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SUMMARY 
Belowground fungal communities are highly complex systems, comprising a wide variety of 

ecologically and taxonomically different fungi distributed across various spatiotemporal scales. 

Saprotrophic fungi, decomposing dead organic matter, and mycorrhizal fungi, acquiring freshly 

synthesized carbon through mutualistic relationships with plants, are dominant functional groups in 

soil. However, several recent studies indicate that the borders between these ecological groups are far 

more blurry than previously appreciated. Mycorrhizal species have retained a repertoire of genes 

related to decomposition, and saprotrophic fungi may occupy healthy plant roots. In this thesis, 

belowground fungal communities were investigated, with emphasis on root-associated fungal 

communities and their functional roles.  

In Paper I, we assess fungal communities in plant roots and soil in semi-natural grasslands by high-

throughput sequencing (HTS). Utilizing a steep gradient in temperature and precipitation in western 

Norway, we aimed at investigating how climate variation, and in a longer time perspective – climate 

change, affect belowground fungal communities, as future projections for this region predicts a 

warmer and wetter climate. Across the gradient, we sampled soil and plant roots from the plants 

Bistorta vivipara and Potentilla erecta, which differ in mycorrhizal type. We measured soil edaphic 

factors, fungal enzymatic activities and ergosterol, a proxy for fungal biomass. While root-associated 

fungal communities were structured by both temperature and precipitation, soil fungal communities 

were only significantly correlated with temperature. The strongest effect of climate was seen when soil 

and plant roots samples were analyzed together. Fungal biomass, as well as soil carbon content, 

increased with decreasing precipitation, which could largely be explained by higher relative 

abundances of root-associated ascomycetes and slower turnover of fungal biomass. The predicted 

warmer and wetter climate may thus lead to lower soil carbon stocks in semi-natural grasslands in this 

region.  

Amongst the most widespread genera in the P. erecta roots was the assumed saprotrophic Mycena. 

There are also numerous other reports on saprotrophic fungi occupying healthy plant roots. In paper II, 

we investigated interactions between seedling roots of Betula pendula, and a selection of Mycena spp. 

Using microcosms experiments, we investigated the physical interaction between host plant roots and 

the fungal cultures using differential staining of plant and fungal material and fluorescent microscopy. 

In a second experiment, we used radioactive isotopes and radiographs to trace potential transfer of 

nutrients between plant roots and the associated fungus. We show that all investigated Mycena spp. are 

capable of occupying living plant roots, and that at least one of the species included, Mycena pura, 

was capable of transferring radioactive 32P to the seedling. Our study supports the view that the genus 

is not purely saprotrophic, and several species may occupy a transitional state between saprotrophy 

and biotrophy. 
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Due to the hidden lifestyle of belowground fungi, very little is known about the structure of root-

associated fungal communities on a very fine scale. In Paper III we investigated the fine-scale 

structure of the root-associated fungal community of the ectomycorrhizal (EcM) host plant B. 

vivipara. Because the rhizome of B. vivipara grows directionally belowground, it was possible to 

include an age aspect and to assess whether a successional pattern among the fungi can be seen. We 

assumed that root tips sampled in sequence (i.e. neighbors) on a root thread where closer to each other 

in the soil, than root tips sampled further apparat. We recovered 41 operational taxonomic units 

(OTUs) that showed strong spatial structure within the root system. More neighboring root tips sharing 

the same OTU, consistent with spatial clustering, was observed in the youngest part of the root system 

than in the older. This may suggest a succession or fragmentation of the root-associated fungi even at 

a very small scale, where competition may be related to successional stages within the root system. 

Overall, the papers in this thesis report on diverse plant root-associated communities, with versatile 

functions.  As predefined niches are being challenged, we should aim be open-minded about putative 

ecological functions of the plant root mycobiome. 
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INTRODUCTION 
People are categorical and tend to label things and put them in to predefined ‘boxes’. Although these 

‘boxes’ are practical for keeping order in a complex world, they often are too restrictive for biological 

entities. As an example, people are often either defined as introvert or extrovert, but the ‘in-betweens’ 

are seldom discussed, although they do exist. There often is an assumption that you cannot occupy 

more than one ‘box’. The same could be said to be true for the study of ecology, where we tend to 

group organisms into predefined ecological niches. For fungi, however, several recent studies, suggest 

that the picture is not so clear, and that the borders between these predefined ‘boxes’ are often much 

more blurry than we previously have assumed. 

Although often considered as microbiology, fungal ecology is in the midpoint between macro- and 

microbiology. In fact, the largest organisms on earth, both in terms of biomass and size, is the fungal 

mycelium of an individual of the species Armillaria gallica, spanning more than 35 hectares, weighing 

at least 40,000 kg and being at least 2500 years old (Smith et al., 1992; Anderson et al., 2018). 

Although fungal individuals can be large, and thus represent macro-organisms, hyphae, the fungal 

cells, are only a few µm in diameter. Fungal hyphae interacts with other organism on this microscopic 

scale (Bogar & Peay, 2017), and in that sense, fungi can be defined as microorganisms. 

Traditionally, fungal communities in nature were studied as macro-organisms. Sporocarps were 

collected in the field and determined to species based on morphology, similar to plant vegetation 

surveys. Due to the complex lifecycles of fungi, microscopic inconspicuous fungi or fungi with cryptic 

lifecycles without forming larger sporocarps were hard to detect. Thus, only visible mushrooms, 

fruiting at the particular time of sampling were investigated. From the early 1990’s, sequencing of 

DNA made it possible to determine species based on the order of nucleotides (Sanger & Coulson, 

1975). Individual species could be isolated from environmental samples, such as roots or soil, and 

determined based on DNA sequences. This unravelled cryptic and previously undiscovered species 

(Vilgalys & Sun, 1994; Taylor et al., 2000) as well as novel ecological roles for already described 

fungal species (Vrålstad et al., 1998). With the ‘molecular revolution’ in the early 1990’s (Horton & 

Bruns, 2001), fungal ecology took a new direction, and relatively large datasets could be produced 

from environmental samples (O’Brien et al., 2005). With intensive work effort by the researcher 

community on tedious and expensive sequencing, it became progressively clearer that the unseen and 

cryptic diversity of fungi was much larger than what had been previously observed from sporocarps 

surveys or cultivation techniques (O’Brien et al., 2005; Blackwell, 2011; Nilsson et al., 2018).  

In the late 2000’s, the fungal ecologists embraced high throughput sequencing (HTS) methods and 

metabarcoding (Nilsson et al., 2018), where millions of DNA sequence reads can be produced from 

environmental samples in a single sequencing run (Reuter et al., 2015). Metabarcoding refers to 
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sequencing one specific gene region (called the barcode, i.e. barcoding) on a mixed DNA template. 

These large dataset of DNA barcodes can be used to describe fungal ecological patterns in nature 

(Bahram et al., 2011; Averill et al., 2014; Botnen et al., 2014; Tedersoo et al., 2014; Kyaschenko et 

al., 2017; Fernandez & Kennedy, 2018). Although we are beginning to get a more comprehensive 

picture of fungal communities in a range of environments, fungal ecology is still to a large extent 

explorative and descriptive. An increasing number of molecular studies are demonstrating that the 

taxonomic and functional diversity of belowground fungal communities are extremely varied (Toju et 

al., 2013; Baldrian, 2016; Kyaschenko et al., 2017; Kohout et al., 2018), new fungal lineages are 

discovered and described (Schadt et al., 2003; Rosling et al., 2011) and previous strictly defined 

niches are being challenged (Lofgren et al., 2018; Schneider-Maunoury et al., 2018). There is, of 

course, challenges related to studying the largely hidden and unseen diversity and functions of fungal 

communities in soils and belowground, which I will discuss in this thesis. 

ECOLOGY OF SOIL FUNGI 
Soil fungi comprise a wide group of ecologically very different species, which have commonly been 

grouped into functional guilds or trophic mode according to their suggested mode of nutrient 

acquisition (Nguyen et al., 2016). Among the most commonly reported ecological roles in soil, are 

symbiotic fungi that acquire freshly synthesized carbon from the roots of host plants (Smith & Read, 

2008; van der Heijden et al., 2015) and saprotrophic fungi that decompose dead organic matter to 

access carbon (Baldrian & Valášková, 2008).   

Most plants associate with beneficial symbiotic fungi on root level, an interaction termed mycorrhiza. 

Mycorrhizal fungi increases plant growth and uptake of mineral nutrients, and in return the fungi 

receive sugars from the plants (Smith & Read, 2008; van der Heijden et al., 2015). Mycorrhiza is 

crucial for survival of the associated plants in natural environments, and evolved alongside Plantae’s 

colonization of land (Strullu-Derrien et al., 2018). This form of mutualistic symbiosis is widespread, 

including phylogenetically diverse groups of fungi and more than 80% of all higher plant species 

(Brundrett & Tedersoo, 2018). Mycorrhizal fungi are important for long-term storage of carbon (C) in 

boreal forest systems (Clemmensen et al., 2013; Soudzilovskaia et al., 2018) but are also efficient 

recyclers of organic material and mineral nutrients (Op De Beeck et al., 2018; Sterkenburg et al., 

2018). As key players in soil ecology, knowledge of mycorrhizal fungi should be integrated in our 

understanding of plant ecology (Dahlberg, 2001; Koide et al., 2014).  

The most common form of mycorrhiza, arbuscular mycorrhiza (AM), is formed by 72% of all plants 

(Brundrett & Tedersoo, 2018) and exclusively by Glomeromycota and Mucoromycota (Brundrett & 

Tedersoo, 2018). It is also the oldest type of mycorrhiza, and was probably crucial in Plantae’s 

colonization of the terrestrial habitat (Wang et al., 2010). Plantae’s genetic basis for forming 
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Figure 1 Cross section of an EcM root tip using fluorescent microscopy with 
differential staining of fungal (green) and plant (red) cells clearly show the thick hyphal 
mantel (M) and the inter-cellular hyphal network termed Hartig net (H). Photo: Ella 
Thoen 

mycorrhizas with fungi likely predates the first land plants (Delaux et al., 2013), and  the oldest fossil 

of Glomean fungal spores is over 460 million year old (Redecker & Blackwell, 2000). In AM, the 

fungal hyphae penetrate the plant cell wall and form characteristic structures for nutrient exchange, 

termed arbuscles. 

In contrast to AM fungi, ectomycorrhizal (EcM) fungi never penetrates the plant cell wall, and nutrient 

exchange is thus restricted to across the cell walls of the partners. The EcM symbiosis is characterized 

by a hyphal sheet, mantle, encapsulating the plant root tip, and an intercellular network of hyphae 

between plant cells in the root cortex, termed Hartig net (Fig. 1), where the nutrient exchange takes 

place. 

Although only 2% of all plants form EcM, most ecologically and economically important trees in 

boreal and temperate climatic zones forms this form this type of symbiosis with fungi (Brundrett & 

Tedersoo, 2018). EcM communities can be highly diverse, even at small scales. For instance, a single 

EcM forming tree may host up to 200 fungal species as well as several individuals within a species 

(Bahram et al., 2011). The reasons for why EcM host plants have such a diverse root-associated 

community is yet unknown, but it has been suggested that a diverse EcM community may act as a 

buffer against changing environmental conditions (Pena et al., 2010). Fungal species involved in this 

symbiosis comprise a wide number of phylogenetically diverse species within Ascomycota and 

Basidiomycota, and has evolved independently from a saprotrophic lifestyle at least 78 times (Smith & 

Read, 2008; Tedersoo et al., 2010; Kohler et al., 2015). 

Not all plants are 

mycorrhizal, but all plants 

associate with fungi. All 

tissues of plants, including 

roots, are asymptotically 

occupied by fungi. These 

fungi do not have any 

common phylogenetic 

ancestor, but are 

polyphyletically grouped 

together on the basis that 

they live asymptotically 

inside plants – they are 

endophytes (Rodriguez et al., 

2009). Root-endophytes are 
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fungi that live inside plant roots without causing any structural changes to the root, without producing 

specific organs for nutrient exchange, and without being pathogenic (Brundrett, 2006). The function of 

root-endophytes may be very variable, but are often classified as either beneficial or commensalists, or 

their functions are unknown. Root-endophytes have been shown to maintain a repertoire of genes 

linked to both saprotrophic and pathogenic lifestyles (Schlegel et al., 2016), and thus their functions 

may be context dependent. By the use of molecular studies, fungi that are supposedly saprotrophic, 

living on dead organic material, are be recovered from healthy plant root samples (Menkis et al., 2005; 

Selosse et al., 2009; Yao et al., 2013; Liao et al., 2014), and there is growing evidence that 

saprotrophic fungi may associate biotrophically with plant roots in vitro (Smith et al., 2017). 

Mycorrhizal fungi have evolved from saprotrophic ancestors (Tedersoo et al., 2010; Wolfe et al., 

2012; Kohler et al., 2015), a process that likely is still ongoing, and several species may occupy a 

transitional state. Thus, our definitions of these functional guilds may be somewhat restrictive, and 

predispose us to prejudging the actual ecological functions of fungi recovered from different 

substrates. 

BELOWGROUND STRUCTURE OF FUNGAL COMMUNITIES 
An increasing amount of studies are aiming at explaining what structures the fungal communities 

spatially in soil and plant roots on scales ranging from local (Lilleskov et al., 2004; Blaalid et al., 2012; 

Pickles et al., 2012; Yoshida et al., 2014), regional (Jarvis et al., 2013; Miyamoto et al., 2015) to 

global (Tedersoo et al., 2014; Bahram et al., 2018). On larger scales, climate and edaphic factors (such 

as pH) are among the important drivers in structuring fungal communities and phenology (Tedersoo et 

al., 2014; Baldrian, 2016; Andrew et al., 2018; Bahram et al., 2018), and ecological processes that 

operate at scales from hundreds to thousands kilometres affect fungal community composition (Peay 

et al., 2016). Because soil and root-associated fungi are important regulators of soil carbon dynamics 

(Clemmensen et al., 2013; Averill & Hawkes, 2016; Hagenbo et al., 2017), understanding the main 

drivers structuring fungal communities and community-related decomposition processes are important, 

especially in the light of climate change (Crowther et al., 2016). On smaller scales, fungal 

communities are patchily distributed (Tedersoo et al., 2003; Lilleskov et al., 2004; Pickles et al., 

2012), and can be highly diverse even at a single host plant scale (Bahram et al., 2011; Yoshida et al., 

2014). We know relatively little about what structures fungal communities on scales representing the 

individual hyphae or individual mycorrhizas, but competition and dispersal stochasticity are both 

likely important factors (Kennedy et al., 2009; Pickles et al., 2012; Bogar & Peay, 2017). Priority 

effects, meaning that an early arriving species has an advantage in colonizing the habitat compared to 

later arriving species, has been deemed as a major factor in structuring fungal communities (Kennedy 

& Bruns, 2005; Yoshida et al., 2014; Hiscox et al., 2015). Understanding how fungi interact 
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Figure 2 Schematic drawing of the three host plants used in this thesis. Two host plants were used to study root-
associated communities, the ectomycorrhizal host plant Bistorta vivipara (a) in Paper I and III and the arbuscular- or non-
mycorrhizal plant Potentilla erecta (b) in Paper I. Seedlings of Betula pendula pen dula (c) was used for an experimental 
setup in Paper II, looking at putative plant-fungus interactions at root level. Figure credit: Erlend Y. Fines 

 

belowground on these small scales, may be just as important for understanding large-scale pattern and 

belowground dynamics.  

The overall aim of my thesis was to gain deeper knowledge about what structures belowground fungal 

communities on different spatial scales and investigate possible ecological functions of root-associated 

fungi. I have included both the descriptive molecular methodologies, as well as utilized experimental 

setups to test hypotheses about functions of root-associated fungi. By applying a broad selection of 

methods, I attempt to fill some of our knowledge-gaps in fungal ecology.  

MATERIAL AND METHODS 
There are several approaches to study soil- and root-associated fungal communities, and the choice of 

methods very much depends on the questions you are asking, which in turn will affect what you will 

be able to answer. Methods for studying soil fungi in natural settings differ substantially from in vitro 

experiments, but both approaches have their advantages and disadvantages. If you are interested in, for 

instance, EcM fungi, you would choose different methods than if you were interested in AM fungi, 

both in terms of host plant and molecular markers. In this section, I will outline the main 

methodologies used in the three papers in this thesis, the rationale behind, and their advantages and 

disadvantages. The focus will be mainly on root-associated fungal communities. 

SOIL AND ROOT-ASSOCIATED FUNGAL COMMUNITIES FROM ENVIRONMENTAL SAMPLES 
Since all plants associate with fungi in one way or another, and specific plant genera form different 

types of mycorrhizae (Brundrett & Tedersoo, 2018), choosing your host plant for investigating root-

associated fungi is dependent on what questions you are asking. For instance, most plant species that 
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form EcM are trees and shrubs with very large root systems, and investigation of all root-associated 

fungi of adult EcM plants is therefore a tedious task. Several studies on EcM fungi have therefore 

focused on seedlings (Kennedy & Bruns, 2005; Menkis et al., 2005; Yoshida et al., 2014; Smith et al., 

2017), or on soil cores with roots collected around larger trees when investigating adult plants 

(Bahram et al., 2011).  

Although most plants forming EcM are trees and shrubs (Brundrett & Tedersoo, 2018) there are a few 

herbaceous plants that form EcM, among them the perennial Bistorta vivipara (L.) Delarbre. The 

small and condensed root system of this plant makes it ideal for studying the entire root system of 

adult EcM plants. Several studies have already confirmed the high diversity of root-associated fungi of 

this plant (Massicotte et al. 1998; Blaalid et al. 2012, 2014; Kauserud et al. 2012; Yao et al. 2013; 

Botnen et al. 2014; Mundra & Halvorsen 2015), comprising a wide range of both arbuscular- and 

ectomycorrhizal fungi as well as saprotrophs, parasites and endophytes.  

In Paper I and Paper III we used B. vivipara (Fig 2a) to investigate root-associated fungal communities 

of EcM plants. Bistorta vivipara grows with a belowground rhizome, where growth is restricted to the 

proximal end (i.e. where the leaves and flowers sprout from). In Paper I, we also investigated the root-

associated fungi of Potentilla erecta (L.) Raeusch. (Fig. 2b), which has been reported both as AM and 

as non-mycorrhizal (reviewed in Wang & Qiu, 2006), to be able to compare whether the same 

environmental drivers are structuring the fungal communities of plants with differing mycorrhizal 

type. 

Root-associated fungal communities are also present in soil as mycelium, and soil samples as a 

substrate for studying root-associated fungi is therefore another possibility (e.g. Clemmensen & 

Michelsen, 2006; Sterkenburg et al., 2018). In addition to capturing symbiotic root-associated fungi, 

all other trophic modes are captured as well (e.g. saprotrophic fungi and pathogens on soil fauna), and 

one could argue that you are closer to capture the entire fungal community as compared to looking at 

plant roots alone (although this is dependent on pre-processing such as sieving; see below). However, 

there are large discrepancies between the abundance of mycelium in soil and number of root tips 

occupied by EcM fungi (Kjøller, 2006), and looking at soil alone may give a different picture than if 

plant roots are included. Thus, it may be important to look at more than one sample type to gain a 

more complete picture of belowground processes, which we discuss in Paper I.  

Typically, in fungal ecology, environmental samples are collected in the field and processed before 

molecular methods and downstream analyses (Lindahl et al., 2013). As molecular work often is done 

on very small amounts of substrate (mg-g), careful homogenization of the sample is crucial. When 

studying fungal communities in plant roots, soil and debris attached to the roots must be removed, and 

when looking at individual plant species, roots must be disentangled from other plant roots. The root 
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systems studied in Paper I and Paper III were carefully rinsed, and all soil attached to the roots were 

removed under a dissection microscope, to avoid contaminations from soil fungi that are not living 

inside the roots. In Paper I, the entire root system of each individual plant was homogenized by bead 

beating, which has been shown to provide consistent results for replicate subsamples (Kauserud et al., 

2012). In Paper III we were interested in spatial structure of the root-associated fungal community 

within the root system. We therefore mapped and sampled root tips colonized by fungi from each root 

thread instead of homogenizing the entire root system. 

Fungal communities are patchily distributed in soils (Lilleskov et al., 2004; Pickles et al., 2012), and 

typically several soil samples are taken at each plot and pooled in order to obtain a more representative 

sample (Clemmensen et al., 2006; Voříšková et al., 2014). Subsequently, the soil samples need to be 

homogenized, either by manual mixing or sieving and mixing, and a small subsample is then taken 

from the larger sample for DNA analyses. Sieving will remove larger fractions, such as stones, 

pebbles and roots from the soil, but this may also be manually removed when mixing without sieving. 

Thus, the processing of the soil will affect which parts of the fungal community you recover (i.e. 

inclusion of roots will include root-associated fungi to larger degree). DNA is then extracted from a 

subsample of the homogenized soil.  

MOLECULAR METHODS 
The study of fungal communities from environmental samples is often very much dependent on 

molecular methods. The fungal barcode for species identification is the ribosomal internal transcribed 

spacer (ITS) region (Schoch et al., 2012), which has high intraspecific variation, but is relatively 

invariable within species. The ITS region consists of two highly variable regions, ITS1 and ITS2, 

which are flanked by conserved genes (18S and 28S), and separated by a conserved region (5.8S). 

This allows for primers that can either amplify the entire ITS region (White et al., 1990; Gardes & 

Bruns, 1993), or ITS1 or ITS2 separately (Tedersoo & Lindahl, 2016). However, the primers used to 

amplify the regions have biases towards specific fungal groups, and fail to capture others (Begerow et 

al., 2010; Tedersoo & Lindahl, 2016; Nilsson et al., 2018). Additionally, some fungal taxa have very 

high intraspecific variation in the ITS region (Nilsson et al., 2008), which may inflate operational 

taxonomic unit (OTU, a proxy for species) richness. Thus, the units you are investigating may not 

necessarily represent a real biological species. In HTS surveys, ITS1 or ITS2 are used as barcodes, 

although there is no consensus on which region should be preferred (Bellemain et al., 2010; Blaalid et 

al., 2013; Tedersoo & Lindahl, 2016). 

Although HTS and metabarcoding now are established as routine operations, Sanger sequencing is 

still a valuable approach in some cases; Sanger sequencing can produce high-quality DNA reads from 

a single DNA template, either from fruit-bodies, pure cultures or from root-tips occupied by a single 
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(or dominating) species of fungi. The DNA sequence can then be identified by comparing it to 

sequences from known species, using for instance the fungal database UNITE (Kõljalg et al., 2013). 

Sanger sequencing is limited to sequencing a single DNA fragment per run, and does not work with 

mixed samples (i.e. mixed template samples have to be cloned to isolate individual DNA fragments). 

Sanger sequencing can however, produce higher quality DNA reads of longer read length than most 

HTS platforms available (Reuter et al., 2015). 

Utilizing HTS methods and metabarcoding on environmental samples has now become the gold 

standard in microbial ecology, because you can amplify and sequence fungal DNA from mixed 

template sample without the tedious step of cloning individual DNA fragments, and the output greatly 

outnumbers what you can get from traditional Sanger sequencing. The concept is relatively straight 

forward (Fig. 3): DNA is extracted from an environmental sample, amplified using fungal-specific 

primers and sequenced on a HTS platform of your choice (Reuter et al., 2015). Further, the sequence 

reads obtained are subjected to a number of bioinformatics analyses, including quality filtering, 

clustering of sequence reads into operational taxonomic units (OTUs) based on similarity and 

taxonomic annotation of the OTUs. There are numerous biases and problems at each step in the 

process, some of which are intrinsic to the method, and others that can be avoided by good scientific 

practice and careful selection of methods in each step (Nilsson et al., 2018). Most of these issues have 

been discussed elsewhere (e. g. Nilsson et al., 2008, 2016; Blaalid et al., 2013; Lindahl et al., 2013; 

Tedersoo & Lindahl, 2016; Bjørnsgaard Aas et al., 2017; Botnen et al., 2018), but I will touch upon 

aspects relating to the papers in the discussion. 

THE EXPERIMENTAL APPROACH: IN VITRO INOCULATIONS 
Although DNA based studies are powerful in describing fungal communities from environmental 

samples, studying fungal distribution and investigating drivers structuring the communities (Baldrian 

Figure 3. Illustration of the workflow using high throughput sequencing and metabarcoding. Figure modified for fungal 
studies from http://www.naturemetrics.co.uk. Figure credit: Erlend Y. Fines 
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et al., 2012; Lindahl et al., 2013; Tedersoo et al., 2014; Clemmensen et al., 2015; Nilsson et al., 

2018), they tell us relatively little in terms of the actual functional roles that fungal species perform in 

nature. To test hypotheses about species ecology, experiments under controlled and simplified 

conditions are useful. Traditionally, in vitro re-synthesis experiments were used to confirm 

mycorrhizal status of fungi (Laiho, 1970), investigate growth benefits by mycorrhizal formation to 

plants (Daft & Nicolson, 1966; Laiho, 1970) and nutrient transfer between plant and fungus (Melin & 

Nilsson, 1950; Melin et al., 1958). Nowadays, it’s more commonly used for investigation of gene 

expression during symbiosis formation (Ceccaroli et al., 2015; Kohler et al., 2015; Martino et al., 

2018), but also for investigating putative biotrophic interactions between fungi and plants (Smith et 

al., 2017). In in vitro experiments one can control for nutrient availability, light and moisture 

conditions that cannot be precisely controlled for in nature. Natural ecosystems are generally too 

complex to be able to control for all possible confounding factors. Additionally, you can control for 

which organisms you want include in in vitro experiments, which makes it possible to investigate 

specific interactions, without having to deal with unnecessary variability from other factors, biotic or 

abiotic, that may directly or indirectly influence the interactions. 

In Paper II we used an experimental setup with seedlings of the EcM forming plant Betula pendula 

Roth (Fig. 2c), to investigate interactions between the seedlings and the assumed saprotrophic fungal 

genus Mycena. Betula pendula readily form EcM with a variety of different species of fungi (Le Quéré 

et al., 2005; Tedersoo et al., 2008; Kasurinen et al., 2016). The generalistic properties of B. pendula 

make it ideal for investigating root-associations of fungi when exploring possible root-associations. 

Seedlings are practical in terms of size, and they can easily be kept sterile by germination from 

sterilized seeds. 
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THE PAPERS 
The overall aim of this PhD thesis was to investigate the potential different functions of root-

associated fungi, both across different spatial scales, ranging from cm in the soil (Paper III) to over 

100 km (Paper I), and even across previously defined ecological groups (Paper II). A broad selection 

of methods were used for the different studies, ranging from classical Sanger sequencing of individual 

samples (Paper III) to HTS sequencing of soil and plant roots (Paper I), from natural environments 

(Paper I & III) to axenic laboratory experiments (Paper II).   

In the first paper, we took advantage of a steep gradient in temperature and precipitation, to investigate 

how fungal communities in soil and plant roots of P. erecta and B. vivipara change across a climatic 

gradient in western Norway. The aim was to investigate whether climatic factors such as precipitation 

and temperature affect the fungal community in terms of community composition and functions (i.e. 

trophic modes), and what potential 

consequences this can have in a changing 

climate. 

In the second paper, the setting was moved 

from natural environments to a controlled, 

axenic laboratory setting, to investigate further 

why a putatively saprotrophic genus of fungi is 

often found in healthy plant roots, using 

fluorescent microscopy of fine-roots and 

radioactive isotopes for tracing transfer of 

nutrients. 

In the third paper, we looked at what structures 

fungal communities on a very fine scale. Using 

Sanger sequencing to identify EcM root tips of 

a single root system of B. vivipara, we 

investigated how these root-associated fungi 

were spatially structured at less than cm scales 

within a root system.  

In the following section, I will briefly 

summarize the aims and results from the three 

papers included in this thesis.  

Figure 3. Often found fruiting among decaying litter on the 
forest floor, the Mycena spp. have by default been assigned to 
the saprotrophic guild. However, Mycena spp. may play 
potentially important roles within plant roots, where they are 
often found in HTS-studies. Photo: Ella Thoen 
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PAPER I: CLIMATE STRUCTURES BELOWGROUND FUNGAL COMMUNITIES IN SEMI-NATURAL 

GRASSLANDS 
Climate change is an imminent threat to biodiversity and ecosystem functioning globally. Soil fungi 

are key players in terrestrial ecosystems and several studies point to their importance for long-term 

sequestration of carbon (C) in boreal soils and soil C dynamics. We have limited knowledge about 

how climate change will affect fungal communities in boreal grasslands. In this study, we aimed to 

investigate whether fungal community composition in soil and plant roots are affected by climate. 

Several studies have looked at how climate change may alter fungal community composition in boreal 

forests and alpine tundra, but relatively few studies have investigated the impacts of climate on 

grasslands in boreal systems. We took advantage of steep climatic gradients in western Norway to 

assess the effects of variation in summer temperature and annual precipitation regimes on fungal 

community composition, activity and biomass in semi-natural grasslands. We sampled soils and plant 

roots from Bistorta vivipara and Potentilla erecta in 12 sites across the climatic gradient. While 

communities of fungi closely associated with plant roots were structured by both temperature and 

precipitation, soil-dwelling fungi only respond to changes in temperature. We found higher fungal 

biomass and soil C in drier climates, which could largely be explained by higher relative abundances 

of melanized root endophytes, climate-induced fungal enzymatic activity and slower turnover of 

fungal biomass. This may have consequences for the global C dynamics, as the predicted warmer and 

wetter climate in boreal areas may lead to lower soil C stocks in boreal grasslands.  

 

PAPER II: VERSATILITY IN FUNGI: IN VITRO EVIDENCE OF ECOLOGICAL TRANSITIONS IN THE GENUS 

MYCENA  
The transition from saprotrophic to mycorrhizal lifestyle has occurred several times independently 

during evolution, suggesting a strong, and presumably still operating, evolutionary pressure for 

saprotrophic fungi to switch to symbiotic associations with plants. There are numerous studies 

reporting on saprotrophic fungi occupying healthy plant roots, blurring the borders between their 

predefined ecological roles. The aim of this paper was to investigate whether the ubiquitous 

saprotrophic genus Mycena, that are frequently major components of molecular studies of root-

associated fungal communities, can form biotrophic interactions with plants. We selected 17 Mycena 

species for our study, covering a broad range of the genus. In order to investigate the putative 

interaction between Mycena spp. and plant roots in vitro, seedlings of Betula pendula and the 17 

Mycena spp. were grown together in microcosms. Seedling growth was recorded, and we used 

cryomicrotome sectioning, differential staining and fluorescent microscope imaging to visualize 

fungal growth within the fine roots of the seedlings. Physiological interactions were investigated using 
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14C and 32P to look for potential transfer between seedlings and fungi. All Mycena spp. associated 

closely with fine roots, showing hyphal penetration into the roots, which in some cases were 

intracellular. Seven species formed mantle-like structures around root tips. Mycena pura and M. 

galopus both enhanced seedling growth, with M. pura showing transfer of significant amounts of 
32P 

to the seedlings. Our results support the view that some Mycena species are not purely saprotrophic 

and may potentially occupy a transitional state between saprotrophy and biotrophy. A genomic 

investigation of Mycena species may shed further light on evolutionary processes involved in 

switching to symbiosis.  

PAPER III:  A SINGLE ECTOMYCORRHIZAL PLANT ROOT SYSTEM INCLUDES A DIVERSE AND SPATIALLY 

STRUCTURED FUNGAL COMMUNITY 

Although only a relatively small proportion of plant species form ectomycorrhiza (EcM) with fungi, it 

is crucial for growth and survival for a number of widespread woody plant species. Few studies have 

attempted to investigate the fine scale spatial structure of entire root systems of adult EcM plants, 

partly because most form very large root systems. The aim of this study was to investigate how EcM 

communities are structured on a very fine scale. We used the herbaceous perennial Bistorta vivipara, 

which has a small and condensed root system, to map the entire root system of an adult EcM plant. We 

investigate the spatial structure of its root-associated fungi, and found a strong gradient within the root 

system. All EcM root tips were sampled, mapped and identified using a direct PCR approach and 

Sanger sequencing of the ITS region. A total of 32.1% of all sampled root tips (739 of 2302) were 

successfully sequenced and clustered into 41 OTUs. We observed a clear spatial structuring of the 

root-associated fungi within the root system. Clusters of individual OTUs were observed in the 

younger parts of the root system, consistent with observations of priority effect in previous studies, but 

were absent from the older parts of the root system. This may suggest a succession and fragmentation 

of the root-associated fungi even at a very fine scale, where competition likely comes into play at 

different successional stages within the root system.  
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DISCUSSION 
The papers in this thesis show how different factors are important in structuring fungal communities at 

different scales, and that observations from field studies can be supported by in vitro laboratory 

studies for more in-depth knowledge on fungi’s ecology. Here, I will discuss the different aspects that 

tie the three papers together and also emphasize their main differences.  

COMMUNITY COMPOSITION AND STRUCTURE 
Overall, we recovered diverse fungal communities from the environmental samples in Paper I and III, 

although on very different scales. The fungal community recovered from a single B. vivipara root 

system included 41 OTUs, which was higher than the average number of fungal OTUs recovered from 

B. vivipara roots in Paper I (range: 11-53, mean: 22.75). Both studies fall well within the range of 

previous studies on root-associated fungal communities of B. vivipara (Blaalid et al., 2012; Yao et al., 

2013; Botnen et al., 2014). We recovered a somewhat lower number of OTUs from P. erecta (range 7-

37, mean: 17.12) and slightly higher from soil samples (range: 9-69, mean: 23.11).  In Paper III, we 

excluded most DNA sequences that did not have affinity to taxa that are EcM or other known root-

associates. The most common OTUs in Paper III, with taxonomic affinities to genera Pseutomentella, 

Tomentella, Cortinarius and Russula, were also among the most common genera recovered from B. 

vivipara in Paper I. 

Potentilla erecta has been recorded as both AM and as non-mycorrhizal (reviewed in Wang & Qiu, 

2006), but because of our choice of primers (ITS1-F and ITS2), we recovered a very low abundance of 

AM fungi (1-4‰ in two P. erecta samples). Although not emphasized in Paper I, the most common 

OTUs in P. erecta belonged to Mycena spp. and Hygrocybe spp., both of which are genera that has 

been described as purely saprotrophic in the Nordic countries (Knudsen & Vesterholt, 2008). 

However, recent evidence points to that Hygrocybe spp. are most likely biotrophic (Halbwachs et al., 

2018). Among other common OTUs recovered from P. erecta roots were several OTUs with affinity 

to root-associated ascomycetes, such as Cladophialophora, Phialocephala, Cadophora and 

Melinomyces, but also a few EcM-forming genera, such as Russula, Tomentella and Tuber. This 

indicates that P. erecta might possess a more diverse array of mycorrhizal fungi than earlier 

appreciated (discussed below). 

Diversity of fungi have in general been found to be higher in soils than in plant roots (Peay et al., 

2016). Although we recovered similar amounts of OTUs from soils and plant roots in Paper I, the 

fungal community in soil overlapped to a large extent with the root-associated fungal community, 

although with more OTUs annotated as saprotrophs in soil. 

In both Paper I and III, the fungal communities were spatially structured, although the scales were 

vastly different (mm-cm in Paper III and extending over 100 km apart in paper I). On a very small 
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scale (Paper III), the root-associated fungal community seemed to be structured by competition and 

priority effects, although no other edaphic factors were measured and cannot be ruled out. The strong 

spatial structure within the root system was related to root threads position along the rhizome. 

On larger scales, the root-associated fungal communities were structured by both temperature and 

precipitation along a climatic gradient in western Norway. Generally, the root-associated fungal 

communities were more affected by the climatic drivers compared to the fungal communities in soil. 

Plant communities have been found to be influenced by differences in both temperature and 

precipitation levels across the gradient (Klanderud et al., 2015; Tingstad et al., 2015), and the root-

associated fungal community may be also indirectly influenced by climate through their plant hosts. 

However, the strongest effects by climatic factors were seen when the dataset was analysed as a whole 

(i.e. both plant root-associated and soil fungi). Community composition for all sample types clearly 

correlated to both temperature and precipitation, underpinning the importance of investigating 

different compartments of the belowground mycobiome in concert.  

FUNGAL SPECIES, OTUS AND CLUSTERING LEVEL 
Most ecological studies on animals and plants are conducted on a species level, but species-level 

interpretations are often more problematic in fungal ecology. In Paper II, the fungal strains included 

were isolated from sporocarps of morphological well-known Mycena species. Thus, even if there are 

some evidence of cryptic species diversity with Mycena (Harder et al., 2013), the species 

interpretation was relatively straightforward. The identity of the cultures were also confirmed with 

high quality Sanger sequences of the ITS region. For environmental samples, however, where many of 

the DNA reads are not assigned to taxa below phylum level (Nilsson et al., 2016), the picture becomes 

more complex, and especially so for HTS datasets. In paper I we obtained over 17 million DNA reads 

of the ITS1 region after quality filtering using Illumina technology, whereas in Paper III we worked 

with 739 Sanger sequences of the entire ITS region (ITS1, 5.8S and ITS2) after quality filtering. The 

lower number of DNA sequences in Paper III allowed for manual inspection and quality control, and 

sequences were subsequently clustered into OTUs using a 97% similarity threshold. The OTUs where 

then manually taxonomically assigned using species hypothesis (SH) from the fungal database UNITE 

(Kõljalg et al., 2013). Such manual approaches are not suitable for datasets with millions of DNA 

reads. Hence, in Paper I, quality filtering and chimera removal was done using DADA2 (Callahan et 

al., 2016). The output of DADA2 provides amplicon sequence variant (ASVs), which may vary by as 

little as one or two nucleotides. As intraspecific variation in ITS can be high (Nilsson et al., 2008), 

ASVs are not good proxies for species in Fungi, and will inflate the richness. Because of this, we did 

post-clustering of the ASVs into OTUs using LULU (Frøslev et al., 2017), reducing the number of 

units to about half the initial ASVs. Intraspecific variation in ITS varies across taxa (Nilsson et al., 

2008), but a sequence similarity threshold between 97-98% is generally thought to retain a balance 
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between intraspecific sequence variance and sequencing errors (Nilsson et al., 2018). It is impossible, 

though, to accurately determine to what degree the OTUs we investigated in Paper I and Paper III 

represent real fungal species (Nilsson et al., 2008; Blaalid et al., 2013). However, if you are not 

looking for answers regarding species richness or diversity, clustering level and OTU delineation has 

very little influence on the overall structure of community composition, if strong underlying gradients 

are present (Botnen et al., 2018), such as in Paper I and III.  

FUNCTIONS OF BELOWGROUND FUNGAL COMMUNITIES 
With large sequence-based studies, functional and ecological inference is typically done by grouping 

species into trophic modes and/or guilds based on existing knowledge of their nutritional mode and 

ecology (e.g. as done in Clemmensen et al., 2006, 2015; Kyaschenko et al., 2017; Sterkenburg et al., 

2018). Assigning fungal functions in metabarcoding studies has now become relatively easy by means 

of the open annotation tool FUNGuild (Nguyen et al., 2016), which assigns taxonomically annotated 

OTUs into functional guilds. Ideally, ecological functions of fungi should be assigned on a species 

level, but as discussed above, OTUs may not necessarily represent biological species. Trophic 

strategies are often conserved within fungal genera, although there are several exceptions (Humpert et 

al., 2001; Tulloss et al., 2016). We used FUNGuild in Paper I, which assigns OTUs to functional 

guilds based on taxonomic annotation at genus level. In addition, we manually inspected all assigned 

fungal guilds. Assignments are done using a confidence ranking, from ‘highly probable’, ‘probable’ 

and ‘possible’, but for genera that include species with different ecological functions the output can be 

somewhat complicated. As an example, an OTU annotated to the genus Melinomyces was assigned to 

the functional guild ‘Ectomycorrhizal-Endophyte-Ericoid Mycorrhizal-Litter Saprotroph-Orchid 

Mycorrhizal’ with the confidence level ‘probable’. Thus, for the majority of the fungal guilds manual 

revisions were necessary, and has also been done in other studies where FUNGuild was used for 

functional guild annotation (Kolaříková et al., 2017). For several OTUs assigned to genera with 

consistent and well-known ecological functions, such as many EcM fungi, the output from FUNGuild 

did not require any further revision. 

Among other groups, the genus Mycena that has been consistently reported as saprotrophic in Europe  

(e.g. Clemmensen et al., 2006; Knudsen & Vesterholt, 2008; Kyaschenko et al., 2017; Sterkenburg et 

al., 2018) was significantly more abundant in both plant roots than in soil (Paper I), and the most 

abundant genus in P. erecta. The genus was also assigned to the ‘Pathotroph-Saprotroph’ by 

FUNGuild. However, we show in Paper II that members within the genus Mycena readily forms 

associations with roots of B. pendula seedlings in vitro, which suggests that Mycena can also be 

involvued in biotrophic associations. 
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In Paper III, we focused on known root-associated species, and inclusion of OTUs was based on 

literature search, which is not a large effort for 41 OTUs. Intrinsically, when looking at plant roots, 

one would assume that the recovered fungal community is root-associated, but often OTUs with 

affinity to saprotrophic fungi are assumed to be contaminants (e.g. Liao et al., 2014, see also 

discussion in Selosse et al., 2010, 2018;). However, we did include a few OTUs that did not have 

affinity to known EcM or root-associated fungal species. An OTU with a 100% sequence similarity to 

the Sarcoleotia globosa SH in the UNITE database, was included, although never reported from plant 

roots before. Sarcoleotia globosa forms small, inconspicuous sporocarps, and has its major 

distribution in arctic and sub-arctic regions (Schumacher & Sivertsen, 1987; Jumpponen et al., 1997), 

and we deemed it very unlikely that this could be contamination. Isotopic signature of sporocarps may 

indicate trophic status (Hobbie et al., 1999). Interestingly, several members within Geoglossales have 

a relatively high δ15N values (Griffith et al., 2002), which may be indicative of a biotrophic lifestyle 

(Halbwachs et al., 2018). Even with a relatively small dataset as in Paper III, assignment of functions 

is not straightforward.  

Although P. erecta is sometimes reported as AM, we used primers that do not perform well with AM 

fungi in Paper I. Interestingly, in the plant roots of P. erecta, a large proportion of sequence reads 

belonged to known EcM genera, such as Russula, Tomentella and Tuber. Recently, it has been shown 

that the EcM forming species Tuber melanosporum occupy the roots of AM plants as endophytes 

(Schneider-Maunoury et al., 2018), and a possible explanation may be that these genera similarly 

occupy the roots of P. erecta as endophytes. We would probably not have recovered these fungal 

genera with AM-specific primers (e.g. Kohout et al., 2014).  

A more direct way of looking at fungal functions in environmental communities, is to investigate 

fungal enzymatic activities (e.g. Kyaschenko et al., 2017). In Paper I, we included enzyme assays of 

fungal hydrolytic enzymes, to see whether changes in enzyme activity could be related to the fungal 

community and climatic variables. We observed that enzyme activity increased with increased fungal 

biomass (measured as ergosterol content). This observation does not explain specific functions of 

specific fungal taxa, only that more enzymatic activity is measured when more fungal biomass is 

present. However, when standardizing for the amount of fungal biomass, we were able to resolve, to 

some degree, how these enzymatic activities were distributed along the climatic gradient, and how 

they relate to fungal genera. Generally, fungal genera related to lower enzymatic activity and higher 

amounts of fungal biomass were the EcM genera Russula and Amphinema, as well as the root-

associated ascomycetes Cladophialophora and Cadphora. 

Root-associated ascomycetes (i.e. dark septate endophytes) have received relatively little attention 

compared to EcM fungi (but see for instance Trappe & Jumpponen, 1998; Tedersoo et al., 2009), and  
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 “When observing nature, we often see what we are specifically looking for: this may 

be one of the reasons why our understanding of fungal niches is long-standing, but not 

accurate.” 

      (Selosse et al., 2018, p. 969) 

Photo: Ella Thoen 
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their functions remain largely unknown. Melanized root-associated ascomycetes, such as 

Cladophialophora, Exophiala and Cadophora were among the more abundant genera in drier sites in 

Paper I, which were also the sites with highest fungal biomass and soil carbon content. Melanin has 

been shown to be recalcitrant to decomposition (Fernandez et al., 2016; Fernandez & Kennedy, 2018), 

and thus the melanized root-associated ascomycetes may be related to higher soil carbon content in 

these sites. Previous studies have emphasized the role of mycorrhizal fungi in in soil carbon dynamics 

(Clemmensen et al., 2013; Averill et al., 2014; Averill & Hawkes, 2016; Hagenbo et al., 2017), but 

our findings suggest that this group may possible be important in soil carbon dynamics in semi-natural 

grasslands. Thus, in the light of climate change and global carbon dynamics, perhaps these deserve 

more attention. 

SAPROTROPHY, BIOTROPHY OR MUTUALISM? 
The strict divisions between ecological roles of fungi are longstanding, but currently the borders 

between previously defined ecological groups are being challenged. Mycorrhizal fungi have retained a 

repertoire of genes related to decomposition (Martino et al., 2018; Op De Beeck et al., 2018), species 

defined as strict plant pathogens can act also as harmless endophytes in other plant species (Lofgren et 

al., 2018) and well-studied EcM species are showing up in the roots of non-EcM plants (Gryndler et 

al., 2014; Schneider-Maunoury et al., 2018). Thus, ecological niches in fungi seem to be more flexible 

than previously believed, which we also find support for of in the three papers in this thesis. In Paper 

III, several of the detected fungi in EcM root tips did not belong to known root-associated taxa, and a 

few, we deemed unlikely to be contaminants. Thus, we opened for the possibility that they could be 

biotrophically associated with plant-roots. In Paper I, a large proportion of the OTUs recovered from 

plant roots belonged to assumed saprotrophic fungi, and the most abundant genus in P. erecta was 

Mycena. Alongside known EcM genera, Mycena was also among the most abundant genera in B. 

vivipara roots.  

In Paper II we investigated the relationship between a selection of Mycena spp. and B. pendula roots. 

Several studies point to that several members of this genus may be biotrophic (Zhang et al., 2012; 

Lorberau et al., 2017; Smith et al., 2017). Some Mycena spp. have been documented as mycorrhizas 

in Asian Dendrobium orchids (Zhang et al., 2012), and M. galopus enhanced growth of Vaccinium 

corumbosum seedlings (Grelet et al., 2017). In Paper II we document that Mycena spp. are indeed 

capable of root colonization all the way into the vascular tissues of living seedlings, and even nutrient 

transfer in a few cases.  

It is likely that several root-associated fungi exists somewhere along the saprotrophy-biotrophy 

continuum, as has been discussed for EcM fungi (Koide et al., 2008). Because mycorrhizal species 

have evolved from saprotrophic ancestors (Tedersoo et al., 2010; Wolfe et al, 2012; Kohler et al., 
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2015), and evolution is constantly ongoing,  it is reasonable to believe that several species are in 

transitional states between saprotrophy and biotrophy. Vice versa, several saprotrophic species are 

capable of ensheating root-tips, forming mantle-like structures (Vasiliauskas et al., 2007; Eastwood et 

al., 2011; Smith et al., 2017), similar to those formed by EcM fungi. In a comprehensive survey of 

201 wood-decaying basidiomycetes, almost 17% of the investigated species formed facultative 

biotrophic interactions with plant roots in vitro (Smith et al., 2017). As a commentary to the Smith et 

al. (2017) study, Baldrian & Kohout (2017) discuss the possibility of observing emergence of novel 

EcM fungi operating in dual niches. Reporting on all taxa recovered from HTS studies, and not only 

the functional guild of interest, is therefore encouraged (Selosse et al., 2010, 2018; Baldrian & 

Kohout, 2017) 

CONCLUSIONS AND FUTURE PERSPECTIVES 
In the largely unseen and cryptic world of belowground fungi, generalisations into ‘boxes’ of 

functional groups and ordering of DNA sequences into OTUs are practical and also necessary to make 

ecological inferences. These pragmatic ‘boxes’ are needed to understand and communicate ecological 

processes in the complex systems of belowground fungal communities, where we still know relatively 

little about drivers, interactions and functions of the communities. Fungal ecology is to a large degree 

still an exploratory field, and in the more explorative parts of fungal ecology, one might be more open-

minded about tentative findings and relationships. When trying to squeeze this complex world into a 

black-white hypothesis testing world, there is always a risk of excluding relevant factors, especially in 

poorly studied systems.  

The tools for fungal ecologists for sorting their HTS data are numerous and continuously improving 

(Kõljalg et al., 2013; Callahan et al., 2016; Nguyen et al., 2016; Frøslev et al., 2017), and our 

knowledge of diversity, distribution, environmental drivers and functions of fungal communities have 

vastly improved since the ‘molecular revolution’ in fungal ecology (reviewed in Peay et al., 2016). 

We should strive to continue to improve our understanding, and develop knowledge, tools and 

databases that will be easily available for other fungal ecologists to implement (such as FUNGuild; 

Nguyen et al., 2016 and UNITE; Kõljalg et al., 2013). 

Although HTS studies have become the gold standard in fungal ecology (Lindahl et al., 2013; Nilsson 

et al., 2018), the more classical methods, such as Sanger sequencing or in vitro experiments, still 

provide valuable additions to our growing knowledge. The genus Mycena was frequently recovered 

from plant roots in molecular based studies (Bougoure et al., 2007; Blaalid et al., 2012; Botnen et al., 

2014; Lorberau et al., 2017), but the function of these fungi in roots remained unexplained. By in vitro 

experiments, we showed that Mycena species were able to colonize roots, and even transferring 

nutrients to B. pendula seedlings. Using radioactive isotopes for tracing nutrient exchange was 
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implemented by Melin & Nilsson as early as 1950 to investigate nutrient exchange between plants and 

mycorrhizal fungi (Melin & Nilsson, 1950). ‘Old-fashioned’ methods still provide useful information, 

and I argue that looking to the past as well as the future, may aid us in our search for deeper 

knowledge about fungal ecology. 

One major challenge in our progress in understanding fungal ecology is that many scientist often only 

look at what they set out to look at (discussed in Selosse et al., 2018). As an example, lichens were 

until recently believed to be a symbiosis between a single fungal partner (usually an ascomycete) and 

photosynthesizing partner(s). Thus, lichenologists used primers designed for Ascomycota in molecular 

studies. Spribille et al. (2016) has now showed that specific basidiomycete yeasts are common in the 

cortex of several macro-lichens, and in some cases basidiomycete yeasts were the only differences 

between described lichen morpho-species. This had remained undiscovered for decades after the 

‘molecular revolution’, because lichenologists were not looking for basidiomycetes. Similarly, the 

resent discovery that the EcM forming ascomycete T. melanosporum may occupy roots of non-EcM 

plants (Gryndler et al., 2014; Schneider-Maunoury et al., 2018), was probably not discovered before, 

since primers for AM fungi does not amplify ascomycetes well. As our knowledge grows, predefined 

niches and functions of fungi are being challenged. It is time for us to broaden our perspective, and 

also look outside our own ‘box’ of interest, to be able to answer bigger questions in fungal ecology.  
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