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Arbuscular mycorrhizal (AM) fungi have been on earth since 470 million years ago. AM
fungi form mutualistic symbiosis with most terrestrial plants and thus, are thought to have
played important roles in land colonization together with plants. In this thesis, I studied AM
fungi in their natural habitat (Paper I and II) and examined their host preference (Paper IV).
Further, I identified some genomic signatures of these obligate symbionts (Paper III). In Paper
I, I studied soil communities of microeukaryotes in a protected grassland. Ribosomal DNA
from soil samples was amplified (1500 bp) and sequenced with Pacific Bioscience technology.
Three clustering methods were used to generate operational taxonomic units (OTUs). The
three methods agreed on the effects of soil moisture and presence of Fritillaria meleagris on
microeukaryotic communities but disagreed about specific compositions of these communities.
Soil microeukaryotic communities were dominated by protists and AM fungi had a low
abundance in spite of a high spore abundance. In Paper II, the genome of Funneliformis
geosporum was successfully assembled from two spores isolated from the same field. This
genome was compared with genomes of AM fungal taxa that had been maintained under
controlled conditions for several years. Propagation under controlled conditions did not show
to affect AM fungi genomes. In Paper III, I did comparative genomics and phylogenomics
of AM fungi, making up the Glomeromycota phylum, and taxa from their sister lineages
Mucoromycota and Mortierellomycota. The latter two phyla encompass taxa that are mainly
saprotrophs, pathogens or facultative symbionts. For the first time, I rejected hard polytomy
between these three phyla and demonstrated that Glomeromycota is sister to other two phyla.
Further, I confirmed absence of genes involved in fatty acid synthesis and thiamine biosynthesis
in AM fungi and showed that carbohydrate-active enzyme gene families were contracted in
AM fungi. These findings can be regarded as genomic signatures of mutualistic lifestyle of AM
fungi. In Paper IV, I performed a dual-host colonization experiment with leek and sorghum
inoculated with Claroideoglomus claroideum. I found that symbiosis negatively affected
sorghum fitness, as estimated by plant biomass but did not affect leek. Overall, this thesis
highlights the difficulties associated with the study of AM fungi in complex soil communities or
under controlled experimental conditions. Further, this thesis demonstrates how novel genomic
methods can enhance our understanding about genome evolution of AM fungi, including field
collected strains, in association with their lifestyle.
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Introduction 

Soil fungi 
The microbial community of soil comprises fungi, bacteria, algae and 
protozoa. Soil fungi are categorized into three groups based on their lifestyles: 
saprotrophs, pathogens and beneficial symbionts. Saprotrophic fungi 
contribute to nutrient recycling by decomposition of dead biomass and 
pathogenic fungi as the name implies act as pathogens or parasites (van der 
Heijden et al., 2008). Beneficial symbionts such as mycorrhizal fungi improve 
host fitness by provision of nutrients in trade for fixed carbons (Smith & Read, 
2008). Soil fungi multiply by sexual or asexual spores. Spores are haploid 
cells, from which hypha is germinated (Howard & Gow, 2001). Hyphae are 
the vegetative stage of fungi, with long and filamentous structures (Howard & 
Gow, 2001). In some fungi, there are cross walls within hypha, called septa, 
dividing hypha into individual cells. Each cell in the septated hypha contains 
one or two nuclei. Septa has a porous structure, allowing some cell 
components like ribosomes to path through (Alexopoulos et al., 1996). In 
aseptated hypha, also known as coenocytic hypha, nuclei move freely within 
the hypha (Alexopoulos et al., 1996). Hyphae branch and form network, 
known as mycelium (Alexopoulos et al., 1996). During formation of sexual 
spores, hyphae from two individual fungi fuse to each other and share 
cytoplasm while nuclei remain separated. This process is known as 
plasmogamy. Thereafter, two nuclei fuse to each other in a process known as 
karyogamy, resulting in formation of sexual spores (Alexopoulos et al., 1996). 

Up to 3.8 million fungal species are recognized based on environmental 
DNA (eDNA). However, less than 10% of this number is identified 
morphologically. Difficulties in isolation and cultivation are the main reason 
for such a low number (Tedersoo et al., 2017). Most known fungi belong to 
Ascomycota and Basidiomycota phyla. In this thesis, I studied 
endomycorrhizal fungi which belong to Glomeromycota phylum (Hibbett et 
al., 2007; Tedersoo et al., 2018). The hyphae of this group of mycorrhizal 
fungi in most cases form a tree-shape structure, referred to as arbuscules and 
thus, this group is known as arbuscular mycorrhizal (AM) fungi (Bonfante & 
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Genre, 2010). Glomeromycota is phylogenetically close to Mortierellomycota 
and Mucoromycota phyla, forming a monophyletic clade. However, the 
phylogenetic relation of these three phyla within this clade is still unresolved 
(Li et al., 2021; Montoliu-Nerin et al., 2021). 

Arbuscular mycorrhizal fungi  
AM fungi are obligate biotrophs which form mutualistic symbiosis with more 
than 80% of terrestrial plants (Smith & Read, 2008). The term “obligate” in 
this relationship refers to that AM fungi cannot complete their lifecycle 
without a host plant (Smith & Read, 2008). The fossil evidence suggests that 
AM fungi have interacted with plants since ~470 million years ago (MYG) 
(Berbee et al., 2020; Hoysted et al., 2019; Strullu-Derrien et al., 2018). It is 
also suggested that symbiosis of early plants with AM fungi played vital roles 
in land colonization of the plants (Berbee et al., 2020; Hoysted et al., 2019; 
Strullu-Derrien et al., 2018). This is evidenced from that in the root system of 
early wetland plants, structures similar to hyphae of AM fungi were found 
(Dotzler et al., 2009; Rothwell et al., 2014). 

In plant-AM fungi symbiosis, plants provide fixed carbons (e.g. hexose 
sugars) and lipids in return for nutrients like phosphorus (P) and nitrogen (N) 
as well as water (Smith & Read, 2008). Research data shows that AM fungi 
can improve plant tolerance against biotic (e.g. pathogen) and abiotic (e.g. 
drought, salinity) stresses (Smith & Read, 2008). Phosphorus is an important 
nutrient for growth and development of plants. Plants can take up P primarily 
in form of orthophosphate (Pi). Soil is usually rich in P but the bioavailability 
of P is generally low due to being bound to anions like Ca, Fe and Al (Saito 
& Ezawa, 2016). Plants have developed different strategies to resolve this 
issue, including secretion of organic acids to solubilize Pi or symbiosis with 
AM fungi to facilitate P absorption. In the latter strategy, the AM fungi 
increases their absorption area through formation of mycelium network 
(Feddermann et al., 2010; Saito & Ezawa, 2016). Other nutrients provided by 
AM fungi to symbiotic partners include S, Cu and Zn (Bitterlich et al., 2016; 
Ferrol & Pérez-Tienda, 2009; Smith & Read, 2008). 

More than 300 species of AM fungi have been described 
morphologically (Krüger et al., 2012). However, the number of AM fungi 
estimated with eDNA is five times higher (Öpik & Davison, 2016). Ribosomal 
DNA (rDNA) that encodes ribosomal RNA is used as a barcoding marker to 
study microbial diversity (Hawksworth & Lücking, 2017; Schoch et al., 2012). 
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The rDNA comprises several regions, namely small sub-unit (SSU), internal 
transcribed spacer 1 (ITS1), 5.8, ITS2 and large sub-unit (LSU) (Figure 1). In 
most eukaryotes, rDNA is organized in the form of operon that is tandemly 
repeated, with number of repeated operons varying from ten to hundreds in 
different species (Eickbush & Eickbush, 2007; Lofgren et al., 2019; Schoch et 
al., 2012). The ITS regions (ITS1 and ITS2) are less conserved and are thus 
variable often to the extent that they can be used to separate different species 
(Schoch et al., 2012). On the other hand, the SSU and LSU regions are highly 
conserved, making them suitable for phylogenetic studies (Krüger et al., 2012; 
Schoch et al., 2012). 

It is well documented that rDNA operons in genome of AM fungi are 
not identical within individual spores of a single species (Hosny et al., 1999; 
Lloyd-Macgilp et al., 1996; Sanders et al., 1995). Interestingly, AM fungi 
genomes contain only a few copies of rDNA operons (ten or eleven copies) 
that in contrary to other fungi, the rDNA operons are not in a tandem repeat 
(Maeda et al., 2018). 

 
Figure 1. Schematic illustration of ribosomal DNA, comprising small sub-unit (SSU), 
transcribed spacer 1 (ITS 1), 5.8, ITS2 and large sub-unit (LSU) regions. 

Symbiosis establishment  
AM fungi form multinucleate spores. The number of nuclei in individual 
spores can vary from hundreds to several thousands in different AM fungi 
(Kokkoris et al., 2020; Marleau et al., 2011). The size and shape of spores 
formed by a single species can also vary, with number of nuclei within sister 
spores also varying (Kokkoris et al., 2020; Marleau et al., 2011). AM fungi 
produce coenocytic hyphae where several nuclei coexist and travel bi-
directionally in cytoplasm (Bago et al., 1999; Kokkoris et al., 2020; Parniske, 
2008). The germination of spores can occur without host plants but when 
hypha emerges, it seek for a host. Srigolactones, a class of plant hormones, is 
secreted from host roots which functions as a signalling metabolite to guide 
the hyphae (Gough & Bécard, 2016). In the absence of this signalling 
metabolite, hyphae grow only a few centimetres. When fungal hyphae reach 
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the roots, the hyphae form hyphopodia on the surface of the roots to penetrate 
epidermal cells (Figure 2) (Gough & Bécard, 2016). It has been found that 
AM fungi secrete mycorrhiza (Myc) factors to induce Ca spiking in the 
epidermal cells of the roots. This in turn triggers establishment of symbiosis 
via upregulation of expression of plant genes involved in symbiosis (Smith & 
Read, 2008). Thereafter, hyphae extend intracellularly (through cells) or 
intercellularly (between cells) toward cortex cells in a process guided by the 
nuclei of the epidermal cells to form arbuscules in the cortex cells (Figure 2) 
(Bonfante & Genre, 2010; Smith & Read, 2008). Additional compartments 
formed by AM fungi within host plants are vesicles, acting as storage units of 
the fungi (Smith & Read, 2008) (Figure 2). 

 
Figure 2. A schematic illustration of symbiosis between plant roots and arbuscular 
mycorrhizal fungi. Hyphae extend toward roots with helps of a signalling metabolite 
(strigolactone) secreted by roots (in the direction of red arrow). AM fungi secrete 
mycorrhiza factor (Myc) to induce Ca2+ spiking to establish symbiosis. 
Hyphopodiums are formed on the surface of epidermal cells. Thereafter, re-
arrangement of nuclei in epidermal cells guides hyphae to reach inner cortex cells, in 
where, tree-shape hyphae (arbuscule) are formed. Vesicles, storage compartments of 
fungi, are also formed in the root cells. 

Host preference in AM fungi 
AM fungi are able to establish symbiosis with several plant species, 
suggesting a low host specificity (Bever et al., 2001; Redecker et al., 2013; 
Smith & Read, 2008). The hyphae in some species can fuse by anastomoses 
to form a common mycorrhizal network (CMN) in rhizosphere, linking 
different adjacent hosts (Smith & Read, 2008; Walder et al., 2012). Host plant 
can affect spore number of AM fungi (Bever et al., 1996), suggesting that 
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symbiosis efficiency is affected by host plants (Bever, 2002; Bever et al., 
1996). 

The mutualistic relation between AM fungi and their hosts benefits both 
partners in most cases. However, there are cases in which, a host takes 
advantage from one AM fungal species but increases performance of another 
AM fungal species, as estimated by the number of fungal spores formed 
(Fellbaum et al., 2014; Kiers et al., 2011). It is also notable that host-AM fungi 
interactions could alter from beneficial mutualism to parasitism in which, the 
performance of plant hosts is reduced by symbiosis with certain AM fungi 
(Jones & Smith, 2004; Mariotte et al., 2013). 
 

AM fungi: cultured vs field collected species 
AM fungi are propagated in laboratory with two methods: pot culture and 
Agrobacterium rhizogenes-transformed root culture (TRC) (Bécard & Fortin, 
1988; Bécard & Pfeffer, 1993). In the pot culture, a single host plant is often 
inoculated with AM spores or hyphae in pots filled with soil. In TRC, root 
inducing genes are inserted into plant embryo (e.g. carrot) using A. rhizogenes 
(Bécard & Fortin, 1988; Bécard & Pfeffer, 1993). In A. rhizogenes-TRCs, 
often made in Petri dish, the plant only produces roots and since the medium 
is transparent, it is possible to study symbiosis progress, mycelium growth and 
spore formation in more details. 

Cultivation of microorganisms in controlled conditions can affect their 
ecological fitness (Roper et al., 2011). Genetic diversity with its vital role in 
evolution and adaptation is reduced via domestication (Kokkoris & Hart, 
2019; Meyer et al., 2017). There is evidence that pathogenic fungi can lose 
pathogenicity via domestication (Machida et al., 2005). It is therefore possible 
that cultivation of AM fungi under controlled conditions can affect genetic 
variations in these species. 

Most strains of AM fungi that have been sequenced until now are 
maintained under controlled conditions with a single host using the pot culture 
method. Limpens & Geurts (2014) suggested that cultivation of AM fungi 
with single hosts for several generations might induce a decrease in intra 
organismal genetic variation via genetic drift. This suggests that higher 
genetic variations might be observed in AM fungi isolated from fields 
(Limpens & Geurts, 2014). 
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Cryptic reproduction system 
Genomic variations within nuclei of single AM fungi have been subjected to 
considerable debates. For a long time, AM fungi were considered asexual 
heterokaryons (Croll & Sanders, 2009), meaning that these microorganisms 
have several non-identical nuclei in a common cytoplasm. Several 
explanations were put forward: (i) hyphae are coenocytic and thus when 
hyphae fuse, different nuclei mixes (plasmogamy) (Croll & Sanders, 2009), 
(ii) mating genes and meiosis were not found (Croll & Sanders, 2009),  (iii) 
phenotypic variations are observed between isolates of a same species (Koch 
et al., 2004) and (iv) rDNA has genetic variation (Croll & Sanders, 2009). 
However, in a recent genomic study, Ropars et al. (2016) sequenced the 
genomes of five different strains of R. irregularis and identified putative 
mating type locus. For three strains, all nuclei carried the same mating allele, 
in contrary to other two strains that nuclei carried two types of mating alleles. 
Ropars et al. (2016) suggested this finding as evidence for homokaryotic 
genome organization in strains with identical nuclei and dikaryotic genome 
organization in stains with two types of nuclei. Ropars and colleagues 
proposed that between-nucleus variation is caused by fusion of hyphae from 
two homokaryon stains that carry compatible mating alleles. Ropars et al. 
(2016) further suggested that in case of absence of compatible alleles, AM 
fungi undergo clonal propagation. A similar kind of reproductive system is 
seen in Basidiomycetes, where two hyphae with compatible mating types fuse 
to each other followed by karyogamy and meiosis (Ni et al., 2011). However, 
the karyogamy stage, nucleus fusion, is still not observed in AM fungi (Ropars 
et al., 2016). Homokaryotic genome organization was also observed in some 
AM fungal species (Chen et al., 2018; Morin et al., 2019; Ropars et al., 2016).  

Genomics of AM fungi 
The genome size of R. irregularis, is almost 150 mega-bases (Mb) 
(Sedzielewska et al., 2011), comparably large for a fungal species. In the first 
genomic study at chromosomal level, Yildirir et al. (2022) showed that R. 
iregularis has 33 chromosomes, with chromosome size differing between 
different strains (Yildirir et al., 2022). The chromosomes of R. irregularis 
comprise two compartments: A-compartment containing more core genes that 
are actively expressed and B-compartment containing more repeats elements 
with a low gene expression level (Yildirir et al., 2022). A very low single 
nucleotide polymorphism (SNP) was found in R. irregularis (Chen et al., 
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2018; Lin et al., 2014). Further, it was reported that 99% of the genes were 
identical in different nuclei of this species (Chen et al., 2018; Lin et al., 2014). 
It should be mentioned that SNP density is slightly higher in dykarion strains 
than in homokaryon strains (Chen et al., 2018). 

Transposable elements (TEs) are repeated sequences in genome which 
can move from one location to another location with copy-and-paste or cut-
and-paste strategy (Chandler et al., 2015). It has been found that plants and 
mammals genomes have high contents of TEs, ranging from 50% to 90%, 
(Kazazian, 2004). Fungal genomes have generally low contents of TEs. For 
instance, genomes of Basidiomycetes and Ascomycetes contain ~5% TEs. 
However, genomes of AM fungi harbour high contents of TEs, from 25% in 
Paraglomus to 80% in Acualospora (Lin et al., 2014; Montoliu-Nerin et al., 
2021; Morin et al., 2019; Sun et al., 2019). It was previously thought that TEs 
have no clear function but it is now known that TEs play important roles in 
regulation of gene expression. 

Another aspect of genomes of AM fungi is that the genome has lost 
several genes that are vital for other fungi, including some of the carbohydrate 
active enzymes (CAZymes) gene families with important roles in plant cell 
wall degradation (Chen et al., 2018; Sun et al., 2019 ) or some of the fatty acid 
synthase genes (Keymer et al., 2017; Wewer et al., 2014). This can be 
interpreted as a reflection of lifestyle of AM fungi (Chen et al., 2018; Kokkoris 
et al., 2021; Malar et al., 2021; Morin et al., 2019; Sun et al., 2019).  

Comparative genomics have emerged as a powerful tool to deepen our 
understanding about genomic contents in different organisms and the link to 
their lifestyle. I thus used comparative genomics in my thesis to further 
investigate AM fungal genomes. 
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Research aims 

The overall aim of this thesis was to enhance understanding about plant-fungi 
interaction in species rich communities, covering aspects from community 
composition to genomic signatures in mutualistic symbiosis. 
 
The specific objectives are: 

 
1. To develop bioinformatic tools for long read rDNA to improve 

characterization of soil microbial communities (Paper I) 
 

2. To analyze fungal community patterns associated 
with Fritillaria meleagris L. and soil conditions at the 
Kungsängen Natural Reserve (Paper I)  

 
3. Generate genome assemblies from AM fungal spores isolated 

from the Kungsängen Natural Reserve (Paper II) 
 

4. Cultivation of AM fungal strains from spores collected from 
the Kungsängen Natural Reserve (Paper II) 
 

5. Phylogenetic placement and genomic signatures of AM fungi 
in relation to their sister lineages (Paper III) 
 

6. Development of experimental setup for dual-host colonization 
experiments to study host preference in AM fungi (Paper IV) 
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Method and Materials 

Community analysis of soil fungi 

Sampling and sequencing 
Soil samples were collected from the Kungsängen Nature Reserve (N59 50', 
E17 40'), Uppsala, Sweden. This field is home to the largest population of 
Kungsängslilia (Fritillaria meleagris L.) in the Northern Europe. Plant 
richness has been recorded in this field since 1983 (Zhang L, 1983). The field 
can be divided in two parts: the western wet part and the eastern mesic-dry 
part. For Paper I, soil samples were collected from 10 locations, covering the 
field with respect to soil moisture contents. At each sampling location, two 
core soil samples were taken, one next to a Fritillaria plant and one next to a 
non-Fritillaria plant. Genomic DNA was extracted and rDNA gene was 
amplified (1500 bp) with ITS1 (White et al., 1990) and LR5 (Vilgalys & 
Hester, 1990) primer sets before sequencing with Pacific Bioscience (PacBio) 
SMART tools at Science for Life Laboratory (SciLifeLab), Uppsala, Sweden. 

Clustering methods 
Three clustering softwares were used: DADA2 within AmpliSeq pipeline 
(Straub et al., 2020), VSERCH (Rognes et al., 2016) and GeFast (Müller & 
Nebel, 2018). The DATA2 uses amplicon sequence variants to cluster 
sequencing reads as opposed to the conventional method of using dissimilarity 
threshold to construct Operational Taxonomic Unit (OTU) as with VSERCH. 
The GeFAST generalizes the fastidious clustering method of Swarm (Mahé et 
al., 2014) to assign OTUs. The Swarm uses a local clustering threshold as 
opposed to global one (as in VSEARCH) to construct OTUs, with the 
fastidious method of Swarm reducing generation of singletons or doubletons 
OTUs. The clusters generated by the three methods were referred to as 
OTU_A, OTU_C and OTU_S.  

After clustering, LSU, 5.8, ITS2 and the whole ITS (ITS1-5.8-ITS2) 
regions were extracted with LSUx (Furneaux et al., 2021). Following was 
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done to assign taxonomy: (i) LSU sequences were searched against SILVA 
LSU NR 99 database (Quast et al., 2013), (ii) LSU sequences were searched 
against RDP fungal LSU training set database (Liu et al., 2012) and (iii) ITS2 
sequences were searched against UNITE all eukaryotic database (Nilsson et 
al., 2019). To reach to a consensus, the three taxonomic assignments were 
mapped to Unite classification database (Furneaux et al., 2021). 

Resolution of clustering methods 
Unique 5.8 and LSU sequences from all OTU datasets (OTU_A, OTU_C, and 
OTU_S) were combined to one OTU dataset and aligned individually with 
DECIPHER (Wright, 2015). The alignments were concatenated before 
assigning unique identifiers to each sequence. Thereafter, FastTree (v 2.1.10) 
(Price et al., 2010) was used to generate a maximum likelihood (ML) 
phylogenetic tree. The ML tree was forced to assign at kingdom level. OTUs 
representing animals and plants were removed. Sequences forming the fungal 
clade were realigned with MAFFT-ginsi (Katoh & Standley, 2016) before 
constructing another ML tree with IQ-TREE (Nguyen et al., 2015).  

The resolution of three clustering methods was investigated with a 
heatmap from ITS2 sequences across fungal phylogenetic tree using UNITE 
species hypothesis as described by Kõljalg et al. (2013) with 97% and 99% 
similarities (SH-97, SH-99, respectively). We also generated cluster of ITS2 
sequences with a 90% similarity to obtain genus hypothesis (GH-90). These 
three ITS2 clusters were mapped to our fungal phylogenetic tree to determine 
how well each OTU clustering methods performed in term of taxonomic 
assignment (Figure S1, Paper I). 

AM fungi cultivation  
Spore isolation 
In Paper II, spores of AM fungi were isolated from soil samples collected 
from the Kungsängen Nature Reserve and in Paper IV, the spores were 
isolated from soil samples collected from our greenhouse experiment. The 
procedure of spore isolation was as follows. Soil samples were washed with 
tap water though 1 mm, 500 µm, 200 µm and 38 µm pore size sieves. The 
filtrates from 200 µm or 38 µm pore size sieves were collected into falcon 
tubes containing 20 ml sucrose solution (60%) before centrifugation at 1800 
rcf for 1 min. Supernatants were washed with tap water through a 38 µm pore 
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size sieve to isolate the spores. Morphological identification was done with 
stereomicroscope (Model SMZ800, Nikon, Japan). 

Single spore cultivation  
Pipette tips (1000 μl) (Sarstedt, Nümbrecht, Germany) were filled with 
granulate (1-3 mm) (Ikaros Claenteck AB, Malmö, Sweden) and were 
autoclaved (121°C for 20 min). Thereafter, one AM fungal spore with two 
plant seeds (one grass and one red clover) were placed in each pipette tip pot 
(PTP) (Figure 3a). In total, 1500 PTP were prepared and watered from the 
bottom opening with liquid M medium (Bécard & Fortin, 1988).   

After three weeks, the tip bottom was cut and tips with growing 
seedlings were placed in plastic pots (5 × 5 × 10 cm) filled with sterile 
granulate (Figure 3b). The pots were watered with deionized water two times 
per week and with liquid M medium once per month. After one month, root 
samples were collected with a metal core (1cm diameter × 10 cm height) and 
were placed in Falcon tubes (15 ml) filled with 70% ethanol before storage at 
4°C. The root samples were stained with ink and vinegar (Vierheilig et al., 
1998) and were visualized under microscope (Olympus corporation, model 
BX41, Tokyo, Japan) to check formation of fungal hyphae and arbuscules. 
After collection of root samples, plants were not further watered to induce 
spore formation. When the plants were completely dried, the granulates were 
collected in plastic bags and stored at -20 °C. To further check any fungal 
colonization and propagation, genomic DNA was extracted from granulate 
samples with NucleoSpin Soil kit (Macherey-Nagel, Germany) and the LSU 
region was amplified with LROR and FLR2 primer sets (Raja et al., 2017; 
Trouvelot et al., 1999). Each 20 μl reaction contained 15.1 μl nuclease free 
water, 1x buffer, 0.05 U/μl Dream Taq polymerase, 0.2 mM dNTP and 0.2 
μM of each primer (TermoFisher Science, Sweden). The following program 
was used for PCR: an initial denaturation (95°C for 10 min) followed by 35 
cycles of denaturation (95°C, 30 sec), annealing (52°C, 30 sec) and extension 
(72°C, 50 sec) before an elongation (72°C for 7 min). PCR products were 
visualized with gel electrophoresis.  
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Figure 3. a) Grass and red clover seedlings inoculated with one spore of AM fungi in 
pipette tip pots and b) transferred pipette tip pots into larger pots. 

Nucleus sorting and genome assembly 
Two AM fungal spores collected from the Kungsängen Nature Reserve were 
subjected to nucleus sorting with a MoFlo™ Astrios EQ sorter (Beckman 
Coulter, USA). The whole-genome amplification was performed using 
multiple displacement amplification (MDA) (Montoliu-Nerin et al., 2020). 
The origin of each amplified nucleus (whether from fungi or bacteria) was 
checked with specific prime sets. For fungi, the TS9/ITS4 primers and for 
bacteria the 341F/ 805R primers were used (Montoliu-Nerin et al., 2020). In 
total, 24 nuclei (per spore) were subjected to library preparation with TruSeq 
PCR free DNA library preparation kit (Illumina Inc.) before sequencing with 
NovaSeq6000 system (Illumina Inc.). One assembly per spore was generated 
according to Montoliu-Nerin et al. (2020, 2021). In brief, reads from 24 nuclei 
were combined and normalized with bbnorm of BBMap (v.38.08) (Bushnell, 
2014) before assembling with SPAdes (v.3.12.0) (Bankevich et al., 2012). The 
quality of assembly was checked with QUAST (v.5.0.2) (Gurevich et al., 
2013) and the genome completeness was checked with BUSCO (v.3.0.2b) 
(Simão et al., 2015). 

Species identification  
SSU and D2 regions of LSU as well as single copy orthologs (SCOs) intron 1 
from FOX2 and intron 4 from TOR2 were extracted from our genomic 
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assemblies with BLASTn (v 2.11.0) (Camacho et al., 2009) and aligned to 
corresponding regions of publicly available AM fungal genomes (Krüger et 
al., 2012). For SSU region, the alignment and visualization were done with 
AliView (Larsson, 2014) and ML phylogenetic tree was constructed with IQ-
TREE (v 2.0) using 1000 bootstraps (Minh et al., 2020).  For D2, FOX2 and 
TOR2, alignment and ML phylogenetic tree were made with MEGA X 
(Kumar et al., 2018). 

Genomic analysis 
In Paper II, the genome of Funneliformis sp assembled from spores isolated 
from Kungsängen Nature Reserve was compared with genomes of AM fungi 
purchased from International Culture Collection of (Vascular) AM fungi 
(INVAM) (West Virginia University, USA). In Paper III, genomes of 23 AM 
fungi were compared with genomes of taxa from Mucoromycota and 
Mortierellomycota phyla. 

Gene prediction and annotation 
Our in-house annotation pipeline (v 4.0) (https://bitbucket.org/scilifelab-
lts/genemark_fungal_annotation/src/master/) was used for gene prediction. 
The pipeline included following steps. First, TEs were predicted with 
RepeatModeler (v1.0.8) (Smit & Hubley, 2015). Thereafter, protein coding 
genes were obtained by filtering the RepeatModeler library before masking 
each genome assembly with RepeatMasker (v4.0.7) (Smit et al., 2015). In the 
third step, the library obtained from pervious step was aligned to 
UniProt/Swiss-Prot databases (Bateman et al., 2021; UniProt Consortium, 
2018) using MAKER V3.01.1-beta (Cantarel et al., 2008). Finally, 
GeneMark-Es (4.33-es_perl5.24.1) (Ter-Hovhannisyan et al., 2008) was used 
to predict genomic locations of UniProt/Swiss-Prot proteins in our genome 
assemblies. From each assembly, a minimum contig size of 10 Mb was 
included in the training database of GeneMark-Es.  

Funannotate (v 1.8.9) (Palmer & Stajich, 2020) was used to functionally 
annotate the predicted genes. The Swiss-Prot (Stockinger et al., 2014) and 
InterPro (P. Jones et al., 2014) databases were used to provide information 
about gene function. The eggnog database (Huerta-Cepas et al., 2019) was 
used to predict orthologes and the MEROPS (v 12) (Rawlings et al., 2012) 
and ANnotation (dbCAN) (v 9) (Yin et al., 2012) databases were used to 
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detect CAZymes gene familes. Presence of signal peptides was checked with 
SignalP (v 4.1f) (Nielsen, 2017). 

Phylogenomics 
In Paper II, single copy orthologs (SCOs) present in all taxa and in Paper 
III, the SCOs present in more than 50% of taxa were identified with 
Orthofinder (v 2.4.0) (Emms & Kelly, 2019). MAFFT (v 7.407) (Katoh & 
Standley, 2013, 2016) was used to align SCOs before trimming the alignment 
with trimAl (v 1.4.1) (Capella-Gutiérrez et al., 2009). Two phylogenetic 
inference methods were used: ML and coalescent. For ML inference method, 
IQ-TREE (v 2.0) (Nguyen et al., 2015) was used with 1000 bootstraps.  For 
coalescent method, ASTRAL III (v 5.7.3) (Zhang et al., 2018) was used to 
estimate local posterior probabilities (LPP) and quartet supports for each 
branch. In Paper III, we did a polytomy test (Sayyari & Mirarab, 2018) 
between Glomeromycota, Mucoromycota and Mortierellomycota using the 
phylogenetic tree from the coalescent method. 

Gene family evolution   
An ultra-metric tree was obtained from ML phylogenetic tree using r8s (v 
1.81) (Sanderson, 2003). To calibrate the ultra-metric tree, the following fossil 
evidence was used for Glomeromycota, Mucorales and Endogonaceae, 
respectively:  Glomites rhyniensis from 407 MYA, Protoascon missouriensis 
from 315 MYA and Jimwhitea circumtecta from 247 MYA (Taylor et al., 
2014). Thereafter, the contraction and expansion of CAZyme and peptidase 
gene family sizes were calculated using the Computational Analysis of gene 
Family Evolution (CAFÉ) (Han et al., 2013). 

Dual-host colonization experiment 
Leek (Allium ampeloprasum L.) and sorghum (Sorghum bicolor L.) were used 
as host plants and the Claroideoglomus claroideum (SA 101) (INVAM: 
https://invam.wvu.edu) was used as inoculum. 

Triple compartment pot (TCP) was made by attaching two T-shape 
PVC tubes with a cylindrical PVC tube (Figure 4). The middle tube was 
opened from top (5 cm diameter) and used as pot for sorghum, our nursing 
plant. The two outer compartments were separated from the middle 
compartment with mesh (35 μm pore size). 
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Figure 4. Dual-host colonization experiment: a) sorghum:leek, b) leek:leek and c) 
sorghum:sorghum. The middle compartment was used to host sorghum as our nursing 
plant. Claroideoglomus claroideum was used as inoculum. 

Sorghum seeds were surface sterilized (Selvakumar et al., 2018) and after 
three days, the germinated seedlings were transferred into middle pot before 
inoculation with C. claroideum. To check colonization, root samples from the 
nursing plant were collected every second week and stained with ink and 
vinegar as described above.  Almost 40 days post inoculation, the arbuscules 
and hyphae of C. claroideum were detected. Thereafter, the outer pots were 
filled with mixture of soil/granulate (1:3). Leek and sorghum seeds were 
surface sterilized (Monemi et al., 2013; Selvakumar et al., 2018) and after 
three and ten days, leek and sorghums seedlings, respectively, were planted 
into the outer compartments. Twelve biological replicates for each host 
combinations were prepared for the control and inoculated treatments. 
Nursing plants were cut two months post inoculation. 

The experiment was conducted in a greenhouse under 16/8 h light/dark. 
Day time and night time temperatures were 23°C and 20°C, respectively and 
light intensity was 120 µm m-2 s-1. The experiment was terminated after five 
months. Thereafter, leaves and stems were dried at 75°C for four days. Roots 
were recovered by washing with tap water. Approximately 100 mg of root 
samples were used for RNA-seq analysis and the remaining roots were dried 
as above.  
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P trade experiment and RNA-seq analysis 
Six inoculated and six control pots from each host combination were labelled 
with 1000 kBq 33P-orthophosphate. Five days after labelling, the TCPs were 
dismantled. An amount of 0.1 g from each part of the plants (leaves, stem and 
seeds) was used for radioactivity measurement. 

From the remaining replicates, total RNA was extracted from root 
samples before sequencing with Illumina NovaSeq S4 platform at SciLifeLab. 
Bioinformatic analysis was however only performed on the inoculated 
sorghum samples. Read quality was checked with FastQC (V 0.11.9) 
(Andrews, 2020) and reads were merged with MultiQC (V 1.9) (Ewels et al., 
2016) before trimming with trimmomatic (V 0.36) (Bolger et al., 2014). 
Thereafter, GSNP (gmap-gsnap/2017-09-11) (Wu & Watanabe, 2005) was 
used to align trimmed reads to sorghum genome (McCormick et al., 2018) and 
C. claroideum genome (Montoliu-Nerin et al., 2020). These aligned reads 
were thereafter mapped to sorghum and C. claroideum genomes using edit-
distance index with Disambiguate (v1) (Ahdesmäki et al., 2017) and 
XenofilteR (V 0.0.99) (Kluin et al., 2018) tools. Alignment quality after 
mapping was checked with QoRTs (V 1-3-6)  (Hartley & Mullikin, 2015). The 
annotated genome of C. claroideum (Montoliu-Nerin et al., 2021) was used to 
assemble transcriptomes using StringTie (Pertea et al., 2015). Data generated 
with StringTie was compared with annotation data from BEDTools (V 2.29.2) 
(Quinlan & Hall, 2010).  

Statistical analysis 
In Paper I, the asymptotic species richness and OTU accumulation curve were 
estimated with iNEXT package (Hsieh et al., 2016) in R (R Core Team, 2021) 
for different OTU clustering methods, SH-97, SH-99 and GH-90. The relative 
abundance of OTUs across soil moisture regimes (wet vs. mesic-dry) and 
nearby plants (Fritillaria vs. non-Fritillaria) was statistically analyzed with 
PERIMANOVA test in the vegan package (Oksanen et al., 2020) in R. 
Further, non-metric Multidimensional Scaling (nMDS) was used with Bray-
Curtis dissimilarity index to visualize the data. 

In Paper II and Paper III, predicted protein domains, peptidases and 
CAZyme gene families were expressed as proportions of total gene number of 
each genome assembly before analysis of similarity (ANOSIM) (Clarke, 
1993) with Bray-Curtis dissimilarity index. Further, data from protein domain 
annotation was visualized with nMDS using the Bray-Curtis dissimilarity 
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index. All analyses were performed in the vegan package (Oksanen et al., 
2020) in R.  

In Paper IV, Mann-Whitney U test was used to analyze the effect of 
host on spore counts. The effect of symbiosis on plant biomass formation was 
analyzed with analysis of variance (ANOVA). All analyses were performed 
in JMP Pro 15 (SAS Institute AB, Solna, Sweden) and GraphPad Prism 5.0 
(GraphPad Inc, San Diego, USA). 
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Summary of the papers 

Paper I 
Sequencing technologies and bioinformatic tools are developing rapidly. This 
in turn could result in some challenges especially when it comes to choosing 
the right tools for a specific question. One of the sequencing technologies that 
has become popular is PacBio due to generation of long sequencing reads 
(Hon et al., 2020).  

When it comes to community analysis based on molecular methods, the 
method chosen to cluster sequencing reads is of great importance as the 
clustering method can influence the overall picture. At the time that this thesis 
was conducted, there was not any clustering method specifically established 
for handling variation across long reads. In Paper I, we thus compared the 
effect of three clustering methods on the estimation of species richness and 
diversity. The number of OTUs estimated with the three clustering methods 
varied greatly. DADA2, VSEARCH and GeFast estimated 1336, 2488 and 
2046 OTUs, respectively. Asymptotic analysis on sequencing depth showed 
that the depth was enough to capture OTU richness. The same analysis also 
showed that the number of samples collected was not enough to capture OTU 
richness at the field studied. The three clustering methods captured different 
community members at genus and species levels. For instance, more than 97% 
of the representative sequences from VSEARCH and GeFast were assigned at 
the genus level but with DADA2, only one third of the reads were assigned at 
the genus level. Overall, VSEARCH and GeFast were able to capture rare taxa 
such as taxa from Glomeromycota. DADA2 failed to detect the rare taxa but 
it captures intra-species variation in abundant taxa. Protists were dominant 
microorganisms at the Kungsängen Nature Reserve, with more than 50% of 
OTUs across all clustering methods being assigned as protists.  

Soil micro-eukaryotic community was affected by soil moisture but not 
by the presence of Fritillaria. The community compositions of fungi and 
protists were more similar in the mesic-dry part of the field compared to the 
wet part. Regardless of soil moisture contents, the most abundant protist 
phylum was Alveolata and the most abundant fungus phylum was 
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Ascomycota. Mortierellomycota and Chytridiomycota were more abundant in 
the dry part of the field. Basidiomycota was the second most abundant phyla 
in the wet part of the field. Overall, we were not able to detect AM fungi in 
our datasets while, we know from our earlier sampling that AM fungal spores 
were abundant at the Kungsängen Nature Reserve. A low copy number of 
rDNA in AM fungi could contribute to this observation. 

Paper II 
The current knowledge about genomics of AM fungi is primarily derived from 
species that have been maintained under controlled conditions with single 
hosts for several years. It can be speculated that maintaining AM fungi under 
such conditions can influence the genomes of these species (Limpens & 
Geurts, 2014). Advances in sequencing technologies, automated nuclei sorting 
and MDA have enabled assembly of AM fungal genomes with using single 
nuclei (Montoliu-Nerin et al., 2020). In this thesis, two spores of AM fungi 
isolated from the Kungsängen Nature Reserve and morphologically identified 
as Funneliformis sp were sequenced with single nuclei sequencing method 
and their genomes were assembled according to Montoliu-Nerin et al. (2020). 
The genome size was estimated > 130 Mb, with 93% completeness. Using the 
SSU and FOX2 regions, the phylogenetic analysis placed the two spores as 
members of genus Funneliformis. Using the LSU and TOR2 regions for 
phylogenetic analysis, the two spores were placed with sequences representing 
F. geosporum and were thus deemed as F. geosporum. 

With the AM fungal spores isolated from the Kungsängen Nature 
Reserve, we attempted to establish our own spore lines. With PCR and root 
staining, we could not detect any evidence of fungal colonization in the pots 
prepared. However, in two pots we found a few AM fungal spores but we did 
not further carry out the trial due to time imitation. Possible explanations for 
a low fungal colonization could be that some of the spores were probably 
unviable or seedlings should have used instead of plant seeds to facilitate 
colonization. 

We further conducted phylogenetics and comparative genomics across 
nine taxa from Glomerales and the two F. geosporum spores isolated from the 
field. The two F.  geosporum were clustered as a sister clade to two F. mosseae 
(LPP = 1).  Comparative genomics showed high levels of similarities for 
peptidase and CAZyme gene families across taxa from Funneliformis genus. 
The SNP analysis of the two F. geosporum showed on average 0.25 SNPs/kb, 
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indicating a slightly higher SNP density compared to F. mosseae. The results 
from this work indicate that it is possible to generate genome assemblies of 
high qualities from single spores collected from natural habitats, enabling 
genomic and phylogenetic studies on a wider range of AM fungal species. 

Paper III 
In Paper III, the phylogenetic relationships among three sister phyla, 
Glomeromycota, Mucoromycota and Mortierellomycota were studied. The 
study included 23 AM fungal taxa from six families of Glomeromycota, 
thirteen taxa from Mucoromycota and nine taxa from Mortierellomycota. 
Taxa from Mucoromycota and Mortierellomycota are mostly facultative 
symbionts, endophytes or saprotrophs while taxa from Glomeromycota 
phylum are obligate symbionts (Chang et al., 2019; Spatafora et al., 2017). 
For the first time, we rejected hard polytomy between these three phyla (p = 
0.01). Mucoromycota and Mortierellomycota phyla clustered together, with 
Glomeromycota placing as a sister to this clade (LPP = 0.98). Geosiphon 
pyriformis is the only known member of Glomeromycota that forms symbiosis 
with Nostoc punctiforme, a N fixing cyanobacteria (Gehrig et al., 1996). G. 
pyriformis was considered as a sister to AM fungal taxa (Gehrig et al., 1996) 
but a recent phylogenetic analysis rejected this hypothesis and showed that G. 
pyriformis is placed within AM fungal taxa (Malar et al., 2021), something 
that is also evident in our results. Within Mucoromycota, three taxa from 
Endogonales formed a separate clade from the rest of taxa, in line with the 
lifestyle of these three taxa. These three taxa are mycorrhizal symbionts while 
other taxa within Mucoromycota are saprotrophs or pathogens.  

Our results are in line with previous findings that fatty acid synthase 
genes and thiamine biosynthesis genes are absent in AM fungi. Absence of 
these genes in AM fungi is considered as genomic signature of obligate 
symbiosis lifestyle in AM fungi (Keymer et al., 2017; Luginbuehl et al., 2017; 
Wewer et al., 2014).  

A significant reduction in the size of CAZyme gene families was found 
in Glomeromycota, with 94 gene families being contracted. Some of the 
CAZyme gene families that are involved in plant cell wall degradation (e.g 
polysaccharide lyase) are completely lost in Glomeromycota. At the shared 
node of Mucoromycota and Mortierellomycota phyla, 11 CAZyme gene 
families were contracted. Within Mucoromycota, 63 CAZyme gene families 
were contracted at the shared node of Endogonales. As for peptidases, 
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identified using the MEROPS database, gene copy number contractions were 
detected in 51 gene families at the base of Glomeromycota. The shared node 
of Glomeromycota with Mucoromycota and Mortierellomycota clade showed 
contraction in 29 peptidases gene families. 

Paper IV 
In paper IV, a dual-host colonization system was designed to study host 
preference in C. claroideum. The fungus had been maintained with sorghum 
for several years before it was purchased from the INVAM culture collection. 
We introduced leek as a new host to explore fungal response from nutritional 
and transcriptomic perspectives.  

The fungus formed slightly more spores with sorghum than with leek. 
The symbiosis resulted in reduced biomass in sorghum but it did not affect 
leek performance. It seemed that symbiosis with C. claroideum negatively 
affected sorghum performance despite an increase in P uptake in the colonized 
sorghum. Unfortunately, we did not collect data on P nutrition in leek due to 
some technical issues. 

Transcriptomic analysis was only performed on sorghum as leek lacks 
a reference genome. The percentage of reads mapped to C. claroideum 
genome was very low, ranging from 0.24% to 1.5%. A possible reason for this 
low mapping rate is that our sampling time was not ideal and we perhaps 
missed the peak colonization time. It is noteworthy to mention that there is 
evidence that AM fungi can also act as parasite, reducing host performance 
(Jones & Smith, 2004; Mariotte et al., 2013), something that might have 
occurred in our study. Long term effect of plant-fungi interaction on plant 
fitness is an interesting area of research which requires further investigation. 
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Svensk sammanfattning 

Arbuskulära mykorrhizasvampar (AM-svampar) har funnits på jorden sedan 
cirka 470 miljoner år och klassificeras taxonomiskt i phylum Glomeromycota. 
AM-svampar bildar ömsesidig symbios med de flesta landväxter och anses 
därför tillsammans med växter ha spelat en viktig roll i den första 
koloniseringen av land. Forskning visar att symbios med AM-svampar kan 
öka växters motståndskraft mot biotiska (t.ex. patogener) och abiotiska (t.ex. 
torka och salthalt) påfrestningar. AM-svamparnas värdväxter kan etablera 
symbios med flera AM-arter samtidigt, vilket tyder på en låg specificitet. AM-
svampar förökar sig med asexuella sporer med hundra till tusen DNA-kärnor 
per spor, när de gror växer hyfer ut och bildar närverk, så kallade mycel, Inom 
en art kan flera mycel smälta samman och bilda stora närverk i marken som 
binder samman flera angränsande värdar.

I den här avhandlingen studerade jag AM-svampar i deras naturliga 
livsmiljö (artikel I och II) och undersökte deras värdpreferens (artikel IV). 
Vidare identifierade jag spår av dessa obligatoriska symbiotiska livsstil i deras 
genom (artikel III). I artikel I studerade jag artsamhället i marken i den 
skyddade gräsmarken Kungsängen i Uppsala. Jag fokuserade på 
mikroskopiska eukaryoter, vilket omfattar svampar och protister. Dessa 
studeras genom att en del av DNA som kodar för ribosomerna kopierades upp 
från jordprover och cirka 1500 baspar sekvenserades med Pacific Bioscience 
teknologi. Sedan jämfördes tre klustringsmetoder för att uppskatta antalet 
arter i proverna. På en övergripande nivå gav de tre metoderna 
överensstämmande resultat i förhållande till markfuktighet och närvaro av 
Kungsängslilja, men metoderna var oeniga beträffande den specifika 
sammansättningar av arter i marksamhället. Jordmikroeukaryota samhällen 
dominerades av protister och AM-svampar hade en mycket låg förekomst trots 
att vi tidigare har observerat hög förekomst av sporer. I artikel II 
sekvenserades och sammanställdes genomet av Funneliformis geosporum från 
två separata sporer isolerade från samma fält. Sedan genomfördes en 
genomjämförelse med AM-svampar, i samma familj, som alla odlats under 
kontrollerade förhållanden i många år. En övergripande analys påvisade inga 
tydliga signaler av långvarig odling i genomet hos F. geosporum. I artikel III 
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genomfördes en mer omfattande fylogenomisk och genomjämförande analys 
av AM-svampar (Glomeromycota) och taxa från de två systerlinjerna, 
Mucoromycota och Mortierellomycota. De två sistnämnda fyla omfattar taxa 
som huvudsakligen är saprotrofer, patogener eller fakultativa symbionter. För 
första gången kunde jag avvisade jag hård polytomi mellan dessa tre fyla och 
demonstrerade att Glomeromycota är syster till de andra två. Vidare 
bekräftade jag frånvaron av gener i fettsyrasyntes och tiaminbiosyntes i AM-
svampar och visade att gener i kolhydrataktiva enzymgenfamiljer hade 
minskat i antal i AM-svampar. Dessa förändringar betraktas som genomiska 
signaturer för AM-svamparnas mutualistiska livsstil. I artikel IV utförde jag 
ett symbiotiskt experiment med dubbla värdar, purjolök och durra (eng. 
Sorghum), som hade inokulerats med en gemensam AM-svamp, 
Claroideoglomus claroideum. Växternas vikt och fosforinnehåll visade att 
symbiosen påverkade durra negativt men det hade ingen effekt på purjolöken. 
Vid slutet av experimentet var AM-svamparnas kolonisering så begränsad att 
inga ytterligare jämförelser var möjliga. Sammantaget belyser denna 
avhandling svårigheterna förknippade med studier av AM-svampar i 
komplexa jordsamhällen eller under kontrollerade experimentella 
förhållanden. Vidare visar denna avhandling hur nya genomiska metoder kan 
förbättra vår förståelse om AM-svamps genomutveckling och att vi nu kan 
inkludera "vilda" stammar, i studier av släktskap och evolutionär historik.  
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