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Thesis summary
Ectomycorrhizal fungi (EMF) form symbiotic partnerships with tree roots and are able to chemically weather inorganic phosphorus (Pi)-rich minerals, supplying Pi to their host in return for photosynthates. The fungal-driven nutrient cycling from mineral weathering plays a pivotal role in ecosystems and crops productivity, as well as geochemical cycles. The aim of the study presented in this thesis is to unravel the molecular mechanisms by which the EM fungus Paxillus involutus weathers the Pi-rich mineral hydroxyapatite (HAP), either non-symbiotically or in symbiosis with its host tree Pinus sylvestris. Development of an artificial system to study P. involutus responses to varying concentration of Pi led to the identification of five high-affinity Pi transporter genes, of which the expression varies in an inversely proportional manner to Pi availability. Using the same system, whole-transcriptomic data from fungal hyphae unravelled the molecular basis of the EMF ability in Pi uptake at the global gene scale, revealing that EM symbiosis can directly affect Pi-responsive fungal genes such as the Pi transporter PiPT4. A second artificial system was used to study HAP solubilisation driven by P. involutus, which was confirmed by EDX spectroscopy data showing depletion of Pi from the HAP crystals, along with secondary minerals formation. Whole-transcriptomic analysis revealed that EM symbiosis induces a different set of HAP weathering genes in P. involutus hyphae, compared to the fungus growing non-symbiotically, including the specific expression of organic acid metabolic genes, which resulted in enhanced HAP solubilisation. Metabolomic analysis led to the identification of multiple secreted metabolites enriched in the presence of HAP in P. involutus systems grown non-symbiotically or in symbiosis with P. sylvestris seedlings. The analysis also led to the identification of putative novel fungal weathering agents. Results from transcriptomic and metabolomic analyses were ultimately combined in a model of HAP weathering by P. involutus.
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Chapter 1. Phosphate mineral weathering and phosphate uptake by ectomycorrhizal fungi 
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Weathering is the primary process that leads to the generation of almost all essential elements required for the growth of living organisms, except carbon (C) and nitrogen (N), from minerals and rocks (Hoffland et al., 2004). During the weathering of rocks and minerals essential elements, such as phosphorus (P), calcium (Ca), magnesium (Mg) and potassium (K), are released in a form which is directly available to the living organisms (Hoffland et al., 2004). Hence, weathering leads to a significant inflow of the inorganic elements in a bio-available form in the majority of ecosystems and ultimately makes a significant contribution to soil fertility and ecosystem productivity (Hoffland et al., 2004).
Different abiotic and biotic factors can contribute to rock weathering. Abiotic factors of weathering refer to the geological process caused by prolonged exposure of rocks to the atmosphere and climate resulting in their chemical breakdown, with importance to inorganic nutrient cycling within ecosystems (Brantley et al., 2011). Major abiotic weathering factors include for instance temperature, which can expand and contract water within rocks leading to weathering (frost weathering) (Tan, 2009), or water and wind, which can weather rocks as a result of friction-erosion and through the process of abrasion respectively (Tan, 2009). Chemical weathering is also a type of abiotic weathering, where a typical example is iron(Fe)-containing rocks which react with the atmospheric oxygen (O) to form soluble oxides of iron (Tan, 2009).
Biological agents of weathering, include the action of animals, the growth of plants and the penetration of their roots on the Earth’s crust, which results in the breaking of rocks (Tan, 2009). Current research focusing on the relationships between biota and mineral weathering has successfully demonstrated that soil-living organisms, including mycorrhizal fungi, saprotrophic fungi, and bacteria, contribute significantly in the weathering processes (Brantley et al., 2011). Hence, weathering is a dynamic process investigated by the discipline of Geobiology, which is an interdisciplinary study of life sciences and earth sciences (Benton and Xie, 2014).
Fungi belong to one of the largest eukaryotic kingdoms, where its members exhibit diverse lifestyles such as parasitism, commensalism, and mutualism, and play an essential role in the weathering of rocks and minerals (Choi and Kim, 2017; Burford et al., 2003). Although research on the role of fungi in geochemical processes remains limited, evidence showing that fungi are among the most critical mineral biological weathering agents is emerging (Gadd, 2017). Indeed, fungi are actively engaged in bio-transformations as well as in biogeochemical cycling of elements, metal and mineral transformations, decomposition of organic materials, weathering, and the formation of soil and sediments (Ceci et al., 2015).
In terrestrial systems, the roots of over 80% of plant species form symbiotic associations with hyphae of soil fungi, namely mycorrhiza (Landeweert et al., 2001). Mycorrhizas mainly divide into endomycorrhiza, which includes the orchid, ericoid and arbuscular mycorrhiza (AM), and the ectomycorrhiza (EM) (Parniske, 2008; Smith and Read, 2008). The two dominant mycorrhizal symbioses are the ancestral AM form and later evolving EM form; both are mutualistic symbioses mediating the reciprocal exchange of nutrients and photosynthetic sugars between plants and fungi (Kiers et al., 2011; Kytöviita, 2005). In particular, mycorrhizal fungi receive up to 20-30% of the fixed photosynthetic C, and, in return, they supply their plant partners with nutrients that the fungal hyphae contact in the soil, such as P, K, Ca, Mg and Fe (Bonneville et al., 2009).
Both AM fungi (AMF) and EM fungi (EMF) can actively weather nutrient-rich minerals (Smits et al., 2008; Arocena et al., 2012; Quirk et al., 2012). However, possibly due to fundamental functional differences between the two types of mycorrhizal associations, a growing body of evidence indicates that EMF appear to be more capable than AMF in intensifying weathering of various minerals and in controlling the translocation of inorganic elements from soil to the tree (Quirk et al., 2012; Thorley et al., 2015). For instance, Quirk et al. (2012) demonstrated that EMF associated with both Gymnosperm and Angiosperm trees released Ca from basalt at twice the rate of AMF associated with Gymnosperm trees (Quirk et al., 2012). In addition, Thorley et al. (2015) showed that EMF in association with Angiosperms resulted in the highest weathering rates of basalt, dolomite, limestone, marble and chalk rock grains (Thorley et al., 2015). The enhanced ability of EMF to weather rocks compared with AMF could be attributed to two distinctive characteristics. Firstly the biomechanical force that the growing hyphae of EM mycelia can exert on the surface of minerals results in mechanical weathering (Bonneville et al., 2016). Secondly, the enhanced excretion of low molecular weight organic acids (LMWOA), which function as active mineral weathering agents (Bonneville et al., 2009; van Schöll et al., 2007; Landeweert et al., 2001).
Regarding phosphate-bearing minerals, experimental evidence has established their solubilisation by EMF and demonstrated the translocation of the solubilised inorganic P (Pi) towards their EM plant symbionts (Lapeyrie et al., 1991; Leake et al., 2008). Moreover, it has been demonstrated that the release of Pi from phosphate minerals controls the productivity and biomass of forested ecosystems and drives the formation of pedogenic P (Wardle et al., 2004; Jobbágy and Jackson, 2001). Overall, fungi are regarded by most modern geologists as significant players in biogeochemical processes and nutrient cycles. Hence, with the consideration of their diversity as well as the metabolic processes that associate with, fungi have a profound influence and impact on the biogeochemical cycles of both the organic as well as the inorganic components of the Earth (Fomina et al., 2010).
The research described in this PhD thesis focuses on the weathering mechanisms of P-rich minerals, in particular hydroxyapatite (HAP), driven by the hyphae of the EM fungus Paxillus involutus (P. involutus) at the molecular level. Knowledge of the fungal genes which are actively involved in the process of phosphate mineral weathering is mostly missing. The central aim of this research is primarily to identify EM fungal genes that are essential for the weathering of phosphate minerals at the mineral-fungus interface. Achieving this objective will provide crucial understanding of the molecular mechanisms that underlie biological weathering of phosphate minerals driven by EM symbioses.
Focusing on the molecular biology of phosphate mineral weathering by EMF will address questions about the molecular mechanisms involved in phosphate mineral weathering, and give further insights to the importance of EMF in the regulation of P-cycling at the molecular scale. Current state-of-the-art molecular tools coupled with the genetic information of recently sequenced genomes of EM fungal species, in particular that of P. involutus, are employed during this investigation. This project will be the first of its kind to give answers in the EM-driven phosphate mineral weathering at the molecular level.

[bookmark: _Toc507603954][bookmark: _Toc507604221][bookmark: _Toc519016938][bookmark: _Toc520837836]1.2 Role of fungi in mineral weathering
In consideration of microbial mineral weathering, most of the existing research focuses on the role of prokaryotes and tends to overlook other equally essential microorganisms (Gadd, 2008; Bindschedler et al., 2016). In particular, mineral weathering driven by eukaryotes is considerably less documented, especially in consideration of the members of the fungi kingdom (Gadd and Raven, 2010). For instance, a related search in the Web of ScienceTM for the role of fungi in mineral weathering and that of bacteria results in a total of 169 hits as compared to 571 mentions respectively. Moreover, when the related search restricts to mineral weathering driven by mycorrhizal fungi, then the total hits are just 89. Remarkably, when the search further limits on the role of fungi on phosphate mineral weathering, then there are currently 30 hits only, of which 18 are specific to apatites. Because fungi are ubiquitous in their terrestrial environments, this results in considerable conflict with their perceived ecological significance and their overall contribution to mineral weathering. For instance, it has been shown that fungi are able to leach metals from silicates more efficiently than bacteria (Castro et al., 2000).
The fungi most involved in the mineral weathering process belong to phyla Ascomycota, Basidiomycota and Mucoromycota (Hoffland et al., 2004). These fungal phyla include lichen-forming fungi, saprotrophic fungi, meristematic black yeasts and mycorrhizal fungi (Hoffland et al., 2004). Lichens have been understood to play a considerably important role in the weathering of rocks as well as in the formation of soil. Since the fungi associated with the lichens are closer to the mineral interface as compared to the plants themselves, it has been discussed that the mineral weathering ability of lichens is primarily done by the fungi (Hoffland et al., 2004). Saprotrophic fungi, like white and brown rot fungi, are lignocellulolytic organisms which excrete large amounts of organic acids, mainly oxalate, and other phenolic compounds which can also promote mineral weathering (Hoffland et al., 2004). Also, saprotrophic fungi were possibly the ancestors of EMF, which evolved about 200 Mya (Cairney, 2000). There is also evidence that together saprotrophs and mycorrhizal fungi play a vital role in the mineralogical modifications that characterise weathering (Balogh-Brunstad et al., 2008). The role of meristematic black yeasts in rock weathering were first recognised in the deterioration of ancient marble constructions in the area of Mediterranean, where arid or semiarid environments prevail (Sterflinger, 2000). Meristematic black yeasts are mainly known to be involved in carbonates weathering via oxalic acid secretion and calcium oxalate precipitation (Sterflinger, 2000). The role of mycorrhizal fungi, particularly EMF, in mineral weathering will be presented in more details below.
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The interaction between fungi and minerals can be summed up by two groups of weathering processes, namely physical and chemical, leading to mobilisation of the inorganic mineral ions into solution and their uptake by the fungal hyphae (Bindschedler et al., 2016). 
Physical weathering results from the ability of fungal mycelia to grow into cracks as well as to drill into and within rocks and minerals (Fomina et al., 2010). The mycelial growth of fungi allows them to exploit cracks and other weaknesses on the surface of the rocks, such as pores and ridges, which may have been first formed from previous abiotic weathering (Hoffland et al., 2004). In particular, fungal hyphae apply pressures between 10 and 20 μN/μm2 on the surface of the minerals, which is sufficient to penetrate even the hardest materials (Hoffland et al., 2004). 
It is, however, important to note that biomechanical forces are not by themselves enough to weather rocks and minerals, making the use of biochemical tools necessary. Biochemical approaches include proton (H+) extrusion leading to substrate acidification, metal chelation via the excretion of organic acids and siderophores, redox reactions, and even methylation processes on the surface of the minerals (Bindschedler et al., 2016; Burford et al., 2003). Biochemical weathering can lead to microtopography changes on the surface of minerals exposing new crystal faces that accelerate weathering and promote complete dissolution (Burford et al., 2003).
Fungi produce two main categories of biochemical weathering agents, including H+-based and ligand-based agents (Hoffland et al., 2004). H+-based agents include carbon dioxide (CO2), produced through respiration, and carbonic acid that results from the reaction between water and the respiratory CO2. Respiratory CO2 produced is one of the most impactful biochemical agents in fungal mineral weathering of carbonate minerals (Hoffland et al., 2004). CO2 dissolution in the presence of water leads to the generation of carbonic acid which dramatically lowers the pH of the local microenvironment, thus further enhancing the solubility of carbonate minerals (Hoffland et al., 2004). Fungi also lead to increased acidification due to the uptake of N. As is the case in plants, the increased uptake of ammonium (NH4+) by fungi results in excessive uptake of cations. EMF, for instance, prefer the uptake of NH4+ over nitrates resulting in the release of H+ and hence acidification, found to be primarily responsible for the dissolution of phosphate minerals (Fomina et al., 2005). Besides, any other forms of acids produced by the fungal hyphae or by the roots of the EM trees consist of forms of H+-based agents (Hoffland et al., 2004).
On the other hand, ligand-based agents include organic anions, lichen-produced acids, siderophores, as well as other forms of polyphenolic acids and acid polysaccharides. Notably, the production of LMWOA is considered one of the essential biochemical weathering mechanisms involved in the process of the fungal mineral weathering (Drever and Vance, 1994). LMWOA act as both H+-source for acidification of the fungal-mineral interface and as chelating agents for mineral elements solubilisation and uptake (Hoffland et al., 2004). Some of the critical LMWOA produced by fungi and which have been identified to play a significant role in mineral weathering include acetic acid, citric acid, fumaric acid, gluconic acid, glyoxylic acid and oxalic acid (Sterflinger, 2000). Among these, particular attention has been given to oxalic acid since it exhibits numerous roles in the fungal metabolism. For instance, oxalic acid is involved in pathogenicity, cell signalling, degradation of wood and immobilisation of nutrients or toxic metals during mineral weathering (Heller and Witt-Geiges, 2013; Dutton and Evans, 1996; Lehner et al., 2008; Mäkelä et al., 2014; Bindschedler et al., 2016). Oxalic acid is a strong organic acid, with a dissociation constant for the first H+ (pKa1) of 1.23 and a dissociation constant for the second H+ (pKa2) of 4.19, and is mainly present in the form of an oxalate ion or the form of an oxalate salt (Bindschedler et al., 2016). For instance, calcium oxalates make up the most substantial proportion of fungal biominerals described in the existing works of fungal mineral weathering research. However, oxalate can also exist in conjugation with ions other than Ca, such as lead oxalate (Ceci et al., 2015). The presence of calcium oxalate during weathering of phosphate minerals has also been documented, showing a direct link between calcium oxalate production and fungal weathering activity of phosphate minerals (Rhee et al., 2012; Liang et al., 2015; Lapeyrie et al., 1991).
Ultimately, fungi possess mechanisms that lead to immobilisation of unutilised mineral ions, which can be either active or passive. Active mechanisms include intracellular metal ion accumulation as well as redox transformations on the surface of the minerals (Bindschedler et al., 2016). On the other hand, passive mechanisms involve absorption or adsorption of ions to the surface of the fungal cells as well as extracellular polymeric substances (EPS), and the formation of insoluble complexes with conjugated bases of organic acids (Bindschedler et al., 2016). The immobilisation processes also culminate in biominerals formation, i.e., in the formation of secondary minerals, such as calcium oxalates, after the dissolution of the primary ones (Gadd, 2007).
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Mycorrhizal symbiosis is the most ancient and widespread form of symbiosis which covers a range of mutualistic, symbiotic associations between fungi and the roots of plants (Smith and Read, 2008). Seven different types of mycorrhizal symbioses have been described based on their morphological characteristics, and the fungal and plant species involved (Finlay, 2008). AM is the most ancient and widespread form of mycorrhizal symbiosis, where paleobotanical and molecular clock data suggest that the first land plants formed associations with Glomeromycota about 460 Mya (Redecker et al., 2000). Ericoid mycorrhiza form between Ascomycota fungi and the roots of the trees belonging to the order Ericales, which grow in nutrient-impoverished upland and lowland heaths, by penetrating the cell walls of roots and form coiled structures within each cell but without penetrating the plasma membrane of the host’s cells (Finlay, 2008). EM symbiosis form between the roots of Gymnosperms or Angiosperm trees and Basidiomycete or Ascomycete fungi (Smith and Read, 2008).
Mycorrhizal fungi are classified under different groups based primarily on morphological attributes and the specific plants that are involved (Smith and Read, 2008). In the case of EM symbiosis, the EM root is characterised by the presence of three distinct structural components (Smith and Read, 2008). These structures include the fungal mantle which encloses the root, the Hartig net where the symbiotic tissues form with the penetration of the fungal tissue between the epidermal and cortical cells of the roots, and the extraradical mycelium which is the explorative tissue of the EM symbiosis (Figure 1.1). The extraradical mycelium is essential for nutrient foraging by identifying other plants or nutrient sources within the soil horizon, such as minerals (Smith and Read, 2008; Leake et al., 2004).
The role of EMF in mineral weathering was first recognised in 1967 by Hintikka and Näykki, when it was found that the process of podzolisation was mainly driven by the acidifying activity of the Hydnellum ferrugineum EM mycelia (Wallander, 2006). Several studies have demonstrated that EMF facilitate the dissolution of minerals via the foraging activity of their extraradical mycelium, to identify and weather nutrient-rich mineral sources (Fahad et al., 2016; Thorley et al., 2015; Adeleke et al., 2012; Leake et al., 2008; van Schöll et al., 2006b; Yuan et al., 2004; Van Hees et al., 2004; Arocena and Glowa, 2000; Wallander and Wickman, 1999; Leyval and Berthelin, 1991). EMF can drive the dissolution of minerals mainly by exudation of H+ and organic acids via their hyphae during growth on a mineral substrate. In particular, fungal hypha is engaged in the uptake of cations from the mineral’s surface while at the same time exudates H+ leading to substrate's acidification and hence mineral weathering (Wallander, 2006).
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Figure 1.1 Illustration of root colonisation structures in EM symbiosis. The EM fungal hyphae (blue) surround the root tip forming a thick mantle, which further proliferates in an outward direction forming the extraradical mycelium and inwardly where penetrates the apoplastic space (green) of the root epidermal or cortical cells, forming the Hartig net (adapted from Bonfante & Genre 2010).


[bookmark: _Toc507603957][bookmark: _Toc507604224][bookmark: _Toc519016941][bookmark: _Toc520837839]1.3.1 Role of EMF in phosphate mineral weathering
Natural minerals of phosphate exceed 250 varieties in number and the most common belong to the apatite family (Flicoteaux and Lucas, 1984). In addition, apatites comprise the leading group of primary phosphates of the lithosphere (Flicoteaux and Lucas, 1984). The ability of EMF to facilitate the dissolution of phosphate minerals such as apatites has also been demonstrated (Smits et al., 2012, 2008; Wallander, 2000; Lapeyrie et al., 1991). Within the last ten years, it has become evident that EMF may significantly contribute to phosphate mineral weathering in boreal and temperate forested ecosystems (Landeweert et al., 2001; Smits et al., 2008). In particular, the ability of P. involutus to weather P-rich minerals, apatite, and other nutrient-rich minerals has also been extensively tested (Smits et al., 2012; van Schöll et al., 2006b). Interestingly, it has been shown that P. involutus can actively forage for nutrient-rich minerals where growing hyphae act as biosensors, showing a preference for grains with the highest surface-to-volume ratio and highest P content (Leake et al., 2008).
P exists in the soil in two primary forms, organic and inorganic. Pi is mainly found as mineral as well as dissolved phosphates, while organic P primarily is found in the form of phosphate monoesters, diesters and inositol phosphates (Cairney, 2011). The proportion of multifarious forms of P primarily depends on a range of factors, including the age of the soil, the rate of phosphate mineral weathering, reactions of Pi precipitation with cations and the rate of decomposition of organic P (Cairney, 2011). The proportion of P may also be affected by environmental factors such as the continued use of land, as well as the elevated level of CO2 in the atmosphere (Cairney, 2011).
Of particular importance in the solubilisation and weathering of the P-rich minerals are the EMF. EMF which form symbiotic associations with forest trees play an essential role in enhancing the uptake of P from the soil (Wallander, 2000). Besides, EMF are known to improve and enhance the uptake of N, and other elements such as K and Mg. The ability of EMF to improve P uptake has primarily been attributed to the absorption of P by the extraradical mycelium, which consequently increases the volume of soil that is exploited by the plants (Ekblad et al., 1995). Additionally, infection of the roots of the trees by the EMF leads to significant changes in the architecture of the roots, such as the production of fine root hairs which enhance the exploration of the soil.
While EM symbiosis plays a significant role in P acquisition by trees, it has been observed that the productivity of forests is frequently limited by P availability, a phenomenon that may become highly widespread in the future following the increasing levels of CO2 concentration in the atmosphere (Moore and Allare, 2008). As such, establishing a clear understanding of the role of EMF in the weathering of phosphate minerals is imperative and essential in enhancing P uptake by plants (Cairney, 2011).

[bookmark: _Toc507603958][bookmark: _Toc507604225][bookmark: _Toc519016942][bookmark: _Toc520837840]1.3.2 Mechanisms utilised by EMF in mineral weathering 
EMF obtain nutrients from otherwise un-exploitable soil minerals by promoting their weathering via mechanisms involving biomechanical and biochemical mineral deterioration as explained before (Section 1.2.1) (Bonneville et al., 2009; Burford et al., 2003).
It has been shown that the exudation of EPS by EMF is essential for the initiation of the weathering process (Gazzè et al., 2013). In particular, the production of EPS, which consists of a mixture of polysaccharides, proteins and lipids, is described as an adhesive mucilage and is believed to facilitate the anchoring of fungal hyphae on the surface of the colonised mineral. Hence, EPS may promote the accumulation of biochemical weathering agents, such as organic acids and acidic polysaccharides at the fungal-mineral interface (Gazzè et al., 2013; Saccone et al., 2011). Importantly, it has been shown that EPS secretion by the EM fungus P. involutus deteriorates ferromagnesian silicates which ultimately facilitates nutrient uptake (Saccone et al., 2011).
Biochemical weathering of minerals by EMF involves the excretion of H+, the production of siderophores, especially in the case of Fe and Mn-rich minerals and the production of LMWOA (Burford et al., 2003). H+-ATPases of the EM fungal plasma membrane excrete H+ to the extraradical mycelium, thus generating a transmembrane electrochemical gradient which facilitates the acquisition of nutrients from the soil (Burford et al., 2003). In addition, H+ excretion is important for micro-environment acidification around the extraradical mycelium, which is typically an optimal condition for mineral solubilisation by EMF (Burford et al., 2003).
Siderophores are low molecular weight compounds, primarily Fe-specific ligands that are produced for metal acquisition from Fe-rich minerals (Renshaw et al., 2002). In particular, EMF produce a wide range of hydroxamate siderophores in response to Fe-limited conditions (Renshaw et al., 2002; Haselwandter et al., 2013).
LMWOA are strong weathering agents due to their acidifying and complexing abilities, and their enhanced excretion is stimulated by P limitation (Landeweert et al., 2001; van Schöll et al., 2006a). Oxalic, citric and malonic acids are considered the most efficient weathering agents of phosphate minerals produced by EMF (Landeweert et al., 2001). In particular, the anionic form (oxalate, citrate and malonate) of the acids above, coupled with H+ excretion by H+-ATPases, is capable of solubilising Pi from apatite (Jones, 1998). For instance, Casarin et al. (2004) demonstrated a clear role of oxalate and H+-generated acidification in increasing Pi availability, via HAP weathering by the EM fungus Rhizopogon roseolus in symbiosis with Pinus pinaster (Casarin et al., 2004).
However, organic acid production varies within EMF. For instance, it has been shown that P. involutus in axenic cultures produces malonate under Pi limitation, whereas when its mycelia colonise Pinus sylvestris seedlings, it produces both malonate and oxalate (van Schöll et al., 2006a).

[bookmark: _Toc507603959][bookmark: _Toc507604226][bookmark: _Toc519016943][bookmark: _Toc520837841]1.4 Role of EMF in P and C biogeochemical cycles
EMF comprise a significant proportion of the soil microbiota and have an essential impact on elemental biogeochemical cycles (Landeweert and Leeflang, 2003). It is estimated that up to 22% of the photosynthetic sugars produced by terrestrial plants are consumed by EMF, making EMF an important C sink with potential impact in the global C cycle (Hobbie, 2006). Also, EMF play a significant role in P cycling due to the specific activity of their mycelium in weathering primary phosphate minerals, such as apatite, and supplying them to the host plant (Bonfante and Genre, 2010).
P is a limiting nutrient for terrestrial biological productivity, playing a pivotal role in net C uptake in terrestrial ecosystems (Filippelli, 2008). However, the availability of P in ecosystems is restricted by the slow rate of its release during soil weathering (Bieleski, 1973). The release of Pi from phosphate minerals dissolution is a crucial control on ecosystem productivity, which in turn is critical to the C uptake of the terrestrial biosphere (Filippelli, 2008). EMF actively excrete organic acids and H+ to release Pi from phosphate rocks, thus providing an active Pi uptake site to the plants; in exchange, the plant provides carbohydrates to the EM fungal partner (Leake et al., 2001, 2008). Besides, the production of organic acids by EMF adds to the C sink, within the forest soils, which builds up by the extensive EM mycelia (Talbot et al., 2008).
Hence, EMF-driven apatite weathering has a substantial impact on the short-term C cycle and terrestrial net primary production. EMF provide Pi nutrients to C-sequestering forest trees and hence increase their net photosynthetic rate and productivity. At the same time, net C flow from the photosynthetic plants to EMF plays an additional role in C fixation, as EMF constitute a C sink where C is used for anabolic purposes, and thus short-term C sequestration. Besides, EMF also play a central role in the long-term global C cycle via their role in carbonate minerals weathering (Thorley et al., 2015).

[bookmark: _Toc507603960][bookmark: _Toc507604227][bookmark: _Toc519016944][bookmark: _Toc520837842]1.5 Pi and carbohydrate utilisation in the EM symbiosis 
In the established EM symbiosis, fungal hyphae sheathing the tissues of plant root tips constitute the fungal mantle, which isolates the surface of the root from its surroundings (Brun et al., 1995). The fungal mantle can further proliferate at considerable distances in the soil, forming the extraradical mycelium and inwardly to the plant root cells, where it penetrates the apoplastic space between the root epidermal and cortical cells, forming the Hartig net (Brun et al., 1995) (Figure 1.1).
The Hartig net is the specialised EM symbiotic tissue for the bi-directional exchange of sugars and nutrients occurring between the symbiotic partners (Wright et al., 2000). However, the molecular mechanisms mediating this exchange and its regulation remain mostly unknown. The extraradical mycelium is highly differentiated where discrete tissue zones such as rhizomorphs and fruiting bodies are formed (Cairney and Burke, 1996). The proliferating extraradical mycelial tips can efficiently forage for nutrient-rich resources in the soil, and play a substantial role in mineral weathering (Leake et al., 2001) and nutrient uptake via high-affinity transporter proteins (Casieri et al., 2013). Besides, rhizomorphs operate as conduits for the nutrient translocation across the extraradical mycelium and the Hartig net, and from plant to plant as well (Simard et al., 1997; Wright et al., 2005).

[bookmark: _Toc507603961][bookmark: _Toc507604228][bookmark: _Toc519016945][bookmark: _Toc520837843]1.5.1 Pi uptake and regulation during EM symbiosis 
Pi uptake by EMF is a critical factor for improved EM plant P nutrition. Colpaert et al. (1999) reported that P. involutus is the most efficient EM fungus concerning P uptake when associated with pine trees (Colpaert et al., 1999). Besides, Jentschke and Brandes (2001) showed that hyphae of P. involutus could uptake and translocate Pi to P-deficient host plants, which in turn improved host P content and stimulated plant growth (Jentschke and Brandes, 2001).
Soil Pi uptake by EMF is mainly confined to the growing tip of the extraradical mycelium during nutrient foraging in the soil (Brantley et al., 2011; Leake et al., 2004). According to experimental evidence, Km values indicated the existence of both high and low-affinity transport systems, with high-affinity Pi transporters playing the first role in soil Pi uptake (Van Tichelen and Colpaert, 2000; Cairney and Alexander, 1992; Tatry et al., 2009). Not all of the soil Pi taken up by the EMF extraradical mycelium is transferred to the plant host. Instead, some of the Pi may be retained within the fungal tissues mainly in the form of polyphosphate (poly-Pi) (Harley and McCready, 1981). The amount of Pi transferred to the host plant can be affected by factors such as P availability and relative growth rates of the host tree and the EMF (Harley and McCready, 1952).
The translocation mechanisms of Pi in the extraradical mycelium towards the host plant remain elusive. However, substantial evidence indicates that Pi translocation within the hyphae of EMF operates via a tubular vacuole system, which is present in many EMF spp., including P. involutus, where Pi is translocated as poly-Pi granules (Ashford and Allaway, 2002).
In conifers, Pi transfer from EMF hyphae to the host tree requires Pi efflux across the fungal plasma membrane into the symbiotic apoplastic space, and subsequent Pi transport across the plasma membrane of mainly root epidermal and, to a lesser extent, cortical cells (Smith et al., 1994). According to radiolabel studies using 32P isotopes, the Hartig net is the symbiotic plant-fungus interphase where Pi transfer takes place (Bücking and Heyser, 2003). However, further efforts to elucidate the Pi transfer mechanism along the EM symbiotic interface were not informative, in contrast to research in the AM symbiosis. Hence, Pi transfer across the plant-fungus interface is discussed with reference to known Pi transfer mechanisms in the AM symbiosis, and then extrapolated to EM.
Pi efflux across the plasma membrane of EMF hyphae may occur passively, driven by the high Pi concentration due to poly-Pi degradation by polyphosphatase (poly-Pase)-like enzymes, as happens in AMF (Ezawa et al., 2002). The release of Pi from poly-Pi within the tubular vacuole system of EMF hyphae, and therefore its further release to the fungus-root interface, will possibly require Pi efflux across the tonoplast, before Pi efflux across the plasma membrane of the EMF towards the symbiotic apoplastic space.
Vacuolar Pi efflux may be mediated via passive efflux through a tonoplast-localised anion channel, either specific or non-specific to Pi. Transport through this channel may further be driven by the relatively low concentration of Pi outside of the vacuolar system that might also be enhanced by inactivation of a tonoplast H+ ATPase (Ezawa et al., 2002; Ashford and Allaway, 2002). The subsequent efflux of Pi across the EM fungal plasma membrane towards the symbiotic apoplastic space may operate in a similar way i.e. via passive transport, through a fungal plasma membrane-localised, non-specific anion channel or Pi-specific channel, driven by the lower Pi concentration within the symbiotic apoplastic space.
The last step in Pi transport at the fungus-root interphase may be mediated via plant Pi transporters localised in the EM symbiotic apoplastic space. The existence of such transporters has been shown in the AM symbiosis (Parniske, 2008). For instance, the Pi transporter MtPT4 of Medicago truncatula mediates the uptake of Pi via the periarbuscular membrane (Harrison et al., 2002; Javot et al., 2007). Interestingly, MtPT4 is also essential for the maintenance of arbuscules, i.e. the symbiotic structure of the AM nutrient transport (Javot et al., 2007), suggesting that Pi metabolism and AM symbiosis are intimately connected.
Recently, Loth-Pereda et al. (2011) showed that the Pi transporters PtPT9 and PtPT12 from Populus trichocarpa were upregulated in EM symbiosis under Pi starvation (Loth-Pereda et al., 2011). These are the only EM plant Pi transporter genes reported so far and may suggest that the last step of Pi transport at the EM fungus-root interphase may occur in a similar mode of function to AM. 
In both EMF and plants, high-affinity Pi transporters are important in Pi acquisition (Casieri et al., 2013). Kothe et al. (2002) have identified in the EM fungus Tricholoma spp., belonging to Basidiomycetes, two genes with homology to high-affinity Pi transporters, and whose expression was induced under Pi starvation (Kothe et al., 2002). Moreover, Tatry et al. (2009) identified and functionally characterised two plasma membrane Pi transporters HcPT1 and HcPT2 from Hebeloma cylindrosporum, a Basidiomycete (Tatry et al., 2009). Both HcPT1 and HcPT2 transporters were suggested to function as high-affinity Pi transporters coupled with H+ symporter activity. Interestingly, both HcPT1 and HcPT2 transporters were expressed during EM symbiosis. However, under Pi-limiting conditions, only the expression of HcPT1 was induced, suggesting a specific role of HcPT1 in Pi deprivation, and HcPT2 having a role in Pi-sufficient conditions (Tatry et al., 2009).
It is possible that EMF possess a Pi sensing mechanism in response to intracellular and/or extracellular Pi content. Indeed, Pi uptake by EMF is generally reduced when the intracellular Pi concentration is high, suggesting that internal Pi concentration regulates Pi absorption (Bücking, 2004). The hypothesis that plasma membrane Pi transporters of the extraradical mycelium can function as Pi sensors was proposed for AMF (Maldonado-Mendoza et al., 2001). This hypothesis is based on the extensively studied mechanism of Pi signalling in yeast, where intracellular Pi concentration regulates Pi transporters via a Pi-responsive signal transduction pathway that also controls Pi transporter genes transcription (Wykoff et al., 2007). Moreover, the high-affinity Pi transporter of yeast PHO84 has been proposed to act as a Pi "transceptor” capable of sensing the external Pi concentration (Popova et al., 2010). It would be interesting to extend and investigate this concept to the EMF Pi transporters, especially the model organism of this study, P. involutus, to understand P nutrition in EM.
Also, the accumulation of Pi as poly-Pi within the extraradical mycelium may also affect the transcription of EMF Pi transporters. Accumulation of poly-Pi may function to maintain low Pi concentration that in turn could induce transcription of the extraradical mycelium-localised high-affinity Pi transporters. This mechanism operates in the AMF and may also be conserved to the EMF (Hijikata et al., 2010). 
Although many Pi transporters have been identified in EMF, for EM plants the only transporters that have reported and are induced during EM symbiosis are the PtPT9 and PtPT12 from P. trichocarpa (Loth-Pereda et al., 2011). In particular, PtPT9 and PtPT12 were upregulated in EM symbiosis with Laccaria bicolor under Pi starvation. These results suggest that these transporters play a role in Pi transport during EM symbiosis.

[bookmark: _Toc507603962][bookmark: _Toc507604229][bookmark: _Toc519016946][bookmark: _Toc520837844]1.5.2 Carbohydrate utilisation in the EM symbiosis
Sucrose, a disaccharide sugar, is the principal photosynthetic carbohydrate produced and transported in the majority of the higher plants, and many sucrose transporters are present within higher plant genomes. In contrast, no evidence supports the presence of sucrose transporters in the currently sequenced genomes of EMF. Moreover, experimental data demonstrated only the uptake of the monosaccharides, glucose and fructose by EMF (Chen and Hampp, 1993). Taken together this suggests that the major carbohydrate sources assimilated by EMF are monosaccharides and not disaccharides.
Current knowledge on carbohydrate assimilation across the EM symbiotic interphase, the Hartig net, supports a model where plant-derived sucrose needs first to be hydrolysed into hexoses by sucrolytic enzymes, such as acid invertases, acting within the symbiotic apoplastic space, before its assimilation by EMF (Schaeffer et al., 1995). Given that acid invertase genes are lacking from the recently sequenced Basidiomycota EMF genomes, except the Ascomycota-belonging EM fungus Tuber melanosporum (black truffle) (Martin et al., 2010), EMF primarily depend on plant-derived acid invertases to assimilate plant sugars. Therefore, sucrose is first delivered into the plant apoplastic space via passive diffusion mediated by plant sucrose transporters, where it is hydrolysed by plant-derived acid invertases into glucose and fructose. Next, glucose or fructose is assimilated by EMF via passive diffusion, which is mediated via EM fungal plasma membrane-localised hexose transporters (Schaeffer et al., 1995).
Many putative hexose transporters involved in carbohydrate uptake during symbiosis have been identified in EMF. For instance, AmMST1 from Amanita muscaria was functionally characterised via heterologous complementation with yeast hexose mutants as a preferential glucose transporter (Nehls et al., 1998; Wiese et al., 2000). Le Quéré et al. (2005) identified a putative hexose transporter from P. involutus named hxtA via a transcriptomic approach, which was significantly upregulated during EM symbiosis development between P. involutus and Betula pendula (birch) (Le Quéré et al., 2005). AmMST1 hexose transporter was proposed as a putative hexose transporter for hexose assimilation across the plant-fungal EM symbiotic interphase (Le Quéré et al., 2005). 
Also, in the EM fungus L. bicolor, Larsen et al. (2011) showed that hexose transport activity is enriched when forming EM associations with aspen trees (Larsen et al., 2011). The former is also consistent with the current annotation of L. bicolor genome, which is rich in hexose (monosaccharide) transporters and includes fifteen putative hexose transporter genes (MST genes) (López et al., 2008). Moreover, according to López et al. (2008), the transcripts of four hexose transporter genes were upregulated during EM symbiosis, and for three of them, hexose uptake has been demonstrated via heterologous expression and complementation with yeast hexose transporter mutants (López et al., 2008).
Plant EM sugar transporters identified so far include a putative hexose transporter PaMST1 from Picea abies, identified through reverse transcription polymerase chain reaction (RT-PCR) from Picea abies-A. muscaria EM symbiotic cDNA library, whose expression was slightly reduced in EM symbiosis (Nehls et al., 2000). Two putative hexose transporters, BpHEX1 and BpHEX2, and one sucrose transporter BpSUC1 from birch EM roots colonised with P. involutus (Wright et al., 2000). The transcript level of all the three transporter genes was significantly downregulated in EM symbiosis (Wright et al., 2000). These data (Nehls et al., 2000; Wright et al., 2000) suggest that during EM symbiosis plants do not necessarily increase sugar transport activity, although reduced gene transcript does not always mean transport reduced activity, in contrast to EMF sugar transporter activity. For instance, the AmMST1 transcript of A. muscaria, when in EM symbiosis with Picea abies, is significantly upregulated (Nehls et al., 1998).
Sugar transport across the symbiotic apoplastic space provides a means for carbohydrate regulation, since cell wall-bound plant invertases present in the apoplastic space can function as markers for the C demand. The increased activity of plant invertases in AM symbiosis could suggest that these sucrolytic enzymes play an essential role for the hexose supply of AMF (Schaarschmidt et al., 2006). However, data derived from research investigating the invertase activity during EM symbiosis are controversial. For instance, according to Wright et al. (2000) increased invertase activity was observed during EM symbiosis between P. involutus and birch, while Schaeffer et al. (1995) reported no differences in invertase activity during EM symbiosis of Picea abies with the basidiomycete A. muscaria or the ascomycete Cenococcum geophilum (Wright et al., 2000; Schaeffer et al., 1995).
According to Nehls et al. (2010), the contradictory results found for the invertase activity during EM symbiosis could be interpreted as follows. Sucrose hydrolysis occurs into equal amounts of glucose and fructose. However, parallel to the increase in invertase gene expression, fructose transporter activity is repressed, while glucose import capacity is not affected (Salzer and Hager, 1991). As a consequence, the fructose concentration increases in the symbiotic apoplastic space and could inhibit invertase activity (Nehls et al., 2010).
A molecular mechanism based on the concerted regulation of hexose transporters and apoplastic enzymes, such as invertases, favours a case where trees can efficiently control the concentration of photosynthetic sugars that are transported towards EMF. Moreover, this mechanism supports the possibility of penalisation of EMF which do not provide sufficient nutrients to the host trees, by restricting carbohydrate supply (Nehls, 2008).
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Figure 1.2 Simplified schematic of the Pi and carbohydrates transport mechanisms involved in EM symbiosis at the mycelium-soil and fungus-root interphase. A. Key putative mechanisms involved in Pi uptake, translocation and transfer to the host plant during EM association. Soil Pi uptake via high-affinity Pi transporters (PHT1 family) occurs at the tip of the growing mycelium. Translocation to the host probably occurs via a tubular vacuole system, where Pi is transported possibly via either anion non-specific or Pi-specific channels and accumulates as poly-Pi granules. Pi shortly before reaching the Hartig net is released from poly-Pi by poly-Pases and exported into the hyphal cytoplasm, possibly via vacuolar anion non-specific or Pi-specific channels. Next, Pi is transported into the symbiotic apoplastic space possibly via fungal plasma membrane Pi channels. Last, Pi is absorbed into the host plant by high-affinity Pi transporters (belonging to PHT1 family) which are localised on the plasma membrane of root epidermal cells (adapted from: (Bonfante and Genre, 2010; Cairney, 2011; Casieri et al., 2013)). B. Putative mechanisms mediating carbohydrates allocation during EM symbiosis. It assumes that sucrose is released into the symbiotic apoplastic space via sucrose transporters (SUC/SUT), residing on the plasma membrane of root epidermal cells. Within the apoplastic space, the disaccharide sucrose is hydrolysed by plant origin cell wall-bound invertases (CW-inv) into equimolar monosaccharides (fructose and glucose). It also assumes that glucose is transported into the fungal cytoplasm via monosaccharide transporters (MST), while fructose remains within the apoplastic space functioning as a regulatory molecule for invertase activity. Glucose within the fungal cytoplasm is phosphorylated (glucose-6-P) and further utilised for energy production (ATP, NADP) and anabolic processes or storage in the form of trehalose/mannitol or glycogen. In particular, trehalose⁄mannitol is used for long-distance carbohydrates transport towards soil-growing hyphae (adapted from Nehls et al. (2010).
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[bookmark: _Toc507603964][bookmark: _Toc507604231][bookmark: _Toc519016948][bookmark: _Toc520837846]1.6.1 Aim 
The aim of this work is to study how EMF regulate phosphate mineral weathering and Pi uptake at the molecular level. Hence, the central aim of this research is primarily to identify the EM fungal genes that are essential for the weathering of Pi-rich mineral HAP at the fungus-mineral interface. Besides the regulation of Pi uptake by the EMF hyphae in response to HAP solubilisation is equally important. The accomplishment of this research will be crucial in understanding the molecular mechanisms that underlie biological weathering of phosphate minerals driven by EMF as well as EM symbiosis.
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The research presented in the thesis follows three main hypotheses:
1. P. involutus high-affinity Pi transporters which mediate Pi uptake at the fungus-mineral interface will be transcriptionally upregulated in response to low Pi availability, and downregulated in response to high Pi availability from HAP solubilisation. Additionally, EM symbiosis will affect the expression of fungal genes differentially regulated during low Pi availability.
2. P. involutus genes actively involved in the solubilisation of phosphate minerals mainly encode for transporters such as LMWOA transporters and H+-ATPases, and will be upregulated in response to HAP weathering at the fungus-mineral interface. EM symbiosis will either enhance the expression of these genes or trigger a different suite of weathering genes in P. involutus.
3. LMWOA will be the main metabolites excreted at the fungus-mineral interface in response to HAP solubilisation, and their secretion will be additionally enhanced by the presence of EM symbiosis. Presumably, oxalic acid will be among the most abundant LMWOA produced in response to HAP solubilisation.

[bookmark: _Toc507603966][bookmark: _Toc507604233][bookmark: _Toc519016950][bookmark: _Toc520837848]1.6.3 Objectives
1. Development of a Pi-varying system allowing the reliable study of P. involutus responses to low or high availability of Pi (Chapter 2). Development of an active HAP weathering system, in which the solubilisation of the phosphate-rich mineral HAP by P. involutus is tested by scanning electron microscopy and electron dispersive X-ray spectroscopy (SEM-EDX) analysis (Chapter 4).
2. Identification through bioinformatic analysis and literature search of (a) P. involutus Pi-transporter genes that are putatively involved in the Pi-uptake (Chapter 2) and (b) P. involutus genes putatively involved in HAP mineral weathering (Chapter 4).
3. Development and optimisation of a reproducible method for EM fungal RNA extraction. The RNA will be initially converted into cDNA and used for gene expression analysis of putative P. involutus HAP weathering genes and/or Pi transporters by semi-quantitative reverse transcription polymerase chain reaction (qRT-PCR) (Chapters 2 and 4). Subsequently, RNA of sufficiently high quality will be used for whole-transcriptome RNA sequencing (RNA-seq) analysis (Chapters 3 and 5).
4. Identification of novel P. involutus genes involved in the regulation of Pi uptake by RNA-seq analysis (Chapter 3). Identification of novel P. involutus genes involved in the solubilisation of HAP by RNA-seq analysis (Chapter 5).
5. Isolation of metabolites secreted at the fungal-mineral interface within the active HAP weathering system for metabolomic analysis through ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) (Chapter 5).

[bookmark: _Toc507603967][bookmark: _Toc507604234][bookmark: _Toc519016951][bookmark: _Toc520837849]1.6.4 Overview of experimental chapters
The first part of this work investigates the response of P. involutus to varying Pi availability, and mainly seeks to answer how Pi availability regulates the expression of P. involutus Pi transporters. For this study, axenic systems have been developed in both non-symbiotic (NS) and symbiotic (S) systems which vary in Pi content. The expression of P. involutus Pi transporter genes (PiPTs), which have been identified via bioinformatics, has been studied at the gene transcription level by qRT-PCR. According to this study, PiPTs are transcriptionally active when Pi availability is low (0.15-3.67 μM), indicating that Pi uptake operates via high-affinity Pi transporters, as shown in Chapter 2. Additionally, the transcriptome of P. involutus hyphae during the same experimental conditions of Pi availability has been studied using RNA-seq whole transcriptome analysis. The outcome of this study provided valuable information on the Pi uptake and its regulation by the EM fungal hyphae during symbiosis or not while experiencing varying conditions of Pi availability. For instance, EM symbiosis enhances the expression of the P. involutus Pi transporter PiPT4 in conditions of low Pi availability, providing a possible mechanism by which P. sylvestris seedlings can enhance fungal Pi uptake in conditions of low Pi availability. The results of this analysis are presented in Chapter 3.
In the second part, genes of the EM fungus P. involutus which are putatively involved in mineral weathering have been identified via bioinformatics. The experimental systems which are used are axenic and have been optimized for studying both the NS and S-driven phosphate mineral weathering. Further analysis on the chemistry of HAP surface using SEM-EDX analysis has shown that the P has been significantly depleted, while Ca and C has been enriched. This result indicates that HAP is effectively dissolved, potentially through an organic acid extrusion mechanism where the excreted acid dissolves HAP and renders P available. At the same time, secondary minerals are formed between the organic anion and the Ca ion of HAP. SEM-EDX analysis provided evidence of the elemental composition of the secondary mineral formed by the fungal hyphae during HAP dissolution. The above results are shown in Chapter 4. 
The transcriptome of P. involutus during active weathering of HAP has been studied via RNA-seq analysis. On the same experimental system, UPLC-Q-TOF-MS analysis has been used for metabolomic profiling in response to HAP weathering. Both transcriptomic and metabolomic approaches were applied in either NS or S HAP weathering systems. The study has revealed that EM symbiosis induces a completely different set of HAP weathering genes in P. involutus hyphae compared to the fungus growing alone, including the S-specific induction of organic acid metabolic genes. Indirect evidence from gene expression profiles of previously-identified Pi starvation-responsive genes in the weathering system, as well as measurement of Pi content in fungal hyphae, indicated that EM symbiosis can enhance Pi solubilisation from HAP by P. involutus. Lastly, the metabolomic analysis supported the findings of the RNA-seq analysis, leading to the identification of multiple metabolites enhanced in the presence of HAP which were specifically present in either NS or S systems. These results are presented in Chapter 5.

[bookmark: _Toc507603968][bookmark: _Toc507604235][bookmark: _Toc519016952][bookmark: _Toc520837850]Chapter 2. Effects of phosphate concentration on growth, hyphal morphology, phosphate content and relative expression of phosphate transporter genes of Paxillus involutus

[bookmark: _Toc507603969][bookmark: _Toc507604236][bookmark: _Toc519016953][bookmark: _Toc520837851]2.1 Introduction
Phosphorus (P) is an essential element for all living organisms. In plants, P plays a primary role within a variety of plant physiological responses, including DNA replication, cell metabolism and cell signalling (Schachtman et al., 1998). Despite its major significance in plant biology, P is at the same time a limiting factor for plant growth and reproduction. The main reasons for its limitation are that, despite its abundance in the environment, P is neither readily accessible nor evenly distributed in the majority of the soils for reasons explained below (Nussaume et al., 2011). 
P is primarily absorbed by plants in the form of inorganic P (Pi), and, depending on the soil pH, can exist as PO43−, HPO42− and H2PO4−. Usually, Pi is acquired by plants in the form of H2PO4− at pH 5.0-6.0, where according to Pi uptake studies maximal Pi uptake occurs (Ullrich-Eberius et al., 1984). However, the presence of Pi in soils ranges at low concentrations between 1-10 μM (Bieleski, 1973). Moreover, Pi is poorly mobile in soils with a diffusion coefficiency ranging from 10-12-10-15 m2 s-1, which results in the formation of a Pi depletion zone around plant roots (Furihata et al., 1992; Ullrich-Eberius et al., 1984). Besides its low availability, Pi also forms complexes with the majority of cations present in the soil, rendering it largely inaccessible. For example, in acidic soils, which make 30% of soils on a global scale, Pi interacts with aluminium (Al) and iron (Fe) (von Uexküll and Mutert, 1995), whereas calcium (Ca) phosphates are predominant in calcareous soils (Gyaneshwar et al., 2002).
However, during the evolution plants developed various mechanisms to cope with low soil Pi availability and hence maximise Pi uptake (Remy et al., 2012). Symbiotic mycorrhizal associations serve as one of the major strategies that ultimately enhances Pi uptake by plants. For instance, the majority of temperate and boreal trees form mutualistic ectomycorrhizal (EM) symbioses, where EM fungi (EMF) form a hyphal mantle around the roots of the host tree and further penetrate between the epidermal and cortical cells, forming a specialised structure, the Hartig net (Cairney, 2011). The Hartig net represents the plant-fungus interface across which nutrients, including Pi, and photosynthetic sugars are exchanged between the symbiotic partners (Cairney, 2011). The extraradical mycelium is comprised of fungal hyphae that extend further from the mantle into the surrounding soil and play a major role in nutrient foraging and translocation (Cairney, 2011). In particular, the presence of high-affinity fungal Pi transporters residing in the plasma membrane of the fungal hyphae at the extraradical mycelium mediates the uptake of Pi from the soil, which is further exchanged for photosynthetic sugars at the Hartig net (Cairney, 2011).
The overall aim of this study was to assess mycelial growth responses and morphology of the EM fungus, Paxillus involutus when fungal hyphae grow in various Pi concentrations, hence establish the best-performing media concerning varying Pi concentration for further experimental use. For instance, mycelial RNA extraction and cDNA synthesis to study relative gene expression of seven identified putative P. involutus Pi transporter genes (PiPTs) (PiPT1-7) via semi-quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis.
For this reason, Pi-varying media were designed and the response of P. involutus hyphae tested by measuring fungal dry mass and hyphal Pi content. The Pi-varying media were initially inoculated with two different strengths of fungal inoculum. The strength of the fungal inoculum depends on the final concentration of the externally added Pi within the fungal culture media providing the inoculum, where full strength (FS) and 10% strength modified Melin-Norkrans (MMN) media contained 5.56 mM or 0.56 mM of Pi respectively. The purpose of utilizing both strengths of fungal inoculum in this experiment was to evaluate which of the two would provide an optimal growth response of P. involutus during the Pi-varying fungal experiment. Besides, different P. involutus strains were tested. These strains were P. involutus 13, P. involutus ATCC 200175, of which its genome was sequenced and genomic data are available via MycoCosm (Grigoriev et al., 2014) on the JGI database (Nordberg et al., 2014; Grigoriev et al., 2012), and P. involutus DJR1. 
The study was expanded to non-symbiotic (NS) and symbiotic (S) conditions. The NS condition refers to where P. involutus fungal hyphae grew alone on the M-MMN Pi-varying media (M-MMNNS). Whereas, in the S condition P. involutus fungal hyphae grew in EM symbiosis together with Pinus sylvestris seedlings on the M-MMN Pi-varying media (M-MMNS).
For this study five main hypotheses were tested, formulated as follows: 
1. High Pi or low Pi-containing fungal inocula will affect mycelial growth rates on the Pi-varying media. In particular, higher Pi content within the fungal inocula will have stronger impact on the mycelial growth at the lowest concentrations of the Pi-varying media.
2. Different strains of P. involutus will exhibit different growth rates and morphology in response to varying Pi concentrations.
3. P. involutus hyphal Pi content will increase in response to the Pi concentration of the Pi-varying media. In the S systems, the Pi content of the pine seedlings will also increase in response to the increasing Pi concentration.
4. P. involutus hyphal dry mass will increase within the Pi-varying systems in response to the increasing Pi concentration. In the S systems the dry mass of the seedlings will also increase in response to increasing Pi concentration.
5. The relative gene expression of putative PiPTs (PiPT1-7) will show upregulation at the lowest Pi concentrations, while at the highest Pi concentrations will be downregulated.

[bookmark: _Toc507603970][bookmark: _Toc507604237][bookmark: _Toc519016954][bookmark: _Toc520837852]2.2 Materials and Methods

[bookmark: _Toc507603971][bookmark: _Toc507604238][bookmark: _Toc519016955][bookmark: _Toc520837853]2.2.1 Experimental design of the Pi-varying experiment
Two MMN media were prepared for fungal growth at different Pi concentrations. Firstly, an MMN medium formulated according to Brun et al. (1995), with different Pi concentrations and it is referred to as Pi-varying B-MMN medium (Appendix, Table 2)(Brun et al., 1995). Secondly, an alternative Pi-varying MMN medium developed after Müller et al. (2013), which additionally included activated charcoal (Appendix, Table 3) (Müller et al., 2013). This medium is referred to as Pi-varying M-MMNNS or M-MMNS for the NS or S conditions respectively. Media were autoclaved at 15 psi for 15 minutes at 121°C (Prestige Medical Classic 2100 Standard) and poured into 90 mm round Petri dishes for the B-MMN and M-MMNNS or into 140 mm square Petri dishes for the M-MMNS Pi-varying experimental designs respectively. As per Sections 2.3.3 and 2.3.4, after the Pi-varying M-MMNNS media were poured into the 90 mm Petri dishes, a sterile cellophane membrane was used to cover them. P. involutus inoculum, as plugs of 6 mm, which originated from FS MMN or 10% strength MMN fungal cultures, was used to inoculate three replicates of each Pi concentration at both recipes of the Pi-varying fungal experiment. The strength of the P. involutus inocula refers to the amount of Pi contained in the MMN media, where 10% MMN contains 1/10th of the total Pi of the FS MMN (Appendix, Table 1). The purpose of using both strengths of P. involutus inocula was to test the impact of the Pi within the inocula plugs on the mycelial growth during the Pi-varying experiments.

[bookmark: _Toc507603972][bookmark: _Toc507604239][bookmark: _Toc519016956][bookmark: _Toc520837854]2.2.2 Fungal/plant material
Fungal Pi-varying experimental condition (NS): P. involutus that was grown either on FS or 10% strength MMN fungal culture media (Appendix, Table 1) provided fungal inoculum for the Pi-varying fungal experiment in Sections 2.3.1 and 2.3.2. Fungal plugs were cut with a 6 mm diameter cork borer and were inoculated on 90 mm Petri dishes of the B-MMN (Section 2.3.1) and M-MMNNS Pi-varying fungal experiment (Sections 2.3.2., 2.3.3 and 2.3.4). P. involutus ATCC 200175, P. involutus 13 and P. involutus DJR1 strains were kindly provided by Dr Francis M. Martin (INRA, France), Professor David Johnson (University of Aberdeen, UK) and Professor David J. Read (The University of Sheffield, UK), respectively.
Symbiotic Pi-varying experimental condition (S): Pinus sylvestris seeds (Forestry Commission, UK) were surface sterilised with 30% H2O2 and germinated on 1.2% plant agar (Duchefa). After seedling formation, the pines were transferred to 140 mm square Petri dishes containing 10% strength MMN media and inoculated with a 6 mm fungal plug that originated from 10% MMN fungal cultures. The seedlings were left for 12 weeks to form mycorrhiza. Lastly, the mycorrhizal pines were transferred to the Pi-varying M-MMNS experimental design adapted for symbiotic growth (Appendix, Table 3). 

[bookmark: _Toc507603973][bookmark: _Toc507604240][bookmark: _Toc519016957][bookmark: _Toc520837855]2.2.3 Determination of fungal and plant dry mass
Fungal hyphae grown on cellophane-covered Petri dishes were collected with a surface scraper tool into 2 ml Eppendorf tubes and oven dried at 90°C for up to five days. For the non-cellophane-covered plates, the fungal mycelia were collected by transferring the contents of each Petri dish into a 50 ml Eppendorf tube with subsequent melting of the agar in a 95°C water bath until separation of the mycelia from the agar. The mycelia were recollected into a clean 50 ml Eppendorf tube and were washed three times with 95°C distilled water to remove any remaining agar. Finally, the mycelia were collected via filtration using a Buchner funnel with a 90 mm Whatman filter paper that had been oven dried at 90°C for five days. Plant tissues were collected into paper envelopes and oven dried at 90°C for five days. Dry mass measurements were performed as soon as the tissues were completely dry using an analytical balance (Mettler AT261B Delta Range Balance).

[bookmark: _Toc507603974][bookmark: _Toc507604241][bookmark: _Toc519016958][bookmark: _Toc520837856]2.2.4 Determination of fungal and plant Pi content
Plant (needle/root) and fungal hyphae Pi content were measured using the Phosphate Assay Kit (Colorimetric) Ab65622 according to the manufacturer’s instructions (Abcam). The assay utilises a proprietary formulation of malachite green and ammonium molybdate that forms a chromogenic complex with Pi ions, leading to an intense absorption band around 650 nm. The kit detects all types of Pi, such as PO43−, HPO42− and H2PO4−. For each sample, the Pi content (nmol) is referenced to a standard curve and normalised to the sample volume (μl), giving the Pi concentration (nmol/μl or mM). Data reflect the average Pi content (mM) of three biological replicates, unless otherwise noted.

[bookmark: _Toc507603975][bookmark: _Toc507604242][bookmark: _Toc519016959][bookmark: _Toc520837857]2.2.5 Database search and bioinformatic analysis of PiPTs
A search was performed on the MycoCosm database (Grigoriev et al., 2014) accessible via the JGI portal (Nordberg et al., 2014; Grigoriev et al., 2012) for Pi transporter genes with the EuKaryotic Orthologous Groups (KOG) tool (Koonin et al., 2004), resulting in the identification of seven putative PiPTs (PiPT1-7). The genomic sequences of the PiPTs were retrieved from the MycoCosm database and are listed in the Appendix (Supplementary Data 1). The putative amino acid sequences for all the PiPTs were retrieved according to their nucleotide transcript sequence listed on MycoCosm with the ExPASy translate tool (Artimo et al., 2012) and are shown in the Appendix (Supplementary Data 2). Table 4 (Appendix) summarizes various characteristics of the PiPTs and their corresponding proteins, such as the number of exons for each PiPT, extracted from the MycoCosm website, the theoretical protein isoelectric point (pI) and molecular weight (Mw), calculated according to the ExPASy compute pI/Mw tool, and their subcellular localization, predicted by the WoLF PSORT server (Horton et al., 2007).

[bookmark: _Toc507603976][bookmark: _Toc507604243][bookmark: _Toc519016960][bookmark: _Toc520837858]2.2.6 Phylogenetic analysis of PiPTs
The phylogenetic analysis was carried out based on the Neighbour-Joining method using MEGA 7 (Figure 2.7) (Saitou, M. and Nei, 1987; Zuckerkandl and Pauling, 1965; Kumar et al., 2016). The evolutionary relationship of PiPTs was inferred using the maximum likelihood method based on the Whelan and Goldman model (Whelan and Goldman, 2001). The proportion of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches in Figure 2.7 in Section 2.3.6 (Felsenstein, 1985). Branches corresponding to partitions reproduced in less than 50% of the bootstrap replicates are collapsed. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbour-Joining and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model and then selecting the topology with superior log-likelihood value. The tree is drawn to scale with branch lengths measured in the number of substitutions per site.

[bookmark: _Toc507603977][bookmark: _Toc507604244][bookmark: _Toc519016961][bookmark: _Toc520837859]2.2.7 RNA extraction and qRT-PCR
Total fungal RNA was extracted with the E.Z.N.A. ® Fungal RNA Kit according to the manufacturer’s protocol. For qRT-PCR analysis, 500 ng of total RNA was used for cDNA first-strand synthesis (SuperScript® III First-Strand Synthesis SuperMix). For qRT-PCR reactions, the Rotor-Gene SYBR Green PCR Kit (Qiagen) together with gene-specific primers were employed in conjunction with a Rotor-Gene Q Real-Time PCR Cycler (Qiagen) according to the manufacturer’s instructions. Gene-specific primers which were used in qRT-PCR reactions are shown in Table 5 (Appendix). The reaction conditions (two-step with a melt curve) were 95°C for 10 min, 35 cycles of 95°C for 10 sec and 60°C for 55 sec. High-resolution melting analysis was carried out to detect primer dimers or other non-specific amplification products. Relative gene expression was quantified based on a modified Livak’s ΔΔCT method (Livak and Schmittgen, 2001) with correction for reaction efficiency of each sample (Pfaffl, 2001). Relative gene expression was normalised against the average expression values of the housekeeping genes, UBIQUITIN and GAPDH. For each qRT-PCR reaction, three biological replicates were analysed per condition per Pi concentration.

[bookmark: _Toc507603978][bookmark: _Toc507604245][bookmark: _Toc519016962][bookmark: _Toc520837860]2.2.8 Statistical analyses
Statistically significant differences in hyphal/plant dry mass, Pi content or relative mRNA expression between/at different Pi concentrations were assessed by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc analysis for multiple comparisons (α=0.05). Statistically significant differences in pairwise comparisons at each Pi concentration were assessed with the Student’s t-test (α=0.05).

[bookmark: _Toc507603979][bookmark: _Toc507604246][bookmark: _Toc519016963][bookmark: _Toc520837861]2.2.9 Microscopy and imaging
Microscopy images were taken with a Leica stereoscope using the SPOT advanced software. Standard images were recorded with a Canon EOS500 camera in automatic mode.

[bookmark: _Toc507603980][bookmark: _Toc507604247][bookmark: _Toc519016964][bookmark: _Toc520837862]2.3 Results

[bookmark: _Toc507603981][bookmark: _Toc507604248][bookmark: _Toc519016965][bookmark: _Toc520837863]2.3.1 Growth and morphology responses of P. involutus to varying Pi on B-MMN media
To study the growth behaviour of P. involutus in response to varying Pi concentrations, B-MMN solid media were inoculated with P. involutus 13, which was grown either on FS MMN or 10% strength MMN media (Appendix, Table 1). However, growth on the B-MMN media was not reproducible for each Pi concentration for either strength of starting inoculum (Figure 2.1), and for this reason, a growth analysis based on dry mass was not performed.
Moreover, the morphology of the fungal hyphae was not uniform among the three replicates and between the two strengths of fungal inocula. In particular, at 5,560 μM Pi, the mycelium of P. involutus 13, originating from the FS MMN media, exhibited an almost smooth texture with a pale orange and beige colour along with a diffuse border, whereas mycelia originating from the 10% strength MMN media featured a dark orange and beige colour with the exception of one replicate having only a beige colour with a clear border (Figure 2.1).
At 556 μM Pi, the mycelium of P. involutus 13 originating from the FS MMN media exhibited an almost rough texture with a white colour and diffuse border while coloration of the media was evident, whereas the mycelium of P. involutus 13 originating from the 10% strength MMN media had a smooth texture with a light beige colour and diffuse border (Figure 2.1).
At 55.6 μM Pi, the mycelium of P. involutus 13 originating from the FS MMN media proliferated in two out of three replicates, with each exhibiting different morphology. In one replicate, P. involutus 13 mycelia had a rough texture with a white and yellowish colour and clear border while the other replicate exhibited a smooth texture with light beige colour and diffuse border (Figure 2.1). The mycelium of P. involutus 13 originating from the 10% strength MMN media had similarly proliferated in two out of three replicates with a smooth texture mycelium, white and yellowish colour for one replicate and beige colour for the other and with a diffuse border for both replicates (Figure 2.1).
At 5.56 μM Pi, the mycelium of P. involutus 13 exhibited morphology similar to that at 55.6 μM Pi, for mycelia originating from both strengths of MMN media (Figure 2.1).
Lastly, at 0.23 μM Pi, the mycelium of P. involutus 13 originating from the FS MMN media proliferated in two out of three replicates and exhibited mycelium with a rough texture as well as a white and yellowish colour with clear borders (Figure 2.1). The mycelium of P. involutus 13 that originated from the 10% strength MMN media similarly proliferated in two out of three replicates and had a smooth texture with white and yellowish colouring and a diffuse border (Figure 2.1).
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Figure 2.1 Morphology of P. involutus 13 from the B-MMN Pi-varying fungal experiment. Inoculum of P. involutus 13 that originated from either FS MMN or 10% strength MMN fungal culture media was placed in replicates of three at each concentration of the B-MMN Pi-varying media. The Pi concentration ranged from 5,560 μM down to 0.23 μM. Mycelial growth took place over 90 days.


[bookmark: _Toc507603982][bookmark: _Toc507604249][bookmark: _Toc519016966][bookmark: _Toc520837864]2.3.2 Growth and morphology responses of P. involutus to varying Pi on M-MMN media
Because growth was not reproducible on B-MMN medium, growth of P. involutus 13 on M-MMN media with varying Pi was examined. P. involutus 13 inoculum originating from FS MMN or 10% strength MMN media was used to inoculate three replicates of each Pi concentration of the M-MMN media. The purpose for using both strengths of P. involutus inocula is to test the impact of inoculum Pi on the mycelial growth in the M-MMN media. The growth and morphology of both P. involutus 13 inocula was consistent for all three biological replicates for each Pi concentration (Figure 2.2).
In particular, at the two highest Pi concentrations of 3,670 and 367 μM, P. involutus 13 mycelium exhibited a smooth texture with a yellowish colour and clear borders for both strengths of inoculum. At the two intermediate Pi concentrations of 36.7 and 18.37 μM, P. involutus 13 mycelia had the same morphology as above but with diffuse borders. Similarly, the morphology of the P. involutus 13 mycelia had the same characteristics for the low Pi concentrations of 3.67 to 0.15 μM.
The effect of varying concentrations of Pi on P. involutus 13 growth was assessed by measuring fungal dry mass after 72 days of growth in MMN media supplied with 0.15 μM, 0.37 μM, 1.84 μM, 3.67 μM, 18.35 μM, 36.7 μM, 367 μM or 3,670 μM of Pi. Fungal inoculum originating from MMN media at 10% strength showed a statistically significant (p = 0.045) and stronger correlation (R2 = 0.51) than that of FS (R2 = 0.36, p = 0.114) between the concentrations of Pi varying M-MMN media and fungal dry mass (Figure 2.3). For this reason, all successive experiments were carried out with fungal inoculum originating from 10% strength MMN media.
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Figure 2.2 Morphology of P. involutus 13 hyphae growing on M-MMN media. Inoculum of P. involutus 13 that originated from FS MMN or 10% MMN was placed in replicates of three at each concentration of the M-MMN Pi-varying media ranging from 3,670 μM to 0.15 μM of Pi. Mycelial growth took place over 72 days.
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Figure 2.3 Fungal dry mass of P. involutus 13 obtained during growth on M-MMN Pi-varying media for 72 days. Error bars represent standard error of the mean of three biological replicates. p: p-value of regression between Pi concentration and P. involutus dry mass; R2: coefficient of determination between Pi concentration and P. involutus dry mass.


[bookmark: _Toc507603983][bookmark: _Toc507604250][bookmark: _Toc519016967][bookmark: _Toc520837865]2.3.3 Growth and morphology responses of two additional strains of P. involutus on M-MMN medium with varying Pi 
The growth and morphology of two additional strains of P. involutus were examined on M-MMN media with varying Pi concentrations. In Figure 2.4, the mycelial colonies and hyphal morphology for P. involutus ATCC 200175 and P. involutus DJR1 are shown at each Pi concentration.
In particular, the mycelium of P. involutus ATCC 200175, at the two highest Pi concentrations of 3,670 and 367 μM, exhibited an almost smooth texture with a yellowish and light brown colour with diffuse borders and dense hyphae. At the intermediate Pi concentration of 36.7 μM, P. involutus ATCC 200175 mycelium had the same morphology as above but with a smooth texture and less dense hyphae. Similarly, the morphology of the P. involutus ATCC 200175 mycelium featured the same characteristics as described for the low Pi concentrations ranging from 3.67 to 0.15 μM and even less dense hyphae than with the previous Pi concentrations.
The mycelium of P. involutus DJR1, at the two highest Pi concentrations of 3,670 and 367 μM, exhibited a smooth texture with a yellowish, light brown and red colour as well as diffuse borders and dense hyphae also in addition to the formation of sclerotia, a vegetative resting body of a fungus composed of a compact mass of hyphae. At the intermediate Pi concentration of 36.7 μM, P. involutus DJR1 mycelium showed the same morphology as above but with less dense hyphae and without any sclerotia formation. Lastly, at the low Pi concentrations ranging from 3.67 to 0.15 μM, the morphology of the P. involutus DJR1 mycelium was similar to what has already been mentioned but without any red colour and with even less dense hyphae.
Measurements of the dry mass for both strains were obtained after 60 days of growth in the Pi-varying M-MMN media (Figure 2.5). Statistical analysis of each P. involutus strain showed that both strains exhibited a similar response to increasing concentrations of Pi. However, direct comparison of fungal dry mass between the two strains confirmed that P. involutus DJR1 had a statistically significant larger dry mass at most Pi concentrations, which is indicative of increased growth rate.
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Figure 2.4 Morphology of P. involutus ATCC 200175 and P. involutus DJR1 hyphae growing on Pi-varying M-MMN media. Pi concentrations ranged from 3,670 μM to 0.15 μM. Mycelial growth took place over 60 days. Scale bars-1 mm.
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Figure 2.5. Fungal dry mass of P. involutus ATCC 200175 and P. involutus DJR1 obtained during growth on M-MMN Pi-varying media for 60 days. Statistically significant differences in fungal dry mass at different Pi concentrations for each P. involutus strain were assessed independently by one-way ANOVA followed by Tukey’s post-hoc for multiple comparisons (letters, α=0.05). Statistically significant differences in fungal dry mass between P. involutus strains at each Pi concentration (asterisks) were assessed by Student’s t-test in pairwise comparisons (α=0.05).


[bookmark: _Toc507603984][bookmark: _Toc507604251][bookmark: _Toc519016968][bookmark: _Toc520837866]2.3.4 Pi content of P. involutus fungal hyphae grown on M-MMN media with varying Pi
M-MMN Pi-varying media was selected as the most appropriate system to use for Pi-related studies. The P. involutus ATCC 200175 strain was chosen as its genome has been sequenced (Le Quéré et al., 2002).
The Pi content was measured within the hyphae of P. involutus ATCC 200175 for both the NS and S conditions (Figure 2.6B). Statistical analysis demonstrated that the Pi content of fungal hyphae under NS conditions increased in response to rising Pi concentrations of the M-MMNNS Pi-varying media, while there was no change in hyphal Pi content growing on the M-MMNS Pi-varying media. Additionally, there were no statistically significant differences in the hyphal Pi content between the NS and S conditions for all the Pi concentrations tested.
P. sylvestris needle and root Pi content were also assessed during growth on M-MMNS Pi-varying media (Figure 2.6C). Needle Pi content only rose at the highest Pi concentration of the M-MMNS Pi-varying media, and there was not any statistically significant change in root Pi content during growth on the M-MMNS Pi-varying media. Also, statistically significant differences in Pi content were not observed between needles and roots at any of the Pi concentrations.
Measurements of the dry mass of fungal hyphae during growth on the M-MMNNS or MMNS Pi-varying media were performed (Figure 2.6D). Hyphal dry mass exhibited a statistically significant increase only during growth at the highest Pi concentration for both the M-MMNNS and M-MMNS Pi-varying media (Figure 2.6D). Statistically significant differences in fungal dry mass growing on M-MMNNS or M-MMNS Pi-varying media were only observed at the lowest Pi concentration (Figure 2.6D).
Dry mass measurements were carried out for seedling needle and root tissue growing on the M-MMNS Pi-varying media (Figure 2.6E). No statistically significant differences were identified for the needle or root dry mass at any of the Pi concentrations or between needle and root tissue at any Pi concentration.
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Figure 2.6 Pi-varying experiment for three Pi concentrations, 0.15, 3.67 and 367 μM, of KH2PO4. 60 days of growth. A. Examples of NS and S experimental conditions. B. Pi content of fungal hyphae for both NS and S conditions. C. Pi content of P. sylvestris needles and roots under S conditions. D. Dry mass of P. involutus ATCC 200175 hyphae for both NS and S conditions. E. Dry mass of P. sylvestris needles and roots under S conditions. Statistically significant differences in Pi content (B and C) and dry mass (D and E) at different Pi concentrations were assessed by one-way ANOVA followed by Tukey’s post-hoc analysis for multiple comparisons among Pi concentrations (letters, α=0.05). Statistically significant differences in Pi content or dry mass between P. involutus ATCC 200175 hyphae or between P. sylvestris needles and roots grown under NS or S conditions were assessed in pairwise comparisons at each Pi concentration by Student’s t-test (asterisks, α=0.05). Error bars represent standard error of the mean of three biological replicates, except for the Pi content of P. involutus ATCC 200175 hyphae under S conditions for which two biological replicates were utilised.


[bookmark: _Toc507603985][bookmark: _Toc507604252][bookmark: _Toc519016969][bookmark: _Toc520837867]2.3.5 Identification of putative PiPTs
Seven putative PiPTs were identified within the P. involutus ATCC 200175 genome (Appendix, Table 4) that encode P. involutus Pi transporter proteins (PiPTs). PiPT1-7 belongs to the major facilitator superfamily (MFS) of transporters. The MFS family of transporters includes single-polypeptide secondary carriers capable of ion and small solute transport across cell membranes. MFS transporters generally depend on chemiosmotic gradients across cell membranes, and as such are described as secondary rather than primary transporters activated by ATP hydrolysis (Pao et al., 1998).
Most importantly, external Pi uptake has been traditionally attributed to the MFS transporters such as the Pht1 family of plant Pi transporters. Plant Pht1 transporters have been identified with regards to their similarity with the Saccharomyces cerevisiae high-affinity Pi transporter, ScPho84, which mediates external Pi uptake across the plasma membrane via H+ symport activity (Remy et al., 2012). Similarly, in EMF, as in the case of Hebeloma cylindrosporum, high-affinity Pi transporters were identified and functionally characterised, demonstrating a high similarity to ScPho84 and exhibiting Pi: H+ symporter activity (Tatry et al., 2009).

[bookmark: _Toc507603986][bookmark: _Toc507604253][bookmark: _Toc519016970][bookmark: _Toc520837868]2.3.6 Phylogenetic analysis of PiPTs
A phylogenetic tree of the seven putative PiPTs was constructed, shown in Figure 2.7, together with previously characterized high-affinity Pi transporters of Glomus intraradices (GiPT) (Maldonado-Mendoza et al., 2001), Glomus versiforme (GvPT) (Harrison and van Buuren, 1995), S. cerevisiae (ScPHO84) (Bun-ya et al., 1991), Hebeloma cylindrosporum (HcPT1 & HcPT2) (Tatry et al., 2009) and the low affinity Pi transporter of S. cerevisiae, PHO87 (Pinsont et al., 2004; Hürlimann et al., 2009).
According to the phylogenetic analysis, PiPT1 clusters together with the high-affinity Pi transporters HcPT1 and ScPHO84. Meanwhile, PiPT2, PiPT4 and PiPT6 were grouped with the high-affinity Pi transporter HcPT2. In contrast, PiPT3, PiPT5 and PiPT7 did not cluster with any known high-affinity Pi transporter used in the phylogenetic analysis, and also neither with the low-affinity Pi transporter ScPHO87.

[image: ]
Figure 2.7 The evolutionary relationship of PiPTs was inferred using the maximum likelihood method based on the Whelan and Goldman model (Whelan and Goldman, 2001). The proportion of replicate trees in which the associated taxa clustered together in the bootstrap test are shown next to the branches (Felsenstein, 1985). Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016).


[bookmark: _Toc507603987][bookmark: _Toc507604254][bookmark: _Toc519016971][bookmark: _Toc520837869]2.3.7 Gene expression analysis of PiPTs in response to Pi availability during P. involutus growth under the NS and S conditions
The transcriptional response of the PiPTs to Pi availability was investigated using qRT-PCR. Initially, relative gene expression of the PiPTs was quantified at each of the six Pi concentrations during P. involutus ATCC 200175 hyphal growth in M-MMNNS (Figure 2.8). Relative gene expression profiles for the majority of the putative PiPTs indicated these genes were responsive to Pi-varying concentrations. In particular, PiPT1, PiPT2, PiPT4 and PiPT7 gene transcription was mainly induced when Pi availability was low and suppressed when Pi availability was high (Figure 2.8). Meanwhile, the PiPT3 and PiPT6 gene transcripts had a less clear but still apparent response to Pi-varying concentrations (Figure 2.8). In contrast, PiPT5 gene transcription remained unchanged to Pi availability (Figure 2.8).
According to the data derived from the qRT-PCR experiment on P. involutus ATCC 200175 hypha growing on M-MMNNS Pi-varying media, the majority of the PiPTs were differentially expressed at concentrations of 0.15 μM and 367 μM KH2PO4 (Figure 2.8). Specifically, most of the PiPT genes were upregulated at 0.15 μM KH2PO4 and downregulated at 367 μM KH2PO4 (Figure 2.8). Hence, the expression of PiPTs genes in the M-MMNS Pi-varying media was analysed for three selected concentrations, 0.15 μM and 367 μM KH2PO4, where most of the PiPTs transcripts were found to be differentially expressed, and for one additional concentration of 3.67 μM KH2PO4 (Figure 2.9).
Specifically, qRT-PCR analysis of P. involutus ATCC 200175 hypha growing in the M-MMNS Pi-varying media showed that PiPT1, PiPT2 and PiPT7 genes were induced when Pi availability was low at 0.15 μM KH2PO4 and suppressed when Pi availability was high at 367 μM of KH2PO4 (Figure 2.9). Meanwhile, PiPT3, PiPT4, PiPT5 and PiPT6 gene transcription remained unchanged at different Pi availabilities (Figure 2.9). Besides, differences in PiPTs relative gene expression between the NS and S experimental conditions were observed for PiPT2 at 3.67 μM KH2PO4.and for PiPT6 at both 0.15 μM and 3.67 μM KH2PO4 (Figure 2.9).
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Figure 2.8 Relative mRNA levels of the PiPT genes expressed in the P. involutus ATCC 200175 hyphae during growth on the M-MMN media for 60 days. Results are shown for 0.15 μM, 0.37 μM, 3.67 μM, 36.7 μM, 367 μM and 3,670 μM of Pi. For each PiPT gene, statistically significant differences between relative mRNA expressions at different Pi concentrations were assessed by one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons (letters, α=0.05).
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Figure 2.9 Relative mRNA levels of the PiPTs for the NS and S conditions with the P. involutus ATCC 200175 hyphae during growth on the M-MMN media for 60 days. Results are shown for 0.15 μM, 3.67 μM and 367 μM of KH2PO4. For each PiPT gene, statistically significant differences between relative mRNA expression levels at different Pi concentrations and varying NS (orange) and S (green) conditions were assessed by one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons (letters, α=0.05). Asterisks represent statistically significant differences in relative mRNA expression between NS and S experimental designs at the indicated Pi concentrations as assessed by Student’s t-test for pairwise comparisons (asterisks, α=0.05).


[bookmark: _Toc507603988][bookmark: _Toc507604255][bookmark: _Toc519016972][bookmark: _Toc520837870]2.4 Discussion

[bookmark: _Toc507603989][bookmark: _Toc507604256][bookmark: _Toc519016973][bookmark: _Toc520837871]2.4.1 Development of the Pi-varying media
The development of an optimal Pi-varying medium was essential to study the effect of Pi on various physiological aspects of P. involutus fungal hyphae, such as growth response, Pi homeostasis and Pi-responsive gene transcription. The design of such a medium should comply with certain physiological characteristics, like optimal pH or Pi concentration, where fungal growth and Pi uptake are combined. According to previous studies, optimal pH should range between 5.0 and 6.0 (Müller et al., 2013; Brun et al., 1995; Ullrich-Eberius et al., 1984). In addition, Pi concentration should range from 0.1-10 μM, as in poor soils where Pi concentration rarely exceeds 10 μM, up to 40 μM Pi, as in case of rich soils, or up to 5.5 mM of Pi, as in the case of laboratory fungal culture media, which serve as culture maintenance media (Bieleski, 1973).
The B-MMN media failed to provide homogeneous growth and fungal morphology of P. involutus hyphae (Figure 2.1), possibly because the Pi range was generated by the successive depletion of (NH4)2HPO4, which was accompanied by the simultaneous addition of NH4+ ions as NH4Cl (Appendix, Table 2). Hence, the increasing amount of NH4+ ions along with the decreasing amount of PO43- ions could have possibly masked the effect of decreasing Pi on the mycelial growth.
In contrast, growth on M-MMN media was more consistent (Figure 2.2), possibly because the source of PO4- ions was solely as KH2PO4 (Appendix, Table 3). In addition, activated charcoal was used with the purpose of improving the growth of fungal hyphae as P. involutus produces secondary metabolic products, such as pigments and phenolic compounds, which may potentially inhibit its growth (Yamaji et al., 2005; Braesel et al., 2015). The use of activated charcoal in the media seemed to maintain better growth and morphological consistency of fungal hyphae (Figure 2.2).

[bookmark: _Toc507603990][bookmark: _Toc507604257][bookmark: _Toc519016974][bookmark: _Toc520837872]2.4.2 P. involutus growth response on the Pi-varying media
The use of 10% strength MMN media for growing the fungal inoculum, rather than FS, during the Pi-varying experiments was essential, as the growth of fungal hyphae was much more responsive to varying Pi (Figure 2.3). The former can be explained because the 10% strength fungal inoculum retained less residual Pi than the FS inoculum and thus mycelial growth was much more dependent on the supplied Pi, especially at low concentrations. 
The three different P. involutus strains studied showed different growth responses during the Pi-varying experiment. For instance, both P. involutus 13 and P. involutus ATCC 200175 had similar growth responses (Figures 2.3 and 2.5), which could be explained by the fact that both strains are “laboratory” strains, i.e. propagated in laboratories for several decades. Continuous propagation on agar media has been shown to induce transcriptional and morphological changes in wild strains of S. cerevisiae, which differed from laboratory ones (Kuthan et al., 2003). Indeed, P. involutus DJR1, a strain recently isolated from the wild (October 2015), showed different growth response by accumulating more mass at each Pi concentration (Figure 2.5). The former was also reflected by the morphology of its hyphae, which were denser and also produced sclerotia at the highest Pi concentrations (Figure 2.4).

[bookmark: _Toc507603991][bookmark: _Toc507604258][bookmark: _Toc519016975][bookmark: _Toc520837873]2.4.3 Effect of Pi-varying media on the P. involutus hyphal and P. sylvestris seedling Pi content 
P. involutus ATCC 200175 was selected for further use in the following Pi-varying experiments, primarily based on the fact that any genomic data generated by its use will be directly connected to the available genomic database. According to the data acquired from the Pi content analysis, these suggested that the Pi content of the fungal hyphae under NS conditions increased in response to the increasing Pi concentrations of the Pi-varying media, while under the S conditions it remained unchanged (Figure 2.6D). A possible explanation for this could be that for the S conditions, the fungal hyphae experienced a stage where it had been grown on 10% MMN media together with a pine seedling, described as the mycorrhization synthesis stage. At this stage, the media is rich in Pi, as 10% MMN media contains 556 μM Pi. Thus, after mycorrhiza formation and its transfer to the final Pi-varying design, the hyphae are still rich in Pi, a fact which could make it unresponsive to the low Pi concentrations of the MMNS Pi-varying experiment. 
Measurements of Pi content of the fungal hyphae after growth at the 10% MMN mycorrhization step were performed and could prove the above, as the fungal hyphae contained a high amount of 8.66 mM Pi (Appendix, Figure 1). The same explanation can be given for the profile of the Pi content of P. sylvestris roots, where the Pi content after growth at the mycorrhization step was found to be 3.89 mM of Pi (Appendix, Figure 1). For this reason, needle Pi content was only affected at the highest Pi concentration of the MMNS Pi-varying media (Figure 2.6C), since only at that Pi concentration the Pi needle content (9.55mM) exceeded that detected for the needles growing during the mycorrhization synthesis stage (4.95mM) (Appendix, Figure 1).

[bookmark: _Toc507603992][bookmark: _Toc507604259][bookmark: _Toc519016976][bookmark: _Toc520837874]2.4.4 Effect of Pi-varying media on P. involutus hyphal and P. sylvestris seedling dry mass
The dry mass measurements indicate that, in both NS and S experimental conditions, fungal hyphae dry mass rose at the highest Pi concentration of the Pi-varying experiment (Figure 2.6D). Also, the difference between the NS and S experimental conditions regarding the fungal dry mass was statistically significant, with much more dry mass accumulating at the lowest Pi concentration when the fungus was in symbiosis with a pine seedling (Figure 2.6D). However, this effect could also be caused by the different sizes of Petri dishes used for the NS condition, which were smaller than those used in the S condition. Moreover, for the pine needles and roots, the dry mass that accumulated at each Pi concentration of the Pi-varying experiment did not exhibit any differences (Figure 2.6E). 
As the mycorrhization synthesis stage preceded the Pi-varying experiment for the S conditions, this may have affected the response in plant dry mass. The seedlings were removed from the 10% MMN mycorrhization synthesis plates and transferred to the final M-MMNS Pi-varying experiment. For this transfer to be possible, the majority of the roots were excised as most of the roots were growing within the agar source and not on the cellophane-covered surface of the 10% MMN media plates. Besides, as the seedlings were growing within the 10% MMN media, which are richer in Pi than the Pi-varying experiment, their needles had already developed and thus the Pi concentration of the Pi-varying media did not affect dry mass accumulation. These findings, together with those in Section 2.4.3, strongly suggest that the mycorrhization synthesis stage should have been omitted and the seedlings together with the fungal inoculum should have been inoculated directly on the final Pi-varying media.

[bookmark: _Toc507603993][bookmark: _Toc507604260][bookmark: _Toc519016977][bookmark: _Toc520837875]2.4.5 Phylogenetic analysis of putative P. involutus PTs
Phylogenetic analysis of the seven putative PTs of P. involutus may be indicative with regards to their transporting substrate (Figure 2.7). According to this analysis, PiPT1 shares a great amino acid sequence identity with HcPT1, ScPHO84, GiPT and GvPT high-affinity Pi transporters that have been described in H. cylindrosporum, S. cerevisiae, Glomus intraradices and Glomus versiforme, respectively (Figure 2.7). In particular, PiPT1 shares the greatest similarity with HcPT1, as both belong to Basidiomycetes and are both EMF fungal species, and less with ScPHO84, which belongs to Ascomycetes (Figure 2.7). Similarly, the PiPT1 shares less amino acid similarity with GiPT and GvPT, which belong to Glomeromycetes and are AM-forming fungal species (Figure 2.7).
PiPT2, PiPT4 and PiPT6 are grouped with the high-affinity Pi transporter from H. cylindrosporum, HcPT2 (Figure 2.7). According to the functional characterisation of HcPT1 and HcPT2 in H. cylindrosporum, these transporters are both high-affinity Pi transporters but exhibit different Pi affinities, with values of 4 μM and 54.5 μM Km, respectively (Tatry et al., 2009). The grouping of PiPTs within separate groups which also cluster together with HcPT1 and HcPT2 may indirectly indicate variation in the Pi affinity of PiPTs, with PiPT1 having a higher affinity to Pi while PiPT2, PiPT4 and PiPT6 having lower affinities to Pi than PiPT1.
The finding that PiPT3, PiPT5 and PiPT7 do not cluster with any known high-affinity Pi transporters but also neither with the low-affinity Pi transporter, ScPHO87, may suggest that the substrate of these transporters may be other than Pi (Figure 2.7). The putative amino acid sequences of PiPT3, PiPT5 and PiPT7 were used with the SmartBLAST online tool at the NCBI server (Agarwala et al., 2016). According to the results obtained, PiPT3, PiPT5 and PiPT7 share 49%, 30% and 35% amino acid sequence identity with the glycerophosphodiester transporter, ScGIT1P, of S. cerevisiae. The former may suggest that PiPT3, PiPT5 and PiPT7 could similarly transport glycerophosphodiester, but without excluding the possibility that they mediate internal Pi transport rather than Pi uptake.
In particular, PiPT3 and PiPT7 exhibited 25% and 22% amino acid sequence similarity, respectively, with AtPht1;6 of Arabidopsis thaliana. AtPht1;6 belongs to the Pht1 family and is the only member which is not expressed in root tissues, and strictly in the flower parts (Mudge et al., 2002). PiPT5 shares 29% amino acid sequence similarity with AtPht1;5, which plays a critical role in internal Pi mobilisation from P-source sink organs as demanded by the total P status of the plant (Nagarajan et al., 2011).

[bookmark: _Toc507603994][bookmark: _Toc507604261][bookmark: _Toc519016978][bookmark: _Toc520837876]2.4.6 Gene transcriptional responses of PiPTs to Pi availability 
In general, previous gene expression analyses indicated that high-affinity Pi transporter genes are highly and reversibly induced by low Pi availability (Tatry et al., 2009; Yadav et al., 2010). In the present study, gene transcript analysis of PiPT1, PiPT2, PiPT4 and PiPT7 has shown this type of response for fungal hyphae growing under NS conditions, indicating that they function similarly to high-affinity Pi transporter genes (Figure 2.8). However, PiPT4 gene expression of fungal hyphae growing under S conditions does not exhibit the same profile as for the NS conditions (Figure 2.9). The former is possible because of the reasons discussed in Sections 2.4.3 and 2.4.4, i.e., that this may be an effect of the fungal growth at the mycorrhization synthesis stage, which is rich in Pi and thus fungal hyphae may still be rich in Pi after the seedling transfer in the M-MMMS Pi-varying media. Transcription profiles of PiPT3, PiPT5 and PiPT6 did not change at varying concentrations of Pi (Figures 2.8 and 2.9), suggesting that they may not be high-affinity Pi transporters.

[bookmark: _Toc507603995][bookmark: _Toc507604262][bookmark: _Toc519016979][bookmark: _Toc520837877]2.5 Conclusions
The results presented in this chapter demonstrate the establishment of an optimised system for studying the growth of P. involutus and Pi transporter genes transcriptional response to varying concentrations of Pi. Analysis of fungal growth and Pi content showed that M-MMN media is most suited for obtaining a growth response of P. involutus hyphae proportional to the amount of available Pi, while providing sufficient hyphal material for RNA extraction, even at the lowest Pi concentrations. 
In respect to the five initial hypotheses, the results confirmed the first one, since FS MMN fungal inocula exhibited less responsive growth to varying Pi concentration, especially at low Pi, as shown in Figure 2.3. The use of 10% strength MMN fungal inocula proved more appropriate to avoid replication inconsistencies in response to varying Pi concentrations of the experimental system. 
The second hypothesis was confirmed, since all three different P. involutus strains studied showed different growth responses during the Pi-varying experiment, as shown in Figures 2.3 and 2.5.
The third hypothesis was verified only for the hyphal Pi content, which was increased in response to the increasing Pi concentration during the NS condition but not in symbiosis with P. sylvestris, as shown in Figure 2.6B. In addition, this hypothesis was only valid for the needle Pi content which also increased at the highest Pi concentration, but not for the root Pi content, as shown in Figure 2.6C. 
The fourth hypothesis was confirmed only for the hyphal dry mass, which rose at the highest Pi concentration as shown in Figure 2.6D. The seedlings dry mass for both needles and roots remained the same, as shown in Figure 2.6E. 
Ultimately, the last hypothesis did not confirm for all the PiPTs. Nonetheless, relative gene expression analysis led to the identification of at least four high-affinity Pi transporters, namely PiPT1, PiPT2, PiPT4 and PiPT7, for which their expression varies in an inversely proportional manner to Pi availability, as shown in Figures 2.8 and 2.9.
The next step will be to use the established Pi-varying system for global transcriptomic analysis, in order to identify P. involutus genes involved in response to low Pi availability during EM symbiosis. Data will be presented in the following chapter.

[bookmark: _Toc507603996][bookmark: _Toc507604263][bookmark: _Toc519016980][bookmark: _Toc520837878]Chapter 3. Paxillus involutus gene transcriptional responses driven by phosphate availability and ectomycorrhizal symbiosis

[bookmark: _Toc507603997][bookmark: _Toc507604264][bookmark: _Toc519016981][bookmark: _Toc520837879]3.1 Introduction
Gene transcriptional responses towards inorganic phosphorus (Pi) availability have been extensively studied in eukaryotic organisms such as plants and fungi, with Arabidopsis and yeast being the most used model organisms. In particular, genetic studies in Arabidopsis, which has a small and well-characterised genome, can give insights into the molecular mechanisms involved in higher plants with larger and more complex genomes (The Arabidopsis Genome Initiative, 2000). Similarly, yeast has been a pioneering genetic fungal model organism for studying the gene regulation of fundamental eukaryotic biological processes for the last two decades since its genome has been sequenced (Goffeau et al., 1996). Due to the fact that yeast relies only on 6,000 genes, it has become an excellent genetics model system which can give insights into biological mechanisms applied in higher eukaryotic organisms with increasing biological complexity. 
In Arabidopsis, genome-wide transcriptomic analyses have resulted in the identification of several Pi-responsive genes during low Pi availability or starvation conditions. These genes are primarily involved in: (a) Pi acquisition, mobilization, and substitution, (b) metabolic pathways, (c) signal transduction, (d) transcriptional regulation, and (e) many processes related to plant growth and development (Jain et al., 2012). However, Arabidopsis is not considered a model plant organism for studying Pi-responsive gene transcriptional regulation during mycorrhizal symbiosis, due to its inability to form mycorrhiza. For this reason, other plant species capable of forming mycorrhiza have been employed to study gene expression responses to Pi availability in fungal or plant tissues. For instance, the gene expression profile of Pi transporters, belonging to the Pht1 family, has been assessed in Populus trichocarpa, a model woody perennial species that is capable of forming both arbuscular mycorrhiza (AM) or ectomycorrhizal (EM) symbioses (Loth-Pereda et al., 2011). Besides, the poplar genome has been fully sequenced and hence is considered to be an excellent model organism for gene studies (Tuskan et al., 2006).
In regard to previous studies on yeast, a variety of Pi-responsive genes, which are induced at low Pi availability or starvation, have been identified. According to these studies, Pi-responsive genes belong to several functional categories involved in: (a) Pi utilisation, such as phosphatases and Pi transporters, (b) polyphosphate metabolism, (c) Pi transcriptional regulation, including regulatory factors, and (d) other metabolic pathways such as histidine, trehalose, glycogen, and inositol phosphate metabolism (Ljungdahl and Daignan-Fornier, 2012).
Specific studies on the transcriptional response to Pi availability on mycorrhizal-forming fungal species while in symbiosis with the host plant are scarce, and are mostly focused on few candidate genes. Some examples include gene expression analysis of fungal or plant Pi transporters in response to Pi availability during AM symbiosis between Medicago truncatula and the AM fungus Glomus intraradices (Maldonado-Mendoza et al., 2001; Harrison et al., 2002). In addition, Pi transporter gene expression has also been analysed in the hyphae of EM fungus Hebeloma cylindrosporum in response to Pi availability while in EM symbiosis with Pinus pinaster (Tatry et al., 2009). Besides, results from the previous chapter using the EM fungus Paxillus involutus ATCC 200175 identified four putative high-affinity Pi transporters, of which expression was inversely proportional to the availability of Pi in the media.
To my knowledge, there is no study where a global transcriptomic analysis has been carried out which investigates the response of EM fungal genes to Pi availability during EM symbiosis. Hence, in this study, RNA-sequencing (RNA-seq) technology will be utilized on the experimental system designed in Chapter 2, with the purpose to investigate global gene expression of P. involutus ATCC 200175 hyphae in response to low Pi availability in non-symbiotic (NS) or symbiotic (S) conditions.
To this end, the study presented in this chapter will follow three main hypotheses:
1. Changes in Pi availability in the media will strongly affect P. involutus global gene transcriptional response both in NS or S conditions.
2. P. involutus genes involved in Pi transport will be differentially regulated by low or high Pi availability. In particular, P. involutus Pi transporter genes (PiPTs) mediating Pi transport will be strongly upregulated at low Pi availability and downregulated at high Pi availability.
3. EM symbiosis will enhance or alter the gene transcriptional response of P. involutus to low Pi availability.

[bookmark: _Toc507603998][bookmark: _Toc507604265][bookmark: _Toc519016982][bookmark: _Toc520837880]3.2 Materials and Methods

[bookmark: _Toc507603999][bookmark: _Toc507604266][bookmark: _Toc519016983][bookmark: _Toc520837881]3.2.1 Pi-varying M-MMN media
In this study, the Pi-varying media used were based on the Müller recipe of the modified Melin-Norkrans (MMN) media, as described in Müller et al. (2013), which include the additional use of activated charcoal (Müller et al., 2013). These media are referred as Pi-varying M-MMN media, where M-MMNNS indicates the NS condition and M-MMNS indicates the S experimental condition, in which P. involutus grows in EM symbiosis with Pinus sylvestris (Appendix, Table 3). The Pi-varying media were autoclaved at 15 psi for 15 minutes at 121°C (Prestige Medical Classic 2100 Standard) and poured into 90 mm round Petri dishes for the M-MMNNS Pi-varying experimental design, or into 140 mm square Petri dishes for the M-MMNS Pi-varying experimental design. After the media were poured into the Petri dishes, a sterile cellophane membrane was used to cover them.

[bookmark: _Toc507604000][bookmark: _Toc507604267][bookmark: _Toc519016984][bookmark: _Toc520837882]3.2.2 Fungal/plant experimental design
Fungal Pi-varying experimental condition (NS): P. involutus ATCC 200175 that was grown on 10% strength MMN fungal culture media (Appendix, Table 1) provided fungal inoculum for the Pi-varying fungal experiment in Section 3.3.1. Fungal plugs were cut with a 6 mm diameter cork borer and were inoculated on 90 mm Petri dishes of the M-MMNNS Pi-varying fungal experiment. P. involutus ATCC 200175 was kindly provided by Dr Francis M. Martin (INRA, France).
Symbiotic Pi-varying experimental condition (S): P. sylvestris seeds (Forestry Commission, UK), were surface sterilized with 30% H2O2 and germinated on 1.2% plant agar (Duchefa). After seedling formation, the pines were transferred to the Pi-varying M-MMNS experimental design adapted for symbiotic growth (Appendix, Table 3). P. involutus ATCC 200175 that was grown on 10% strength MMN fungal culture media (Appendix, Table 1) provided fungal inoculum for the Pi-varying symbiotic experiment. Fungal plugs were cut with a 6 mm diameter cork borer and were inoculated on 140 mm Petri dishes of the M-MMNS Pi-varying fungal experiment (Section 3.3.1).

[bookmark: _Toc507604001][bookmark: _Toc507604268][bookmark: _Toc519016985][bookmark: _Toc520837883]3.2.3 Determination of fungal and plant dry mass
Fungal hyphae were collected with a surface scraper tool into 2 ml Eppendorf tubes and oven dried at 90°C for up to five days. As well, the plant tissues were collected into paper envelopes and oven dried at 90°C for up to five days. Dry mass measurements were performed as soon as the tissues were completely dry using an analytical balance (Mettler AT261B Delta Range Balance).

[bookmark: _Toc507604002][bookmark: _Toc507604269][bookmark: _Toc519016986][bookmark: _Toc520837884]3.2.4 Determination of fungal and plant Pi content
Plant (needle/root) and fungal hyphae Pi content were measured using the Phosphate Assay Kit (Colorimetric) Ab65622 according to the manufacturer’s instructions (Abcam). The assay utilises a proprietary formulation of malachite green and ammonium molybdate that forms a chromogenic complex with Pi ions, leading to an intense absorption band around 650 nm. The kit detects all types of Pi, such as PO43−, HPO42− and H2PO4−. For each sample, the Pi content (nmol) is referenced to a standard curve and normalised to the sample volume (μl), giving the Pi concentration (nmol/μl or mM). Data show the average Pi content (mM) of three biological replicates, unless otherwise is noted.

[bookmark: _Toc507604003][bookmark: _Toc507604270][bookmark: _Toc519016987][bookmark: _Toc520837885]3.2.5 RNA extraction and semi-quantitative reverse transcription PCR (qRT-PCR)
Total fungal RNA was extracted with the E.Z.N.A. ® Fungal RNA Kit according to the manufacturer’s protocol. For qRT-PCR analysis, 500 ng of total RNA was used for cDNA first-strand synthesis (SuperScript® III First-Strand Synthesis SuperMix). For qRT-PCR reactions, the Rotor-Gene SYBR Green PCR Kit (Qiagen) together with gene-specific primers were employed in conjunction with a Rotor-Gene Q Real-Time PCR Cycler (Qiagen) according to the manufacturer’s instructions. Gene-specific primers used in qRT-PCR reactions are shown in Table 5 (Appendix). The reaction conditions (two-step with a melt curve) were 95°C for 10 min, 35 cycles of 95°C for 10 sec and 60°C for 55 sec. High-resolution melting analysis was carried out to detect primer dimers or other non-specific amplification products. Relative gene expression was quantified based on a modified Livak’s ΔΔCT method (Livak and Schmittgen, 2001) with correction for reaction efficiency of each sample (Pfaffl, 2001). Relative gene expression was normalized against the average expression values of the housekeeping genes, ACTIN and TROPOMYOSIN, which were identified as the best housekeepers for each experimental setup according to the RefFinder tool (Xie et al., 2012). For each qRT-PCR reaction, three biological replicates were analysed per condition per Pi concentration.

[bookmark: _Toc507604004][bookmark: _Toc507604271][bookmark: _Toc519016988][bookmark: _Toc520837886]3.2.6 Statistical analyses carried out in Section 3.3.1
Statistically significant differences in hyphal/plant dry mass, Pi content, or relative mRNA expression between/at different Pi concentrations were assessed by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc analysis for multiple comparisons (α=0.05). Statistically significant differences in pairwise comparisons at each Pi concentration were assessed with the Student’s t-test (α=0.05).

[bookmark: _Toc507604005][bookmark: _Toc507604272][bookmark: _Toc519016989][bookmark: _Toc520837887]3.2.7 RNA-seq library preparation and sequencing 
RNA-seq libraries were prepared from total RNA samples, extracted from P. involutus ATCC 200175 hyphae grown in two selected Pi concentrations of the Pi-varying MMN media, as low Pi (0.37 μM Pi) and high Pi (367 μM Pi), for both the NS and S conditions, with the TruSeq stranded mRNA library prep kit (Illumina) at the University of Edinburgh (Edinburgh Genomics). Three biological replicates of the low Pi NS or high Pi NS and five biological replicates of the low Pi S or high Pi S experimental conditions were used. The sequencing strategy that was applied generated data of at least 290 million (M) reads per strand per sample (HiSeq 4000 75PE). In total 26 – 45.9 M reads pairs were obtained.

[bookmark: _Toc507604006][bookmark: _Toc507604273][bookmark: _Toc519016990][bookmark: _Toc520837888]3.2.8 RNA-seq data analysis
Default values were used for all parameters in all software used unless otherwise stated. Analyses in Sections 3.2.8.1 to 3.2.8.5 were performed by Dr Jonathan Manning at Edinburgh Genomics.

[bookmark: _Toc507604007][bookmark: _Toc507604274][bookmark: _Toc520837889]3.2.8.1 Reads trimming
Reads were trimmed using Cutadapt version cutadapt-1.9.dev2 (Martin, 2011). Reads were trimmed for quality at the 3’ end using a quality threshold of 30 and for adapter sequences of the TruSeq stranded mRNA kit (AGATCGGAAGAGC). Reads after trimming were required to have a minimum length of 50. Among all samples, 25.4 - 44.8 M reads were identified after trimming (97 - 98.7%).

[bookmark: _Toc507604008][bookmark: _Toc507604275][bookmark: _Toc520837890]3.2.8.2 Reference genome
The reference used for mapping was the P. involutus genome from Ensembl, assembly ATCC 200175, annotation version1.

[bookmark: _Toc507604009][bookmark: _Toc507604276][bookmark: _Toc520837891]3.2.8.3 Reads alignment
Reads were aligned to the reference genome using STAR (Dobin et al., 2013) version 2.5.2b specifying paired-end reads and the option ‘–outSAMtype BAM Unsorted’. All other parameters were left at default. Among all samples, 24 - 42.5 M trimmed read pairs aligned to the reference genome (88.3 - 94.9%).

[bookmark: _Toc507604010][bookmark: _Toc507604277][bookmark: _Toc520837892]3.2.8.4 Read counting 
Reads were assigned to exon features grouped by gene id in the reference genome using ‘featureCounts‘ (Liao et al., 2014), which assigns counts on a ‘fragment’ basis as opposed to individual reads such that a fragment is counted where one or both of its reads are aligned and associated with the specified features. Strandness was set to ‘reverse’ and a minimum alignment quality of 10 was specified. Gene names and other fields were derived from input annotation and added to the counts matrix. Among all samples, 18.1 - 34.8 M read pairs were aligned to exon features for counting (75.7 - 83.6%).

[bookmark: _Toc507604011][bookmark: _Toc507604278][bookmark: _Toc520837893]3.2.8.5 Count pre-processing
The raw counts table was filtered to remove rows consisting predominantly of near-zero counts, filtering on counts per million (CPM) to avoid artefacts due to library depth. Specifically, a row of the expression matrix was required to have values greater than 0.1 in at least 3 samples.

[bookmark: _Toc507604012][bookmark: _Toc507604279][bookmark: _Toc520837894]3.2.8.6 Count normalization, exploratory analysis and differential analysis
Read counts were normalized through the R package “DESeq2”, which applies a negative binomial distribution and shrinkage estimation of gene dispersion (Love et al., 2014). Using the “DESeq2” package, a principal component analysis (PCA) on rlog-transformed read counts (Love et al., 2014) was performed in order to visualize sample-to-sample differences. Differential gene expression analysis was carried out through the R package “DESeq2” using Wald test, selecting genes with false discovery rate (FDR) corrected p-value <0.05 (Q-value, Benjamini-Hochberg correction) at each indicated comparison.

[bookmark: _Toc507604013][bookmark: _Toc507604280][bookmark: _Toc520837895]3.3.8.7 RNA-seq data visualisation 
In Sections 3.3.4 to 3.3.6, normalized read counts of the top 50 differentially expressed genes ranked by significance (Q-value) were extracted from each indicated comparison. For each gene, the number of standard deviations from the mean of normalized read counts in all samples (z-scores) were plotted using the “pheatmap” package for R (Kolde, 2015) to visualise expression differences in the indicated conditions. In Section 3.3.7, the “pheatmap” package for R was also used for hierarchical clustering of all genes identified using Ward’s method.

[bookmark: _Toc507604014][bookmark: _Toc507604281][bookmark: _Toc519016991][bookmark: _Toc520837896]3.3 Results

[bookmark: _Toc507604015][bookmark: _Toc507604282][bookmark: _Toc519016992][bookmark: _Toc520837897]3.3.1 Experimental set up 
M-MMNNS and M-MMNS Pi-varying media were inoculated with P. involutus ATCC 200175 and hence systems were grown in NS or S conditions (Figure 3.1A). 
The Pi content of P. involutus ATCC 200175 hyphae was measured for both the NS and S conditions (Figure 3.1B), together with the Pi content of P. sylvestris seedlings for the S condition (Figure 3.1C). Statistical analysis demonstrated that the Pi content of fungal hyphae under both NS and S conditions increased in response to rising Pi concentrations of the media. In addition, statistically significant differences in Pi content between fungal hyphae growing on M-MMNNS or M-MMNS Pi-varying media were observed at 36.7 μM and 367 μM Pi, respectively. This finding may indicate that when the fungal hyphae are in symbiosis with a plant, some of the hyphal Pi is allocated to the plant.
The needle and root Pi content of seedlings grown on M-MMNS media increased with increased Pi concentration. However, no statistically significant differences were found in Pi content between needles and roots at any Pi concentration.
Dry mass measurements were performed for P. involutus ATCC 200175 hyphae at both NS and S conditions (Figure 3.1D) together with the dry mass of P. sylvestris seedlings for the S condition (Figure 3.1E). Hyphal dry mass showed a statistically significant increase in response to rising Pi concentrations during growth on both M-MMNNS and M-MMNS Pi-varying media. In addition, statistically significant differences in fungal dry mass growing on M-MMNNS or M-MMNS Pi-varying media were observed at all Pi concentrations.
In contrast, dry mass measurements of pine seedling, needle and root tissue growing on the M-MMNS Pi-varying media, showed statistically significant differences only at the highest Pi concentrations. Furthermore, no statistically significant differences were observed between needle and root tissue dry mass at any Pi concentration.
Gene expression analysis of the P. involutus ATCC 200175 hyphae was performed for the seven P. involutus ATCC 200175 putative PiPTs (PiPT1-PiPT7) with qRT-PCR under both NS or S conditions (Figure 3.2). Relative gene expression profiles for the majority of the putative PiPTs indicated that these genes were responsive to Pi-varying concentrations in both the NS and S conditions. In particular, PiPT1, PiPT2, PiPT3, PiPT4, and PiPT7 transcripts exhibited statistically significant induction when Pi availability was low and statistically significant suppression when Pi availability was high (Figure 3.2). Meanwhile, PiPT5 and PiPT6 gene transcription remained unchanged to Pi availability.
Statistically significant differences in PiPTs relative gene expression between the NS and S experimental conditions were observed for PiPT1, PiPT2, PiPT3, PiPT4, and PiPT7 at Pi varying concentrations of the M-MMNNS and M-MMNS Pi-varying media, respectively (Figure 3.2). In particular, PiPT1 and PiPT3 showed statistically significant higher mRNA levels in the NS condition at all Pi concentrations, except at the highest Pi concentration for PiPT1 (Figure 3.2). In contrast, PiPT2, PiPT4, and PiPT7 exhibited statistically significant differences in mRNA relative expression between the NS and S condition at 3,670 μM, 3.67 μM, and 36.7 μM of KH2PO4, respectively (Figure 3.2). In particular, PiPT4 showed statistically significant higher mRNA levels in the S condition compared to NS one at 3.67 μM of KH2PO4 (Figure 3.2).
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Figure 3.1 Pi varying experiment where Pi concentration ranged from 0.37 to 3,670 μM. 90 days growth. A. Examples of NS and S experimental conditions. B. Pi content of P. involutus ATCC 200175 hyphae for both NS and S conditions. C. Pi content of P. sylvestris needles and roots in the S condition. D. Dry mass of P. involutus ATCC 200175 hyphae for both NS and S condition. E. Dry mass of P. sylvestris needles and roots in S condition. Statistically significant differences in Pi content (B and C) and dry mass (D and E) at different Pi concentrations were assessed by one-way ANOVA followed by Tukey’s post-hoc analysis for multiple comparisons among Pi concentrations (letters, α=0.05). Statistically significant differences in Pi content or dry mass between P. involutus ATCC 200175 hyphae or between P. sylvestris needles and roots grown under NS or S conditions were assessed in pairwise comparisons at each Pi concentration by Student’s t-test (asterisks, α=0.05). Error bars represent standard error of the mean of three biological replicates except for the P. sylvestris needle and root dry mass in the S condition, for which six biological replicates were used.


[image: ]


Figure 3.2 Relative mRNA levels of the PiPTs for NS (orange) and S (green) growth conditions of P. involutus ATCC 200175 hyphae during growth on the Pi-varying M-MMNNS and M-MMNS media, respectively for 90 days. Results are shown for 0.37 μM, 3.67 μM, 37 μM, 367 μM, and 3,760 μM of KH2PO4. Statistically significant differences in relative mRNA expression at different Pi concentrations and each NS and S condition were assessed by one-way ANOVA, followed by Tukey’s post-hoc analysis for multiple comparisons between Pi concentrations (letters, α=0.05). Asterisks represent statistically significant differences in relative mRNA expression between NS and S experimental conditions at the indicated Pi concentration, assessed by Student’s t-test in pairwise comparisons (asterisks, α=0.05).


[bookmark: _Toc507604016][bookmark: _Toc507604283][bookmark: _Toc519016993][bookmark: _Toc520837898]3.3.2 RNA-seq PCA 
RNA-seq analysis was performed on total RNA extracted from P. involutus ATCC 200175 hyphae growing in the Pi-varying M-MMNNS and M-MMNS media, i.e. at NS and S conditions, respectively, as described in Section 3.3.1. PCA of rlog-transformed read counts derived from the RNA-seq analysis have shown clear separation of the experimental conditions, as NS low Pi, NS high Pi, S low Pi, and S high Pi (Figure 3.3). In particular, principal component 1 (PC1) shows separation of the experimental conditions based on the Pi content, while PC2 shows separation on the symbiotic status of fungal hyphae under NS and S conditions. Overall, PC1 and PC2 together explain 90% of the total variance of the dataset (Figure 3.3). 
[image: ]
Figure 3.3 PCA of rlog-transformed read counts (Love et al. 2014) from RNA-seq data derived from P. involutus ATCC 200175 after 90 days of growth in the Pi varying experimental setup. Each circular marker represents one biological replicate. Orange: fungal hyphae grown in NS condition; green: fungal hyphae grown in S condition together with P. sylvestris seedling; lighter colours: fungal hyphae grown in 0.37 μM of Pi (low Pi); darker colours: fungal hyphae grown in 367 μM of Pi (high Pi).


[bookmark: _Toc507604017][bookmark: _Toc507604284][bookmark: _Toc519016994][bookmark: _Toc520837899]3.3.3 Differential gene expression analysis 
Differential gene expression analysis in the RNA-seq dataset was carried out in pairwise comparisons between each condition tested. Comparisons between low Pi and high Pi, either in NS or S conditions, identified the highest numbers of up- or down-regulated genes, suggesting that the majority of the genes are transcriptionally regulated by Pi availability (Table 3.1, comparisons 1 and 2). Comparisons between NS and S conditions, either in low Pi or high Pi, identified fewer numbers of up- or down-regulated genes than the comparisons above. Nonetheless, a large number of genes were identified to be up- or down-regulated by symbiosis in both high and low Pi availability (Table 3.1, comparisons 3 and 4).

[image: ]
Table 3.1 Table showing the number of differentially expressed genes identified at each pairwise comparison after FDR correction (Q-value <0.05). NS: P. involutus ATCC 200175 hyphae grown in NS conditions. S: P. involutus ATCC 200175 hyphae grown in symbiosis with P. sylvestris seedling. Low Pi: P. involutus ATCC 200175 hyphae grown in 0.37 μM of Pi. High Pi: P. involutus ATCC 200175 hyphae grown in 367 μM of Pi. Growth period of 90 days both for the NS and S conditions. Up: genes upregulated in the first term compared to the second. Down: genes downregulated in the first term compared to the second.


[bookmark: _Toc507604018][bookmark: _Toc507604285][bookmark: _Toc519016995][bookmark: _Toc520837900]3.3.4 P. involutus ATCC 200175 genes differentially regulated in response to Pi availability in NS condition
According to the differential gene expression analysis between the NS low Pi and NS high Pi conditions, in total, 3,160 genes were found to be upregulated and 2,986 downregulated (Section 3.3.3, Table 3.1). There was a substantial variation in fold changes of gene expression values within this pairwise comparison and their statistical significance. In RNA-seq datasets, ranking genes by fold changes can result in noise from the large changes estimated in genes with low read counts (Love et al., 2014). For this reason, in the present study, differentially expressed genes were ranked according to statistical significance. In order to highlight the genes which are most differentially regulated at each comparison, heat maps of the top 50 most upregulated or downregulated genes, i.e. with the lowest Q-values, were generated (Sections 3.3.4-3.3.6).
Here, the top 50 upregulated or downregulated genes are presented in Figure 3.4A and 3.4B, respectively. In particular, in Figure 3.4A, the genes which are most significantly upregulated by low Pi availability compared to high Pi availability in the NS condition are shown. According to their putative function, these are genes which are mainly involved in: (a) redox reactions, such as reductases and oxidases with roles in various metabolic pathways, (b) signalling, such as kinases involved in various metabolic activities, (c) carbohydrate metabolism, such as enolases, (d) phospholipid metabolism, such as phospholipases (e) Pi metabolism, such as phosphatases, and (f) Pi transport, such as Pi transporters. With attention to the last one, four out of the seven PiPTs (PiPT1, PiPT3, PiPT4 and PiPT7) have been found to be upregulated within the top 50 genes heat map, where PiPT7 is exclusively upregulated in low Pi under the NS condition (Figure 3.4A, magenta annotation). 
In regard to the genes which are most significantly downregulated by low Pi availability compared to high Pi availability in the NS condition, in Figure 3.4B, these are genes mainly involved in: (a) nitrogen (N) metabolism and transport, such as nitrate reductase and nitrate or ammonium transporters, (b) amino acid metabolism and transport, such as amidase and amino acid transporters, (c) internal Pi transport, such as PHO transporters, (d) lipid metabolism, such as lipase and hydrolases, (e) carbohydrate metabolism, such as glycosyltransferase, (f) redox reactions, such as cytochrome P450, and (g) signalling, such as kinases. 
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Figure 3.4 Heat maps of normalized read counts for genes differentially expressed in P. involutus ATCC 200175 hyphae between NS high Pi and NS low Pi conditions. Z-score values are shown for the top 50 genes ranked by Q-values (Q-value <0.05) between experimental conditions compared. The putative functional annotation for each gene is listed on the right of each heat map, which was inferred by using the SmartBLAST online tool (Agarwala et al., 2016) together with the annotation on the MycoCosm at the JGI database (Altschul et al., 1997; Grigoriev et al., 2014, 2011). A. Genes showing upregulation in low Pi availability compared to high Pi in NS condition. B. Genes showing downregulation in low Pi availability compared to high Pi in NS condition. The annotation bar from the top represents P. involutus ATCC 200175 hyphae grown in NS condition (orange: NS). The second annotation bar represents the Pi availability (light blue: 0.37 μM of Pi as low Pi; dark blue: 367 μM of Pi as high Pi). Magenta annotation on the left of each heat map represents genes differentially expressed exclusively in NS condition. Normalized read count values of each biological replicate are shown independently.


[bookmark: _Toc507604019][bookmark: _Toc507604286][bookmark: _Toc519016996][bookmark: _Toc520837901]3.3.5 P. involutus ATCC 200175 genes differentially regulated in response to Pi availability during EM symbiosis
Here, the top 50 upregulated or downregulated genes by low Pi availability in S condition are presented in Figure 3.5A and 3.5B, respectively. In particular, in Figure 3.5A, the genes which are most significantly upregulated by low Pi availability compared to high Pi availability in the S condition are shown. According to their putative function, these are genes which are mainly involved in: (a) redox reactions, such as reductases and oxidases with roles in various metabolic pathways, (b) signalling, such as kinases, (c) Pi-dependent carbohydrate metabolism, such as transaldolase and transketolase, (d) phospholipid metabolism, such as phospholipases, (e) steroid metabolism, such sterol demethylase, (f) Pi metabolism, such as phosphatases, and (g) Pi transport, such as Pi transporters. With attention to the last one, five out of the seven putative PiPTs (PiPT1, PiPT2, PiPT3, PiPT4 and PiPT6) have been found to be upregulated within the top 50 genes heat map, where PiPT2 and PiPT6 are exclusively upregulated in low Pi in the S condition (Figure 3.5A, magenta annotation). 
In regard to the genes which are most significantly downregulated by low Pi availability compared to high Pi availability in the S condition, in Figure 3.5B, these are genes mainly involved in: (a) N metabolism and transport, such as nitrate reductase and nitrate or ammonium transporters, (b) amino acid metabolism and transport, such as amidase and amino acid transporters, (c) lipid metabolism, such as lipase and hydrolases, (d) carbohydrate metabolism, such as glycoside hydrolase, (e) redox reactions, such as cytochrome P450, and (f) signalling, such as kinases.

[image: ]
Figure 3.5 Heat maps of normalized read counts for genes differentially expressed in P. involutus ATCC 200175 hyphae between S high Pi and S low Pi conditions. Z-score values are shown for the top 50 genes ranked by Q-values (Q-value <0.05) between experimental conditions compared. The putative functional annotation for each gene is listed on the right of each heat map, which was inferred by using the SmartBLAST online tool (Agarwala et al., 2016) together with the annotation on the MycoCosm at the JGI database (Altschul et al., 1997; Grigoriev et al., 2014, 2011). A. Genes showing upregulation in low Pi availability compared to high Pi in the S condition. B. Genes showing downregulation in low Pi availability compared to high Pi in the S condition. The annotation bar from the top represents P. involutus ATCC 200175 hyphae grown in the S condition (green: S). The second annotation bar represents the Pi availability (light blue: 0.37 μM of Pi as low Pi; dark blue: 367 μM of Pi as high Pi). Magenta annotation on the left of each heat map represents genes differentially expressed exclusively in the S condition. Normalized read count values of each biological replicate are shown independently.


[bookmark: _Toc507604020][bookmark: _Toc507604287][bookmark: _Toc519016997][bookmark: _Toc520837902]3.3.6 P. involutus ATCC 200175 genes differentially regulated in response to symbiotic status at low Pi availability 
The genes that are differentially expressed at low Pi availability either in the NS or S condition are shown in Figure 3.6. Figure 3.6A shows the genes which are most significantly upregulated at low Pi availability in the S condition when compared to the NS condition. According to their putative function, these genes are primarily involved in: (a) primary metabolism, such as succinate dehydrogenase with a role in the tricarboxylic acid (TCA) cycle, (b) signalling, such as kinases involved in various metabolic pathways of cellular energy signalling and homeostasis, (c) phospholipid metabolism, such as ectonucleotide pyrophosphatase, (d) potassium (K) transport, such as voltage-gated K+ channels, (e) chromatin modification, such as histone methyltransferases, and (f) secondary metabolism, such as vitamin and co-factor metabolism, pigment production and other fungal compounds. These genes have been previously described in other fungal organisms to be involved in vitamin B2 biosynthesis, such as GTP cyclohydrolase II, in pigments biosynthesis, such as polyketide synthase, in polyprenols biosynthesis, such as cis-prenyltransferase, and in tropolones biosynthesis, such as short-chain dehydrogenase and 2-oxoglutarate-dependent oxygenase.
In regard to the genes which are most significantly downregulated at low Pi availability in the S condition when compared to the NS condition, in Figure 3.6B, these are genes mainly involved in: (a) redox reactions, such as cytochrome P450, (b) amino acid metabolism, such as aminopeptidase, (c) lipid metabolism, such as alpha/beta-hydrolase, (d) carbohydrate metabolism, such as polysaccharide lyase, (e) signalling, such as kinases, and (f) secondary metabolism, for instance in terpenoids biosynthesis, such as terpenoid synthases and geranylgeranyl pyrophosphate synthases, in tropolones biosynthesis, such as short-chain dehydrogenase, and in mycotoxins biosynthesis, such as cysteine desulfurase.
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Figure 3.6 Heat maps of normalized read counts for genes differentially expressed in P. involutus ATCC 200175 hyphae between NS low Pi and S low Pi conditions. Z-score values are shown for the top 50 genes ranked by Q-values (Q-value <0.05) between experimental conditions compared. The putative functional annotation for each gene is listed on the right of each heat map, which was inferred by using the SmartBLAST online tool (Agarwala et al., 2016) together with the annotation on the MycoCosm at the JGI database (Altschul et al., 1997; Grigoriev et al., 2014, 2011). A. Genes showing upregulation in low Pi availability in the S condition compared to low Pi in the NS condition. B. Genes showing downregulation in low Pi availability in the S condition compared to low Pi in the NS condition. The annotation bar from the top represents P. involutus ATCC 200175 hyphae grown in the NS condition (orange: NS) or the S condition (green: S). The second annotation bar represents the Pi availability (light blue: 0.37 μM of Pi as Low Pi). Normalized read count values of each biological replicate are shown independently.


[bookmark: _Toc507604021][bookmark: _Toc507604288][bookmark: _Toc519016998][bookmark: _Toc520837903]3.3.7 P. involutus ATCC 200175 genes differentially regulated by Pi availability and EM symbiosis
In order to identify P. involutus ATCC 200175 genes which are responsive to low Pi conditions and their expression is specifically affected by EM symbiosis, an additional selection was applied to the RNA-seq dataset. The reason for this analysis is that, in the majority of the soils, there is low Pi availability and symbiotic partnerships between fungi and trees. Hence this analysis is relevant in understanding how Pi uptake is regulated at the transcription level when both these conditions are present.
The Venn diagrams shown in Figure 3.7 are used to select these genes which show up- or down-regulation by both Pi low availability and EM symbiosis (central overlap). In particular, to identify P. involutus ATCC 200175 genes upregulated in low Pi condition and whose expression is enhanced by EM symbiosis, three selection criteria were applied: (a) statistically significant upregulation between low and high Pi in NS condition, (b) statistically significant upregulation between low and high Pi in the S condition, and (c) statistically significant upregulation at low Pi in the S condition compared to low Pi in the NS condition (Figure 3.7A). For each pairwise comparison (Figure 3.7A, circles), a minimum fold-change threshold of 1.5 was applied.
Similarly, three selection criteria were applied to identify P. involutus ATCC 200175 genes downregulated in low Pi condition and whose expression is further reduced by EM symbiosis: (a) statistically significant downregulation between low and high Pi in the NS condition, (b) statistically significant downregulation between low and high Pi in the S condition, and (c) statistically significant downregulation at low Pi in the S condition compared to low Pi in the NS condition (Figure 3.7B). For each pairwise comparison (Figure 3.7B, circles), a minimum fold-change threshold of 1.5 was applied.
At both selections, the majority of P. involutus ATCC 200175 genes up- or down-regulated by low Pi are shared between NS and S conditions, 1446 upregulated and 1118 downregulated genes respectively, without showing any statistically significant difference (Figure 3.7A and B, top overlaps). Nonetheless, 97 genes of P. involutus ATCC 200175 which showed statistically significant upregulation by low Pi conditions were also found to be specifically upregulated by EM symbiosis, (Figure 3.7A, central overlap). In addition, 47 genes of P. involutus ATCC 200175 which showed statistically significant downregulation by low Pi were also found to be further downregulated by EM symbiosis (Figure 3.7B, central overlap).
Gene expression profiles of the 97 and 47 genes of P. involutus ATCC 200175 were displayed in heat maps in Figure 3.8 and Figure 3.9, respectively, and the putative functional annotation for each gene was inferred by using the SmartBLAST online tool (Agarwala et al., 2016) together with the annotation on the MycoCosm at the JGI database (Altschul et al., 1997; Grigoriev et al., 2014, 2011), as shown in the Appendix Table 6 and Table 7, respectively. In particular, Figure 3.8 shows the genes which are upregulated by low Pi availability and their expression is further enhanced by EM symbiosis. The majority of these genes are mainly involved in signalling, such as kinases and genes bearing a binding recognition domain for transcription factors such as WD40 or TRP, or in redox reactions, such as dioxygenase and cytochrome P450. The list continues with genes involved in amino acid utilisation with amino acid transporters, such as proline transporter genes, and enzymes, such as aspartate transaminase, phospholipid metabolism, such as phosphatidylserine synthase, lipid metabolism, such as alpha/beta hydrolases, carbohydrate metabolism, such as transaldolase and nucleotide metabolism such as nucleoside triphosphate hydrolases. In addition, genes involved in post-translational modification, such as glutathione S-transferases are also present. Moreover, genes involved in secondary metabolites biosynthesis are also involved such as terpenoid synthases. There are also genes that may be involved in the plant-fungus interaction, such as expansin and lectins. The high-affinity Pi transporter PiPT4 is also included in the list of the upregulated genes by low Pi availability and EM symbiosis. Last, almost 40% of the genes found to be upregulated in these conditions have unknown functions.
Figure 3.9 shows the genes which are downregulated by low Pi availability and whose expression is further repressed in EM symbiosis. The majority of these genes are involved in redox reactions, such as cytochrome P450, and amino acid transport and metabolism, such as amino acid or polyamine transporter genes and enzymes. In addition, there are genes involved in aminophospholipid metabolism, such as phosphatidylserine decarboxylase, and genes involved in signalling, such as G protein-encoding genes. Moreover, genes involved in secondary metabolites biosynthesis, such as terpenoid synthase and cysteine desulfurase, which are involved in terpenoid and mycotoxin biosynthesis respectively. A Pi transporter gene, belonging to the PHO family of transporters, has also been found.
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Figure 3.7 Venn diagrams showing the statistical criteria used to select P. involutus ATCC 200175 genes showing up- or down-regulation by both Pi low availability and EM symbiosis (central overlap). Statistically significant differential expression in each pairwise comparison (circles) was assessed by the Wald test (Q-value <0.05) using the R package “DEseq2” using 1.5 fold-change threshold. Numbers indicate the number of P. involutus ATCC 200175 genes showing statistically significant up- or down-regulation in each pairwise comparison or overlap.


[image: ]
Figure 3.8 Heat map of z-scores from normalized read counts of selected P. involutus ATCC 200175 genes showing upregulation by low Pi availability and further reinforcement by EM symbiosis. P. involutus ATCC 200175 genes were clustered based on read count distribution in all experimental conditions using the “pheatmap” package of R (Ward method). The top annotation bar represents P. involutus ATCC 200175 hyphae growth conditions (orange: NS condition; green: S condition). The second annotation bar represents the Pi availability (light blue: 0.37 μM of Pi as Low Pi; dark blue: 367 μM of Pi as High Pi). Z-scores of each biological replicate are shown independently.
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Figure 3.9 Heat map of z-scores from normalized read counts of selected P. involutus ATCC 200175 genes showing downregulation by low Pi condition and further repression by EM symbiosis. P. involutus ATCC 200175 genes were clustered based on read count distribution in all experimental conditions using the “pheatmap” package of R (Ward method). The top annotation bar represents P. involutus ATCC 200175 hyphae growth conditions (orange: NS condition; green: S condition). The second annotation bar represents the Pi availability (light blue: 0.37 μM of Pi as Low Pi; dark blue: 367 μM of Pi as High Pi). Z-score values of each biological replicate are shown independently.


[bookmark: _Toc507604022][bookmark: _Toc507604289][bookmark: _Toc519016999][bookmark: _Toc520837904]3.4 Discussion

[bookmark: _Toc507604023][bookmark: _Toc507604290][bookmark: _Toc519017000][bookmark: _Toc520837905]3.4.1 P. involutus ATCC 200175 global gene transcriptional response to varying Pi availability and EM symbiosis
Differential gene expression analysis confirmed that P. involutus ATCC 200175 genes are most differentially expressed in response to Pi availability and, to a lesser extent, to the effect of EM symbiosis (Table 3.1). This finding is consistent with the initial exploratory analysis carried out by PCA, which showed that the largest amount of variance (67%) existed between samples in high or low Pi conditions (Figure 3.3). While the presence or absence of EM symbiosis explained almost three times less variance than Pi availability (23%, Figure 3.3), it is yet high enough to claim that symbiotic status plays a major role within the experimental dataset. Indeed, a large amount of differentially expressed genes were found in response to EM symbiosis alone (Table 3.1). Additionally, further statistical filtering confirmed that a proportion of genes differentially expressed in response to Pi availability are also co-regulated by the presence of EM symbiosis (Figure 3.7, central overlaps).

[bookmark: _Toc507604024][bookmark: _Toc507604291][bookmark: _Toc519017001][bookmark: _Toc520837906]3.4.2 P. involutus ATCC 200175 genes responsive to Pi availability in NS or S conditions
The top 50 genes most significantly upregulated by low Pi availability in the NS condition (Figure 3.4A) are similar to those that have been described in previous studies, such as Pi transporters, phosphatases, and phospholipids-related metabolic genes (Ljungdahl and Daignan-Fornier, 2012; Jain et al., 2012). However, in this study, genes that are differentially downregulated by low Pi availability in the NS condition (Figure 3.4B) are interestingly related to N metabolism and transport, such as nitrate reductases, N-related transporter genes such as ammonium, or amino acid transporters. This finding may suggest an interplay between P and N uptake by the fungal hyphae at the transcriptional level, indicating that when P-related genes are upregulated due to low Pi availability, then N-related genes are downregulated.
The top 50 genes most significantly upregulated by low Pi availability in the S condition (Figure 3.5A) are similar to those found for the NS condition, but there is also an additional group of genes that are potentially involved in steroid metabolism (Kristan and Rižner, 2012). In regard to the AM symbiosis, it has been suggested that steroids could play a role as mycorrhizal signals (Bucher, 2010). The presence of steroid-related metabolic genes found here may suggest a similar role during EM symbiosis. Genes which are most significantly downregulated by low Pi availability in the S condition are mostly similar to those downregulated by low Pi in the NS condition (Figure 3.5B), and they are also related to N metabolism and transport, suggesting an interplay between P and N uptake by the fungal hyphae at the transcriptional level.
When the comparison is based on the EM symbiotic status rather than Pi availability, then the most significantly upregulated genes are those related to carbohydrate and secondary metabolism (Figure 3.6A). In particular, genes that could potentially be involved in pigment biosynthesis have been found to be upregulated. It has been noticed during this study that fungal hyphae exhibited darker colour during growth in low Pi media and lighter colour in high Pi media. This feature can be explained by the fact that low Pi availability may trigger pigment production in the fungal hyphae, as it has been also shown in previous studies for other fungal species (Limon et al., 2010; Pusztahelyi et al., 2015). There is also a number of upregulated genes related to K transport, suggesting that K transport could play a role in EM symbiosis during low Pi availability. Besides, previous studies have shown an interaction between K and P transport in mycorrhizal symbiosis (Garcia and Zimmermann, 2014). Genes which have been found to be most significantly downregulated involve also genes related to secondary metabolism, such as terpenoids biosynthesis or mycotoxin production (Figure 3.6B). It has been suggested that fungi are capable of producing secondary metabolic products, such those resembling plant effector molecules or mycotoxins, with the purpose of modulating plant growth and diverting the plant defence mechanisms with the ultimate purpose of gaining nutrient access within the plant host (Pusztahelyi et al., 2015). However, in P. involutus, which is a symbiotic fungus, these genes have been found to be downregulated.

[bookmark: _Toc507604025][bookmark: _Toc507604292][bookmark: _Toc519017002][bookmark: _Toc520837907]3.4.3 P. involutus ATCC 200175 genes co-regulated by low Pi availability and EM symbiosis
To identify fungal genes with a relevant biological role in conditions similar to those prevailing in nature, i.e. low Pi availability and EM symbiosis, analyses were carried out as described in Section 3.3.7. The fact that the majority of P. involutus ATCC 200175 genes differentially expressed in low Pi availability appeared to be shared in both NS and S conditions without statistically significant differences (Figure 3.7, top overlaps) may indicate that EM symbiosis has a limited effect in response to low Pi availability. Nonetheless, a relatively large number of genes co-regulated by both low Pi availability and EM symbiosis were identified, both up- and down-regulated (Figure 3.7, central overlaps; Figures 3.8 and 3.9; Appendix, Table 6 and 7). Identification of such genes could potentially improve our understanding of how Pi uptake by EM fungi is regulated at the transcription level, and this knowledge could be employed in further biotechnological applications for improving soil Pi uptake by EM plants. In respect to the identification of candidate Pi transporters that are involved in the uptake of Pi by the symbiotic hyphae, this has resulted in the identification of one transporter that fulfils the above requirements. This is the PiPT4 transporter, which shares great amino acid similarity, approximately 70%, with a previously identified Pi transporter of Laccaria bicolor, expressed during EM symbiosis with Populus trichocarpa (Martin et al., 2008). In addition, other interesting upregulated genes that have been identified are genes involved in secondary metabolism pathways, such as terpenoids biosynthesis and auxin production. In particular, genes involved in auxin biosynthesis are very likely to play a positive role in the maintenance of symbiosis, as has been suggested in previous studies (Chanclud and Morel, 2016). Moreover, genes that have been previously shown to be involved in cell adhesion are also upregulated, such as expansins, lectins, and von Willebrand A domain-containing protein-encoding genes (Marowa et al., 2016; De Hoff et al., 2009), and they are very likely to play a role in the maintenance of plant-fungus interactions during EM symbiosis.
Genes whose expression is downregulated by low Pi availability and is further suppressed by EM symbiosis may also be involved in facilitating the maintenance of EM symbiosis. For instance, cerato-platanins have been previously described to function both either as effector or elicitor proteins present in both pathogenic or beneficial fungal species (Pazzagli et al., 2014). Their co-repression by both low Pi availability and EM symbiosis may indicate that these genes play a negative role in the maintenance of the EM symbiosis. Interestingly, there have also been found genes related to polyamine metabolism and transport, such as putative spermidine transporters. Polyamine metabolism has been related to various stress responses in fungi (Valdés-Santiago and Ruiz-Herrera, 2014). However, the fact that these genes are downregulated may suggest a negative role over low Pi availability in EM symbiosis. In addition, EM symbiosis negatively regulates a Pi transporter gene with similarity to PHO91 of yeast, which encodes for a vacuolar polyphosphate (poly-Pi) transporter that exports Pi from the vacuole into the cytosol (Hürlimann et al., 2009). This finding is consistent with the putative role of this transporter in mobilizing vacuolar Pi reserves, which are most likely absent in low Pi conditions.

[bookmark: _Toc507604026][bookmark: _Toc507604293][bookmark: _Toc519017003][bookmark: _Toc520837908]3.5 Conclusions
The results presented in this chapter unravel the gene transcriptional responses of P. involutus to low Pi availability, further supporting the role of EM fungal hyphae in Pi uptake and mobilisation at the molecular level. 
In respect to the initial three hypotheses, the data obtained during this study confirmed the first one, as the majority of genes were differentially regulated by Pi availability, and only to a lesser extent by the effect of symbiosis (Figure 3.3 and Table 3.1).
The second hypothesis was also confirmed since many genes were differentially expressed in response to low Pi availability either in NS or S conditions. These were genes involved in Pi transport or Pi metabolism, such as Pi transporter and phosphatase genes, as shown in Figure 3.4A for the NS and Figure 3.5A for the S condition.
Lastly, the results presented in this chapter confirmed the third hypothesis and gave insights on how EM symbiosis affects P. involutus hyphal gene expression, by reprogramming components of both primary and secondary metabolism. In particular, EM symbiosis can directly affect certain Pi-responsive fungal genes by enhancing (Figures 3.7A and 3.8; Appendix, Table 6), or further repressing their expression in low Pi availability (Figures 3.7B and 3.9; Appendix, Table 7). A key example comes from the finding that EM symbiosis induces the expression of the high-affinity fungal Pi transporter gene PiPT4, providing a possible mechanism by which fungal Pi uptake can be enhanced in conditions of low Pi availability during EM symbiosis (Appendix, Table 6).

[bookmark: _Toc507604027][bookmark: _Toc507604294][bookmark: _Toc519017004][bookmark: _Toc520837909]Chapter 4. Evidence for the ectomycorrhizal fungus Paxillus involutus solubilizing microcrystalline hydroxyapatite 

[bookmark: _Toc507604028][bookmark: _Toc507604295][bookmark: _Toc519017005][bookmark: _Toc520837910]4.1 Introduction
Calcium (Ca) apatites, particularly hydroxyapatite (HAP): Ca10(PO4)6(OH)2 and fluorapatite: Ca10(PO4)6F2, have gained attention in plant sciences because the majority of inorganic phosphorus (Pi) within the soil is derived from apatite dissolution (Dorozhkin, 2012). As has been previously introduced in Chapter 2, phosphorus (P) is an essential element for plant nutrition, but it can only be assimilated as soluble Pi (Nussaume et al., 2011). Pi availability in soil is very low, ranging from 1–10 μM, and also has very poor mobility (Bieleski, 1973). As plants rapidly uptake Pi, this results in the formation of a Pi depletion zone around the roots of the plants (Furihata et al., 1992; Ullrich-Eberius et al., 1984).
It is widely known that mycorrhizal fungi can improve plant Pi nutrition, primarily due to two reasons. First, mycelia are able to bridge the Pi depletion zone, because they exhibit high-affinity for Pi via high-affinity Pi transporters operating at the hyphal plasma membrane (Yadav et al., 2010). In addition, mycorrhizal fungi have high Pi solubilising and mobilising potential, where Pi-rich minerals can be solubilised by the excretion of protons (H+) and low molecular weight organic acids (LMWOA) by the fungal mycelia (Lapeyrie et al., 1987, 1991; Rosling, 2009).
Paxillus involutus is an ectomycorrhizal (EM)-forming fungus which has been extensively used in in vitro solubilisation studies of Pi-rich minerals (Lapeyrie et al., 1991; Leake et al., 2008; Smits et al., 2012). In particular, Lapeyrie et al. (1991) demonstrated that P. involutus exhibits high Pi-solubilising potential, particularly for synthetic calcium phosphate minerals, but not for natural (Lapeyrie et al., 1991). However, research on apatite weathering indicates that when P. involutus is in symbiosis with Pinus sylvestris seedlings, natural apatite rock solubilisation occurs. However, rates of dissolution are dependent on mineral grain size, where the finer the grain size the greater the weathering rate (Leake et al., 2008). In addition, it has been demonstrated that P. involutus produces LMWOA, primarily oxalic acid, during its Pi-rich mineral solubilising activity, which in turn results in the formation of secondary minerals such as calcium oxalates (Lapeyrie et al., 1991). 
In the present study, a solubilisation system was designed which uses synthetic HAP, in order to investigate its solubilisation by the fungal hyphae of P. involutus. This system utilises HAP-coated polystyrene discs embedded in a medium depleted of Pi, forcing the fungus to solubilise HAP as a source of Pi. P. involutus is a facultative EM fungus and can grow without forming EM symbiosis with a host plant. In this chapter, the solubilisation experiment will focus on P. involutus geochemical weathering activity in isolation from its usual host trees. Chapter 5, on the other hand, will use a modified version of the experimental systems developed here to investigate how these responses change when the fungus is in symbiosis with the host partner (P. sylvestris). Three different strains of P. involutus described before, P. involutus ATCC 200175, P. involutus 13 and P. involutus DJR1, will be used to identify which strain performs best within the HAP solubilisation system presented.
This chapter will investigate four central hypotheses, which were tested within the HAP solubilisation system:
1. P. involutus hyphae will preferentially colonise and dissolve microcrystalline HAP, decreasing its P content. This hypothesis will be tested by energy-dispersive X-ray (EDX) spectroscopy on colonised or un-colonised HAP crystals, visualised through scanning electron microscopy (SEM).
2. Release of base-cations (Ca2+) from HAP solubilisation can cause saturation of the mineral-fungus fluid interface, owing to Ca2+ release by the fungus along the fungal hyphae (Gadd et al., 2014). This in turn may cause secondary minerals such as calcium oxalates to precipitate around the solubilisation area (Gadd et al., 2014). HAP solubilisation by P. involutus will precipitate secondary minerals on the surface of HAP-coated polystyrene discs. The formation of secondary crystals will be visualised through microscopy, and their atomic composition will be assessed through SEM-EDX analysis.
3. Fungal H+-ATPase and LMWOA transporter genes will be transcriptionally upregulated on contacting HAP, due to the primary role of LMWOA and H+ in HAP solubilisation (van Schöll et al., 2007, 2006a). This hypothesis will be tested by semi-quantitative reverse transcription polymerase chain reaction (qRT-PCR) performed on mRNA from fungal hyphae growing on HAP-coated or uncoated polystyrene discs.
4. High-affinity Pi transporter genes will be regulated accordingly to the availability of the free Pi released from the weathered HAP. In particular, high-affinity Pi transporter genes will be upregulated under Pi starvation in the control plates (i.e. uncoated polystyrene discs), but downregulated in the HAP plates after acquisition of the released Pi. This hypothesis will also be tested by qRT-PCR.

[bookmark: _Toc507604029][bookmark: _Toc507604296][bookmark: _Toc519017006][bookmark: _Toc520837911]4.2 Materials and Methods

[bookmark: _Toc507604030][bookmark: _Toc507604297][bookmark: _Toc519017007][bookmark: _Toc520837912]4.2.1 Preparation of synthetic HAP-coated discs
Tissue-culture-treated, flat-bottomed 24 round-well polystyrene plates were filled (480 μl per well) with a calcifying solution containing 5 mM CaCl2*2H2O, 15 mM KH2PO4 and 500 mM triethanolamine, at pH 7.4. Plates were incubated at 80°C for 1.5 h with the lid off, after which they were emptied, refilled with the calcifying solution and re-incubated. Following four 1.5 h precipitation cycles, the plates were rinsed three times with distilled water and allowed to air dry at room temperature. The method for the HAP synthesis was adapted from Schilling et al. (1994) (Schilling et al., 1994). 
Lastly, the wells were excised from each plate with a 16 mm cork borer, which was preheated until it was able to excise the wells by instant melting of the polystyrene, in order to obtain the HAP-coated polystyrene discs (diameter ~10 mm) (Appendix, Figure 2A). For obtaining the uncoated polystyrene discs (diameter ~10 mm), i.e. without any HAP coating (Appendix, Figure 1B), the hot cork borer method was also used for excising the wells of a flat-bottomed 24 round-well polystyrene plate which were not filled with any of the calcifying solution.

[bookmark: _Toc507604031][bookmark: _Toc507604298][bookmark: _Toc519017008][bookmark: _Toc520837913]4.2.2 Experimental design of the HAP solubilisation experimental system
The experimental design for studying HAP solubilisation by the hyphae of P. involutus comprised a split (two-compartment) 90 mm Petri dish, where one of the two compartments is used as the fungal inoculation site, while the other is used as the HAP solubilisation study site (Figure 4.3A and B). In detail, within the fungal inoculation site (shown as the left compartment of the plate in Figure 4.3A and B) is placed a fungal plug of 6 mm diameter (Figure 4.3C and E), and within the HAP solubilisation site (shown as the right compartment of the plate in Figure 4.3A) is placed the source of HAP (i.e. the HAP-coated polystyrene disc) (Figure 4.3D). These systems are noted as +Hydroxyapatite or +HAP in the following Sections 4.3.2, 4.3.3 and 4.3.5, respectively.
The control experimental condition for studying HAP solubilisation is composed of the same split 90 mm Petri dish experimental design, with the only difference being that within the HAP solubilisation study site is placed a blank polystyrene disc (i.e. its surface is not coated with HAP), with a diameter of ~10 mm (Figure 4.3B and F). These systems are noted as -Hydroxyapatite or -HAP in the following Sections 4.3.2, 4.3.3 and 4.3.5, respectively.
The media composition for each compartment of the HAP solubilisation experimental system differs in terms of Pi content (Appendix, Table 8). In particular, the media of the fungal inoculation site are supplied with a minimal Pi content in order to support the growth of the fungal inoculum at the time of initial inoculation. The amount of the minimal Pi content has been defined through experimental trials (see Sections 4.3.2 and 4.3.3) together with data gathered from the Pi varying experiment in Chapter 2. On the other hand, the media of the HAP solubilisation study site are not provided with any Pi source, so that the only Pi source within the +Hydroxyapatite systems is the HAP on the surface of the HAP-coated polystyrene discs, while for the -Hydroxyapatite systems there is not any Pi source at all because the polystyrene discs are not coated with HAP (i.e. they are blank).

[bookmark: _Toc507604032][bookmark: _Toc507604299][bookmark: _Toc519017009][bookmark: _Toc520837914]4.2.3 Fungal material 
P. involutus ATCC 200175, P. involutus 13 and P. involutus DJR1 which were grown in 10% strength MMN fungal culture media (Appendix, Table 1) provided fungal inoculum to the HAP solubilisation system. A fungal plug of 6 mm diameter was inoculated onto the fungal inoculation site of the HAP solubilisation system, as described in Section 4.2.2. P. involutus ATCC 200175, P. involutus 13 and P. involutus DJR1 were kindly provided by Dr Francis M. Martin (INRA, France), Professor David Johnson (University of Aberdeen, UK) and Professor David J. Read (The University of Sheffield, UK), respectively.

[bookmark: _Toc507604033][bookmark: _Toc507604300][bookmark: _Toc519017010][bookmark: _Toc520837915]4.2.4 SEM-EDX analysis
The SEM-EDX analysis was performed by Dr Richard B. Pearce at the University of Southampton as follows. The morphology of the HAP-coated polystyrene discs in Section 4.3.1 was characterised with SEM (Leo1450VP, manufacturer Carl Zeiss SMT Ltd), where the operating conditions were: electron high tension (EHT) of 20 kV, variable probe current of 60-500 pA, working distance (WD) of 9-15 mm, and variable pressure (VP) mode (not standard high vacuum operation). Samples were coated with 20nm Au. Imaging was undertaken with a backscattered electron (BSE) detector. Element quantification was performed by EDX (Oxford Instruments X-Act 10mm2 area Silicon Drift Detector, using the AZtec Energy software system) with the same SEM instrument.
SEM images were acquired after the hyphae of P. involutus had colonised the surface of the HAP-coated polystyrene discs from three different HAP solubilisation experimental systems, as described in Section 4.3.2. Each system analysed by SEM-EDX differed in terms of P. involutus growth period (after reaching the disc), P. involutus strain and amount of Pi provided in the media of the fungal inoculation site. In particular, images were taken from: (a) a system where P. involutus ATCC 200175 hyphae had colonised the HAP-coated disc for six months and the fungal inoculation site was provided with 1.84 μM Pi (Figure 4.2E and F, in Section 4.3.2), (b) a system where P. involutus DJR1 mycelia had colonised the HAP-coated disc for two months and the fungal inoculation site was provided with 1.84 μM Pi (Figure 4.2I and J, in Section 4.3.2) and (c) a system where P. involutus DJR1 hyphae had colonised the HAP-coated disc for seven months and the fungal inoculation site was provided with 0.15 μM Pi (Figure 4.3A, in Section 4.3.2).
SEM images shown in Figure 4.6 were taken from two different weathering systems: (a) a two-months-old system inoculated with P. involutus DJR1 (Figure 4.6E-G, I-K) and (b) a six-months-old system inoculated with P. involutus ATCC 200175 (Figure 4.6M-O, Q-S). For each system, two different areas of the colonised HAP-coated discs were analysed: (a) an area where no fungal hyphae were present and (b) an area with clear colonisation by fungal hyphae. Additionally, as a negative control, SEM images were also taken on the surface of a HAP-coated polystyrene discs which have not been used within the experimental system, and described as abiotic discs (Figure 4.6A, B and C). EDX spectra were taken from specific HAP nucleates (Figure 4.6D, H, L, P & T), and the exact location is marked with a red cross.
In addition, SEM images shown in Figure 4.7 were taken from three different areas of the colonised HAP-coated discs: (a) an area which was not colonised by the P. involutus DJR1 hyphae, (b) an area which was lightly colonised by the P. involutus DJR1 hyphae and (c) an area which was heavily colonised by the P. involutus DJR1 hyphae (Figure 4.7E-G, Figure 4.7I-N and Figure 4.7O-T), respectively. EDX spectra were taken from the HAP nucleates or secondary minerals formed at those areas, and the exact location of the EDX spectra taken is marked with a red cross for the HAP nucleates and with a yellow or blue cross for the secondary minerals (Figure 4.7D, H and U; Figure 4.7V and W), respectively.

[bookmark: _Toc507604034][bookmark: _Toc507604301][bookmark: _Toc519017011][bookmark: _Toc520837916]4.2.5 Optical microscopy and imaging
For studying fungal morphology, microscopy images were taken with a Leica stereoscope using SPOT advanced software. For studying secondary mineral formation in response to HAP solubilisation (Section 4.3.3) on the surface of the HAP-coated or uncoated polystyrene discs, microscopy images were taken with an Olympus BX51 microscope using Cell^B software. Any other standard images were taken with a Canon EOS500 camera on automatic mode.

[bookmark: _Toc507604035][bookmark: _Toc507604302][bookmark: _Toc519017012][bookmark: _Toc520837917]4.2.6 Identification of P. involutus candidate HAP solubilisation genes
In order to investigate the third hypothesis, it was first necessary to identify genes potentially involved in weathering, and likely to respond to hyphal contact with HAP. Therefore, the P. involutus ATCC 200175 genome was used to identify candidate weathering genes listed below, based on sequence similarity with previously characterised genes from other fungal species.
A H+-ATPase gene of Paxillus involutus, PiPMA, was retrieved from MycoCosm on the JGI database (Nordberg et al., 2014; Grigoriev et al., 2014) using the amino acid sequence of Saccharomyces cerevisiae PMA1, a functional H+-ATPase localised in the plasma membrane of yeast (Engel et al., 2014). In yeast, PMA1 generates a H+ gradient that is essential for both pH homeostasis and nutrient transport via H+ symport (Ottilie et al., 2018).
A putative P. involutus citric acid efflux transporter gene PiBEST was identified using the protein sequence of Aspergillus nidulans BEST1 (AnBEST1), a previously characterised citrate channel localised in the plasma membrane of the fungal hyphae (Roberts et al., 2011). In addition, a putative P. involutus oxalate efflux transporter gene PiOAR was identified based on the amino acid sequence of a previously characterised oxalate efflux transporter of Fomitopsis palustris FpOAR (Watanabe et al., 2010).
The genomic sequences of the P. involutus putative weathering genes were retrieved from the MycoCosm database and are listed in the Appendix (Supplementary Data 3). The putative amino acid sequences for PiPMA, PiBEST and PiOAR were retrieved according to their nucleotide transcript sequence listed on MycoCosm using the ExPASy translate tool (Artimo et al., 2012) and are listed in the Appendix (Supplementary Data 4). Table 9 (Appendix) summarizes some of the characteristics of the P. involutus putative weathering genes and their corresponding proteins, such as the number of exons, as extracted from the MycoCosm website, the theoretical protein isoelectric point (pI) and molecular weight (Mw), which were calculated according to the ExPASy compute pI/Mw tool, and subcellular localisation, which was predicted by using the WoLF PSORT server (Horton et al., 2007).

[bookmark: _Toc507604036][bookmark: _Toc507604303][bookmark: _Toc519017013][bookmark: _Toc520837918]4.2.7 RNA extraction and qRT-PCR analysis
Total fungal RNA was extracted using the E.Z.N.A. ® Fungal RNA Kit according to the manufacturer’s protocol. For the qRT-PCR analysis, 250 ng of total RNA were used for cDNA first strand synthesis (SuperScript® III First-Strand Synthesis SuperMix). For qRT-PCR reactions the Rotor-Gene SYBR Green PCR Kit (Qiagen) was used in conjunction with a Rotor-Gene Q (Qiagen) real-time PCR cycler, according to the manufacturer’s instructions. The reaction conditions (2-step with a melt curve) were 95°C for 10 min, 35 cycles of 95°C for 10 sec and 60°C for 55 sec. High resolution melting analysis was carried out to detect primer dimers or other non-specific amplification products. Relative gene expression was quantified using a modified Livak’s ΔΔCT method (Livak and Schmittgen, 2001) with correction for reaction efficiency of each sample (Pfaffl, 2001). Relative gene expression was normalized against average expression values of the housekeeping genes UBIQUITIN and GAPDH. For each qRT-PCR reaction, three biological replicates were analysed.

[bookmark: _Toc507604037][bookmark: _Toc507604304][bookmark: _Toc519017014][bookmark: _Toc520837919]4.2.8 Statistical analysis
Statistically significant differences in atomic percentages of carbon (C), P and Ca per site of EDX measurement (Sections 4.3.1 and 4.3.4), as well as relative mRNA expression between hyphae growing in HAP-coated (HAP+) and uncoated (HAP-) polystyrene discs (Section 4.3.5), were assessed by one-way ANOVA followed by Tukey’s post-hoc analysis for multiple comparisons (α=0.05).
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[bookmark: _Toc507604039][bookmark: _Toc507604306][bookmark: _Toc519017016][bookmark: _Toc520837921]4.3.1 Characterisation of HAP-coated polystyrene discs with SEM-EDX
Overall, SEM revealed a continuous layer of HAP crystallites, but with occasional HAP aggregates (Figure 4.1A-D). Detailed SEM analysis showed that the HAP aggregates, reported in the literature as nucleated apatite (Deplaine et al., 2013), show the typical cauliflower shape of hemispherical apatite granules characteristic of synthetic HAP, where the granules contain numerous needle-shaped apatite crystals (Figure 4.1C-D).
Ca and P were quantified on the HAP-coated polystyrene discs, and the Ca/P ratio was found equal to 1.64 (n=52, measurements made with spectra readings on both crystalline substrate and granules), a value similar to that reported for synthetic HAP (Raynaud and Champion, 2002). Figure 4.1E illustrates the atomic percentages of P and Ca, together with the Ca/P ratio, of the HAP-coated discs.
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Figure 4.1 A-D. SEM images of the HAP-coated polystyrene discs showing a continuous layer of HAP crystallites together with nucleated HAP granules. Scale bars 10 μm in A and B, 3 μm in C and 1 μm in D. E. EDX spectra showing the P and Ca composition of the HAP coating on the surface of the polystyrene disc.


[bookmark: _Toc507604040][bookmark: _Toc507604307][bookmark: _Toc519017017][bookmark: _Toc520837922]4.3.2 Growth and hyphal morphology responses of P. involutus within the HAP solubilisation system
Initially, the HAP solubilisation system was used to observe the growth behaviour and developing morphology of the fungal hyphae in response to the presence or absence of HAP. The experimental system was initially tested where the media of the fungal inoculation site were provided with 1.84 μM of Pi. The three different P. involutus strains used to inoculate the HAP solubilisation system were monitored for their growth behaviour and hyphal morphologies for a period of four months (P. involutus 13), six months (P. involutus ATCC 200175) and two months (P. involutus DJR1) respectively (Figure 4.2).
P. involutus 13 and P. involutus ATCC 200175 exhibited similar growth behaviour with respect to the HAP solubilisation system. In particular, in the presence of HAP, both strains exhibited richer growth than in the absence of HAP (Figure 4.2A and E; Figure 4.2C and G, respectively). It appeared that when the mycelia encounter the HAP source, their growth becomes restricted around it (Figure 4.2A and E), developing a thick mycelial layer, particularly in the case of P. involutus 13 (Figure 4.2A). In contrast, when mycelia did not encounter any source of HAP, their growth is less restrictive and rather more expansive (Figure 4.2C and G).
In addition, the coloration of its fungal hyphae appeared darker in the absence of HAP, where hyphae exhibit a yellowish colour (Figure 4.2C and G), in comparison with the lighter ecru colour of the hyphae in the presence of HAP (Figure 4.2A and E). Besides, in the absence of the HAP, the media of the solubilisation study site appeared less transparent (Figure 4.2C and G) than the media where a source of HAP was present (Figure 4.2A and E). In regard to the colonisation behaviour of the fungal mycelia, when these encountered the source of the HAP, it appeared that the fungal hyphae were partially enclosing the HAP-coated polystyrene disc (Figure 4.2B and F). However, the fungal mycelia did not exhibit the aforementioned behaviour towards the blank polystyrene disc (Figure 4.2D and H).
P. involutus DJR1 exhibited different behaviour in comparison to the other two strains tested. The main difference was that the growth period for the mycelia to fully occupy and colonise the HAP source was at least half of the time taken for the other two strains. Another striking difference was that P. involutus DJR1 mycelia fully enclosed the HAP-coated polystyrene disc (Figure 4.2J) and still sparsely covered the top surface of the blank polystyrene disc (Figure 4.2L). In addition, at the fungal inoculation site of the experimental system, P. involutus DJR1 mycelia developed sclerotia at both HAP and control systems (Figure 4.2I and K). The only similarity that P. involutus DJR1 shared with the other two strains tested is that all of them exhibited a darker coloration in their fungal hyphae while growing in the control plates, in comparison to the HAP ones. Overall, P. involutus DJR1 showed the most interactive behaviour towards the HAP source in comparison to P. involutus 13 and P. involutus ATCC 200175. 
However, the 1.84 μM Pi provided in the media of the fungal inoculation site exceeded the minimal amount required for sustaining growth at the site of inoculation. For this reason, the amount of Pi within the media of the fungal inoculation site of the system was lowered to 0.15 μM. Figure 4.3 shows the HAP solubilisation experimental system where P. involutus DJR1 has been inoculated within the fungal inoculation site, with the media being supplemented with 0.15 μM Pi as the minimal amount of Pi. Growth was monitored after six months.
P. involutus DJR1 mycelia exhibited richer growth in the HAP systems than the control (Figure 4.3A compared with Figure 4.3B), with a clear colonisation of the HAP-coated polystyrene disc (Figures 4.3A, D and H). In particular, a thick mycelial layer formed around the HAP-coated disc (Figure 4.3A and D), with the mycelia anchored on the surface of the HAP discs from which mycelial cords extended throughout the experimental system (Figure 4.3G and H). In contrast, this strain showed no mycelia colonisation on the blank disc, and the mycelial cord formations were absent in the systems not supplied with HAP (Figure 4.3B, F and J). These results suggest that P. involutus hyphae preferably colonise HAP-coated discs as a potential source of Pi, resulting in more extensive hyphal growth.
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Figure 4.2 Growth of three P. involutus strains within the HAP solubilisation system in the presence or absence of HAP (+Hydroxyapatite or –Hydroxyapatite). A. P. involutus 13 growth in the presence of HAP. B. Detail of hyphae growing on HAP-coated polystyrene disc. C. P. involutus 13 growth in the absence of HAP. D. detail of hyphae growing on polystyrene disc. E. P. involutus ATCC 200175 growth in the presence of HAP. F. Detail of hyphae growing on HAP-coated polystyrene disc. G. P. involutus ATCC 200175 growth in the absence of HAP. H. Detail of hyphae growing on polystyrene disc. I. P. involutus DJR1 growth in the presence of HAP. J. Detail of hyphae growing on HAP-coated polystyrene disc. K. P. involutus DJR1 growth in the absence of HAP. L. Detail of hyphae growing on polystyrene disc. Images were taken after the period of four, six and two months of growth for P. involutus 13, P. involutus ATCC200175 and P. involutus DJR1, respectively. Scale bars 1 mm.
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Figure 4.3 HAP solubilisation experimental system showing P. involutus DJR1 growth for seven months. A. P. involutus DJR1 hyphae, where fungal plug is inoculated at the left compartment, in the presence of a HAP-coated polystyrene disc placed at the right compartment. B. P. involutus DJR1 hyphae, where the fungal plug is inoculated at the left compartment, in the presence of an uncoated polystyrene disc placed at the right compartment. C-H. Details of the P. involutus DJR1 hyphae developed in response to the HAP-coated polystyrene disc. E-J. Details of the P. involutus DJR1 hyphae developed in response to the absence of HAP. Scale bars 1 mm.


[bookmark: _Toc507604041][bookmark: _Toc507604308][bookmark: _Toc519017018][bookmark: _Toc520837923]4.3.3 Formation of secondary minerals in response to HAP solubilisation by the hyphae of P. involutus 
On the surface of HAP-coated discs from experimental systems supplied with 1.84 μM of Pi on the fungal inoculation site, no secondary mineral precipitates were formed in response to HAP dissolution (Figure 4.4). The absence of secondary minerals was observed after colonisation by both the hyphae of P. involutus 13, P. involutus ATCC 200175 and P. involutus DJR1 for the period of four, six and two months, respectively (Figure 4.4A, C and E). In addition, secondary mineral formation was also absent on the surface of the blank polystyrene discs in the control experimental systems, shown in Figure 4.4B, D and F.
However, microscopy data from experimental systems where the media of the fungal inoculation site was supplied with very low Pi (0.15 μM), showed that P. involutus is able to produce secondary mineral precipitates. In particular, Figure 4.5A shows the formation of secondary minerals by P. involutus DJR1 hyphae growing on the surface of the HAP-coated polystyrene discs, after seven months of colonisation. This type of crystals is morphologically similar to that found in previous studies, and are most likely to be calcium oxalate, in particular weddellite (Lapeyrie et al., 1991; Gadd, 2004). Secondary mineral precipitates did not form on the surface of the blank polystyrene discs in the control experimental systems (Figure 4.5B).
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Figure 4.4 Microscopy images taken on the surface of HAP-coated or uncoated polystyrene discs after colonisation of P. involutus. A. Hyphae of P. involutus 13 growing on HAP-coated polystyrene disc. B. Hyphae of P. involutus 13 growing on uncoated polystyrene disc. C. Hyphae of P. involutus ATCC 200175 growing on HAP-coated polystyrene disc. D. Hyphae of P. involutus ATCC 200175 growing on uncoated polystyrene disc. E. Hyphae of P. involutus DJR1 growing on HAP-coated polystyrene disc. F. Hyphae of P. involutus DJR1 growing on uncoated polystyrene disc. The growth period for each strain varies between four, six and two months, for P. involutus 13, P. involutus ATCC 200175 and P. involutus DJR1, respectively. Scale bars A.-D. 50 μΜ, E. and F. 20 μΜ.
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Figure 4.5 Microscopy images taken on the surface of HAP-coated or uncoated polystyrene discs after colonisation by P. involutus DJR1. A. Secondary minerals formed along hyphae of P. involutus DJR1 after growth on the surface of the HAP-coated polystyrene disc B. P. involutus DJR1 hyphae growing on the surface of the uncoated polystyrene disc. Growth period of seven months. Scale bars 50 μΜ.


[bookmark: _Toc507604042][bookmark: _Toc507604309][bookmark: _Toc519017019][bookmark: _Toc520837924]4.3.4 Elemental analysis and microscopy of HAP-coated polystyrene discs post colonisation by the hyphae of P. involutus using SEM-EDX
In regard to the SEM images taken on the non-colonised surface of the HAP-coated disc of the two-months-old system (Figure 4.6E-G), the morphology of HAP granules was found to be similar to the abiotic ones (Figure 4.6A-C). Besides, EDX data showed that the P and Ca elemental composition of the HAP granules from the abiotic discs (Figure 4.6D) did not differ compared to the biotic ones in the non-colonised area (Figure 4.6H). While the atomic percentage of Ca of HAP granules seemed slightly lower on the abiotic discs compared to the non-colonized biotic ones, the difference was not statistically significant.
According to SEM images from the colonised area of the two-months-old system (Figure 4.6I-K), the morphology of HAP granules appeared similar to those from the abiotic discs (Figure 4.6A-C). Additionally, there are no apparent morphological differences between the HAP granules from the hyphal colonised area compared to those of the non-colonised area (Figure 4.6K in comparison to Figure 4.6G). Indeed, EDX elemental data confirmed that P and Ca elemental composition of HAP granules from colonized areas of the two-months-old system (Figure 4.6L) was not different when compared to those from the abiotic discs (Figure 4.6D) or the non-colonized areas (Figure 4.6H).
Similarly, SEM images taken of the non-colonised surface of the HAP-coated discs from the six-months-old system (Figure 4.6M-O) show that the morphology of the HAP granules was similar to those on abiotic discs (Figure 4.6C). P and Ca elemental data confirmed that HAP granules from non-colonised areas of the six-months-old system (Figure 4.6P) do not differ from the ones in the abiotic discs (Figure 4.6D), or those from the two-months-old system (Figure 4.6H and L). However, HAP granules from colonized areas of the six-months-old system (Figure 4.6S) appeared less compact, less rounded and textured in comparison to ones from abiotic discs (Figure 4.6C). P and Ca elemental data revealed profound differences from the HAP granules analysed in other conditions. In particular, the atomic percentage of P showed a statistically significant decrease compared to that measured for the HAP granules in all the other conditions, while the Ca atomic percentage showed a statistically significant increase (Figure 4.6T).
With respect to the SEM images taken of the non-colonised surface of the HAP-coated disc of the seven-months-old system (Figure 4.7E-G), the morphology of the HAP granules is similar but not identical to the abiotic ones (Figure 4.7A-C). In particular, the HAP granules in Figure 4.7G appeared less compact and smaller than the abiotic ones in Figure 4.7C. However, according to P and Ca elemental composition data, the HAP granules from the non-colonised area (Figure 4.7H) did not differ from HAP granules from the abiotic one (Figure 4.7D).
Interestingly, SEM images acquired from the surface of the lightly colonised areas showed varying crystal morphologies, such as HAP textured crystals (marked with red crosses, Figure 4.7I and J), tabular crystals of 4-6 μm (marked with yellow crosses, Figure 4.7I, J and N) and smaller tabular crystals of 1-2 μm (marked with blue crosses, Figure 4.7J). Tabular crystals formed along the fungal hyphae represent secondary mineral formation, possibly due to HAP solubilisation, as those crystals did not detect in abiotic HAP-coated discs. Elemental composition analysis of the HAP-like textured crystals within the lightly colonised area revealed a statistically significant decrease in P and Ca content (Figure 4.7U), compared to that of the HAP nucleates in the abiotic disc (Figure 4.7D). Moreover, C is detected de novo in the HAP-like textured crystals from the colonised areas (Figure 4.7U-W), indicating organic presence possibly other than that of the C from the fungal hyphae. 
SEM images acquired from the surface of the heavily colonised areas detected only crystal formations of tubular shape (yellow and blue crosses), whereas the presence of HAP-like textured crystals could not be detected (Figure 4.7O-Q, R-T). Analysis of elemental composition for the large and small tubular crystals from both lightly and heavily colonized areas (Figure 4.7V and W) revealed a statistically significant decrease in P content compared to abiotic or non-colonized HAP crystals (Figure 4.7D and H), but comparable levels to those of colonized HAP-like textured crystals (Figure 4.7U). With respect to Ca content, large and small tubular crystals appeared to have less than abiotic or non-colonized HAP-like textured crystals, but the difference was not statistically significant (Figure 4.7V and W). Large and small tubular crystals showed a statistically significant increase in C content compared to that of the colonized HAP-like textured crystals (Figure 4.7V and W).
Lastly, according to the SEM-EDX data, the morphology and P and Ca elemental composition analysis of the HAP nucleates formed on the surface of the abiotic disc, shown in Figure 4.6A-D and 4.7A-D, are similar to those described in Section 4.3.1 (Figure 4.1).
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Figure 4.6 SEM images on the surface of HAP-coated polystyrene discs after colonisation by hyphae of P. involutus, together with P and Ca elemental composition, shown as atomic percentage, per site of imaging. A-C. SEM images of abiotic HAP-coated polystyrene disc. D. P and Ca elemental composition for abiotic HAP-coated polystyrene disc. E-G, I-K. SEM images of HAP-coated polystyrene disc from two-months-old HAP solubilisation system colonised by P. involutus DJR1 hyphae. E-G. SEM images of areas of HAP-coated polystyrene disc where no hyphal colonisation was observed. H. P and Ca elemental composition of E-G. I-K. SEM images of areas of HAP-coated polystyrene disc which were colonised by fungal hyphae. L. P and Ca elemental composition of I-K. M-O, Q-S. SEM images of HAP-coated polystyrene disc from a six-months-old HAP solubilisation system colonised by P. involutus ATCC 200175 hyphae. M-O. SEM images of areas of a HAP-coated polystyrene disc where no hyphal colonisation was observed. P. P and Ca elemental composition of M-O. Q-S. SEM images of areas of a HAP-coated polystyrene disc which were colonised by fungal hyphae. T. P and Ca elemental composition of Q-S. Red crosses represent the location where EDX measurements were taken. Scale bars 100 μm in M, 10 μm in A, B, E, F, I, N, Q & R, 3 μm in J & K and 1 μm in C, G, O and S. Statistically significant differences in atomic percentages of P and Ca per site of EDX measurement were assessed by one-way ANOVA, followed by Tukey’s post-hoc analysis for multiple comparisons (letters, α=0.05).
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Figure 4.7 SEM images on the surface of HAP-coated polystyrene discs after colonisation by the hyphae of P. involutus DJR1 for seven months, together with C, P and Ca elemental composition, shown as atomic percentage, per site of imaging. A-C. SEM images of abiotic HAP-coated polystyrene disc. D. P and Ca elemental composition for abiotic HAP-coated polystyrene disc. E-G, I-T. SEM images of a HAP-coated polystyrene disc from a seven-months-old HAP solubilisation system colonised by P. involutus DJR1 hyphae. E-G. SEM images of areas of HAP-coated polystyrene disc where no hyphal colonisation was observed. H. P and Ca elemental composition of E-G. I-N. SEM images of areas of HAP-coated polystyrene disc which had shown light colonisation by the fungal hyphae. O-T. SEM images of HAP-coated polystyrene disc which had shown dense colonisation by the fungal hyphae. U, V & W. C, P and Ca elemental composition from three different types of crystal formations within the hyphal colonised areas in I-T. Red crosses represent EDX measurements taken from textured crystals, similar to HAP ones in A-C, E-G. Yellow and blue crosses represent EDX measurements taken from large and small tabular crystals respectively. Scale bars 10 μm in A, B, E, F, I, O & P and 1 μm in C, G, J, K, L, M, N, Q, R, S and T. Statistically significant differences in atomic percentages of C, P and Ca per site of EDX measurement were assessed by one-way ANOVA, followed by Tukey’s post-hoc analysis for multiple comparisons (letters, α=0.05).


[bookmark: _Toc507604043][bookmark: _Toc507604310][bookmark: _Toc519017020][bookmark: _Toc520837925]4.3.5 Gene expression responses of P. involutus candidate weathering genes to HAP solubilisation with qRT-PCR 
Gene expression analysis was carried out in order to study the response of the putative H+-ATPase PiPMA, the putative citric acid efflux transporter PiBEST and the putative oxalic acid transporter PiOAR with respect to the solubilisation of HAP. For all three genes, however, no statistically significant differences in expression were found in two- or seven-months-old weathering systems, in the presence or absence of HAP (Figure 4.8A-C).
Gene expression analysis of the high-affinity Pi transporter gene PiPT1 was also carried out on two- and seven-months-old weathering systems. As already established, the expression of this transporter changes inversely in response to reducing Pi concentration in the media (Chapter 2 and 3). The expression of this gene showed no differences in the presence or absence of HAP in the two-months-old weathering system, implying no differences in Pi content from HAP weathering. Conversely, PiPT1 showed a statistically significant induction in seven-months-old system compared to the two-months-old one, most likely caused by the lower amount of Pi in the inoculum side of the former (0.15 μM Pi in seven-months-old, compared to 1.84 μM Pi in the two-months-old one; Figure 4.8D). Interestingly, in the seven-months-old system, PiPT1 showed statistically significant repression in the presence of HAP when compared to its absence (Figure 4.8D), possibly indicating an increase of available Pi in the media from HAP weathering.
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Figure 4.8 Relative mRNA expression of the putative weathering genes and the high-affinity Pi transporter PiPT1 in response to the presence of HAP (+HAP) or in its absence (-HAP). A. Relative mRNA expression of the putative P. involutus DJR1 H+-ATPase PiPMA. B. Relative mRNA expression of the putative P. involutus DJR1 citric acid efflux transporter PiBEST. C. Relative mRNA expression of the putative P. involutus DJR1 oxalate efflux transporter PiOAR. D. Relative mRNA expression of the P. involutus DJR1 high-affinity Pi transporter PiPT1. For each gene, statistically significant differences in relative mRNA expressions between different conditions were assessed by one-way ANOVA, followed by Tukey’s test post hoc for multiple comparisons (α=0.05, letters).


[bookmark: _Toc507604044][bookmark: _Toc507604311][bookmark: _Toc519017021][bookmark: _Toc520837926]4.4 Discussion

[bookmark: _Toc507604045][bookmark: _Toc507604312][bookmark: _Toc519017022][bookmark: _Toc520837927]4.4.1 Colonisation and solubilisation of synthetic HAP by P. involutus 
The results presented in this chapter provide experimental evidence for a reproducible HAP weathering system to study Pi solubilisation by P. involutus. Whereas previous studies focused on the ability of P. involutus to weather mineral apatite in microcosm with a host plant (Leake et al., 2008; Smits et al., 2012), the system presented in this chapter focuses on the solubilisation of synthetic HAP by this fungus when isolated from any host plants. The first indirect evidence of Pi solubilisation from synthetic HAP comes from growth analysis of different P. involutus strains in the experimental HAP weathering system, which showed that fungal mycelia grow more extensively in the presence of HAP-coated discs (Figure 4.2). As the media of the system is supplied with growth-limiting amounts of available Pi, the enhanced fungal growth could be explained by increased Pi availability when HAP-coated disc is present, presumably from the solubilisation of HAP itself.
Additionally, the growth analysis showed that fungal hyphae preferentially colonise HAP-coated discs (Figure 4.2), potentially indicating that P. involutus is able to detect a source of Pi and direct its growth towards it. Among the three strains tested, P. involutus DJR1 showed the fastest and largest mycelial growth in the experimental system (Figure 4.2), even at the lowest concentration of Pi supplied (0.15 µM) in the media of the fungal inoculum side (Figure 4.3). Because of this characteristic, this strain was chosen for further gene expression analyses, as its enhanced fungal biomass provides sufficient material for RNA extraction. 
The combination of SEM imaging and EDX spectroscopy analysis confirmed the presence of crystals corresponding to HAP in the synthesized HAP-coated discs (Figure 4.1). Most importantly, these analyses confirmed active solubilisation of the HAP crystals by P. involutus hyphae, by visualising differences in the HAP crystal structure and measuring a statistically significant reduction in Pi content (Figures 4.6 and 4.7). Interestingly, no solubilisation of HAP crystals could be detected in the two-months-old system supplied with 1.85 µM Pi, while only partial solubilisation of the crystals was detected in the seven-months-old one (Figures 4.6). On the other hand, when the media of the HAP experimental system is supplied with only 0.15 µM of Pi on the inoculum side, complete solubilisation of HAP crystals is observed, together with abundant secondary mineral formations (Figure 4.7). These findings suggest that the effectiveness of Pi solubilisation by P. involutus depends on Pi availability in the media.

[bookmark: _Toc507604046][bookmark: _Toc507604313][bookmark: _Toc519017023][bookmark: _Toc520837928]4.4.2 Formation of secondary minerals by P. involutus on the surface of HAP-coated disks 
The production of LMWOA is an important mechanism in the dissolution of minerals and hence weathering (Lapeyrie et al., 1991). The production of LMWOA within the HAP solubilisation systems can be indirectly studied through the formation of secondary minerals, which appear as crystal structures, on the surface of HAP-coated polystyrene discs. Optical and SEM microscopy analysis of HAP-coated discs revealed the presence of secondary minerals on the hyphae of P. involutus DJR1, but only within experimental systems where the medium of the inoculum site was supplied with 0.15 μM Pi, after seven months of growth (Figures 4.5 and 4.7). No secondary minerals could be detected on the hyphae of P. involutus DJR1 colonizing HAP-coated discs within the experimental system supplied with 1.85 μM Pi after two months of growth (Figures 4.4E and 4.6).
Similarly, no secondary minerals could be observed on hyphae of P. involutus strains 13 and ATTC 200175 colonizing HAP-coated discs in the experimental system supplied with 1.85 μM Pi after four or six months of growth, respectively (Figures 4.4A and 4.4C). The above findings suggest that the ability of P. involutus to dissolve a Pi-rich source depends on Pi availability, rather than the period of growth. Interestingly, while P. involutus ATTC 200175 hyphae were able to partially solubilise HAP crystals after six months of growth (Figure 4.6S and T), no secondary mineral formations were observed (Figures 4.4C and 4.6M-S), suggesting that HAP weathering in that experimental system may operate through mechanisms other than secretion of organic acids.
According to the EDX data, C is detected de novo on crystal structures from areas colonized by fungal hyphae (Figure 4.7U, V and W). Other than the C in the fungal hyphae, the presence of C may indicate C-rich organic compounds on the crystal structures, such as LMWOA excreted by the fungal hyphae. It has been shown in previous in vitro studies that oxalic acid is excreted in response to weathering of Ca-rich minerals or to calcium phosphates, which in turn leads to the formation of calcium oxalates (Schmalenberger et al., 2015; Lapeyrie et al., 1991). The detection of C by EDX, in combination with the similarity in crystal morphology between the secondary minerals detected and calcium oxalate crystals (Figures 4.5A and 4.7I-T), support the assumption that LMWOA could be excreted in the HAP solubilisation system. However, only sensitive chemical profiling of minerals, such as mass spectrometry, could confirm the excretion of organic acids in the HAP weathering system.
Altogether, these findings provide evidence that enhanced P-rich mineral weathering through LMWOA secretion, and thus secondary mineral formations, is triggered when Pi availability is low, to the point of Pi starvation. Previous in vitro studies have reported similar behaviour of fungal weathering activity (Rosling, 2009).

[bookmark: _Toc507604047][bookmark: _Toc507604314][bookmark: _Toc519017024][bookmark: _Toc520837929]4.4.3 Gene expression analysis of P. involutus genes putatively involved in the process of HAP solubilisation with qRT-PCR 
The lack of differences in expression for all three candidate weathering genes identified between weathering systems may indicate that these genes do not play an active role in HAP solubilisation (Figure 4.8A-C). Their putative function in H+ or LMWOA extrusion was inferred from amino acid sequence similarities with previously-characterized proteins from other fungal species (Section 4.2.6). There is a possibility that the actual function of these genes in P. involutus may be different from the inferred one. In addition, mycorrhizal symbiosis has been shown to be a powerful driver in mineral weathering by fungal hyphae, as plants supply C for enhanced production of LMWOA (Taylor et al., 2009; Smits et al., 2012). Hence, the lack of symbiosis in the current experimental setup of the weathering systems may explain why the putative citrate or oxalate transporters show no differences in the presence or absence of HAP.

[bookmark: _Toc507604048][bookmark: _Toc507604315][bookmark: _Toc519017025][bookmark: _Toc520837930]4.4.4 Gene expression analysis of P. involutus high-affinity Pi transporter gene PiPT1
As established previously, expression of the high-affinity Pi transporter PiPT1 is inversely proportional to the availability of Pi in the media, with the strongest induction identified in Pi starvation conditions (Chapter 3, Figure 3.2). PiPT1 relative mRNA expression showed a higher than 10-fold difference between the two-months-old and the seven-months-old systems (Figure 4.8D). This finding may be due to the differences in Pi concentration provided in the media of the fungal inoculum side, which varies more than 10-fold.
Additionally, 1.85 μM of supplied Pi within the two-months-old system may be sufficient to sustain fungal growth without triggering any HAP weathering, as indicated by SEM-EDX analysis (Figure 4.6I-L) as well as PiPT1 gene expression, which remained unchanged (Figure 4.8D).
On the other hand, statistically significant downregulation of PiPT1 in +HAP compared to -HAP in the seven-months-old system (Figure 4.8D) may indicate increased Pi availability in the presence of HAP, providing additional indirect evidence of HAP solubilisation.

[bookmark: _Toc507604049][bookmark: _Toc507604316][bookmark: _Toc519017026][bookmark: _Toc520837931]4.5 Conclusions
The results presented in this chapter demonstrate the effectiveness of the HAP solubilisation experimental system, where HAP weathering is driven by the hyphae of the EM fungus P. involutus grown non-symbiotically. The presence of secondary minerals, visualized by SEM imaging, and EDX data showing depletion of P, confirmed the active HAP solubilisation by the fungal hyphae of P. involutus.
In respect to the four initial hypotheses, the first one has been verified as P. involutus hyphae preferentially colonises the HAP-coated polystyrene discs over the non-coated ones, as shown in Figures 4.2 and 4.3. Moreover, P. involutus hyphae were able to solubilise microcrystalline HAP where the P content dramatically decreased, as shown in Figures 4.6T and 4.7U-W. 
In respect to the second hypothesis, the formation of secondary minerals was evident, especially for the fungal hyphae colonising HAP during Pi starvation conditions in the medium. Figures 4.7I-T show the formation of the secondary crystals along the hyphae of P. involutus. Besides, the de novo detected C might indicate the presence of organic compounds on the secondary crystals, as shown in Figure 4.7U-W.
The third hypothesis was not confirmed, since the relative expression of PiPMA1, PiBEST and PiOAR genes did not increase in response to the presence of HAP, as shown in Figure 4.8A-C.
Lastly, the fourth hypothesis was confirmed since the transcript of the high-affinity Pi transporter gene PiPT1 is upregulated in the absence of HAP and downregulated in the presence of HAP, as shown in Figure 4.8D.
The HAP solubilisation system developed in this chapter will be used to identify P. involutus candidate HAP weathering genes, by applying whole-transcriptomic and metabolomic analyses where P. involutus will be in symbiosis with P. sylvestris seedlings. These data will be presented in the following chapter.

[bookmark: _Toc507604050][bookmark: _Toc507604317][bookmark: _Toc519017027][bookmark: _Toc520837932]Chapter 5. Investigating the “omics” of Paxillus involutus on hydroxyapatite solubilisation during ectomycorrhizal symbiosis

[bookmark: _Toc507604051][bookmark: _Toc507604318][bookmark: _Toc519017028][bookmark: _Toc520837933]5.1 Introduction 
Mycorrhizal symbiosis is one of the most ancient and widespread form of symbiosis which covers a range of mutualistic, symbiotic associations between fungi and the roots of the plants (Smith and Read, 2008). More than 80% of plant roots form mycorrhiza with soil fungi, where in boreal and temperate regions about 90% of the woody tree root tips are covered by ectomycorrhizal (EM) fungal sheaths (Ek, 1997; Read and Perez-Moreno, 2003). Hence, the majority of all nutrients including nitrogen (N) and phosphorus (P) are taken up by trees through EM fungi (EMF), where in return EMF receive 20%–30% out of the total photosynthetic sugars by the host plants (Högberg and Högberg, 2002).
Mycorrhizal fungi consist one of the most prominent groups of soil microorganisms contributing to mineral weathering and dissolution (Jongmans et al., 1997). Hence, mycorrhizal fungi are essential soil microorganisms, beneficial for plant growth since they can efficiently extract organic and inorganic nutrients from soil organic matter and minerals (Landeweert et al., 2001). Field and laboratory studies have demonstrated that EMF facilitate the dissolution of various minerals, via the foraging activity of their extraradical mycelium to identify and weather nutrient-rich mineral sources (Fahad et al., 2016; Thorley et al., 2015; Adeleke et al., 2012; Leake et al., 2008; van Schöll et al., 2006b; Yuan et al., 2004; Van Hees et al., 2004; Arocena and Glowa, 2000; Wallander and Wickman, 1999; Leyval and Berthelin, 1991). Moreover, it has been shown that the fungal hyphae can weather P-rich minerals, and hence mediate inorganic P (Pi) uptake from naturally occurring minerals such as the apatites (Lapeyrie et al., 1987, 1991; Rosling, 2009; Leake et al., 2008; Dorozhkin, 2012).
After the solubilisation and weathering of the P-rich minerals by EMF, Pi is taken up by trees, making EMF to play a significant role in plants P nutrition. However, it has also been reported that the productivity of forests is frequently limited by P (Wardle et al., 2004), a phenomenon that may become highly widespread in future following the increasing levels of atmospheric carbon dioxide (CO2) concentration (Moore and Allare, 2008). Establishing a clear understanding of the role of EMF in the weathering of P-rich minerals is imperative and essential in enhancing our knowledge in EM-driven rocks and minerals weathering, bio-transformations of metals and minerals, biogeochemical cycling of elements, decomposition of organic materials and the formation of soil and sediments (Ceci et al., 2015). Consequently, the role of EMF in mineral weathering has received increasing attention from researchers as well as scholars.
Additionally, high food demands of a globally growing population have a large impact on the modern agriculture, which depends on the use of P fertilizers in order to increase crop productivity. Past farmers mainly relied on P sources which were naturally present within the soil and the use of manure. In contrast, modern agriculture largely relies on the use of external P sources such as phosphate rock (Cordell et al., 2009). Although phosphate rock is abundant in the Earths’ crust, it is not a renewable source of fertiliser production (Cordell et al., 2009). According to some researchers, phosphate rock reserves are estimated to be exhausted in the next 50-100 years if the rate of its mining for fertiliser production will increase due to demand for feeding a globally growing population and biofuel production (Gross, 2010; Gilbert, 2009). Besides, the current methods of P fertiliser production require high quality and large quantity of natural P reserves in order to avoid heavy metal and radioactive elements contamination (da Silva et al., 2017; Schnug et al., 1996). Moreover, if natural P reserves become limited in the near future, this may have an impact on the global economy. Already, since 2008 the price of P fertilisers has dramatically increased (Cordell et al., 2009).
Improving our knowledge in Pi acquisition by the plants and their mycorrhizal fungal partners may represent a strategy for decreasing the demand for P fertilisers, as both arbuscular mycorrhiza (AM) and EM can be used as an alternative to commercial fertilisers to improve plant growth (Miyasaka and Habte, 2001; Sousa et al., 2012).
However, few studies have investigated the molecular mechanisms involved in the process of mycorrhizal fungi mineral weathering. In particular, only a single study has investigated the molecular mechanisms involved in fungal mineral weathering at global gene expression level, using the non-mycorrhizal saprophytic fungus Aspergillus niger. This study investigated the global transcriptional responses to potassium (K)-bearing feldspar weathering by A. niger, using RNA sequencing (RNA-seq), and identified multiple upregulated genes related to synthesis and transportation of organic acids, polysaccharides, and proteins (Wang et al., 2015).
As it was shown in Chapter 4, an experimental system was developed and optimized to investigate the solubilisation of hydroxyapatite (HAP) by the EM fungus Paxillus involutus. In this chapter, the symbiotic version of the HAP solubilisation system, using Pinus sylvestris seedlings as the host trees, was used to investigate HAP weathering driven by the hyphae of P. involutus in EM symbiosis. In order to understand the molecular mechanisms responsible for the solubilisation of HAP, total RNA was extracted from fungal hyphae colonising the source of HAP, either in non-symbiotic (NS) or in symbiotic (S) systems. Next, the RNA was used in RNA-seq analysis to identify differentially expressed genes in response to HAP solubilisation. The RNA-seq approach was complemented by whole metabolomics profiling using ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) (Khan and Javed, 2015), in order to identify the metabolites involved in HAP weathering.
For this study five main hypotheses were tested, formulated as follows: 
1. Pi content within fungal and pine tissues will increase in response to HAP solubilisation. Pi content will increase most in S systems compared to NS ones, and this will lead to correspondingly larger host plant and fungal dry mass increases.
2. The P content of the HAP source within the weathering systems will be depleted after HAP solubilisation and Pi uptake by the fungal hyphae. P depletion will be more evident in the S systems than in the NS ones. This hypothesis will be tested by energy-dispersive X-ray (EDX) spectroscopy on colonised HAP crystals, visualised through scanning electron microscopy (SEM).
3. Secondary minerals will precipitate on the surface of the HAP source due to its solubilisation in both NS and S systems. This hypothesis will be tested by SEM. 
4. RNA-seq analysis will reveal genes: (a) specifically regulated in response to HAP solubilisation, for example (proton) H+-extrusion transporters, organic acid transporters and enzymes involved in the production of organic acids and (b) involved in Pi uptake and metabolism, such as Pi transporters and phosphatases.
5. UPLC-Q-TOF-MS analysis will identify novel metabolites specific to HAP weathering and will also investigate the presence of metabolic products, such as low molecular weight organic acids (LMWOA), known to have a key role in fungal mineral weathering.

[bookmark: _Toc507604052][bookmark: _Toc507604319][bookmark: _Toc519017029][bookmark: _Toc520837934]5.2 Materials and Methods

[bookmark: _Toc507604053][bookmark: _Toc507604320][bookmark: _Toc519017030][bookmark: _Toc520837935]5.2.1 Preparation of synthetic HAP-coated discs
Flat-bottomed 6 round-well polystyrene plates were filled (3,000 μl per well) with a calcifying solution containing 5 mM CaCl2*2H2O, 15 mM KH2PO4 and 500 mM triethanolamine at pH 7.4. The plates were incubated at 80°C for 1.5 h with the lid off, after which they were emptied, refilled with the calcifying solution and re-incubated. Following a total of four 1.5 h precipitation cycles, the plates were rinsed three times with distilled water and allowed to air dry at room temperature. The method for the HAP synthesis was adapted from Schilling et al. (1994) (Schilling et al., 1994).
Lastly, the wells were drilled out from each plate with a 29 mm diamond cutter in order to obtain the HAP-coated polystyrene disc (diameter ~25 mm). For obtaining the uncoated polystyrene discs (diameter ~25 mm), i.e. without any HAP coating, the 29 mm diamond cutter was used to drill out the wells of the flat-bottomed 6 round-well polystyrene plate which were not filled with any of the calcifying solution.

[bookmark: _Toc507604054][bookmark: _Toc507604321][bookmark: _Toc519017031][bookmark: _Toc520837936]5.2.2 Experimental design of the HAP solubilisation system
The experimental design of the HAP solubilisation system constituted of a split (two-compartment) 90 mm Petri dish, where one of the two compartments is used as the fungal inoculation site, while the other one is used as the HAP solubilisation site (as it has been previously described in Section 4.2.2 in Chapter 4). 
In this chapter, both NS and S experimental systems have been prepared. In the S systems P. involutus was inoculated together with a P. sylvestris seedling which was previously germinated in 1.2% PA, as it has been previously described in Section 2.2.2 or 3.2.2. Within the fungal inoculation site (shown as the top compartment of the plate in Figure 5.1A) two fungal plugs of 6 mm diameter were placed, and within the HAP solubilisation the HAP-coated disc was added (shown as the bottom compartment of the plate in Figure 5.1A). The HAP-coated discs had been previously UV sterilised for 30 min at each side prior to their incorporation within the systems. These systems are denoted in all figures as HAP+.
The control experimental system is composed of the same split 90 mm Petri dish, with the only difference being that an uncoated polystyrene disc is placed within the solubilisation site. Similarly, the uncoated discs have been previously UV sterilised for 30 min at each side prior to their incorporation within the systems. These systems are denoted as HAP-.
The media composition for each compartment of the HAP solubilisation experimental system differs in terms of Pi content (Appendix, Table 8). In particular, the media of the fungal inoculation site are supplied with a minimal Pi content of 0.37 μM to support the growth of the fungal inoculum at the time of initial inoculation. The amount of the minimal Pi content has been defined through experimental trials (see Sections 4.3.2 and 4.3.3 in Chapter 4) together with data gathered from the Pi varying experiment in Chapter 2 (see Section 2.3.3). On the other hand, the media of the HAP solubilisation study site are not provided with any Pi source, so that the only Pi source within the HAP+ systems is that on the surface of the HAP-coated polystyrene disc. For the HAP- systems not any Pi source is available since the polystyrene discs are not coated with HAP.

[bookmark: _Toc507604055][bookmark: _Toc507604322][bookmark: _Toc519017032][bookmark: _Toc520837937]5.2.3 Fungal material 
In this chapter, only P. involutus DJR1 was used because it has been previously shown (Chapter 4) through experimental trial that was the only strain which showed evidence of HAP solubilisation, secondary minerals formation and PiPT1 gene differential expression in response to HAP (see Section 4.3.4, Figure 4.7 and Section 4.3.5, Figure 4.8).
P. involutus DJR1 which was grown in 10% strength MMN fungal culture media (Appendix, Table 1) provided fungal inocula as fungal plugs of 6 mm diameter to the HAP solubilisation systems. P. involutus DJR1 was kindly provided by Professor David J. Read (The University of Sheffield, UK).

[bookmark: _Toc507604056][bookmark: _Toc507604323][bookmark: _Toc519017033][bookmark: _Toc520837938]5.2.4 Determination of fungal and plant dry mass
Fungal hyphae were collected with a surface scraper tool into 2 ml Eppendorf tubes and oven dried at 90°C for up to five days. The plant tissues were collected into paper envelopes and oven dried at 90°C for up to five days. Dry mass measurements were performed as soon as the tissues were completely dry using an analytical balance (Mettler AT261B Delta Range Balance). 

[bookmark: _Toc507604057][bookmark: _Toc507604324][bookmark: _Toc519017034][bookmark: _Toc520837939]5.2.5 Determination of fungal and plant Pi content
Plant (needle/root) and fungal hyphae Pi content were measured using the Phosphate Assay Kit (Colorimetric) Ab65622 according to the manufacturer’s instructions (Abcam). The assay utilises a proprietary formulation of malachite green and ammonium molybdate that forms a chromogenic complex with Pi ions, leading to an intense absorption band around 650 nm. The kit detects all types of Pi, such as PO43−, HPO42− and H2PO4−. For each sample, the Pi content (nmol) is referenced to a standard curve and normalised to the sample volume (μl), giving the Pi concentration (nmol/μl or mM). Data show the average Pi content (mM) of three biological replicates, unless otherwise is noted.

[bookmark: _Toc507604058][bookmark: _Toc507604325][bookmark: _Toc519017035][bookmark: _Toc520837940]5.2.6 SEM-EDX analysis
The SEM-EDX analysis was performed by Dr Richard B. Pearce at the University of Southampton as follows. The morphology of the HAP-coated polystyrene discs shown in Figure 5.2 in Section 5.3.1 was characterised with SEM. The SEM (Leo1450VP, manufacturer Carl Zeiss SMT Ltd) operating conditions were: electron high tension (EHT) of 20 kV, variable probe current of 60 pA through to 1 nA, working distance (WD) of 9-19 mm, and variable pressure (VP) mode (not standard high vacuum operation). Samples were coated with 20nm Au. Imaging was undertaken with a backscatter electron (BSE) detector, except for Figure 5.2G and O where the VP-mode secondary electron (VPSE) detector was used. Element quantification of the HAP-coated polystyrene discs as shown in Figure 5.2I-V in Section 5.3.1 was performed by EDX (Oxford Instruments X-Act 10mm2 area Silicon Drift Detector, using the AZtec Energy software system) with the same SEM instrument.

[bookmark: _Toc507604059][bookmark: _Toc507604326][bookmark: _Toc519017036][bookmark: _Toc520837941]5.2.7 Optical microscopy and imaging
Microscopy images were taken with Leica stereoscope using the SPOT advanced software. Any other standard images were taken with a Canon EOS500 camera using the automatic mode.

[bookmark: _Toc507604060][bookmark: _Toc507604327][bookmark: _Toc519017037][bookmark: _Toc520837942]5.2.8 Statistical analysis
Statistically significant differences in hyphal/plant dry mass or Pi content in Section 5.3.1 were assessed by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc analysis for multiple comparisons (α= 0.05). 
Statistically significant differences in atomic percentages of carbon (C), P and calcium (Ca) per site of EDX measurement in Section 5.3.1 were assessed by one-way ANOVA, followed by Tukey’s post-hoc analysis for multiple comparisons (α= 0.05).

[bookmark: _Toc507604061][bookmark: _Toc507604328][bookmark: _Toc519017038][bookmark: _Toc520837943]5.2.9 RNA-seq library preparation and sequencing 
RNA-seq libraries were prepared from total RNA samples, extracted (E.Z.N.A. ® Fungal RNA Kit) from P. involutus DJR1 hyphae grown in HAP+ or HAP-, for both the NS and S conditions, with the TruSeq stranded mRNA library prep kit (Illumina) at the University of Edinburgh (Edinburgh Genomics). Three biological replicates at each condition i.e. NS HAP+, NS HAP-, S HAP+ and S HAP- were used. The sequence strategy which was applied generated data of at least 290 million (M) reads per strand per sample (HiSeq 4000 75PE). In total 18.9 – 31.2 M reads pairs were obtained.

[bookmark: _Toc507604062][bookmark: _Toc507604329][bookmark: _Toc519017039][bookmark: _Toc520837944]5.2.10 RNA-seq data analysis
Default values were used for all parameters in all software used unless otherwise stated. Analyses in Sections 5.2.10.1 to 5.2.10.5 were performed by Dr Jonathan Manning at Edinburgh Genomics.

[bookmark: _Toc507604063][bookmark: _Toc507604330][bookmark: _Toc520837945]5.2.10.1 Reads trimming
Reads were trimmed using Cutadapt version cutadapt-1.9.dev2 (Martin, 2011). Reads were trimmed for quality at the 3’ end using a quality threshold of 30 and for adapter sequences of the TruSeq stranded mRNA kit (AGATCGGAAGAGC). Reads after trimming were required to have a minimum length of 50. Among all samples, 18.4 - 30.6 M reads were identified after trimming (97 - 98.1%).

[bookmark: _Toc507604064][bookmark: _Toc507604331][bookmark: _Toc520837946]5.2.10.2 Reference genome
The reference used for mapping was the P. involutus genome from Ensembl, assembly ATCC 200175, annotation version1.

[bookmark: _Toc507604065][bookmark: _Toc507604332][bookmark: _Toc520837947]5.2.10.3 Reads alignment
Reads were aligned to the reference genome using STAR (Dobin et al., 2013) version 2.5.2b specifying paired-end reads and the option ‘–outSAMtype BAM Unsorted’. All other parameters were left at default. Among all samples, 16.8 – 28.7 M trimmed read pairs aligned to the reference genome (90.7 - 95.6%).

[bookmark: _Toc507604066][bookmark: _Toc507604333][bookmark: _Toc520837948]5.2.10.4 Read counting
Reads were assigned to exon features grouped by gene id in the reference genome using ‘featureCounts‘ (Liao et al., 2014), which assigns counts on a ‘fragment’ basis as opposed to individual reads such that a fragment is counted where one or both of its reads are aligned and associated with the specified features. Strandness was set to ‘reverse’ and a minimum alignment quality of 10 was specified. Gene names and other fields were derived from input annotation and added to the counts matrix. Among all samples, 13.6 - 22.7 M read pairs were aligned to exon features for counting (78.5 - 83.1%).

[bookmark: _Toc507604067][bookmark: _Toc507604334][bookmark: _Toc520837949]5.2.10.5 Count pre-processing
The raw counts table was filtered to remove rows consisting predominantly of near-zero counts, filtering on counts per million (CPM) to avoid artefacts due to library depth. Specifically, a row of the expression matrix was required to have values greater than 0.1 in at least 3 samples.

[bookmark: _Toc507604068][bookmark: _Toc507604335][bookmark: _Toc520837950]5.2.10.6 Count normalization, exploratory analysis and differential analysis.
Read counts were normalized through the R package “DESeq2”, which applies a negative binomial distribution and shrinkage estimation of gene dispersion (Love et al., 2014). Using the “DESeq2” package, a principal component analysis (PCA) on rlog-transformed read counts (Love et al., 2014) was performed using in order to visualize sample-to-sample differences. Differential gene expression analysis was carried out through the R package “DESeq2” using Wald test, selecting genes with false discovery rate (FDR) corrected p-value <0.05 (Q-value, Benjamini-Hochberg correction) at each indicated comparison.

[bookmark: _Toc507604069][bookmark: _Toc507604336][bookmark: _Toc520837951]5.3.10.7 RNA-seq data visualisation 
In Sections 5.3.4 to 5.3.6, normalized read counts of the top 50 differentially expressed genes ranked by significance (Q-value) were extracted from each indicated comparison. For each gene, the number of standard deviations from the mean of normalized read counts in all samples (z-scores) were plotted using the “pheatmap” package for R (Kolde, 2015) to visualise expression differences in the indicated conditions. In Section 5.3.7, the “pheatmap” package for R was also used for hierarchical clustering of all genes identified using Ward’s method.

[bookmark: _Toc507604070][bookmark: _Toc507604337][bookmark: _Toc519017040][bookmark: _Toc520837952]5.2.11 Samples preparation for UPLC-Q-TOF-MS analysis
HAP+ or HAP- discs were recovered from the HAP weathering systems after being colonised by P. involutus hyphae, NS systems, or P. involutus hyphae together with P. sylvestris roots, S systems, for five months. The discs were washed with 2 ml of UHP water in sterile Petri dishes (50 mm) at the rotational shaker for 3h. Next, the after-washes liquid samples were collected and filtered through a 0.22 μm Millipore sterile filter (SLGV033RB, Millex). The filtrates were collected into 2ml Eppendorf tubes and the samples were freeze-dried. Next, the dried samples were resuspended in 200 μl solution of 50% methanol and 0.1% formic acid. The samples were centrifuged at 4°C for 20 min and recollected into 1.5 ml Eppendorf tubes, to avoid any solid particles prior to UPLC-Q-TOF-MS analysis. 

[bookmark: _Toc507604071][bookmark: _Toc507604338][bookmark: _Toc519017041][bookmark: _Toc520837953]5.2.12 UPLC-Q-TOF-MS analysis
UPLC-Q-TOF-MS analysis was performed together with Dr. P. Petriacq at the MS facility at the University of Sheffield as described previously (Pétriacq et al., 2016), using an ACQUITY ultra-high-pressure liquid chromatography (UPLC) system coupled to a SYNAPT G2 Q-TOF mass spectrometer with an electrospray (ESI) ionization source (Waters, UK). The system was controlled by MassLynx v. 4.1 software (Waters). Chromatographic separation of samples was carried out at a flow rate of 0.4 mL min−1 using an ACQUITY UPLC BEH C18 column (2.1 × 50 mm, 1.7 μm, Waters) coupled to a C18 VanGuard pre-column (2.1 x 5 mm, 1.7 µm, Waters). The mobile phase consisted of solvent A (0.05 %, formic acid v/v, in water) and solvent B (0.05 % formic acid v/v in acetonitrile) with the following gradient: 0 – 3 min 5 – 35 % B, 3 – 6 min 35 – 100 % B, holding at 100 % B for 2 min, 8 – 10 min, 100 – 5 % B. The column was maintained at 45 °C and the injection volume was 10 μL. Between each condition, a blank was injected with 50% methanol (v/v) to clean the column. Sample runs in negative and positive ionization mode (ESI- and ESI+) were separated by two consecutive injections with 50% methanol (v/v) to allow stabilization of the ionization modes. An ACQUITY PDA detector (Waters) was used to monitor the UV trace (range 205 – 400 nm, sampling rate 40 points s-1, resolution 1.2 nm). MS detection of ions was operated in sensitivity mode by SYNAPT G2 (50 - 1200 Da, scan time = 0.2 s) in both ESI- and ESI+, using a full MS scan (i.e. no collision energy) and applying the MSE function with a ramp in the transfer cell in elevated energy mode (5 to 45 eV). The following conditions were applied for ESI- (capillary voltage - 3 kV, sampling cone voltage - 25 V, extraction cone voltage -4.5 V, source temperature 120 °C, desolvation temperature 350 °C, desolvation gas flow 800 L h-1, cone gas flow 60 L h-1), and for ESI+ (capillary voltage 3.5 kV, sampling cone voltage 25 V, extraction cone voltage 4.5 V, source temperature 120 °C, desolvation temperature 350 °C, desolvation gas flow 800 L h-1, cone gas flow 60 L h-1). Prior to analyses, the Q-TOF was calibrated by infusing a sodium formate solution. Accurate mass detection was ensured by infusing the internal lockmass reference peptide leucine enkephalin during each run.

[bookmark: _Toc507604072][bookmark: _Toc507604339][bookmark: _Toc520837954]5.2.12.1 Statistical analysis of UPLC-Q-TOF-MS data
Prior to multivariate analyses, the XCMS R package (v. 3.1.3; (Smith et al., 2006)) was used to align and integrate raw UPLC-Q-TOF peaks, to correct for total ion current (TIC) and median fold-change. All statistical analyses were performed with median-normalized, cube-root-transformed and Pareto-scaled data, using MetaboAnalyst software (v. 3.0, http://www.metaboanalyst.ca; (Xia et al., 2015)). Numbers of total ions were obtained from XCMS output datasets. Putative metabolites were identified by referencing the final set of detected accurate m/z values using METLIN (https://metlin.scripps.edu).

[bookmark: _Toc507604073][bookmark: _Toc507604340][bookmark: _Toc519017042][bookmark: _Toc520837955]5.3 Results

[bookmark: _Toc507604074][bookmark: _Toc507604341][bookmark: _Toc519017043][bookmark: _Toc520837956]5.3.1 HAP solubilisation experimental setup 
Fungal hyphae growing in the S condition appeared darker in colour from those growing in the NS condition (Figure 5.1A). In addition, mycorrhizas have been formed at the roots of the pine seedlings irrespective of the presence of HAP (Figure 5.1A).
P. involutus DJR1 hyphae showed a statistically significant increase in Pi content in the presence of HAP at the S condition, but remained unchanged in the NS condition (Figure 5.1D). In addition, no statistically significant differences in plant Pi content were found in response to HAP (Figure 5.1B).
P. involutus DJR1 hyphae did not show any statistically significant increase in dry mass as a response to the presence of HAP, in neither of NS or S conditions (Figure 5.1E). Similarly, no statistically significant differences were observed for P. sylvestris needles and roots dry mass in response to HAP (Figure 5.1C). However, P. sylvestris seedlings showed a statistically significant increase in needle dry mass in comparison to roots, independently from the presence of HAP (Figure 5.1C).
SEM images of the non-colonised area of the HAP-coated disc in the NS condition (Figure 5.2H-J), exhibited HAP crystals similar to the HAP crystals of the abiotic HAP-coated discs (Figure 5.2A-E). According to elemental composition data (Figure 5.2II), statistically significant differences were found in the Ca content, which decreased relative to the Ca content of the abiotic HAP discs (Figure 5.2I). In addition, C was detected de novo indicating organic presence possibly other than that of the C of the fungal hyphae. No statistically significant changes were found in the P content of HAP crystals from the non-colonised area of the disc in the NS condition (Figure 5.2II) compared to the abiotic ones (Figure 5.2I).
SEM images of the surface of the colonised area of the HAP-coated disc in the NS condition (Figure 5.2K-M) showed tabular shaped crystals (5-20 μm long) and crystals similar to HAP crystal in the abiotic HAP disc. In addition, elemental composition analysis (Figure 5.2III) showed a statistically significant decrease in Ca composition compared to that of the HAP crystals on the abiotic disc (Figure 5.2I). As in the not-colonised area, C is detected de novo indicating organic presence possibly other than that of the C of the fungal hyphae. However, the P content of HAP crystals from the colonised area of discs in the NS condition (Figure 5.2III) showed no statistically significant differences compared to that of the HAP crystals on the abiotic discs (Figure 5.2I), or to that of the HAP crystals on the not-colonised area of discs in the NS condition (Figure 5.2II).
SEM images of the not colonised area at the S condition (Figure 5.2P-R), detected crystals similar to the HAP ones in the abiotic HAP discs (Figure 5.2C-E). Elemental composition analysis (Figure 5.2IV), did not reveal any statistically significant decreases in P and Ca content compared to abiotic HAP crystals, but C was also detected.
Lastly, according to the SEM images acquired from the colonised area of discs from S condition (Figure 5.2S-U), the morphology of the crystals was that of small tabular crystals (size ≈ 1 μm), resembling to calcium oxalate. Besides, the tabular crystals were formed along the fungal hyphae indicating possible secondary mineral formation due to HAP solubilisation. Elemental composition analysis (Figure 5.2V), provides further evidence of HAP crystals solubilisation since the P content showed a statistically significant decrease in comparison to that of the non-colonised area (Figure 5.2IV) or to that of the abiotic HAP discs (Figure 5.2I). Moreover, the C content showed a statistically significant increase (Figure 5.2V), potentially indicating the presence of secondary mineral formation, such as calcium oxalate.

[image: ]


Figure 5.1 Split (two-compartment) 90 mm Petri dish as the HAP solubilisation experimental system showing P. involutus DJR1 growth for five months, either in NS or S conditions. A. Demonstration of NS and S conditions. B. Pi content of P. sylvestris needles and roots in S condition. C. Dry mass of P. sylvestris needles and roots in S condition. D. Pi content of P. involutus DJR1 hyphae for both NS and S conditions. E. Dry mass of P. involutus DJR1 hyphae for both NS and S condition. Statistically significant differences in Pi content (B and D) and dry mass (C and E) in presence or absence of HAP were assessed by one-way ANOVA, followed by Tukey’s post-hoc analysis for multiple comparisons (letters, α=0.05). Error bars represent standard error of the mean of the number of biological replicates (n) which were used for each type of analysis. Scale bars 1 mm.
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Figure 5.2 SEM images on the surface of HAP-coated polystyrene discs after colonisation by the hyphae of P. involutus DJR1 for five months, together with C, P and Ca elemental composition, shown as atomic percentage, per site of imaging. A-E. SEM images of abiotic HAP-coated polystyrene disc. I. P and Ca elemental composition for abiotic HAP-coated polystyrene disc. F-M. SEM images of HAP-coated polystyrene disc after five months of hyphal colonisation. F & G. Montage image showing the surface of HAP-coated disc after five months of hyphal colonisation. BSE or VPSE imaging modes were used for F or G respectively, at 100x magnification. H-J. SEM images of areas of HAP-coated polystyrene disc where no hyphal colonisation was observed (F and G, pink rectangle). II. C, P and Ca elemental composition of H-J. K-M. SEM images of areas of HAP-coated polystyrene disc which were colonised by the fungal hyphae (F and G, orange rectangle). III. C, P and Ca elemental composition from crystal formations within the hyphal colonised areas in K-M. Red crosses represent sites of EDX measurements taken. N-U. SEM images of HAP-coated polystyrene disc after five months of hyphal colonisation in symbiosis with P. sylvestris. N & O. Montage image showing the surface of HAP-coated disc after five months of hyphal colonisation. BSE or VPSE imaging modes were used for N or O respectively, at 100x magnification. P-R. SEM images of areas of HAP-coated polystyrene disc where no hyphal colonisation was observed (N and O, pink rectangle). IV. C, P and Ca elemental composition of P-R. S-U. SEM images of areas of HAP-coated polystyrene disc which was colonised by the fungal hyphae in symbiosis with P. sylvestris (N and O, orange rectangle). V. C, P and Ca elemental composition from crystal formations within the hyphal colonised areas in S-U. Red crosses represent sites of EDX measurements taken. Scale bars 50 μm in A, 20 μm in B & H, 10 μm in C, D, K, L, P, S & T, 2 μm in J, M, Q, R & U and 1 μm in E. Statistically significant differences in atomic percentages of C, P and Ca between areas of EDX measurement were assessed by one-way ANOVA, followed by Tukey’s post-hoc analysis for multiple comparisons (letters, α=0.05).


[bookmark: _Toc507604075][bookmark: _Toc507604342][bookmark: _Toc519017044][bookmark: _Toc520837957]5.3.2 RNA-seq PCA
Exploratory analysis of RNA-seq dataset through PCA revealed clear samples separation between NS and S conditions and +HAP and –HAP treatments. The largest separation on principal component 1 (PC1) is indicative of the presence or absence of HAP-coated discs (Figure 5.3, grey vs purple markers). Conversely, separation on principal component 2 (PC2) is indicative of presence or absence of EM symbiosis with P. sylvestris seedlings (Figure 5.3, square vs circular markers). Interestingly, samples from P. involutus DJR1 hyphae grown in the absence of HAP-coated discs show a partial overlap (Figure 5.3, grey markers), which could indicate a reduced effect of EM symbiosis on global gene transcription when HAP is absent. On the other hand, samples grown in plates containing HAP-coated discs show a very large separation on PC2 (Figure 5.3, purple markers), indicating that EM symbiosis may have a profound effect on the fungal global gene transcription in response to the presence of HAP. Together, PC1 and PC2 explained 49% of the total variance of the dataset (Figure 5.3).
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Figure 5.3 PCA of rlog-transformed read counts from RNA-seq data derived from P. involutus DJR1 hyphae after five months of growth in the HAP solubilisation experimental system. Deep purple squares: P. involutus DJR1 grown in symbiosis with P. sylvestris seedlings in the presence of HAP (S HAP+). Lilac circles: P. involutus DJR1 grown non-symbiotically in the presence of HAP (NS HAP+). Coal squares: P. involutus DJR1 grown in symbiosis with P. sylvestris seedlings in the absence of HAP (S HAP-). Grey circles: P. involutus DJR1 grown non-symbiotically in the absence of HAP (NS HAP-).


[bookmark: _Toc507604076][bookmark: _Toc507604343][bookmark: _Toc519017045][bookmark: _Toc520837958]5.3.3 Differential gene expression analysis 
Differential gene expression analysis in the RNA-seq dataset was carried out in pairwise comparisons between the different conditions tested. A large number of differentially expressed genes was identified between HAP+ and HAP- groups, either in NS or S condition (Table 5.1, comparison 1 and 2). However, the largest number of differentially expressed genes was identified in the HAP+ group, when compared by S or NS condition (Table 5.1, comparison 3). Conversely, the lowest amount of differentially expressed genes was identified in the HAP- group (Table 5.1, comparison 4), indicating minimal differences in gene transcription in this comparison, as previously suggested by PCA (Figure 5.3). 
Together, these results indicate that the presence of HAP had the greatest effect on fungal gene expression. Besides EM symbiosis did not have a major impact on fungal gene expression when HAP was absent.
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Table 5.1 Table showing the number of differentially expressed P. involutus DJR1 genes identified at each pairwise comparison after FDR correction (Q-value <0.05). NS: P. involutus DJR1 hyphae grown non-symbiotically. S: P. involutus DJR1 hyphae grown in symbiosis with P. sylvestris seedlings. HAP+: P. involutus DJR1 hyphae grown in the presence of HAP. HAP-: P. involutus DJR1 hyphae grown in the absence of HAP. Growth period of five months. Up: genes upregulated in the first term compared to the second. Down: genes downregulated in the first term compared to the second.


[bookmark: _Toc507604077][bookmark: _Toc507604344][bookmark: _Toc519017046][bookmark: _Toc520837959]5.3.4 P. involutus DJR1 genes differentially regulated in response to the presence of HAP in NS condition
According to the differential gene expression analysis in Section 5.3.3 between the NS HAP+ and NS HAP-, a total of 559 genes were found to be upregulated and 837 downregulated (Table 5.1). There was a substantial variation in fold changes of gene expression values within this pairwise comparison, and their statistical significance. In RNA-seq datasets, ranking genes by fold-changes can result in noise from the large changes estimated in genes with low read counts (Love et al., 2014) and for this reason in the present study, differentially expressed genes were ranked according to statistical significance. In order to highlight the genes which are most differentially regulated at each comparison, heat maps of the top 50 most upregulated or downregulated genes, i.e. with the lowest Q-values, were generated (Sections 5.3.4-5.3.6).
The top 50 most significantly upregulated or downregulated genes are presented in Figure 5.4A and 5.4B respectively. In particular, Figure 5.4A shows the genes which are upregulated in response to HAP in NS condition. Genes in this selection encode for putative proteins involved in signalling, such as serine/threonine kinases and tyrosine phosphatases, or gene transcriptional regulation, such as zinc finger (ZF) transcription factors, WD40 domain, F-box domain, ARM repeats or YTH domain containing proteins. Additionally, some genes encode for putative signalling proteins involved in cellular maintenance processes such as DNA replication, DNA repair, cell division and cell morphogenesis. These putative proteins include an HMG-box transcription factor, a DNA ligase and the DNA repair protein RAD50, the spindle pole body-associated protein SAD1 and the cell morphogenesis protein PAG1. Two genes encoding for putative enzymes involved in N metabolism are also upregulated, such as a urease and a dipeptidyl aminopeptidase, as well as putative redox enzymes such as a NADPH oxidase and a NADH-ubiquinone oxidoreductase. Notably, many putative transporter encoding genes are also upregulated in response to HAP including a MATE efflux pump, a major facilitator superfamily (MFS) polyamine transporter, the magnesium (Mg) transporter ALR1, multiple Ca-transporting ATPases and the Ca-permeable stress-gated channel 1 (CSC1).
Downregulated genes in the presence of HAP in NS conditions, shown in Figure 5.4B, encode for putative components of primary metabolism, cellular respiration and redox homeostasis. These include a cytochrome-c oxidase (complex IV) and two cytochrome-c reductase (Complex III), a glutathione peroxidase (GPX2), a thioredoxin and three glutathione S-transferases. Additionally, multiple genes encoding for putative components of carbohydrate and fatty acid biosynthesis are downregulated during HAP weathering in NS conditions. Downregulated components of carbohydrate metabolism include a 2-keto-3-deoxy-L-rhamnonate aldolase, a sorbitol dehydrogenase and a ribulose phosphate 3-epimerase. Downregulated fatty acid biosynthesis components include two NADPH-dependant reductases, a 2, 4-dienoyl-CoA reductase, a 3-oxoacyl-ACP reductase and a putative acyl carrier protein (ACP). Notably, the high-affinity Pi transporter gene PiPT1 was strongly downregulated in the presence of HAP in NS condition, confirming previous results (Chapter 4, Figure 4.8D). In addition, a gene encoding for a putative phosphatase belonging to the haloacid dehydrogenase (HAD) superfamily was also found to be downregulated. Several genes encoding for putative signalling proteins were also found to be downregulated, including a ZF transcription factor, a serine/threonine kinase and a small GTPase belonging to the Ras superfamily.
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Figure 5.4 Heat maps of normalized read counts for genes differentially expressed in P. involutus DJR1 hyphae between NS HAP- and NS HAP+. Z-score values are shown for the top 50 genes ranked by significance (Q-values) between groups compared. The putative functional annotation for each gene is listed on the right of each heat map which was inferred mainly by using the BLAST program together with the annotation on the MycoCosm at the JGI database (Altschul et al., 1997; Grigoriev et al., 2014, 2011). A. Genes showing upregulation in the presence of HAP in NS conditions. B. Genes showing downregulation in the presence of HAP in NS conditions. The first annotation bar from the top represents P. involutus DJR1 hyphae growth conditions (orange: NS condition). The second annotation bar represents the presence or absence of HAP (grey: HAP-; purple: HAP+). Normalized read count values of each biological replicate are shown independently.


[bookmark: _Toc507604078][bookmark: _Toc507604345][bookmark: _Toc519017047][bookmark: _Toc520837960]5.3.5 P. involutus DJR1 genes differentially regulated in response to the presence of HAP during EM symbiosis
According to the differential gene expression analysis in Section 5.3.3 between the S HAP+ and S HAP-, in total 233 genes were upregulated and 275 downregulated (Table 5.1). Here, the top 50 most significantly upregulated or downregulated genes are presented in Figure 5.5A and 5.5B respectively. Interestingly, none of the most significantly upregulated genes by HAP+ in the S condition were found to be upregulated by HAP+ in the NS condition (Figure 5.4A and 5.5A, magenta annotation).
Among the genes most upregulated by HAP+ in S condition, some encode for proteins putatively involved in N and carbohydrate metabolism. In particular, proteins putatively involved in amino acid metabolism include a beta-Ala-His dipeptidase, an alanine aminotransferase and two aminoadipate reductases. Proteins putatively involved in carbohydrate metabolism include a phosphoenolpyruvate carboxykinase, a glycoside hydrolase and a UDP-glucose pyrophosphorylase. Additionally, multiple transporter encoding genes were identified, including a MATE efflux transporter and an MFS transporter, both localised in the plasma membrane, and a Ca-dependent ATPase. Multiple genes encoding for putative signalling proteins were identified to be upregulated in presence of HAP in S condition, such as a tyrosine phosphatase, a ZF transcription factor, a WD40 repeat-containing protein and a diacylglycerol kinase. Another prominent type of upregulated genes encode for putative redox proteins, such as multiple cytochromes P450. Lastly, several genes encoding for putative secondary metabolites biosynthetic enzymes, such as a ketopantoate hydroxymethyltransferase, a 2-oxoglutarate-Fe (II) oxidoreductase, an Acyl-CoA synthetase and a thioesterase, were found to be upregulated.
Figure 5.5B shows the top 50 P. involutus DJR1 genes most significantly downregulated by the presence of HAP in S condition. Similar to NS condition, the high- affinity Pi transporter gene PiPT1 was found to be strongly downregulated. Similarly, multiple genes encoding for putative phosphate metabolism-related proteins were found to be downregulated. These proteins include a putative purple acid phosphatase, a putative acid phosphatase and a putative diphosphoinositol-polyphosphate diphosphatase. In addition, genes encoding for proteins putatively involved in phospholipid metabolism, such as a glycerol-3-phosphate acyltransferase and a putative glycerophosphoryl diester phosphodiesterase were also downregulated. Other downregulated genes encode for two putative geranylgeranyl pyrophosphate synthases, involved in the biosynthesis of terpenoid precursors. Interestingly, multiple genes encoding for proteins putatively involved in fungal growth and branching were found to be downregulated, including a paxillin-like protein, a GTPase belonging to the Ras superfamily and an auxin efflux transporter. Other putative transporter encoding genes were found to be downregulated including a MATE efflux transporter and a plasma membrane localised Ca2+/H+ antiporter.
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Figure 5.5 Heat maps of normalized read counts for genes differentially expressed in P. involutus DJR1 hyphae between S HAP- and S HAP+. Z-score values are shown for the top 50 genes ranked by significance (Q-values) between groups compared. The putative functional annotation for each gene is listed on the right of each heat map which was inferred mainly by using the BLAST program together with the annotation on the MycoCosm at the JGI database (Altschul et al., 1997; Grigoriev et al., 2014, 2011). A. Genes showing upregulation in the presence of HAP in S conditions. B. Genes showing downregulation in the presence of HAP in S conditions. The first annotation bar from the top represents P. involutus DJR1 hyphae growth conditions (green: S condition). The second annotation bar represents the presence or absence of HAP (grey: HAP-; purple: HAP+). Normalized read count values of each biological replicate are shown independently.


[bookmark: _Toc507604079][bookmark: _Toc507604346][bookmark: _Toc519017048][bookmark: _Toc520837961]5.3.6 P. involutus DJR1 genes differentially regulated in response to EM symbiosis and the presence of HAP
In Figure 5.6A are listed the genes showing the most significant upregulation in HAP+ in S condition compared to HAP+ in NS condition. This selection represents genes which are not induced by the presence of HAP in NS condition, but strongly induced by the presence of HAP in S condition. Most notably, multiple genes encoding putative enzymes involved in carboxylic acid metabolism are found to be upregulated in this selection. These enzymes include two oxalate decarboxylases, involved in degradation of oxalic acid into formate and CO2, a formate dehydrogenase, involved in the degradation of formate into CO2, and an isocitrate lyase, which catalyses the cleavage of isocitrate into succinate and glyoxylate. Transporter encoding genes upregulated in this selection include a plasma membrane monocarboxylic acid transporter, a putative amino acid transporter and two putative MFS transporters. Multiple genes encoding for putative signalling proteins were found to be upregulated, including two tyrosine phosphatases, a WD40 repeat-containing protein, a protein belonging to the phosphotransferase family and an ARM repeat-containing protein.
Figure 5.6B shows the top 50 genes most significantly downregulated in HAP+ in S condition compared to HAP+ in NS condition. Most of the genes in this selection are induced by HAP+ in NS condition but not by HAP+ in S condition. Many genes in this selection encode for putative transporter proteins, such as two plasma membrane Ca-dependent ATPases, the Ca-permeable stress-gated channel 1 (CSC1) and an efflux transporter of the MATE family. Other notable genes downregulated by HAP+ in S condition compared to HAP+ is NS condition encode for a putative glycoside hydrolase (family 9), a polysaccharide lyase (family 14), a putative ZF transcription factor, which was previously found to be strongly upregulated by HAP+ in NS condition (Figure 5.4A), and two putative geranylgeranyl pyrophosphate synthases, which were also found to be downregulated in low Pi condition during EM symbiosis (Chapter 3, Figures 3.6B).
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Figure 5.6 Heat maps of normalized read counts for genes differentially expressed in P. involutus DJR1 hyphae between NS HAP+ and S HAP+. Z-score values are shown for the top 50 genes ranked by significance (Q-values) between groups compared. The putative functional annotation for each gene is listed on the right of each heat map which was mainly inferred by using the BLAST program together with the annotation on the MycoCosm at the JGI database (Altschul et al., 1997; Grigoriev et al., 2014, 2011). A. Genes showing upregulation in HAP+ in S condition compared to HAP+ in NS condition. B. Genes showing downregulation in HAP+ in S condition compared to HAP+ in NS conditions. The first annotation bar from the top represents P. involutus DJR1 hyphae growth conditions (orange: NS condition; green: S condition). The second annotation bar represents the presence of HAP (purple: HAP+). Normalized read count values of each biological replicate are shown independently.


[bookmark: _Toc507604080][bookmark: _Toc507604347][bookmark: _Toc519017049][bookmark: _Toc520837962]5.3.7 P. involutus DJR1 genes differentially and putatively regulated in response to HAP weathering during EM symbiosis
In order to identify P. involutus DJR1 genes potentially involved in HAP weathering of which the expression may be co-regulated by EM symbiosis, an additional statistical selection was applied to the RNA-seq dataset. In order to identify genes upregulated in the presence of HAP and of which the expression is further upregulated by EM symbiosis, three selection criteria were applied: (a) statistically significant upregulation between HAP+ or HAP- in NS condition; (b) statistically significant upregulation between HAP+ or HAP- in S condition; (c) statistically significant upregulation between HAP+ in S condition and HAP+ in NS condition (Figure 5.7A). Similarly, three selection criteria were applied to identify genes downregulated in the presence of HAP and of which the expression is further repressed by EM symbiosis: (a) statistically significant downregulation between HAP+ or HAP- in NS condition; (b) statistically significant downregulation between HAP+ or HAP- in S condition; (c) statistically significant downregulation between HAP+ in S condition and HAP+ in NS condition (Figure 5.7B).
For both selections, only a small number of genes up- or down-regulated by the presence of HAP were shared between the S or NS conditions (Figure 5.7A and B, top overlaps). In particular, only 22 genes upregulated by the presence of HAP were shared between the NS and S condition (Figure 5.7A, top overlap), and none of these were found to be further enhanced by EM symbiosis (Figure 5.7A, central overlap). For genes downregulated by the presence of HAP, 80 genes were shared between the NS and S conditions, of which 77 showed no statistically significant difference in downregulation between the two conditions (Figure 5.7B, top overlap). On the other hand, three genes were further downregulated by EM symbiosis in the presence of HAP (Figure 5.7B, central overlap).
The presence of HAP in the solubilisation system can affect both genes involved in HAP weathering and genes involved in Pi uptake and metabolism, for instance the downregulation of the Pi transporter gene PiPT1 (Figures 5.4B and 5.5B). In order to isolate genes which are solely differentially expressed in response to HAP weathering, genes of which their expression was significantly affected by the presence of HAP were compared with those differentially expressed in response to varying Pi concentrations. In particular, genes upregulated in HAP+ compared to HAP- in both NS and S conditions were compared with genes upregulated in low Pi concentration compared to high Pi concentration in both NS and S condition (Figure 5.8A). On the other hand, genes downregulated in HAP+ compared to HAP- in both NS and S conditions were compared with genes downregulated in low Pi concentration compared to high Pi concentration in both NS and S condition (Figure 5.8B). Out of the 22 genes previously found to be upregulated by the presence of HAP in both NS and S conditions (Figure 5.7A, top overlap), six were found to be upregulated also by the Pi varying conditions, whereas 16 appeared to be upregulated solely by the presence of HAP (Figure 5.8A, topmost right overlap). Out of the 80 genes previously found to be downregulated by the presence of HAP in both NS and S conditions (Figure 5.7B, central and top overlap), nine were found to be downregulated also by the Pi varying conditions, while 71 appeared to be downregulated solely by the presence of HAP (Figure 5.8B, topmost right overlap). 
Gene expression profiles of the 16 genes solely upregulated by HAP in both NS and S conditions are shown in a heat map which is hierarchically clustered (Figure 5.9). Most of these genes encode putative signalling proteins, such as a WD40 domain- containing protein, a protein kinase similar to Sck1, a homolog of the translational activator Gcn1, and the osmosensor SSK1. Other signalling genes upregulated by the presence of HAP encode for putative components of phospholipid signalling, such as the phosphatidate phosphatase PAH1 and the diacylglycerol kinase DGK1. In addition, genes encoding for putative regulators of vesicle formation and trafficking, such as a Vam6/Vps39-like protein, a protein containing an ANTH domain, and a vesicle-associated membrane protein (VAMP).
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Figure 5.7 Venn diagrams showing the statistical criteria used to select genes showing up- or down-regulation by both the presence of HAP and EM symbiosis (central overlap). Statistically significant differential expression in each pairwise comparison (circles) was assessed by Wald test (Q-value <0.05) using the R package “DEseq2”. Numbers indicate the number of genes showing statistically significant up- or down-regulation in each pairwise comparison or overlap.
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Figure 5.8 Venn diagrams showing the statistical criteria used to compare genes showing up- or down-regulation in low Pi availability (Chapter 3) or the presence of HAP, with or without EM symbiosis. Statistically significant differential expression in each pairwise comparison was assessed by Wald test (Q-value <0.05) using the R package “DEseq2”. Numbers indicate the number of genes showing statistically significant up- or down-regulation in each pairwise comparison or overlap.
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Figure 5.9 Heat map of normalized read counts for genes upregulated in P. involutus DJR1 hyphae solely by the presence of HAP. Z-scores are shown for the 16 genes upregulated by the presence of HAP in both S and NS conditions and not by varying Pi content (Figure 5.8). The first annotation bar from the top represents P. involutus DJR1 hyphae growth conditions (orange: NS condition; green: S condition). The second annotation bar represents the presence or absence of HAP (grey: HAP-; purple: HAP+). Genes were clustered based on their read count distribution in all experimental conditions using the “pheatmap” package of R (Ward method). Normalized read count values of each biological replicate are shown independently.


[bookmark: _Toc507604081][bookmark: _Toc507604348][bookmark: _Toc519017050][bookmark: _Toc520837963]5.3.8 UPLC-Q-TOF-MS analysis: PCA 
Mineral weathering by fungal hyphae involves secretion of metabolites such as LMWOA on the mineral surface (van Schöll et al., 2006a, 2007; Bindschedler et al., 2016). In order to investigate the role of secreted metabolites in HAP weathering by P. involutus DJR1, UPLC-Q-TOF-MS was performed as described in Section 5.2.12 on samples of HAP+ or HAP- polystyrene discs recovered from HAP weathering systems, either in NS or S conditions.
PCA analysis of metabolites identified through UPLC-Q-TOF-MS analysis revealed the largest separation (PC1) between samples from HAP+ or HAP- conditions (Figure 5.10, purple markers compared to grey markers), indicating that the presence of HAP has the greatest effect on the secreted metabolome. On the other hand, the second largest separation (PC2) appeared between samples from weathering systems in which P. involutus DJR1 was grown either in NS or S conditions (Figure 5.10, circular markers compared to square markers). Together, PC1 and PC2 explain 29.7% of the total variance of the dataset.
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Figure 5.10 PCA of normalized intensities of the metabolites recovered from the HAP solubilisation system after the period of five months. Deep purple squares: metabolites from HAP-coated polystyrene disc colonized by P. involutus DJR1 hyphae in symbiosis with P. sylvestris seedlings (S HAP+). Lilac squares: metabolites from HAP-coated polystyrene disc colonized by P. involutus DJR1 hyphae grown non-symbiotically (NS HAP+). Coal circles: metabolites from uncoated polystyrene discs colonized by P. involutus DJR1 hyphae in symbiosis with P. sylvestris seedlings (S HAP-). Coal circles: metabolites from uncoated polystyrene disc colonized by P. involutus DJR1 hyphae grown non-symbiotically (NS HAP-).


[bookmark: _Toc507604082][bookmark: _Toc507604349][bookmark: _Toc519017051][bookmark: _Toc520837964]5.3.9 P. involutus DJR1 - P. sylvestris metabolome profiling in response to HAP weathering
To identify differential metabolites whose production and secretion was altered by both experimental factors (presence/absence of HAP and presence/absence of EM symbiosis), the intensities of all metabolites identified were filtered through two-way ANOVA across all experimental conditions (p <0.001). The intensities of differential metabolites from both ESI+ and ESI- modes were normalized by row and columns and displayed as heat maps, following hierarchical clustering (Figure 5.11). Interestingly, some putative LMWOA were secreted in the system even in the absence of HAP (Figure 5.11B, asterisks). These include lactic acid, aspartic acid, glutamic acid, malic acid, kojic acid, pimelic acid and shikimic acid.
Only two metabolites were enriched in HAP+ in both NS and S conditions (oxaloacetate and glucuronic acid, Figure 5.11A, cluster I). Interestingly, several metabolites were found to be enriched in HAP+ only in NS condition (Figure 5.11A, cluster IV; Figure 5.11B, cluster III) or in S condition (Figure 5.11A, cluster II; Figure 5.11B, cluster I). Together, these metabolites may represent potential weathering agents secreted in the system by the fungal hyphae or pine roots. Other metabolites were enriched only in NS HAP- and S HAP+ conditions (Figure 5.11A, cluster III; Figure 5.11B, cluster II), or only in NS HAP+ and S HAP- (Figure 5.11A, cluster VI; Figure 5.11B, cluster IV). Two clusters show metabolites enriched only in S condition in the absence of HAP (Figure 5.11A, cluster V; Figure 5.11B, cluster V).
A selection of differential metabolites which intensity is higher in samples from HAP+ systems (in either NS or S conditions or both) is presented in Figure 5.12.
[image: ]
Figure 5.11 Heat maps of differential metabolites recovered from the HAP solubilisation system after the period of five months. Relative intensities, normalized by row and by column, of metabolites significantly altered by both presence/absence of HAP and EM symbiosis with P. sylvestris seedlings (2-way ANOVA, p <0.001). A. Metabolites detected in ESI+ mode. B. Metabolites detected in ESI- mode. Latin numbers indicate hierarchical clusters identified based on similarities between all experimental conditions using the “pheatmap” package of R (Ward method). The first annotation bar from the top represents growth conditions (orange: NS condition; green: S condition). The second annotation bar represents the presence or absence of HAP (grey: HAP-; purple: HAP+). Asterisks indicate putative LMWOA.
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Figure 5.12 Heat maps of selection of differential metabolites recovered from the HAP solubilisation system after the period of five months. Relative intensities, normalized by row and by column, of metabolites significantly altered by both presence/absence of HAP and EM symbiosis with P. sylvestris seedlings (2-way ANOVA, p <0.001). The putative functional annotation for each metabolite is listed on the right of each heat map, which was inferred by using the METLIN database. A. Selection of metabolites detected in ESI+ mode. B. Selection of metabolites detected in ESI- mode. Latin numbers indicate the hierarchical clusters selected (from Figure 5.11). The first annotation bar from the top represents growth conditions (orange: NS condition; green: S condition). The second annotation bar represents the presence or absence of HAP (grey: HAP-; purple: HAP+). * Fuca1-2Galb1-4[Fuca1-3] GlcNAcb1-3Galb1-4[Fuca1-3] GlcNAcb.
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[bookmark: _Toc507604084][bookmark: _Toc507604351][bookmark: _Toc519017053][bookmark: _Toc520837966]5.4.1 Experimental setup: the role of symbiosis in HAP enhanced weathering 
The results presented in this chapter provide novel molecular evidence on the global gene transcriptional responses of P. involutus during HAP weathering. The investigation of the transcriptomic responses of EMF during mineral weathering in symbiosis with a host tree is unprecedented. Only two studies have previously analysed the transcriptional response of fungal hyphae to mineral weathering. These were based on K-bearing minerals (Wang et al., 2015; Xiao et al., 2012) and, most importantly, these studies were based on non-mycorrhizal fungi. On the other hand, the establishment of a HAP weathering system based on the EM fungus P. involutus allows to study the molecular basis of mineral weathering either with or without a host plant (Figures 5.1 and 5.2). Indeed, the presence of EM symbiosis enhanced the solubilisation of HAP crystals (Figure 5.2V), which in turn resulted in higher Pi content in the fungal hyphae (Figure 5.1D).
Global transcriptomic analysis of HAP weathering through RNA-seq revealed that the presence of HAP causes the largest differences in fungal gene transcription (Figure 5.3, Table 5.1). At the same time, the presence of EM symbiosis had a very pronounced effect on the fungal transcriptome when HAP is present, but very little effect when HAP is absent (Figure 5.3, Table 5.1). Interestingly, none of the top 50 most significantly upregulated genes by HAP+ in NS condition were shared with the top 50 most significantly upregulated genes by HAP+ in S condition (Figure 5.4A and 5.5A, magenta annotations). Additionally, when comparing all the differentially expressed genes by HAP in the NS condition against the ones in the S condition, very little gene transcripts are shared (Figure 5.7, central and top overlap). In the Pi-varying RNA-seq experiment, the majority of the genes up- or down-regulated in response to low Pi availability were shared between the S and NS conditions, where EM symbiosis enhanced or further repressed their expression (Chapter 3, Figure 3.7). These results clearly show that, in the presence of HAP, when P. involutus hyphae grow in EM symbiosis then a different suite of weathering genes are induced compared to P. involutus hyphae grown non-symbiotically.
The establishment of P. involutus HAP weathering system allowed global analysis of metabolites secreted in the system by the fungal hyphae (or plant roots), which is a complete novelty in the field of fungal mineral weathering and Geobiology. PCA of the identified metabolites confirmed that the presence of HAP and EM symbiosis drive the largest differences in the fungal/plant secretome (Figure 5.10). Additionally, preliminary downstream analysis of differential metabolites confirmed the presence of different organic acids in the weathering system, including multiple LMWOA and their precursors (such as oxaloacetate, Figure 5.11 and 5.12). Some putative LMWOA, however, were identified even in the absence of HAP, indicating that P. involutus may constitutively secrete these compounds at low levels along its exploratory mycelia in conditions of nutrient starvation.

[bookmark: _Toc507604085][bookmark: _Toc507604352][bookmark: _Toc519017054][bookmark: _Toc520837967]5.4.2 P. involutus DJR1 gene transcriptional regulation of HAP weathering in NS condition
A portion of transcripts identified to be strongly upregulated by HAP+ in NS condition corresponds to genes encoding for putative proteins involved in signalling, such as serine/threonine kinases and tyrosine phosphatase, which can ultimately play a role in cell cycle, morphogenesis and stress protection (Dickman and Yarden, 1999; Albataineh and Kadosh, 2016). Among these, the putative transcriptional corepressor SSN6 and post-transcriptional regulator CIP2, have been found. Their presence indicates that gene transcription is actively regulated in response to the HAP presence, which in turn may indicate the cellular need for the synthesis of products involved in HAP weathering. The fact that nucleoporin genes are upregulated may further support this hypothesis, which was first formulated as the “gene-gating” hypothesis by Blobel in 1985 (Kalverda et al., 2010; Blobel, 1985). Additionally, genes encoding for putative proteins involved in cellular maintenance such as DNA replication, DNA repair, cell division and cell morphogenesis were also found to be upregulated. For instance, the HMG-box transcription factor regulates DNA-dependent processes such as transcription, replication, recombination, and DNA repair (Štros et al., 2007). Besides, DNA ligase and DNA repair protein RAD50 have also been identified and are known to be involved in DNA replication, DNA recombination, and DNA repair (Hopfner et al., 2000; Mossi et al., 1998). The spindle pole body-associated protein SAD1 and the cell morphogenesis protein PAG1 are known to be involved in cell division and morphogenesis (Hagan and Yanagida, 1995; Du and Novick, 2002; Funaya et al., 2012).
Multiple genes encoding for putative proteins involved in gene transcriptional regulation were found to be strongly upregulated, such as a ZF transcription factor, or proteins containing WD40 domain, F-box domain, ARM repeats or YTH domain (Xu and Min, 2011; Jonkers and Rep, 2009; Tewari et al., 2010; Zhang et al., 2010). None of these transcripts were found to be upregulated in S the condition (Figure 5.4A, magenta annotation), indicating that they may act as positive transcriptional regulators of the HAP weathering response in NS condition only.
Gene encoding enzymes which are ultimately involved in N metabolism were also found to be upregulated, such as urease and dipeptidyl aminopeptidase. Interestingly, it has been shown that urease-positive fungi play a central role in the process of CaCO3 biomineralisation, via excreted urease by the fungal hyphae (Li et al., 2014). Although there is not any direct evidence to connect urease activity with mineral weathering, it is well known that P. involutus excretes extracellular peptidases which are involved in organic N utilisation (Shah et al., 2013). However, this gene may encode for a protein which may be involved in HAP solubilisation instead.
Interestingly, genes encoding for putative proteins involved in Ca transport have also been found to be upregulated, such as Ca-transporting ATPases and the Ca-permeable stress-gated channel 1 (CSC1), indicating the uptake of Ca ions by the fungal hyphae as a response to HAP solubilisation. Despite not a direct evidence, it has been shown that Ca uptake which derives after CaCO3 weathering by endolithic cyanobacteria operates by Ca-transporting ATPases (Garcia-Pichel et al., 2010). In Arabidopsis, CSC1 is permeable to Ca and is gated in response to various environmental signals, primarily hyperosmotic stress. This evidence is consistent with the idea that when excess Ca ions are accumulated within the cell then CSC1 operates as to maintain physiological Ca levels (Hou et al., 2014).
Several genes encoding for putative redox enzymes were upregulated in response to HAP+ in NS condition, such as a NADPH oxidase and a NADH-ubiquinone oxidoreductase. Interestingly, it has been previously shown that oxidoreductase activity-associated genes are upregulated in response to K feldspar’s weathering by A. niger (Wang et al., 2015). Besides, oxidoreductases are very likely to be involved in amino acids and organic acid metabolism reactions, where organic acids are further involved in the solubilisation of HAP.
Many putative transporter encoding genes are also upregulated in response to HAP such as a MATE efflux pump, an MFS polyamine transporter and the Mg transporter ALR1. The MATE efflux pump gene is the second most significantly upregulated gene and may be involved in the efflux of compounds actively involved in HAP weathering, such as organic acids. MATE transporters are secondary carriers which have been shown to mediate the extrusion of several potentially toxic compounds such as cationic drugs and organic compounds (Omote et al., 2006). On the other hand, the synthesis and final transport out of the cell of organic acids, which are toxic for the cell due to their acidity and chelating activity (Gadd et al., 2014), may operate in a vesicle-mediated manner. The upregulation of genes encoding for a putative AAA+-type ATPase and a RGP1 domain-containing protein may support an intracellular transport mechanism of organic acids, since AAA+-type ATPase and RGP1 domain-containing proteins are involved in vesicular mediated transport in fungi (White and Lauring, 2007; Pusapati et al., 2012).
Downregulated genes in the presence of HAP in NS condition, include genes encoding for putative components of primary metabolism, such as a cytochrome-c oxidase (complex IV) and two cytochrome-c reductases (Complex III), indicating reduced respiration, or subunits E and H of the ATP synthase (Figure 5.4B). As complex III is responsible for reactive oxygen species (ROS) production in eukaryotic cells (Dröse and Brandt, 2008), downregulation of cytochrome-c reductases in the presence of HAP may result in lower accumulation of radical species during weathering. Indeed, one putative glutathione peroxidase (GPX2) involved in hydrogen peroxide scavenging was also found to be downregulated in HAP+ in NS condition, as well as a putative ROS-dependant thioredoxin, potentially involved in redox signalling (Figure 5.4B). Additionally, genes encoding three putative glutathione S-transferases were downregulated (Figure 5.4B), providing indirect evidence of a potential change in the cytosolic redox state of P. involutus during HAP weathering in NS condition.
Multiple components of carbohydrate and fatty acid biosynthesis were also downregulated during HAP weathering by P. involutus in NS conditions (Figure 5.4B). Interestingly, both carbohydrate metabolism components and the cytochrome-c oxidase gene were upregulated in a previous study on feldspar mineral weathering by A. fumigatus (Xiao et al., 2012), suggesting that different fungal species may employ different weathering mechanisms. Together, the downregulation of genes encoding respiration components, ATP synthesis subunits, redox regulators, carbohydrate metabolism and fatty acid biosynthesis indicate that, in NS condition, P. involutus profoundly alters its primary metabolism during HAP weathering.
Notably, the high-affinity transporter gene PiPT1 was strongly downregulated in the presence of HAP in NS conditions (Figure 5.4B), confirming previous qRT-PCR results (Chapter 4, Figure 4.8D). As shown in previous chapters (Chapter 2 and Chapter 3), the gene expression levels of this transporter are inversely proportional to the availability of Pi. The finding of downregulation of PiPT1 in the presence of HAP may be an indication of increased Pi that becomes available to the fungal hyphae via HAP weathering. Similarly, a gene encoding for a putative hydrolase protein from the haloacid dehydrogenase (HAD) superfamily was also found to be downregulated (Figure 5.4B). Proteins from this family have been shown to have phosphatase activities in Arabidopsis over a different range of substrates (Caparrós-Martín et al., 2013) and, like PiPT1, this gene could be downregulated due to the increased Pi availability after fungal-driven HAP weathering.
Several genes encoding signalling proteins were also found to be downregulated, including one zinc-finger (ZF) transcription factor, one serine/threonine kinase and one small GTPase from the Ras superfamily. These proteins may act as negative regulators of the HAP weathering process.

[bookmark: _Toc507604086][bookmark: _Toc507604353][bookmark: _Toc519017055][bookmark: _Toc520837968]5.4.3 P. involutus DJR1 gene transcriptional regulation of HAP weathering in S condition
Many genes encoding for proteins putatively involved in N and carbohydrate metabolism were upregulated in response to HAP in S condition (Figure 5.5A). This finding could be relevant to the nutrient exchange role of mycorrhizal symbiosis, since the fungal partner provides nutrients to the plant such N and P in exchange for photosynthetic sugars (Bücking et al., 2012). Upregulation of these genes in the presence of HAP could be explained by enhanced metabolism in the plant or the fungus, deriving from higher availability of Pi after HAP weathering. Putative proteins involved in amino acids metabolism include a beta-Ala-His dipeptidase, an alanine aminotransferase and two aminoadipate reductases (Ljungdahl and Daignan-Fornier, 2012; Chalot et al., 1995; Xu et al., 2006). In addition, upregulation of two putative aspartyl protease encoding genes may be involved in N acquisition, through protein degradation (Mandujano-González et al., 2016). Also, upregulation of a putative amino acid transporter encoding gene could mediate the release of amino acids to the plant partner.
Upregulated carbohydrate-related genes, which could regulate the exchange of plant-derived or fungal carbohydrates, are genes encoding for putative proteins involved in both carbohydrate metabolism and transport. For instance, phosphoenolpyruvate carboxykinase, glycoside hydrolase and UDP-glucose pyrophosphorylase are enzymes known to be involved in carbohydrate metabolism (Ceccaroli et al., 2011). A putative MFS transporter encoding gene has been found to be upregulated, where members of the MFS family of transporters are known to mediate carbohydrate transport (Quistgaard et al., 2016).
Interestingly, among the genes upregulated in the presence of HAP in S condition, two encode for a putative MATE efflux transporter and an MSF transporter, both localised in plasma membrane. Transporters of the MATE family are known to actively extrude out of the cell a diverse array of organic compounds, including organic acids (Kuroda and Tsuchiya, 2009). In particular, in Arabidopsis and poplar MATE transporters were characterized to efflux both citric and malic acid out of the cell (Liu et al., 2009; Li et al., 2017). On the other hand, MFS transporters can facilitate influx or efflux of mono- or di-carboxylic acids in different fungal species (Casal et al., 2008). In this stage of analysis, however, is not possible to accurately determine the substrate of the MATE and MFS transporter. Among other transporters, a Ca-dependent ATPase encoding gene was also found to be upregulated. Ca-ATPases extrude Ca ions out of the cell or into intracellular compartments (Miller et al., 1990). For this reason, the identified Ca-dependent ATPase may be involved in maintaining Ca homeostasis within the cell, where Ca ions accumulate as by-products of HAP weathering. Interestingly, Ca-ATPases were found to be upregulated during AM symbiosis between Glomus intraradices and Medicago truncatula (Liu et al., 2013a), suggesting that Ca-ATPases may also play a role in plant-fungus interaction and signalling. 
Multiple genes coding for putative signalling proteins were identified to be upregulated in the presence of HAP in S condition, such as a tyrosine phosphatase, a ZF transcription factor, a WD40 repeat-containing protein and a diacylglycerol kinase (Figure 5.5A). Tyrosine phosphatases act by removing phosphorylation of tyrosine residues, and have been shown to be primary regulators of development in the fungal model S. cerevisiae (Zhan et al., 2000). On the other hand, diacylglycerol kinases, which convert diacylglycerol into phosphatidic acid, has been shown to be key regulators of lipid signalling in diverse fungal species (Shea and Del Poeta, 2006).
Other prominent classes of genes upregulated in the presence of HAP in S conditions include putative redox proteins, such as multiple cytochromes P450 (Figure 5.5A). These heme-thiolate monooxygenases show great diversity between Basidiomycota species and catalytic versatility (Qhanya et al., 2015), and have been found to be upregulated in a previous transcriptional analysis of K feldspar weathering by A. fumigatus (Xiao et al., 2012). Interestingly, bacterial cytochromes with multiple heme-groups have been investigated for their ability to transfer electrons directly on the surface of iron (Fe)- or magnesium (Mn)-based minerals, resulting to altered mineral structure (Fredrickson and Zachara, 2008; Richardson et al., 2013). This process has been shown to be enhanced by extracellular secretion of redox compounds like flavins or quinones (Okamoto et al., 2013). Analysis of putative cellular localization of the three upregulated cytochrome P450 enzymes of P. involutus revealed that one of them (protein ID 82157, JGI database) is localized in the plasma membrane, according to WoLF PSORT protein localization tool (Horton et al., 2007). It is tempting to speculate that the identified cytochrome P450 of P. involutus may also act directly on the mineral surface as its substrate, potentially affecting mineral structure.
The gene showing the most significant upregulation in P. involutus hyphae in the presence of HAP in S conditions encodes for a putative formate dehydrogenase (Figure 5.5A). Interestingly, in fungi, upregulation of genes coding for this enzyme has been linked with catabolism of formic and oxalic acid, when present in high concentrations, triggering the release of CO2 (Watanabe et al., 2008; Grąz et al., 2017). The strong induction of this gene in P. involutus hyphae in the presence of HAP in S conditions may be an indirect indication of the presence of formic and oxalic acid within the HAP weathering system. Additionally, the CO2 released by the formate dehydrogenase reaction may contribute to increased acidification and drive additional mineral weathering (Hoffland et al., 2004).
Additionally, a gene encoding a protein containing an ANTH domain has been identified as upregulated. These proteins are involved in clathrin-coated vesicles formation in eukaryotes (Zouhar and Sauer, 2014), supporting the idea that transport of weathering compounds, potentially toxic for the fungal cell, may operate in a vesicle-mediated manner.
Multiple genes upregulated in the presence of HAP in S conditions encode putative secondary metabolites biosynthetic enzymes, such as a ketopantoate hydroxymethyltransferase, a 2-oxoglutarate-Fe(II)oxidoreductase, and acyl-CoA synthetase and thioesterase (Figure 5.5A). In A. nidulans, a ketopantoate hydroxymethyltransferase gene was shown to be required for biosynthesis of panthotenate and coenzyme A (Kurtov et al., 1999). Both 2-oxoglutarate-Fe(II)oxidoreductase and polyketide synthase are involved in the biosynthesis of polyketides, secondary metabolites with diverse function (Cox and Simpson, 2009; Lim et al., 2012). These secondary metabolites may play a role in HAP weathering by P. involutus. Identification of specific compounds through metabolomics analysis may help to elucidate the type of secondary metabolites produced, and potentially their function in fungal mineral weathering.
One gene coding for a putative hydrophobin protein has also found to be upregulated in the presence of HAP in S condition (Figure 5.5A). These Basidiomycete-specific proteins are able to create an extracellular hydrophobic layer and were shown to be essential for fungal attachment and growth on mineral surfaces (Bonneville et al., 2009).
Interestingly, a putative extracellular-secreted acid phosphatase has been found to be upregulated. While acid phosphatases from the soil biota have been mostly characterized for their role in organic phosphate release (Darch et al., 2016; Margalef et al., 2017), is tempting to speculate that specific ones may directly contribute to HAP mineral weathering. For instance, fungal acid phosphatases can be stabilized by adsorption to mineral surfaces, enhancing their catalytic activity (Kedi et al., 2013). Additionally, in mammals, acid phosphatases are produced by osteoclast cells for resorption of the HAP matrix of bone tissue (Bull, 2002).
Similar to NS conditions, the high-affinity Pi transporter gene PiPT1 was found to be strongly downregulated in the presence of HAP in S condition (Figure 5.5B). Notably, specific P. involutus genes which were found to be upregulated in low Pi conditions in P-varying RNA-seq experiment in both NS and S (Chapter 3, Figures 3.4 and 3.5), are found instead to be downregulated in the presence of HAP in S conditions (Figure 5.5B). These genes encode for putative P metabolism-related proteins, such as a purple acid phosphatase and a putative acid phosphatase, and which are commonly upregulated during Pi starvation (Kang and Metzenberg, 1990), or a diphosphoinositol-polyphosphate diphosphatase, involved in the removal of Pi groups from diphospho-myo-inositol polyphosphate (Safrany et al., 1999). Additional genes previously found to be upregulated in low Pi condition encode for proteins putatively involved in phospholipid metabolism, such as a glycerol-3-phosphate acyltransferase, which catalyses the first step in the biosynthesis of triacylglycerol (Gao et al., 2013), and a glycerophosphoryl diester phosphodiesterase. Ultimately, two putative geranylgeranyl pyrophosphate synthases, required for the biosynthesis of terpenoid precursors (Alcaíno et al., 2014). The identification of multiple downregulated genes which were previously characterised to be induced in low Pi availability (Low Pi in the RNA-seq experiment of Chapter 3, HAP- in the RNA-seq experiment presented in this chapter), clearly indicates that P. involutus experiences increased levels of Pi in the presence of HAP. As no other available sources of Pi are present within the HAP weathering system, then the additional Pi is released after HAP solubilisation driven by the fungal hyphae. Notably, the high-affinity Pi transporter gene PiPT1 is found to be strongly downregulated in the presence of HAP in both NS and S condition. These findings, together with the identification of a higher Pi content in fungal hyphae in S HAP+ condition (Figure 5.1D), provide indirect evidence that HAP weathering is enhanced by EM symbiosis, as reported previously for P. involutus (Smits et al., 2012).
Among transcripts most significantly downregulated in the presence of HAP in S condition, many encode for proteins putatively involved in plant-fungus interaction during EM symbiosis (Figure 5.5B). One example includes a putative polysaccharide lyase (family 14), which degrades plant cell wall polysaccharides. In P. involutus polysaccharide lyases are mostly downregulated during EM symbiosis, as these genes are active in saprophytic lifestyle (Rytioja et al., 2014). Another example includes a putative glycosyltransferase (family 59), involved in the biosynthesis of glycosides (Xie et al., 2017). A recent study on C allocation in roots of Aspen plants (Populus tremuloides) forming EM symbiosis with Laccaria bicolor or P. involutus showed that, in limiting Pi conditions, production of non-structural carbohydrates from photosynthetic sugars is reduced in favour of glycosides and tannins (Shinde et al., 2017). As P. involutus receives primary photosynthates from P. sylvestris seedlings, it is possible that limiting Pi conditions may cause a similar switch in C allocation. The finding of downregulation of this putative glycosyltransferase encoding gene may be an indication that, in the presence of HAP, P. involutus does not experience Pi starvation.
Interestingly, a gene encoding a putative paxillin protein and a gene encoding a GTPase of the Ras superfamily were found to be downregulated in the presence of HAP (Figure 5.5B). In the filamentous fungus Ashbya gossypii, both a paxillin-like protein and a Ras-GTPase were found to be necessary for hyphal growth and branching (Bauer et al., 2005; Knechtle et al., 2008). Additionally, a gene encoding a putative auxin efflux transporter was also downregulated in the presence of HAP (Figure 5.5B). Production and secretion of endogenous indole-3-acetic acid (IAA) in the EM fungus Tricholoma vaccinum resulted in positive regulation of both hyphal length and hyphal branching (Krause et al., 2015). Downregulation of these putative regulators of hyphal growth in the presence of HAP in S conditions may indicate that P. involutus reduces the growth of exploratory mycelia once a P-bearing mineral source is identified and its weathering process is initiated.
Additional transporter encoding genes were found to be downregulated in the presence of HAP in S condition including a MATE efflux transporter and a plasma membrane Ca/H+ antiporter. Interestingly, Ca-dependent ATPases were found to be upregulated in the presence of HAP in both NS and S conditions (Figures 5.4A and 5.5A), which may indicate that P. involutus preferentially utilises ATP-dependant H+ pumps for the maintenance of Ca homeostasis during HAP weathering.
Analysis of the genes showing the most significant upregulation in HAP+ in S condition compared to HAP+ in NS condition (Figure 5.6A) gives a selection of genes which are not induced in the presence of HAP in NS condition, but strongly induced in the presence of HAP in S condition.
Most notably, multiple genes encoding putative enzymes involved in carboxylic acid metabolism are found to be upregulated in this selection. LMWOA organic acids secreted on mineral surfaces are widely accepted as one of the main agents of mineral weathering by fungi, and in particular by mycorrhizal ones that have access to C sources from the symbiotic plant (Gadd, 2017). The identification of putative upregulated organic acid metabolic genes in the presence of HAP in S condition represents the first molecular evidence on the role of organic acids as drivers of EM mineral weathering. In particular, two putative oxalate decarboxylases, involved in degradation of oxalic acid into formate and CO2, and one formate dehydrogenase, involved in the degradation of formate into CO2, were found to be strongly upregulated in the presence of HAP compared to NS condition (Figure 5.6A). In fungi, upregulation of genes encoding for both of these enzymes have been linked with catabolism of oxalic acid, when present in high concentrations (Watanabe et al., 2008; Grąz et al., 2017). Oxalic acid is a key metabolite for fungal mineral weathering, both for its strong acidifying and chelating properties and for its ability to form mineral oxalates, which precipitate potentially toxic ions, such as Ca, deriving from the process of mineral weathering (Gadd et al., 2014; Schmalenberger et al., 2015). Excess oxalic acid, however, is toxic for the cell and needs to be degraded (Dutton and Evans, 1996; Gadd et al., 2014). The strong upregulation of these genes in P. involutus hyphae in the presence of HAP in S conditions may be an indirect indication of the abundance of oxalic acid within the weathering system. Another upregulated gene encoding for a putative organic acid metabolic enzyme is an isocitrate lyase. In fungi, this enzyme catalyses the cleavage of isocitrate, producing succinate and glyoxylate bypassing two oxidative steps of the tricarboxylic acid (TCA) cycle (Britton et al., 2000; Ceccaroli et al., 2011). Succinic acid has been shown to be a potential weathering agent in different fungal species, and has been found in various soil extracts (Drever and Vance, 1994; Strobel, 2001; Chen et al., 2016). Glyoxylate, on the other hand, has been shown to be used by P. involutus as a substrate for oxalic acid biosynthesis, as an alternative pathway from the oxaloacetate one (Lapeyrie et al., 1987). Interestingly, a gene encoding a putative P. involutus GAPDH enzyme is also found to be upregulated in HAP+ in S condition compared to HAP+ in NS condition. GAPDH is involved in glycolysis, where pyruvate is the end product and serves as a substrate in the TCA cycle (Ceccaroli et al., 2011). Upregulation of this gene may indicate that, in the presence of HAP in S conditions, P. involutus primary C metabolism is enhanced, possibly resulting in enhanced energy production and/or carboxylic acid biosynthesis from the TCA cycle.
Additional molecular evidence for the role of organic acids in HAP weathering comes from the identification of a putative plasma membrane monocarboxylic acid transporter (Casal et al., 2008). As a monocarboxylic acid transporter, its substrate may be the formic acid, which is a by-product of oxalic acid degradation (Dutton and Evans, 1996; Gadd et al., 2014). Formic acid has also been indicated as a potential mineral weathering agent (Drever and Vance, 1994; Fox and Comerford, 1990; Fomina et al., 2008). Hence, this transporter may be involved in either efflux of a monocarboxylic acid (for mineral weathering) or its influx (for degradation and detoxification). Additional transporters found to be upregulated in HAP+ in S condition compared to HAP+ in NS condition include one putative amino acid transporter and two putative MFS transporters (Figure 5.6A) (Quistgaard et al., 2016). While it is not possible to identify the substrate and directionality of these transporters, they may play a role in mobilizing metabolites utilized in HAP weathering in S condition.
A gene found to be upregulated in HAP+ in the S condition encodes for a putative IAA-amido synthetase (Figure 5.6A). In plants, this enzyme inactivates excess IAA by its ligation to an amino acid inhibitor (Staswick, 2005; Böttcher et al., 2010). Endogenous IAA in the EM fungus T. vaccinum has been shown to be involved in positive regulation of both hyphal tip length and branching (Krause et al., 2015). Upregulation of the IAA inhibitory enzyme encoding gene in the presence of HAP in S condition, but not in NS condition, seems consistent with the previous identification of two putative IAA synthesis and transport genes downregulated in S condition in the presence of HAP (Figure 5.5B). Together these results may indicate that P. involutus reduces growth and branching of exploratory mycelia once a P-bearing mineral source is identified and its weathering process is initiated, but only when grown in S condition.
Surprisingly, a putative lytic polysaccharide mono-oxygenase and a putative GMC oxidoreductase encoding genes have also been found to be upregulated in the presence of HAP in S condition (Figure 5.6A). In fungi, these genes are involved in cellulose and lignin degradation respectively (Fernández et al., 2009; Villares et al., 2017), and are characteristic of saprophytic lifestyle.
Multiple genes encoding for putative signalling proteins have been found to be upregulated by the presence of HAP in S condition. These genes encode for two tyrosine phosphatases, a WD40 repeat-containing protein, a phosphotransferase and an ARM repeat-containing protein (Figure 5.6A). Tyrosine phosphatases act by removing phosphorylation of tyrosine residues, and have been shown to be primary regulators of development in the fungal model S. cerevisiae (Zhan et al., 2000). In fungi, several ARM repeat-containing proteins have been shown to be involved in regulation of growth, cytoskeleton assembly and vesicle formation (Tewari et al., 2010). Additionally, an upregulated gene encoding for the putative Alu domain of a signal recognition particle (SRP), made of subunits 9 and 14 (SRP9/SRP14 superfamily), has been found. The SRP is a ribonucleoprotein complex involved in post-translational regulation and responsible for targeting proteins to the ER membrane (Keenan et al., 2001). In-silico analysis has identified SRP RNAs in the internal transcribed spacer 1 (ITS1) of ribosomal DNA of multiple EMF (Alm Rosenblad et al., 2016). The SRP RNA acts as a scaffold and regulator of SRP complex (Akopian et al., 2013) suggesting that the SRP complex may act on ribosomal regulation in EMF. Altogether, these genes may be involved in positive regulation of HAP weathering in S condition specifically.
Figure 5.6B shows the top 50 genes with the most significant downregulation in S HAP+ compared to NS HAP+. Most of the genes in this comparison are genes induced by HAP+ in NS condition but not by HAP+ in S condition.
Many genes in this selection encode for putative transporter proteins. For instance, two genes encode for putative plasma membrane Ca-dependent ATPases, extruding Ca ions from the cytoplasm, while another gene encodes for the CSC1 channel, which mediates the uptake of Ca ions (Gadd, 2007). Interestingly, the specific transcripts corresponding to these genes have been found to be upregulated by HAP+ in NS condition when compared to HAP- in NS condition (Figure 5.4A), whereas different transcripts encoding putative Ca-dependent ATPases have been found to be upregulated in response to HAP+ in S condition (Figure 5.5A). Together these findings strongly suggest that P. involutus utilises different Ca transporters while in S or NS condition, for maintaining homeostasis of Ca ions accumulating from HAP weathering. Additionally, a gene encoding a putative efflux transporter of the MATE family (Omote et al., 2006) found to be downregulated in this selection, has also been found to be upregulated by HAP+ in NS condition (Figure 5.4A), indicating that this MATE transporter may be specifically involved in the transport of HAP-related compounds in the NS condition only. 
Interestingly, two genes encoding putative geranylgeranyl pyrophosphate synthases, required for the biosynthesis of terpenoids precursors (Alcaíno et al., 2014), have been found to be downregulated in HAP+ in S conditions compared to HAP+ in NS condition (Figure 5.6B). The specific transcripts corresponding to these genes have also been found to be upregulated during Pi starvation (Figures 3.4A and 3.5A). In addition, these genes have found to be downregulated in HAP+ compared to HAP- in S condition (Figure 5.5B). Because the downregulation of these genes in HAP+ in S condition may be occurring from augmented Pi availability deriving from HAP weathering, the identification of a strong downregulation between HAP+ in S condition and HAP+ in NS condition may indicate that, in S condition, fungal hyphae experience higher availability of Pi compared to NS condition. This finding could be an indirect indication of a more efficient Pi solubilisation from HAP weathering by P. involutus when in S condition.
Ultimately, a putative ZF transcription factor was found to be downregulated in HAP+ in S condition compared to HAP+ in NS condition (Figure 5.6B). The transcripts corresponding to this gene have also been found to be strongly upregulated by HAP+ in NS conditions (Figure 5.4A), indicating that this gene may be specifically involved in positive regulation of HAP weathering in NS condition only.
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As mentioned before, the transcriptional response of symbiotic fungal hyphae to HAP differs profoundly from the response of hyphae grown non-symbiotically. Nonetheless, 16 genes were found to be significantly upregulated by HAP+ in both NS and S conditions. Most of these genes encode putative signalling proteins, such as a WD40 domain-containing protein, or a protein kinase similar to Sck1 (Figure 5.9). The latter was characterised as a key regulator of fungal growth and development, in response to external nutrient composition and availability (Mudge et al., 2014).
Another putative signalling gene upregulated by HAP in both S and NS conditions shares amino acid similarity with Gcn1 (Figure 5.9), a positive activator of the protein kinase Gcn2 responsive to amino acid starvation but also (sodium) Na and K toxicity (Goossens et al., 2001). Similarly, the putative osmosensor SSK1 was also found to be upregulated (Figure 5.9), which in S. cerevisiae relays osmotic stress signals to downstream kinases (Smith et al., 2010). These findings indicate that, in the presence of HAP, P. involutus may experience osmotic stress from weathering-derived ions. Previous finding of upregulation of diverse Ca-dependant ATPases in presence of HAP (Figure 5.4A and 5.5A) seems to support this hypothesis. It is also tempting to speculate that a sudden change in ion homeostasis within the exploratory mycelia, resulting from the weathering of a nutrient-rich mineral, may signal the presence of an exploitable nutritional source to the fungus. In this perspective, recognition of nutrient-rich minerals by exploratory mycelia of EMF may operate through an osmosensory-based mechanism.
Other upregulated genes in the presence of HAP in both NS and S conditions also encode for putative signalling proteins, such as the phosphatidate phosphatase PAH1, which converts phospatidates into DAG, and a DAG kinase, which converts DAG into phosphatidic acid (PA) (Figure 5.9). PA is a precursor in membrane phospholipid biosynthesis, but can also act as a lipid signal for recruiting cytosolic proteins to membranes (Liu et al., 2013). Interestingly, PA has also been linked with vesicle formation and their extrusion (Siddhanta et al., 2000; Yang et al., 2008; Vallejo et al., 2012). Additional genes encoding putative vesicle formation and trafficking factors are also found to be upregulated in this selection. These include a Vam6/Vps39-like protein, potentially involved in vesicles fusion (Oka et al., 2004), a protein containing an ANTH domain, involved in clathrin-coated vesicles formation in eukaryotes (Zouhar and Sauer, 2014), and a VAMP component, involved in vesicle fusion during exocytosis (Protopopov et al., 1993). The upregulation of multiple components of a putative exocytosis pathway in both NS and S conditions supports the idea that extrusion of potentially toxic weathering agents may happen in a vesicle-mediated manner, as discussed previously (Sections 5.4.1 and 5.4.2).
Most of the putative signalling genes found to be upregulated by the presence of HAP in both NS and S conditions are comprised of upstream signalling genes (Figure 5.9), indicating that these genes could be putative key regulators of HAP weathering.
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Analysis of metabolites produced in response to HAP weathering yielded only two metabolites enriched in both NS and S conditions (Figure 5.12A, cluster I). The first one identified is oxaloacetate, which, most interestingly, appears to be produced in slightly higher amounts in the S condition (Figure 5.12A, cluster I). Oxaloacetate is a well-characterised precursor of oxalic acid biosynthesis in fungi (Gadd et al., 2014; Grąz et al., 2017). The identification of increased amounts of oxaloacetate together with the lack of detection of oxalic acid in the presence of HAP indicates that P. involutus may rapidly cycle oxalic acid into formate and ultimately CO2. This mechanism could protect against oxalic acid toxicity (Gadd et al., 2014) and further acidify the fungal-mineral interface, through the production of carbonates (Hoffland et al., 2004). This hypothesis is supported by the identification of two putative oxalate decarboxylases and one putative formate dehydrogenase strongly upregulated by the presence of HAP in S condition (Figures 5.5A and 5.6A). The second metabolite, glucuronic acid, is produced by the oxidation of glucose, although this biochemical reaction has only been described in pathogenic fungi (Griffith et al., 2004). The presence of glucuronic acid in both NS and S conditions may be a direct consequence of the presence of glucose as the main sugar source in the weathering system (Appendix, Table 8). A potential role for glucuronic acid in fungal mineral weathering has only been speculated so far (Drever and Vance, 1994). Multiple studies on the weathering of different minerals based on different fungal species preferentially identified gluconic acid (Sterflinger, 2000; Fomina et al., 2008; Bindschedler et al., 2016; Gadd, 2017), which is also a glucose-derived organic acid. However, the dissociation constant of glucuronic acid (pKa, 3.21) is lower than that of gluconic acid (3.39), or than that of lactic (3.9) and malic acid (3.4), more commonly identified in multiple weathering studies (Wallander et al., 1997; Sterflinger, 2000; Fomina et al., 2005; Adeyemi and Gadd, 2005). The former may indicate that secretion of glucuronic acid may result in stronger acidification of the fungal-mineral interface, compared to other organic acids secreted during fungal mineral weathering. The identification of glucuronic acid enrichment in the presence of HAP in both NS and S conditions may constitute the first experimental evidence for the role of this organic acid in HAP weathering.
Notably, compounds enriched by HAP+ only in S condition include two phenolic dihydroxybenzoic acids, gentisic acid and protocatechuic acid (Figure 5.12A, cluster II; Figure 5.12B, cluster I). The presence of these acids has been reported in different soils, as reviewed in (Vranova et al., 2013). However, the role of dihydroxybenzoic acids in mineral weathering has been documented in bacterial species only (Uroz et al., 2009). The identification of these compounds may be the first evidence for their role in HAP weathering by a fungal species.
On the other hand, in NS condition a wide array of organic acids were specifically induced by the presence of HAP. These include gluconic acid, succinate, glyoxylic acid, pipecolic acid, folic acid, nicotinic acid, hydroxhyphenillactic acid, shikimic acid, as well as polyketide acids such as emodic or pestheic acid (Figure 5.12A, cluster IV; Figure 5.12B, cluster III). As mentioned earlier, gluconic acid, succinic acid and glyoxylic acid were previously identified to be secreted by different fungal species on the surface of weathered minerals (Fomina et al., 2008; Bindschedler et al., 2016; Gadd, 2017; Sterflinger, 2000). Interestingly, a recent study on K feldspar weathering by Rhizobium strains showed that production of organic acids derived from glucose metabolism (gluconic and acetic acid) was increased in media supplied with lower glucose concentration (Chen et al., 2016). P. involutus grown in symbiosis has access to primary photosynthetic sugars (Wright et al., 2000; Nehls et al., 2010), in addition to glucose present in the media of the weathering system. From this perspective, in S condition P. involutus experiences higher glucose availability than hyphae grown in the NS condition. The metabolic profile presented in this chapter reflects the findings of (Chen et al., 2016), as hyphae grown in NS condition, hence grown in lower glucose availability, produce higher amounts of organic acids deriving from glucose metabolism (Figure 5.12A, cluster IV; Figure 5.12B, cluster III). However, production of multiple organic acids in the NS condition does not necessarily correlate with enhanced solubilisation of HAP. On the other hand, HAP solubilisation was more evident in the S condition (Figures 5.1D and 5.2V), which may suggest that HAP solubilisation is preferably driven by organic acids with lower pKa, such as oxalate.
Two auxins, IAA and 3-indolepropionic acid, have been identified to be produced in the presence of HAP in NS condition only (Figure 5.12A, cluster IV). This finding may correlate with the previous identification of a putative downregulated auxin efflux transporter and a putative upregulated auxin-inhibiting gene in S condition (Figures 5.5B and 5.6A), in which no auxins were identified (Figure 5.12A, cluster II; Figure 5.12B, cluster I). The identification of auxins in NS condition confirms that P. involutus produces endogenous auxins, which can have a stimulatory effect on hyphal growth and branching. While the role of endogenous fungal auxins in both EMF and arbuscular mycorrhiza fungi (AMF) has been clearly linked with establishment of the mycorrhizal symbiosis (Ludwig-Müller and Güther, 2007; Felten et al., 2012), the metabolites presented in this chapter are derived from the fungal-mineral interface, colonised mostly by exploratory mycelia only. The enhanced production of these auxins by HAP+ in NS conditions only seems to indicate that their role is mostly linked with hyphal growth and branching of the foraging mycelia, as previously established in the EM fungus T. vaccinum (Krause et al., 2015).
Multiple membrane phospholipids were identified in both NS and S conditions in the presence of HAP, including triacylglycerols, phosphatidylcholines (PC), phosphatidylethanolamines (PE) and phosphatidylglycerides (PG) (Figure 5.12). These lipids are most likely derived from degraded fungal membranes during harvesting of metabolites from the polystyrene discs. Their relative abundance in HAP+ may indicate the increased fungal colonisation of HAP-coated discs compared to uncoated ones.
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Fungal solubilisation of Pi-rich minerals can provide an alternative form of Pi acquisition by plants, when in mycorrhizal symbiosis. In this chapter, a previously-established HAP weathering system colonised by the EM fungus P. involutus, either with or without EM symbiosis with P. sylvestris seedlings, was subjected to different “omics” analyses, to unravel the molecular mechanisms behind HAP solubilisation by the fungal hyphae. 
In respect to the five initial hypotheses, the first was only confirmed for Pi content within the fungal hyphae, which increased in response to HAP solubilisation (Figure 5.1D), but not within the needle or root tissues (Figure 5.1B). In addition, despite the increase in the fungal Pi content in the S condition, this did not lead to increased fungal (Figure 5.1E) or plant dry mass (Figure 5.1C).
The second hypothesis was partially validated, as P depletion was evident only in the S condition (Figure 5.2V), but not in the NS condition (Figure 5.2III). 
The third hypothesis was also confirmed, since secondary minerals formation was observed at both NS and S conditions (Figures 5.2K-M and Figure 5.2T and U).
In respect to the fourth hypothesis this was in part valid, since the presence of HAP in both NS or S conditions induced various genes involved in ion/compound transport, such as Ca or Mg transporting genes and many MATE or MFS transporter genes, but not genes involved in H+ extrusion (Figures 5.4A, 5.5A and 5.6A). Besides, many genes encoding putative enzymes involved in organic acids metabolisms were also upregulated (Figure 5.4A, 5.5A and 5.6A). Indeed, genes related to Pi transport or metabolism were downregulated, for example the PiPT1 gene (Figures 5.4B, and 5.5B).
Lastly, the fifth hypothesis was confirmed since multiple metabolites enhanced by the presence of HAP in NS or S condition or both were identified (Figure 5.12), including LMWOAs that have been previously described in mineral weathering.
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[bookmark: _Toc507604092][bookmark: _Toc507604359][bookmark: _Toc519017061][bookmark: _Toc520837974]6.1.1 Inorganic phosphorus availability and hydroxyapatite weathering
The results presented in this thesis show that varying levels of inorganic phosphorus (Pi) strongly affect the growth and morphology of the ectomycorrhizal (EM) fungus Paxillus involutus (Figures 2.2, 2.4 and 3.1A), and trigger significant changes in the hyphal transcriptional responses (Figure 2.8 and Figures 3.2-3.9). In particular, global transcriptomic analysis revealed that low Pi availability triggered the upregulation of P. involutus genes related to Pi transport, such as high-affinity Pi transporters, or to Pi metabolism, such as multiple (acid) phosphatases, in both non-symbiotic (NS) or symbiotic (S) conditions with its host Pinus sylvestris (Figures 3.4A and 3.5A). Additionally, low Pi availability resulted in downregulation of genes involved in nitrogen (N) primary metabolism and uptake, such as nitrate reductases, necessary for N uptake in fungi (Unkles et al., 2004), or ammonium permeases (Figures 3.4B and 3.5B). Interestingly, among the genes most significantly downregulated by low Pi availability in the S condition, there are genes encoding for proteins involved in N transfer to the host plant, including an ammonium transporter, a urea transporter and a MATE efflux pump potentially involved in amino acid efflux (Jin et al., 2012). It is well known that the mycorrhizal symbiosis enhances both P and N acquisition in limiting conditions (Brandes et al., 1998; Bücking et al., 2012). However, a study reported that the types of plant-fungus interaction during arbuscular mycorrhiza (AM) symbiosis, ranging from mutually symbiotic to parasitic, are affected by different combinations of limited availability of both P and N (Nouri et al., 2014). In particular, varying Pi content resulted in the AM fungus Rhizophagus irregularis to exhibit parasitic behaviour, by withdrawing nutrients from its plant host (Petunia hybrida) (Nouri et al., 2014). The downregulation of putative N exporters during EM symbiosis suggests that, at low Pi availability, the EM fungus P. involutus may also reduce N transfer towards its plant host.
Low Pi availability is required to trigger weathering of the Pi-bearing mineral hydroxyapatite (HAP) by the hyphae of P. involutus (Figures 4.4 and 4.5). At the same time, HAP weathering results in Pi accumulation within the fungal hyphae (Figure 5.1D), which in turn triggers the repression of gene transcriptional responses related to low Pi availability. The most prominent example is the P. involutus high-affinity Pi transporter gene PiPT1, of which expression is upregulated at low Pi availability (Figures 3.4A and 3.5A), but is downregulated in fungal hyphae grown in the HAP solubilisation system due to HAP weathering (Figures 4.8D, 5.4B and 5.5B).
Analysis of Pi content of P. involutus hyphae grown in the HAP solubilisation systems revealed that the highest Pi accumulation in the fungal hyphae occurred when grown in EM symbiosis with P. sylvestris seedlings (Figure 5.1D). Similarly, energy dispersive X-ray (EDX) spectroscopy analysis together with scanning electron microscopy (SEM) showed statistically significant depletion of P content from HAP crystals in the S systems (Figure 5.2V). Additionally, transcriptional repression of several Pi-starvation responsive genes by the presence of HAP was more prominent when P. involutus was grown in EM symbiosis together with P. sylvestris (Section 5.4.3, Figure 5.6B). These findings show that HAP solubilisation is principally driven by P. involutus hyphae grown in EM symbiosis with its host tree. Indeed, putative genes involved in carbon (C) or N primary metabolism were found to be significantly upregulated by the presence of HAP in the S conditions (Figure 5.5A).

[bookmark: _Toc507604093][bookmark: _Toc507604360][bookmark: _Toc519017062][bookmark: _Toc520837975]6.1.2 Molecular mechanisms of HAP weathering
During the transcriptional response to low Pi availability, the majority of differentially expressed genes was shared between the S and NS condition (Figure 3.7). Notably, P. involutus transcriptional responses to the presence of HAP were principally different between the NS or S conditions, with only few differentially expressed genes to be shared between the two conditions (Figure 5.7). In particular, specific putative serine/threonine kinases, tyrosine phosphatase, transcription factors and other signalling encoding genes were specifically upregulated by the presence of HAP either in the NS or S conditions (Figures 5.4A and 5.5A, magenta annotations). These signalling proteins may independently contribute in the regulation of HAP weathering either in the NS or S conditions. On the other hand, few genes encoding multiple putative signalling proteins were found to be upregulated in response to HAP in both the NS and S conditions (Figure 5.9). These genes may constitute upstream regulators of the HAP weathering.
Interestingly, multiple genes encoding signalling protein putatively involved in vesicle formation and regulation were found to be upregulated by the presence of HAP, either exclusively in the NS or in the S condition, or in both. Genes encoding for a putative AAA+-type ATPase and a putative RGP1 domain-containing protein, involved in vesicular mediated transport in fungi (White and Lauring, 2007; Pusapati et al., 2012), were found to be upregulated by the presence of HAP in the NS condition (Figure 5.4A). Respectively, a gene encoding for an ANTH domain-containing protein, involved in clathrin-coated vesicles formation in eukaryotes (Zouhar and Sauer, 2014), was found to be upregulated by the presence of HAP in the S condition (Figure 5.5A). Additionally genes encoding for a putative VAM6/VPS39-like protein, potentially involved in vesicles fusion (Oka et al., 2004), another putative ANTH domain-containing protein, and a putative vesicle-associated membrane protein (VAMP), involved in vesicle fusion during exocytosis (Protopopov et al., 1993), were found to be upregulated by the presence of HAP in both the NS and S condition (Figure 5.9). The upregulation of multiple components of a putative exocytosis pathway in both the NS and S conditions supports the idea that extrusion of potentially toxic weathering agents may operate in a vesicle-mediated manner.
As mentioned previously, P. involutus transcriptional response to the presence of HAP varies significantly when the fungus is growing either non-symbiotically (NS condition) or in symbiosis with P. sylvestris seedlings (S condition). In the NS condition, several genes encoding putative redox enzymes were upregulated in response to the presence of HAP, such as a NADPH oxidase and a NADH-ubiquinone oxidoreductase (Figure 5.4A). Interestingly, it has been previously shown that oxidoreductase activity-associated genes are upregulated in response to potassium (K) feldspar weathering by Aspergillus niger (Wang et al., 2015). Besides, oxidoreductases are very likely to be involved in amino acids and organic acid metabolism, where organic acids are further involved in the solubilisation of HAP. Indeed, metabolomics analysis of secreted compounds enriched by the presence of HAP in the NS condition identified oxaloacetate, a known precursor of oxalic acid, and glucuronic acid, derived from the oxidation of glucose (Figure 5.12A, cluster I).
In the S condition, HAP presence also induces putative redox protein-encoding genes, such as multiple cytochromes P450 (Figure 5.5A), which have also been found to be upregulated in K feldspar weathering by Aspergillus fumigatus (Xiao et al., 2012). However, most notably, HAP presence in the S condition induced multiple genes encoding for low molecular weight organic acids (LMWOA)-related metabolic enzymes, such as formate dehydrogenase, oxalate dehydrogenases and isocitrate lyase (Figures 5.5A and 5.6A). LMWOA secreted on mineral surfaces are widely accepted as the main agents of fungal mineral weathering, and in particular by mycorrhiza, which have access to C sources from the host plant (Gadd, 2017). The identification of upregulated LMWOA-related metabolic genes in response to the presence of HAP during EM symbiosis stands as one of the first molecular evidence of the role of LMWOA in EM fungi mineral weathering. In fungi, upregulation of formate and oxalate dehydrogenases genes has been linked with catabolism of oxalic acid, when present in high concentrations (Watanabe et al., 2008; Grąz et al., 2017). On the other hand, the isocitrate lyase enzyme catalyses the cleavage of isocitrate, producing succinate and glyoxylate (Britton et al., 2000; Ceccaroli et al., 2011). Glyoxylate has been shown to be used by P. involutus as a substrate for oxalic acid biosynthesis, in an alternative pathway from the oxaloacetate one (Lapeyrie et al., 1987). Lastly, succinic acid has been shown to act as a potential weathering agent in various fungal species (Drever and Vance, 1994; Strobel, 2001; Chen et al., 2016).
Oxalic acid is considered a key metabolite for fungal mineral weathering, both for its strong acidifying and chelating properties and for its ability to form mineral oxalates, which conjugate potentially toxic ions deriving from mineral weathering (Gadd et al., 2014; Schmalenberger et al., 2015). Excess oxalic acid, however, is toxic for the cell and needs to be degraded (Dutton and Evans, 1996; Gadd et al., 2014). The metabolomic analysis identified the presence of oxaloacetate in response to HAP, both in the NS and S conditions (Figure 5.12A, cluster I). Lack of direct detection of oxalic acid through metabolomic analysis (Figure 5.12) and strong upregulation of oxalic acid catabolic genes in the S condition (Figures 5.5A and 5.6A), indicate that P. involutus may rapidly cycle oxalic acid into formate and ultimately CO2. This mechanism could protect against oxalic acid toxicity (Gadd et al., 2014) and potentially further acidify the fungal-mineral interface through the production of carbonates (Hoffland et al., 2004).
Similarly, the metabolomic analysis identified the presence of glucuronic acid in response to HAP, both in the NS and S conditions (Figure 5.12A, cluster I). While the role for glucuronic acid in fungal mineral weathering has only been speculated so far (Drever and Vance, 1994), its dissociation constant (pKa, 3.21) is lower than other organic acids which were identified in previous fungal weathering studies (Wallander et al., 1997; Sterflinger, 2000; Fomina et al., 2005; Adeyemi and Gadd, 2005). The identification of glucuronic acid in response to HAP presence in both the NS and S conditions, may constitute the first experimental evidence for its role in fungal mineral weathering.
According to transcriptomic analysis in response to the presence of HAP, different genes involved in calcium (Ca) homeostasis were identified between the NS and S conditions. In particular, in the NS condition, two Ca-transporting ATPases, mediating Ca extrusion (Miller et al., 1990), and the Ca-permeable stress-gated channel 1 (CSC1), mediating Ca uptake (Gadd, 2007), were found to be upregulated (Figure 5.4A). While, in the S condition, another Ca-dependent ATPase was found to be upregulated (5.5A). Taken together, these findings suggest that, during HAP weathering, P. involutus utilises different Ca transporters to maintain Ca homeostasis specific to the NS or the S condition.
A model of the molecular mechanisms of HAP weathering driven by the hyphae of P. involutus is shown in Figure 6.1.
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Figure 6.1 Putative mechanism of HAP weathering driven by hyphae of the EM fungus P. involutus, based on transcriptomic and metabolomic analyses. A. In the NS condition, oxalic acid, produced from oxaloacetate, and glucuronic acid are both released into the fungal-mineral interface surrounded by extracellular polymeric substances (EPS). The acidification of the fungal-mineral interface results in the weathering of HAP, which releases Pi and Ca ions. Pi is taken up by the fungal cells through high-affinity Pi transporters (PTs). Ca uptake is mediated via the putative CSC1 channel and Ca-ATPases to maintain Ca homeostasis. Extracellular oxalate conjugates with excess Ca ions to form secondary minerals along the fungal hyphae, such as calcium oxalates. B. In the S condition, higher amounts of oxalic acid produced both from oxaloacetate and glyoxylic acid, are released into the fungal-mineral interface together with succinic and glucuronic acid. Additionally, extracellular oxalate is degraded into formate by oxalate decarboxylases (OXDC), which is subsequently degraded into CO2 by formate dehydrogenase (FDH). CO2 which is released into the fungal-mineral interface may react with water producing carbonic acid (H2CO3). Altogether, these mechanisms result in enhanced acidification of the fungal-mineral interface, releasing higher amounts of Pi and Ca from HAP compared to the NS condition. Pi is absorbed into the fungal cell through high-affinity PTs, and some of the Pi is ultimately transferred to the plant host. Ca-ATPases maintain Ca cellular homeostasis. Higher amounts of extracellular oxalate and Ca ions results in increased deposition of secondary minerals along the fungal hyphae, such as calcium oxalates.
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Coming to the end of this research its central aim has been reached, and new candidate P. involutus genes essential for HAP weathering have been identified. Besides, novel metabolites as HAP-promoting weathering agents have been also found.
In respect to the three initial hypotheses posed, the first one was confirmed, since the majority of the P. involutus high-affinity Pi transporter genes, PiPT1, PiPT2, PiPT3, PiPT4 and PiPT7, were regulated in an inversely proportional manner in response to Pi availability. Importantly, at low Pi availability, EM symbiosis can affect certain Pi-responsive fungal genes. A key example is the P. involutus high-affinity Pi transporter gene PiPT4, which provides a possible mechanism of mediating fungal Pi uptake during EM symbiosis when Pi is in low availability.
In respect to the second hypothesis, this was found partially true, since transcriptomic analysis revealed that the presence of HAP had large effects on fungal primary and secondary metabolism components. Significantly, EM symbiosis was found to induce a completely different set of HAP weathering genes in P. involutus hyphae compared to the fungus growing non-symbiotically. These include multiple organic acid-related metabolic genes, putative LMWOA transporter genes, but not genes involved in H+ extrusion. 
Lastly, the third main hypothesis was validated, since metabolomic analysis identified multiple metabolites produced in response to HAP in the NS or the S condition, or in both. The analysis led to the identification of known LMWOA but also of putatively novel weathering agents such as glucuronic acid.
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The results obtained during this study could be used in further genetic engineering studies, with the purpose to develop fungal species able to accelerate the rate of mineral weathering. Potential applications of fungal mineral weathering range from rare earth minerals bioextraction (Koele et al., 2014; Zaharescu et al., 2017), nutrients extraction from soil minerals for plant nutrition (Martino and Perotto, 2010) and bioremediation applications (Bhattacharya et al., 2016; Liang et al., 2015; Ceci et al., 2015; Fomina et al., 2008).
Mycorrhizal fungi, and in particular EM fungi, may naturally achieve higher mineral weathering rates compared to other fungal species, thanks to the exploitation of additional carbohydrates received in form of photosynthates from their host plant (Leake et al., 2001; Quirk et al., 2012; Thorley et al., 2015). Isolating and genetically manipulating key components of mineral weathering in EMF may yield enhanced weathering rates for the applications listed above. Additionally, biotechnological approaches based on fundamental fungal weathering mechanisms could potentially apply in other than EM fungal species. For instance, in wood-rotting fungi or fungal species that are able of deteriorating building materials, genetic engineering of key weathering components could prove useful to prevent their destructive activities (Shimada et al., 1997; Sharma and Verma, 2011; Farooq et al., 2015).
One of the main limitations of studying transcriptional responses of P. involutus at the global scale level is that, currently, the reference genome of P. involutus ATCC 200175 is at its first draft iteration (scaffold, JGI 2011). For a large number of genes, the gene model of their genomic features is incomplete. Most importantly, the available predicted function of each protein-coding gene is either lacking or inaccurate in many cases. Hence, global downstream analysis of differentially expressed genes for specific biological pathways, based on the Kyoto Encyclopedia of Genes and Genomes (KEGG), or gene ontology (GO) enrichment is not feasible at this stage. For this reason, downstream analysis of transcriptomic data was limited to the most significantly up- or down-regulated genes (top 50). Most likely, future iterations of P. involutus ATCC 200175 genome will result in a more exhaustive analysis of transcriptomic-derived data.
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[bookmark: _Toc507604097][bookmark: _Toc507604364][bookmark: _Toc519017066][bookmark: _Toc520837979]Figure 1. Pi content analysis of pine seedlings and fungal hyphae at the mycorrhization stage. 10% MMN labels denote needle, root and hyphae Pi content, which was measured after seedlings and fungal hyphae were in the mycorrhization stage for 12 weeks before transfer to the MMNS Pi-varying experiment. Pi content is shown together with that obtained for each tissue after transfer to the MMNS Pi-varying experiment at each Pi concentration (data same as in Figure 2.6B and C). Statistically significant differences in Pi content were assessed by one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons (letters; α=0.05). For tissues at the mycorrhization stage in 10% MMN media, error bars represent standard error of the mean of six, 15 and nine biological replicates for the Pi content of needles, roots and fungal hyphae, respectively. For tissues during the MMNS Pi-varying experiment, error bars represent standard error of the mean of three biological replicates, except for the Pi content of fungal hyphae under S conditions for which two biological replicates were used.
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>PiPT5_ fgenesh1_pm.14_#_104
AAAGGTCAGGTGAGTTAGCGAATCTGCTGAGTGCTCATCCCCTGAAATTGTAAATGAGATTTACCACACCCTGGTTACGCCCTTAAAGATTCTTGAAGCAAAGCATGACCCCCGGAAACGGTTATAAGAAGCAGCCATGTTGGACGCGACCACTCGCTCCTCGCTCCTCTGTTCAGTGTTGACTTTGCTATCCACCAGAGATGCCTGGCTTGAAGGATCTATCCAGCGTTTCCCACATCTTTGCGTAACCTAGTCCTCCTTCTGCAGTGTTGTCAATTCTTGTCATTATTGAACTCCCCGCGCGCTCAAACAGTTGCGGAACAGCCTTATTTTCTGATGGTGCCCAGGTTTCTCCTTGTACTCGTGTAGAGTGATGCGACTTACTTTCTGTGTCCAAACAGGCTACGCTAACAGTGTCATCGGAGCGGGTATGTTTTCAGCCTCCTTATGTTCCTTCCCGTCTCATCTTTCCAACTATAGTCAATACTCGTAAGAATACCCACTGAATCGCCTGCTATCTAGGCTAATCACACCACTTCAGTTTTGGAACGTATCTACGGTTCCGATGTCATGACGGCGAATAACCATAGCAAGGCTTTCACTAGCGTCACCTTCGCAGGTTCAGTCATCTATGCCCTGGTTCTTCCATCATTGCCAACTCACAACCATAGGCACTGTTGTGGGCATGCTTATATTTGGTTGGGTATCCGACAAGATCGGCCGCAAGTTTGGAATGGTGAGCATACCCGTTACAAGTCACTTGGTATCCCTCTTTCCCTTACTCTATGAATTCCCTTAGATATCAGCAACCGGTATTGTTGCTCTCTTCATCCTGTCTGCTGCTTCTGCCGGCGCAAACAACAGTGTGGCTGGAATGTTGGCTATGCTTGCCGCCTGTCGGTAAATATACATTTTGTATGTCAGGCACCATCTCATCATTTTTTTGTTTCTTTTGTTTTTCATCTATAGCTTCTTGATCGGCATCGGCATCGGCGCAGGATACCCCTGTGGAACTGTTTCTGCCTCGGAACAGTCAGAGGAAGGCGCCATCGCCAAGAATGCTCAGCATCGGTGATTGGTACTTGCTACAAGTTCGTAATTCGCAGCTCTACCCCGACTCTCAATAAACATGCTGAACATGATTCTAGATACGATGATGGATGTTGGTTACGTGATTGGGGCATTTGTACCTCTCGTTTTGTGTTGGACGTAAGTCGTATTGCATCCCTGAGACAGGAGCGCTCGAGCCCACTACAGCTCACCAGCTTTGGAAACAATCACATTCGGGCTGTCTGGCGCCTCTCTCTCGGTCTAGGAGTCGTTCCAGCTCTGGCCGTACTTCTTTGGCGGCTACGCATGACGGAGCCACTGAGCTACAAGGACTCCATGAAATCTGCGCGGATCCCATACTGGCTCGTCGTGAAGCGTTATTGGAAAGGCCTCTTTGCACCTTCGCCTTCTTGGTGAGTTGGAAAAGTACCTCGCGGATGGATACCACATTAAACGTGCGCAAAACACAGGTTCACCTATGATTTCATCTCGTACGTGCGCTTGCTTTGTCTTGCAACGGTGGTTCTGAGACCTACATATCTTCCACGATCACCAACAAGTGAGATGTCTCTTACACTCGATAGGTAATTGCATTACTGAGGCCATGGATCTTACAGTGTCACTGGAAACAACACCTCTTCGATAGTCGTGTTCGGCTGGAGTGTTGTTGTCAAGTCACCTCCTAGTCTTCTTGCCTGTATCGTAAAACTCACGCATCTGGCTCCAGTTTGTTCTACATGTCAAGTTCGTTTTTAATCAACCTCATTCTTCCGTATATTCAAGGATATCGCAGGCACCATCATCGGTGCCTTCTTAGTCGACTACTGGGGCCCAAAAGCAACGATGGTAGTCGTTCATATTTCGTAGCAATAATGACAACCCAGACGCTCATTCTAGATCGCTGGTCTACTTGCTCAAGCTGTCACGGGTTCATTGTGAGTGATATATACACTCAACTCACCAGCAACATCGCTGCGTTCGCAGTAAGTTACGACTAGAACGTACAATCGCTATTCTCAATTGAACCTTAATCGCAGATCGTCTATGGGATATTCTTGAGCTTTGGAGAGTTTGGTAGGTCACTCATCGAAATCGTCAAAGCGAATAGTCTGGCCCGACATCATCGCCGGTAATTACTTGTGATAATTGAATCTAACTCGGCCGAGCTCACAGGTTATATGCAGACTTGGGTGGCGATAAGACGGCGAAAGGTAACACGGGTCCCTTCTTGGTCGGAAGTGGACTCGCCATCCTCAGTGCCTTGGTCGTATTCTTCCTTGTTAGGCCTCTCTCCTATGACGGAATGAAGGAAGAAGATGTGAAGGTACTTCCTCGGTCAAGGTTCATCGATGAGATGTATCTGTTCTGACATCTGATGGCGCAGTTCCGTATGCATCTCGAGGGGCCCGGATTTGACACTTCATTAATGGGTGTTCCTGACTCCGAGGTTTCGTCCACGATCTCCGAGGAAGAGAAAGCAGCTCAGACTGCTTGATGAATTGGGCAAAGGGCCCGGCATAGCAAGATCTCACACTTTGGACGATGATTCACGATCAAAAGCAATGTAGGTTGTCTCGGTAGATGCAATTATCTTGTGCTTTCAGCTCTCTGGCACGTACCCGTAGCACTTGGTTAATAAATGGGTATATTGTTCTTGGCTGGCTGGCTCGAGTGAACAATCGACTTTTGATTGCT


>PiPT6_ fgenesh1_pg.404_#_2
ATGCCGCCGAACATCAATGTGATCCATGGCGGATCTTAACAGCGCTAATCGCTGTCTATTAGTTCCCTACATACTCCCGATAGCACGTGCGTCCCCTCTATAAAACGCATTCCCAGTAGCATGGATGGACGTCCTTGTCTTACGAGAACCCCCCTCCCTTCTGTTCTCGGCCTTCCCTGGATAACTCTCAAAGTTTAATTTTCTGGTACACTTTTCTCTCATGTCGGCCGAGAAAGACGTCCCCACCCTGGAGGCGGAACAGACCACTGATCCCCGAAATGTCTCTGTCAAGCCTCGCGAGACTAATCTCATTATTGCACCTAACAATCTTGCCAAACGAGAATCTCTTAGCGCTTGGCTTACTATCTGTGCAGCGGGCTTTGGCTTAATCAGTGATGGCTGTAAGTCACAGAGTTTCGTGTCAGCGCCGGATTCAAGTTAATATCCGTCCTTTAGATCAAAACAACCTGATGACCATGTCAAATGTAGGCCCATCCCATCCCCCCCTGCTTGTACTCGTCCTAGAGTAGTTCTCTAGGTCATCTTCAAGACACTTTACCCCAAGGACTATACTTCCGCGGTCTCTACGCGGGTATCCAATGCTCTTCTTGTCGGTCAGTTCTTATATACACAGATGCTTCTTTGTAAGTTTGTCTAAACTACACCTCTACCAGGCGCCGTCATCGGGCAAATCTTCGTTGGCTTGATTTGCGACAGAGCCGGTCGCAAGGTTGCCCTTGTTGCCACTACCTTGTTCATCGTTCTCGGTAGTACTCTCGGAACTGCCGCCCATGGTGCTAACGGAAGTGCACAAGGCCTCTTTTGGTTTTTGACTTTCGCCCGTGGAATCACTGGCATCGTAGGTCATTCATCCATTGCACGTGTTTCAGTTGCTCAAATAATTTTTGCAGGGTGTCGGTGGAGAATACCCCGCTTCGTCAACAAGCGCTAGTGAAGCCGCAAACGAGAAAACACAGAAGAATCGCGGTCCAGGTATCCTTACCATTGTTATTTTCCGCCTCAACCATTCACTGCTAACATTCCTCCCAGTCTTTATCATGGTCACAAATTTCGTGCTCTCTGTACGACCTTCATTCTTTCGGGGTCTCTGCGAACTAATGAAACACCTCTGAATTAGTTTGGTGGCCCATTGGCTGTTTCAGTGTTCTTGATCGCACTCTCAGCAGCCGGGGAAAATCACCTTCAGACTGTCTGGCGCGTTTGCTTCGGCGTCGGTATACTCTTGCCTTTGACAGTGCTCGTCTTTCGTTTACGGATGTTGAGCTCCAAACTCTACCGGAAGGGTGCCATTAAACGTAATCTGACATTCAAACTTCGCCTTGGAAGTAGCACTCATCTGTGAGCCAGGTGACGTTCCCTACGGGTTGGTGATAAAACGCTACTGGCGTCCTCTCATCGGTACCTGTGGAGCGTGGTGCGAACACATGTTTGTACAACTAAATGATGGCTAATATGTTGGTCAGGTTCCTTTATGACTTTGTATGCCTTCACTCCCGAGTTCCTGAACTTTTCAATGGCTTGACTGATCTCTTAGGTCACTTTTCCGAACGGCGTGTTCTCGGGAACTATCATCTCCAGTGTGATCCACAACGGCGATATCAAGAAAACTGCTGAATGGCAGCTTTTACTCGGAGCAATAGCCCTGCCTGGCGTCCTCGTCGGCGCTTGGCTCTGCAACCGACTGGGGAGAAGGAACACAGTATGCGACACACGACCCGCATTCATTCAAGCTACTCATCCTCTACCCCTTAGATGATTTTAGGATTCTCTGGATACCTAGTATTTGTAGGTCTTTCTCCTGCTTCCAGCTCATCATTTGCTACAATTGGCACGCCAGGGCCTCATAATTGGTCTCGCATACGATGAAATAACCAACATTATACCCCTCTTTGTAATTTTGTGGGTGTCATCAAAAATCCTTCACTAAACTGAGCTGAGAGCTGTCTTGTAGCTATGGGCTGATGCAGTCGTTTGGTAACCTGGTGCGTCACACTCGAGGTCGATCAGCTTAGTTGTTCAGATGATTACAGGGACCTGGTGATATGCTGGGCCTGACGAGTTCTGAGTAAGTCCATCGCAACTCCCTATTTACCTTGAAACTTAGGGGCCACACCACAGGTCGTATGCAACGCCCGTTCGGTATGACGCTAGCTCACGTTGAGTTGAAGAGACTCAATTTGATTGTCAGTGGAACATGTTACGGCCTTTCTGCAGCCATCGGTAAAACTGGCGCTGCTATTGGGACCCAAGCATTCACGCCTATCCAGAATAATCTCGGAAAACGGTACGAGTACTTCCCTTGCTTTCTTCCTTCTTGCTGATCCAGACAATGAAGTTGGACTTTCATCATCGCCGCTATTTGCGGTATTGCTGGAATCCTTGTGACGTACTTCTTCGTGCCTGACATGACTGGCATTGACCTCGCGGACGAAGATGCCAAATTCATGAAGTACCTCGCAGAGAATGGTTGGCAGGGCGAGGTTGGAGAGGACGACGACAAGGCGTTGATTGGCACATATGCCAGTGAAGACGCCCTGGAGGAGAAGATCTGATATGAGATTAGTATATGTCCGTCACGATGGTATCATATGGGTAGTTCACCGTCTTTGCAACTTTTGAATTGGCGGAGGGTTGAAGATCACGTGCGCACTGAGGATTTCGCGTATTACTACTATTAGACTACAGTTGCTCAGCACATCTTGCCTTGAATGTCTGCTCAGGTTCTCCGGCAGTGCGCGTCTCGTCGTTCTTTGTGTTTCTCGTGTCTACAGTTTCGCCGCGCCAAAGCATACTACTCGCAATCAGCTCTCGCTTTTTCCTCCACCA

>PiPT7_ gm1.7522_g
ATTTCTTTGGCGGCTACGCATGACGGAACCACCAAGCTACAAGAAGAACTCCATGAAGGCTGTGCGAATCCCATACTGGCTTATCGTCAAGCGTTACTGGAAAGGCCTCTTCGGACTTTCGCTAGCTTGGTGAGTTGGGAAGTACTTCGCGGATGGATACCACGTTAAACGTGCGCAAAACACAGGTTCATCTATGATTTCATCACGTACGTACGCTTGCTTAGTCTTCCAATGGTGGTTCTGAGATGTGCATACTCAGGTACCCGGTAAGATAGCCATCGCCACTACCAGCGCAATCCGCTCATAATGTTTGCAGTTCGGGATCTACTCTTCCACGATCACCAACAAGTGAGATGTCTCTGACACTCGACAGGTAATTGCATTACTGAGGCCATGACTCTTACAGCGTCACTGGAGGCAGCACCTCTTTGACAGTCGTGTTCGGCTGGAGTGTTGTTATTAAGTCAGTTGCCATTCTTCTTGCCGTATATTGTAAAACTCACGCATCTGGCCCAAGCTTGTTCTACATACCAGGTTCGTTTTTAACCAATTTCACCCTTGCGTGTATTCAAGGATATCGCAGGGACCGTCATCGGTGCCTTCGCGGTCGACTACCTGGGCCCAAAAACAACGATGGTAGTTTTGCATGTTTCGTGACAGTAACGACAACCCTGACGGTTGTTTTTAGATCTCTGGTCTACTTGCGCAATCTGTCATGGGTTTCATTATGAGTGGTCTATACACTCACCTCACCAAAAACATCGCTGCGTTCGCAGTAAGTTACTAGAACGTACAATCGCTATTCTCAATTGAGCCTTAAGCACAGGTCGTCTATGGGATCTTCTTGAGCTTTGGAGAGTTTGGTATGTCACTCGTCGAAATCGTCAAAACTCTTTCTTATAGGTGCACAGGACCCGGGAACTGTCTTGGTGTACTTGCTTCGAAGAGCGGACCCACTGCCGTTCGTGGCCAATACTACGGTGTCGCTGCGGCCGTCGGAAAGATTGGCGCATTCATTGGTACATGGTGTACGTGGAACATGCTGGTCTTTGCCATCATTAACTCATGTGATCATTGGTGAAATAGTCTTGCCTAACATCATCGCTGGTAACTAGTTACCATAACCGAATAAACGCCTGAGCTCACAGACTTTACGCAGACTTTGGCGGCGCCGATACGGCGAAGGGTAACACAGGCCCCTTCTGGATTGGAAGTGGCCTTGCCATCCTCAGTGCCCTGCTCATATTCTTCCTTGTTAGGCCTCTGTCGCATGACGGAATGAAGGAGGAAGACGAGAAGGTATGTTCCTGGTCAGAATCCATCCGGATGTGCCTGCTCTGACGTCGGATGACGCAGTTCCGTTTGTATCTGGAGGAGCACGGGTTTGACACATCATTGATGGGTATCCCTGACTCGGAAGTTTCGTCCACGATCTCCGAGGAAGAGAAAGTAGCTGCTTAATGAATGGGACATTGGGTCCTACAGCAAGATATCACACTTTTGACGATGATGAAAGATTACAAGCAATGTTGGGTCTTAGTAAATACGATGATCTTGTGCTTCTGGCTCTGCGTACCTGTAGCAAGTACTTGGCTAATGAATTTGTACGATGTTCTTGTTTGGCTCGCGTGAACAAACGCAGTGTTTCAGTTTGCTTTGGT


[bookmark: _Toc507604100][bookmark: _Toc507604367][bookmark: _Toc519017069][bookmark: _Toc520837982]Supplementary data 2. Amino acid sequences of the P. involutus ATCC 200175 putative PTs
>PiPT1_169850
MASNADRLSDRASYEKNLTPANLNERRRAALQEIDNAPFSWFHVKVCLVAGVGFFTDAYD
IFAINIAVTMLGYVYGKNAALTPWQSTGLKAATPVGNLVGQLVFGWLADVLGRKRMYGIE
LMIMIIATFAQAVSGEAPAISIVGVLIVWRFLMGIGIGGDYPLSAIITSEFAATRSRGRL
MTAVFAAQGWGQLAAALVALVVVSAYKEAILAGPFPSALPIDHAWRLLIGLGCVPGVVAL
YFRLTIPETPRFTMDVERNVAQASQDIENVLTIGKHVEAEDAVVERAKAPRATRADFVAY
FSKWENSKVLVGTAYSWFALDIAFYGLGLNSSIILSAIKFGGSTAKKGTTLNVYESLHNI
CIGNIILSVAGLIPGYWVSFLFIDTWGRKPIQLMGFTALTILFVIMGFAYDKLVATTSGT
NVFVFLYCLTNFFQNFGPNTTTFIVPGEAFPTRYRSTAHGISAAAGKLGAVVAQLGFGQL
VNIGGTNKFVKHIMEIFAFFMLTGIFSTLLIPETKQKSLEDLSNEDQAEYITDS*

>PiPT2_18830
MTFLTSFSAPRHVNEAQPAYDLFIINPVATMLQYRLYGGQSLPNNLQGVLKASANIGSVI
GQFLFGYCADAFGRKAIYGKELMLIILATILCISCPTNLLSPDGSLIYLSIFRILLGVGV
GGDYPMSASITSDRAVLRKRGTLLAYIFANQGWGSLVGSLATIIVLACYKHVMNDEGETS
KVDGVWRIVVGLSLIPAFGTLYQRLTLPESVRFEESRKLTAGELDDLKAKNDVEITVSSK
NSNEGHVKEPLEKKAHFKEFVEYFSEWRHAKILIGTCTCWFLLDVAFYGINLNQNVVLQQ
IGYAGKTGTAWEKLFKVSTGNIIITALGFVPGYYVTVLTIEKLGRKYIQIQGFLMTSLFL
GILAGKFHTFDNASFIVCFSFLQFFFNFGANATTYCYPAEVFPTKYRASAHGLSAACGKA
GAIISALGFNTLTAKIGTPAVLWIFFGCSIAGAGFTLLLPEVAGRDPDAILAEELRER*

>PiPT3_165085
MSAEKDVPTLEAEQTTDPRNVSVKPRETNLIIAPNNLAKRESLSAWLTICAAGFGLISDG
YQNNLMTMSNVIFKTLYPKDYTSAVSTRVSNALLVGAVIGQIFVGLICDRAGRKVALVAT
TLFIVLGSTLGTAAHGANGSAQGLFWFLTFARGITGIGVGGEYPASSTSASEAANEKTQK
NRGPVFIMVTNFVLSFGGPLAVSVFLIALSAAGENHLQTVWRVCFGVGILLPLTVLVFRL
RMLSSKLYRKGAIKRDVPYGLVIKRYWRPLIGTCGAWFLYDFVTFPNGVFSGTIISSVIH
NGDIKKTAEWQLLLGAIALPGVLVGAWLCNRLGRRNTMILGFSGYLVFGLIIGLAYDEIT
NIIPLFVIFYGLMQSFGNLGPGDMLGLTSSESYATPVRGTCYGLSAAIGKTGAAIGTQAF
TPIQNNLGKRWTFIIAAICGIAGILVTYFFVPDMTGIDLADEDAKFMKYLAENGWQGEVG
EDDDKALIGTYASEDALEEKI*

>PiPT4_141142
MASHIEEKPISSAETGTPSAPFRSELQAYERDAGDRPPYVLTYPEIKLLGIAGVGFFLDA
YDLFIINPVATMLQYRLYGGQSLPNNLQGVLKASANIGSVIGQFLFGYCADAFGRKAIYG
KELMLIILATILCISCPTNLLSPDGSLIYLSIFRILLGVGVGGDYPMSASITSDRAVLRK
RGTLLAYIFANQGWGSLVGSLATIIVLACYK*

>PiPT5_163069
MPGLKDLSSVSHIFACGTALFSDGYANSVIGAVLERIYGSDVMTANNHSKAFTSVTFAGT
VVGMLIFGWVSDKIGRKFGMISATGIVALFILSAASAGANNSVAGMLAMLAACRFLIGIG
IGAGYPCGTVSASEQSEEGAIAKNAQHRFGNNHIRAVWRLSLGLGVVPALAVLLWRLRMT
EPLSYKDSMKSARIPYWLVVKRYWKGLFAPSPSWFTYDFISYTYISSTITNNVTGNNTSS
IVVFGWSVVVNLFYMSSTIIGAFLVDYWGPKATMIAGLLAQAIVYGIFLSFGEFDLGGDK
TAKGNTGPFLVGSGLAILSALVVFFLVRPLSYDGMKEEDVKFRMHLEGPGFDTSLMGVPD
SEVSSTISEEEKAAQTA*

>PiPT6_158250
MSAMASHIGEKPNSPGETGTSSAPLRSGLQAYERNVGDRPPFILTYSEIKLLGIAGVVWR
IVVGLSLIPAFGTLYQRLTLPESVRFEESRKLATGELDDLKAKNDVEIIVSGENSNEGDL
KERTEKKAHFKEFVEYFSEWRHAKILIGTCTCWFLLDVAFYGINLNQNVVLQQIGYAGDT
ATAWEQIFKVSTGNIIITALGFVPGYYVTVLTIEKLGRKYIQIQGFLMTALFCEPASYFF
AFSHSNTRPVLLQLWSQCFVQLTVSTPTDRTTYCYPAEVFPTKYRASAHGLSAACGKAGA
IISALGFNTLTAKIGTPAVLWIFFGCCIAGAGFTLILPEVAGRDPDAILAEELRER*

>PiPT7_12951
MTEPPSYKKNSMKAVRIPYWLIVKRYWKGLFGLSLAWFIYDFITYPFGIYSSTITNNVTG
GSTSLTVVFGWSVVINLFYIPGTVIGAFAVDYLGPKTTMISGLLAQSVMGFIMSGLYTHL
TKNIAAFAVVYGIFLSFGEFGPGNCLGVLASKSGPTAVRGQYYGVAAAVGKIGAFIGTWF
LPNIIADFGGADTAKGNTGPFWIGSGLAILSALLIFFLVRPLSHDGMKEEDEKFRLYLEE
HGFDTSLMGIPDSEVSSTISEEEKVAA*


[bookmark: _Toc507604101][bookmark: _Toc507604368][bookmark: _Toc519017070][bookmark: _Toc520837983]Supplementary data 3. Genomic sequences of the P. involutus ATCC 200175 putative weathering genes
>PiPMA_fgenesh1_kg.22_#_22_#_isotig08265
ACTCGGATCTGACAGACGGCGCGGCAGGGTTGTTGCCGAGGTTTCCAAGGTTTCGTGGGG
GTCTCATTGCGATTCTGACCAACAAGTGTGATAAGCCGTCACAGCTGACTGTTTGGTTCT
ATTTGTTTGGTTTGATCTCTTGAATTTTGAGCCAAATATAAAGTCCGTTGGTCGACGCGA
CTAACACTTCCCACTCCTTCATCATATCGACCTTGCACCTCGTCTCTCTTCACTGTCAAA
AAGCCCGCTCGTCTATAGATCTATTCTGTAGGGCTTCCCTCCCGCCTTCCCCCACCTCCC
TCGCACCCTTCAATCATGTCGGAACCTAACGTCGAAAAGGAGCCCGGTCCGCAGGGCGAC
GAGCCCGCTATCACTCAGACACCGTTTGAAAAGAAGAAAAGAGAGTACAAGGACTTTGGT
CACGAGGAGGAGAAACCTACCCGTATGCACCTATCGCTTTCCCGATAAATTCGAGAGTTT
GACCTGGCTTGCTTGCAGATGCCAACGTCGACATGTCTTTGGTTTGTGGTGTTCCGAAAA
TATCTTGCCGTATAGCTAATCATGGTGCCTGAAAGATTGAGCTCAAGGCGGAAGACCTGT
ACGACAAGGAGAAGGTCGACCTAGAAACCATTGTCATTGACGATGTCTTCAAACTCCTTC
AGTGCGATGAAATCGGTTTGACCTCTGAAGAAGCTACCCGTCGTATCGAGCTCTTCGGGC
CGAACAAGCTTGAGCAGGAAGAACAGAACGCGTTCCTCCAGGTAAGCGCCTCAGTTTGTG
TATTGTTCATCGCTGATTTTGATATATGCTGCTAGTTCTTGAGTTTCATGTGGAACCCCT
TGTCTTGGGTCATGGAGGGCGCTGCTCTTGTGGCTATTGTACTTTCGAACGGTGACCATC
AACCGCCAGATTGGCCAGATTTCCTCGGTATTGTCCTCTTGTTGTTCATCAACTCCACAA
TCGGTTTCTACGAGGAACGGAATGCCGGTAACGCAGTCAAGGCACTCATGGACTCCCTTG
CTCCGAAGGCAAAAGTCAAGCGCAATGGTACATGGTCTGAGATCGAATCCTCGGACCTAG
TCCCCGGTGATATGGTTTCCTTCAAAATCGGTGATATTGTTCCTGCAGACTGTCGTCTCA
CTGAGGCCATCAACGTTTCCATCGACCAAGCTGCATTGACTGGTGAATCGTTGCCCCAGA
GCAAGAAGGTCGGGGATCAGTGCTTCTCGTAAGTCTTTATTGGTGGTTCCTGGGTTTCAT
TACAAAACTTACATAAAAATGTCAGTGGCTCCACATGTAAACAGGGCGAAGCTGAGGGTG
TTGTCATCTCCACTGGTGCGAACACGTTTTTCGGTCGTGCTGCTTCCCTCGTTGGCCAGG
ATGACGACACTACTGGGCACTTGCAGAAGATTCTTGCCCAGATCGGTTCTTTCTGCTTGG
TTTCCATTGGTATCTTCGTCCTTGCCGAAATTCTCGTCCTCTACGCGGGCTTCCGTTACA
GTTATCGTCGCGGTCTTAACAACATCCTGGTCCTTTTGATCGGTGGTATCCCCATTGCTA
TGCCCACAGTTTTGTCCGTCACTCTCGCCGTTGGTGCCCAGCAACTTGCCAAGCACAAGG
CTATCGTAACGCGTATCACCGCCATCGAAGAGTTGGCTGGTGTCACCATCCTTTGCTCCG
ACAAGACTGGTACTCTCACCACCAACAAGCTCACCATTGATAGGGCTACCATCCGCACCT
ATGGTCCCTTTTCTGCTGATGACGTCATGCTCCTTGCTGCCTACGCCTCTCGCACTGAGA
ACCAAGATGCCATCGATGCCTCTGTCGTCACAGCACTTGGTGATGTGTCTCGTGCTCGCG
CTGGTATCAAACTCTTGGACTTCAAGCCTTTCAACCCCGTTGACAAGCGCACGGAGATCA
CCTACCTCGAAGAGTCGTCTGGAAAGCTCAAGCGAGTTACCAAGGGCATGACGGGTATCA
TCATCGAGCTCTGCACTCGCAACAAGACTGAAGAAATCGAAAACAAGCTGGAGGCGGATG
TTGAAGAGTTCGCTACCCGTGGTCTGCGCGCCCTCGCTGTTGCTTACGAGGAGTTGGATG
GTGACGACCCGGAGGCTGAGGGTAACGGTTTCGAGTTGATCGGTCTCCTTGCCATCTTCG
ATCCTCCCCGTGAGGACACCAAGCAGACAATCGACGATGCTCAAGCCCTTGGTGTCAAGG
TCAAGATGGTTACTGGCGACCAGCTCGCTATCGCAAAGGAAACTGGTCGTCGTCTCGGTC
TTGGTGATCACATGTACCCTGCCAAAGTGCTCAAAGACGGACCTGCTCCTGGTGGCAAAC
ACATGAACCTAGATGAGATGATCCTGGACGCAGATGGTTTCGCTGGTGTCTTCCCCGAGC
ATAAGTATGAGATTGTCAAACGTCTCCAGGGTCTTGGTCACCTGTGTGCCATGACTGGTG
ATGGTGCTAACGACGCTCCCGCTCTTTCCCGTGCCAATGTCGGTATTGCTGTCGAGGGTG
CCACAGATGCCGCTCGTGGTGCTGCCGACATTGTGTTAACCGAGCCCGGTCTCTCCACCA
TCGTCCATGCTATCCGCGGTTCGCGTATCATCTTCCAACGTATGCGCAATTACTCCATCT
ACGCGTGCGCTGTAACCATTCGTATCGTCGTCTGCTTCGCCATCCTCGCTTTCGCGTTCC
GCTTCGACTTCCCTCCCTTCATGGTGCTGATTATCGCCTTGTTGAATGACGGCACTATCA
TGACTCTGTCGGTCGACCGTGTCTTGCCCTCGATGACACCCGATGCTTGGGATTTGGCTG
AGATCTTTTCCTACGCTGTGGCGTACGGCTTGTACTTGACCGCGTCCACGTAAGTAAACC
CTCGGATACTTTTAAAAGCTTTTATTGATGTCTCTTCAGCGTCGCCCTTGTTGCCATCAT
CCTGAAGACCTCGTTCTTCCACGACAACTTCGGTGTTACCTTCAACGGTTCAGTCTACCC
CTCGAGCTCCAACGACGCGCAGCTCCACACGATCGTCTACCTGCAGGTGGCCATTATCTC
ACAGGCACTCATCTTCGTCACCCGTTCGCATGGGTTCTTTTTTATGGAGCGTCCTTCTGT
TGCTCTCATGGTTGCTTTCTGCATCGCTCAGCTCATCTCTTCGATTATCGCTGCCTACGG
CAACTGGGGCTTCACTCAGATTCAGGGTATCTCGGGCGGTTGGATTGGTATTATCTGGAT
TTGGGTGCGTGTCTTGGGAAATGCTCTCCTTTCGTGAAGTGCTCATTTGTTCTTTGTAGA
ACATTGTCTGGTTCGCACCTCTGGACTGGATCAAGTTCGCCATGAAGGCTACCGTCATCA
AGAGGATGCGCGAACGTCATGACCGCAAAGCTGCTGCTGCTGCTCAAGAGGCATCCCAGG
GTGGTTTCCCCATTACACGCACACAATCTCGTGCCGCGTCGATTCACGAGTCGATGTACT
CGAACCGTGTGTCTTTCATTCGTCGTGCGGCTCGCAAGGTTGGGTTTGGACGCAAGATTG
CGATGAAGCCAGAGGAGTTGCAACGTTTCAGCAGTATCCAAGCCCAGCGAACGGGTGCTA
CATTGGCTCGCAACCCGAGCCGGACTGGAGCATAGATGACGGGGGTCCAAGCCGCAACGA
TGTGGATGGGTGCCGACTTCCTGACTCACCACAGCTTGCAACTTCGCGGAGAGACAGGTC
AATTATCAAACACAATCGAATATCCACTTGTAATCTAGATTTTTTAACATGCTTACCTTC
CTTCCGCCCACCGCGCGCCTGACTGGTTCCCGCCTCGCATTCTTTCCTTTCACATCTCTC
TACCTGCTTCTCAGGTACATACAGCGCAATTGTTCTTAAATATGCATCGCACTGCCTATC
GATTTCGTTGGTATTGGATGGCAAT

>PiBEST_fgenesh1_kg.13_#_50_#_isotig08800
AAAATAAAAGATCGCAACACGCGTCAGGCCCGCTCGACAGTGCCATATTGTTCATCCAAC
ACACCACTAACACACCTTCCTTAGTCCTCGTGTAATATCCCCTTTCTCTCTACACGTTGT
TCTGATGCTGCATCTCCCAGTGCCATCGCGGCCCTCGGTAAGTCATCTCCACATCTACCT
ACTTCTACGACCTAGGGTGTTCTCTTTTCCATCTCCTTTGCTTGAATCCTCTTTTCTGAC
ATCCCAGCAAATCTCATGCCGAACGATTCCGATCAGGTTGACATAACCCGCGAGGCAGTC
CCGAGGGACCCATTTGAGCTCCTTCCCGCATCGCAATGGTCGACCTTTGTCAACGCACTC
CTTGCCACTGCGCTATTCAGATGCTGGCACATCTTGATTTTCTTCGTCATGTGGTCAACA
ATGGTCTGCGTAGTTAGCAGCCACGTACACAGCCTAGCAATACAGCCTACCCTCATCACT
GTGTATGTCGTGTTTTTCGTATCTCCATGGGACCTCCTGAGCAATCTTGTGGTGTAGGTT
CGGTACAGTGCTTGGTTTCGTCATTTCATATCGCACGACATCAAGTTTCGAACGTTACAA
TGAAGGACGGAGGCTGTGGTCACAGATTGTCCTCGGAAGTCGTGTGTTCGCTCGCACAAT
CTGGTTCCACGTCCCAGGTACGTCCTGTCCAAAACCTCTCAAGTGGTCAAGTCCAGAAAC
GCCACTTTCAAATTACATAGATAACACCATGCCCAATGCCGGCGGCCTATCAGAAGATGA
ACGTAGAGCCAGAACACTGGTTGAGAAAAAGACGATCATCAATCTTCTTGAAGCTTATGC
AGTTTCTGTGAAACACTATCTGCGCGGTGAAGACGGCATCTTCTACGCTGACCTTTATCC
GCTCGTCAAGTTTCTGCCTCCCTATGCACTTCCGGCGAGCATCCCGTCATCTGCTGATCT
ACCCGGAGATATGAGGGCCGAGAGGGTCAGTCAGAGTGAAGACGGGGACGTACCTGCATC
ACCGCGGTCTGTCCAGTTCCCCGCTTCGGTGATGCACAGGAGAACGACGGAGGCTACAAT
CTCTGAGCTTCCTTTGCCATCTACAACGCCTGGCACACGAGCAAACACATTGGTGGGGCC
TATCCTCCAAGTGAACGGCCGACCTCAAGGTGGCAAAAAAGTCTCAACAGAGCCTAATGA
CGAGTTATATATATTACCGGCTCAAATCCCTCCCAAGTACTCTATGTTCGACTTGTTCCC
CTTTTCGCTACTTGTCAAGATGTTAACCAAACGGGGTCACGATGTGAAAGGGAAGAAAGC
GGCAAGGTTGAGAGCACAAATGCGCAATCACCGAGGAGGCATGTCTCACAACATACCTTT
GGAGATATCACTGTATCTGGTCGGTGTTTGGCTTCCGTGTCCCTCGGAGTGAGATGTTTA
CGCCTATGGCTGCACAGAGCTCCTATATTTCCGCTTTGCAGACACGTAAAGCTAATGTGG
ACACACCCACCATCGGTGAGCTCATCTCCCCGTGTTAATCGATCAGGCGGACTGAAGTAC
TGCCGTTTCACAGGTTTGTTATTTGGGACTTTGAACCAACTCGTGGATGCCCTCACGGGT
TTGGAAAGGATCCTTACCACCCCCATTCCGTTCTCGTACGTGATAGAGTCCTGTTGCAGC
GATCCCATCTCACATGCCTCCAGGTACTCGATCCATCTTTGGTTGGTGACCGCCATATAC
TGCCTGGCGCTGGTATGATAACGTACCCCGCAAATTTTGATTTCAACTCATCAAACCTTG
CTATTCTGGTCATTCCCAATAGCCATTCCAGATCTGGTCTGCTTTGAAGTGGCTCACGAT
CCCTGCCACTGTTTTCGCTGTAAGACCCTATCGTTATATAGACCTATGTCACAATCGCCT
GAATGGTTATCTCTGGTGCTAGAGTTTCGCATTCTTTGGCTTCCTCGTTGCTGGCGAGGA
GATAGAAAGTGAGTGCCAACGTACATGATGTTCTCCCGTCACTCATATCACCCCTCATAG
ATCCTTTTGGTGAGTTTTAGAATTTGAAGATAAGAACAGAATTCAATAACTTTTTATCAG
GTTACGACAAGAATGACCTGGTGAGTCATTTTTCCGGGTTCTCTGAGGCACTCGGCGATT
TGTCCCGCGAAGCCTCGGGCCTTCTCTCTGATTCAATTCAATTCAACCTCATGGCTAATC
AATTTGAAATCTTTAAACTCCAGAATATGGATCTCTTCGTTCACAACATCATACGTAAAT
CTCTATCTCTGTCGAGCATCCTTTCACGTACTCATTGACGGCCCTTGATACAGGCAAGGA
GCTCCGTGCTCTCACTACGACCCCTACACCTGATCCTGGTGTTTGGGCGTTCTCCTCGGA
GAACGATTTGTTACTCGCTTCTCGCGCTCATGGTGAGCGTATCTCGCCTACGGAATGGGT
CCGTAGGGGCGTCCCGAAAATGCAGGACGCCCTGGCGTTATACTAGCCCCGGCGTGACTT
GGTCGCTGGCCTGCACCACGGCACCAATAGCATGAAGCAGGCATGTCAATACCGCATGTC
AACGTTGATATCGTACGGCGTACACGAGCGTACACGTCATTGTTATCTGGACACTACTTT
TACCGCTGAAAACCTTGTATTTAATTTGTCGTCAGCATCTGGGGCCACGGGTCAAAAAAT
GCATTGCTCGGACATTGTCCATATGTGAGTTTGGTTGCCTCTTCTATCAGTGTCCAGTCA
GAGTCCTCCGACGTTCAACTGCAGAGCCGTCAATCAAGGACGAGCCTTAGTTAGAGACGC
TTTGCGGACCTGAGGGCGTCGTCG

>PiOAR_estExt_fgenesh1_pg.C_220011
ATTGTATACATAATATTTTTGACAAAATTGGCCCAAAGCCACGATGCCAACGCCAAGTAC
ATAGCAAAGCACTACTACGTAGTACTGACCAGGTAGTACCACTGATGGTATCCAACTCGC
TTCAAGATATGTTACACCCAAACACATCCCAATATACGCTAGAAACATTACAGTACCACG
ACGACCTTCACCCTGACACTACCCCTCTCCTTCACCCAGCATCTGCAACAAGCTCTGTCT
ATGGAGCCACGCCTGTGCATTCACATGATCCACGTCCCTCTTCGTCTGGCTTGCTGTTCA
CCGCTGCTATCAGGATGGCAGCTGTGTTCACAGTCAGTTCCCTCCTGCTGGGAGGCACCC
TTTGGCTAGCCCTCCCGACTTTACAAGAGTAAGTATACACTCCCACTTTCCTCGTTTATA
TGCTCAAACTGTCAATTCCTAGTGATGACCGGCCTTTCTTGCGCGTTCCCAAGTCGTTTG
ATGATCTACAGGGACTTAACGGGCTCCTTAAGAAGTATCGCGATATCTATCCATACCGCA
TTCTCATCTGTTACGTCATTACTTACTTATTGTAAGGTTCTTTCTGTCCCTCGCAGCGAT
GACCTTACCCTCTCTAGCCTCCAGGCTTTCTCCCTTCCTGGGTCCATGTACCTCTCCATC
CTCGCCGGGGCGATGTGGGGTGTCCCCCGTGCCCTCCTCCTTGCCTGTACCTGCGTCGCA
ACCGGAGCCACCCTCTGCTACCTCATTAGTGCTGCCTTTGGACCCGCCCTTCTCACTGTC
CCCAGGTGGAAATCCCGTCTTGATGAATGGTCCGAAAAACTTCGCGCCCAAAAAGATAAC
ATTATATCCTTCCTCATTGTTCTCCGCATTGCCCCCCTCCCTCCACACTGGGTCATCAAT
GTCGTCTGTCCACACGTCGGGATTGGGCTCATCCCGTTCTGGACAAGCACGTGGTTGGGT
ATCTTTGGCGTAACAGTCATACATACGACGATTGGGGGAGGGTTGGACGAGATGACGTCG
GCCGCAGATTTCCATTTGATCTCGTGGAAGAACTTCTTTTTGTTGTCGGCGGTCGTTGTA
GGGGTGCTGATCCCCGTGGGCATGCGGTATTACTTCAAGCGGGAAACGGCCTCCACCACA
GACGCTGAACGAGGGGAACTGTTAGGGGAGTTTTTGGAAGAAGAGGATCAGATCCTCACC
GTTGGCCCCATGCCTCGCTCCAAGAAACCCACAGCCTCTCCAGTAGCGAATCTCTTCGGC
CAGGACAATGATCCGTTCCTCGACGATGAAGGAGATGGTGACGATGACGATGACGACGTG
ATATTAGAGGCAGGACCTGCCATCGTGATCAAGTCACCTTCAGAGCCAAGCGACTTGGGA
AGCGCAGGCAATTAATGGTAGAAGTAGCAGTCTGCCTGCCATTTCGTGATTGGTAGATTT
GATATCACTCCATCGTTAGATTAGGGGATCCGGACTGGAAGTTCACATGTACATCATATG
TATCGCTTAAATGATTCAGAGGTAGAATGGAGCACTACACAACCTGGTCAACACACGAAC
TCGTTAGTAATTCCATATGTATGTATGTAGCTCGCGTCTACAAGGTGTTAACAGTACTAG
TGCGATAGTAGTACTAGCTAGTACACTTAGTGGGTACTAGTTAGCAGCACCACGTTGAAA
CAAGTCAGCTTCTGCGTGTTCTTCACGCTCTTTAAAGGTCGTCTGTCGCACACAGAATAA
TTCTAGATCTCTTATATAGTGAGTCTGTCAGTCTGATATCATCAAGCTTGTCTG


[bookmark: _Toc507604102][bookmark: _Toc507604369][bookmark: _Toc519017071][bookmark: _Toc520837984]Supplementary data 4. Amino acid sequences of the P. involutus ATCC 200175 putative weathering transporters
>PiPMA_169584
MSEPNVEKEPGPQGDEPAITQTPFEKKKREYKDFGHEEEKPTHANVDMSLIELKAEDLYD
KEKVDLETIVIDDVFKLLQCDEIGLTSEEATRRIELFGPNKLEQEEQNAFLQFLSFMWNP
LSWVMEGAALVAIVLSNGDHQPPDWPDFLGIVLLLFINSTIGFYEERNAGNAVKALMDSL
APKAKVKRNGTWSEIESSDLVPGDMVSFKIGDIVPADCRLTEAINVSIDQAALTGESLPQ
SKKVGDQCFSGSTCKQGEAEGVVISTGANTFFGRAASLVGQDDDTTGHLQKILAQIGSFC
LVSIGIFVLAEILVLYAGFRYSYRRGLNNILVLLIGGIPIAMPTVLSVTLAVGAQQLAKH
KAIVTRITAIEELAGVTILCSDKTGTLTTNKLTIDRATIRTYGPFSADDVMLLAAYASRT
ENQDAIDASVVTALGDVSRARAGIKLLDFKPFNPVDKRTEITYLEESSGKLKRVTKGMTG
IIIELCTRNKTEEIENKLEADVEEFATRGLRALAVAYEELDGDDPEAEGNGFELIGLLAI
FDPPREDTKQTIDDAQALGVKVKMVTGDQLAIAKETGRRLGLGDHMYPAKVLKDGPAPGG
KHMNLDEMILDADGFAGVFPEHKYEIVKRLQGLGHLCAMTGDGANDAPALSRANVGIAVE
GATDAARGAADIVLTEPGLSTIVHAIRGSRIIFQRMRNYSIYACAVTIRIVVCFAILAFA
FRFDFPPFMVLIIALLNDGTIMTLSVDRVLPSMTPDAWDLAEIFSYAVAYGLYLTASTVA
LVAIILKTSFFHDNFGVTFNGSVYPSSSNDAQLHTIVYLQVAIISQALIFVTRSHGFFFM
ERPSVALMVAFCIAQLISSIIAAYGNWGFTQIQGISGGWIGIIWIWNIVWFAPLDWIKFA
MKATVIKRMRERHDRKAAAAAQEASQGGFPITRTQSRAASIHESMYSNRVSFIRRAARKV
GFGRKIAMKPEELQRFSSIQAQRTGATLARNPSRTGA

>PiBEST_168819
MPNDSDQVDITREAVPRDPFELLPASQWSTFVNALLATALFRCWHILIFFVMWSTMVCVV
SSHVHSLAIQPTLITVFGTVLGFVISYRTTSSFERYNEGRRLWSQIVLGSRVFARTIWFH
VPDNTMPNAGGLSEDERRARTLVEKKTIINLLEAYAVSVKHYLRGEDGIFYADLYPLVKF
LPPYALPASIPSSADLPGDMRAERVSQSEDGDVPASPRSVQFPASVMHRRTTEATISELP
LPSTTPGTRANTLVGPILQVNGRPQGGKKVSTEPNDELYILPAQIPPKYSMFDLFPFSLL
VKMLTKRGHDVKGKKAARLRAQMRNHRGGMSHNIPLEISLYLSSYISALQTRKANVDTPT
IGLLFGTLNQLVDALTGLERILTTPIPFSYSIHLWLVTAIYCLALPFQIWSALKWLTIPA
TVFASFAFFGFLVAGEEIENPFGYDKNDLNMDLFVHNIIRKELRALTTTPTPDPGVWAFS
SENDLLLASRAHGERISPTEWVRRGVPKMQDALALY

>PiOAR_181044
MAAVFTVSSLLLGGTLWLALPTLQDDDRPFLRVPKSFDDLQGLNGLLKKYRDIYPYRILI
CYVITYLFLQAFSLPGSMYLSILAGAMWGVPRALLLACTCVATGATLCYLISAAFGPALL
TVPRWKSRLDEWSEKLRAQKDNIISFLIVLRIAPLPPHWVINVVCPHVGIGLIPFWTSTW
LGIFGVTVIHTTIGGGLDEMTSAADFHLISWKNFFLLSAVVVGVLIPVGMRYYFKRETAS
TTDAERGELLGEFLEEEDQILTVGPMPRSKKPTASPVANLFGQDNDPFLDDEGDGDDDDD
DVILEAGPAIVIKSPSEPSDLGSAGN


[bookmark: _Toc507604103][bookmark: _Toc507604370][bookmark: _Toc519017072][bookmark: _Toc520837985]Table 1. Composition of the FS and 10% strength MMN fungal culture media.
	Compound
	FS MMN
	10% MMN
	Supplier

	CaCl2*2H2O
	0.34 mM
	0.34 mM
	VWR 

	NaCl
	0.43 mM
	0.43 mM
	VWR

	MgSO4*7H2O
	0.61 mM
	0.61 mM
	VWR

	(NH4)2HPO4
	1.89 mM
	0.189 mM
	VWR

	KH2PO4
	3.67 mM
	0.367 mM
	VWR

	FeCl3*6H2O
	0.022 mM
	0.022 mM
	Sigma

	Glucose D+
	13.87 mM
	5.55 mM
	VWR

	Malt extract
	1% w/v
	1% w/v
	LAB M 

	Agar (Nobel)
	1.5% w/v
	1.5% w/v
	Difco 


The concentrations are given as final concentrations. The total volume of the media was brought to 1 L with ultra-high purity (UHP) H2O. The pH of the media was adjusted to 4.7 with 10% HCl. The media were autoclaved at 15 psi for 15 min at 120°C.


[bookmark: _Toc507604104][bookmark: _Toc507604371][bookmark: _Toc519017073][bookmark: _Toc520837986]Table 2. Composition of the Pi-varying B-MMN media.
	Compound
	Concentration
	Supplier

	CaCl2*2H2O
	0.34 mM
	VWR

	NaCl
	0.43 mM
	VWR

	MgSO4*7H2O
	0.61 mM
	VWR 


	

(NH4)2HPO4
		5,560 
μM Pi
	556 
μM Pi
	55.6
μM Pi
	5.56 
μM Pi
	0.23 
μM Pi

	1.89 mM
	0.189 mM
	0.0189 mM
	1.89 μM
	0.0792 μM

	3.67 mM
	0.367 mM
	0.0367mM
	3.67μM
	0.1468 μM 

	-
	3.4 mM
	3.5 mM
	3.6 mM
	3.7 mM



	

VWR

	KH2PO4
	
	VWR

	NH4Cl
	
	Sigma


	FeCl3*6H2O
	0.022 mM
	Sigma

	B1(thiamine HCl)
	0.3 μM
	Sigma

	Glucose D+
	27.75 mM
	VWR 

	Malt extract
	1% w/v
	MERCK

	Agar (No1)
	1.5% w/v
	LAB M


The concentrations are given as final concentrations. The total volume of the media was brought to 1 L with UHP H2O. The pH of the media was adjusted to 5.5 with 10% HCl. The media were autoclaved at 15 psi for 15 min at 120°C. Stock solutions of 37 mM FeCl3*6H2O and 3 mM B1 (thiamine HCl), which were filtered sterilized through a 0.22 μm filter (Millex), were added to the media to their final concentration when the media temperature was ∼50°C.


[bookmark: _Toc507604105][bookmark: _Toc507604372][bookmark: _Toc519017074][bookmark: _Toc520837987]Table 3. Composition of the Pi-varying M-MMNNS and M-MMNS media.
	Compound
	M-MMNNS
	M-MMNS
	Supplier

	CaCl2*2H2O
	0.34 mM
	0.34 mM
	VWR 

	NaCl
	0.43 mM
	0.43 mM
	VWR

	MgSO4*7H2O
	0.61 mM
	0.61 mM
	VWR

	(NH4)2SO4
	1.89 mM
	1.89 mM
	VWR

	KH2PO4
	0.15 μM
0.37 μM
3.67 μM 
36.7 μM
367 μM
3,670 μM
	0.15 μM
0.37 μM
3.67 μM 
36.7 μM
367 μM
3,670 μM
	VWR

	FeCl3*6H2O
	0.037 mM
	0.037 mM
	Sigma

	B1 (thiamine HCl)
	0.3 μM
	0.3 μM   
	Sigma

	MnSO4*4H2O
	
	9 μM
	VWR

	H3BO3
	
	46 μM
	VWR

	(NH4)6Mo7O24*4H2O
	
	146 μM
	VWR

	ZnSO4*7H2O
	
	153 μM
	VWR

	CuSO4*5H2O
	
	157 μM
	VWR

	Glucose D+
	 55.5 mM
	11.1 mM
	VWR

	Maltose D+
	 8.32 mM
	2.77 mM
	Sigma 

	Activated charcoal
	 0.3% w/v
	0.3% w/v
	Sigma

	Agar (Nobel)
	 1.5% w/v
	1.5% w/v
	Difco 


The concentrations are given as final concentrations. The total volume of the media was brought to 1 L with UHP water. The pH of the media was adjusted to 4.7 for the M-MMNNS and to 5.5-5.7 for the M-MMNS with 10% HCl. The media were autoclaved at 15 psi for 15 min at 120°C. Stock solutions of 37 mM FeCl3*6H2O and 3 mM B1 (thiamine HCl), which were filtered sterilized through a 0.22 μm filter (Millex), were added to the media to their final concentration when the media temperature was ∼50°C.


[bookmark: _Toc507604106][bookmark: _Toc507604373][bookmark: _Toc519017075][bookmark: _Toc520837988]Table 4. Characteristics of the putative PiPT genes and their corresponding proteins based on the JGI database.
	Gene model name
	Protein  id
	KOG description
	Gene name in this study
	Number of exons
	Theoretical (Av.)
pI /Mw (Da)
	Predicted subcellular localisation 

	fgenesh1_kg.22_#_22_#_isotig08265
	169850
	Inorganic phosphate transporter
	PiPT1
	10
	8.19 / 57,920.28
	Plasma membrane

	gm1.13401_g
	18830
	Inorganic phosphate transporter
	PiPT2
	16
	8.54 / 52,279.79
	Plasma membrane

	fgenesh1_kg.1_#_253_#_isotig09075
	165085
	Inorganic phosphate transporter
	PiPT3
	17
	8.35 / 53,781.42
	Plasma membrane

	estExt_Genewise1.C_14990003
	141142
	Inorganic phosphate transporter
	PiPT4
	7
	7.60 / 22,700.48
	Plasma membrane

	fgenesh1_pm.14_#_104
	163069
	Inorganic phosphate transporter
	PiPT5
	17
	7.69 / 40,312.56
	Plasma membrane

	fgenesh1_pg.404_#_2
	158250
	Inorganic phosphate transporter
	PiPT6
	10
	6.25 / 39,169.09
	Plasma membrane

	gm1.7522_g
	12951
	Inorganic phosphate transporter
	PiPT7
	13
	6.30 / 28,898.48
	Plasma membrane





[bookmark: _Toc507604107][bookmark: _Toc507604374][bookmark: _Toc519017076][bookmark: _Toc520837989]Table 5. Gene specific primers used in the qRT-PCR analyses
	Gene model name
	Protein  id
	Gene name in this study
	Primers

	fgenesh1_kg.22_#_22_#_isotig08265
	169850
	PiPT1
	Fwd: 5’- CAGCTCGGTTTCGGTCAA -3’
Rev: 5’- GATGAGCAGAGTCGAGAAGATAC -3’

	gm1.13401_g
	18830
	PiPT2
	Fwd: 5’- TTTCGGGTGTAGCATCGC -3’
Rev: 5’- AGTTCTTCCGCAAGGATCG -3’

	fgenesh1_kg.1_#_253_#_isotig09075
	165085
	PiPT3
	Fwd: 5’- TTCTGCAGCCATCGGTAAA -3’
Rev: 5’- CAAATAGCGGCGATGATGAAAG -3’

	estExt_Genewise1.C_14990003
	141142
	PiPT4
	Fwd: 5’- CCTTGCGACTATCCTCTGTATC -3’
Rev: 5’- CCGAGGAGAATGCGAAAGATAG -3’

	fgenesh1_pm.14_#_104
	163069
	PiPT5
	Fwd: 5’- CCTCTCTCCTATGACGGAATGA -3’
Rev: 5’- TTCTCTTCCTCGGAGATCGT -3’

	fgenesh1_pg.404_#_2
	158250
	PiPT6
	Fwd: 5’- TTTCGGGTGCTGCATCG -3’
Rev: 5’- TTCTGCAAGGATCGCATCG -3’

	gm1.7522_g
	12951
	PiPT7
	Fwd: 5’- ATTCTTCCTTGTTAGGCCTCTG -3’
Rev: 5’- ATGTGTCAAACCCGTGCT -3’

	e_gw1.37.38.1
	82237
	UBIQUITIN
	Fwd: 5’- CGCACCCTTTCTGACTACAA -3’
Rev: 5’- AACATCCACCACGCAGAC -3’

	fgenesh1_pg.7_#_150
	154118
	GAPDH
	Fwd: 5’- AGGCTGTCGGAAAGGTTATTC -3’
Rev: 5’- GAAACATCCAGAGTAGGGACAC -3’

	gm1.14674_g
	20103
	ACTIN
	Fwd: 5’- AGTCCGGTCCTGGTATTGT -3’
Rev: 5’- GACTTCTGTATCGTCCCTCTCT -3’

	fgenesh1_pm.2_#_105
	160244
	TROPOMYOSIN
	Fwd: 5’- CAGTGGGAACACAAGTACGA -3’
Rev: 5’- CAGATCCCTTCCATGCTCTTC -3’





[bookmark: _Toc507604108][bookmark: _Toc507604375][bookmark: _Toc519017077][bookmark: _Toc520837990]Table 6. P. involutus ATCC 200175 genes upregulated by Low P and Symbiosis (1.5 fold-change threshold)
	Gene name (JGI)
	Protein ID
	Putative function

	e_gw1.29.133.1
	80956
	WD40 domain-containing protein

	estExt_fgenesh1_pg.C_20319
	178540
	Unknown 

	estExt_Genewise1.C_9_t10017
	130525
	Dioxygenase

	fgenesh1_kg.73_#_7_#_isotig06717
	172034
	Serine/threonine-protein kinase

	e_gw1.2.1678.1
	66437
	Proline permease

	estExt_Genewise1.C_14990003
	141142
	Inorganic phosphate transporter PiPT4

	fgenesh1_kg.42_#_40_#_isotig03193
	171231
	Cytochrome P450

	gm1.11959_g
	17388
	Serine/threonine-protein kinase

	gm1.15219_g
	20648
	Unknown

	e_gw1.2.765.1
	66349
	Proline permease

	estExt_Genewise1Plus.C_240025
	116523
	VWA domain-containing protein

	gm1.4696_g
	10125
	Glycosyltransferase

	estExt_Genewise1Plus.C_330014
	117451
	TPR domain-containing protein

	fgenesh1_kg.10_#_114_#_isotig04280
	168244
	Unknown

	fgenesh1_kg.6_#_18_#_isotig11225
	167050
	Unknown

	fgenesh1_kg.12_#_20_#_isotig06789
	168674
	Alpha/beta-hydrolase

	fgenesh1_kg.40_#_11_#_isotig06559
	171088
	Unknown

	gw1.17.338.1
	58353
	TPR domain-containing protein

	e_gw1.3.2019.1
	68402
	Peroxiredoxin

	estExt_Genemark1.C_13710001
	103617
	Glutamate--cysteine ligase

	fgenesh1_kg.12_#_77_#_isotig10433
	168731
	Digeranylgeranylglyceryl phosphate synthase

	e_gw1.609.7.1
	90597
	Unknown

	gw1.865.2.1
	51717
	TPR domain-containing protein

	gw1.6.872.1
	51773
	E3 ubiquitin ligase

	fgenesh1_kg.61_#_22_#_isotig12332
	171833
	Unknown

	gm1.12767_g
	18196
	Unknown

	fgenesh1_kg.7_#_115_#_isotig05021
	167434
	Polyamine oxidase

	e_gw1.17.251.1
	78006
	TPR domain-containing protein

	fgenesh1_pm.3_#_506
	160985
	Unknown

	gm1.9318_g
	14747
	Terpenoid synthase

	gm1.9317_g
	14746
	Terpenoid synthase

	estExt_Genewise1Plus.C_420050
	118137
	Cytochrome P450

	fgenesh1_kg.9_#_167_#_AAX51843.1
	168026
	Glutamate decarboxylase

	fgenesh1_pg.2_#_74
	152508
	Unknown

	fgenesh1_kg.11_#_69_#_isotig06985
	168505
	Unknown

	estExt_Genewise1Plus.C_430011
	118183
	Unknown

	estExt_Genemark1.C_420035
	101234
	Unknown

	fgenesh1_kg.28_#_63_#_isotig00513
	170348
	FAD-dependent oxidoreductase

	e_gw1.8.973.1
	73078
	Kinesin-like protein

	fgenesh1_kg.40_#_38_#_isotig03934
	171115
	Cytochrome P450

	estExt_Genewise1Plus.C_2_t30278
	107074
	P-loop containing nucleoside triphosphate hydrolase

	fgenesh1_kg.6_#_47_#_isotig11298
	167079
	Unknown

	fgenesh1_kg.470_#_1_#_isotig05939
	173304
	Alpha/beta-hydrolase

	fgenesh1_kg.1_#_553_#_isotig09286
	165385
	FAD-linked oxidoreductase

	gm1.5728_g
	11157
	Unknown

	e_gw1.8.698.1
	72987
	Unknown

	e_gw1.10.644.1
	74581
	Aspartate transaminase

	estExt_Genewise1Plus.C_730010
	119273
	WD40 domain-containing protein

	e_gw1.1.834.1
	65306
	Unknown

	fgenesh1_kg.13_#_171_#_isotig09404
	168940
	Cytochrome P450

	e_gw1.469.1.1
	89864
	Unknown

	estExt_Genemark1.C_13190001
	103592
	MFS general substrate transporter

	fgenesh1_kg.8_#_41_#_isotig01622
	167584
	Transaldolase

	fgenesh1_kg.1_#_270_#_isotig09587
	165102
	Expansin

	estExt_Genewise1Plus.C_10110003
	121643
	Alpha/beta hydrolase

	fgenesh1_kg.11_#_108_#_isotig06135
	168544
	Peroxidase

	estExt_Genemark1.C_140197
	99497
	Unknown

	gm1.11026_g
	16455
	Adenylosuccinate synthase

	gm1.4062_g
	9491
	Unknown

	gm1.16031_g
	21460
	Unknown

	e_gw1.1587.2.1
	93350
	Unknown

	fgenesh1_kg.14_#_101_#_isotig09274
	169046
	Unknown

	e_gw1.8.853.1
	73002
	Histone-like transcription factor (CBF/NF-Y)

	fgenesh1_kg.95_#_1_#_AAT91250.1
	172254
	Glutathione S-transferase

	fgenesh1_kg.61_#_19_#_AAT91250.1
	171830
	Glutathione S-transferase

	fgenesh1_pm.8_#_23
	161749
	Transcription factor, ZF-fungal binuclear cluster type

	gw1.23.91.1
	41990
	Unknown

	estExt_Genewise1.C_2_t30096
	125697
	Unknown

	fgenesh1_kg.1_#_64_#_isotig04419
	164896
	Cytochrome P450

	fgenesh1_kg.1_#_54_#_isotig09735
	164886
	Unknown

	gm1.16380_g
	21809
	Unknown

	fgenesh1_kg.2_#_274_#_isotig11827
	165740
	Unknown

	fgenesh1_kg.42_#_42_#_isotig11301
	171233
	Glutathione S-transferase

	fgenesh1_kg.10_#_170_#_isotig09885
	168300
	Unknown

	gw1.8.354.1
	34452
	Ran GTPase-activating protein

	fgenesh1_kg.7_#_172_#_isotig10101
	167491
	Unknown

	fgenesh1_kg.1_#_172_#_isotig04374
	165004
	Serin-rich protein

	estExt_Genewise1.C_17880001
	141414
	Phosphatidylserine synthase

	gm1.6540_g
	11969
	Hydrophobin

	fgenesh1_kg.9_#_48_#_isotig10700
	167907
	Unknown

	gm1.15190_g
	20619
	Unknown

	fgenesh1_pm.43_#_3
	163925
	NmrA-domain-containing protein

	fgenesh1_kg.16_#_80_#_AAT91249.1
	169342
	Lectin

	fgenesh1_kg.432_#_4_#_AAT91249.1
	173209
	Lectin

	gm1.12301_g
	17730
	Unknown

	e_gw1.26.23.1
	80411
	Unknown

	estExt_Genemark1.C_320075
	100832
	Indole-3-acetic acid-amido synthetase

	gm1.14142_g
	19571
	Kynurenine 3-monooxygenase

	gw1.34.154.1
	56330
	WD40 domain-containing protein

	estExt_Genemark1.C_80159
	97883
	Unknown

	gw1.715.6.1
	45033
	Unknown

	gm1.1278_g
	6707
	Unknown

	e_gw1.34.26.1
	81834
	WD40 domain-containing protein

	e_gw1.34.81.1
	81836
	WD40 domain-containing protein

	gm1.10780_g
	16209
	Unknown

	gm1.4187_g
	9616
	Unknown

	estExt_Genemark1.C_19010001
	103900
	P-loop containing nucleoside triphosphate hydrolase





[bookmark: _Toc507604109][bookmark: _Toc507604376][bookmark: _Toc519017078][bookmark: _Toc520837991]Table 7. P. involutus ATCC 200175 genes downregulated by Low P and Symbiosis (1.5 fold-change threshold)
	Gene name (JGI)
	Protein ID
	Putative function

	estExt_Genemark1.C_280062
	100587
	FAD-dependent oxidoreductase

	gw1.8.573.1
	41225
	GTP-binding protein

	gm1.3484_g
	8913
	Unknown

	gm1.7786_g
	13215
	Unknown

	estExt_Genewise1.C_250011
	135503
	Unknown

	estExt_Genemark1.C_4350004
	102770
	Unknown

	fgenesh1_kg.21_#_23_#_isotig13707
	169772
	Unknown

	e_gw1.30.9.1
	81157
	Nucleoporin

	fgenesh1_pg.25_#_9
	156301
	Unknown

	estExt_Genemark1.C_500012
	101511
	Unknown

	gm1.6922_g
	12351
	Cytochrome P450

	gm1.5824_g
	11253
	Unknown

	fgenesh1_kg.12_#_109_#_isotig09462
	168763
	Cystein desulfurase

	estExt_Genewise1Plus.C_190169
	115738
	Unknown

	estExt_Genemark1.C_50211
	97128
	Formate dehydrogenase

	estExt_Genemark1.C_50209
	97127
	Cytochrome P450

	estExt_Genewise1.C_12520004
	140914
	Unknown

	estExt_Genemark1.C_130127
	99210
	Phosphatidylserine decarboxylase

	estExt_fgenesh1_pm.C_80256
	175628
	Metallo-dependent hydrolase

	e_gw1.2219.3.1
	94341
	Spermidine transporter

	e_gw1.82.71.1
	86018
	Terpenoid synthase

	gw1.21.17.1
	24300
	Cytochrome P450

	gm1.16232_g
	21661
	Spermidine transporter

	fgenesh1_kg.40_#_4_#_isotig05075
	171081
	Cerato-platanin

	e_gw1.2536.2.1
	94742
	Cytochrome P450

	fgenesh1_kg.14_#_45_#_isotig12205
	168990
	Acetyl-CoA synthetase-like

	gm1.6529_g
	11958
	Unknown

	estExt_Genemark1.C_180103
	99888
	Branched-chain amino-acid transaminase

	estExt_Genemark1.C_360012
	100954
	Cytochrome P450

	estExt_Genemark1.C_160079
	99664
	Unknown

	estExt_Genewise1.C_6_t20266
	129099
	Trichothecene efflux pump

	fgenesh1_pm.3_#_47
	160526
	Unknown

	estExt_Genemark1.C_2190002
	102424
	Unknown

	gw1.30.245.1
	51074
	Guanine nucleotide-binding protein

	estExt_Genewise1.C_1950003
	139014
	Dehydroalanine exporter 

	gm1.5704_g
	11133
	MFS general substrate transporter

	estExt_Genemark1.C_160080
	99665
	Spermidine transporter

	estExt_Genewise1Plus.C_1_t50084
	105941
	Cation transporter 

	fgenesh1_pg.13_#_164
	155473
	Phosphate transporter PHO1

	estExt_Genewise1Plus.C_6_t10387
	110020
	UV-damage endonuclease

	fgenesh1_pg.74_#_16
	157528
	Aldo/keto reductase

	estExt_Genemark1.C_370027
	101010
	Unknown

	gm1.5851_g
	11280
	FAD/NAD(P)-binding domain-containing protein

	estExt_Genemark1.C_120240
	99127
	FAD/NAD(P)-binding domain-containing protein

	estExt_Genemark1.C_50150
	97080
	Transcriptional regulator medusa

	estExt_Genewise1Plus.C_480125
	118531
	Nicotinate phosphoribosyltransferase 

	gm1.12688_g
	18117
	Unknown





[bookmark: _Toc507604110][bookmark: _Toc507604377][bookmark: _Toc519017079][bookmark: _Toc520837992]Table 8. Media composition of each compartment of the HAP solubilisation experimental system.
	Compound
	Fungal
inoculum site
	Hydroxyapatite
solubilisation
study site
	Supplier

	CaCl2*2H2O
	0.34 mM
	0.34 mM
	VWR

	NaCl
	0.43 mM
	0.43 mM
	VWR

	MgSO4*7H2O
	0.61 mM
	0.61 mM
	VWR

	(NH4)2SO4
	1.89 mM
	1.89 mM
	VWR

	KH2PO4
	0.15 or 0.37 or 1.84 μM
	-
	VWR

	FeCl3*6H2O
	0.037 mM
	0.037 mM
	Sigma

	B1 (thiamine HCl)
	0.3 μM
	0.3 μM
	Sigma

	Glucose D+
	55.5 mM
	16.65 mM
	VWR

	Maltose D+
	8.32 mM
	-
	Sigma

	Activated charcoal
	0.3% w/v
	-
	Sigma

	Agar (Nobel)
	1.5% w/v
	1.5% w/v
	Difco


The concentrations are given as final concentrations. The total volume of the media was brought to 1 L with UHP water. The pH of the media was adjusted to 5.2 for the M-MMNNS and to 5.5-5.7 for the M-MMNS with 10% HCl. The media were autoclaved at 15 psi for 15 minutes at 120°C. Stock solutions of 37 mM FeCl3*6H2O and 3 mM B1 (thiamine HCl), which were filtered sterilized through a 0.22 μm filter (Millex), were added to the media to their final concentration when media temperature was ∼50°C.


[bookmark: _Toc507604111][bookmark: _Toc507604378][bookmark: _Toc519017080][bookmark: _Toc520837993]Table 9. Characteristics of the putative P. involutus ATCC 200175 weathering genes and their corresponding proteins based on the JGI database.
	Gene model name
	Protein  id
	KOG Description
	Gene name in this study
	Number of exons
	Theoretical (Av.)
pI /Mw (Da)
	Predicted subcellular localisation 

	fgenesh1_kg.19_#_17_#_isotig00268
	169584
	H+- ATPase
	PiPMA
	7
	5.43 / 108933.12
	Plasma membrane

	fgenesh1_kg.13_#_50_#_isotig08800
	168819
	Unknown
	PiBEST
	12
	8.59 / 57752.65
	Plasma membrane

	estExt_fgenesh1_pg.C_220011
	181044
	Predicted membrane protein
	PiOAR
	3
	4.70 / 35696.34
	Plasma membrane
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