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Abstract 

Iron acquisition is a critical challenge for plants, particularly in iron-deficient soils. Arabidopsis 

plants employ “Strategy I” responses involving rhizosphere acidification, Fe³⁺ reduction and 

Fe²⁺ uptake to cope with iron limitation. Recent research has underscored the importance of 

root-exuded coumarins in modulating the root microbiome and facilitating iron uptake. 

However, specific interactions between fungal root endophytes and coumarins in plant iron 

nutrition remain unknown.  

We identify a mechanism by which the fungal endophyte Macrophomina phaseolina (F80) 

cooperates with plant-derived coumarins to enhance Arabidopsis iron nutrition at acidic pH 5.7. 

The coumarin-deficient f6'h1 mutants are unable to benefit from F80 colonisation. Our findings 

reveal that the interaction between the coumarin scopoletin and F80 rescues plant growth 

under iron-limiting conditions by resolving the iron mobility bottleneck. Notably, our genetic and 

metabolite-profiling data suggest that F80 transforms scopoletin into the iron-chelating 

catechol coumarin esculetin, thereby releasing available iron.  

Under more alkaline (circum-neutral) pH conditions (pH 7.3), both F80 and a second 

endophyte, Truncatella angustata (F73), improve iron status indicators in fraxetin‐producing 

genotypes, and exogenous fraxetin supplementation—but not scopoletin—reinstates fungal‐

mediated rescue in f6ʹh1 plants. This parallels bacterial-coumarin interactions and underscores 

the centrality of fraxetin in iron acquisition at neutral to alkaline pH. Fungal culture assays 

reveal that F80 stabilises fraxetin’s iron‐mobilising capacity and confers mobilisation activity to 

scopoletin, whereas F73 exhibits a delayed, coumarin‐independent response, suggesting 

alternative mechanisms. Furthermore, plant rescue of iron-limitation requires iron reduction 

and uptake by the host at both pH conditions, placing fungal-coumarin activity upstream of the 

plant’s reductive iron uptake module. 

Transcriptomic profiling of F80 exposed to scopoletin identified upregulated predicted 

monooxygenase and oxidoreductase genes, including a candidate enoyl reductase potentially 

analogous to the Botrytis cinerea scopoletin alteration factor (Bcsaf1). However, no single gene 

was definitively linked to scopoletin conversion, indicating that fungal detoxification of 

coumarins may involve complex enzymatic pathways or non-enzymatic oxidative processes. 

By extending the known role of coumarins from bacterial to fungal members of the root 

microbiota, this study places coumarins at the centre of commensal-mediated enhancement 

of plant iron nutrition across microbial kingdoms. We also challenge the prevailing view that 

scopoletin primarily functions in shaping the microbiome, and reveal its important role in iron 

nutrition.  
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Preamble 

A part of this dissertation is research that has been submitted or is currently under preparation, 

as detailed in the ‘Publications’ section. The submitted manuscript, with only minor changes, 

is presented in full in Chapter 2. All other sections presented in this thesis were not previously 

published. The majority of the experiments and analyses presented in this thesis were carried 

out by myself. Contributions by others are explicitly acknowledged in the ‘Author contributions’ 

sections. 
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1 Chapter 1: Main introduction 

Iron is a vital micronutrient essential for many biological processes including chlorophyll 

synthesis, electron transport, and enzyme catalysis. Although iron is one of the most abundant 

elements in the earth's crust, its availability to plants is often severely restricted due to low 

solubility at neutral to alkaline pH. This problem is especially acute in calcareous soils, where 

high pH and low organic matter promote the formation of insoluble iron oxides, hydroxides, 

and other complexes (Lindsay & Schwab, 1982; Cornell & Schwertmann, 2003). As a result, 

iron-deficient plants typically exhibit interveinal chlorosis—particularly in young, developing 

leaves—leading to impaired photosynthesis, stunted growth, and ultimately reduced yield 

(Abadia & Terry, 1986).  

Approximately 30% of the world’s arable land suffers from limited iron bioavailability, imposing 

significant economic and nutritional challenges. Lower crop yields not only reduce farmer 

profitability but also diminish the iron content of edible plant parts, contributing to widespread 

dietary deficiencies (Morrissey & Guerinot, 2009). To mitigate these issues, it is essential to 

understand both the soil processes that mobilise iron and the specialised mechanisms plants 

have evolved to acquire it. 

1.1 Iron limitation in soils and impact on agriculture 

Despite its high total concentration in soils, iron’s chemical form often renders it unavailable 

for plant uptake. In alkaline or calcareous soils, ferrous iron (Fe²⁺) is rapidly oxidised to ferric 

iron (Fe³⁺) which precipitates as insoluble oxides and hydroxides (Lindsay & Schwab, 1982). 

This inherent limitation forces plants to adopt specific strategies to mobilise iron from these 

sparingly soluble compounds. The resulting iron deficiency manifests as chlorosis, reduced 

photosynthetic efficiency, stunted growth, and reduced productivity. The consequences of iron 

limitation extend far beyond visible symptoms (Hindt & Guerinot, 2022). In crops like soybean 

and rice, iron deficiency has been directly linked to significant yield reductions and lower 

nutritional quality (Kobayashi et al., 2014; Merry et al., 2022). For example, studies have shown 

that iron deficiency can lead to yield losses ranging from 16% to 32% in sensitive crops, 

thereby imposing substantial economic burdens on farmers (Zulfiqar et al., 2024). The 

inefficiency in iron uptake not only affects the photosynthetic capacity due to decreased 

chlorophyll content but also disrupts critical processes such as nitrogen fixation in leguminous 

crops, further compounding yield losses and reducing seed quality (Merry et al., 2022; Ito et 

al., 2024; Guillierme et al., 2025). 

Soil properties can direct iron availability. Factors such as soil pH, organic matter content, 

moisture, and carbonate levels can greatly influence the chemical forms of iron and its 

solubility. High soil pH, which is common in calcareous soils, promotes the conversion of 
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soluble Fe²⁺ to insoluble Fe³⁺. In addition, organic matter can form complexes with iron that 

either enhance or inhibit its uptake, depending on the specific nature of the compounds 

present. These soil–chemical interactions require tailored management practices to mitigate 

iron deficiency in agricultural systems (Zuo & Zhang, 2011; Li et al., 2023; Fodor, 2024) 

Agronomic strategies have been developed to counteract iron deficiency. The application of 

iron chelates, such as Fe-EDDHA, can temporarily increase the pool of available iron in the 

soil, especially in alkaline conditions where traditional iron fertilisers (e.g., FeSO₄) are less 

effective. However, such applications are often expensive and can have transient effects on 

the crop iron status (Zuluaga et al., 2023). Alternatively, genetic approaches—including the 

breeding of iron-efficient cultivars and biofortification strategies—offer promising, sustainable 

solutions. This approach tries to enhance a plant’s intrinsic ability to mobilise and absorb iron 

under limiting conditions (Rehman et al., 2021). The impact of iron deficiency is not confined 

solely to crop yield; it also has significant implications for human nutrition. Crops with low 

bioavailable iron contribute to dietary iron deficiencies, which are a major cause of anaemia 

worldwide (McLean et al., 2009). Hence, improving iron uptake and accumulation in edible 

plant parts is a dual-purpose objective that can simultaneously boost agricultural productivity 

and enhance nutritional security. 

In summary, although iron is an abundant element in soils, its limited bioavailability—primarily 

due to unfavourable soil chemical conditions—poses a major challenge in agriculture. The 

resulting iron deficiency affects plant growth, yield, and nutritional quality, creating a ripple 

effect from the field to the dinner table. Addressing these challenges through improved soil 

management practices, the use of specialised iron fertilisers, and the development of iron-

efficient crop varieties remains a critical area of research and innovation in modern agriculture 

(Zuo & Zhang, 2011). 

In addition to conventional agronomic and genetic strategies, exploiting the natural capabilities 

of soil microorganisms offers a promising avenue to alleviate iron deficiency. Beneficial soil 

microbes, including plant growth-promoting rhizobacteria (PGPRs) and (mycorrhizal) fungi, 

produce a variety of siderophores and organic acids that solubilise iron from insoluble mineral 

phases (Baakza et al., 2004; Kramer et al., 2019; Zhao et al., 2020; Fasusi et al., 2023). These 

microbial metabolites not only increase the pool of plant-available iron but may also induce 

changes in plant gene expression that further enhance iron uptake (Boukhalfa & Crumbliss, 

2002; Aznar et al., 2014). By integrating microbe-assisted strategies with conventional soil 

management practices, it is possible to reduce the dependence on synthetic fertilisers while 

simultaneously improving crop yield and nutritional quality (Bargaz et al., 2018). This approach 

represents an environmentally sustainable solution with significant potential to address global 

challenges in iron nutrition for both crops and human diets. 
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1.2 Solubilisation mechanisms of iron from insoluble soil minerals 

The release of bioavailable iron from insoluble soil minerals is governed by three principal 

mechanisms: (i) proton-promoted, (ii) ligand-controlled, and (iii) reductive mechanisms (Zinder 

et al., 1986; Schwertmann, 1991; Suter et al., 1991). In acidic conditions, protonation of the 

mineral surface facilitates the release of Fe3+ by replacing iron bound to oxygen with protons. 

This reaction can be summarised by the exchange of three protons for one Fe3+ ion, thereby 

increasing the solubility of iron (Cornell & Schwertmann, 2003). Certain organic ligands—

including siderophores produced by microorganisms and phytosiderophores (PS) secreted by 

graminaceous plants—bind to Fe3+ at the mineral surface (Römheld & Marschner, 1986; 

Crowley et al., 1991). This binding destabilises the iron mineral bonds and promotes the 

formation of soluble Fe3+–ligand complexes (Kraemer, 2004). These complexes are then 

available for uptake by plant roots. Reductive processes involve the transfer of electrons to 

Fe3+ at the mineral surface, reducing it to the more soluble Fe2+. This reduction is mediated by 

reductants such as phenolic compounds and organic acids exuded by plant roots and soil 

microbes, thereby breaking the Fe–O bonds and releasing iron into the soil solution (Mino et 

al., 1983; Römheld & Marschner, 1986). Collectively, these processes underpin the two main 

strategies of iron mobilisation in plants. They establish the foundation for the subsequent 

uptake mechanisms that are critical for plant survival under iron-limited conditions. 

1.3 Iron uptake mechanisms in plants 

Iron is essential for plant growth and metabolism, yet its limited bioavailability in many soils 

has driven plants to evolve two distinct uptake strategies. Non-graminaceous plants adopt a 

reduction-based mechanism (Strategy I), while graminaceous plants rely on a chelation-based 

system (Strategy II) to acquire iron from the soil. 

1.3.1 Strategy I: non-graminaceous plants 

Non-graminaceous plants, such as Arabidopsis thaliana (Arabidopsis), rely on a reduction-

based mechanism to acquire iron (Römheld, 1987). Under iron deficiency, these plants acidify 

the rhizosphere through increased proton extrusion mediated by plasma membrane H⁺-

ATPases, specifically by Autoinhibited PM H(+)-ATPase 2 (AHA2) in Arabidopsis (Santi & 

Schmidt, 2009).  The resulting drop in pH enhances the solubility of Fe3+. Concurrently, 

membrane-bound iron-chelate reductases—such as FERRIC REDUCTION OXIDASE 2 

(FRO2) in Arabidopsis —reduce Fe3+ to Fe2+ (Robinson et al., 1999). Finally, Fe2+ is taken up 

by high-affinity transporters like IRON-REGULATED TRANSPORTER 1 (IRT1) into the root 

epidermis (Eide et al., 1996; Vert et al., 2002; Varotto et al., 2002). Although Strategy I is 

effective in acidic environments, its efficiency declines in alkaline soils due to the countervailing 

pH of the rhizosphere. As pH increases and soil acidification becomes more challenging, 

FRO2’s in vivo reduction rate decreases (Santi & Schmidt, 2009; Tsai & Schmidt, 2017; Vélez-
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Bermúdez & Schmidt, 2022a). To compensate, iron-starved non-graminaceous plants exude 

various organic compounds, including phenylpropanoid-derived coumarins. These molecules 

mobilise insoluble iron through both chelation and reduction, thereby supporting iron uptake 

even when traditional reduction mechanisms are less efficient (Schmidt et al., 2014; Fourcroy 

et al., 2014; Rajniak et al., 2018). 

1.3.2 Strategy II: graminaceous plants 

Under iron-deficient conditions, grasses and other monocots activate a biosynthetic pathway 

that converts S-adenosyl methionine into a series of mugineic acid-type PS, such as 

deoxymugineic acid (DMA). These are then secreted into the rhizosphere via specialized efflux 

transporters like Transporter Of Mugineic acid family phytosiderophores 1 (TOM1) (Takagi et 

al., 1984; Nozoye et al., 2011). The secreted PS molecules rapidly bind Fe3+ to form soluble 

Fe3+–PS complexes. This chelation not only increases the solubility of iron but also prevents it 

from re-precipitating with other soil constituents. The soluble Fe3+–PS complexes are then 

specifically recognised by high-affinity transporters on the plasma membranes of root 

epidermal cells—members of the Yellow Stripe 1 (YS1) and Yellow Stripe 1-Like (YSL) 

transporter families play a key role here (Curie et al., 2001; Murata et al., 2006). These 

transporters facilitate the active uptake of the entire Fe3+–PS complex into the root cells. Once 

internalised, the iron is either reduced to Fe2+ for incorporation into metabolic pathways or 

chelated further to be trafficked to various cellular compartments. 

1.4 Coumarin biosynthesis and biological activities 

1.4.1 Coumarin biosynthesis 

Coumarins are a diverse group of naturally occurring 1,2-benzopyrone derivatives present in 

some monocotyledonous and most dicotyledonous plants (Harborne, 1982; Rajniak et al., 

2018; Stringlis et al., 2019). These secondary metabolites have attracted considerable 

attention due to their multifunctional roles in plant physiology and defence, particularly under 

conditions of iron deficiency. In Arabidopsis, iron starvation induces the biosynthesis and 

release of coumarins such as scopoletin, fraxetin, sideretin, and esculetin (Kai et al., 2006; 

Sisó-Terraza et al., 2016; Robe et al., 2021b; Paffrath et al., 2023).  

The biosynthetic pathway for these coumarins is generally linear and tightly regulated by a 

complex network of transcription factors and enzymes (Robe et al., 2021b).  A key regulator in 

this process is the root-specific R2R3-type MYB transcription factor, MYB72 (Palmer et al., 

2013; Zamioudis et al., 2015; Stringlis et al., 2018b). Expression of MYB72 is rapidly induced 

under alkaline conditions, where iron availability is restricted (Palmer et al., 2013). MYB72 

activates the transcription of genes involved in the coumarin biosynthetic pathway, hence it 

induces the synthesis of the enzyme 2-oxoglutarate-dependent dioxygenase FERULOYL-COA 
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6-HYDROXYLASE1 (F6’H1). F6’H1 catalyses the conversion of feruloyl-CoA to 6’-hydroxy-

feruloyl-CoA, which is the critical precursor for the biosynthesis of scopoletin (Kai et al., 2008). 

The conversion of 6′-hydroxy-feruloyl-CoA to scopoletin is a critical step in the coumarin 

biosynthetic pathway (Figure 1). This transformation involves a trans–cis isomerisation 

followed by lactonization and can occur spontaneously under the influence of light. However, 

the efficiency of this nonenzymatic reaction is quite low and may not produce sufficient 

scopoletin under stress conditions. Instead, the BAHD acyltransferase COUMARIN 

SYNTHASE (COSY) catalyses this conversion, significantly enhancing the reaction kinetics 

(Vanholme et al., 2019). This enzymatic activity is particularly vital in plant organs shielded 

from light, such as roots, where spontaneous light-induced reactions are limited. Mutations in 

the COSY gene result in reduced coumarin levels and accumulation of o-

hydroxyphenylpropanoids, leading to decreased iron content and growth defects under iron-

limited conditions (Vanholme et al., 2019). Once scopoletin is synthesised, it can be further 

modified by hydroxylation. Specifically, SCOPOLETIN 8-HYDROXYLASE (S8H) converts 

scopoletin into fraxetin (Tsai et al., 2018) (Figure 1). In a subsequent step, fraxetin can be 

further hydroxylated by the CYTOCHROME P450 MONOOXYGENASE 82C4 (CYP82C4) to 

form sideretin (Rajniak et al., 2018) (Figure 1). S8H and CYP82C4 expression is elevated in 

response to iron deficiency, with pH-dependent regulation; fraxetin is detected in higher 

amounts with increasing pH whereas sideretin is more important at acidic pH (Tsai et al., 2018; 

Gautam et al., 2021; Paffrath et al., 2023). The genes responsible for the coumarins esculetin 

and umbelliferone biosynthesis remain uncharacterised. Nonetheless, recombinant COSY was 

shown to, apart from scopoletin, generate esculetin and umbelliferone from their respective o-

hydroxycinnamoyl-CoA thioesters (Vanholme et al., 2019). Coumarins are stored in the 

vacuole in glycosylated form, where they remain inactive until needed (Taguchi et al., 2000; 

Stringlis et al., 2019). Prior to secretion into the rhizosphere, the coumarins undergo 

deglycosylation, thereby releasing the active compounds that participate in iron acquisition 

(Zamioudis et al., 2014; Robe et al., 2021a). The export of coumarins is likely mediated by 

specific transporters, including the ATP-BINDING CASSETTE transporter PLEIOTROPIC 

DRUG RESISTANCE 9 (ABCG37/PDR9), which is upregulated under neutral to alkaline 

conditions (Rodríguez-Celma et al., 2013a; Fourcroy et al., 2014; Robe et al., 2023) (Figure 

1). Overall, the coordinated regulation of coumarin biosynthesis and secretion is a 

sophisticated response that enhances iron solubility and availability in the rhizosphere, thereby 

contributing to the overall iron homeostasis of the plant. 
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Figure 1. Reductive iron import, coumarin biosynthesis and exudation pathway in Arabidopsis 

roots. Arabidopsis plants use mechanisms referred to as “strategy I” to acquire iron from the soil. This 

involves a protein complex at the plasma membrane consisting of AHA2, FRO2, and IRT1. AHA2 

releases protons that acidify the soil, mobilising Fe3+, which is then reduced to Fe2+ by FRO2. Thereafter, 

Fe2+ is transported into the root cells via IRT1. The first steps in coumarin biosynthesis are catalysed by 

F6’H1 and COSY leading to the production of scopoletin, subsequent conversion to fraxetin and 

sideretin occurs through the activity of S8H and CYP82C4, respectively. Coumarins are secreted into 

the rhizosphere by PDR transporters. Once secreted to the rhizosphere, coumarins are involved in the 

mobilisation and reduction of iron from the soil environment. (Figure made with Biorender) 

1.4.2 Role of coumarins in plant iron nutrition in concert with microbiota 

Coumarins are multifunctional secondary metabolites that play pivotal roles in plant iron 

acquisition, acting both directly on soil iron chemistry and indirectly through modulation of the 

root microbiome. Their direct roles are primarily chemical: certain coumarins have the ability 

to mobilise and/or reduce Fe3+. In particular, fraxetin, sideretin, and esculetin contain a catechol 

moiety essential for chelating and solubilising Fe3+ and/or reducing Fe3+ to Fe2+ (Hider et al., 

2001; Mladěnka et al., 2010; Rajniak et al., 2018). Although the iron reduction capacity of 
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coumarins decreases at elevated pH, fraxetin is noted for maintaining efficient iron mobilisation 

even under alkaline conditions (Sisó-Terraza et al., 2016; Tsai et al., 2018; Vélez-Bermúdez & 

Schmidt, 2022b; Paffrath et al., 2023). In contrast, scopoletin lacks a catechol-group and is 

therefore not able to efficiently chelate iron. Due to the antimicrobial activity of scopoletin 

toward a wide variety of micro-organisms, it is primarily thought to function in defence (Stringlis 

et al., 2018a; Voges et al., 2019; Harbort et al., 2020).  

Beyond their intrinsic chemical properties, coumarins indirectly support plant iron nutrition by 

reshaping the microbial community in the rhizosphere. Multiple studies have shown the ability 

of coumarins to alter the species composition of the root microbiome (Voges et al., 2019; 

Stringlis et al., 2019; Harbort et al., 2020). By inhibiting root colonisation of soil-borne 

pathogens and favouring the establishment of mutually beneficial interactions with 

rhizobacteria or fungi (Stringlis et al., 2018a, 2019; Trapet et al., 2021; Vismans et al., 2022; 

Cao et al., 2024; Spooren et al., 2024). For instance, scopoletin and fraxetin have been shown 

to significantly change the composition and activity of the root microbiome in artificially limed 

soil (Stringlis et al., 2018b) and in naturally iron-limiting calcareous soil (Harbort et al., 2020). 

Coumarin-deficient f6’h1 plants assemble an altered root microbiome composition and are 

more sensitive to iron stress compared to Col-0 wild-type (WT) plants (Harbort et al., 2020). 

Among the genera most strongly associated with coumarin-producing Col-0 plants are those 

that promote plant metal uptake, improve plant growth, and possess antimicrobial properties 

(Stringlis et al., 2018b; Stassen et al., 2021). This modulation appears to be part of an 

integrated response involving plant immune signalling; Induced Systemic Resistance (ISR) 

eliciting rhizobacteria upregulate the root-specific transcription factor MYB72. Upregulation of 

MYB72 results in increased coumarin biosynthesis and exudation, which in turn, affects the 

species composition of the root microbiome (Zamioudis et al., 2014, 2015; Stringlis et al., 

2018b). 

Coumarins not only indirectly support the association of beneficial microbes by inhibiting 

pathogens but also interact with root commensal bacteria to enhance plant iron nutrition 

(Harbort et al., 2020). For instance, a synthetic community of bacterial commensals isolated 

from Arabidopsis roots was shown to rescue iron-starved Arabidopsis in a coumarin-

dependent manner at neutral to alkaline pH (Bai et al., 2015; Harbort et al., 2020). The 

underlying mechanism(s) of the bacterial community-mediated rescue of iron-starved 

Arabidopsis remain unknown. However, the growth-promoting effect of the commensals seems 

to involve ubiquitous microbial functions induced by fraxetin under iron-limited conditions 

(Harbort et al., 2020). 
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Given that roots are colonised by a diverse microbial community, including both bacteria and 

fungi, it would be interesting to evaluate how root-associated fungi modulate their host under 

conditions of iron starvation.  

1.4.3 Can fungal root endophytes influence plant iron nutrition? 

Prior investigations into plant–microbe interactions have largely focused on bacterial 

contributions to iron acquisition (Harbort et al., 2020). By contrast, the capacity of fungal root 

endophytes to modulate host iron nutrition has remained largely unexplored. Fungal 

endophytes are ubiquitous within plant roots and are recognised for enhancing plant tolerance 

to abiotic stresses such as drought, salinity and phosphate limitation. These beneficial fungal 

mechanisms include phytohormone production, nutrient solubilisation and siderophore 

secretion (Almario et al., 2017; Pecoraro et al., 2021; Verma et al., 2022; De Rocchis et al., 

2022). For instance, the mutualistic fungus Serendipita indica promotes host growth under salt 

and drought stress by modulating phytohormone levels and antioxidant defences (Boorboori 

& Zhang, 2022; Saleem et al., 2022). Many endophytes also produce siderophores—low-

molecular-weight, high-affinity Fe³⁺ chelators—that can mobilise otherwise inaccessible iron in 

the rhizosphere (Winkelmann, 1992; Kraemer, 2004). Fungal-derived monohydroxamate and 

dihydroxamate siderophores have been shown to increase iron uptake in model systems, likely 

by forming soluble Fe3+-siderophore complexes that plants can exploit (Hördt et al., 2000). In 

Trichoderma asperellum Q1, siderophore production under iron limitation correlates with 

enhanced plant growth, underscoring the role of these molecules in nutrient acquisition (Zhao 

et al., 2020). In the related Trichoderma asperellum strains and Trichoderma harzianum volatile 

compounds were found to induce MYB72 in Arabidopsis leading to enhanced iron uptake, with 

similar responses observed in Solanum lycopersicum (Martínez-Medina et al., 2017). As a final 

example; Arbuscular mycorrhizal fungi (AMF)—the best‐studied fungal symbionts—are 

renowned for markedly improving plant phosphorus (P) uptake, often supplying the majority of 

host P via extensive hyphal networks that dramatically extend soil exploration (Harley & Smith, 

1983; Smith & Read, 2008). AMF additionally influence nitrogen acquisition by enhancing 

ammonium and nitrate uptake through modified rhizosphere chemistry and increased surface 

area (Govindarajulu et al., 2005). AMF have also been shown to facilitate iron acquisition in 

various crops. Meta‐analyses indicate that AMF can contribute to micronutrient (Cu, Mn, Zn 

and Fe) concentrations in crops (Lehmann & Rillig, 2015; Vyas et al., 2024). Despite these 

insights, direct evidence that root endophytic fungi can partner with plant-derived 

metabolites—such as coumarins—to enhance iron nutrition remains absent. 

To address this gap, we made use of a culture collection of phylogenetically diverse fungal 

endophytes originally isolated from the roots of healthy Arabidopsis plants growing in natural 

populations across Europe (Durán et al., 2018; Thiergart et al., 2020). From this collection, 
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Mesny et al., (2021) selected 41 members representative of the Arabidopsis root mycobiota 

and described the plant performance in MS agar-plate based seed inoculation assays with the 

fungal isolates in Phosphate limiting and replete conditions. In previous experiments in our lab 

all members were screened for tolerance to the antifungal coumarin scopoletin (Anthony Piro, 

unpublished). Based on the existing data we selected two strains for further investigation: 

Macrophomina phaseolina (F80) and Truncatella angustata (F73). Both fungi are less sensitive 

to the antimicrobial activity of scopoletin and showed neutral to beneficial effects on 

Arabidopsis seedlings after seed inoculation. M. phaseolina and T. angustata belong to fungal 

lineages known for versatile lifestyles, ranging from endophytism and saprotrophy to 

opportunistic pathogenicity—across a broad host spectrum. M. phaseolina, a soilborn 

ascomycete and member of the Botryosphaeriaceae, is notorious as the causal agent of 

charcoal rot in over 500 plant species (Su et al., 2001; Islam et al., 2012; Bandara et al., 2018; 

Marquez et al., 2021; Sinha et al., 2022).  Despite its pathogenic reputation, M. phaseolina is 

often isolated as an endophyte from apparently healthy roots, as asymptomatic colonisation 

can precede a necrotrophic phase (Schroeder et al., 2019). T. Angustata, an ascomycetous 

coelomycete within the Sporocadaceae, similarly inhabits diverse ecological niches, colonising 

stems, leaves, fruits, and roots as either an endophyte, pathogen or saprotroph (Lee et al., 

2006; Wenneker et al., 2017; Sokolova et al., 2022). 

In brief the research described in this thesis addresses the following, contributing to the field 

of beneficial fungal root endophytes: In Chapter 2 we demonstrate that F80 modifies scopoletin 

into the catechol coumarin esculetin, thereby resolving the iron solubility bottleneck in the 

rhizosphere and enabling plant uptake via FRO2/IRT1. This novel, coumarin-dependent 

mechanism of fungal-mediated iron acquisition provides the first clear example of cross-

kingdom synergy between plant secondary metabolites and endophytic fungi in iron nutrition. 

F80 was thus shown to rescue iron‐starved Arabidopsis under acidic pH in a scopoletin‐

dependent manner. In Chapter 3 we further build on this work by introducing F73 which reacts 

similarly to scopoletin in cultures, but is not able to alleviate iron-stress in Arabidopsis at acidic 

pH. However, the relevance of these interactions under agriculturally pertinent more alkaline 

conditions remained unknown. Given that Strategy I iron uptake mechanisms in dicots become 

less effective at high pH (Santi & Schmidt, 2009), and that coumarins such as fraxetin are 

strongly induced and stabilise iron solubility under these conditions (Rajniak et al., 2018; 

Paffrath et al., 2023), we hypothesised that F80 and F73 might similarly exploit root‐secreted 

coumarins to alleviate host iron deficiency at a more alkaline pH. Our findings revealed that, 

under iron-limiting circum-neutral pH conditions, F80 and F73 enhanced plant iron status 

indicators in a coumarin-dependent manner. Interestingly, the beneficial effects were most 

pronounced in cyp82c4 mutants, which produce scopoletin along with elevated levels of 

fraxetin, suggesting a specific role for fraxetin in fungal-mediated iron mobilisation at circum-
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neutral pH. Future work should explore whether similar interactions occur across other fungal 

taxa and coumarin derivatives. This could potentially reveal a broadly conserved strategy for 

improving plant iron nutrition in challenging soil environments. 

1.5 Aims of the Thesis 

The overall aim of this doctoral thesis is to elucidate the molecular mechanisms by which fungal 

endophytes modulate plant iron nutrition through coumarin interaction. We focused on the soil-

borne ascomycetes F80 and F73 part of the aforementioned Arabidopsis culture collection 

(Mesny et al., 2021), exploring their capacity to enhance iron nutrition in different iron 

availability and pH conditions. The following chapters therefore examine (i) the requirement for 

plant coumarin biosynthesis and export in fungal‐mediated iron rescue, (ii) the specific 

coumarins, and (iii) the mechanisms by which these fungi modulate coumarin‐mediated Fe³⁺ 

mobilisation. 

First, I dissected the mechanism of fungal‐mediated Arabidopsis iron acquisition under acidic 

conditions (pH 5.7). Through a combination of in planta assays with wild-type, coumarin-

biosynthesis (f6′h1, s8h, cyp82c4) and reductive iron import pathway (fro2, irt1) mutants, 

exogenous coumarin supplementation experiments, we demonstrated that F80 rescues iron-

starved Arabidopsis only when scopoletin is present and the host’s iron reduction and uptake 

system is functional. Metabolite profiling and iron mobilisation assays in F80 cultures incubated 

with coumarins revealed that F80 transforms scopoletin into catechol-coumarin esculetin, 

leading to increased iron mobilisation. This mechanism likely resolves the iron solubility 

bottleneck in planta, restoring both chlorophyll synthesis, biomass and iron accumulation in 

iron-limited conditions. (Chapter 2) 

Recognising that alkaline soils further constrain iron uptake, we extended our investigations to 

higher-pH environments (pH 7.3), where Fe3+ solubility and reductive uptake decline sharply. 

In these assays, we compared F80 with a second endophyte F73, evaluated their interactions 

with scopoletin, fraxetin and esculetin in planta and by monitored fungal growth, scopoletin 

fluorescence and iron mobilisation and reduction in culture. Shoot fresh weight and chlorophyll 

content were quantified in coumarin biosynthesis and export (prd9) Arabidopsis mutants, 

revealing that both fungi require fraxetin to mobilise iron under circum-neutral pH conditions, 

though with differing efficacies. This work highlights the context‐dependent nature of 

endophyte–coumarin synergy across pH gradients. (Chapter 3) 

Finally, to pinpoint the fungal genes responsible for scopoletin conversion, I performed RNA-

sequencing on F80 cultures exposed to scopoletin and conducted differential expression 

analyses. Despite extensive transcriptomic scrutiny, no single candidate gene emerged as the 



22 
 

definitive scopoletin‐alteration enzyme, underscoring the complexity of fungal secondary‐

metabolite metabolism and suggesting redundant or novel enzymatic pathways. (Chapter 4) 

Together, these studies illuminate a previously unrecognised, cross-kingdom mechanism in 

which plant secondary metabolites and beneficial root fungi co-operate to surmount iron 

limitation, offering new avenues for harnessing microbiome engineering to improve crop 

nutrition in challenging soils. 

 



23 
 

2 Chapter 2 
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Summary 

• Iron acquisition is a critical challenge for plants, especially in iron-deficient soils. Recent 

research underscores the importance of root-exuded coumarins in modulating the root 

microbiome community structure and facilitating iron uptake. However, interactions 

between root-associated fungi and coumarins in plant iron nutrition remain unknown. 

We investigated the mechanism by which a fungal endophyte, Macrophomina 

phaseolina (F80), enhances Arabidopsis iron nutrition. 

• Fungal–coumarin interactions were assessed by profiling metabolites and measuring 

iron mobilisation in F80 cultures supplemented with specific coumarins, alongside 

quantifying growth performance and iron content in Arabidopsis coumarin‐biosynthesis 

mutants inoculated with F80.uei 

• Our findings reveal that an interaction between the coumarin scopoletin and F80 in the 

rhizosphere rescues plant growth under iron-limiting conditions by resolving the iron 

mobility bottleneck. F80 exhibits a capacity to modify scopoletin into iron-chelating 

catechol coumarin esculetin, thereby releasing available iron.  

• We conclude that Arabidopsis-produced scopoletin functions as a precursor for fungal 

conversion into iron-chelating coumarins. By extending the role of coumarins from 

bacterial to fungal members of the root microbiota, this study places coumarins at the 

centre of commensal-mediated enhancement of plant iron nutrition across microbial 

kingdoms. 
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Introduction 

Plants have evolved sophisticated mechanisms to shape their root microbiomes. Microbial 

community structure in the rhizosphere is influenced by various root-exuded compounds, 

including a diverse class of secondary metabolites known as coumarins (Stassen et al., 2021). 

Coumarins are derived from the phenylpropanoid pathway and are produced by a wide range 

of dicotyledonous plants (Rajniak et al., 2018). Their broad biological activities which include 

anti-microbial, anti-oxidant, and anti-inflammatory properties, have attracted attention in plant 

and medical sciences (Borges et al., 2005). Coumarins can be found in above- and below-

ground plant tissues (Stringlis et al., 2019; Robe et al., 2021b). Over 50 years ago, foliar 

coumarin accumulation was linked to pathogen defence (Sequeira & Kelman A., 1962; Reuveni 

& Cohen, 1978; Zaynab et al., 2024), while more recent studies have highlighted their central 

role in plant iron acquisition at the root surface (Schmid et al., 2014; Sisó-Terraza et al., 2016; 

Rosenkranz et al., 2021).  

Iron is an essential micronutrient for almost all life forms including plants and their associated 

microbes (Aznar et al., 2015). However, despite its high abundance in soil, iron is often bio-

unavailable to soil-inhabiting organisms due to poor solubility as ferric oxide (Fe³⁺) particularly 

in highly oxygenated, neutral or alkaline soils (Hindt & Guerinot, 2022). This limited 

bioavailability often leads to iron deficiency in plants and in natural and agricultural 

environments iron fertilisation is often necessary (Zuo & Zhang, 2011). To counter this 

challenge plants have evolved specialised iron acquisition strategies. Dicots and non-grass 

monocots employ “strategy I” which relies on the reduction of iron prior to its import (Römheld, 

1987; Eide et al., 1996). In the model strategy I plant Arabidopsis thaliana (Arabidopsis) this is 

conferred by the tripartite reductive import module consisting of H⁺-ATPase AHA2, FERRIC 

REDUCTION OXIDASE 2 (FRO2) and IRON-REGULATED TRANSPORTER 1 (IRT1)(Tsai & 

Schmidt, 2017). AHA2-mediated proton extrusion into the rhizosphere is thought to contribute 

to ferric iron (Fe³⁺) mobility through acidification of the rhizosphere (Santi & Schmidt, 2009). 

Acidification also lowers the redox potential to support Fe³⁺ reduction to ferrous iron (Fe²⁺) by 

FRO2, and consequently Fe2+ is taken up via IRT1 (Vert et al., 2002; Varotto et al., 2002). 

Graminaceous plants, on the other hand, utilise “strategy II,” marked by the release of mugineic 

acid-type phytosiderophores that chelate Fe³⁺ and form complexes that can be efficiently 

absorbed by specific root transporters (Takagi et al., 1984; Römheld & Marschner, 1986; 

Ishimaru et al., 2006; Murata et al., 2006; Nozoye et al., 2011) 

In addition to acidification, several strategy I plants also exude specific iron-chelating 

coumarins to assist in iron solubilisation. Iron chelation is facilitated by catechol coumarins 

such as esculetin, fraxetin, and sideretin, with two hydroxyl groups in ortho positions (Hider et 

al., 2001; Mladěnka et al., 2010). The effectiveness of these coumarin metabolites is pH-
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dependent and expression of their biosynthesis genes responds to pH fluctuations (Sisó-

Terraza et al., 2016; Tsai & Schmidt, 2017, 2020; Gautam et al., 2021; Paffrath et al., 2023). 

Plants also exude the non-catechol containing coumarin scopoletin which is not effective in 

mobilising iron (Schmid et al., 2014; Sisó-Terraza et al., 2016; Rajniak et al., 2018). The 

complexity of coumarin profiles and their biological activity is further increased by their ability 

to influence the composition and dynamics of the plant root microbiota. (Zamioudis et al., 2014; 

Stringlis et al., 2018b; Voges et al., 2019; Harbort et al., 2020). Several coumarins, especially 

scopoletin, were reported to possess selective antimicrobial activities (Stringlis et al., 2019) 

and inhibit the growth of soil-borne fungi (Carpinella et al., 2005; Kai et al., 2006; Ba et al., 

2017; Stringlis et al., 2018b). Moreover, Harbort et al (2020) demonstrated that root 

commensal bacteria can alleviate iron starvation in Arabidopsis through interactions with root-

secreted fraxetin in alkaline pH conditions. Arabidopsis mutants lacking coumarins harboured 

altered bacterial communities and had heightened iron stress sensitivity (Harbort et al., 2020).  

The first step in the Arabidopsis coumarin biosynthesis pathway involves the 2-oxoglutarate-

dependent dioxygenase FERULOYL-CoA 6’-HYDROXYLASE (F6’H1) (Kai et al., 2008; 

Schmidt et al., 2014; Schmid et al., 2014). F6’H1 converts feruloyl-CoA to 6-hydroxyferuloyl-

CoA, which is then converted to scopoletin spontaneously or by the BAHD acyltransferase-

COUMARIN SYNTHASE (COSY) in organs shielded from light (Kai et al., 2008; Vanholme et 

al., 2019). COSY was also found to produce esculetin in vitro from its hydroxycinnamoyl-CoA 

thioester (Vanholme et al., 2019). While the mode of esculetin biosynthesis in the plant remains 

unclear, Rajniak et al. (2018) suggested that F6’H1 is required, although Arabidopsis exudates 

contain relatively low levels of esculetin compared to scopoletin (Schmid et al., 2014; Paffrath 

et al., 2023). Fraxetin is synthesised from scopoletin by SCOPOLETIN-8-HYDROXYLASE 

(S8H) and can be further hydroxylated into sideretin by cytochrome P450 82C4 enzyme 

(CYP82C4) (Siwinska et al., 2018; Rajniak et al., 2018; Tsai et al., 2018). These last steps in 

the coumarin biosynthesis pathway (S8H and CYP82C4) are highly induced in response to 

iron deficiency and lead to higher coumarin exudation rates (Rodríguez-Celma et al., 2013a; 

Fourcroy et al., 2014; Schmid et al., 2014; Sisó-Terraza et al., 2016; Tsai et al., 2018; Paffrath 

et al., 2023). Coumarins are secreted into the rhizosphere via ATP-binding cassette 

transporters like PLEIOTROPIC DRUG RESISTANCE 9 (PDR9) (Fourcroy et al., 2014; Ziegler 

et al., 2017), where they can directly contribute to iron uptake by chelating or reducing Fe3+  

(Hider et al., 2001; Mladěnka et al., 2010; Schmidt et al., 2014; Paffrath et al., 2023).  

While a critical role of coumarin interactions with root-associated bacterial microbiota for plant 

iron nutrition has been established (Harbort et al., 2020), contributions of fungal root 

endophytes and their interplay with root-secreted coumarins for plant iron nutrition remain 

unreported. Here we used a fungal endophyte, Macrophomina phaseolina MPI-SDFR-AT-
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0080 (F80), which is a member of the Arabidopsis mycobiota isolated from the roots of wild 

Arabidopsis populations and part of a microbial culture collection (Durán et al., 2018). We 

demonstrate that M. phaseolina F80 alleviates host iron-starvation in a coumarin-dependent 

manner. We uncover a previously undescribed mechanism by which a root endophytic fungus 

promotes plant iron nutrition through cooperation with the plant-derived coumarin scopoletin. 

Ex planta assays suggest that F80 mediates the conversion of scopoletin to the iron-mobilising 

catechol coumarin esculetin which then relieves plant iron deficiency by providing soluble Fe3+ 

to FRO2 for reduction and import via IRT1. Our data highlight a role of coumarin-microbiota 

interactions for plant iron nutrition across microbial kingdoms and further suggest physiological 

importance of the highly abundant coumarin scopoletin for plant iron nutrition in nature.   

Material and methods 

Growth conditions 

The following A. thaliana genotypes were used: Columbia-0 wildtype (Col-0), f6’h1-1 

AT3G13610; SALK_132418C (f6’h1), s8h-1 AT3G12900; SM_3_27151 (s8h), cyp82c4-1 

AT4G31940; SALK_001585 (cyp82c4), frd1-1 AT1G01580; N3777 (fro2), and irt1-1 

AT4G19690; SALK_024525 (irt1). Arabidopsis seeds were surface sterilised for 15min with 

70% ethanol + 0.1% Tween-20, subsequently for 2min in 95% ethanol, and after drying, seeds 

were kept in sterile distilled water for 2-3 days in the dark at 4°C for stratification.  For 

germination, seeds were placed onto square Petri plates containing ½× Murashige & Skoog 

(MS) medium (vitamins, 0.5 g/L MES, pH 5.7, 0.5% sucrose, 1% BD DIFCO™ Agar).  The 

plates were sealed with micropore tape and placed vertically into a growth chamber (10 h light, 

21°C; 14 h dark, 19°C) for 7 d. 

Fungal growth & hyphal harvesting 

The fungus Macrophomina phaseolina (MPI-SDFR-AT-0080 v1.0) (F80) (Mesny et al., 2021), 

was grown on Potato Dextrose Agar (PDA) at 22°C for approx. 1 week. Hyphae were harvested 

with a sterilised scalpel, transferred to grinding tubes with metal beads, diluted to 100 mg 

hyphae/ml with 10 mM MgCl₂, and ground for 5 min. To obtain heat-killed (HK) fungus, samples 

were incubated at 99°C for 1 h.  

Gnotobiotic agar-plate system  

The gnotobiotic agar-based system was adapted from (Harbort et al., 2020) - STAR protocols. 

Adjusted half strength MS media without iron (750 µM MgSO4, 625 µM KH2PO4, 10.3 mM 

NH4NO3, 9.4 mM KNO3, 1.5 mM CaCl2, 55 nM CoCl2, 53 nM CuCl2, 50 µM H3BO3, 2.5 µM KI, 

50 µM MnCl2, 520 nM Na2MoO4, 15 µM ZnCl2, and 9.4 mM KCl, with 1% BD DIFCO™ Agar, 

Bacteriological) was prepared from stock solutions and supplied with 10 mM MES, 50 μM iron 
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(FeEDTA or FeCl₃), and fungal hyphae (1:2000 dilution, 50 μg/ml final concentration) after 

autoclaving. For coumarin supplementation experiments, coumarin were added from 100 mM 

DMSO stocks to a final concentration of 10 μM or an equal amount of DMSO as control. After 

solidifying, the top approx. 2.5 cm agar was removed from 12x12 square petri plates filled with 

50 ml of medium, and seven germinated seedlings were transferred per plate (four replicate 

plates per experiment). Plates were sealed with micropore tape and vertically grown for 2 

weeks in a growth chamber (10 h light, 21°C; 14 h dark, 19°C) with roots shielded from light. 

After 2 weeks, shoot samples were collected for chlorophyll measurements and whole shoots 

and roots were harvested to record shoot fresh weight (SFW) and assess fungal colonisation, 

respectively. 

Shoot chlorophyll analysis 

The protocol for chlorophyll extraction and quantification was based on Harbort et al., (2020) 

and Hiscox & Israelstam, (2011). 5-7 shoots from each plate were pooled, weighed and kept 

at -80°C until processing. To each sample, 1 ml DMSO per 30 mg of leaf tissue was added and 

they were incubated for 45 min at 65 °C with 300 rpm agitation. Chlorophyll absorbance was 

measured at 652 nm on a Nanodrop spectrophotometer (Thermo Fisher Scientific).  

Shoot mineral element analysis 

Mineral element analysis of whole shoots was performed as described previously (Paffrath et 

al., 2023)  Shoot samples were dried to constant weight at 65°C and weighed into 

polytetrafluoroethylene tubes. Dried plant material was digested using concentrated HNO₃ 

(67–69% v/v, Bernd Kraft) and subjected to pressurised digestion in a high-performance 

microwave reactor (UltraCLAVE IV, MLS GmbH). After digestion, the samples were diluted with 

deionised water (Milli-Q Reference A+, Merck Millipore) and analysed using high-resolution 

inductively coupled plasma mass spectrometry (HR-ICP-MS) (ELEMENT 2, Thermo Scientific, 

Germany). Element standards were prepared from certified reference single standards from 

CPI-International (USA). 

Fungal colonisation assays 

To assess fungal colonisation of Arabidopsis roots at 14 days post-inoculation (dpi), roots were 

collected into Lysing Matrix E 2 ml tubes (MP Biomedicals, USA). The tube content was 

crushed for 30 s at 6200 rpm. 980 μl sodium phosphate buffer (MP Biomedicals, USA) and 

122.5 μl MT-buffer (MP Biomedicals, USA) were added, followed by two additional 30-

secrounds of crushing at 6200 rpm. The samples were then centrifuged for 15 min at 13.000 

rpm. 50 μl binding matrix (MP Biomedicals, USA) per sample was added to a 96-well plate. A 

filter plate (Acroprep Advance, 0.2 μm Supor filter, Pall) was placed on top of the 96-well plate, 

and 150 μl supernatant from each sample was transferred onto the filter plate. The plate was 
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centrifuged for 20 min at 1500 rpm, thereafter the flow-through was mixed with the binding 

matrix, by shaking for 3 min. 190 μl of each sample was transferred to a second filter plate and 

washed twice with 150 μl SEWS-M (MP Biomedicals, USA) by centrifuging for 5 min at 1500 

rpm and the centrifuging step was repeated to dry the samples. DNA was eluted with 30 μl of 

ddH2O by centrifuging at 1500 rpm for 5 min, and stored at -20 °C until qPCR analysis. Fungal 

colonisation was then measured by qPCR as described (Mesny et al., 2021). Briefly, 

ITS1F/ITS2 primers for fungal ITS1 and UBQ10F/UBQ10R primers for Arabidopsis Ubiquitin10 

were used. Reactions included iQ™ SYBR® Green Supermix, primers, and 1 µl DNA template. 

qPCR was run on a BioRad CFX Connect with 95°C denaturation (3 min), followed by 39 

cycles of 95°C (15 s), 60°C (30 s), and 72°C (30 s). Colonisation index was calculated as 2 -

Cq(ITS1)/Cq(UBQ10). 

96-well fungal culture assay 

Culture medium containing half strength MS medium without iron, ARE and vitamins (Table 

S1) was prepared, the pH was adjusted to pH 5.7 (buffered with 10 mM MES) with KOH and 

sterile-filtered (0.22 μm) using vacuum filtration. The medium was supplemented with 

scopoletin (0, 0.0625, 0.25, 1, or 2 mM) or pimaricin (0.1 mg/ml final concentration, used as 

an antifungal growth control) and 190µl was added per well in a 96-well plate. The wells were 

inoculated with 10 μl of fungal hyphal solution (stock solution of 100 mg mycelium per ml in 

10mM MgCl2; final concentration 5mg/ml) 10 μl of 10mM MgCl2 as a blank control. The plates 

were sealed and incubated for 12 days at 22 °C with shaking (140 rpm), OD600 and scopoletin 

fluorescence (excitation 385 nm, emission 470 nm) measurements were taken daily around 

the same time using a TECAN spectrophotometer (Infinite® M Plex, Tecan Trading AG, 

Switzerland). To ensure consistency across experiments, detected fluorescence was 

normalised to OD600 and the initial fluorescence at day 0. To evaluate potential fungal growth 

inhibition by scopoletin, daily OD600 values were normalised to growth in the absence of 

scopoletin. 

Metabolite profiling 

For F80 liquid culture time-course assays, pure ethyl acetate (Honeywell Riedel-de HaënTM, 

LC-MS grade) was used to extract metabolites from fungal culture pellet and supernatant 

fractions. Extraction was performed by adding 500 µl of ethyl acetate to 1.5 ml fungal culture 

fractions, followed by 30 s vortexing and 10 min sonic bath. The sample was centrifuged for 

10 min (13000 rpm, 4°C) and 450 µl of upper phase was collected in a new 1.5 ml test tube. 

The extraction was repeated two times. The combined solvent extract was dried in a TurboVap® 

Classic LV (Biotage) under nitrogen flow, and samples were stored at -80°C. 
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For exudate profiling in the plant medium, 5 ml pure ethyl acetate (Honeywell Riedel-de 

HaënTM, LC-MS grade) was added to 50 ml plant agar medium (harvested 1 week after 

transfer of 9-day-old seedlings), and samples were vortexed for 30 s and centrifuged for 10 

min (4°C, 4000 rpm). The supernatant was collected and two more rounds of extraction were 

performed. Combined extracts were dried as described above and samples stored at -80°C. 

For coumarin profiling of plant roots (harvested 1 week after transfer of 9-day-old seedlings on 

half strength MS medium), 200 mg (FW) ground root samples were extracted using a modified 

version of Blight & Dyer extraction. First, 900 µl dichloromethane/ethanol 2:1 and 100 µl HCl 

(pH 1.4) were consecutively added to each sample, followed by 30 s vortexing and 5 min 

centrifugation (4°C, 13600 rpm). The upper phase was discarded and the lower phase (approx. 

700 µl) was collected into 2 ml test tubes. After adding 500 µl tetrahydrofuran to the remaining 

pellets, samples were vortexed for 30 s and centrifuged for 5 min (4°C, 13600 rpm). The 

supernatant was collected and combined with the lower phase fraction. The solvent mixture 

was dried as described above, and the samples stored at -80°C. 

Before measurement, each sample was resuspended in 100 µl of pure methanol (Honeywell 

Riedel-de HaënTM, LC-MS grade) and transferred to a liquid chromatography vial with insert. 

Separation of metabolites by ultrahigh-performance liquid chromatography (UHPLC) was 

performed on a Nucleoshell RP18 (2.1 × 150 mm, particle size 2.1 μm, Macherey & Nagel, 

GmbH, Düren, Germany) using an ACQUITY UPLC System, equipped with a Binary Solvent 

Manager and Sample Manager (20 μl sample loop, partial loop injection mode, 2 μl injection 

volume, Waters GmbH Eschborn, Germany). Eluents A and B were aqueous 0.3 mmol/L 

NH4HCOO (adjusted to pH 3.5 with formic acid) and acetonitrile, respectively. Elution was 

performed isocratically for 2 min at 5% eluent B, from 2 to 7 min with a linear gradient to 30% 

B, from 7-9 min at 95% B, then 1 min at 95% B, from 10 to 11 min at 5% B, and then another 

minute at 5% B. The flow rate was set to 400 μl min−1 and the column temperature was 

maintained at 40 °C. Metabolites were detected by negative electrospray ionisation and mass 

spectrometry (ESI-QTOF-MS/MS). Serial dilutions of standards of scopoletin, esculetin, 

fraxetin and 3-(2,4-dihidroxy-5-methoxyphenyl) propanoic acid were injected every 24 samples 

for identification and quantification purposes. Mass spectrometric analysis was performed by 

MS-QTOF-IDA-MS/MS (ZenoTOF 7600, AB Sciex GmbH, Darmstadt, Germany) and 

controlled by SCIEX OS software (AB Sciex GmbH, Darmstadt, Germany). The source 

operation parameters were as follows: ion spray voltage, −4500 V; ion source gas 1, 60 psi; 

source temperature 600 °C; ion source gas 2, 70 psi; curtain gas, 35 psi. Instrument tuning 

and internal mass calibration were performed every 5 samples with the calibrant delivery 

system applying X500 ESI Calibrant Solution in negative mode tuning (AB Sciex GmbH, 
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Darmstadt, Germany). Data analysis was performed in SCIEX OS software, and MS-DIAL 

software (Tsugawa et al., 2015). 

Ferrozine iron mobilisation assay 

To remove medium residues from the hyphal solution, fungal hyphae (prepared as described 

above) were washed three times with MgCl2 by centrifugation (5 min at 11,000 xg), and 

resuspended in fresh MgCl2. Coumarins were supplemented to the culture medium (half 

strength MS medium without iron, ARE and vitamins (Table S1), 10 mM MES, pH 5.7) to a final 

concentration of 400 μM. Cultures were inoculated with washed hyphae and grown as 

described for the 96-well fungal culture assay (22°C, 140 rpm, dark). Samples were collected 

at 0, 6, and 9 dpi, centrifuged at 3800 rpm for 20 min, the supernatant was transferred into a 

new 96 well plate and stored at -80 °C until processing. 

To assess iron mobilisation, 120 μl sample was transferred into a 96-well plate and 

supplemented with a final concentration of 0.1 mM FeCl₃ and 0.4 mM ferrozine. Absorbance 

at 562 nm was measured using a TECAN spectrophotometer (Infinite® M Plex, Tecan Trading 

AG, Switzerland) before and after ferrozine addition. Controls included wells with water, 0.1 

mM FeCl₃ (negative control), and 0.1 mM FeEDTA (positive control). To quantify total mobilised 

iron, immobile iron was removed by centrifugation (3800 rpm, 15 min), and the supernatant 

was transferred to a new 96-well plate. Samples were then incubated with 10 mM HCl and 10 

mM ascorbic acid for 20 min in darkness to reduce the mobile iron fraction, followed by 

absorbance measurement at 562 nm. All values were normalised to FeEDTA samples (before 

reduction), and FeSO4 calibration curves were used for quantification of mobile iron. 

Results 

M. phaseolina (F80) enhances iron nutrition in Arabidopsis under iron limiting 

conditions 

To test whether fungal endophytes can improve plant iron nutrition, we modified a previously 

reported gnotobiotic agar-based plant growth assay that allows precise modulation of iron bio-

availability and the co-cultivation of Arabidopsis plants with root microbiota members (Harbort 

et al., 2020 - STAR protocols). The system relies on half strength MS medium buffered at pH 

5.7 with MES and supplemented with either unchelated iron (FeCl3) or chelated iron (FeEDTA), 

which reflect bio-unavailable iron (unavFe) and bio-available iron (avFe) conditions, 

respectively. Using this system, we assessed the ability of the fungal root endophyte F80 to 

enhance the performance of Arabidopsis Col-0 wild-type plants under unavFe conditions. F80 

was identified previously as part of a culture collection of 41 fungal isolates representative of 

the Arabidopsis root mycobiota (Mesny et al., 2021). Plant performance was evaluated after 
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two weeks of co-cultivation with fungus or mock treatments using shoot fresh weight (SFW) 

and shoot total chlorophyll concentration as a proxy for iron status. Three-week-old 

Arabidopsis seedlings exhibited enhanced growth and reduced leaf chlorosis when inoculated 

with F80 under iron-limiting conditions, closely resembling the avFe phenotype (Figure 2a). 

Plants grown at unavFe and inoculated with F80 exhibited a significant increase in SFW and 

shoot chlorophyll concentration compared to mock-treated controls (Figure 2b,c). By contrast, 

we did not observe F80-mediated plant growth promotion or increased chlorophyll under avFe 

conditions (Figure 2b,c). Plants inoculated with heat-killed F80 behaved similarly to mock-

treated plants (Figure S1), highlighting the importance of live fungus and that putative 

inoculum-derived iron contamination is negligible. To ascertain whether the observed 

phenotypes reflect iron status of the plant, the shoot elemental content was measured by HR-

ICP-MS (Figure 2d). This analysis showed that F80-inoculated plants accumulated significantly 

more iron in their shoots under unavFe compared to mock conditions, almost reaching the iron 

content of plants grown at avFe (Figure 2d). In line with SFW and shoot chlorophyll 

concentration, no F80-mediated increase in shoot iron content was observed in avFe 

conditions (Figure 2d). Taken together, these results show that F80 mediates Arabidopsis iron 

nutrition specifically in conditions of limited iron bioavailability. This implies that F80 improves 

plant access to immobile iron pools in the growth medium. 
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Figure 2. Fungal endophyte M. phaseolina (F80) improves Arabidopsis iron nutrition under iron 

limitation. 

(a) representative phenotypes, (b) SFW, (c) shoot chlorophyll concentration, and (d) shoot Fe content 

of Col-0 Arabidopsis seedlings. 7-day-old seedlings were transferred to half-strength MS medium and 

grown for 2 weeks on mock or F80 inoculated plates in unavFe (50µM FeCl3) or avFe (50µM FeEDTA) 

conditions. Letters indicate significant pairwise differences between groups (p-adj≤0.05) by Dunn 

pairwise comparison test with Benjamini-Hochberg correction (b,c) or a Tukey’s HSD corrected for 

multiple comparisons (d). Scale bars, 1 cm (a). Data are from two (b,c) or three (d) full factorial replicates 

(represented by different shapes). 
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Root-derived scopoletin and host iron-reductive import machinery are essential for F80-

mediated plant iron nutrition 

Given that F80-mediated plant iron nutrition is specific to iron-limiting conditions and the 

established link between iron limitation-induced coumarin production and bacterial-mediated 

improvements in plant iron nutrition (Harbort et al., 2020), we investigated whether F80-

mediated improved in iron nutrition of Arabidopsis also requires plant-derived coumarins. To 

this end, we grew the coumarin-deficient Arabidopsis mutant f6’h1 lacking the first step of the 

coumarin biosynthesis pathway (Kai et al., 2008; Schmidt et al., 2014; Schmid et al., 2014) in 

unavFe conditions. Compared to Col-0, f6’h1 plants exhibited reduced ability to tolerate iron 

deficiency, indicated by their lower SFW and shoot chlorophyll concentration under mock 

conditions (Figure 3a,b). While F80-mediated rescue of plant iron deficiency was observed in 

Col-0 plants, F80 failed to improve the performance of f6’h1 plants, with both SFW and 

chlorophyll levels remaining below the mean values observed for Col-0 (Figure 3a,b). 

Consistently, shoot iron content in f6’h1 plants did not significantly increase upon F80 

inoculation and remained comparable to mock-treated controls (Figure 3c). 

To examine whether F80 interacts with specific coumarins to facilitate rescue of plant iron 

deficiency, we used the s8h and cyp82c4 mutant lines which fail to produce fraxetin and 

sideretin, respectively, yet retain the ability to synthesise scopoletin (Rajniak et al., 2018; Tsai 

et al., 2018). Inoculation of s8h plants with F80 resulted in a significant increase in SFW and 

shoot chlorophyll concentration, reaching levels comparable to those of F80-inoculated Col-0 

plants. This trend was also observed for shoot iron content, as s8h plants treated with F80 

accumulated similar levels of iron as Col-0 (Figure 3c). Similarly, F80 inoculation improved the 

performance of cyp82c4 plants reflected in increased SFW, chlorophyll concentration and 

shoot iron content compared to mock-treated controls, although levels in cyp82c4 remained 

slightly lower than those of Col-0 and s8h plants (Figure 3a,b,c). These data show that the 

fungal root endophyte alleviates plant iron starvation in a coumarin-dependent manner and 

that the coumarin scopoletin interacts with F80 to rescue host iron deficiency.  

To investigate whether F80-mediated plant iron rescue depends on the plant's ability to reduce 

ferric (Fe3+) and import ferrous (Fe2+) iron, we assessed mutants of FRO2 and IRT1, two key 

components of the iron acquisition system in Arabidopsis. As previously reported, the fro2 and 

irt1 mutants were acutely sensitive to iron limitation, resulting in small and chlorotic plants 

under unavailable iron conditions (Robinson et al., 1999; Vert et al., 2002; Varotto et al., 2002; 

Paffrath et al., 2023). F80 failed to effectively increase fro2 and irt1 SFW, shoot chlorophyll 

concentration and shoot iron content (Figure 3a,b,c). This suggests that the F80-mediated 

rescue involves ferric iron mobilisation and requires downstream Fe3+ reduction by FRO2 as 

well as ferrous iron transport by IRT1. The concentration of other elements in the shoots were 
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also evaluated for all genotypes by HR-ICP-MS, however no similar trends were observed 

(Figure S5). The observed differences in F80-mediated plant iron nutrition were not attributed 

to variation in fungal colonisation, as F80 colonisation levels were similar in all plant genotypes 

(Figure S2c). Analysis of all plant genotypes at avFe confirmed that F80-mediated rescue is 

specific to iron deficiency as there were no differences observed in shoot chlorophyll of mock 

versus F80 inoculated plants (Figure S2a,b). Additionally, presence of FeEDTA completely 

restored plant growth of all tested coumarin mutants, indicating that coumarins are not required 

for plant growth at avFe. As anticipated, FeEDTA did not fully restore chlorophyll levels in fro2 

and irt1, as iron reduction and uptake are still required under this condition (Figure S2a,b). For 

all genotypes except s8h, an increase in SFW was observed in avFe conditions in the presence 

of F80, which might reflect a general beneficial effect of the fungus on plant growth. The results 

suggest that F80-mediated Arabidopsis iron acquisition depends on plant coumarin synthesis, 

especially scopoletin, and requires a functional plant reductive iron transport machinery to 

facilitate iron uptake. 
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Figure 3. Rescue of iron deficient Arabidopsis plants by the fungal root endophyte F80 requires 

the coumarin scopoletin and the plant’s iron reductive import system.  

(a) SFW, (b) shoot chlorophyll concentration and (c) shoot Fe content measured by ICP-MS at 2 weeks 

of growth after transfer of the indicated mutants in the coumarin biosynthesis pathway and the iron 

reductive import mechanism. 7-day-old seedlings were transferred to half strength MS medium with 

unavFe (50µM FeCl3) at pH 5.7 mock or inoculated with F80. Dashed line indicates the mean of Col-0. 
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Letters indicate significant pairwise differences between groups (p-adj≤0.05) by a Dunn pairwise 

comparison test with Benjamini-Hochberg correction. Statistical significance within genotypes was 

determined by a Kruskal-Wallis test. Data are from four (a,b) or three (c) full factorial replicates 

(represented by different shapes). 

F80 converts scopoletin into iron-chelating esculetin 

Scopoletin is recognised for its selective antimicrobial activity (Sun et al., 2014a; Zamioudis et 

al., 2014; Lemos et al., 2020; Harbort et al., 2020)). To evaluate the sensitivity of F80 to 

scopoletin, an in vitro time-course assay was performed to monitor the fungal growth in the 

presence of 2 mM scopoletin in a liquid culture. To additionally assess potential F80-mediated 

alterations of scopoletin, we tracked scopoletin-derived fluorescence in the cultures over time 

under long-wave UV (Goodwin & Kavanagh, 1949). Under mock conditions, the expected 

scopoletin-derived fluorescence remained largely constant, confirming stability of scopoletin in 

the absence of the fungus. This is consistent with a previous study using mass spectrometry-

based quantification of coumarins (Rajniak et al., 2018). In the presence of F80, scopoletin-

derived fluorescence decreased rapidly between 3- and 6-days post-inoculation (dpi) (Figure 

4a). A scopoletin alteration effect was also indicated by the fungal growth pattern: relative 

growth of F80 (growth in 2 mM scopoletin/growth in control) decreased from 2 to 5 dpi but 

recovered from 6 dpi onwards, coinciding with a near-complete disappearance of scopoletin 

fluorescence (Figure S3b). These data suggest that F80 can evade scopoletin antimicrobial 

activity by a possible detoxification mechanism that alters scopoletin.  

To validate whether F80 alters scopoletin, liquid cultures of the fungus were separated into 

supernatant and mycelia, and metabolites were profiled by UHPLC-MS/MS. The MS/MS data 

corroborated the fluorescence-based results in showing a steep decrease in scopoletin levels 

from 3 to 6 dpi with F80 (Figure 4b, S3d). Notably, a different coumarin molecule, esculetin, 

was detected in the samples supplemented with scopoletin, and displayed increased 

abundance from 3 dpi onwards. At the same time, additional degradation products containing 

hydrolysed lactone rings were observed. Untargeted UHPLC-MS/MS profiling of the samples 

revealed that the most abundant compound detected, besides scopoletin, was 3-(2,4-

dihydroxy-5-methoxyphenyl) propanoic acid (C10H12O5) (Figure 4b, S3d). At 12 dpi, all 

coumarin compounds, including scopoletin, esculetin, and 3-(2,4-dihydroxy-5-methoxyphenyl) 

propanoic acid, were nearly undetectable. This suggests that further modification or complete 

degradation through F80, or compound instability, occurs in this assay. Both, esculetin and the 

open-lactone structure were detected exclusively in scopoletin-supplemented samples in the 

presence of the fungus but not in fungal cultures alone (Figure 4b, S3d).  

Given that esculetin, an iron-mobilising coumarin (Schmid et al., 2014; Paffrath et al., 2023), 

was identified as a scopoletin-conversion product, we next tested the interaction of esculetin 

with F80. First, esculetin stability in F80 cultures supplemented with 2 mM esculetin was 
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assessed by measuring its levels in the supernatant and fungal pellet over time. Esculetin 

showed only a slow decline and was still detectable at 12 dpi (Figure 4c, S3e). In parallel, since 

fraxetin accumulates in the roots of cyp82c4 plants which support F80-mediated rescue, the 

stability of fraxetin was evaluated in the presence of F80 in culture (Figure 3a,b,c). Compared 

to esculetin, fraxetin was more rapidly depleted by the fungus, especially in the supernatant 

(Figure 4d, S3f). To further investigate the interaction of F80 with these coumarins, relative 

growth of F80 in the presence of esculetin or fraxetin was evaluated over time. In comparison 

to F80 cultures supplemented with scopoletin, F80 cultures supplemented with esculetin or 

fraxetin did not show a decrease in relative growth (Figure S3b,c). The observed F80 

conversion of scopoletin to esculetin, a compound that does not affect F80 growth, further 

supports a fungal detoxification mechanism.  

Because our in planta data imply a role for F80 in improving plant access to immobile ferric 

iron through interactions with scopoletin - a coumarin which lacks a catechol moiety and in 

vitro iron mobilising capacity (Figure 3a,b,c) (Schmidt et al., 2014; Rajniak et al., 2018; Paffrath 

et al., 2023) - we hypothesised that F80-mediated alteration of scopoletin is the cause of iron 

mobilisation to the plant. To test this, we made use of a spectrophotometric assay which 

quantifies mobile iron based on the ferrozine-Fe(II) complex. Fraxetin and esculetin were 

included in the analysis because esculetin was detected in the F80-scopoletin cultures (Figure 

4b, S3d) and fraxetin produced in F80-rescued cyp82c4 plants might also interact with the 

fungus. As expected, the catecholic coumarins fraxetin and esculetin, but not scopoletin, 

mobilised iron under mock conditions (Figure 4e). However, when F80 was cultured with these 

coumarins, differential effects on total iron mobilisation were observed. In F80 cultures 

supplemented with scopoletin, there was an increase in mobilised iron at 6 and 9 dpi (Figure 

4e), perhaps due to the conversion of scopoletin to esculetin by F80 (Figure 4b). Conversely, 

total iron mobilisation in cultures supplemented with fraxetin or esculetin in the presence of the 

fungus decreased significantly at 6 and especially 9 dpi (Figure 4e). The results suggest that 

F80 affects iron mobilisation differently depending on the coumarin substrate it encounters. 

While scopoletin likely serves as a precursor to iron-chelating compounds such as esculetin, 

fraxetin and esculetin participate directly in iron-binding dynamics. 

These findings show that an interaction between F80 and scopoletin yields synergistic 

amounts of mobilised iron. Put together with F80’s capability to convert scopoletin to the 

catechol coumarin esculetin, we reasoned that increased iron mobility might be due to the 

presence of esculetin. This could explain the observed F80-mediated Arabidopsis iron 

nutrition. 
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Figure 4. The fungal endophyte F80 converts scopoletin into esculetin and further degradation 
compounds.  
(a) Time course of 0-12 dpi displaying specific scopoletin fluorescence measured in in vitro mock and 

F80 cultures supplemented with 2mM scopoletin (excitation at 385nm and emission detected at 470nm). 

Data combined from 3 biological replicates. The curve-shade indicates the standard error. The Area 

Under the Curve of graph (a) is shown in Figure S3a. (b) MS-QTOF-IDA-MS/MS peak area of scopoletin, 

esculetin and 3-(2,4-dihydroxy-5-methoxyphenyl) propanoic acid (C10H12O5) in F80 culture 

supernatant (dashed line) and the fungal pellet (full line) grown for 0-12 dpi supplemented with 2mM 

scopoletin. Curve-shade indicates mean ± SD. Absolute concentration values are presented in Figure 

S3d. (c) MS-QTOF-IDA-MS/MS peak area of esculetin in F80 culture supernatant (dashed line) and the 

fungal pellet (full line) grown for 0-12 dpi supplemented with 2mM esculetin. Curve-shade indicates 

mean ± SD. Absolute concentration values are presented in Figure S3e. (d) MS-QTOF-IDA-MS/MS peak 

area of fraxetin in F80 culture supernatant (dashed line) and the fungal pellet (full line) grown for 0-12 

dpi supplemented with 2mM fraxetin. Curve-shade indicates mean ± SD. Absolute concentration values 

are presented in Figure S3f. (e) Total amount of iron mobilised from poorly soluble FeCl₃ (0.1 mM) in 

the F80 culture supernatant or axenic medium (mock) supplemented with scopoletin, fraxetin, or 

esculetin (final concentration of 0.4 mM) at 0, 6, or 9 dpi. Mobilised iron was assessed 

spectrophotometrically based on a Fe(II)-ferrozine assay. Control values for treatments without fungus 

(red) or without coumarins (green) are included as dashed lines. Error bars represent mean ± SD, 

statistical differences between treatments were assessed using t-tests for normally distributed residuals 

or, otherwise, Wilcoxon rank-sum tests. Significance levels are indicated by asterisks with *p<0.05, 

**p<0.01, and ***p<0.001. All panels represent data from three biological replicates (represented by 

different shapes). 

F80 and scopoletin cooperate to mobilise ferric iron in the rhizosphere 

To assess whether F80 interaction with coumarins observed in culture translate into iron 

mobilisation effects in planta, we conducted coumarin supplementation assays using the 

coumarin-deficient f6’h1 mutant. This approach provided a coumarin-free plant background, 

enabling evaluation of the importance and sufficiency of specific coumarins for plant 

physiological fitness and growth under iron limitation. Based on the positive interaction of F80 

and scopoletin in enhancing iron mobilisation and growth recovery of f6’h1 plants at avFe 

(Figure S2a,b), we hypothesised that combinatorial treatment of the plant growth medium with 

F80 and scopoletin would result in increased mobile ferric iron and, in turn, restore iron limiting 

plant growth of f6’h1. Addition of 10 µM scopoletin to the plant growth medium under mock 

(non-F80) conditions did not significantly increase SFW or chlorophyll concentration in f6’h1 to 

levels observed in Col-0 inoculated with F80 (Figure 5a,b). When combined with F80 

inoculation, scopoletin supplementation restored F80-mediated rescue, with both SFW, 

chlorophyll and shoot iron concentrations being similar to Col-0 inoculated with F80 (Figure 

5a,b, S5). Strikingly, the cooperative effect of F80 and scopoletin resembled the mock 

phenotypes of 10 µM fraxetin or esculetin supplementations, which increased SFW and 

chlorophyll concentration to levels comparable to Col-0 with F80 (Figure 5a,b). 

Supplementation of fraxetin or esculetin in the presence of F80 resulted in slightly reduced 

SFW and chlorophyll levels compared to the corresponding mock conditions (Figure 5a,b), in 

line with the fungal culture supernatant iron mobilisation data (Figure 4e). 
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To further understand the role of F80 in the iron import pathway of Arabidopsis plants, 

scopoletin, fraxetin or esculetin were added to the growth medium of fro2 mutant plants. 

Importantly, none of these compounds significantly enhanced SFW or chlorophyll 

concentration in fro2, either alone or in combination with F80 (Figure S4a,b). This underscores 

the necessity of a functional FRO2 for F80-mediated alleviation of plant iron deficiency. It also 

supports the notion that F80 cooperatively interacts with scopoletin to mediate ferric iron 

mobilisation in the rhizosphere. To critically test the impact of chemical iron mobilisation on 

f6’h1 and fro2 mutants, 10 µM NaEDTA (a synthetic iron chelator) was added to the medium. 

In f6’h1 plants, NaEDTA supplementation almost fully rescued the iron-deficiency phenotype 

under mock and F80-inoculated conditions (Figure S4c,d). This aligns with a previous study 

showing that iron chelators like NaEDTA can bypass the requirement for microbial interactions 

by artificially increasing iron solubility (Jin et al., 2006). By contrast, no significant NaEDTA-

mediated rescue was observed in fro2 mutants (Figure S4c,d). This result reinforces the 

conclusion that FRO2 is essential for the iron uptake pathway when bio-available ferric iron is 

present in the form of Fe(III)-chelates (Figure S4c, S3d). F80 colonisation of roots remained 

consistent across all experimental conditions, indicating that differences in rescue phenotypes 

were not due to variation in fungal colonisation (Figure S4e). 

To test whether F80 can also use plant-synthesised scopoletin, we quantified differences in 

scopoletin concentration in root exudates of Col-0 plants grown over 7 d in the presence or 

absence of F80. HRLC-MS/MS analysis revealed that the presence of F80 strongly decreased 

scopoletin levels in the agar medium in both unavFe and avFe conditions (Figure 5c). Levels 

of scopolin and scopoletin quantified inside root tissues from this experiment revealed no 

significant differences between treatments (Figure S4f). Altogether, the data suggest that F80 

and scopoletin interact cooperatively in the rhizosphere to mediate ferric iron mobilisation 

upstream of the FRO2-IRT1 reductive import module.  
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Figure 5. Interaction between the fungal endophyte F80 and scopoletin rescues the coumarin-

deficient mutant f6’h1. (a) SFW and (b) shoot chlorophyll content of Col-0 and f6’h1 plants 2 weeks 

past inoculation. 7-day-old seedlings were transferred to half-strength MS medium with unavailable iron 

(50 µM FeCl3) at pH 5.7, supplemented with 10 µM of the indicated coumarins or an equal amount of 

DMSO for the control, and mock or inoculated with F80. Dashed line indicates the mean of Col-0. Letters 
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indicate significant pairwise differences between groups (p-adj≤0.05) by a Dunn pairwise comparison 

test with Benjamini-Hochberg correction. Data are from three full factorial replicates (represented by 

different shapes). (c) The concentration of scopoletin exuded after 1 week in the medium of 9-day-old 

seedlings transferred to half-strength MS medium with unavailable (50 µM FeCl3) or available (50 µM 

FeEDTA) iron at pH 5.7 mock or inoculated with F80. Metabolites were extracted from approximately 50 

ml of the medium and analysed with MS-QTOF-IDA-MS/MS. Bars represent the mean from 4 biological 

replicates (n=2-3) with standard error bars. Letters indicate significant pairwise differences between 

groups (p-adj≤0.05) by a Tukey’s HSD corrected for multiple comparisons. 

Discussion 

Coumarins are crucial for plant iron uptake in conditions of low iron availability. Scopoletin is 

one of the most abundant coumarins in root exudates of Arabidopsis plants grown under iron-

limiting conditions (Sisó-Terraza et al., 2016; Rosenkranz et al., 2021), despite its inability to 

chelate and mobilise iron. Scopoletin is mainly described for its selective antimicrobial activity 

against fungi and commensal bacteria (Ba et al., 2017; Harbort et al., 2020; Yu et al., 2021), 

but its potential role in plant iron nutrition remains undefined. Here, we show that scopoletin 

and the fungal root endophyte Macrophomina phaseolina F80 cooperate to provide mobile 

Fe3+ for subsequent import via the plant reductive import module consisting of the ferric chelate 

reductase FRO2 and the ferrous iron importer IRT1 (Figure 6). Our results support a pivotal 

role of scopoletin in the intricate interplay between F80 and its host plant, whereby scopoletin 

production and interaction with F80 in the rhizosphere enables the rescue of iron-deficient 

Arabidopsis. 
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Figure 6. Model for the interaction of the fungal root endophyte M. phaseolina F80 with root-

derived scopoletin to mediate iron nutrition in Arabidopsis 

Iron stress promotes coumarin biosynthesis and exudation in Arabidopsis roots. The first steps in 

coumarin biosynthesis are catalysed by F6’H1 and COSY leading to the production of scopoletin. 

Subsequent conversion to fraxetin and sideretin occurs through the activity of S8H and CYP82C4, 

respectively. Coumarins are secreted into the rhizosphere by transporters from the PDR family. Once 

secreted to the rhizosphere, coumarins assist plants in iron acquisition from the soil environment. The 

catechol coumarins fraxetin, sideretin and esculetin can directly mobilise iron. Our model proposes a 

cooperative interaction between the fungal root endophyte F80 and the coumarin scopoletin, which 

enhances ferric iron mobilisation in the rhizosphere, upstream of the plant’s FRO2-IRT1 reductive iron 

uptake system. Ex planta data suggest that F80 mediates the conversion of scopoletin into the catechol 

coumarin esculetin, facilitating iron solubility and rescuing iron-deficient plant growth. (Figure made with 

Biorender) 

Our data suggest that ferric iron mobilisation is conferred through fungal conversion of the F80-

inhibitory non-catechol coumarin scopoletin to a non-inhibitory catechol coumarin esculetin 

which is a potent Fe3+ chelator (Figure 4, S3, 6) (Schmidt et al., 2014; Schmid et al., 2014; 

Paffrath et al., 2023). Because fungal mediated scopoletin conversion also occurs in the 

rhizosphere during plant colonisation (Figure 5c), it is likely to represent a key mechanism by 

which the fungus enhances iron availability. The scopoletin to esculetin transition not only 

enhances iron solubility but might also represent a “win–win” scenario benefiting both the 

fungal endophyte and its host: the fungus mitigates scopoletin antimicrobial inhibitory effects 

while the plant gains access to more bioavailable iron. This scenario is supported by i) ex-

planta time-course experiments that showed decreasing abundance of scopoletin coupled with 

esculetin generation in the presence of F80 and ii) cooperative iron mobilisation by scopoletin 

and F80 yielding similar levels of mobilised iron as those provided by esculetin alone (Figure 

4). Host rescue from limiting iron was entirely dependent on coumarin production as no rescue 

was observed in the coumarin-deficient f6’h1 mutant (Figure 3). By contrast, s8h mutants which 

produce scopoletin but lack fraxetin and sideretin supported fungal-mediated rescue of iron 

deficiency (Figure 3). Thus, scopoletin appears to be necessary and sufficient for plant iron 

nutrition in the presence of this fungal root endophyte. A role of scopoletin in iron mobilisation 

was further confirmed by chemical complementation experiments. Scopoletin supplementation 

restored F80-mediated rescue of f6’h1 plants to similar levels of catechol coumarins or the 

synthetic iron chelator EDTA in mock conditions (Figure 5). Collectively, these findings highlight 

a new type of plant-microbe interaction in which a fungal endophyte repurposes a plant-derived 

coumarin precursor to generate bioavailable iron-chelating compounds. 

Coumarin production and exudation are highly induced upon iron starvation (Fourcroy et al., 

2014; Schmid et al., 2014; Sisó-Terraza et al., 2016; Tsai et al., 2018; Paffrath et al., 2023). 

Current literature suggests that fraxetin and sideretin are the primary coumarins responsible 

for iron acquisition (Rajniak et al., 2018; Tsai et al., 2018; Robe et al., 2021c; Paffrath et al., 

2023). Based on their exudation profiles and ability to chelate and reduce iron in varying pH 

conditions, fraxetin appears to be more important at alkaline pH whereas sideretin primarily 
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functions at more acidic pH (Paffrath et al., 2023). Scopoletin, although not an efficient iron 

mobiliser is, together with the redox-active sideretin the most abundant coumarin detected in 

Arabidopsis root exudates under acidic conditions (Sisó-Terraza et al., 2016; Rosenkranz et 

al., 2021; Paffrath et al., 2023). Thus, a chief role of scopoletin in shaping the rhizosphere 

microbiome was thought to be through its inhibitory properties (Stringlis et al., 2018b). Our 

results demonstrate that scopoletin can also contribute indirectly to iron nutrition as a precursor 

for iron-chelating coumarins generated by microbial conversion.  

F80 was isolated from apparently healthy Arabidopsis plants in natural populations sampled in 

Europe (Durán et al., 2018; Thiergart et al., 2020). Previous studies demonstrated that this 

fungal strain alleviated phosphate starvation in agar-plate assays (Mesny et al., 2021), 

suggesting that F80 may also be relevant in mitigating other forms of nutrient stress. These 

and our data reinforce the notion that F80 can exist as a neutral or beneficial endophyte 

associated with Arabidopsis roots. Conversely, M. phaseolina strains are well-documented 

plant pathogens responsible for charcoal rot, a disease affecting over 500 plant species 

including crops such as maize, soybean, and canola (Su et al., 2001; Bandara et al., 2018; 

Sinha et al., 2022). The ability of M. phaseolina F80 to degrade scopoletin might have 

ecological implications, for example, in promoting plant iron nutrition in certain environments 

and/or conferring microbial competition for niche establishment. Esculetin, for example, was 

found to inhibit certain fungal pathogens (Beesley et al., 2023). Notably, scopoletin has been 

implicated in plant defence as its increased accumulation was associated with enhanced 

resistance against pathogens (Zamioudis et al., 2014). Therefore, fungal-mediated 

degradation of scopoletin could benefit pathogens by mitigating plant defence (Sun et al., 

2014a; Gao et al., 2024). At this stage, it remains unclear whether scopoletin conversion by 

F80 is driven by a specific enzymatic activity. Alternatively, the fungus might generate a 

physicochemical environment that facilitates non-enzymatic oxidation and demethylation to 

esculetin, as previously observed during coumarin-mediated iron-oxide dissolution at the 

surface of iron minerals (Baune et al., 2020). Scopoletin was found to be degraded in four 

different unsterilised soils, indicating that this trait might be ecologically relevant and prevalent 

(Galán-Pérez et al., 2021).  

Microbe-assisted nutrient acquisition is an emerging concept in plant nutrition, with many 

studies focusing on bacterial siderophores as key contributors to plant iron uptake (Kramer et 

al., 2019). In this context, the role of fungal endophytes remains largely unexplored. To our 

knowledge, this study provides the first mechanistic basis for an endophytic fungus directly 

enhancing plant iron nutrition through its interaction with a plant-derived coumarin. It therefore 

represents a significant advance in our understanding of how commensal fungal associations 

can strengthen plant nutritional resilience and productivity. Given the widespread occurrence 
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of endophytes in natural and agricultural ecosystems and scopoletin-secreting dicot plants, 

future research might identify similar coumarin transformations in other plant-microbe 

associations.  

In conclusion, we reveal here a fungal endophyte contribution to plant iron nutrition. By 

demonstrating that M. phaseolina (F80) converts scopoletin into bioactive iron-chelating 

coumarins, this study expands our understanding of how plant–microbe interactions influence 

nutrient acquisition. Fungal endophytes such as F80 could be valuable allies in enhancing 

plant resilience to nutrient stress, particularly in iron-deficient soils. Alongside the role of 

bacteria in iron nutrition (Harbort et al., 2020) our findings highlight the cross-kingdom 

significance of coumarins in microbiota-mediated plant iron acquisition. The insights gained 

might have implications for developing sustainable agricultural practices that leverage 

beneficial microbial partnerships to enhance plant nutrition and stress resilience. 
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Abstract 

In calcareous soils, iron solubility and uptake become limiting, yet root‐secreted coumarins can 

chelate and mobilise iron. Here, we show that Macrophomina phaseolina (F80) and Truncatella 

angustata (F73) each rescue iron deficiency in Arabidopsis mono‐association at pH 7.3, but 

only when the plant’s endogenous iron reduction and uptake machinery and coumarin 

biosynthesis/export pathways are intact. Arabidopsis mutants lacking fraxetin secretion remain 

iron‐deficient despite fungal inoculation, demonstrating that fraxetin is the key metabolite 

driving fungal‐assisted iron acquisition at circum-neutral pH. Both endophytes also degrade 

antimicrobial scopoletin, suggesting dual roles in coumarin turnover. Ex planta co‐culture 

assays further reveal fungus- and pH-specific modulation of coumarin‐mediated iron 

mobilisation: F80 enhances ferric iron mobilisation and reduction with scopoletin at both pH 

5.7 and 7.3, whereas F73 shows no activity at acidic pH but promotes iron mobilisation 

independently of coumarins at pH 7.3. Together, these data establish fraxetin‐dependent and 

fungus‐specific mechanisms for endophyte‐facilitated plant growth in iron-limiting circum-

neutral pH environments. 

Introduction 

Iron is a vital micronutrient for plants, indispensable for key biological processes including 

respiration, chlorophyll biosynthesis, and DNA synthesis (Abadia & Terry, 1986). Yet, despite 

its abundance in soils, iron is often poorly available to plants due to its low solubility under 

aerobic and neutral to alkaline conditions, where it primarily exists as insoluble ferric (Fe³⁺) 

oxides and hydroxides (Lindsay & Schwab, 1982; Cornell & Schwertmann, 2003). This 

challenge affects nearly 30% of the world’s arable land and severely limits crop productivity 

and nutritional quality (Morrissey & Guerinot, 2009). 

To acquire iron, plants have evolved two major strategies. Grasses use “strategy II,” secreting 

phytosiderophores to chelate and uptake Fe³⁺, whereas non-grass species like Arabidopsis 

thaliana use “strategy I,” which involves acidifying the rhizosphere through AHA2-mediated 

proton extrusion, reducing Fe³⁺ via FERRIC REDUCTION OXIDASE 2 (FRO2), and 

transporting ferrous iron (Fe²⁺) through IRON-REGULATED TRANSPORTER 1 (IRT1) (Yuan 
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et al., 2008; Santi & Schmidt, 2009). However, the effectiveness of strategy I is reducing as 

environmental pH increases, prompting plants to deploy additional mechanisms to improve 

iron uptake. 

A key adaptation in Arabidopsis under iron-limited conditions is the biosynthesis and secretion 

of coumarins—phenylpropanoid-derived secondary metabolites that aid in iron mobilisation 

and shape the root microbiome (Schmidt et al., 2014; Rajniak et al., 2018). Coumarin 

biosynthesis is initiated by the transcription factor FIT (FER-LIKE IRON DEFICIENCY-

INDUCED TRANSCRIPTION FACTOR) (Jakoby et al., 2004; Yuan et al., 2008), which induces 

yet another transcription factor MYB72 (Palmer et al., 2013). This in turn activates the enzyme 

FERULOYL-CoA 6'-HYDROXYLASE1 (F6’H1), leading to the production of scopoletin. 

Scopoletin can be further hydroxylated by SCOPOLETIN 8-HYDROXYLASE (S8H) to form 

fraxetin, a potent Fe³⁺ chelator and reducer especially active under alkaline conditions (Kai et 

al., 2008; Siwinska et al., 2018). Fraxetin can be further converted into sideretin by the 

CYTOCHROME P450 82C4 enzyme CYP82C4 (Rajniak et al., 2018; Tsai et al., 2018). 

Coumarins are secreted into the rhizosphere by ATP-binding cassette transporters like 

PLEIOTROPIC DRUG RESISTANCE 9 (PDR9) (Fourcroy et al., 2014), where they contribute 

to both iron acquisition and microbial community modulation. 

Beyond their role in iron mobilisation, coumarins possess antimicrobial properties that 

selectively shape the root microbiome. Scopoletin, for example, disrupts microbial membrane 

integrity and promotes oxidative stress, inhibiting pathogens while facilitating beneficial 

associations (Harbort et al., 2020; Stassen et al., 2021). These dual functions—nutrient 

mobilisation and microbiome structuring—underscore the ecological significance of coumarins 

in plant health and resilience. 

While recent studies have highlighted the role of root-associated bacteria in fraxetin-mediated 

iron mobilisation, much less is known about how fungal endophytes interact with coumarins or 

contribute to iron acquisition, especially under more alkaline conditions. Previous research 

identified the fungal endophyte Macrophomina phaseolina (F80) as capable of enhancing 

Arabidopsis iron nutrition in under iron-limited acidic conditions, through scopoletin conversion 

to iron-chelating coumarins (Chapter 2; (Van Dijck et al., 2025)).  

In this chapter, we introduce and investigate a second fungal isolate, Truncatella angustata 

(strain F73), which was identified through fungal screening as being tolerant to scopoletin 

(Anthony Piro, unpublished). 

This study explores whether these fungal strains—M. phaseolina (F80) and T. angustata 

(F73)—can support plant iron acquisition under more challenging circum-neutral conditions 

(pH 7.3), where coumarins play an increasingly critical role. Using Arabidopsis mutants 
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impaired in coumarin biosynthesis (f6’h1) and export (prd9), only producing scopoletin (s8h) 

or lacking the ability to hydroxylate scopoletin (cyp82c4), we assess the importance of specific 

coumarins in fungal-mediated iron mobilisation. Ex planta culture assays further investigate 

how fungal endophytes influence coumarin-mediated mobilisation and reduction of iron from 

unavailable iron pools. 

Our results show that both fungal strains can improve Arabidopsis iron status indicators under 

circum-neutral iron-limiting conditions, but this benefit depends on the presence of fraxetin 

rather than scopoletin. Notably, the positive effects are observed in cyp82c4 mutants, which 

accumulate higher levels of fraxetin, but not in f6’h1 mutants unless fraxetin is supplemented. 

Scopoletin supplementation does not rescue plants at pH 7.3, further reinforcing the key role 

of fraxetin in this interaction. 

By characterising the role of fungal endophytes in coumarin-dependent iron mobilisation, this 

research contributes to our understanding of plant-microbe interactions in nutrient-limited 

environments. These insights have the potential to inform strategies for enhancing crop 

nutrition and resilience in more alkaline soils through microbiome-informed approaches and 

metabolic engineering. 

Material and methods 

Plant and fungal material 

Experiments were performed with the following Arabidopsis genotypes: Columbia-0 wildtype 

(Col-0), f6’h1-1 AT3G13610; SALK_132418C (f6’h1), s8h-1 AT3G12900; SM_3_27151 (s8h), 

cyp82c4-1 AT4G31940; SALK_001585 (cyp82c4), pdr9-2 AT3G53480; SALK_050885 (pdr9), 

frd1-1 AT1G01580; N3777 (fro2), and irt1-1 AT4G19690; SALK_024525 (irt1). The two fungal 

strains used in this study were isolated from the roots of wild Arabidopsis populations as part 

of a microbial culture collection (Durán et al., 2018): Macrophomina phaseolina MPI-SDFR-

AT-0080 (F80) (Mesny et al., 2021), Truncatella angustata MPI-SDFR-AT-0073 (F73). 

Growth conditions 

Arabidopsis seeds were surface sterilised for 15min with 70% EtOH + 0.1% Tween-20, 

subsequently for 2min in 95% EtOH, dried and stratified at 4°C in sterile distilled water for 2 

days. Seeds were germinated on 0.5xMS medium (vitamins, 0.5 g/l MES, pH 5.7, 0.5% 

sucrose, 1% BD DIFCO™ Agar) square plates and grown vertically for 7 days in a growth 

chamber (10 h light/14 h dark, 21 °C/19 °C). Fungi were revived from -80°C glycerol stocks 

and grown on PDA at 22°C for approx. 2 weeks. Fungal mycelium was harvested, diluted to 

100 mg/ml in 10 mM MgCl2 and ground for 5 min by adding metal beads (SK550 1.1, Fast & 
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Fluid Management BV, Netherlands). The fungi were heat-killed (HK) by incubating samples 

at 99°C for 1 h. 

Gnotobiotic agar-plate system 

Arabidopsis seedlings (7-day-old) were transferred to iron-free 0.5xMS medium (750 μM 

MgSO4, 625 μM KH2PO4, 10.3 mM 138 NH4NO3, 9.4 mM KNO3, 1.5 mM CaCl2, 55 nM CoCl2, 

53 nM CuCl2, 50 μM H3BO3, 2.5 μM KI, 139 50 μM MnCl2, 520 nM Na2MoO4, 15 μM ZnCl2, and 

9.4 mM KCl, with 1% BD DIFCO™ Agar, 140 Bacteriological) made from stock solutions, 

supplemented with 10 mM MES and 50 µM FeCl3 or FeEDTA for pH 5.7 or 5 mM MOPS and 

100 μM FeCl3 or FeEDTA for pH 7.3. The medium was inoculated with 50 μg/ml fungal hyphae 

or an equal amount of MgCl2. Coumarins (in DMSO) were added to 100 μM for the coumarin 

supplementation experiments. Plates were sealed, positioned vertically, and incubated for 2 

weeks in a growth chamber. 

Shoot fresh weight and total chlorophyll analysis 

Plants were harvested 2 weeks after transfer, the shoot fresh weight (SFW), and total shoot 

chlorophyll content was determined. Chlorophyll was extracted following the protocol 

previously described (Harbort et al., 2020 and Hiscox & Israelstam, 2011). 5-7 shoots were 

pooled and chlorophyll was extracted with 1 ml DMSO per 30 mg tissue, absorbance was 

measured at 652 nm on a Nanodrop spectrophotometer (Thermo Fisher Scientific). 

Fungal load analysis 

To quantify the fungal load two weeks post-transfer, roots were collected in Lysing Matrix E 

tubes (MP Biomedicals, USA) and crushed for 30 s at 6200 rpm. After adding 980 μl sodium 

phosphate buffer and 122.5 μl MT-buffer (MP Biomedicals, USA), samples were crushed two 

more times (30 s, 6200 rpm), then centrifuged for 15 min at 13,000 rpm. 50 μl binding matrix 

(MP Biomedicals, USA) per sample was added to a 96-well plate. A filter plate (Acroprep 

Advance, 0.2 μm Supor filter, Pall) was placed on top, and 150 μl supernatant from each 

sample was loaded onto the filter plate and centrifuged (20 min, 1500 rpm). The flow-through 

was mixed with the binding matrix by shaking for 3 min, thereafter 190 μl was transferred to a 

second filter plate and washed twice with 150 μl SEWS-M (MP Biomedicals, USA) by 

centrifuging for 5 min at 1500 rpm and the centrifuging step was repeated to dry the samples. 

DNA was eluted with 30 μl of ddH2O by centrifuging at 1500 rpm for 5 min, and stored at -20 

°C. Fungal colonisation was measured by qPCR as described (Mesny et al., 2021) using 

ITS1F/ITS2 for fungal ITS1 and UBQ10F/UBQ10R for Arabidopsis Ubiquitin10. Reactions 

used iQ™ SYBR® Green Supermix, primers, and 1 μl DNA. qPCR was performed on a BioRad 

CFX Connect: 95 °C (3 min), 39 cycles of 95 °C (15 s), 60 °C (30 s), 72 °C (30 s). Colonisation 

index = 2-Cq(ITS1)/Cq(UBQ10). 
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96-well fungal culture assay 

Medium was prepared to mimic the plant root environment in the gnotobiotic agar-plate plant 

assays, 0.5xMS medium supplemented with artificial root exudates (ARE) vitamins and 

different pH buffering conditions: pH 5.7 (10 mM MES) and pH 7.3 (10 mM MOPS). The full 

composition of the medium can be found in Table S1. Before inoculation the medium was 

sterile filtered (0.22 µm) and supplemented with scopoletin to a final concentration on 2 mM or 

an equal amount of DMSO, subsequently, 190 µl medium was added per well. The wells were 

inoculated with 10 μl of fungal hyphal solution (final concentration 5mg/ml) or 10 μl of 10 mM 

MgCl2 as a blank control. Cultures were grown for 12 days at 22 °C with shaking (140 rpm), 

daily around the same time OD600 and scopoletin fluorescence (excitation 385 nm, emission 

470 nm) was measured using a TECAN spectrophotometer (Infinite® M Plex). Scopoletin 

fluorescence values were normalised to the OD600 and to the fluorescence values at the start 

of each experiment (day 0), to minimise variation between independent experiments. To be 

able to detect small differences in growth, the relative fungal growth was calculated by dividing 

the OD600 in the presence of scopoletin to the OD600 in the control (DMSO) wells.  

Ferrozine iron mobilisation and reduction assay 

To evaluate if F80 and F73 affect the ability of scopoletin, fraxetin and esculetin to mobilise 

and reduce iron at pH 5.7 and 7.3, an in vitro spectrophotometric assay was developed based 

on Yi & Guerinot, (1996). Ferrozine, a compound that can bind specifically to ferrous Fe2+ and 

forms a coloured complex with an absorbance at 662 nm, was used. The coumarins (in DMSO) 

were added to the fungal culture medium described above (Table S1) to a final concentration 

of 10, 50 or 400 µM. Wells of a 96-well plate with 190 µl of medium were inoculated with 10µl 

of washed mycelium (to remove any medium residues, harvested mycelium was washed three 

times for this assay) or 10 µl of MgCl2 (mock). Plates were incubated at 22 °C in the dark with 

shaking (140 rpm), and OD600 was measured daily to monitor fungal growth. At 0, 6, and 9 

days post-inoculation (dpi), samples were centrifuged (3800 rpm, 20 min), and supernatants 

were stored at −80 °C. 

Iron reduction was assessed by adding 0.1 mM FeCl₃ and 0.4 mM ferrozine to 120 μl of sample 

and measuring absorbance at 562 nm before and after ferrozine addition (TECAN Infinite® M 

Plex). Iron reduction was measured every 10 min over 10 h. Controls included water, FeCl₃ 

with 0.3 mM ascorbic acid (positive) or 0.3 mM NaEDTA (negative), and FeEDTA for estimating 

total mobilised iron. A FeSO₄ dilution series (starting at 0.1 mM) was used to generate standard 

curves for reduced iron quantification. To measure total mobilised iron, the immobile iron 

fraction was removed by centrifugating the same samples (3800 rpm, 15 min). Supernatants 

were incubated with 10 mM HCl and 10 mM ascorbic acid to reduce all iron still present. After 

20 min in darkness, absorbance at 562 nm was measured. For calculating the total amount of 
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mobilised iron, absorbance was blanked against FeEDTA controls (prior to reduction with HCL 

and ascorbic acid), and FeSO₄ standard curves were used to quantify mobilised iron. 

Statistical analysis 

Statistical analyses were conducted in R (version 4.4.0). For comparisons across more than 

two treatment groups where normality and homogeneity of variance assumptions were fulfilled, 

means were compared using ANOVA followed by a Tukey’s post hoc test. If the assumptions 

were not met, data were analysed using Kruskal–Wallis tests followed by Dunn’s post hoc test 

with Benjamini–Hochberg correction to control for false discovery rate. Iron reduction and 

mobilisation assays, which compared primarily two conditions within each group, were 

assessed with pairwise tests. A Student’s t-test was applied when data met normality 

assumptions; otherwise, a non-parametric Wilcoxon rank-sum test was used. Significance 

thresholds were set at p < 0.05 for all tests. Results were presented as means ± standard 

deviation, unless otherwise stated and all statistical procedures were clearly reported in figure 

legends. 

Results 

F80 and F73 enhance Arabidopsis growth in unavailable iron conditions at circum-

neutral pH 

In this chapter we wanted to extend the scope to two different phylogenetically diverse 

endophytic fungi, building on the findings in chapter 2. Here, we introduce Truncatella 

angustata (F73) an Ascomycete part of the same Arabidopsis culture collection as F80 (Durán 

et al., 2018). To investigate how the fungal endophytes F80 and F73 affect plant iron nutrition 

at circum-neutral pH, wild-type Col-0 Arabidopsis seedlings were grown in contrasting iron 

conditions in the gnotobiotic agar plate system buffered at pH 7.3 (1/2MS agar, 5 mM MOPS). 

Fe3+ was supplemented to the system at 100 µM: poorly soluble FeCl3 mimicking conditions of 

iron unavailability (unavFe) or pre-chelated Fe-EDTA (avFe) which is soluble and therefore 

readily available to the plant. As an indication of plant performance and as a proxy for iron 

nutritional status, SFW and shoot chlorophyll content were measured. First, the ability of F73 

to improve plant growth under iron limitation at acidic pH was tested as described in chapter 

2. Interestingly, F73, in contrast to F80 was not able to improve SFW nor chlorophyll content 

of plants grown in unavFe (Figure 7a,b). At circum-neutral pH in unavFe mock conditions, the 

plants showed clear signs of iron starvation, such as chlorosis and decreased chlorophyll 

content as well as SFW compared to avFe mock conditions (Figure 7). In contrast to mock 

conditions, inoculation with F80 or F73 resulted in a significant increase in SFW and chlorophyll 

content of the plants grown in unavFe (Figure 7c,d). Furthermore, an active colonisation by 

living fungi is needed for fungal-mediated improvement of iron status indicators, as the 
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inoculation with both heat-killed fungi had a mock-like phenotype (Figure S6). This also 

confirmed that rescue in not caused by iron residues present in the inoculum.  Notably, neither 

F80 nor F73 was able to fully rescue iron-starved wild-type Arabidopsis seedlings to levels 

comparable to avFe conditions in the two weeks past inoculation period at circum-neutral pH 

(Figure 7c,d). On average, seedlings were smaller in at circum-neutral pH compared to acidic 

pH (Figure 7a,c), reflecting results of plants grown in more alkaline iron poor soils (Schmidt et 

al 2014). Taken together, F80 and F73 have the potential to improve Arabidopsis iron nutrition, 

however F73 only at circum-neutral pH suggesting that the underlying mechanisms might be 

different at different pH conditions. 

Figure 7. Fungal endophyte-mediated enhancement of Arabidopsis iron status indicators at pH 

5.7 and 7.3. (a,c) SFW and (b,d) shoot chlorophyll content of Col-0 Arabidopsis seedlings, 7-day old 

seedlings were transferred to 0.5MS medium grown for 2 weeks on mock, F73 or F80 inoculated plates 

(a,b) at pH 5.7 (10mM MES) in unavFe (50µM FeCl3) or avFe (50µM FeEDTA) and (c,d) at pH 7.3 

(10mM MOPS) in unavFe (100µM FeCl3) or avFe (100µM FeEDTA). Letters indicate significant pairwise 

differences between groups (p-adj≤0.05) by Dunn pairwise comparison test with Benjamini-Hochberg 

correction (a,c) or a Tukey’s HSD corrected for multiple comparisons (b,d). Data are from two (a,b) or 

three (b,c) biological replicates (represented by different shapes). 
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Coumarin biosynthesis and exudation are essential for F80- and F73-mediated 

enhancement of plant growth under iron limitation at pH 7.3 

In chapter 2 the presence of scopoletin was shown to be essential for F80-mediated 

Arabidopsis iron nutrition at acidic pH. To further develop our mechanistic understanding of 

fungal endophyte iron nutrition enhancement, we tested if coumarins are similarly required at 

circum-neutral pH. Arabidopsis mutants defective in coumarin biosynthesis (f6’h1, s8h, 

cyp82c4) or export (pdr9) were grown in the contrasting iron conditions. Unlike Col-0, coumarin 

deficient f6’h1 mutants failed to exhibit any increase in shoot chlorophyll content following 

inoculation with F73 or F80 (Figure 8a,b), highlighting the importance of coumarins at circum-

neutral pH. Next to f6’h1, s8h and cyp82c4 mutants impaired in fraxetin and sideretin 

production, respectively, and the coumarin export pdr9 mutant were tested (Schmidt et al., 

2014; Rajniak et al., 2018; Tsai et al., 2018; Harbort et al., 2020). Under unavFe mock 

conditions, all genotypes, as observed in wild-type Col-0, exhibited chlorotic young leaves with 

chlorophyll content and SFW significantly reduced compared to avFe mock conditions (Figure 

8a,b).  An approximate 80% decrease in chlorophyll content under unavFe conditions, 

confirmed severe iron deficiency. Interestingly, s8h plants only producing scopoletin did not 

show any improvement by either fungus (Figure 8a,b), suggesting a different mechanism as 

found for acidic pH for F80. The fungi only improved chlorophyll content and SFW in cyp82c4 

mutants, which produce scopoletin and fraxetin but lack sideretin (Rajniak et al., 2018). 

Furthermore, neither F80 nor F73 enhanced plant performance in pdr9 mutants (Figure 8a,b), 

the functional export of coumarins via PDR9 appears to be essential for fungal-mediated 

improvement of iron status indicators at pH 7.3. To determine whether the genotype- and 

coumarin-specific effects on plant performance resulted from differential fungal root 

colonisation, we quantified F80 and F73 colonisation levels in Arabidopsis roots using qPCR. 

No significant differences in F73 colonisation were observed between Col-0 and the coumarin 

biosynthesis mutants (Figure S7c). Similarly, F80 colonisation levels were comparable across 

most genotypes, except for f6’h1 and s8h mutants, where colonisation was slightly increased 

relative to Col-0 (Figure S7d). 

Taken together, these findings suggest that fraxetin plays a crucial role in fungal-assisted 

improvement of plant performance under iron unavailability, as scopoletin biosynthesis in s8h 

mutants was insufficient to restore fungal-mediated rescue at pH 7.3. This places fraxetin at 

the centre of microbe-assisted iron acquisition at circum-neutral pH, as fraxetin and its 

secretion have been found to be essential for bacterial-mediated plant iron nutrition at circum-

neutral pH (Harbort et al., 2020).   
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Figure 8. Fungal endophyte-mediated enhancement of Arabidopsis growth in unavFe at pH 7.3 

requires fraxetin biosynthesis and secretion. (a) SFW and (b) shoot chlorophyll content of Col-0, 

f6’h1, s8h, cyp82c4, and pdr9 seedlings (germinated 7 days) grown for 2 weeks in unavFe 0.5 MS 

medium (100 μM FeCl3, 10mM MOPS) mock or inoculated with fungal hyphae (50 μg/ml). Data are from 

3 biological replicates (represented by different shapes), letters indicate significant pairwise differences 

between groups (p-adj≤0.05) by Dunn pairwise comparison test with Benjamin-Hochberg correction. 
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F80- and F73-mediated enhancement of plant performance in unavFe at pH 7.3 relies on 

the hosts ferric chelate reduction by FRO2 and uptake by IRT1 

Iron mobilisation was found to be the key to iron nutrition improvement by F80 at acidic pH 

(Chapter 2; (Van Dijck et al., 2025)) and likely how bacteria-fraxetin cooperation leads to plant 

rescue (Harbort et al., 2020). After the mobilisation of iron, it still needs to be reduced before 

uptake into roots. To investigate whether iron reduction and uptake by the plant is still required 

for F80 and F73 to promote plant iron nutrition at pH 7.3, we analysed Arabidopsis mutants 

deficient in ferric chelate reduction (fro2) and iron uptake (irt1). Under unavFe mock conditions, 

the shoot chlorophyll content and SFW of fro2 and irt1 mutants were comparable to those of 

Col-0 (Figure 9a,b). However, unlike Col-0, neither fro2 nor irt1 exhibited increased shoot 

chlorophyll content or SFW when inoculated with F80 or F73 (Figures 9a,b). Furthermore, there 

were no differences in colonisation observed between Col-0, fro2, and irt1 for both fungi (figure 

S8c,d). This suggests that fungal-mediated enhancement of iron status indicators is dependent 

on the plant’s endogenous iron reduction and uptake system and likely involves iron 

mobilisation. Both mutants displayed higher chlorophyll content in avFe compared to unavFe, 

irrespective of the presence or absence of fungi. However, their chlorophyll levels remained 

lower than those of Col-0 under avFe, with shoots still showing signs of chlorosis (Figure 

S8a,b). These observations confirm that Arabidopsis experiences iron deficiency without 

functional FRO2 or IRT1, even when the chemical FeEDTA chelator is supplemented to the 

medium. In conclusion, these findings demonstrate that the beneficial effects of F80 and F73 

on plant growth at pH 7.3 are contingent on the plant’s ability to reduce Fe3+ via FRO2 and 

import Fe2+ via IRT1. This highlights the necessity of functional plant iron homeostasis 

mechanisms for fungal-assisted iron acquisition. 
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Figure 9. Fungal endophyte-mediated enhancement of Arabidopsis growth in unavFe at pH 7.3 

relies on plant ferric iron reduction and uptake. (a) SFW and (b) shoot chlorophyll content of Col-0, 

fro2, and irt1 seedlings (germinated 7 days) grown for 2 weeks in unavFe 0.5 MS medium (100 μM 

FeCl3, 10mM MOPS) mock or inoculated with fungal hyphae (50 μg/ml). Data are from 3 biological 

replicates (represented by different shapes), letters indicate significant pairwise differences between 

groups (p-adj≤0.05) by Dunn pairwise comparison test with Benjamin-Hochberg correction. 
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Coumarin supplementation can restore F80- and F73-mediated enhancement of plant 

iron status indicators in f6’h1 mutants at pH 7.3  

Cyp82c4 mutants were rescued by both fungi, this mutant can produce both scopoletin and 

fraxetin. Although the biosynthesis of esculetin is yet to be discovered, its presence has been 

reported in low concentration in s8h and cyp82c4 mutants (Paffrath et al., 2023). In order to 

find the specific coumarin required for each fungus to exert plant rescue or to find possible 

coumarins cooperating for rescue, we conducted chemical coumarin supplementation assays. 

The f6’h1 mutant, lacking all coumarins, was used as an entirely coumarin-deficient 

background, and supplemented with 100 μM scopoletin, fraxetin, esculetin, or combinations in 

unavFe. Scopoletin supplementation had no significant effect on shoot chlorophyll content or 

SFW in f6’h1 plants across all conditions (mock, F80, and F73), except for a minor increase in 

SFW when inoculated with F73 (Figure 10a,b). Scopoletin is not an efficient iron mobilising 

compound, because it lacks a catechol group to chelate iron. In contrast, fraxetin 

supplementation restored the ability of F80 and F73 to increase chlorophyll content and SFW 

in f6’h1 plants under unavFe conditions (Figure 10a,b). Yet, F73-fraxetin interaction resulted in 

higher shoot chlorophyll content compared to F80 with fraxetin, suggesting a more efficient 

fraxetin-mediated iron mobilisation in the presence of F73. Esculetin supplementation, unlike 

the other coumarins, significantly improved chlorophyll content in f6’h1 plants even under mock 

conditions, thereby indicating a direct involvement in iron mobilisation. For plants inoculated 

with fungi, esculetin increased chlorophyll content and SFW of F80-inoculated f6’h1 plants, but 

had no such effect on F73-inoculated plants (Figure 10a,b). These findings indicate a fungus-

specific interaction with esculetin, whereas fraxetin elicits functionally redundant effects across 

both fungi at pH 7.3. We also tested combinatorial coumarin supplementation of scopoletin 

with fraxetin and scopoletin with esculetin, but we did not identify any additive effects. This 

suggests that the fungi might not increase iron mobilisation by interacting with the tested 

coumarins together. In the last treatment, EDTA was supplemented and lead to an increased 

SFW and Chlorophyll content in the presence of both fungi. This indicated that the fungi can 

also interact with a structurally distinct chemical chelator to mobilise iron.  

To further explore the dependency of fungal-mediated iron acquisition on plant iron 

homeostasis mechanisms, we supplemented fro2 mutants with the different coumarins or 

EDTA in unavFe (Figure S9). Regardless of the treatment, fro2 plants exhibited severe iron 

starvation across all mock and fungus-treated conditions, as indicated by low SFW and 

chlorophyll content (Figure S9a,b). These results suggest that the fungal-mediated 

enhancement of plant performance in unavFe at pH 7.3 likely involves iron mobilisation and 

relies on both coumarin biosynthesis and FRO2-dependent iron reduction.  
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To assess whether the supplementation of coumarins to the medium led to a differential root 

colonisation, the colonisation index was also determined here. For both f6’h1 and fro2 

scopoletin, fraxetin and esculetin supplementation did not have an impact on F73 and F80 

colonisation and levels were similar to Col-0 (Figure S10a,b,c,d). However, f6’h1 plants without 

coumarins supplemented, exhibited a slight increase in F80 colonisation levels compared to 

Col-0 and all coumarin supplementation conditions (Figure S10b). Overall, no major 

differences in fungal root colonisation were observed across genotypes or coumarin 

supplementation conditions. These findings indicate that the fungal-mediated, genotype-

specific enhancement of Arabidopsis growth under iron limitation is not primarily driven by 

differences in root colonisation, but rather by coumarin-mediated modifications in iron 

availability.  
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Figure 10. Fraxetin supplementation restores fungal endophyte-mediated enhancement of 

Arabidopsis iron status indicators at pH 7.3. (a) SFW and (b) shoot chlorophyll content of Col-0 and 

f6’h1 seedlings (germinated 7 days) grown for 2 weeks in unavFe 0.5 MS medium (100 μM FeCl3, 

10mM MOPS) mock or inoculated with fungal hyphae (50 μg/ml) supplemented with 100 µM scopoletin 

(S), fraxetin (F), esculetin (E), Na2EDTA (EDTA) or scopoletin combined with fraxetin (S+F) and esculetin 

(S+E) or an equal amount of DMSO (control). Data are from 2 biological replicates (represented by 

different shapes), letters indicate significant pairwise differences between groups (p-adj≤0.05) by Dunn 

pairwise comparison test with Benjamini-Hochberg correction. Pairwise comparisons between fungi-

treated and mock-treated samples within each genotype were assessed using the Wilcoxon rank-sum 

test, with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 indicating significance. 

F80 and F73 degrade scopoletin in acidic and circum-neutral pH conditions 

The fungal endophyte-mediated enhancement of plant growth in unavFe at pH 7.3 relies on 

the biosynthesis of root-secreted coumarins. Coumarins, particularly scopoletin, are known to 

inhibit the growth of certain soil-borne fungi (Stringlis et al., 2018a; Harbort et al., 2020). In 

chapter 2 we show that F80 can degrade high concentrations of scopoletin (2 mM) at pH 5.7 

in liquid cultures. To investigate whether F73 can degrade scopoletin and evaluate potential 

differences in degradation capacities between F80 and F73 in different pH conditions, both 

fungi were cultivated in 1/2 MS medium buffered at pH 5.7 or 7.3, and supplemented with 2 

mM scopoletin. Scopoletin fluorescence was monitored daily over a 12-day period. In mock 

conditions, scopoletin fluorescence remained stable throughout the experiment in both pH’s, 

indicating scopoletin is stable in this system also at a more alkaline pH. In both pH conditions 

cultures inoculated with F80 or F73, a decrease in scopoletin fluorescence was observed 

(Figure 11a,b). This confirmed the F80 results from Chapter 2 and revealed a very similar effect 

on scopoletin by F73. Moreover, both fungi degraded scopoletin a little faster at circum-neutral 

pH with fluorescence levels reaching 0 at 4 dpi compared to 5 dpi in acidic pH. In both pH 

conditions, F73 started to degrade scopoletin more rapidly than F80. (Figure 11a,b).  

To evaluate the impact of scopoletin on fungal growth, OD600 of the fungi co-cultured with 2 

mM scopoletin was normalised to the OD600 of fungi grown without scopoletin. At pH 5.7, F80 

and F73 exhibited a decrease in normalised growth from 0-4 dpi for F73 and 3-7 dpi for F80 

(Figure S11c). At circum-neutral pH, the relative growth of both F73 and F80 decreased when 

co-cultured with scopoletin until 4 dpi (Figure S11d). For F73, the decline in normalised growth 

was followed by an increase, stabilising at 8 dpi (Figure S11d). Interestingly, at pH 7.3, the 

increase in normalised growth of F80 at 3 dpi did not stabilise but was followed by a second 

growth decrease starting at 7 dpi (Figure S11d). Overall, the observations at pH 7.3 were 

largely consistent with those at pH 5.7 (Figure S11). These findings collectively suggest that 

fungal growth is not inhibited by scopoletin after 3 to 5 days of co-culture at either pH 5.7 or 
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pH 7.3, correlating with the fungi's ability to degrade scopoletin. The observed recovery in 

fungal growth may be attributed to the degradation of the growth-inhibiting substrate, 

scopoletin. 

 

Figure 11. Fungal endophytes F80 and F73 degrade scopoletin at pH 5.7 and 7.3. fungal hyphae 

were grown for a time course of 12 days in medium buffered (a) at pH 5.7 (10 mM MES) or (b) 7.3 (10 

mM MOPS) supplemented with scopoletin (final concentration of 2 mM). Scopoletin fluorescence 

(exciting at 385nm and emission detected at 470nm) was normalised to fungal growth (OD600) and to 

the fluorescence at day 0. Data from 3 independent experiments are shown, the curve shade indicates 

the standard deviation, the Area Under the Curve of graph (a) and (b) can be found in Figure S11a,b. 

pH- and coumarin-dependent iron mobilisation in F80 and F73 culture supernatants  

Plant iron deficiency is exacerbated under neutral to alkaline conditions due to the low solubility 

of Fe3+ and reduced efficiency of FRO2-mediated ferric iron reduction (Connolly et al., 2003). 

Coumarins play a crucial role in iron acquisition by mobilising Fe3+ into soluble complexes and, 

under some conditions, reducing Fe3+ to Fe2+ (Schmidt et al., 2014). The efficiency of iron 

mobilisation and reduction by coumarins is highly pH- and buffer-dependent (Paffrath et al., 

2023). To investigate how fungal interactions influence these processes, we conducted ex 

planta culture studies assessing iron mobilisation in the culture supernatant of F80 and F73 

supplemented with three distinct coumarins (scopoletin, fraxetin, esculetin) at contrasting pH 

conditions. 

F80 and F73 were grown in iron-free medium, buffered at pH 5.7 or pH 7.3 and supplemented 

with coumarins. At 0 dpi, 6 dpi, and 9 dpi, supernatants were collected and incubated with 100 
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μM FeCl₃, inducing ferric iron hydroxide (Fe(OH)3) precipitation. Iron mobilisation was 

quantified spectrophotometrically based on (Fe2+)-ferrozine complex formation. The total 

amount of reduced iron in the culture supernatants was assessed as well, however (Kang et 

al., 2023) show that ferrozine can facilitate the reduction of iron from iron-coumarin complexes. 

Therefore, these results could be an overestimation of the amount of iron reduced. As the in 

planta experiments point to a fungal-mechanism involving iron mobilisation relying on the ferric 

reductase FRO2, we will mainly focus on the iron mobilisation results here. Our experimental 

setup allowed us to assess the fungus- and pH-specific effects on iron mobilisation across 

different coumarins, highlighting how fungal-coumarin interactions modulate iron solubility 

under varying conditions. 

Iron mobilisation at pH 5.7 

At pH 5.7, scopoletin did not mobilise iron under mock conditions at any concentration or time 

point (Figures 12a,b, S12a,b). However, in culture with F80, the total iron mobilised increased 

significantly, particularly at higher initial scopoletin concentrations (Figure S12a). At 6 dpi, 400 

μM scopoletin supplemented to F80 culture led to the mobilisation of approximately 70-90% of 

the precipitated iron. By 9 dpi, 70% iron remained mobilised, indicating sustained mobilisation 

activity (Figure 12a). While F80 in absence of coumarins was capable of mobilising iron 

(indicated by the dashed line), the presence of scopoletin enhanced this effect, particularly at 

higher concentrations (Figure S12a). In contrast, F73 cultures exhibited minimal iron 

mobilisation, with only ~20% at 9 dpi, regardless of scopoletin supplementation (Figures 12b, 

S7b). This suggests that scopoletin-driven iron solubilisation is fungus-dependent and 

significantly more pronounced in F80 than in F73 culture supernatant. Unlike scopoletin, 

esculetin and fraxetin were highly effective in mobilising iron under mock conditions, with nearly 

100% at 0 dpi. This level remained stable at 6 and 9 dpi, indicating that fraxetin and esculetin 

maintain iron solubility under acidic conditions (Figure 12a,b). In F80 cultures grown in the 

presence of esculetin the total iron mobilised decreased slightly over time compared to mock, 

with ~60% at 9 dpi (Figure 12a). In F80-fraxetin cultures iron mobilisation decreased from 

100% at 0 dpi to ~40% at 9 dpi, suggesting some fungal alteration of fraxetin-bound iron (Figure 

12a). In contrast, F73 cultures exhibited a different pattern: iron mobilisation decreased from 

similar levels as mock at 0 dpi to nearly 0 at 6dpi and recovered to ~30% by 9 dpi for both 

esculetin and fraxetin (Figure 12b). This effect, however, seemed to be independent of the 

amount of coumarin supplemented (Figure S12b), indicating that iron solubilisation in F73 

cultures is primarily fungus-driven rather than coumarin-dependent. The ex-planta iron 

mobilisation results could explain why we did not observe a plant growth enhancement by F73 

at pH 5.7, as we detected little mobile iron in its supernatant, whereas we did for F80.  
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Figure 12. Total iron mobilisation in F80 and F73 cultures supplemented with scopoletin, fraxetin, 

and esculetin at pH 5.7. The total iron (Fe) mobilised in (a) F80, (b) F73 or mock (MgCl2, indicated 

with the red dashed lines) supernatant of cultures grown with scopoletin, fraxetin, esculetin (final 

concentration of 0.4 mM), or an equal amount of DMSO (control indicated with the green/blue dashed 

lines) at 0, 6, or 9 dpi at pH 5.7 (10 mM MES). Mobile iron was measured spectrophotometrically based 

on the formation of Fe2+-ferrozine complexes, mean ± SD of 3 (a) and 2 (b) biological replicates are 

shown (represented by different shapes), significance levels shown for comparisons when applicable. 

Statistical differences between treatments were assessed using t-tests for normally distributed residuals 

or, otherwise, Wilcoxon rank-sum tests, significance levels are indicated by asterisks with *p <0.05, **p 

< 0.01, and ***p < 0.001. (Panel (a) generated from data presented in chapter 2 (Van Dijck et al., 2025)) 
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Iron mobilisation at pH 7.3 

Scopoletin under mock conditions did not mobilise iron at pH 7.3, resembling the results at 

acidic pH (Figure 13a,b, S13a,b). Yet, in F80 culture, 400 µM scopoletin significantly enhanced 

iron mobilisation, reaching 70-90% at 6 dpi and remaining ~70% at 9 dpi (Figure 13a). This 

suggests that F80 sustains scopoletin-mediated iron solubilisation under circum-neutral 

conditions. F73-scopoletin cultures displayed a slower raise in iron mobilisation, with ~20% at 

6 dpi and ~70% at 9 dpi (Figure 13b). Iron solubility in F73 cultures grown in the absence of 

coumarins (indicated by the dashed line) was nearly as high, suggesting the main driver is 

fungal activity rather that scopoletin interaction. At 0 dpi, 400 μM esculetin mobilised 

approximately 70% in mock conditions at pH 7.3, but declined to 25% by 9 dpi, indicating a 

loss of iron-mobilising capacity (Figure 13). Fraxetin mock was less efficient, solubilising only 

30–40% of iron at 0 dpi, strongly declining over time, with no mobile iron detected by 6 dpi 

(Figure 13). This result confirms what has been previously found, fraxetin’s stability in the 

absence of iron at circum-neutral pH is very low, due to a high susceptibility to oxidative 

degradation (Kang et al., 2023). When F80 was cultured with esculetin, iron mobilisation 

remained stable at ~60% throughout the experiment, suggesting that F80 counteracts the 

decline in esculetin-mediated iron solubilisation at circum-neutral pH (Figure 13a). Similarly, in 

F80 cultures with fraxetin, the amount of mobilised iron remained more stable (~30–40% from 

0 to 9 dpi) compared to mock, suggesting that fungal interactions stabilised fraxetin’s activity 

at circum-neutral pH (Figure 13a). F73 cultures with esculetin and fraxetin followed a similar 

pattern to those observed with scopoletin. Iron mobilisation decreased at 6 dpi but increased 

again at 9 dpi (~60%), regardless of coumarin supplementation (Figure 13b). This further 

supports the idea that iron solubilisation in F73 cultures is primarily fungus-driven rather than 

coumarin-dependent. 
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Figure 13. Total iron mobilisation in F80 and F73 cultures supplemented with scopoletin, fraxetin, 

and esculetin at pH 7.3. The total iron (Fe) mobilised in (a) F80, (b) F73 or mock (MgCl2, indicated 

with the red dashed lines) supernatant of cultures grown with scopoletin, fraxetin, esculetin (final 

concentration of 0.4 mM), or an equal amount of DMSO (control indicated with the green/blue dashed 

lines) at 0, 6, or 9 dpi at pH 7.3 (10 mM MOPS). Mobile iron was measured spectrophotometrically 

based on the formation of Fe2+-ferrozine complexes, mean ± SD of 3 (a) and 2 (b) biological replicates 

are shown (represented by different shapes), significance levels shown for comparisons when 

applicable. Statistical differences between treatments were assessed using t-tests for normally 

distributed residuals or, otherwise, Wilcoxon rank-sum tests, significance levels are indicated by 

asterisks with *p <0.05, **p < 0.01, and ***p < 0.001. 
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Collectively these results highlight that the capacity of coumarins to mobilise iron is strongly 

influenced by pH, fungal presence, and the duration of interaction in culture. Fraxetin and 

esculetin mobilised iron effectively under mock conditions (pH 5.7), while scopoletin required 

fungal interaction. F80 significantly enhanced iron mobilisation for all three coumarins, 

particularly at pH 7.3, whereas F73 exhibited a delayed but eventual increase in iron 

mobilisation, independent of coumarin supplementation. These findings highlight the complex 

interactions between coumarins and fungi in facilitating iron mobilisation and suggest that 

specific fungal associations may enhance iron availability in different soil conditions. 

Iron reduction was assessed alongside iron mobilisation, but due to the potential 

overestimation caused by ferrozine-facilitated reduction of iron-coumarin complexes (Kang et 

al., 2023), these results should be interpreted with caution. In general, iron reduction was 

minimal under mock conditions for scopoletin and esculetin in both pH’s, indicating that these 

coumarins alone did not significantly contribute to iron reduction (Figures S14, S15). Fraxetin 

is known to be a strong iron reducing agent at acidic pH (Kang et al., 2023), which was reflected 

in our results and again highlighting the difference in stability depending on the pH (Figures 

S14, S15).  At pH 7.3, iron reduction was consistently lower across all conditions compared to 

pH 5.7 (Figures S14, S15), underscoring the widespread limitation of iron availability under 

more alkaline conditions. In F80 cultures, iron reduction was most pronounced in the presence 

of scopoletin, particularly at 6dpi and pH 5.7, at 9 dpi reduction activity persisted despite a 

strong decline (Figure S14a). Fraxetin and esculetin exhibited some iron reduction activity in 

F80 cultures at pH 5.7 (Figure S14a), but this effect was weaker compared to iron mobilisation, 

and even less at pH 7.3 (Figure S15a). In F73 cultures, iron reduction was in general very low, 

with no strong coumarin-specific effects observed (Figures S14, S15). Overall, these results 

suggest that fungal activity, particularly for F80, plays a more significant role in iron reduction 

than coumarin supplementation alone, and that iron reduction may not be the primary 

mechanism driving iron availability in these systems.  

In addition, to determine whether the above reported results could be influenced by coumarins 

affecting the fungi, we evaluated fungal growth in the iron mobilisation and reduction assays. 

The normalised OD600 (to OD600 in DMSO control) of F80 and F73 in the cultures 

supplemented with coumarins was calculated. As the highest concentration of coumarins used 

in this experimental set-up (400 µM) is still quite low, we did not find any significant differences 

in growth of the fungal cultures in all conditions tested (Figure S16a,b). Therefore, we can 

conclude that the iron mobilisation and reduction are the result of the interaction or cooperation 

of the fungi with the different coumarins.  
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Discussion 

Root exudation of specialised metabolites represents a central strategy by which plants adapt 

to nutrient deficiencies and shape the composition of their rhizosphere microbiota (Hacquard 

et al., 2015; Voges et al., 2019; Robe et al., 2021b). In the present study, we demonstrate that 

the fungal endophytes F80 and F73 confer enhanced Arabidopsis growth under iron-limited 

conditions at a more alkaline pH (pH 7.3), and that this benefit is contingent upon the 

biosynthesis of root-exuded coumarins. Indeed, coumarin-deficient f6’h1 mutants did not 

exhibit improved growth upon inoculation with F80 or F73, underscoring the necessity of 

coumarin biosynthesis for fungal-mediated iron acquisition (Figure 8, S7). Among coumarin 

biosynthetic mutants, only cyp82c4—which accumulates scopoletin and elevated levels of 

fraxetin—benefited from fungal inoculation, implicating fraxetin as a key mediator. Exogenous 

application of fraxetin, but not scopoletin, restored the capacity of F80 and F73 to promote iron 

status indicators in f6’h1 plants (Figure 10), highlighting an interaction between fungal 

endophytes and fraxetin at pH 7.3.  

Fraxetin is consistently the most highly induced coumarin when Arabidopsis faces iron 

limitation at elevated pH and it exhibits efficient Fe³⁺ chelation capacities under these 

conditions (Schmidt et al., 2014; Rajniak et al., 2018; Vélez-Bermúdez & Schmidt, 2022a; 

Paffrath et al., 2023). Moreover, fraxetin secretion is indispensable for bacterial rescue of iron-

starved Arabidopsis at circum-neutral pH (Harbort et al., 2020). Our data thus extend this 

interplay to fungal endophytes, suggesting a potential mechanism by which fraxetin enables 

diverse microbial partners to overcome the iron solubility bottleneck in neutral to alkaline soils. 

Fungal enhancement of plant performance also required functional iron uptake pathways in 

the plant. Neither F80 nor F73 improved plant growth in fro2 or irt1 mutants at pH 7.3, indicating 

a reliance on the plant’s endogenous Fe3+ reduction and Fe2+ uptake mechanisms. This finding 

aligns with prior reports that fraxetin and commensal bacteria enhance iron nutrition only when 

FRO2 and IRT1 are functional (Harbort et al., 2020; Paffrath et al., 2023). This convergence 

underscores fraxetin’s physiological importance and suggests that further dissection of 

fraxetin–microbe interactions may uncover broadly conserved strategies for enhancing plant 

iron nutrition in challenging environments. 

In addition to fraxetin, esculetin has also been implicated in iron mobilisation at high pH 

(Rodríguez-Celma et al., 2013b,a; Schmidt et al., 2014; Fourcroy et al., 2014). In the current 

study, esculetin supplementation at pH7.3 improved total chlorophyll content in f6’h1 plants 

under both mock and F80 conditions, but not with F73 inoculation. However, no differences in 

shoot fresh weight (SFW) were detected between mock and F73 treatment. The differential 

chlorophyll effect is not attributable to variation in fungal colonisation, suggesting a possible 

interference of F73 with esculetin availability or activity. Although esculetin’s iron mobilisation 
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properties were unaffected at this pH by F73 in culture, its degradation in planta remains a 

possibility. Degradation of related compounds such as esculin by fungi has been documented 

as a detoxification mechanism (Bchini et al., 2024), raising the hypothesis that F73 may modify 

or catabolise esculetin exuded by plant roots. 

Comparison of these findings with previous data at pH 5.7 revealed pH-dependent specificity 

in fungal–coumarin interactions. While both F80 and F73 enhanced plant iron status indicators 

via a fraxetin-dependent mechanism at pH 7.3, only F80 was effective at pH 5.7, and this effect 

was associated with scopoletin, not fraxetin (Chapter 2, (Van Dijck et al., 2025)). Given 

scopoletin’s known antifungal properties (Stringlis et al., 2018a; Harbort et al., 2020), these 

observations prompted further investigation into fungal degradation of scopoletin. In fungal 

cultures, both F80 and F73 were capable of degrading 2 mM scopoletin at pH 5.7 and pH 7.3, 

with F73 exhibiting a more rapid degradation rate (Figure 11). The decrease in scopoletin 

fluorescence correlated with increased fungal biomass, suggesting a detoxification mechanism 

(Figure S11). Although these assays do not capture the complexity of plant-fungal interactions 

in planta, the data suggest that scopoletin degradation is unlikely to explain the pH-dependent 

differential plant performance observed with F73. 

To dissect how F80 and F73 influence coumarin-driven Fe3+ mobilisation, we measured soluble 

iron released from precipitated FeCl₃ in supernatants of the fungi grown with coumarins at both 

acidic (pH 5.7) and circum-neutral (pH 7.3) conditions. At pH 5.7, fraxetin alone mobilised all 

available Fe3+, while esculetin released substantial Fe3+ but less than fraxetin; scopoletin 

showed no activity on its own. These results are consistent with previously published data 

(Schmid et al., 2014; Rajniak et al., 2018; Paffrath et al., 2023). In culture with F80, fraxetin’s 

mobilisation was attenuated over time—likely reflecting partial fungal modification—yet F80 

alone still released more iron than mock, indicating both direct and coumarin-enhancing roles. 

Remarkably, scopoletin acquired significant mobilisation ability when paired with F80, 

consistent with its microbial conversion into catecholic derivatives (chapter 2, (Van Dijck et al., 

2025)). In contrast, F73 markedly suppressed fraxetin- and esculetin-mediated iron release 

and did not confer iron mobilisation with scopoletin, mirroring its inability to rescue plant growth 

at pH 5.7 in planta. At pH 7.3, both fraxetin and esculetin rapidly lost iron-mobilising power in 

mock assays—reflecting instability in more alkaline conditions (Kang et al., 2023). However, 

F80 presence restored and even enhanced iron release from all three coumarins, and showed 

pronounced mobilisation activity with scopoletin. It supports a fungal stabilisation and/or 

transformation of these compounds into effective chelators. This trait might be very important 

in a natural environment, where rapid degradation or complexation with soil components can 

affect coumarin stability and activity (Sisó-Terraza et al., 2016; Rosenkranz et al., 2021; Galán-

Pérez et al., 2021).  By contrast, F73 increased iron release only after prolonged incubation 
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and did so irrespective of added coumarin, suggesting a coumarin-independent mechanism 

such as the secretion of siderophores (Boukhalfa & Crumbliss, 2002; Baakza et al., 2004).  

Although ex planta iron mobilisation trends at pH 5.7 closely paralleled in planta phenotypes 

(Figure 2 & Chapter 2), the responses at pH 7.3 proved more nuanced. F80 promoted iron 

mobilisation most strongly in culture with scopoletin, yet also required fraxetin for in planta 

rescue. As scopoletin-producing s8h mutants remained iron-deficient when inoculated with 

F80, and scopoletin supplementation failed to reinstate rescue in the f6′h1 background. These 

findings suggest that while F80 alone can generate some mobile iron from scopoletin at high 

pH, the quantity or timing of release is insufficient to meet the plant’s needs in the rhizosphere. 

One plausible explanation is that effective iron mobilisation by F80 under circum-neutral 

conditions requires both scopoletin and fraxetin. The F80-scopoletin interaction may boost 

local iron availability, and when combined with F80’s stabilisation of fraxetin’s chelating activity, 

could achieve sufficient iron solubilisation in the rhizosphere. However, our coumarin-

supplementation experiments did not reveal synergistic effects of scopoletin and fraxetin—

perhaps because the concentrations used exceeded the optimal window, as high levels of 

exogenous coumarins can inhibit root growth (Graña et al., 2017).  

The discrepancies in our results likely reflects key differences between the simplified assay 

conditions and the complex rhizosphere: coumarin concentrations, fungal biomass, and 

coumarin interconversion all fluctuate dynamically at the root surface, whereas the ex planta 

assays capture only a static snapshot of one metabolite–microbe pairing. This underscored 

the need for integrated in situ approaches that capture real‐time coumarin fluxes, fungal 

conversion kinetics, and plant uptake dynamics to fully understand fungal-mediated plant iron 

nutrition. Collectively, our data suggest that effective fungal‐mediated plant growth rescue at 

high pH depends on both the presence and stabilisation of fraxetin, in concert with the plant’s 

FRO2/IRT1 machinery. 

Conclusions and future perspectives 

This work highlights a novel, cross-kingdom synergy in which plant secondary metabolites and 

fungal endophytes co-operate to overcome the iron-solubility bottleneck imposed by high pH. 

In this chapter, we reveal that the root endophytes F80 and F73 boost Arabidopsis iron status 

indicators under circum-neutral, iron‐limited conditions by exploiting plant‐secreted coumarins. 

Both fungi require a functional plant iron reduction and uptake system (FRO2/IRT1) and the 

plant’s ability to synthesise and export fraxetin.  

Looking forward, unravelling the fungal mechanism(s) that underlies the cooperation with 

scopoletin and fraxetin will be critical. Comparative genomics and targeted mutagenesis in F80 

and F73 offer promising avenues to identify the genetic factors responsible for coumarin 
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interaction. Moreover, time‐resolved metabolite profiling in soil microcosms could map the 

dynamic fate of multiple exuded coumarins. Furthermore, testing these endophyte–coumarin 

partnerships in multispecies microbial communities and in field‐relevant calcareous soils will 

reveal whether the synergies observed in cultures and in gnotobiotic assays translate to 

complex agricultural settings. Since both F80 and F73 were found to promote plant 

performance under phosphate limitation (Mesny et al., 2021), it would be interesting to 

investigate whether coumarins influence phosphorus acquisition. Elucidating the regulatory 

networks governing these interactions will enhance our understanding of how plants integrate 

nutritional and microbial signals to optimise growth under environmental stress. Finally, 

dissecting how the dual roles of coumarins in nutrient mobilisation and defence shape the 

balance between mutualism and antagonism will deepen our understanding of plant–microbe 

interactions. Such insights could inform strategies to engineer root exudate profiles or inoculate 

crops with tailored microbial consortia, ultimately improving plant resilience and productivity in 

nutrient‐poor soils. 
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4 Chapter 4 

Transcriptional changes in M. phaseolina (F80) in presence of scopoletin 

Introduction 

Plants secrete the coumarin scopoletin into the rhizosphere, where it exerts selective 

antimicrobial activity against soil‐borne fungi (Carpinella et al., 2005; Ba et al., 2017; Stringlis 

et al., 2018b; Beyer et al., 2019; Zhao et al., 2022). Scopoletin inhibits growth of necrotrophic 

pathogens such as Botrytis cinerea by disrupting cell walls and membranes, triggering broad 

detoxification responses in exposed fungi (Yuan et al., 2024). Notably, the Botrytis cinerea 

scopoletin alteration factor 1 (Bcsaf1) was the first fungal gene identified to encode an enzyme 

capable of degrading scopoletin by reducing the double bond linking C3-C4, leading to 

hydrolysis of the -lactone ring (Piro et al., in prep).  

In Chapter 3, we showed that the endophytes M. phaseolina (F80) and T. angustata (F73) are 

less sensitive to scopoletin and can alter or degrade it in culture-based systems. Chapter 2 

described the F80-mediated conversion of scopoletin into iron‐chelating compounds (e.g. 

esculetin), and that this activity underpins F80’s ability to rescue Arabidopsis iron nutrition. Yet 

the underlying fungal genes and pathways responsible for scopoletin conversion remain 

unknown.  

To uncover these mechanisms, we performed RNA‐sequencing on F80 mycelia grown in liquid 

culture with 2 mM scopoletin and sampled at the onset of degradation, as monitored by 

scopoletin fluorescence assays. Principal component analysis confirmed that scopoletin 

treatment accounted for ~79% of transcriptional variance, indicating a robust fungal response 

to the compound. Functional annotation with eggNOG‐mapper revealed that many 

differentially expressed genes were part of the Clusters of Orthologues Genes (COG) category: 

secondary metabolism and detoxification. Among the highly induced candidates are several 

monooxygenases, oxidoreductases, and dehydrogenases. In this chapter, we describe the 

selection and heterologous expression of the seven top candidates, their evaluation in 

Saccharomyces cerevisiae, and the insights and limitations these experiments provide in 

pinpointing the genetic drivers of fungal‐mediated coumarin transformation. 

Material and methods 

F80 RNA-Sequencing 

For each replicate experiment, ten F80 cultures containing 200 µl 1/2MS medium as described 

for the 96-well fungal culture assay (chapter 2) were grown at 22°C (140rpm) supplemented 

with 2mM scopoletin or an equal volume of DMSO. Scopoletin fluorescence was monitored 
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and the cultures were harvested when there was a fluorescence decrease of approximately 

30%. Hyphae were collected in tubes using Miracloth filters and flash frozen in liquid nitrogen. 

Two 3.175 mm and five 1.3 mm stainless steel beads were added to each tube, and samples 

were homogenised in a Qiagen TissueLyzer II for two 1-minute cycles at 30 Hz. To extract 

RNA, 800 µl TRIzol and 160 µl Chloroform were added to each tube, samples were vortexed 

briefly, and centrifuged for 10 minutes at 20000 x g (4°C). Thereafter, 100 µl of the aqueous 

(upper) phase was added to 35 µl of isopropanol in a new tube and vortexed for 5 seconds. 

The Promega Reliaprep kit was used for RNA purification. Library preparation, PolyA 

enrichment and RNAseq (2^7 reads, 150 bp paired end reads) were performed by Novogene. 

Raw RNA-seq reads were trimmed using Trimmomatic v0.38 with the parameters LEADING:3 

TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:51. Trimmed reads were then aligned to the 

Macrophomina phaseolina reference genome (GCA_020744275.1) using HISAT2 v2.2.1. 

HISAT2 indexes were built from the reference genome, and known splice sites were extracted 

from the corresponding GTF annotation. Read counting was conducted with HTSeq v0.13.5, 

to generate raw count tables for each sample. The resulting count tables were combined into 

a single matrix for downstream expression analysis. Differential gene expression analysis was 

performed using DESeq2 v1.24.0 in R. EggNOG-mapper was used to extract the functional 

annotations of genes (Cantalapiedra et al., 2021). 

Heterologous expression in yeast and scopoletin degradation assay 

Yeast expression vectors were derived from Yeast 2-Hybrid vector pGBKT7 (Louvet et al., 

1997)  by PCR amplification using primers nAP1069/nAP1070 to replace the Gal4 AD with a 

yeast Kozak sequence and FLAG tag. F80 open reading frames (ORFs) were amplified from 

cDNA generated from RNA extracted using the my-Budget Plant RNA kit from scopoletin-

treated cultures. RNA (1 µg) was DNase I-treated (30 min, 37 °C) and reverse-transcribed 

using the RevertAid First Strand cDNA Kit with Oligo dT primers. ORFs were amplified with 

primers adding 15–18 bp overlaps to the pGBKT7 vector (primers are listed in Table S2). PCR 

products were purified and assembled via In-Fusion (Takara) into DpnI-digested pGBKT7, then 

transformed into E. coli DH10b. Transformants were selected on LB-Kan (25 mg/L), screened 

by SpeI-HF digestion, and verified by Sanger sequencing. A FLAG-only control was 

constructed by amplifying pGBKT7 with nAP1069/nAP1071 and assembled similarly. Vectors 

were transformed into S. cerevisiae MaV203 S. cerevisiae MaV203 (MATα, leu2-3,112, trp1-

901, his3Δ200, ade2-101, gal4Δ, gal80Δ, SPAL10::URA3, GAL1::lacZ, HIS3UAS 

GAL1::HIS3@LYS2, can1R, cyh2R) grown on YPAD (Per 1 L: 10 g Bacto Yeast Extract, 20 g 

Tryptone/peptone ex casein, 20 g Glucose, 40 mg Adenine, 20 g Difco Agar), or in liquid YPAD 

(lacking agar) by lithium acetate/PEG transformation, and transformants were selected and 

cultured on Standard Defined medium lacking tryptophan (SD-W) (Per 1 L: 6.7 g Yeast 
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Nitrogen Base without amino acids, 0.74 g SD-W nutrient mix, 20 g Difco Agar, 50 ml 40% 

glucose added after autoclaving), or in liquid SD-W (lacking agar).  

To test the candidates for scopoletin degradation, a similar 96-well plate assay was used as 

described above. Overnight yeast cultures (30 °C, 250 rpm) were diluted to OD600= 0.25 in 

SD-W medium containing 0.5 mM scopoletin or an equal amount of DMSO. 180 µl per well was 

inoculated with 20 µl of culture in 96-well plates and incubated at 30 °C with shaking. 

Fluorescence (λ_ex 385 nm / λ_em 470 nm) and OD600 was measured at the start and after 

24h with a Tecan plate reader. 

The expression of the proteins in the yeast cultures was confirmed with immunoblotting. 

Aliquots equivalent to 0.5 OD600 were harvested, washed in water, and resuspended in 0.5 

ml ice-cold water. Samples were treated with 75 µl of 2 N NaOH and 1.15 M β-mercaptoethanol 

on ice for 15 min, with repeated vortexing. For precipitation, 75 µl of 55% trichloroacetic acid 

was added, samples were incubated on ice for 15 min with repeated vortexing, and pelleted 

(20,000 × g, 4 °C, 20 min). The pellets were resuspended in 25 µl HU buffer (200 mM Sodium 

Phosphate pH 6.8, 8 M Urea, 5% (w/v) sodium dodecyl sulphate, 1 mM EDTA, 100 mM 

dithiothreitol, and 1% (w/v) bromophenol blue), incubated at 65°C for 15 min for denaturation, 

and cleared by centrifugation (1 min, 20,000 × g). 8 µl of each sample was run by SDS-PAGE 

on BioRad anyKD gels at 150V. Proteins were transferred to nitrocellulose membranes, 

blocked for 1 h in 5% milk in TBST (20 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween-20), and 

probed overnight at 4 °C with 1:5000 anti-FLAG rabbit polyclonal IgG (Merck F7425) or 1:4000 

anti-GAPDH mouse monoclonal IgG (Thermo MA5-15738) in 2% fat-free dry milk in TBST. The 

membranes ware washed three times with TBST (5 min), and secondary antibodies were 

applied for 1 h (1:5000 anti-rabbit or anti-mouse IgG-HRP, respectively, in 2% fat-free dry milk 

TBST). Membranes were washed three times with TBST (5 min) and once with TBS (20 mM 

Tris pH 5,7, 150 mM NaCl), and developed using Clarity ECL substrate (Bio-Rad) on a 

ChemiDoc MP system. 

Results and discussion 

Our goal was to characterise the genome‐wide transcriptional changes of F80 in the presence 

of scopoletin. To identify genes in F80 that respond to scopoletin exposure, we performed 

RNA‐seq on F80 cultures supplemented with 2 mM scopoletin. Fluorescence monitoring 

confirmed the onset of scopoletin degradation before mycelial harvest and RNA extraction. 

Principal component analysis (PCA) of the processed transcriptomes showed that 79 % of the 

variance separated scopoletin from control samples, whereas only 13 % reflected differences 

between biological replicates (Figure 14). This clear partitioning validates the experimental 

design and indicates a robust transcriptional response to scopoletin challenge.  
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Figure 14. Principal Component analysis plot. Principal component analysis of gene expression from 

RNAseq in scopoletin (purple) versus DMSO control (yellow) F80 cultures.  

Functional annotation using eggNOG‐mapper highlighted limited genome coverage, as 

previous studies of closely related strains notified that the M. phaseolina genome remains 

under‐annotated (Islam et al., 2012; Burkhardt et al., 2019). Consequently, many of the 

differentially expressed genes (DEGs) that we identified remain to be characterised. However, 

COG categories which group proteins into broad functional classifications, provided more 

general annotations and were used to plot the overall changes following scopoletin treatment 

(Figure 15). Among the COG categories, ‘secondary metabolites biosynthesis, transport and 

catabolism’ contained the highest total number of DEGs, while ‘nucleotide transport and 

metabolism’ had the lowest. The largest disparities between up‐ and down‐regulated genes 

were found for: lipid metabolism; inorganic ion transport and metabolism; secondary 

metabolites biosynthesis, transport and catabolism; carbohydrate transport and metabolism 

(Figure 15). Unfortunately, the functions of the majority of up- and down-regulated genes 

remain unknown (Figure 15). Notably, most COG categories showed a higher downregulated 

gene count, only four categories (translation, ribosomal structure and biogenesis; replication 

and repair; cell cycle control and mitosis; cytoskeleton) exhibited net up‐regulation, suggesting 

a broad reallocation of resources under scopoletin stress. This likely reflects scopoletin’s 

antifungal activity against both filamentous fungi and yeasts, where it compromises membrane 

integrity and disrupts biofilm formation (Carpinella et al., 2005; Gnonlonfin et al., 2012; Sun et 

al., 2014b; Lemos et al., 2020; Yuan et al., 2024) 
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Figure 15. Gene count in COG functional categories.  RNAseq in F80 in culture with 2 mM scopoletin, 

relative to (DMSO) controls. The amount of up and downregulated F80 genes in the different Clusters 

of Orthologues Genes (COG) categories annotated with EggNOG-mapper. Blue and purple bars 

represent genes significantly (p-adj<0.05) downregulated or upregulated Log2fold > 1, respectively. 

Data from 5 independent experiments with 10 replicate cultures each.  

We next focused on the top up-regulates genes (Figure 16, Table 1). Fungal detoxification of 

plant toxins often involves monooxygenases and oxidoreductases, as found for Botrytis 

cinerea (You et al., 2024) and other basidiomycetes (Syed et al., 2010) and ascomycetes 

(Francis et al., 2012). Fungal P450 monooxygenases are renowned for their versatility in both 

primary and secondary metabolism, detoxication, and enabling adaptation to environmental 
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stresses (Durairaj et al., 2016). Accordingly, our volcano plot (Figure 16) revealed several 

highly up‐regulated genes encoding cytochrome P450 monooxygenases (p450) (candidates 1 

and 2), an FAD‐linked oxidoreductase (FAD OR) (candidate 4), and an alcohol dehydrogenase 

(candidate 7) (Table 1). Candidate 7 also contains a predicted enoyl reductase domain (ENR), 

reminiscent of the B. cinerea scopoletin‐alteration factor Bcsaf1, which also carries an enoyl 

reductase domain (Piro et al., in prep). BcsSaf1 catalyses the catalyses the reduction and 

hydrolysis of scopoletin to 3‐(2,4‐dihydroxy‐5‐methoxyphenyl)propanoic acid (Piro et al., in 

prep), a compound we also detected in the metabolite profile of F80-scopoletin cultures 

(Chapter 2, (Van Dijck et al., 2025)). The induction of these enzymes suggests a detoxification 

response aimed at modifying or mineralising scopoletin.  

 

Figure 16. F80 RNA-Seq volcano-plot. RNAseq in F80 in culture with 2 mM scopoletin, relative to 

(DMSO) controls. Blue and purple dots represent genes significantly (padj < 0.05) downregulated or 

upregulated > 2-fold, respectively. Labeled genes are candidates selected for expression in yeast. Data 

from 5 independent experiments with 10 replicate cultures each.  

Candidates 1 - 4 co‐localise in a predicted biosynthetic gene cluster (BGC) identified via 

FunBGCeX (BGC7) (Tang & Matsuda, 2024). The above considerations, along with the 

tendency for fungal secondary‐metabolite genes to occur in genomic clusters (Robey et al., 

2021), led us to prioritise these loci as candidate genes.  
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Figure 17. BGC7 M. phaseolina. FunBGCeX predicted biosynthetic gene cluster (BGC) 7 contains 

candidates 1-4, location indicated. (Scaffold JAGTJR010000012, position: 467806-503701, length 

35896 bp) 

To prioritise in planta relevance, we cross‐referenced F80 DEGs with an Arabidopsis root RNA‐

Seq dataset enriched for genes differentially regulated in roots colonised by F80 (Mesny et al., 

2021). Five of seven top candidates (1, 2, 4, 5, and 6) were also induced in F80-colonised 

roots (Table 1), underscoring their potential role in the rhizosphere. Candidate 5, containing a 

domain of unknown function (DUF) 3328 domain, and candidate 6, a putative O-

methyltransferase (OMT) (Figure 16, Table 1), may participate in coumarin modification or 

sequestration, as similar enzymes have been linked to microbial adaptation to host-derived 

phenolics (Jalkanen et al., 2020; Venkatesagowda & Dekker, 2021). 

Table 1. List of selected F80 gene candidates. For each candidate their protein ID, annotated 

description and log2 Fold Change in F80-scopoletin and the Arabidopsis (in planta) RNA-seq (Mesny et 

al., 2021). 

Candidate Protein ID Description log2FoldChange log2FoldChange 

in planta 

1 78534 Cytochrome P450 

monooxygenase activity 

5.12 9.43 

2 78543 Cytochrome P450 

monooxygenase activity 

4.49 4.83 

3 662146 geranylgeranyl 

pyrophosphate synthase 

4.18 X 

4 710584 FAD linked 

oxidoreductase 

4.03 6.20 

5 745907 DUF3328 3.53 4.11 

6 703228 O-methyltransferase 2.56 6.65 

7 692377 Alcohol dehydrogenase 6.00 X 

 

We expressed each candidate as an N-terminal FLAG fusion in Saccharomyces cerevisiae to 

assay scopoletin‐degradation activity, using Bcsaf1 from B. cinerea as a positive control. 

Despite successful cloning and heterologous expression, none of the candidates matched 

Bcsaf1’s scopoletin‐degrading efficiency (Figure 18). Several candidates impaired yeast 
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growth (Figure S17), hinting at potential toxicity or improper folding in the heterologous system. 

Candidate 7 did not inhibit the growth of the yeast, and its proper expression a western blot 

analysis was performed, indicating a high expression of the candidate 7 protein in the yeast 

system (Figure S18). The inability to pinpoint a single scopoletin‐degrading enzyme may reflect 

(i) transient or low‐abundance expression peaks not captured at our sampling timepoint, (ii) 

the requirement for co‐expression of multiple BGC genes, or (iii) non‐enzymatic oxidation 

facilitated by fungal reactive oxygen species, as observed during coumarin-mediated iron‐

oxide dissolution (Baune et al., 2020).  

 

Figure 18. Fluorsecence-based scopoletin degradation assay in S. cerevisiae expressing F80 

candidate genes. The candidate genes 1-7 were cloned and expressed in S. cerevisiae as N-terminally 

FLAG-tagged proteins and grown in culture with 0.5 mM scopoletin to assess their scopoletin-

degradation capacity. Fluorescence was measured at the start and 24 hours past inoculation (hpi) 

(exciting at 385nm and emission detected at 470nm). BcSaf1 was used as a positive control (BcSaf) 

and an empty FLAG-vector as negative control (FLAG). Bars represent the mean ± SD, Letters indicate 

significant pairwise differences between groups (p-adj≤0.05) by a pairwise t-test with Bonferroni 

correction. Data are from two biological replicates (3 technical replicates each). 

Collectively, our data illuminate a broad detoxification and secondary‐metabolite response to 

scopoletin in F80, characterised by the induction of monooxygenases, oxidoreductases, and 

potential BGC‐associated enzymes. Future work could employ time‐course transcriptomics to 

capture dynamic expression peaks, CRISPR/Cas9‐mediated gene knockouts in F80 to test 

candidate function in situ, and co‐expression of entire BGCs in heterologous hosts. Integrating 

metabolite flux analysis in soil microcosms will further clarify whether enzyme‐mediated 

conversion or abiotic oxidation drives scopoletin transformation, ultimately revealing how 

endophytic fungi harness plant secondary metabolites to enhance iron acquisition. 
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5 Main discussion 

Over the course of this thesis, we have uncovered a multifaceted role for root-secreted 

coumarins and their interactions with fungal endophytes in supporting Arabidopsis iron nutrition 

under both acidic and circum-neutral pH. In Chapter 2, we demonstrated that scopoletin—

despite its own inability to directly chelate iron—serves as a microbial precursor: the fungal 

endophyte Macrophomina phaseolina (F80) converts scopoletin into the potent catechol 

coumarin esculetin, thereby cooperatively mobilising Fe3+ upstream of the plant’s FRO2-IRT1 

reductive import machinery (Figure 19). Chapter 3 extended these findings to circum-neutral 

pH, revealing that both F80 and Truncatella angustata (F73) require the plant-derived coumarin 

fraxetin to alleviate iron starvation (Figure 19). Fraxetin, highly induced under more alkaline 

iron-limiting conditions, emerged as a central mediator across bacterial and fungal interactions. 

Finally, Chapter 4 employed transcriptomics to explore the fungal genetic basis for scopoletin 

degradation, but did not pinpoint a single enzyme, suggesting that coumarin conversion may 

involve a broader detoxification response or non-enzymatic mechanisms. Collectively, these 

studies uncover a novel, cross‐kingdom mechanism by which plants and fungal endophytes 

collaborate via coumarin chemistry to alleviate iron limitation. 
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Figure 19. Model of root fungal endophytes cooperating with distinct coumarins at acidic and 

circum-neutral pH to mediate iron nutrition in Arabidopsis. In Arabidopsis, iron deficiency induces 

the biosynthesis and exudation of coumarins, with F6’H1 and COSY initiating the pathway to generate 

scopoletin, and subsequent conversion occurs via S8H and CYP82C4 into fraxetin and sideretin, 

respectively. These compounds are secreted into the rhizosphere via ABC-type PDR transporters, 

where catechol coumarins such as fraxetin, sideretin, and esculetin chelate ferric iron to support uptake 

via the FRO2–IRT1 system. Our results suggest a cooperative mechanism in which F80 converts 

scopoletin into esculetin, enhancing iron solubility and supporting plant iron acquisition at pH 5.7 (in 

magenta). At pH 7.3 F80 and F73 cooperate with fraxetin to alleviate iron starvation symptoms upstream 

of the plant’s FRO2-IRT1 reductive iron uptake system (blue). (Figure made with Biorender) 

5.1 Scopoletin–fungal cooperation mobilises Fe³⁺ resulting in plant rescue 

under iron limiting acidic conditions (Chapter 2) 

Despite its inability to chelate Fe³⁺, scopoletin is one of the most abundant coumarins exuded 

by iron‐starved Arabidopsis roots under acidic conditions (Schmid et al., 2014; Sisó-Terraza et 

al., 2016; Rajniak et al., 2018; Rosenkranz et al., 2021; Paffrath et al., 2023). Chapter 2 

revealed that F80 degrades scopoletin in in vitro and in planta assays, converting it to the 

catechol coumarin esculetin—a potent Fe³⁺ chelator—thereby resolving the Fe³⁺ solubility 

bottleneck (Schmidt et al., 2014; Schmid et al., 2014; Paffrath et al., 2023). This “win–win” 

scenario benefits the fungus by detoxifying scopoletin’s antimicrobial activity (Sun et al., 2014b; 

Stringlis et al., 2018b; Yuan et al., 2024) and the plant by generating bioavailable iron. Genetic 

evidence supports scopoletin’s central role. Specifically, coumarin‐deficient f6’h1 mutants were 

not rescued by F80, whereas F80 restored proper iron nutrition to s8h mutants (which 

accumulate scopoletin but lack fraxetin/sideretin). Furthermore, chemical complementation 

with scopoletin restored F80‐mediated rescue of f6’h1 plants, firmly establishing scopoletin’s 

necessity and sufficiency when partnered with F80. 

5.2 Fraxetin as a keystone coumarin for Arabidopsis nutrition at circum-

neutral pH (Chapter 3) 

Under circum-neutral conditions (pH 7.3), Strategy I mechanisms such as rhizosphere 

acidification, become insufficient for effective iron acquisition (Santi & Schmidt, 2009; Tsai & 

Schmidt, 2017, 2020). Chapter 3 demonstrated that both F80 and the unrelated endophyte 

F73 can improve Arabidopsis growth under iron limitation at pH 7.3, but only when fraxetin 

biosynthesis and export are intact. The cyp82c4 mutant, which produces scopoletin and 

accumulates fraxetin, was uniquely rescued by both fungi, whereas f6’h1 and pdr9 (impaired 

in fraxetin export) were not (Kai et al., 2008; Ziegler et al., 2017). Exogenous fraxetin—but not 

scopoletin—restored fungal‐mediated rescue of f6’h1, pinpointing fraxetin as the critical 

chelator at circum-neutral pH. These results parallel bacterial studies showing that commensal 
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communities rescue iron‐starved Arabidopsis in a fraxetin‐dependent manner under circum-

neutral conditions (Harbort et al., 2020). In axenic assays, fraxetin is the major coumarin 

exuded at high pH, with robust iron mobilising activity (Fourcroy et al., 2014; Schmid et al., 

2014; Sisó-Terraza et al., 2016; Tsai et al., 2018; Paffrath et al., 2023). The present findings 

extend fraxetin’s role from purely plant‐ and bacterial‐mediated processes to fungal 

partnerships, suggesting a conserved, cross‐kingdom strategy for overcoming iron starvation 

at circum-neutral pH. 

5.3 Fungal scopoletin degradation: a complex stress response (Chapter 4) 

Chapter 4 sought to identify the genetic basis of scopoletin degradation in F80 by RNA‐

sequencing of F80 cultures exposed to scopoletin. Although multiple monooxygenase and 

oxidoreductase genes were induced—consistent with a general detoxification response to 

antimicrobial toxins—no clear single candidate was found via scopoletin degradation assays 

by heterologous expression in yeast. Possible explanations include timing of peak expression, 

requirement for entire biosynthetic clusters, non‐enzymatic oxidative reactions, or the influence 

of rhizosphere microenvironments. Notably, the detection of esculetin in chapter 2 is consistent 

with oxidative demethylation of scopoletin described in coumarin‐mediated iron‐oxide 

dissolution (Baune et al., 2020). In this study, non-enzymatic coumarin oxidation products are 

discussed, however, oxidative demethylation has also been described to be executed by 

cytochrome P450 enzymes (Hagel & Facchini, 2010), which we frequently detected among the 

highly scopoletin-upregulated genes in F80.  The fact that no single scopoletin degradation 

gene was identified, underscores the need for broader metabolomic and genetic screens, 

perhaps leveraging mutagenesis or co‐expression analyses, to elucidate potential enzymatic 

machinery.  

5.4 Broader implications and future directions 

5.4.1 Cross‐kingdom convergence on coumarin cooperation 

The demonstration that both bacteria (Harbort et al., 2020) and fungi employ coumarin‐

dependent mechanisms to facilitate iron mobilisation underscores the centrality of root‐derived 

coumarins in these plant – microbe interactions. This convergence opens up questions 

regarding how these interactions would influence plant growth under nutrient limitations in a 

community context. In natural, iron-limited (alkaline) soils, Harbort et al. (2020) showed that 

Arabidopsis f6′h1 mutants exhibit reduced SFW and chlorophyll content, while cyp82c4 plants 

perform comparable to wild type when soil microbiota are present. These observations imply 

that the simplified, binary interactions we describe with F80 and F73 likely persist within 

complex microbial communities, underscoring the ecological relevance of coumarin-mediated 

iron mobilisation across microbial kingdoms. Moreover, Arabidopsis and other plants exude a 
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variety of non-catechol coumarins (Kai et al., 2006; Sisó-Terraza et al., 2016; Pan et al., 2017), 

raising the possibility that root‐associated microbes similarly convert these precursors into iron‐

chelating compounds. 

5.4.2 Expanding to other nutrients and microbiome functions 

It would be worth investigating whether coumarin – microbiota interactions also drive the 

uptake of additional nutrients. Given that F80 and F73 also enhance Arabidopsis performance 

under phosphate limitation (Mesny et al., 2021), it is plausible that coumarin–endophyte 

cooperation extends to additional micronutrients. Testing whether coumarin-biosynthesis 

mutants alter P uptake, or whether other phenylpropanoid derivatives (e.g., flavonoids, 

phenolics) serve similar cross-nutrient roles, represents a rich avenue for future research. 

More broadly, plants secrete diverse secondary metabolites—anthocyanins, alkaloids, 

terpenoids—in response to nutrient stress. Systematic screens of fungal culture collections 

isolated from plant roots may reveal novel plant-growth-promoting fungi (PGPFs) that interact 

with these compounds. Outside of well-studied groups such as AMF and Trichoderma species 

(Govindarajulu et al., 2005; Chaverri et al., 2015; Lehmann & Rillig, 2015; Martínez-Medina et 

al., 2017; Zhao et al., 2020; Vyas et al., 2024), the nutrient-mobilisation potential of most fungal 

endophytes remains uncharacterised. Leveraging high-throughput metabolomic and 

microbiome profiling could identify new PGPFs, opening opportunities to enhance crop 

nutrition and resilience across a range of soil types. 

5.4.3 Mechanistic elucidation of fungal scopoletin degradation 

In order to further elucidate the mechanism by which these coumarin-fungal interactions take 

place, it would be worth to perform additional RNA-seq experiments at additional timepoints, 

increasing the chance of finding the genetic determinant responsible for the scopoletin 

conversion. If a specific fungal enzyme or BGC is responsible, generating fungal gene knock-

out mutants would further resolve the mechanism of scopoletin-conversion, and could be used 

in planta to further demonstrate the importance of fungal-mediated coumarin-derivatives in 

plant iron nutrition. Additionally, monitoring coumarin exudation in combination with possible 

microbial conversions, would help to further understand the dynamics in the rhizosphere of 

plants under nutrient limitations. To be able to map all of these reactions, working with more 

complex synthetic communities could help to dissect cooperative vs competitive interactions. 

Such approaches will reveal whether microbial partners share conserved coumarin conversion 

pathways or have evolved distinct enzymatic solutions.  

5.4.4 Ecological and agricultural relevance 

F80 and F73 were isolated from the roots of healthy Arabidopsis plants growing in European 

soils (Durán et al., 2018), and related M. phaseolina strains are known pathogens causing 
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charcoal rot across 500+ species (Su et al., 2001; Marquez et al., 2021; Shirai & Eulgem, 

2023). The lack of disease symptoms in Arabidopsis suggests that F80 may be a more host-

adapted strain with reduced virulence. Emerging research highlights that fungal endophytes, 

especially those in long-term associations with specific hosts, can undergo evolutionary shifts 

towards mutualism—often driven by gene loss or modulation in pathogenicity factors to favour 

compatibility (Ma et al., 2010; Reinhardt et al., 2021). This is supported by research on plant–

fungus co-evolution: endophytic fungi maintain asymptomatic colonisation while retaining 

latent pathogenic potential, only transitioning to disease-causing roles under specific stress 

conditions (Torres et al., 2020; Mesny et al., 2023). Thus, F80’s ability to enhance plant iron 

nutrition could reflect co-evolutionary adaptation enabling beneficial interactions under certain 

conditions. This dual potential—for mutualism in one context and pathogenesis in another—

highlights the plasticity and context‐dependence of endophyte lifestyles (Hacquard et al., 

2016). Perhaps Deploying coumarin‐interacting endophytes could become a novel agronomic 

tool to enhance iron nutrition in calcareous soils, reducing reliance on synthetic chelates and 

soil acidification strategies (Lindsay & Schwab, 1982; Zuo & Zhang, 2011; Vélez-Bermúdez & 

Schmidt, 2022a; Zuluaga et al., 2023). 

5.5 Conclusion 

This thesis establishes, for the first time, that a fungal endophyte can directly enhance plant 

iron nutrition by repurposing a plant‐derived coumarin —scopoletin—into potent iron‐mobilising 

catechol compounds like esculetin. It further identifies fraxetin as a keystone molecule enabling 

both bacterial and fungal partners to liberate iron under more alkaline pH. These discoveries 

broaden our understanding of plant–microbe co‐evolution, situating coumarins at the nexus of 

nutrient acquisition and microbiome assembly. Harnessing such natural biochemical 

collaborations offers a sustainable path to improve crop resilience in iron‐deficient soils 

worldwide. 
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6 Supporting information 

Chapter 2: 

 

Fig. S1 Heat-killed fungal endophyte F80 does not improve Arabidopsis growth under iron-

limited conditions. 

(a,c) SFW and (b,d) shoot chlorophyll concentration at 2 weeks of growth after transfer. 7-day-old Col-

0 seedlings were transferred to half-strength MS medium with unavailable iron (50 µM FeCl3) (a,b) or 

available iron (50 µM FeEDTA) (c,d) at pH 5.7 mock or inoculated with heat-killed (HK) or live F80. 

Letters indicate significant pairwise differences between groups (p-adj≤0.05) by a Dunn pairwise 

comparison test with Benjamini-Hochberg correction. Data are from two full factorial replicates 

(represented by different shapes).  
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Fig. S2 Phenotypes of mutants disrupted in coumarin biosynthesis or reductive iron uptake 

under available iron conditions in the presence or not of the fungal endophyte F80. 

(a) SFW and (b) shoot chlorophyll content at 2 weeks of growth after transfer of indicated mutants in the 

coumarin biosynthesis pathway and the iron reductive import mechanism. 7-day-old seedlings were 

transferred to half-strength MS medium with available iron (50 µM FeEDTA) at pH 5.7 mock or 

inoculated with F80. Letters indicate significant pairwise differences between groups (p-adj≤0.05) by a 

Dunn pairwise comparison test with Benjamini-Hochberg correction. Data are from two full factorial 

replicates (represented by different shapes). (c) F80 colonisation index normalised to Col-0 control, 

corresponding to experiment shown in Figure 3a,b. Letters indicate significant pairwise differences 

between groups (p-adj≤0.05) by a Tukey’s HSD corrected for multiple comparisons. 
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Fig. S3 Metabolite profiles of M. phaseolina F80 cultures when supplemented with scopoletin. 

(a) Area Under the Curve (AUC) of the scopoletin detection plot in Figure 4a. Specific scopoletin 

fluorescence measured in in vitro mock and F80 cultures supplemented with 2 mM scopoletin (excitation 

at 385nm and emission detected at 470nm). (b) The mean OD600 of F80 cultures in 2 mM scopoletin 

relative to the OD600 of cultures in the absence of scopoletin from 0-12 dpi. Data combined from 3 

independent biological experiments. The curve-shade indicates the standard error. (c) The mean OD600 

of F80 cultures in 2 mM esculetin (circles) or fraxetin (triangles) relative to the OD600 of cultures in the 

absence of coumarins from 0-12 dpi. Data combined from 2 independent biological experiments. (d) 

Absolute quantification of the MS-QTOF-IDA-MS/MS peak area data shown in Figure 4b of the indicated 

compounds in F80 culture supernatant (dashed line) and the fungal pellet (full line) grown for 0-12 dpi 

supplemented with 2 mM scopoletin. Curve-shade indicates the standard deviation. (e) Absolute 

quantification of the MS-QTOF-IDA-MS/MS peak area data shown in Figure 4c of esculetin in F80 

culture supernatant (dashed line) and the fungal pellet (full line) grown for 0-12 dpi supplemented with 

2 mM esculetin. Curve-shade indicates the standard deviation. (f) Absolute quantification of the MS-

QTOF-IDA-MS/MS peak area data shown in Figure 4d of fraxetin in F80 culture supernatant (dashed 

line) and the fungal pellet (full line) grown for 0-12 dpi supplemented with 2mM fraxetin. Curve-shade 

indicates the standard deviation. 

 



88 
 

Fig. S4 Coumarin supplementation does not rescue fro2 while Na2EDTA supplementation 

rescues f6’h1, but not fro2.  

(a,c) SFW and (b,d) shoot chlorophyll concentration at 2 weeks of growth after transfer. 7-day-old Col-

0, f6’h1 and fro2 seedlings were transferred to half-strength MS medium with unavailable iron (50 µM 

FeCl3) at pH 5.7, supplemented with 10 µM of scopoletin, fraxetin, esculetin or Na2EDTA (indicated 

above the graphs) or an equal amount of DMSO (control), mock or inoculated with F80. Dashed line 

indicates the mean of Col-0. Letters indicate significant pairwise differences between groups (p-
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adj≤0.05) by a Dunn pairwise comparison test with Benjamini-Hochberg correction. Data are from three 

full factorial replicates (represented by different shapes). (e) F80 colonisation index normalised to Col-

0, corresponding to experiment shown in Figure 5 (a,b) and S4 (a,b,c,d). Letters indicate significant 

pairwise differences between groups (p-adj≤0.05) by a Tukey’s HSD corrected for multiple comparisons. 

(f) The concentration of scopoline and scopoletin in roots 1 week past transfer of 9-day-old seedlings to 

half-strength MS medium with unavailable iron (50 µM FeCl3) or available (50 µM FeEDTA) at pH 5.7 

mock or inoculated with F80. Approximately 150-250 mg of roots pooled from 10 plates were used to 

extract metabolites and analysed with MS-QTOF-IDA-MS/MS. Bars represent the mean from 3 

biological replicates (n=1-2) with standard error bars. Letters indicate significant pairwise differences 

between groups (p-adj≤0.05) by a Tukey’s HSD corrected for multiple comparisons. 
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Fig. S5 Concentrations of mineral elements in shoots measured by ICP-MS. 

Shoot mineral element concentrations at 2 weeks of growth after transfer. 7-day-old seedlings were 

transferred to half-strength MS medium at pH 5.7. Each plot depicts (from left to right) Col-0 grown on 

50 µM FeCl3, Col-0 grown on 50 µM FeEDTA, f6’h1 grown on 50 µM FeCl3, f6’h1 grown on 50 µM FeCl3 

supplemented with 10 µM scopoletin, s8h grown on 50 µM FeCl3, cyp82c4 grown on 50 µM FeCl3, fro2 

grown on 50 µM FeCl3 and irt1 grown on 50 µM FeCl3. Letters indicate significant pairwise differences 

between groups (p-adj≤0.05) by a Tukey’s HSD corrected for multiple comparisons when the data were 

normally distributed or by a Dunn pairwise comparison test with Benjamini-Hochberg correction when 

not normally distributed. Data are from three full factorial replicates. 

 

Table S1 medium composition of ARE and vitamin solutions used in the 96-Well fungal culture 

assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5X ARE (artificial root exudates) 

compound g/l 

Glucose 8.2 

Fructose 8.2 

Saccharose 4.2 

Citric Acid 3.2  

Lactic Acid 3.2  

Succinic Acid 4.6 

Alanine 4 

Serine 4.8 

Glutamic Acid 4 

100X Vitamins 

compound mg/l 

thiamine-HCl 10.12 

nicotinic acid 12.31 

folic acid 1.99 

pyridoxine 
hydrochloride 

20.56 

4-aminobenzoic acid 4.11 

Calcium D pantothenate 4.77 

biotin 1.00 
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Chapter 3: 

 

Figure S6. Heat-killed F73 and F80 do not enhance Arabidopsis iron status indicators at pH 7.3. 

(a) SFW and (b) shoot chlorophyll content of Col-0 Arabidopsis seedlings, 7-day old seedlings were 

transferred to 0.5MS medium grown for 2 weeks on mock, heat-killed or live F73 or F80 inoculated 

plates at pH 7.3 (10mM MOPS) in unavFe (100µM FeCl3) or avFe (100µM FeEDTA). Letters indicate 

significant pairwise differences between groups (p-adj≤0.05) by Dunn pairwise comparison test with 

Benjamini-Hochberg correction (a) or a Tukey’s HSD corrected for multiple comparisons (b). Data are 

from three biological replicates (represented by different shapes). 
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Figure S7. F73 and F80 coumarin mutant Arabidopsis phenotypes in avFe conditions and 

colonisation index. 

(a) SFW and (b) shoot chlorophyll content after 2 weeks of growth of indicated mutants in coumarin 

biosynthesis and exudation. 7-day old seedlings were transferred to 0.5MS medium with avFe (100µM 

FeEDTA) at pH 7.3 mock or inoculated with F73 or F80. (c) F73 and (d) F80 colonisation index 

normalised to Col-0 control, corresponding to experiment shown in Figure 2. Letters indicate significant 

pairwise differences between groups (p-adj≤0.05) by a Dunn pairwise comparison test with Benjamini-

Hochberg correction (a,d) or a Tukey’s HSD corrected for multiple comparisons (b,c). Data are from 

three biological replicates (represented by different shapes).  
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Figure S8. F73 and F80 iron reductive import mutant Arabidopsis phenotypes in avFe conditions 

and colonisation index. (a) SFW and (b) shoot chlorophyll content after 2 weeks of growth of indicated 

mutants in the iron reductive import pathway. 7-day old seedlings were transferred to 0.5MS medium 

with avFe (100µM FeEDTA) at pH 7.3 mock or inoculated with F73 or F80. (c) F73 and (d) F80 

colonisation index normalised to Col-0 control, corresponding to experiment shown in Figure 9. Letters 

indicate significant pairwise differences between groups (p-adj≤0.05) by a Tukey’s HSD corrected for 

multiple comparisons. Data are from three biological replicates (represented by different shapes). 
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Figure S9. Coumarin supplementation does not rescue nor restores fungal endophyte mediated 

rescue in fro2. (a) SFW and (b) leaf chlorophyll content after 2 weeks of growth, 7-day old Col-0 and 

fro2 seedlings were transferred to 0.5MS medium with unavFe (100µM FeCl3) at pH 7.3, mock or 

inoculated with fungal hyphae (50 μg/ml) supplemented with 100 µM scopoletin (S), fraxetin (F), 

esculetin (E), Na2EDTA (EDTA) or scopoletin combined with fraxetin (S+F) and esculetin (S+E) or an 

equal amount of DMSO (control) (indicated above the graphs). Data are from two biological replicates 

(represented by different shapes). Letters indicate significant pairwise differences between groups (p-

adj≤0.05) by a Dunn pairwise comparison test with Benjamini-Hochberg correction. Pairwise 

comparisons between fungi-treated and mock-treated samples within each genotype were assessed 

using the Wilcoxon rank-sum test, with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 indicating 

significance. 
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Figure S10. Coumarin supplementation does not cause extensive changes in F73 and F80 

colonisation in f6’h1 and fro2. (a) F73 colonisation index in f6’h1, (b) F80 colonisation index in f6’h1, 

(c) F73 colonisation index in fro2, (b) F80 colonisation index in fro2 normalised to Col-0, corresponding 

to experiment shown in Figure 10 and S9. Letters indicate significant pairwise differences between 

groups (p-adj≤0.05) by a Dunn pairwise comparison test with Benjamini-Hochberg correction (a,b,c) or 

a Tukey’s HSD corrected for multiple comparisons (d). 
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Figure S11. F73 and F80 growth response to scopoletin. (a,b) Area Under the Curve (AUC) of the 

scopoletin detection plots in Figure 11, specific scopoletin fluorescence measured in mock, F73 and F80 

cultures buffered at pH 5.7 (a) and pH 7.3 (b) supplemented with 2mM scopoletin (exciting at 385nm 

and emission detected at 470nm). (c,d) The OD600 of F73 and F80 cultures buffered at pH 5.7 (c) and 

pH 7.3 (d) in 2mM scopoletin relative to the OD600 of cultures in the absence of scopoletin from 0-12 

dpi. Data combined from 3 independent biological experiments. The curve-shade indicates the standard 

deviation. 
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Figure S12. Total iron mobilisation in F80 and F73 cultures supplemented with scopoletin, 

fraxetin, and esculetin at pH 5.7. The total iron mobilised in (a) F80, (b) F73 or mock (MgCl2, indicated 

with the red dashed lines) supernatant of cultures grown with scopoletin, fraxetin, esculetin (final 

concentration of 10, 50, or 400 μM), or an equal amount of DMSO (control indicated with the green/blue 

dashed lines) at 0, 6, or 9 dpi at pH 5.7 (10 mM MES). Mobile iron was measured spectrophotometrically 

based on the formation of Fe2+-ferrozine complexes, mean ± SD of 3 (a) and 2 (b) biological replicates 

are shown (represented by different shapes), significance levels shown for comparisons when 

applicable. Statistical differences between treatments were assessed using t-tests for normally 

distributed residuals or, otherwise, Wilcoxon rank-sum tests, significance levels are indicated by 

asterisks with *p <0.05, **p < 0.01, and ***p < 0.001. 
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Figure S13. Total iron mobilisation in F80 and F73 cultures supplemented with scopoletin, 

fraxetin, and esculetin at pH 7.3. The total iron mobilised in (a) F80, (b) F73 or mock (MgCl2, indicated 

with the red dashed lines) supernatant of cultures grown with scopoletin, fraxetin, esculetin (final 

concentration of 10, 50, or 400 μM), or an equal amount of DMSO (control indicated with the green/blue 

dashed lines) at 0, 6, or 9 dpi at pH 7.3 (10 mM MOPS). Mobile iron was measured 

spectrophotometrically based on the formation of Fe2+-ferrozine complexes, mean ± SD of 3 (a) and 2 

(b) biological replicates are shown (represented by different shapes), significance levels shown for 

comparisons when applicable. Statistical differences between treatments were assessed using t-tests 

for normally distributed residuals or, otherwise, Wilcoxon rank-sum tests, significance levels are 

indicated by asterisks with *p <0.05, **p < 0.01, and ***p < 0.001. 
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Figure S14. Total iron reduction in F80 and F73 cultures supplemented with scopoletin, fraxetin, 

and esculetin at pH 5.7. The total iron reduced in (a) F80, (b) F73 or mock (MgCl2, indicated with the 

red dashed lines) supernatant of cultures grown with scopoletin, fraxetin, esculetin (final concentration 

of 10, 50, or 400 μM), or an equal amount of DMSO (control indicated with the green/blue dashed lines) 

at 0, 6, or 9 dpi at pH 5.7 (10 mM MES). Reduced iron was measured spectrophotometrically based on 

the formation of Fe2+-ferrozine complexes, mean ± SD of 3 (a) and 2 (b) biological replicates are shown 

(represented by different shapes), significance levels shown for comparisons when applicable. 

Statistical differences between treatments were assessed using t-tests for normally distributed residuals 

or, otherwise, Wilcoxon rank-sum tests, significance levels are indicated by asterisks with *p <0.05, **p 

< 0.01, and ***p < 0.001. 
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Figure S15. Total iron reduction in F80 and F73 cultures supplemented with scopoletin, fraxetin, 

and esculetin at pH 7.3. The total iron reduced in (a) F80, (b) F73 or mock (MgCl2, indicated with the 

red dashed lines) supernatant of cultures grown with scopoletin, fraxetin, esculetin (final concentration 

of 10, 50, or 400 μM), or an equal amount of DMSO (control indicated with the green/blue dashed lines) 

at 0, 6, or 9 dpi at pH 7.3 (10 mM MOPS). Reduced iron was measured spectrophotometrically based 

on the formation of Fe2+-ferrozine complexes, mean ± SD of 3 (a) and 2 (b) biological replicates are 

shown (represented by different shapes), significance levels shown for comparisons when applicable. 

Statistical differences between treatments were assessed using t-tests for normally distributed residuals 

or, otherwise, Wilcoxon rank-sum tests, significance levels are indicated by asterisks with *p <0.05, **p 

< 0.01, and ***p < 0.001. 
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Figure S16. Normalised F80 and F73 growth in cultures supplemented with scopoletin, fraxetin, 
and esculetin at pH 5.7 and 7.3. The OD600 in the different cultures indicated on figure normalised to 
OD600 of control cultures of (a) F80, (b) F73 grown with scopoletin, fraxetin, esculetin (final 
concentration of 10, 50, or 400 μM) (to control cultures an equal amount of DMSO was added) 6 or 9 
dpi at pH 5.7 (dashed bars) 7.3 (full bars). Mean ± SD of 3 (a) and 2 (b) biological replicates are shown. 
Statistical differences between conditions were assessed using t-tests for normally distributed residuals 
or, otherwise, Wilcoxon rank-sum tests, but no significant differences were found. 

 

Chapter 4: 

 

Figure S17. Growth in S. cerevisiae cultures expressing F80 candidate genes. The candidate 
genes 1-7 were cloned and expressed in S. cerevisiae as N-terminally FLAG-tagged proteins and grown 
in culture with 0.5 mM scopoletin or DMSO (control) to assess their scopoletin-degradation capacity. 
OD600 was measured at the start and 24 hours past inoculation (hpi). BcSaf1 was used as a positive 
control (BcSaf) and an empty FLAG-vector as negative control (FLAG). Bars represent the mean ± SD, 
Letters indicate significant pairwise differences between groups (p-adj≤0.05) by a pairwise t-test with 
Bonferroni correction. Data are from two biological replicates (3 technical replicates each). 
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Figure S18. Immunoblots to assess expression of FLAG-tagged F80 candidate 7 in S. cerevisiae. 
Protein extracts were prepared from overnight cultures of transformants grown in SD-W. Immunoblots 
were probed with anti-FLAG or anti-GAPDH. As GAPDH runs at the same approximate molecular weight 
as BcSaf and candidate 7, separate blots were performed for each antibody. 
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Table S2 List of primers used for cloning the F80 candidates and controls in yeast. 

 
 

 

 

 

 

 

 

Primers used for cloning in yeast 

To amplify Name Sequence 

Vector backbone nAP1069 CTTGTCATCATCGTCCTTATAGTCAGACATTTTTTTACT
AGTCTTTCAGGAGGCTTGCTTCAAG 

Vector backbone nAP1070 ACTAGTCATATGGCCATGGAGGCCGAATTC 

Candidate 1 nLVD067-F801_Sc_F GACGATGATGACAAGTCTGCTGGCATGCTGATAG 

Candidate 1 nLVD068-F801_Sc_R CATGGCCATATGACTAGTCTAATTGGATTTCCTTGGAT
GCACCTTG 

Candidate 2 nLVD069-F802_Sc_F GACGATGATGACAAGCGTGCAGTCCTGTTCCC 

Candidate 2 nLVD070-F802_Sc_R CATGGCCATATGACTAGTTCAATCAATAATATCTCGCTT
CCTAATCGAC 

Candidate 3 nLVD071-F803_Sc_F GACGATGATGACAAGGAATCACTTTCGTACCAATCAAA
G 

Candidate 3 nLVD072-F803_Sc_R CATGGCCATATGACTAGTTTACTCCGCTCTATTCAGAC
CCAC 

Candidate 4 nLVD073-F804_Sc_F GACGATGATGACAAGCGCGGAAAGCTGATTATCT 

Candidate 4 nLVD074-F804_Sc_R CATGGCCATATGACTAGTTTAGACGAGCTTAAATCCGC
CG 

Candidate 5 nLVD081-F808_Sc_F GACGATGATGACAAGGGCTTCAACATCTTTGAAAAGTT
GC 

Candidate 5 nLVD082-F808_Sc_R CATGGCCATATGACTAGTTCAGAGACGAATGCACATCC
CT 

Candidate 6 nLVD087-F8011_Sc_F GACGATGATGACAAGGATGCTCAGTCGATTACCCAG 

Candidate 6 nLVD088-F8011_Sc_R CATGGCCATATGACTAGTTCAAAGAGAACAGGGCGAC
ATCT 

Candidate 7 nLVD102-F8012_Sc_R GACGATGATGACAAGTCTACCCAGTCAGCTCTCCT 

Candidate 7 nLVD103-F8012_Sc_F CATGGCCATATGACTAGTTTACTCTGAGATGCGGAAGT
GCG 

Flag-only vector nAP1069 CTTGTCATCATCGTCCTTATAGTCAGACATTTTTTTACT
AGTCTTTCAGGAGGCTTGCTTCAAG 

Flag-only vector nAP1071 GACGATGATGACAAGTAAACTAGTCATATGGCCATGGA
GGCCGAATTC 

BcSaf1 nAP1076 GACGATGATGACAAGACCGGTATGAGAGTTGCTC 

BcSaf1 nAP1077 CATGGCCATATGACTAGTCTATACCTGTGGTTGCACAA
TAAC 
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