes place within the host tissues, the ex-
traradical mycelium continues its growth in the rhizosphere (figure 1), away 
from the surroundings of the roots, allowing for access to nutrients (especial-
ly phosphate and nitrogen) available out of reach from the plant 
(Govindarajulu et al., 2005; Javot et al., 2007). In exchange, the plant trans-
fers organic carbon to the AM fungi, predominantly in form of lipids 
(Luginbuehl et al., 2017). Furthermore, AM fungi initiates spore formation 
in extraradical hyphae both in terminal and intercalary sites (Chabot, Becard 
and Piche, 1992), and a few species can also propagate from intraradical and 
extraradical vesicles that can develop into spores (Biermann and Linderman, 
1983; Chabot, Becard and Piche, 1992).  

 
Figure 1. Life cycle of AM fungi. It is initiated from one single spore, which germi-
nates growing mycelia into the soil. Both the plant and the fungi will recognize each 
other through exudates that will induce mycelial growth towards the plant root. The 
third spore in the figure initiates the symbiotic stage adhering into the plant epider-
mis. The fourth spore penetrates the plant cell lumen, and ramifies into the charac-
teristic arbuscules for nutrient exchange. In the soil, the mycelia will continue grow-
ing and producing new spores that will be ultimately be able to start this cycle again.  

1.2. A community within a fungus 
AM fungal spores carry hundreds, and even up to thousands of nuclei (figure 
2). The number of nuclei per spore differs considerably across species, but 
even between different spores of one individual (Marleau et al., 2011; 
Kokkoris et al., 2020). These multinucleate spores are the only known re-
productive structure of AM fungi, and the reason why they have been con-
sidered purely asexual over decades of research (Viera and Glenn, 1990; 
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Parniske, 2008; Marleau et al., 2011). Still, there is no evidence, up to this 
date, of a stage in their life cycle where the nuclei gets reduced to one or two 
in a confined cytoplasm (Kokkoris et al., 2020). There are no other known 
organisms in the fungal kingdom with these characteristics, which makes 
AM fungi even more interesting and mysterious eukaryotes.  

The mycelium of AM fungi is also highly unusual, as it forms a continu-
um of coenocytic hyphae containing thousands of nuclei coexisting in the 
same cytoplasm (figure 2) (Parniske, 2008). AM fungal nuclei travel bidirec-
tionally in pulses through the cytoplasm (Bago et al., 1999; Giovannetti, 
Sbrana and Logi, 2000). It is still unclear how this movement is regulated, 
but higher number of nuclei group in hyphal tips, where more activity is 
needed to promote growth (Besserer et al., 2008). Nuclei also seem to main-
tain their individuality within the nuclear community of a cytoplasm by di-
viding asynchronously (Bago et al., 1998; Jany and Pawlowska, 2010). 
When forming new spores, either at the hyphal tips or intercalary, there is a 
flow of nuclei between the hypha and the growing spore (Jany and 
Pawlowska, 2010; Marleau et al., 2011), which can be followed by a process 
of mitosis inside the formed spore, that keeps increasing the population of 
nuclei (Marleau et al., 2011). 

AM fungal nuclei are not alone inside the organism, as bacterial endo-
symbionts have been described to be also present in the cytoplasm (figure 2) 
(Bianciotto et al., 2000). Bacteria are transmitted vertically, and maintained 
through successive propagations, following the fungal life cycle, as they too 
end up stored in the spores, co-existing with the nuclei (Bianciotto et al., 
2004). Furthermore, a detrimental fitness on AM fungi can be observed 
when the endosymbiotic bacteria is removed (Lumini et al., 2007), which 
highlights that bacteria are indeed obligate symbionts for, at least, some spe-
cies of AM fungi (Lumini et al., 2007; Naumann, Schüßler and Bonfante, 
2010). This interaction is inferred to be ancient, as one type of endobacteria, 
shared across AM fungi form a monophyletic group that was probably ac-
quired before divergence of the main AM fungal lineages (Naumann, 
Schüßler and Bonfante, 2010).  
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Figure 2. A community within a fungus. Represented here, the community of nuclei 
co-existing in the same cytoplasm, together with endosymbiotic bacteria. Lipid vesi-
cles grow inside the spore as a nutrient storage to be used when hyphal growth. 

1.3. An ever-interacting soil community 
Diverse strains and species of AM fungi co-exist in soil. A key component 
for the survival of a growing mycelium from a newly germinated spore is its 
ability to find more mature individuals of the same species who already en-
gaged in the symbiosis with a host plant then, anastomosis is produced by 
fusion of mycelia post-recognition to ensure nutrient flow to the individual 
that has not yet initiated symbiosis with a host plant (Giovannetti, Azzolini 
and Citernesi, 1999; Novais et al., 2017). These mycelial networks are built 
underground among individuals of the same species, and a nuclear flow can 
be observed across individuals (Croll et al., 2009; De la Providencia et al., 
2013; Novais et al., 2017); which complicates the definition of individual in 
AM fungi. Nonetheless, no evidence of recombination or maintenance of 
foreign nuclei post-anastomosis has been proven yet.  

In relation to the fungal interaction with plants, AM fungi present a low 
host specificity (Smith and Read, 2008). This is also true for the plant, which 
can be colonized by different AM fungal species at the same time (Fitter, 
2005; Santos-González, Finlay and Tehler, 2007). Nevertheless, multiple 
studies have observed strong host preferences in natural ecosystems 
(Vandenkoornhuyse et al., 2003; Rosendahl and Stukenbrock, 2004; 
Maherali and Klironomos, 2007), suggesting that different levels of func-
tional compatibility might exist (Munkvold et al., 2004; Parniske, 2008).  

In the rizhosphere (i.e. the area immediately surrounding the plant roots), 
yet another level of community interaction can be observed, as the natural 
symbiotic soil bacteria close to the plant root, interacts with the AM fungi 
establishing endosymbiosis. A positive symbiotic cycle feedback has been 
observed, in which organisms thrive in a rich rhizospheric community; AM 
fungal growth and symbiotic interaction increases with the presence of spe-
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cific plant growth-promoting rhizobacteria (Artursson, Finlay and Jansson, 
2006). 

A recently published research shows yet another relationships in soil, por-
traying fungal predators like nematodes and protists, whose presence in the 
soil, positively correlate with an increased AM fungal biomass (Jiang et al., 
2020), despite seeming contradictory. The presence of fungal predators also 
improves plant colonization by AM fungi and P uptake (Jiang et al., 2020).  

All these correlations signify the importance of studying the soil commu-
nities as a whole, with a systemic approach. But in order to understand the 
entire ecosystem, we must focus first in one organism at a time, without 
disregarding the existing relationships within the environment in which they 
grow.  

2. Why study AM fungi? 
An important driver for AM fungal research is, of course, the applications 
that AM fungi give rise to humans and sustainability. As explained in the 
previous sections, AM fungi stimulate plant growth and increase yield, 
which could have direct applications in agriculture. At this moment, most 
crop production in the world relies on finite fossil energy, with the use of 
mineral nitrogen and phosphate rock fertilizers, which causes a great impact 
on soil and water quality (Pimentel and Pimentel, 2007; Cordell, Drangert 
and White, 2009; Jansa et al., 2019). The change towards a more sustainable 
production is urgent, but we must still be able to cope with the endless de-
mand of resources from the relentlessly growing human population 
(Schröder et al., 2011; Jansa et al., 2019). Future production will have to be 
maintained through healthy soil communities in which organic N and P can 
be recycled and transferred to the plant by N and P-cycling organisms like 
AM fungi. Furthermore, global warming is also influencing agriculture 
yields, as crops endure extreme weather phenomena such as droughts (Leng 
and Hall, 2019), in which AM fungi are a known resistance component 
(Marulanda, Barea and Azcón, 2009; Worchel, Giauque and Kivlin, 2013). 
Finally, in a world influenced by human activity, in need of continuous land 
restoration, including grassland restoration, AM fungi is presented as a re-
quired element to sustain plant diversity and ensure survival of these ecosys-
tems (Koziol and Bever, 2017; Koziol et al., 2018). 

Expanding our current knowledge about the biology and ecology of AM 
fungi allows us humans to find solutions to tackle the sustainable production 
challenges, delay the endless destruction of ecosystems, and restore the 
damaged natural environments.  

I believe that all applied sciences needs a strong foundation on basic sci-
entific knowledge, and that is what I intended to depict in this thesis. By 
diving into the molecular level research of the fungus, biological questions 
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such as life cycle and evolutionary pathways that shaped the current genomic 
structure, could be resolved, allowing us to better understand the past and 
present symbiotic interactions. Plenty of question marks remain in AM fun-
gal biology. However, it is in my best hopes to have contributed to expand-
ing the genomic knowledge of AM fungi, and that my research paved the 
way for future studies to come. Such understanding of AM fungi will only 
be possible with the joint efforts of research groups across the world, all 
providing key insights into the life cycle, symbiosis, and evolution of this 
important group of fungi. 
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The complex world of genomics 

3. The genomic timeline of AM fungi 
Today’s era is a beautiful time to live in when one wants to study the ge-
nomes of AM fungi; the developments in culturing, DNA isolation, and se-
quencing have been key to pave the path to a wider genomic knowledge of 
this group of fungi. The study of the genetic composition in AM fungi grants 
us access to unravel the code that contains the information of their biology, 
and allows for the research on how their genotypes correlate with described 
phenotypes, and how these translate into their interaction with the ecosys-
tem.  

 
Figure 3. Genomic timeline of AM fungi which shows the rapid expansion in the 
latest years, in what has been a slow process since genomic era in eukaryotes started 
(1996). 

The very first whole eukaryotic genome sequenced and assembled be-
longed to the fungal kingdom, with the publication of the genome of the 
model yeast Saccharomyces cerevisiae (Goffeau et al., 1996). This set a start 
to the big biology field that genomics was going to become in the following 
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years, which allowed for genomes across the entire Tree of Life to be se-
quenced, as sequencing technologies were also developing in parallel at a 
comparable quick pace. Still, it wasn’t until 2013, 17 years after the sequenc-
ing of that first fungal genome, that the first AM fungal genome was made 
public (figure 3) (Tisserant et al., 2013), quickly followed by the sequencing 
and genome assembly of the same species’ single nuclei (Lin et al., 2014). 
Genomic research on strains of the same genus followed in the years after 
(Chen et al., 2018; Kobayashi et al., 2018; Morin et al., 2019), with the addi-
tion of newly sequenced species in recent years (Sun et al., 2018; Morin et 
al., 2019). In the present thesis, I display the work towards a comprehensive 
expansion of the available genomic data of AM fungi (figure 3) (paper I 
and II). 

4. Obtaining and sequencing DNA from complex 
samples 
The history of DNA sequencing is a relatively short one, introduced first by 
Fred Sanger in 1977 (Sanger, Nicklen and Coulson, 1977). It quickly devel-
oped, one technical improvement at a time, to the high throughput technolo-
gies that we have access to today (Mardis, 2007). Next generation sequenc-
ing (NGS) technologies allowed for massive analysis where up to billions of 
DNA nucleotides could be sequenced in parallel, producing an unprecedent-
ed high throughput and, in consequence, reducing significantly the cost 
(Kulski, 2016). The most widespread current NGS method is Illumina (So-
lexa) HiSeq and MiSeq sequencing (http://www.illumina.com, 
Balasubramanian, 2015), which has been extremely important in the research 
presented in this thesis. The resultant read data is composed of short frag-
ments (~100-300 bp), with a high output of sequencing data per run, cheaper 
cost than any other technology (Liu et al., 2012). In the latest years, yet a 
new generation of sequencing technologies was developed, referred as third-
generation sequencing technologies. It was started by Pacific Biosciences 
(http://www.pacificbiosciences.com), which developed single-molecule real-
time (SMRT) sequencers (Eid et al., 2009) that allow for increased read 
lengths. Oxford Nanopore technologies (https://nanoporetech.com) has also 
been a key developer of third generation sequencing technologies, which 
transformed futuristic imagination into reality, when releasing the MinION 
portable device that allows for sequencing of DNA and RNA directly into a 
computer using a USB port (Bayley, 2015). 

Each sequencing method will offer different advantages, and we can try to 
combine them in dependence of our needs. While Illumina has an extremely 
low error rate and generates read data with great coverage, it is fragmented, 
and it becomes trickier to assemble into a genome. On the other hand, single 
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molecule technologies like PacBio or Nanopore provide the contiguity that 
short read data lacks, by obtaining very long DNA fragments, but with an 
increased error rate. Different sequencing protocols will also determine dif-
ferent starting DNA quantity and quality requirements. Thus, complications 
in acquisition of high molecular weight (HMW) genomic material for se-
quencing will limit the sequencing technology that we can apply to our stud-
ied organism.  

DNA amount will be determined by the amount of cells that we have ac-
cess to, each of them containing a copy of the organism’s genome, which 
adds a level of difficulty when working with unicellular species, or multicel-
lular microorganisms. The environment in which the organisms are con-
tained will also complicate pure and clean DNA extraction, as the environ-
ment will contain the DNA sequences of the rest of organisms co-existing 
with the studied one (Ellermann et al., 2017). But even when able to obtain 
clean samples, the necessity to sequence from multiple cells, selected by 
morphological identification, can lead to the sequencing of hidden diversity 
in form of cryptic species (Quattrini et al., 2019), which increases when 
studying microorganisms, for which we have less morphological characters 
to distinguish species from. 
 

4.1. Accessing genomic diversity, one cell at a time 
The study of genomes one cell at a time is a relatively recent field. It devel-
oped from the need to treat cells as individual beings, instead of studying 
them as a bulk in a population, and thus, taking into account their possible 
heterogeneity (Gawad, Koh and Quake, 2016; Woyke, Doud and Schulz, 
2017). In the study of multicellular organisms, such as humans, it has ex-
panded rapidly through the need to study diseases, which arise from such 
variation within cell populations (Biesecker and Spinner, 2013; Poduri et al., 
2013; Rantalainen, 2017), but even healthy cell populations present some 
level of heterogeneity (De, 2011).  

Interacting communities of cells is not limited to multicellular organisms, 
and it is also key to understand natural environments and the organisms that 
shape it. Through genomics we can get an approximate idea of an organ-
ism’s biology, both in its own development, and the interactions with the 
ecosystem that contains it. However, our inability to recreate in lab condi-
tions every natural environment, has made it impossible to cultivate most 
microorganisms, either single-celled or multicellular, and consequently, has 
limited the genomic study of these organisms. With the use of culture-
independent analyses, such as metabarcoding studies of environmental ribo-
somal DNA (rDNA), a great diversity of microbial species has been revealed 
(Stahl et al., 1985; Pace et al., 1986; Giovannoni et al., 1990; Schmidt, 
DeLong and Pace, 1991; Barns et al., 1994), and even expanded further with 
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the use of metagenomics (Handelsman et al., 1998), in which DNA sequenc-
es from a community are obtained, and sets of genes (Venter et al., 2004; 
Rusch et al., 2007), or even whole genomes (Hug et al., 2016; Zaremba-
Niedzwiedzka et al., 2017; West et al., 2018) can be reconstructed. Howev-
er, heterogeneity in a population is still collapsed, and can only be captured 
if sequenced cell by cell (Woyke, Doud and Schulz, 2017). 

Single cell isolation for DNA sequencing has been attempted with multi-
ple technologies, including serial sample dilution (Zhang et al., 2006), mi-
crofluidic devices (Marcy et al., 2007; Leung et al., 2012), and micromanip-
ulation (Fröhlich and König, 1999; Woyke et al., 2010). However, the most 
widespread method in current research, because of its high throughput, is the 
fluorescence-activated cell sorting (FACS), which allows the detection and 
selection of fluorescent stained particles according to their interaction with 
light, based on cell size or granularity (Stepanauskas and Sieracki, 2007). 
This method of cell isolation has allowed for the obtainment of genomic data 
with a higher resolution than metagenomics from unicellular microorgan-
isms (Yoon et al., 2011; Rinke et al., 2013; Ahrendt et al., 2018), and has 
allowed for a more comprehensive study of multicellular-nuclear organismal 
tissues in animals (Rantalainen, 2017), plants (Yuan et al., 2018), and fungi 
(paper I) 

 

4.2. Whole genome amplification 
From the amount of DNA contained in one single cell to the microgram 
range demanded by every high-throughput genome sequencing technology, 
DNA amplification is required. This can be achieved by using multiple dis-
placement amplification (MDA), polymerase chain reaction (PCR), or a 
combination of both (Macaulay and Voet, 2014). PCR amplification makes 
use of common primer sequences interspersed throughout the genome, or 
degenerated primer sequences, but results in strong differences of amplifica-
tion based on the loci variability and distribution within a genome (Macaulay 
and Voet, 2014; Gawad, Koh and Quake, 2016). PCR methods require DNA 
polymerases resistant to high temperatures, in order to survive the thermal 
cycles that the reaction involves, but have higher error rates than thermola-
bile polymerases (Gawad, Koh and Quake, 2016). The MDA reaction (Dean 
et al., 2001, 2002; Lasken and Egholm, 2003) is an isothermal reaction, 
which uses random hexamer primers. The DNA polymerase builds a new 
strand while displacing the previously extended ones, which creates multiple 
copies from each template (Lasken, 2007). The main protagonist of this reac-
tion is the DNA polymerase from the bacteriophage phi29 (Blanco et al., 
1989; Esteban, Salas and Blanco, 1993), which has a high fidelity and a high 
processivity, with an average length of 12 kb (Dean et al., 2001) and span-
ning up to >100 kb (Lasken, 2007); thus allowing for the formation of larger 
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fragments than in PCR based whole genome amplification (WGA) methods. 
The MDA reaction also presents a significantly lower amplification bias than 
PCR based methods, which would overrepresent or underrepresent regions 
of the genome (Dean et al., 2002; Hosono et al., 2003).  

 

4.3. How has single-cell been applied to AM fungal studies? 
There has been a recent interest in the AM fungal community to sequence 
these organisms one cell at-a-time, based on past evidences of within organ-
ismal genetic diversity, which is explained further in section 7 of this thesis. 
In AM fungi, the concept of single cell transforms into single nuclei since, as 
mentioned in section 1, no septation exists between the nuclei. Lin et al., 
2014 were the first to isolate, amplify, and sequence of single nuclei of AM 
fungi. In that study, nuclei were extracted through micromanipulation, 
followed by MDA, and sequenced on Illumina HiSeq2000, which yielded a 
total of four single nuclei sequenced (Lin et al., 2014). Ropars et al., 2016 
were next in sequencing whole genomes of AM fungi from single nuclei. In 
their study, nuclei were sorted using FACS, and WGA using MDA, but the 
genomic material was only used for PCR testing for presence of candidate 
allelles (Ropars et al., 2016), thus, it was never whole genome sequenced. In 
2018,  Chen et al., (2018) also obtained single nuclei with FACS, did MDA 
on the samples, and sequenced on Illumina HiSeq1500. All these studies 
were carried out on isolates of the genus Rhizophagus. In our research 
presented in paper I, we sequenced single nuclei from an isolate of the 
genus Claroideoglomus, and refined the method in paper II, in order for it 
to be applicable to any AM fungal taxon. The process towards a perfected 
method was long, thus I will briefly summarize the most important steps, in 
hopes that this could help other AM fungal researchers.  

Spores are extracted from soil samples as described in the protocol from 
spore extraction published together with paper I (https://osf.io/654kz/). 
Spores are then totally isolated from root material under a stereomicroscope 
and cleaned with ddH2O. The sample is stored in 20 µl ddH2O a maximum of 
an overnight, in a 1.5 ml tube. Upon arriving to the single-cell facility, 180 
µl of 1xPBS is added to the tube, in order to ensure nuclear stability when 
released from the protection of the spore walls. The spore(s) is then vigor-
ously crushed using a sterile pestle, and transferred into a 0.5 ml tube, where 
DNA is stained by adding 1 µl 200x SYBR Green I Nucleic Acid stain (Invi-
trogenTM, Thermo Fisher Scientific, MA, USA). The solution is left in the 
dark staining for 30 to no more than 60 minutes, which allows for the spore 
debris to settle, while nuclei remain in solution. Note that isolates from gene-
ra characterized by a big spore size need to be filtered post-crushing, to 
avoid blocking the FACS tubes with spore debris. We performed the nuclear 
sorting at the SciLifeLab Microbial Single Cell Genomics Facility with a 
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MoFloTM Astrios EQ sorter (Beckman Coulter, USA) (paper I, paper II). 
Nuclei are identified using the 488 nm laser, and a 530/40 bandpass filter 
over forward or side scatter. Single nuclei are sorted in single cell mode, 
with drop envelope of 1 to ensure individuality of the selected particles. The 
samples are stored at -80°C until MDA reaction, which, in paper I and II, it 
was carried out succesfully both with RepliPhi kit (Epicentre), and Repli-g 
Single Cell kit (Qiagen). When available, a total set of 24 single nuclei is 
sequenced on Illumina HiSeqX, prepared with the TruSeq PCRfree DNA 
library preparation kit (Illumina Inc.). The selection of 24 nuclei is based on 
our aim to occupy an entire lane of Illumina, thus resulting in a more cost-
efficient generation of data. Furthermore, in paper I, we also tested the pos-
sibility to sequence AM fungal amplified DNA by using MinION from Na-
nopore, and we succeeded with three sequencing runs prepared with the Li-
gation Sequencing Kit 1D (SQK-LSK108, ONT), and run in three ONT 
MinION R9.4 flow cells (FLO-MIN106), leveraging a total of almost 2 mil-
lion reads. 

The development of single nuclei sorting and sequencing methods have 
set a change in AM fungal genomic research, which required from tedious 
spore collection from soil for direct extraction of HMW genomic DNA (Sun 
et al., 2018). In most cases, limiting studies to isolates capable of growing in 
clean axenic cultures (Kameoka et al., 2019), to obtain enough DNA. An 
example of that is the first published AM fungal genome study, in which a 
total amount of almost 20 million spores were required (Tisserant et al., 
2013). This method paves the way to the sequencing, and subsequent ge-
nomic study, of a wide range of strains of AM fungi, directly collected from 
environmental samples, since as little as one spore is needed (paper I, paper 
II). Furthermore, it allows for the sequencing of AM fungal nuclear DNA, 
clean from other DNA sources such as plant, endobacteria, or mitochondria 
(paper I). 

5. #Assemblomics 
The suffix “-omics” has its origins from the Greek termination “-ωµα”, 
which refers to a collective of the stem term. It had previously been used in 
biology, but it was first used for genetic data in 1920, when Hans Winkler 
proposed the use of Genom to refer to the haploid chromosome set 
(Lederberg and McCray, 2001). As the field expanded through all the differ-
ent areas in molecular biology, terminology has been adapted and specified 
for each; for example, the study of RNA referred as transcriptomics, or pro-
teomics for protein analyses. 

When reading the DNA after sequencing, we face a complex puzzle with 
millions of small pieces, which we have to figure out how to place together. 
This puzzle is rarely ever completed when working with big genomes, as 
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there are parts of the genome that will not be accessible when extracting 
DNA, and thus, never sequenced. Alternatively, we fail to find the right spot 
for repetitive sequences, as they are all pieces looking alike, belonging to 
different locations of the genome. We, researchers, have to make the best of 
it with the tools we have, in continuous development. The struggle in paper 
I to obtain a good whole genome assembly revealed to me that the process of 
assembling a genome can be considered a science in itself, hence the title for 
this section. In paper I we worked with WGA short read data, which carries 
big coverage differences across the genome, as a result of the MDA. We 
suggest that combining separately amplified and sequenced nuclei can result 
in a comprehensive representation of the genome, but we also advocate for 
the application of different methods on the data, which results in more than 
one version of a final genome assembly, each representing, with higher accu-
racy, different elements of the genome to be studied. The intent to assemble 
of AM fungal genomes from single amplified and sequenced nuclei resulted 
in three assembly workflows. Assembly workflow 1 and 3 generate two ver-
sions of the reference genome (figure 4), by combining data from multiple 
separately sequenced nuclei; while assembly workflow 2 produces the best 
possible single nuclei assemblies with the available data (Figure 4). 

Assembly workflow 1 benefits from the coverage bias in each nuclear 
read dataset, by assembling separate nuclear data with MaSuRCA (Zimin et 
al., 2013), which produces very incomplete and fragmented single nuclei 
assemblies, but representing, with good accuracy, the highest covered re-
gions. The high coverage regions of the genome are different in each nucle-
us, thanks to the unbiased coverage of MDA (Dean et al., 2002; Hosono et 
al., 2003). To co-assemble the single nuclei assemblies into a unique assem-
bly, a new software, Lingon, was developed by Manfred Grabherr (Grabherr, 
2018). Lingon computes overlaps between contigs of single nuclei assem-
blies, previously filtered to contain only contigs larger than 2 kbp. The over-
lap is produced using spacing of sequence motifs, and thus avoiding the use 
of sequences at the extremes of contigs that carry higher amounts of se-
quence errors, thus allowing for a correct union of contigs based on well 
supported within-contig data. In paper I, the final assembly 1 was produced 
by co-assembling 24 single nuclei assemblies, which presented accurately 
repeat elements within the genome, and consequently, was later used for the 
analysis of transposable elements in paper IV. However, paper I, hypothe-
sized that between six and seven nuclei would be enough for attaining a de 
novo whole genome assembly. In paper III we propose, after careful anal-
yses of growing number of co-assembling single nuclei assemblies, the use 
of no more than 14 nuclei, in order to avoid assembly artifacts like duplica-
tions. Accordingly, the ideal assembly workflow 1 would produce a co-
assembly by using a few assembled nuclei, selected based on the genomic 
statistics, measured with Quast (Gurevich et al., 2013) and BUSCO (Simão 
et al., 2015).  
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Assembly workflow 2 produces single nuclei assemblies as previously 
described in single cell genomic studies (Ahrendt et al., 2018). Hence, in 
paper I, read data from each single nucleus is normalized to a target average 
depth of 100x, and subsequently assembled using SPAdes (Bankevich et al., 
2012). The resultant single nuclei assemblies present an average BUSCO 
(Simão et al., 2015) completeness of 40% (paper I), and, while incomplete, 
we were able to study individual genes present in these assemblies, such as 
the mating locus (paper III), introduced later in the text. 

Assembly workflow 3 also normalizes the read data to an average depth 
of 100x, but benefits from the amount of sequenced data from multiple nu-
clei by concatenating all the raw nuclear data into two FASTQ files (main-
taining forward and reverse data separately), which then is assembled into a 
unique assembly with SPAdes (Bankevich et al., 2012). The final assembly 
3 presents a reduced fragmentation of gene sequences, while collapsing re-
peat elements (paper I), we then deemed the assembly useful for phylo-
genomic inference, where single copy orthologs are required (paper II).   

 
Figure 4. Assembly pipelines described in paper I. Assembly workflow 1, in pur-
ple, produces single nuclei assemblies from raw-read data and co-assembles them 
into a de novo genome reference assembly. Assembly workflow 2 produces single 
nuclei assemblies from normalized single nuclei read data. Assembly workflow 3 
produces an assembly from a normalized combination of all the nuclear read data, 
resulting in another version of a de novo genome reference assembly. 

New technologies like long read sequencing and optical mapping 
(Lieberman-Aiden et al., 2009), have allowed for an improvement of ge-
nome assembly reconstructions, but it is still hardly accessible when working 
with low inputs of biological sample. Nonetheless, we did succeed in se-
quencing AM fungal amplified DNA using MinION from Nanopore 
(https://nanoporetech.com). Nanopore data was assembled with a version of 
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Canu (Koren et al., 2017) that can handle uneven coverage across the ge-
nome (v.1.7–86da76b). But nanopore data is known to be prone to a higher 
error rate than Illumina (Kulski, 2016), hence it required subsequent polish-
ing with a combination of all raw Illumina reads from the same strain. The 
nanopore assembly was used in paper I to scaffold the final assemblies gen-
erated from the described assembly workflows, thus producing a more con-
tiguous final version of the de novo genome reference assemblies. 

6. Phylogenomics, towards the species tree ideal. 
Phylogemomics is a term coined at the beginning of the genomic era, which 
puts together phylogenetics and genomics, using genome data to reconstruct 
evolutionary patterns (Eisen and Fraser, 2003). Phylogenetics infers relation-
ships and evolutionary history through homologous characters shared be-
tween organisms, like DNA sequences or morphological heritable traits.  
Phylogenomics, in addition, uses homologous characters across entire ge-
nomes, or large proportions of them (Delsuc, Brinkmann and Philippe, 2005; 
Pennisi, 2008). Single gene datasets have revealed incongruences and alter-
native phylogenies at all taxonomic levels (Baldauf and Palmer, 1993; 
Giribet, Edgecombe and Wheeler, 2001; Kopp and True, 2002; Rokas, King, 
et al., 2003). The conflicting phylogenetic reconstructions are drawn from a 
combination of factors, including data availability (Cummings, Otto and 
Wakeley, 1995), taxon sampling (Graybeal, 1998), and choice of models 
used to infer evolutionary history, which assume certain criteria of sequence 
evolution (Yang, Goldman and Friday, 1994). However, alternative phylog-
enies might also have a biological origin, in which different evolutionary 
processes have affected different parts of the genome in different ways, as a 
result of processes such as natural selection or genetic drift (Rieseberg, 
Whitton and Linder, 1996; Maddison, 1997; Martin and Burg, 2002). A solu-
tion to try to find the true evolutionary history across a given set of taxa has 
relied on concatenated datasets (Soltis, Soltis and Chase, 1999; Baldauf et 
al., 2000; Bapteste et al., 2002), thus increasing considerably the amount of 
data compared to the included in single molecular marker studies, and using 
instead a wider range of information contained in the genomes. The analyses 
of concatenated datasets result in one single tree with 100% bootstrap value 
per branch, even though gene trees show incongruences when inferred indi-
vidually (Rokas, Williams, et al., 2003). This unique topology with such 
strong support is then treated as a representation of the evolutionary histories 
across the studied taxa, and thus referred as species tree (Rokas, Williams, et 
al., 2003). But concatenated data will be hiding the discordances caused by 
paralogy, horizontal gene transfer (HGT), and incomplete lineage sorting 
(ILS) (Maddison, 1997), only taken into account by species-tree coalescence 
models (Mirarab et al., 2014). But still no species tree method accounts for 
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all sources of gene discordance, and therefore, a combination of methods 
should still be taken into consideration when inferring evolutionary history 
of a group of taxa. This combination of approaches has been widely applied 
in the phylogenomic analyses of species trees across the whole Tree of Life 
(Comer et al., 2016; Leavitt et al., 2016; Shen et al., 2016; Streicher et al., 
2018; Zhu et al., 2019). An alternative to the true species tree ideal, is using 
visualization methods that do not assume a unique topology, and allow for 
representation of the gene flow events across the phylogeny, such as net-
works (Blair and Ané, 2020) and densitrees (Bouckaert and Heled, 2014).   

6.1. A constant expansion of the fungal Tree of Life 
The study of the fungal Tree of Life has been essentially shaped by our abil-
ity to use DNA sequences for phylogenetic inference, as there is no unique 
trait shared among all fungi (Richards, Leonard and Wideman, 2017). Fur-
thermore, the wide diversity within the Fungal Kingdom is hidden to the 
human eye, due to the microscopic characteristics of most fungi. It is esti-
mated that less than 5% of the predicted two to four million species in the 
Fungal Kingdom have been described (Blackwell, 2011). Early studies relied 
on genetic markers such as rDNA sequences (White et al., 1990), and such 
studies have still been fundamental in the present fungal Tree of Life phylo-
genetic inferences, propelled by DNA amplification of this genetic marker 
from environmental samples (Tedersoo et al., 2018). But rDNA sequences 
present lineage-specific evolutionary rates, which sometimes are in conflict 
with the consensus tree (James et al., 2020). A more comprehensive infer-
ence of the fungal Tree of Life has been possible through our access to 
whole genome sequencing across fungal lineages (Spatafora et al., 2016; 
Naranjo-Ortiz and Gabaldón, 2019; James et al., 2020). However, we are 
relying on culturable taxa, and those that form fruiting bodies, and probably 
underestimating the true fungal diversity, especially within the early diver-
gent lineages. Moreover, we are impaired by the current incapability to per-
form metagenomic studies in fungi, as genome assembly and classification is 
not straightforward. On a positive note, the advent of single cell genomic 
methods has allowed for the accurate placement of unculturable fungi in the 
fungal Tree of Life (Ahrendt et al., 2018). The phylogenomic methods used 
across the fungal research community have reached a consensus in which 
both concatenation and coalescence methods are applied to the data, benefit-
ing from the features that each can have in resolving tips of the tree or deep 
divergent lineages (Spatafora et al., 2016; Davis et al., 2019; Steenwyk et 
al., 2019; Paper II).  

A dilemma between –mycota and –mycotina  
All known AM fungi form a monophyletic clade within the fungal kingdom 
(Hibbett et al., 2007). Even if there is a clear consensus in their phylogenetic 



 30 

inference, the taxonomic classification brings some debate into the field. 
Various studies based on molecular markers, have classified this clade at the 
phylum level, under the name of Glomeromycota (Schüβler, Schwarzott and 
Walker, 2001; James et al., 2006; Hibbett et al., 2007; Schüßler and Walker, 
2010; Tedersoo et al., 2018). However, phylogenomic analyses using ge-
nomic and transcriptomic data have downgraded AM fungi to the sub-
phylum level, as Glomeromycotina, enclosed in the phylum Mucoromycota, 
together with the sister sub-phyla Morteriellomycotina and Mucoromycotina 
(Spatafora et al., 2016; Beaudet et al., 2018; James et al., 2020). In paper II 
we discuss this classification dilemma, and suggest that the separation of 
Glomeromycota, Morteriellomycota, and Mucoromycota should be main-
tained at the phyla taxonomic level, based on their distinct life cycles. Clas-
sifications are important to humans, for communication and understanding 
of what we are referring to, but the vocabulary used can influence our per-
ception of the message that we intend to transmit. Upgrading more non-
Dikarya lineages to the level of phyla could convey the importance of the 
on-going and future research on these taxa. Taxonomic classifications are in 
constant reconsideration according to what the consensus is in the communi-
ty, and only time and open discussions will tell which taxonomic level AM 
fungi are ultimately classified at. To keep consistency with paper II, I will 
keep referring to this fungal clade as Glomeromycota, without that intending 
to be a standing claim. 

6.2. The Glomeromycota tree, from backbone to internal 
discrepancies. 
Glomeromycota is divided in four orders, twelve families, and 33 genera 
(Wijayawardene et al., 2018). Most phylogenetic inferences within this clade 
have been based on sequencing and alignment of rDNA sequences (Krüger 
et al., 2012; Redecker et al., 2013), supported as well by morphological 
characteristics. Genomic studies in the following years were limited to the 
Diversisporales order (Sun et al., 2018; Morin et al., 2019) and the Glomer-
aceae family, within the Glomerales order (Tisserant et al., 2013; Lin et al., 
2014; Chen et al., 2018; Kobayashi et al., 2018), which, when analyzed phy-
logenomically, showed no discrepancies with the established phylogenetic 
knowledge (Morin et al., 2019). Only when the transcriptomic study of 
Beaudet et al., 2018 was published, a new topology came to light, in which 
the order Glomerales was inferred as polyphyletic, with the family Glomer-
aceae as sister group to Diversisporales, and Claroideoglomeraceae as out-
group of the two. In paper II we expanded the phylogenomic analysis of 
Glomeromycota by covering, with genomic data, seven families, and twelve 
genera, with a total of 21 newly sequenced taxa, plus six previously pub-
lished isolates (Chen et al., 2018; Sun et al., 2018; Morin et al., 2019), in-
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cluding the genomic assembly built in paper I, thus becoming the most 
comprehensive phylogenomic analysis ever produced for the Glomeromyco-
ta phylum.  

 
Figure 5. Conflicting tree topologies within Glomeromycota. We always observe 
changes between the branches of the Glomerales families, and the Diversisporales 
clade. Topology 1 is the most supported topology, and represents the species tree, in 
which Glomerales is polyphyletic. Topology 2 recovers the order Glomerales as 
monophyletic. Topology 3 infers polyphyly in Glomerales, this time grouping as 
sister clades Claroideoglomeraceae and Diversisporales.   

In paper II the phylogeny was first inferred by concatenating aligned 
single copy orthologs shared among taxa, and using ML methods such as 
RAxML (Stamatakis, 2014) and IQTree (Nguyen et al., 2015), which result-
ed in a phylogeny with full bootstrap support of all branches. The topology 
of this consensus tree supports the one seen before, based on transcriptomic 
data (Beaudet et al., 2018). We then added a coalescence-based method 
analysis, analyzing gene trees individually, and thus avoiding concatenation 
of data, with ASTRAL-II (Mirarab and Warnow, 2015). This analysis result-
ed in the same consensus tree as inferred through concatenated methods, but 
presented a lower multi-locus bootstrap support (80%) at the node between 
Glomeraceae and Diversisporales. We then proceeded to expand our anal-
yses by examining all the different topologies represented in the set of single 
gene trees, produced from single copy orthologs shared across Glomeromy-
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cota. These analyses indicated three main alternative topologies (figure 5) 
that have some support from different sets of genes. The first topology, sup-
ported by most of the data, infers the polyphyly of the order Glomerales, 
with the family Glomeraceae appearing as a sister group to the order Diver-
sisporales, while Claroideoglomeraceae becomes an outgroup to those two 
(figure 5). The second topology recovers the tree inferred by rDNA data and 
morphology (Redecker et al., 2013), inferring the order Glomerales as mon-
ophyletic, with the families Glomeraceae and Claroideoglomeraceae as sister 
groups (figure 5). The third topology, described for the first time in paper 
II, places Claroideoglomeraceae as a sister group of Diversisporales, with 
the Glomeraceae family as outgroup (figure 5). In light of these results, we 
concluded that the species tree of Glomeromycota matches with the first 
topology; in which Glomeraceae is a sister group to Diversiporales. But ge-
nomes are dynamic, and different evolutionary processes, such as horizontal 
gene transfer, lost paralogies, incomplete lineage sorting, and lineage specif-
ic mutation rate, can reveal different evolutionary histories. Further phyloge-
netic analyses will ultimately allow us to explore which processes have 
shaped the genome of AM fungal species. 
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Genomic features of Glomeromycota 

7. Diverse genomic populations within an organism? 
As I mentioned in the section one, introducing AM fungal biology, the only 
known reproductive structure in this group of fungi are the multinucleate 
spores, which has led to AM fungi being long referred as ancient asexuals 
(Judson and Normark, 1996). The lack of a mono-nucleate stage in the life 
cycle of AM fungi that could act as a bottleneck for emerging mutations, 
brings up questions on how have they survived millions of years, maintain-
ing high levels of within-organismal variation, which has been frequently 
discussed as an “evolutionary scandal” (Judson and Normark, 1996; Taylor 
et al., 2015). Genetic variation across nuclei within the same individual is 
described with the name heterokaryosis, as opposed to the homokaryotic 
state, in which the entire nuclear population has the same genetic composi-
tion. For many years, there has been an ongoing debate regarding the ge-
nomic organization within AM fungal organisms.  

The idea of heterokaryosis in AM fungi began with the studies analyzing 
rDNA sequences. The rDNA gene cluster in eukaryotes has a structure with 
three rDNA genes, rDNA 18S, or small sub-unit (SSU); rDNA 5.8S; and 
rDNA 28S, or large sub-unit (LSU). These sequences are separated by two 
internal transcribed spacers (ITS); ITS1, between SSU and 5.8S; and ITS2, 
between 5.8S and LSU. Variation within sequences of rDNA in nuclei con-
tained in one spore was observed at first in the ITS regions (Sanders et al., 
1995; Lloyd-Macgilp et al., 1996), but soon after it was discovered that vari-
ation could also be observed at the SSU (Clapp, Fitter and Young, 1999), 
and LSU (Clapp, Rodriguez and Dodd, 2001) genes. In light of these results, 
heterokaryotic organization within AM fungi was the dominant hypothesis in 
the following years (Kuhn, Hijri and Sanders, 2001; Hijri and Sanders, 2004; 
Sanders and Croll, 2010). The assumption changed as soon as the first ge-
nomic and transcriptomic analyses were published in AM fungi (Tisserant et 
al., 2013; Lin et al., 2014), suggesting that the genetic variation observed 
derives from paralogous sequences present in all co-existing nuclei (Riley et 
al., 2016), as previously suggested by Pawlowska, (2005). 

Indeed, it was also discovered that AM fungal genomes harbor divergent 
rDNA variants dispersed in the genome (Vankuren et al., 2013; Maeda et al., 
2018). This poses an interesting difference from the multi-copy tandem or-
ganization in which the rDNA operon is commonly found across fungi 
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(Lofgren et al., 2019). In paper I, we conclude that assembly workflow 1 
works best to capture rDNA diversity within a genome, when working with 
WGA data. However, paralogous sequences are not restricted to the rDNA 
genes in AM fungi and, since the first genomic studies, a big amount of gene 
duplications was observed within the genome (Tisserant et al., 2013; Sun et 
al., 2018), which was already estimated in earlier studies using PCR, bacte-
rial cloning, or Sanger sequencing (Corradi and Sanders, 2006; Corradi et 
al., 2007). This high paralogy has been hypothesized to confer genetic plas-
ticity to AM fungi (Riley et al., 2016), allowing them to adapt to different 
environments and hosts. In fact, structural gene diversity and copy number 
variation can be identified even from isolates of the same species retrieved in 
close vicinity (Corradi et al., 2007). This plasticity leads to a variability on 
phenotypic characters that could directly affect establishment of mycorrhizal 
symbiosis and plant fitness (Munkvold et al., 2004; Koch, Croll and Sanders, 
2006; Croll et al., 2008; Ehinger et al., 2012; Angelard et al., 2014), which 
would explain the evolutionary advantage of genetic variation among popu-
lations of AM fungi. Despite this confirmation of between isolate diversity, 
studies based on single nucleotide polymorphism (SNP) density in AM fungi 
have shown low intra-organismal genetic variation (Lin et al., 2014; Ropars 
et al., 2016; Chen et al., 2018; Morin et al., 2019), suggesting a uniform 
genomic repertoire within an organism, thus rejecting the heterokaryosis 
hypothesis. These results were confirmed in the genus Claroideoglomus, in 
paper III, proving the low SNP density between nuclei from a single spore. 

How can AM fungi maintain a low level of genetic variation while keep-
ing an asexual reproduction, is still an on-going investigation. But there are 
many indications that probably AM fungi are not such evolutionary scandal-
ous organisms after all, and possibly conceal a sexual cycle, yet to be ob-
served (Ropars et al., 2016). Indeed, key genetic components involved in 
sexual reproduction, such as meiotic recombination genes and equivalents of 
fungal mating-type (MAT) loci have been identified in AM fungal genomes 
(Halary et al., 2011, 2013; Tisserant et al., 2012, 2013; Ropars et al., 2016; 
Sun et al., 2018). Furthermore, the study of MAT loci in AM fungi has re-
vealed that nuclei organization might be restricted to homokaryotic and 
dikaryotic-like states. The dikaryotic state can be identified in whole ge-
nomic data from multiple nuclei by the drop in coverage that befalls at the 
MAT locus position, revealing two distinct MAT loci in the nuclei popula-
tion; while in homokaryotic isolates, only one MAT locus was found co-
occurring across all nuclei (Ropars et al., 2016; Sun et al., 2018). In paper 
III, we were able to analyse the data at a single nucleus level, by looking for 
the MAT locus sequences in the single nuclei assemblies produced with the 
assembly workflow 2, and we identified only one type per taxon, suggesting 
homokaryosis in the studied isolates, and thus, supporting the observation of 
low genetic diversity. 
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Current evidence seem to indicate that anastomosis could occur between 
homokaryotic isolates and meiotic recombination could occur post-MAT 
loci recognition, which would indicate that a diploid nuclear stage exists, 
still never observed in AM fungi.  

8. Repeats and transposable elements 
Repetitive elements in a genome, as the name indicates, refer to sequences 
that are copies of themselves, at different degrees of divergence. Repeat 
sequences can appear in tandem, as satellites or microsatellites; both in tan-
dem or interspaced, as multicopy genes; and interspaced like mobile ele-
ments or transposable elements (TEs). 

Transposable elements (TEs) are DNA sequences that can move from one 
location of the genome to another. TEs are ubiquitous across almost all ge-
nomes of prokaryotes and eukaryotes, and are so diverse that a taxonomic 
classification into orders, superfamilies, families, and subfamilies, has been 
established (Kapitonov and Jurka, 2008); this classification is based in the 
organisms they are found in and their transposition mechanism (Kojima, 
2019). One main classification, even though with exceptions (Piégu et al., 
2015), divide TEs into two main categories, RNA and DNA transposons, 
which are also called class I and class II transposons (Finnegan, 1989). Class 
I TEs transpose through an RNA intermediate, which requires a reverse tran-
scriptase (RT). Retrotransposons can be autonomous or not depending on 
their ability to encode their own RT (Kojima, 2019).  Class II TEs do not 
require an RNA intermediate, but still can be classified as autonomous or 
not, according to their ability to encode transposases, recombinases, or nu-
cleases; their subclassification is based on the distinct types of these transpo-
sition mediating proteins (Kojima, 2019).  

TEs have been described as drivers of genome evolution, because of their 
implications in affecting gene expression and shaping entire genomes 
(Kazazian, 2004), introducing genetic diversity within populations that can 
ultimately be selected to favour new phenotypes. Their importance in the 
evolutionary pathway towards present eukaryotic genomes is reflected in the 
extreme accumulation that some groups display, like plants and animals, in 
which TE content can constitute between 50 to 90% of the genome 
(Kazazian, 2004), contributing to genome size inflation.  

8.1. TEs in fungi 
TE content is very variable in the fungal kingdom. While asco- and basidio-
mycetes rarely contain more than 5% repetitive DNA, Glomeromycota ge-
nomes are characterized by commonly having more than 30% repeat content 
(Wostemeyer and Kreibich, 2002). Amount of TEs is controlled by mecha-
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nisms that limit TE activity in genomes through TE silencing with DNA 
methylation (Goll and Bestor, 2005; Zemach et al., 2010), post-
transcriptional silencing through RNA interference (RNAi) (Fulci and 
Macino, 2007), and the fungal specific mechanism repeat induced point mu-
tation (RIP) (Cambareri et al., 1989).  

 
Figure 6. Correlation analysis between repeat content (Mb) and genome size (Mb), 
in the genome assemblies presented in paper II. Linear regression printed in black. 
Pearson correlation coefficient (R) and P-value shown inside graph. AM fungal 
families represented: purple: Glomeraceae, blue: Acaulosporaceae, light green: Di-
versisporaceae, green: Gigasporaceae, yellow: Claroideoglomeraceae, orange: Ar-
chaeosporaceae, red: Paraglomeraceae.  

In AM fungi, repeats have been found to contribute a large part of the ge-
nome, with smaller amounts in Paraglomus (<25%) (Paper II), Rhizophagus 
(<30%) (Morin et al., 2019), and Claroideoglomus (<35%) (Paper II); close 
to half of the genome in Diversisporales (<45%) (Sun et al., 2019, Paper II), 
Funneliformis (~50%) (Paper II); with larger TE content than 60% of the 
genome in the entire family Gigasporaceae (Morin et al., 2019, Paper II), 
and Acaulospora (70-80%) (Paper II). Amount of TEs is quite consistent 
within sampled Glomeromycota genera, except for the Ambispora genus, 
with species at <50% in contrast with others at >70% repeat content, which 
is also reflected in final genome assembly size (Paper II). Across AM fungi, 
there is a very strong correlation (R=0.99, p-value<2.2e-16) between genome 
size and repeat content (figure 6). Thus, the acquisition of repeats could ex-
plain the characteristically bigger genomes of Glomeromycota, as opposed 
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to other fungal taxa, in which there is no correlation between genome size 
and repeat content (Muszewska et al., 2017). 

When observing the divergence landscapes of the repeat elements in AM 
fungi, we see a clear constant increase of repeat content in some families of 
AM fungi, like Gigasporaceae, suggesting the absence of a mechanism of TE 
inhibition or purging (Paper IV). However, we do capture a recent reduction 
in newly acquired TEs in Glomeraceae (Paper IV). Indeed, in Rhizophagus, 
a post-transcriptional regulation system through RNAi has been found (Lee 
et al., 2018). It has both eukaryotic, and prokaryotic origin, suggesting hori-
zontal gene transfer (HGT) (Lee et al., 2018). Furthermore, it still maintains 
a complete set of the core genes involved in the RNAi process, Dicer, RdRP, 
and Argonaute/Piwi (Lee et al., 2018), which were also found and described 
in Paper IV.  

The classified TEs in AM fungi are predominantly dominated by DNA 
elements (Chen et al., 2018; Sun et al., 2018; Morin et al., 2019; Paper I, 
Paper II, Paper IV), which is translated into a big diversity in these kind of 
TEs as well (Muszewska et al., 2017). These results have to be taken with 
caution though, as the same studies have also shown that only a fraction of 
the identified repeats could be classified (Paper IV). The utilization of au-
tomatized repeat discovery tools such as RepeatModeler (Smit and Hubley, 
2015) and RepeatScout (Price, Jones and Pevzner, 2005) can cause an over-
estimation of TE content if multi-copy host genes are identified and annotat-
ed as “unclassified”, therefore, it is strongly advised to filter non-TE se-
quences from the initial repeat libraries (Yandell and Ence, 2012; Paper IV). 
Repeat libraries are used further to mask the genome assemblies prior to 
protein coding gene prediction and annotation pipelines, which could lead to 
an under-estimation of multi-copy genes, and thus excluding an important 
source of genetic variation among AM fungal species and populations (Koch 
et al., 2004; Corradi et al., 2007; Ehinger et al., 2012; Wyss et al., 2016). In 
paper IV, 15-23% of the repeat content of R. irregularis strains, was re-
classified as non-TE repeats, while other species presented lower amounts of 
non-TE repeats, with 10% in C. claroideum, and 4% in G. margarita. 
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Conclusions 

Paper I. I sough to overcome the methodological changes that exist in cul-
turing, and consequently, whole genome sequencing of AM fungi, with the 
goal of producing de novo genome assemblies. And we concluded: 

• We successfully developed a pipeline for sorting single nuclei from 
single spores of AM fungi, followed by WGA by MDA, which re-
sulted in DNA samples from single isolated nuclei, free of contami-
nants.  

• The amplification provided enough DNA for Illumina HiSeqX se-
quencing of single nuclei, and DNA from pools of nuclei was suita-
ble for long read sequencing with Nanopore.  

• Comprehensive de novo genome assemblies can be produced with 
two alternative workflows, while a third workflow produces the best 
single nuclei assemblies.  

• The different assemblies that result from the three workflows present 
different strengths, so that assemblies can be used for different 
downstream analyses such as phylogenomics and comparative ge-
nomics of single nuclei. 

• We conclude that this method could be applicable to a wide range of 
multicellular eukaryotes with complex life cycles, in which genomic 
analyses have hitherto not been possible.  

Paper II applied the method presented in paper I to produce a phylo-
genomic analysis based on a comprehensive sampling across the AM 
fungal tree. 

• De novo genome assemblies covering seven families of Glom-
eromycota were presented. From the 22 newly assembled ge-
nomes, 20 had never been sequenced and assembled before, 
expanding greatly the available genome data in AM fungi. 

• The phylogenomic analysis confirmed the monophyly of 
Glomeromycota, in line with previous studies using sequences 
of the rDNA operon, as well as former analyses with smaller 
sets of genomic and transcriptomic data.  

• We identify three candidate topologies within Glomeromycota, 
in which the family Glomerales is recovered as polyphyletic in 
two of them. 
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Paper III explored intra-organismal genetic variation in three strains 
of the Claroideoglomus genus. 

• We produced 24 single nuclei assemblies from each isolate 
and identified rDNA variants and MAT locus. 

• SNPs were identified by mapping read data from the individu-
al nuclei to the reference genome assemblies. In line with pre-
vious studies we observed a low SNP density. Resulting in 
lower densities around 0.02-0.11 SNPs per kb across the ge-
nome, when excluding repeats. 

• The presence of only one MAT allele across the nuclei in 
which the MAT locus was found, indicates the haploid nature 
of these studied isolates, and it was confirmed by the allele 
frequency patterns.  

Paper IV explores genomic repeats across the de novo genome as-
sembly of C. claroideum 1n, produced in paper I, and includes in the 
analyses previously sequenced isolates from the Rhizophagus genus, 
and Gigaspora rosea.  

• Repeat elements comprise a large part of the genome, ranging 
from 30%, up to 60% of the genomic content. From the re-
peats, a big part is classified as DNA transposons (11-17%). 

• We explore the faults of repeat discovery pipelines, which 
classify as repeats non-TE host genes that appear in multi-
copy. Likewise, we state the importance of filtering those out 
before masking the genome assembly for gene prediction and 
annotation.   

• The analysis of the evolutionary patterns modifying the repeat 
divergence landscapes across genera of AM fungi, such as ac-
quisition and purge of TEs, reveals a possible control mecha-
nism in the Rhizophagus genus.  
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Future perspectives 

When I started my PhD, in July 2016, only one reference genome of AM 
fungi had been published (Tisserant et al., 2013; Lin et al., 2014); the ge-
nomic era of AM fungi was just at the very start. Given the importance of 
this group of fungi, as essential plant symbionts, it is not surprising the boom 
of genomic research that started right after those first studies, including our 
own line of research. From 2018 onwards (figure 3), research groups from 
all around the world have presented novel AM genomic data, which has 
boosted enormously our knowledge of the biology of AM fungi. I foresee 
that the following years will continue uncovering a great amount of the cur-
rent mysteries of the ecology, biology and evolution of this group of fungi. 
Major breakthrough will only be possible as a global collaborative effort, 
analyzing, as I say in my title, one genome assembly at a time. Some specific 
topics I am interested in looking a bit more closely in the future are:  

Sequencing of wild strains 
Benefiting from the method presented in paper I, in which only one spore is 
needed to create a de novo genome assembly from a given isolate, we could 
access the unculturable strains that can be only found in the natural envi-
ronment. This could be of great importance when analyzing wild populations 
of AM fungi, both for accurate identification, and for comparative genomic 
studies between in-culture strains and wild ones, for example, analyzing if 
levels of heterokaryosis in nature are significantly higher, as opposed to 
strains that have been in lab conditions for several years.  

Comparative genomics across the Glomeromycota tree 
Paper II presents vast amounts of genomic data that was not available be-
fore, which could allow us to study the diverse evolutionary patterns in dif-
ferent AM fungal lineages, as well as different genetic components that can 
lead to different ways of interacting with the environment. For example, 
evolution of P transporters in this group of fungi. 

Exploring the Glomeromycota phylogeny 
Paper II also revealed three co-existing topologies represented across the 
gene trees. Elucidating the processes that have caused that, could take us 
closer to the evolutionary history of this ancient group of fungi. Given the 
high copy variation in gene content across AM fungal species, a good place 
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to start would be to analyze phylogenies by analyzing the available set of 
paralogs, instead of only being limited to the single copy orthologs.  

Analyzing reproductive mode of AM fungi 
The genetic variation analysis carried out in paper III could be expanded to 
include a wider range of isolates, or even studying different spores from the 
same isolate. Accordingly, we could investigate remnant signals of sexual 
reproduction, recombination, and ploidy differences in AM fungal species.  

Analyzing repeat elements across the entire Glomeromycota tree 
A careful curation of repeat elements in every genome assembly of AM fun-
gi, as in paper IV, could help us elucidate a lot about the evolution of their 
characteristic genome architecture, with high levels of gene copies, and in-
creased genome sizes, compared to other groups of fungi. 
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Svensk sammanfattning 

Genomik är studiet av DNA, som finns i varje kärna i varje cell i alla 
organismer. Genom att läsa DNA kan vi få information om hur organismer 
fungerar, reproducerar sig och hur den interagerar med sin miljön. Det kan 
också ge oss information om organismens evolutionära historia, vilket gör att 
vi kan lära oss om de evolutionära processer som har gjort organismen till 
vad den är idag. Detta är extra intressant när man arbetar med organismer 
med lång evolutionär historia, som arbuskulära mykorrhizalsvampar, vars 
ursprung går tillbaka 400 miljoner år, baserat på fossila lämningar. Under 
hela den tiden har denna grupp av svampar varit viktiga symbionter för de 
flesta landlevande växter. Arbusculär mycorrhizal svampar ger mineral 
näringsämnen till växten, såsom kväve och fosfor, samtidigt som de får 
tillbaka en del av kolet som växten fixerar under fotosyntes. 

Arbuskulär mycorrhizal svampar är väldigt knepiga att studera, de lever 
under marken och producerar inga större synliga strukturer. Detta och att de 
bara växer om de har kontakt med en växt gör genomstudier komplicerade i 
denna grupp av svampar. Det är svårt att få fram tillräckligt med vävnad för 
att extrahera DNA för sekvensering, och kvaliteten på det extraherade DNAt 
påverkas, eftersom de lätt förorenas av växt-DNA och andra organismer som 
lever i jorden. I min forskning har jag utvecklat nya metoder som undanröjer 
dessa problem genom att sortera ut och och sekvensera DNA från enskilda 
kärnor, extraherade direkt inifrån de sporer som arbuskulära 
mykorrhizalsvampar producerar. Genom att sekvenserar kärnornas DNA har 
vi kommit en bit på vägen, men den största utmaningen återstår. Sekvenser-
na är som ett pussel med många miljoner bitar, och vi måste ta reda på hur 
bitarna passar ihop till hur vi tror genomet ser ut i organismen. 

I papper I presenteras metoden vi utvecklat för att sorterar enskilda kärnor 
från svampsporer, sekvenserar dessa och hur vi arbetat för att sammanställa 
referensgenom. Endast en handfull arbuskulära mykorrhizalsvampar har 
tidigare sekvenserats och referens genom från närbesläktade arter saknas. I 
arbete has vi gjort en omfattande analys av hur olika metoder för att sam-
manställa referensgenom påverkar den beräknade genomiska 
sammansättningen. Vår metod möjliggör framtida studier av släktskap och 
evolutionära processer som har formade den. 

I papper II använde vi oss av metoded från Paper I och sekvenserade 22 
nya arter av arbuskulära mycorrhizalsvampar. Vi valde arter som represente-
rade alla beskrivna släkten och 20 av arterna hade inte sekvenserat tidigare. 
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Genom att inkludera en av de mest välstuderade arterna kunde vi jämföra vår 
metod för att sammanställa referensgenom med konventionella metoder och 
visa att vi genererar pålitliga och användbara referensgenom. Den breda 
provtagningen gjorde det möjligt för oss att rekonstruera arbuskulära 
mykorrhizalsvampar evolutionära förhållanden (fylogeni). Vår data stöder 
rådande klassificering av familjer men vi visar på att släktskapet dem emel-
lan har formats av delvis motsägelsefulla evolutionära historier. Detta kan 
vara ett resultat av att gener dupliceras, tagits bort eller ändras specifikt i 
vissa genom men inte i andra. Olika evolutionära historier kan också bero på 
att det skett genetiskt utbyte mellan arter. 

I papper III undersöktes möjliga genetiska skillnaderna mellan kärnor i 
enskilda organism. Till skillnad från de flesta andra flerselliga organismer är 
arbuskulära mykorrhizasvampar inte uppdelade i celler med en kärna var. 
Istället har de massor av kärnor som rör sig i organismen, en teori har länge 
varit att dessa kärnor är genetiskt olika. Idén baseras på observationer av den 
asexuella livscykeln där hundratals kärnor samlas i varje spore. Det saknas 
alltså en flaskhalskontrollpunkt där en cell ger upphov till en ny organism, 
vilket är en process som minskar variationen i nästa generation genom att 
sortera bort slumpmässiga mutationer som inträffat i olika kärnor. Våra re-
sultat stöder dock senare årens forskning och visat att de arter av arbuskulära 
mykorrhizasvampar som studerats ha låga nivåer av genetisk 
inomorganismvariation. Vi visar även att de upprätthåller gener för sexuella 
reproduktion i sina genom, vilket antyder, som andra tidigare har visat, att 
dessa svampar antagligen har ett sexuellt reproduktionsstadium som vi ännu 
inte har observerat. 

Paper IV utforskar ett viktigt element som påverkar genomisk arkitektur, 
så kallade transponerbara element, vilket är upprepade genetiska element 
som har förmågan att förflytta sig i genomet. Expansion av transponerbara 
element kan ändra genetiska sekvenser genom att kopiera dem eller bryta 
upp gener och strukturer där det transponerbara element placerar sig. En 
omfattande analys av dessa sekvenser kan berätta mycket om utvecklingen 
av dessa organismer men mycket är fortfarande okänt kring transponerbara 
element hos arbuskulära mykorrhizasvampar. Detta gör att dessa element 
måste analyseras med noggrannhet, och vi upptäckte att en betydande del av 
det som initialt klassificeras som okända upprepade sekvneser inte var 
transponerbara element utan svampen egna gener som förekom i många ko-
pior. Vi bekräftar tidigare observationer att jämfört med andra svampar har 
arbuskulära mykorrhizasvampar mycket hög andel transponerbara element i 
sina genom. Baserat på skillnader ide transponerbara element evolutionära 
historia i olikga släkten, observerar vi en koppling till förekomsten av en 
möjlig kontrollmekanisms i släkten Rhizophagus. Mönstret är intressant men 
måste undersökas närmare. 

Forskningen under mina doktorandstudier har fokuserat på metod- och 
analysutveckling inom genomikforskning på komplicerade icke-modell org-
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anismer. Jag har studerat arbuskulära mykorrhizasvampar och har i mitt ar-
bete bidragit till en kraftig expansion av tillgängliga genomdata i denna 
grupp av ekologiskt och ekonomiskt viktiga växtsymbionter. Idag vet vi att 
majoriteten av livsformer utgörs av ännu okända organismer som är svåra att 
studera. De metoderna jag varit med och utvecklat kommer kunna ha bäring 
för en lång rad av dessa organismer. 
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Resumen en español 

La genómica es el estudio del ADN en el núcleo de cada célula dentro de 
cada organismo, denominado genoma. Al leer el ADN, podemos obtener 
información sobre cómo funcionan los organismos, cómo se reproducen y 
cómo interactúan con su entorno. También puede darnos información sobre 
su historia evolutiva, lo que nos permite conocer los procesos evolutivos que 
han hecho del organismo lo que es hoy en día. Esto es especialmente intere-
sante cuando se trabaja con seres vivos con una larga historia evolutiva, co-
mo los hongos micorrízicos arbusculares, cuyo origen se remonta a 400 mi-
llones de años con base en restos fósiles. A lo largo de ese tiempo, este gru-
po de hongos ha sido simbiontes importantes para la mayoría de las plantas 
terrestres. Los hongos micorrízicos arbusculares aportan nutrientes minerales 
a la plantas, como nitrógeno y fósforo, a cambio del carbono que las plantas 
fijan durante el proceso de fotosíntesis. 

Los hongos micorrízicos arbusculares son muy difíciles de estudiar, viven 
bajo tierra y no producen estructuras notorias. Esto, y el hecho de que sólo 
crezcan si tienen contacto con una planta, complica los estudios genéticos en 
este importante grupo de hongos. Es difícil obtener suficiente tejido para 
extraer el ADN para su secuenciación. Asimismo, la calidad del ADN ex-
traído se puede ver afectada, ya que se contaminan fácilmente con el ADN 
de las plantas y otros organismos que viven en el suelo. En mi investigación, 
he desarrollado nuevos métodos que eliminan estos problemas al aislar y 
secuenciar el ADN de los núcleos individuales, extraído directamente de las 
esporas que producen los hongos micorrízicos arbusculares. Al secuenciar el 
ADN nuclear, hemos recorrido un largo camino, pero el mayor desafío per-
manece. Las secuencias obtenidas son relativamente cortas, convirtiendo el 
ADN en un rompecabezas con muchos millones de piezas que requieren 
sofisticados algoritmos para resolverse.  

El capítulo I presenta el método que hemos desarrollado para aislar nú-
cleos individuales de las esporas, secuenciar su ADN y reconstruir su geno-
ma, creando así una referencia. Previamente, sólo se habían secuenciado 
unas cuantas especies de hongos micorrízicos arbusculares y se carecía de 
referencias para especies estrechamente relacionadas. En este proyecto, he-
mos realizado un análisis exhaustivo de cómo los diferentes métodos para 
reconstruir el genoma de referencia afectan la composición genómica calcu-
lada. Nuestro método permitirá futuros estudios del parentesco entre espe-
cies y los procesos evolutivos que lo han moldeado. 
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En el capítulo II, utilizamos el método del capítulo I y secuenciamos 22 
especies de hongos micorrízicos arbusculares, 20 de las cuales nunca habían 
sido secuenciadas. Estas 22 especies son representativas de todos los géneros 
descritos. Al incluir una de las especies mejor estudiadas, pudimos comparar 
nuestro método de reconstrucción de genomas de referencia con métodos 
convencionales, demostrando así que generamos genomas de referencia fia-
bles y útiles. El amplio muestreo nos permitió reconstruir las relaciones evo-
lutivas entre los hongos micorrízicos arbusculares (filogenia). Nuestros datos 
apoyan la clasificación predominante de familias, pero demostramos que la 
relación entre ellas ha sido moldeada por historias evolutivas parcialmente 
contradictorias. Esto puede ser el resultado de genes duplicados, eliminados 
o alterados específicamente en algunos genomas pero no en otros. Las dife-
rentes historias evolutivas también pueden explicarse con un potencial inter-
cambio genético entre especies (hibridación) en el pasado distante. 

El capítulo III examinó las posibles diferencias genéticas entre los núcleos 
de organismos individuales. A diferencia de la mayoría de los otros orga-
nismos multicelulares, los hongos micorrízicos arbusculares no se dividen en 
células con un núcleo cada una. En cambio, el cuerpo del hongo (micelio) es 
una red continua de citoplasma donde los núcleos circulan libremente. Una 
teoría muy discutida supone que estos núcleos son genéticamente diferentes. 
La idea se basa en observaciones del ciclo de vida asexual donde se acumu-
lan cientos de núcleos en cada espora. Por lo tanto, a diferencia de los ani-
males donde una sola célula da lugar a un nuevo organismo reduciendo drás-
ticamente la variación genética, estos hongos potencialmente transmiten 
muchas mutaciones adicionales a la siguiente generación. Sin embargo, 
nuestros resultados sugieren que las especies de hongos micorrízicos arbus-
culares estudiadas tienen niveles bajos de variación genética dentro del or-
ganismo, lo cual es consistente con otros estudios recientes. También encon-
tramos que estas especies mantienen genes necesarios para la reproducción 
sexual en sus genomas, lo que sugiere, como se ha propuesto anteriormente, 
que estos hongos probablemente tienen una etapa de reproducción sexual 
que aún no hemos logrado observar. 

El capítulo IV explora un elemento importante que afecta la arquitectura 
genómica, los llamados elementos transponibles, que son elementos genéti-
cos egoístas que tienen la capacidad de moverse y multiplicarse dentro del 
genoma. La inserción de elementos transponibles puede alterar el contexto 
genómico o incluso interrumpir genes. Un análisis exhaustivo de estas se-
cuencias puede decir mucho sobre el desarrollo de estos organismos, pero 
aún se sabe muy poco sobre los elementos transponibles en los hongos mico-
rrízicos arbusculares. Esto significa que estos elementos deben analizarse 
con cuidado, y descubrimos que una parte significativa de lo que inicialmen-
te se clasificó como secuencias repetidas desconocidas no eran elementos 
transponibles, sino genes del propio hongo que aparecían en muchas copias. 
Confirmamos observaciones previas de que, en comparación con otros hon-
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gos, los hongos micorrízicos arbusculares tienen una proporción muy alta de 
elementos transponibles en sus genomas. Con base en las diferencias entre 
los elementos transponibles, y dada la historia evolutiva ente los diferentes 
géneros, observamos un vínculo con la existencia de un posible mecanismo 
de control en el género Rhizophagus. El patrón es interesante pero necesita 
ser investigado más a fondo. 

La investigación durante mis estudios de doctorado se ha centrado en el 
desarrollo de métodos y análisis en la investigación genómica de organismos 
no modelo. He estudiado hongos micorrízicos arbusculares y en mi trabajo 
he contribuido a una fuerte expansión de los datos genómicos disponibles en 
este grupo de simbiontes de plantas ecológica y económicamente importan-
tes. Hoy sabemos que la mayoría de las formas de vida son organismos aún 
desconocidos y difíciles de estudiar. Los métodos que he desarrollado po-
drán ser utilizados para expandir nuestro conocimiento en una gama aún 
mayor de organismos poco estudiados. 
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Resum en català 

La genòmica és l'estudi de l'genoma, l'ADN en el nucli de cada cèl·lula dins 
de cada organisme. A l'llegir l'ADN, podem obtenir informació sobre com 
funcionen els organismes, com es reprodueixen i com interactuen amb el seu 
entorn. També pot donar-nos informació sobre la seva història evolutiva, el 
que ens permet conèixer els processos evolutius que han fet de l'organisme el 
que és avui dia. Això és especialment interessant quan es treballa amb éssers 
vius amb una llarga història evolutiva, com els fongs micorízics arbusculars, 
l'origen es remunta a 400 milions d'anys amb base en restes fòssils. Al llarg 
d'aquest temps, aquest grup de fongs ha estat simbionts importants per a la 
majoria de les plantes terrestres. Els fongs micorízics arbusculars aporten 
nutrients minerals a la plantes, com nitrogen i fòsfor, a canvi de l'carboni que 
les plantes fixen durant el procés de fotosíntesi. 

Els fongs micorízics arbusculars són molt difícils d'estudiar, viuen sota 
terra i no produeixen estructures notòries. Això, i el fet que només creixin si 
tenen contacte amb una planta, complica els estudis genètics en aquest im-
portant grup de fongs. És difícil obtenir suficient teixit per extreure l'ADN 
per a la seva seqüenciació. Així mateix, la qualitat de l'ADN extret es pot 
veure afectada, ja que es contaminen fàcilment amb l'ADN de les plantes i 
altres organismes que viuen al sòl. En la meva recerca, he desenvolupat nous 
mètodes que eliminen aquests problemes a l'aïllar i seqüenciar l'ADN dels 
nuclis individuals, extret directament de les espores que produeixen els fongs 
micorízics arbusculars. A l'seqüenciar l'ADN nuclear, hem recorregut un 
llarg camí, però el major desafiament es manté. Les seqüències obtingudes 
són relativament curtes, convertint l'ADN en un trencaclosques amb molts 
milions de peces que requereixen sofisticats algoritmes per resoldre. 

El capítol I presenta el mètode que hem desenvolupat per aïllar nuclis in-
dividuals de les espores, seqüenciar el seu ADN i reconstruir el seu genoma, 
creant així una referència. Prèviament, només s'havien seqüenciat unes 
quantes espècies de fongs micorízics arbusculars i es mancava de referències 
per a espècies estretament relacionades. En aquest projecte, hem realitzat 
una anàlisi exhaustiva de com els diferents mètodes per reconstruir el ge-
noma de referència afecten la composició genòmica calculada. El nostre 
mètode permetrà futurs estudis de el parentiu entre espècies i els processos 
evolutius que l'han modelat. 

En el capítol II, utilitzem el mètode de el capítol I i seqüenciem 22 es-
pècies de fongs micorízics arbusculars, 20 de les quals mai havien estat se-
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qüenciades. Aquestes 22 espècies són representatives de tots els gèneres 
descrits. A l'incloure una de les espècies millor estudiades, vam poder com-
parar el nostre mètode de reconstrucció de genomes de referència amb 
mètodes convencionals, demostrant així que generem genomes de referència 
fiables i útils. L'ampli mostreig ens va permetre reconstruir les relacions 
evolutives entre els fongs micorízics arbusculars (filogènia). Les nostres 
dades donen suport a la classificació predominant de famílies, però vam 
demostrar que la relació entre elles ha estat modelada per històries evolutives 
parcialment contradictòries. Això pot ser el resultat de gens duplicats, elimi-
nats o alterats específicament en alguns genomes però no en altres. Les 
diferents històries evolutives també poden explicar-se amb un potencial in-
tercanvi genètic entre espècies (hibridació) en el passat distant. 

El capítol III va examinar les possibles diferències genètiques entre els 
nuclis d'organismes individuals. A diferència de la majoria dels altres organ-
ismes multicel·lulars, els fongs micorízics arbusculars no es divideixen en 
cèl·lules amb un nucli cadascuna. En canvi, el cos de l'fong (miceli) és una 
xarxa contínua de citoplasma on els nuclis circulen lliurement. Una teoria 
molt discutida suposa que aquests nuclis són genèticament diferents. La idea 
es basa en observacions de l'cicle de vida asexual on s'acumulen centenars de 
nuclis en cada espora. Per tant, a diferència dels animals on una sola cèl·lula 
dóna lloc a un nou organisme reduint dràsticament la variació genètica, 
aquests fongs potencialment transmeten moltes mutacions addicionals a la 
següent generació. No obstant això, els nostres resultats suggereixen que les 
espècies de fongs micorízics arbusculars estudiades tenen nivells baixos de 
variació genètica dins de l'organisme, la qual cosa és consistent amb altres 
estudis recents. També trobem que aquestes espècies mantenen gens neces-
saris per a la reproducció sexual en els seus genomes, el que suggereix, com 
s'ha proposat anteriorment, que aquests fongs probablement tenen una etapa 
de reproducció sexual que encara no hem aconseguit observar. 

El capítol IV explora un element important que afecta l'arquitectura 
genòmica, els anomenats elements transposables, que són elements genètics 
egoistes que tenen la capacitat de moure i multiplicar-se dins de l'genoma. 
La inserció d'elements transposables pot alterar el context genòmic o fins i 
tot interrompre gens. Una anàlisi exhaustiva d'aquestes seqüències pot dir 
molt sobre el desenvolupament d'aquests organismes, però encara se sap 
molt poc sobre els elements transposables en els fongs micorízics arbuscu-
lars. Això vol dir que aquests elements s'han d'analitzar amb cura, i vam 
descobrir que una part significativa del que inicialment es va classificar com 
a seqüències repetides desconegudes no eren elements transposables, sinó 
gens de el propi fong que apareixien en moltes còpies. Confirmem ob-
servacions prèvies que, en comparació amb altres fongs, els fongs micorízics 
arbusculars tenen una proporció molt alta d'elements transposables en els 
seus genomes. Amb base en les diferències entre els elements transposables, 
i donada la història evolutiva ens els diferents gèneres, observem un vincle 
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amb l'existència d'un possible mecanisme de control en el gènere Rhizopha-
gus. El patró és interessant però necessita ser investigat més a fons. 

La investigació durant els meus estudis de doctorat s'ha centrat en el 
desenvolupament de mètodes i anàlisi en la investigació genòmica d'organ-
ismes no model. He estudiat fongs micorízics arbusculars i en el meu treball 
he contribuït a una forta expansió de les dades genòmiques disponibles en 
aquest grup de simbionts de plantes ecològica i econòmicament importants. 
Avui sabem que la majoria de les formes de vida són organismes encara 
desconeguts i difícils d'estudiar. Els mètodes que he desenvolupat podran ser 
utilitzats per a expandir el nostre coneixement en una gamma encara més 
gran d'organismes poc estudiats. 
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ideas, amazing at doing science, and always there to discuss some cool topic 
of life. We are very different, but in a way, we managed to fit together with 
time and compliances, and I am so grateful we tried. I have to say also… 
thank you for all the memes! xD Y bueno, gracias, gracias de todo corazón 
por estar ahí en tantos momentos. Gracias por todos los momentos vividos, y 
gracias por todas las dudas existenciales resueltas (o no) conversando conti-
go. Mahwash, thank you for so much. I met you during that introductory 
course to PhD studies and I never thought you would become someone that 
important. Thank you for each and every never-ending hug that you have 
given me when I needed it most. All the tears we shed together, all the 
laughs we had, all the endless conversations, every walk home that instead 
of 5 minutes could take 1 hour (so sad that we are not neighbors any-
more…), every time you have been mean with your sarcasm haha… you 
were really a wonderful person to have around during these years. 

 
From the scientific community outside of EBC, I have to start by mentioning 
Courtney, you were the very first person that I crossed paths with in Uppsa-
la, and there are no words to express how grateful I am to have met you. 
Your wisdom has been essential for my development as a person and as a 
scientist in the last 4 years. You are my role model, and everything I want to 
be when I “grow up”.  

From BMC, it is nice to have a small community of Spanish speakers, 
Eva, Andreå, Ale. Alejo, for the few occasions of climbing, and for all the 
fun discussions. Dani, it has been great knowing you, you even invited me to 
your PhD defense when I had just arrived to Uppsala, it is still today one of 
the top 5 defenses I’ve been to! Guilhe, for all the dances! Angela, for great 
discussions in Uppsala and in Cesky. Javier A, you always make my day as 
soon as I hear your voice or your laugh!  

Karin, thank you for all the puns! Never change! Emil, thank you for that 
year. You helped me grow as a person, both as a scientist and in life. Joran, 
always nice to discuss with you and to motivate each other at BodyPump! 
Jennah, because you always could find a moment to talk to me when I was 
sorting at BMC, and thanks for all the cool parties outside of that too! 

 
There is also life outside of science, and even if most people in Uppsala is 
related to science in some way, there is much more that keep us together and 
that have helped me grow as a person and to survive the years of PhD. 

My Upplanders! Javi C, give me 5 push ups! Thank you for that first in-
vitation to a party after the gym, getting to know all of you wouldn’t be pos-
sible without someone like you, who always welcomes everyone, no matter 
how little you know them. Thank you for all the great moments at the gym, 
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and outside, even if then you tend to vanish! ;) Tiscar, la meva Tisqui! You 
are such a wonderful and unique person, never change! Thank you for al-
ways being there, for all the xafardeo, for every time I would enter the gym, 
and never leave because we would have something to talk about, for all the 
trips, and for being such a great organizer, you keep us united! Lorenzo, 
ayyy, Lorenzo, it has been so much lived and discussed through the years. 
You are the person I go to when I need to laugh about my own dramas, and 
you always help me find a way to move on from them, even if it takes many 
days of beers, and nutella crêpes. Francesco, thank you for your craziness, 
for your randomness, for everything that makes you unique. Julia, life has 
moved us apart, but you have been such a great gym partner and friend, 
thank you for those years. Laia, it is always so nice to be able to speak Cata-
lan outside of the family environment (I would say the same for Tiscar, but 
we end up speaking all the languages but that sometimes haha), it has been 
so much fun to get to know you, to participate in your studies, and to be 
guided by your voice (thumbs up). María, thank you for all the conversa-
tions, you are an inspiration! I am so proud and happy to see how you grew 
from past experiences, and became this strong person. Dimitris, it has been a 
long way too, from those Challenge classes in the past, to even being a stu-
dent, and now… what a pájaro, now! Thanks for all! Miguel Ángel and Lea, 
thanks for giving a bit more cuteness to the world! For all the events, and for 
all the Avalons, it has been such fun. Alberto, the greatest fire maker of all 
times! Thanks for many moments of great conversations. The Lindvalls, 
Jenny, Malin and Victor, it was great fun knowing you!  

 
Around Uppsala (and Sweden) I met such amazing people, sometimes for 
very short periods of time, and sometimes friends for life! Manuel, thank 
you for becoming such an amazing friend, I appreciate enormously how 
much you truly care about me and the things I tell you, and how happy you 
are when something good happens to me, that is a gift that not many people 
has, and for that, you are special :)  

The Trivia and Civ people! You also helped me survive in these past 
months, where my only social life would sometimes be on Thursdays. 
Thanks Aaron (again), Courtney (again), Madee (again), Frille, Ramsha, 
Adrian, Daniel, Theo, and Sara, who also kept me company during the 
lock down times. And to Lee, of course. 

André, you showed me Uppsala right when I got here, thanks for every-
thing, and also Sheng, who I also got to see around the world :) Mathilde, 
always there when some event is happening, it has been so much fun danc-
ing with you in beervolutions and discussing over some beers. Ismail, be-
cause it is always fun to go around Uppsala and always find you around! 
Elias, always remembering to ask about my ‘shrooms! Ambra, for making 
my last summer a fun one! Filippo, una semana puede dar para muchas con-
versaciones, en una de ellas te dije que te mandaría una copia, y espero 
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cumplirlo! Nastassia, for the crazy parties, in Uppsala or Barcelona! To C, 
for the visits in Stockholm, that city has a special brightness because of that. 
Alexandra, me encantó conocer el mundo a través de tus ojos. Ahmad, 
because even after four years, you are still there. Thank you for reviving my 
love for Göteborg. 

 
Live would not be the same without hobbies, and mine are my two other jobs 
apart from science, photography, and training. In the photographic world I 
want to make a collective thanks to the members of Uppsala Fotografiska 
Sällskap, I learned so much from all of you. All the hours spent developing 
and printing in the darkroom have allowed me to escape from real life in 
many occasions, including when PhD would get impossible. I will give a 
special mention to Cristina, Anna, and Johanna, for being wonderful inspi-
rations.  

Campus1477 has become my other home in Uppsala, where I would 
spend so many hours of my week. If I have kept my sanity throughout the 
PhD, is thanks to the gym training and all the amazing people I met there. I 
want to give a special mention to my Challenge colleagues; it has been such 
fun ride! Specially, I have to mention Björn J, thank you for all the conver-
sations, for all the laughs, for the all the extra burpees, and for always check-
ing on the pond. Camilla, you have been such an amazing friend, and the 
only person that has made me wake up to go to a gym class at 6:50 in the 
middle of the dark and cold winter! Samuel, for helping me improve in my 
goals, even though the 100 is still resisting… Also for always making my 
day when greeting smiling at the gym door after some hard days!! :) 

To the Uppsala Rugby team, for reminding me why I should have never 
left rugby, and for helping me survive my final year of PhD. I want to thank 
the whole ladies team! I will also give a special mention to Mark, for all the 
conversations about science or not, and the mornings watching rugby. Jorge, 
for always being there, for all the conversations, and for the great advice. 
And of course, Berta, gracias, un beso. haha You entered my life through 
rugby, but quickly took over, like… literally! Now we live together, dance 
and sing together while cooking pasta and pesto in the kitchen, pivot beds, 
pivot mattresses, pivot more beds... But it is always fine because I, I follow, 
I follow you. Thanks for all the conversations and all the sobreteibols, for 
being there during these hard months in which I have been a zombie writing 
the thesis, y porque la semana que viene ya todo irá major, verdad? Ya sí... 
You kept me going, and you pushed me to continue. I wrote a book now, and 
I hope to have you there so you help me write the next ;) 
 
Science has also allowed me to meet people all around the world, traveling 
for conferences and workshops. It has been so much fun to discuss science 
and to learn from all of you. Will give a special mention to Guy, for the mo-
jitos, the pizzas quatro formaggi, and so so much. 
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A todos mis bichólogos, en especial a Luna y Laura, ha costado mantener 
el contacto a veces, pero no ha habido ocasión en la que vaya a España y no 
os consiga ver. Gracias por hacer que, aunque meses y meses pasen, en un 
momento nos ponemos al día, y parece que el tiempo se hubiera parado, y 
volver a esos días en la Universidad.  

A Sandra, porque también siempre has seguido ahí. Me ha encantado vi-
vir tu propia evolución en la ciencia cada vez que volvía y conseguíamos 
tomarnos un aperitivo. Edu, Sara, y por supuesto, Claudia y Lucas, por 
todos los desayunos baratos que cuestan para cinco lo que para uno aquí jaja 
Me ha encantado que podamos seguir manteniendo el contacto, incluso 
después de seis años sin vivir ahí. Sois geniales! Óscar, gracias, mil gracias 
por todo. Fuiste mi compañero de vida, y nunca has dejado de serlo, ahora en 
forma de amigo.  

 
A la familia, els politics, y els recas, Xavi, Montse, Núria, Eloi, Jordi, 
Mercè, Alba i Berta. Ha sigut genial poder escapar-me del fred suec i venir 
a veureus, sempre benvinguda per tots vosaltres. També per totes les vostres 
visites pel nord! Incluent el Ferrán, Gina, Laia i Mireia. 

Al Jordi, per ser el millor germanet que hi hà. Per les visites a Suecia, i 
per totes les converses aquí. Gràcies per donar-me suport sempre.  

A la mare, primer de tot, disculpar-me per totes les vegades que he deixat 
passar massa temps sense fer skype. Has sigut sempre un gran suport, i sem-
pre que he necesitat ajuda o consell, allá estabes tú. Moltes gràcies, gràcies 
per cuidar-me cuand torno cap a casa, gràcies per cada skype on em pregun-
tes qué tal de salut, moltes gràcies per tot. 

Al pare, per tot, per les converses cientifiques, per el suport tots aquests 
anys, i per seguir parlant de la teva filleta sueca allá on vas. Gràcies! El 
lluuuum! (I així s’acaba una tesis jaja) 
 
 
 
 
In memoriam, 
Disa Bäckström, you warmed up my heart every time I had the chance to 
meet you. Your smile, your energy, and your kindness will accompany me 
throughout my life.  
 
Avia Mercè, avi Antoni, avi Lluís, avia Montserrat, m'agradaria que 
haguessiu pogut estar aqui en un día com avui. Gràcies per tots els consells i 
records que porto amb mi. Sempre m’acompanyareu allá on vagi.  
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