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Summary

Plants host communities of microbes termed the microbiota, which contributes to plant nutrition
and stress relief, notably in roots. With diverse microbiota fungi, plants can accept invasive
hyphal growth inside their cells. Which immune signaling pathways regulate colonization of
root tissues and cells by fungal endophytes is unclear. However, at the metabolite level,
Tryptophan (Trp)-derived compounds, including indolic-glucosinolates (GLS), prevent
excessive fungal endophyte growth and associated harm in roots of Arabidopsis thaliana
(Arabidopsis). This PhD thesis aims to provide 1) knowledge on immune pathways relevant to
general fungal colonization and ii) insights into the regulation of aliphatic- and indolic-GLS by
phosphate (P1). In the first chapter, I explored whether the broad host range Sebacinales fungi
showed enhanced or reduced growth in roots of diverse established Arabidopsis immunity
mutants but detected no differences compared to wild-type Col-0 plants. In the second chapter,
I investigated whether the Phosphate Starvation Response (PSR) system modulates aliphatic-
and indolic-GLS accumulation as important immune metabolic outputs. As fungal endophyte
test organism, I selected a strain of Truncatella angustata (F73) isolated from Arabidopsis roots
in nature and known to relieve long-term Pi limitation stress in an agar-based system. Using
confocal microscopy, I determined that the root differentiation zone is more permissive to rapid
F73 intracellular colonization, compared to the root apical meristem or the elongation zone. A
fluorescent transcriptional reporter of the Trp-derived metabolites pathway showed increased
signal width in the differentiation zone upon F73 inoculation, suggesting Arabidopsis responds
to fungal colonization by spatially expanding Trp-derived metabolite production. I then
performed time course RNA-seq and GLS quantification experiments to reveal how Pi and
immune signaling are integrated at the transcriptional and metabolomics levels. Pi availability
did not impact GLS-related gene expression but governed the number of F73-responsive genes
in Col-0 in a temporal manner, suggesting that the PSR regulates general immune dynamics.
Yet, amounts of long chained aliphatic-GLS in roots and shoots were constitutively higher at
low Pi. Furthermore, F73 induced greater accumulation of most GLS at high P1i, hinting at PSR-
dependent modulation of GLS synthesis. F73 displayed hallmarks of increased growth rate and
virulence at a transcriptional level, but not deleterious infection, in the cyp79b2/b3 mutant
depleted in Trp-derived metabolites. Altogether, my work provides spatio-temporal insights
into how Pi stress influences interactions with fungi and suggests that the PSR fine-tunes
aliphatic- and indolic-GLS accumulation. This hypothesis warrants further exploration using

PSR mutants.
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Zusammenfassung

Pflanzen beherbergen Gemeinschaften von Mikroben, die so genannte Mikrobiota, die zur
Erndhrung der Pflanzen und zum Stressabbau beitragen, insbesondere in den Wurzeln.
Verschiedene Pflanzen-assoziierte Pilze konnen Pflanzenzellen invasiv mit ihren Hyphen
besiedeln. Welche Immunsignalwege die Besiedlung von Wurzelgeweben und -zellen durch
Pilzendophyten regulieren, ist unklar. Auf der Metabolitebene, verhindern Tryptophan (Trp)-
abgeleitete Verbindungen, darunter Indol-Glucosinolate (GLS), ein iibermédfiges Wachstum
von Pilz-Endophyten und damit verbundene Schiden in den Wurzeln von Arabidopsis thaliana
(Arabidopsis). Ziel dieser Dissertation ist es, i) Erkenntnisse iiber Immunsignalwege zu
gewinnen, die fiir die Pilzbesiedlung relevant sind, und ii) Einblicke in die Regulierung von
aliphatischen und indolischen GLS zu gewinnen. Ich untersuchte, ob Pilze der Ordnung
Sebacinales, welche durch ein breites Wirtsspektrum gekennzeichnet sind, in den Wurzeln
verschiedener etablierter Arabidopsis-Immunitidtsmutanten ein verstirktes oder reduziertes
Wachstum zeigten, konnte jedoch keine Unterschiede im Vergleich zu Wildtyp-Pflanzen des
Ecotyps Col-0 feststellen. AnschlieBend untersuchte ich, ob das Phosphatmangel-Reaktions
(PSR) System des Wirtes die Akkumulation von aliphatischen und indolischen GLS als
wichtige immunologische Stoffwechselprodukte moduliert. Als Pilz-Endophyt-Testorganismus
wiéhlte ich einen Stamm von Truncatella angustata (F73), der in der Natur aus Arabidopsis-
Wurzeln isoliert wurde und dafiir bekannt ist, dass er in einem agarbasierten System
langfristigen Phosphat-(Pi)-Limitierungsstress beseitigt. Mit Hilfe der konfokalen Mikroskopie
habe ich festgestellt, dass die Wurzeldifferenzierungszone fiir eine schnelle intrazellulédre
Besiedlung durch F73 durchléssiger ist als das Wurzelapikalmeristem oder die Streckungszone.
Als néchstes zeigte ein fluoreszierender Transkriptionsreporter des Trp-Stoffwechselwegs eine
erhohte Signalbreite in der Differenzierungszone bei F73-Inokulation, was darauf hindeutet,
dass Arabidopsis auf die Pilzbesiedlung mit einer riumlichen Ausweitung der Produktion von
Trp-Stoffwechselprodukten reagiert. AnschlieBend flihrte ich Zeitverlaufs-RNA-seq- und GLS-
Quantifizierungsexperimente durch, um herauszufinden, wie Pi und die Immunsignalisierung
auf der Transkriptions- und Metabolomebene integriert sind. Die Pi-Verfiligbarkeit wirkte sich
nicht auf die GLS-bezogene Genexpression aus, steuerte aber die Anzahl der auf F73
reagierenden Gene in Col-0 in zeitlicher Abhdngigkeit, was darauf hindeutet, dass die PSR die
allgemeine Immundynamik reguliert. Die GLS-Quantifizierung zeigte dennoch, dass die

Mengen an langkettigen aliphatischen GLS in Wurzeln und Sprossen bei niedrigem Pi
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konstitutiv hoher waren. Darliber hinaus induzierte F73 eine stiarkere Akkumulation der meisten
GLS bei hohem Pi, was auf eine PSR-abhéngige Modulation der GLS-Synthese hindeutet. F73
zeigte in der cyp79b2/b3-Mutante, welche durch eine gestorte Produktion von Trp-abgeleiteten
Metaboliten charakterisiert ist, Merkmale einer erhohten Wachstumsrate und Virulenz auf
transkriptioneller Ebene, aber keine schidliche Infektion des Wirtes. Insgesamt bietet meine
Arbeit rdumlich-zeitliche Einblicke in die Art und Weise, wie Pi-Stress die pflanzliche
Interaktionen mit Pilzen beeinflusst, und legt nahe, dass die PSR die Akkumulation
aliphatischer und indolischer GLS moduliert. Diese Hypothese sollte mit Hilfe von PSR-

Mutanten weiter erforscht werden.
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Introduction

Land plants emergence on the earth’s surface (i.e. “terrestrialization”) was a formative event
that provided the basis for terrestrial ecosystems. Terrestrialization required that plants
concomitantly cope with nutrient scarcity and the presence of microbes already established on
land (Retallack, 1992; Redecker, 2000; Gan et al, 2021). Plants overcame these challenges by
evolving new traits, notably symbiotic interactions and an immune system, both in part
elaborated from ancestral genes and characteristics (Delaux et al, 2015; Nishiyama et al, 2018).
Plants existing today are usually healthy whilst hosting complex communities of bacteria, fungi
and oomycetes, termed the “microbiota” (Hassani et al, 2018). However, it is largely unknown

how plants recruit specific microbes to assemble the microbiota.

Interactions with some filamentous fungi occupy a particular position within the microbiota due
to the capacity of plant tissues and cells to accommodate intracellularly the invasive growth of
hyphae (Koh et al, 2005; O’Connell & Panstruga, 2006; Lo Presti et al, 2015; Bozkurt &
Kamoun, 2020; Ivanov et al, 2019; Qin et al, 2020). Hence, with many fungi, direct plant-
hyphae interfaces for nutrient and signal exchanges are formed. Because these interfaces
occurred in plant fossils (Krings et al, 2007; Remy et al, 1994) and now within the modern
parasitism-mutualism continuum (Lo Presti et al, 2015; Bozkurt & Kamoun, 2020), whether
hyphae accommodation is a single and ancient trait or evolved multiple times is a standing

mystery.

In contemporary situations, it was repeatedly shown that microbe effects exerted on plant
health, including hyphae accommodation, depend on plant nutritional status (Macia-Vicente et
al, 2022; Mesny et al, 2021; Harbort et al, 2020; Yu et al, 2021). Specifically, the Phosphate
Starvation Response (PSR), a nutrient stress pathway which pre-dates terrestrialization (Rubio
et al, 2001; Rico-Reséndiz et al, 2020), can strongly impact the outcomes of plant-microbe
interactions (Hiruma et al, 2016; Frerigmann et al, 2021; Castrillo et al, 2017). However,
whether the PSR directly or indirectly influences plant immune pathways is unclear.
Investigations into the genetic basis of hyphae accommodation and mapping the PSR control
over the immunity-fungi dialogue will deepen our understanding of plant-microbiota

homeostasis.

Plant symbiotic and immune signaling
To understand the processes underlying plant-microbiota interactions, including hyphae

accommodation or the PSR, it is informative to turn first to the immunity and symbiosis

research fields. Historically, these fields were studied separately, immunity mostly in
15
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Arabidopsis thaliana (hereafter Arabidopsis) leaves facing pathogens and beneficial symbioses
mostly in legume (Medicago truncatula and Lotus japonicus) roots. Recently, both fields have
undergone their own substantial advancements and immunity-symbiosis intersections are being
discovered. This is important because immunity was strictly interpreted as defense but it might

serve broader roles in plant-microbe interactions (Liang et al, 2013; Feng et al, 2019).

Plants evolved diverse immune systems from a common foundation
The activation of plant immunity is the result of microbe sensing. By monitoring their

immediate environment using cell surface receptors, plants establish a first layer of microbe
perception and signaling. Receptor-like kinases and receptor-like proteins (RLKs/RLPs) are
anchored to the plasma membrane and extend an extracellular domain involved in directly
binding microbial associated molecular patterns (MAMPs). Therefore, immune RLKs and
RLPs are also called pattern recognition receptors (PRRs) and their activation leads to pattern
triggered immunity (PTI) (Zhou et al, 2019b). For instance, N-acetyl chitooligosaccharides
MAMPs derived from chitin present in fungal-cell walls are perceived by the PRR CHITIN
ELICTOR RECEPTOR KINASE 1 (CERKI) (Miya et al, 2007; Cao et al, 2014; Liu et al, 2012),
a gene co-incident with terrestrialization (Fig. 1) (Nishiyama et al, 2018). Damage or injury
induce the release of endogenous molecules that trigger PTI, such as the plant peptides Pepl
and 2 perceived by PEPRI and 2 (Yamaguchi et al, 2010). PTT activation relies on PRR forming
heterodimers, of which the ancient common co-receptor BAK/ (Fig. 1) notably stands out by
perceiving Pepl and 2 and the bacterial MAMPs flg22 (flagellin derived) and elf18 (elongation
factor EF-Tu derived) (Schwessinger et al, 2011; Roux et al, 2011; Yamada et al, 2016).
However, pathogens can evade or dampen PTI via secretion of extra- or intra-cellular molecules

termed “effectors” (Deslandes & Rivas, 2012; Redkar et al, 2022a, 2022b).

The second layer of microbe perception relies on the recognition of intra-cellular effectors via
nucleotide-binding/leucine-rich-repeats receptors (NLRs) which often culminate in localized
cell-death (Cui et al, 2015). PRRs and NLRs operate in distinct cellular compartments but share
outputs and similarities. These include cytoplasmic Ca?" influx, a burst of reactive oxygen
species in the apoplast, phytohormone signaling and transcriptional reprogramming for
activation of pathogen responsive genes and metabolites (Cui et al, 2015; Kadota et al, 2019;
Lu & Tsuda, 2021). Both PTT and ETI induce the phytohormones Salicylic Acid (SA), Jasmonic
Acid (JA) and ethylene (ETH) (Liu et al, 2016; Zhang & Li, 2019; Albert et al, 2015; Guan et
al, 2015), for which some signaling machineries components co-occur with terrestrialization
(Fig. 1) (Nishiyama et al, 2018). Combined knock-out mutations in dde2 (JA biosynthesis),

ein2 (ETH responses), pad4 (SA-dependent and -independent responses) and sid? (SA
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biosynthesis) account for up to 80% reduction in functional outputs of PTI and ETI depending
on the trigger (Tsuda et al, 2009). Therefore, immune pathways operate in parallel for
quantitative outputs (Tsuda et a/, 2009). Pathogen colonization of host tissues, including fungal
hyphae accommodation, is prevented if a successful PTI or ETI is mounted (Bhandari et al,
2019; Lipka et al, 2005). It was recently shown that PTI and ETI mutually potentiate each other
in Arabidopsis (Ngou et al, 2021; Pruitt et al, 2021) but not in Nicotiana benthamiana
(Zonnchen et al, 2022), hinting at variation in immune network connectivity in distinct plant

species.

Immune repertoires, including PRRs, NLRs and downstream components, change within (Clark
et al, 2007) and across species (Baggs et al, 2020; Zipfel & Oldroyd, 2017). Prime examples of
such diversity are the sulfur-rich thioglucoside-based glucosinolates (GLS) in the order
Brassicales (Mithen et al, 2010). Aliphatic-GLS and indolic-GLS were sequentially acquired
during evolution, therefore short chained- and long-chained aliphatic-GLS as well as indolic-
GLS are present in Arabidopsis (Fig. 1) (Mithen et al, 2010). GLS are constitutively
accumulated but also induced upon attack by herbivores or microbes (Wittstock & Gershenzon,
2002). Active GLS products (isothiocyanates) are formed upon cleavage of the glucose moiety
by B-glucosidases and can be further specified into nitriles and epithionitriles by specifier
enzymes (Wittstock & Burow, 2010; Kuchernig et al, 2012). In Arabidopsis, aliphatic-GLS are
derived from methionine whilst indolic-GLS are derived from tryptophan (Trp). In parallel
pathways using the same first enzymes, CYP79B2 and CYP79B3, Trp is also the precursor for
the antimicrobial compounds camalexin and 4-hydroxyindole-3-carbonyl nitril (4-OH-ICN)
and one of the precursors for auxin (Zhao et al, 2002; Rajniak et al, 2015; Tsuji et al, 1992).
Arabidopsis cyp79b2/b3 double mutants depleted in Trp-derived metabolites consistently show
increased vulnerability to pathogens (Hiruma et al, 2013; Frerigmann et al, 2016). Intriguingly,
model beneficial or neutral microbes such as the broad host-range Serendipita indica and
Serendipita vermifera (order Sebacinales) fungi become detrimental in the absence of Trp-
derived metabolites (Fig. 2A) (Nongbri et a/, 2012; Lahrmann et a/, 2015). Therefore, immune
innovations can participate not only in deterring pathogens but also in harnessing non-
pathogenic microbes. Overall, immunity is built on ancestral genes and principles that are core

to land plants, but immune systems considerably diversified during evolution.
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Figure 1: Plant interactions with fungal endophytes relies on ancient genes and recent innovations

A. Land plant cladogram contextualizing symbiotic and immune traits. Abbreviations related to symbiosis: AM =
Arbuscular Myccorrhizae, CCaMK = Calcium and Calmodulin-dependent protein kinase, DMII = Does not Make
Infections 1. Abbreviations related to immunity: B4K/ = BRI1-associated kinase 1, EIN2 = Ethylene Insensitive
2, JAZ = Jasmonate-Zim Domain, COIl/= Coronatine Insensitive 1, PR = Pathogenesis-related, NPR/= Non-
expressor of PR genes, CERKI = Chitin elicitor receptor kinase 1, GLS = Glucosinolates. Abbreviations of
Phosphate Starvation Response genes: PHO[&2 =PHOSPHATE 1 and 2, PHRI = Phosphate Starvation Response
1, SPX1 = SYG1/Pho81/XPR1, ALMTI = Aluminium Activated Malate Transporter 1, STOPI = Sensitive to
Proton Toxicity 1, PHTI = Phosphate Transporter 1.

AM symbiosis is a complex trait that requires hyphae accommodation
Another core characteristic of land plants predicted to have facilitated terrestrialization is the

Arbuscular Mycorrhizal (AM) symbiosis, formed today between ~70% of plants and the
specific group of Glomeromycotina fungi (Parniske, 2008; Brundrett & Tedersoo, 2018). In
flowering plants, Glomeromycotina hyphae progress through the roots until structures termed
“arbuscules” are formed specifically in the cortical cell layer (Luginbuehl & Oldroyd, 2017).
Arbuscules are highly branched hyphal structures inside plant cells and are dedicated to nutrient
fluxes (Luginbuehl & Oldroyd, 2017). Glomeromycotina hyphal networks deliver phosphate
(Pi) to plants via arbuscules in exchange for photosynthates (Kiers et al, 2011; Luginbuehl et
al, 2017; Rich et al, 2021). Even though the increase in photosynthetic rates associated with
AM symbiosis offset the carbon sink cost (Kaschuk ez a/, 2009), the symbiosis is thought to be
costly for host plants because the nutritional and stress tolerance benefits are context dependent

(Bennett & Groten, 2022). Why ~30% of plants lost mutualism with Glomeromycotina is
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intensely debated. It could be caused by evolution of new nutrition modes as in carnivorous
plants (Brundrett & Tedersoo, 2018), root systems more efficient at Pi foraging as in Lupinus
sp. (Oba et al, 2001; Ma et al, 2018) or immune innovations such as GLS in Brassicales
(Anthony et al, 2020). Importantly, Glomeromycotina are obligate biotrophs that require
association with plants (Parniske, 2008). Furthermore, analysis of the genome of Rhizophagus
irregularis notably revealed a loss of the Fatty Acid Synthase 1 and absence of predicted cell
wall degrading enzymes (Tisserant et a/, 2013), suggesting strong dependency towards host for
symbiosis establishment and nutrition. By contrast, other root endophytic fungi are equipped
with repertoires of cell wall degrading enzymes (Mesny et al, 2021). AM symbiosis relies on a
network of genes and molecules largely originating concomitantly with terrestrialization (Fig.
1) (Delaux et al, 2015; Bravo et al, 2016; Nishiyama et al, 2018). Subsequently, the AM
symbiosis program was strongly conserved in all host plants with few innovations (Bravo et al,
2016), which contrasts with the diversification of immune systems. However, the capacity to
accommodate hyphae must be a prerequisite for, or at least co-incident with, acquiring such a
specialized, multi-step symbiosis over evolutionary time. Whether a single and ancient hyphae
accommodation mechanism is the basis of AM symbiosis and other types of plant-fungi
interactions is unknown. If a single general mechanism underlies hyphae accommodation, it is
likely to be under immunity control, at least partially, because loss of AM symbiosis does not

impair accommodation of other fungi (Hiruma et al/, 2016; Qin et al, 2020).

Chitin-based molecules for symbiosis vs defense decisions
In the course of land plant evolution, AM symbiosis and immunity co-existed and therefore

likely co-functioned. A number of findings point to immunity and symbiosis signaling
intersections that are relevant also in non-AM hosts, including Arabidopsis. AM symbiosis was
thought to be largely enabled by the secretion of lipochitooligosaccharides (LCOs, chitin chains
decorated with a lipid moeity) by Glomeromycotina, as LCOs are sufficient to induce
symbiosis-signaling (Sun et al, 2015). However, LCOs were found to be secreted by
phylogenetically unrelated fungi with saprophytic, mutualistic and pathogenic lifestyles (Rush
et al, 2020). This suggests that most fungi can activate symbiosis signaling via secretion of
LCOs. Importantly, co-treatment of Arabidopsis leaves with flg22 and LCOs or short chained
chitins quantitatively reduced immune outputs compared to flg22 alone (Liang ef a/, 2013). In
addition, short and long chained chitins were found to induce CERKI-dependent defense
associated and AM symbiosis genes simultaneously in M. trunctatula (Feng et al, 2019).

Together, these data argue for chitin-based molecules occupying dual symbiosis and immunity
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elicitor functions in AM hosts. In parallel, LCOs and short chained chitin dampen immune

signaling in Arabidopsis, which perhaps play a role in shaping hyphal accommodation.

The evolution of root systems and PSR role in root-microbe interactions
The advent of roots revolutionized plant life. Now anchored with new organs, vascular plants

specialized a part of their biology into exploration of the soil-matrix for nutrient foraging and
interactions with microbes. How roots facilitate nutrition and microbiota assembly

simultaneously is under intense study.

Root immunity is compartmentalized and specialized compared to leaf immunity
Akin to the process of terrestrialization, the invention of roots heavily relied on co-option of

already established gene regulatory networks. For instance, the development of root hairs (tip
growing cells) depends on genes also underlying the development of corresponding cells called
“rhizoids” in non-vascular plants (Menand et al, 2007; Proust et a/, 2016). Fossilized vascular
plants harbor arbuscule-like structures in shoots whilst in existing vascular plants AM
symbiosis takes place exclusively in roots (Remy et al, 1994; Luginbuehl & Oldroyd, 2017). It
is likely that the root hairs and AM symbiosis traits relied on comprehensive co-option of their
respective gene regulatory networks into roots. By contrast, in the case of Arabidopsis, clear
qualitative and quantitative differences occur between leaf and root immunity. For instance,
commonly used leaf defense response markers such as PR/ and PDF 1.2 were shown to be less
or not expressed in roots, respectively (Attard et al, 2010). Furthermore, to my knowledge, no
strong NLR triggered root immunity as in leaf ETI is known — except in the restricted case of
Glycine max-rhizobacterial symbiont incompatibility, although this occurs without observed
cell-death (Zhang et al, 2021). In analysis of root responses, it is important to consider the organ
level serial delimitation of roots into meristematic, elongation, and differentiation zones
(Somssich et al, 2016). In Arabidopsis, the expression of MAMP responsive genes was
compartmentalized into the differentiation zone for chitin or the elongation and meristematic
zones for flg22 (Millet et al, 2010; Zhou et al, 2020). Notably, endophytic Sebacinales fungi
preferentially colonize the differentiation zone (Lahrmann et al, 2013), suggesting that spatially

restricted immune responses to MAMPs such as chitin influence accommodation sites.

A recent and ingenious study used laser ablation to show that localized damage is required for
adjacent root cells to mount a strong immune response in terms of PRR expression and
associated prevention of non-pathogenic bacterial colonization (Zhou et al, 2020). By contrast,
it is well established that damage is not required to mount effective immune responses after

MAMP perception across leaf tissues (Zipfel & Oldroyd, 2017). Therefore, it remains unclear
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whether root immunity differs fundamentally from leaf immunity in amplitude and quality or
if local damage was the missing input masking root/leaf similarities in past studies.
Nevertheless, a specialized root immunity with relatively higher activation thresholds is
coherent with the constant exposure of roots to soil-borne microbes, from which a microbiota
is assembled. Accordingly, the above-mentioned root/leaf differences suggest a partial co-
option of immune networks in roots and/or so far undetermined features specifically modulating

root immunity.

The PSR influences immunity at the transcriptional level
Roots are the main nutrient acquisition site in vascular plants (Rellan-Alvarez et al, 2016) and

some microbiota members can improve nutrient uptake (Hiruma et a/, 2016; Harbort et al, 2020;
Van Der Heijden et al, 2016). Phosphate (Pi) is an essential macronutrient repeatedly linked to
plant root interactions with microbes (Das et al, 2022; Castrillo et al, 2017; Hiruma et al, 2016).
Plants undergoing Pi limitation activate the PSR, comprising transcription factors and post-
translational regulators, which orchestrate increased expression rates of Pi transporters, mainly
in the plasma-membrane anchored PHT family (Rouached et al/, 2010). The PSR system pre-
dates terrestrialization (Rubio et al, 2001) (Fig. 1) and it is well established that low Pi promotes
plant engagement in AM symbiosis (Balzergue et al, 2011). Recently, it was demonstrated that
the PSR transcription factor PHR?2 allows early signaling, root colonization and mycorrhizal Pi
uptake in rice (Das et al, 2022). Thus, a direct relationship exists between the PSR and the AM
symbiosis program, which, given the strong conservation of AM symbiosis features, is
plausibly extendable to other AM host species. Pi-stressed plants therefore actively support

mycorrhizal colonization for increased access to Pi (Das et al, 2022).

The phylogenetically restricted loss of AM symbiosis prompts the question whether non-AM
hosts evolved compensatory mechanisms to alleviate Pi stress. Remarkably, a specific strain of
Colletotrichum tofieldae was reported to enhance Arabidopsis Pi transporter expression and to
transfer Pi upon root colonization—but strictly in Pi-limited conditions with an intact PSR
(Hiruma et al, 2016). Thereby, the PSR is functionally engaged in a Pi-based partnership with
a filamentous fungus, possibly substituting for Glomeromycotina in nature. Arabidopsis PSR-
immunity interplay was most notably exposed by Castrillo and colleagues (Castrillo et a/, 2017)
using the phriphll double mutant that is unable to deploy the PSR (Bustos et al, 2010). In Pi-
limited conditions and compared to Col-0, the phriphll mutant showed enhanced
transcriptional activation of immune genes in roots and improved resistance to leaf pathogens
(Castrillo ef al, 2017). Therefore, PSR activation generally downregulates immunity locally in

roots and systemically in shoots. Whether PSR transcription factors directly bind to immunity
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genes promoters to modulate their expression is insufficiently explored. In the presence of
bacteria, expression of the camalexin synthesis gene PAD3 was higher in the phriphll double
mutant compared to Col-0, but the opposite was true for other Trp-metabolism genes, such as
MYB34, GSTF10 and CYP79B2 (Castrillo et al, 2017). However, only MYB34 was reported as
a PHRI target (Barragan-Rosillo et al, 2021). These findings suggest that, upon immunity
stimulation, Pi-stressed plants may modulate and not simply reduce metabolic immune outputs.
In support of this hypothesis, a comparative study of 41 fungal endophytes isolated from
Arabidopsis roots in natural conditions found that 13/41 fungi, including classically pathogenic
genera such as Fusarium and Alternaria, switched from being detrimental to neutral or from
neutral to beneficial, when co-cultured on low Pi compared to high Pi media (Fig. 2B) (Mesny
et al, 2021). Therefore, either improved plant outcomes of interacting with fungi occur via the
PSR-immunity relationship or Pi is a limiting factor for fungal detrimental traits. During Pi
limitation without an immune input, several primary metabolites, phenylpropanoids and
aliphatic-GLS showed increased accumulation in shoots and roots in a PHR dependent manner
(Pant et al, 2015). Therefore, roots are likely to coordinate nutrition and microbiota assembly
via the PSR influence over immunity and symbiosis. Whether concurrent PSR and immune

inputs fine tune metabolic outputs is thus far unclear.

Thesis aims
The work presented in this dissertation aims to study immune processes underlying root-fungal

endophyte interactions using Arabidopsis as a model plant. In the first chapter, I describe my
investigation into immune pathways contributing to fungal accommodation in roots. In this
experimental system, I employed the model fungi Sebacinales and already established immune-
deficient Arabidopsis mutants to quantify fungal biomass in roots and associated effects on
plant shoot fresh weight. In the second chapter, I set out to interrogate the influence of PSR on
aliphatic- and indolic-GLS production as model metabolite outputs. I selected a root colonizing
endophyte isolated from Arabidopsis natural populations that had been linked to Pi status in
vitro to investigate the impact of PSR and associated GLS patterns on fungal accommodation.
Using microscopy, whole transcriptome analysis and GLS quantification, I provide a detailed
view of how Pi and immunity interact to modulate GLS profiles. Based on the GLS
quantification, I propose that the PSR impacts shoot to root GLS translocation as well as rates

of synthesis and breakdown differentially depending on the type of GLS considered.
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Figure 2: Key studies and materials for the presented thesis

A. Sebacinales species are detrimental to the Trp-derived metabolites depleted cyp79b2/b3 mutant. Pi =
Piriformospora indica (now Serendipita indica) and Sv = Serendipita vermifera. w/o = without (mock controls)
(Lahrmann et al. 2015). B. MPIPZ culture collection fungal endophytes display varying effects on Arabidopsis
shoot fresh weight grown on 100 uM or 625 pM phosphate /2 MS 28 days post inoculation (Mesny et al. 2021)
Pictures on the far right show typical Mock and Truncatella angustata (F73) inoculated plants at 100 pM
phosphate. Pictures are courtesy of Fantin Mesny and unpublished.
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Chapter 1: Investigating general immune mechanisms related to
fungal accommodation in roots

Genetic disruption of plant immune genes could lead to changes fungal biomass in roots and
associated effects on shoot fresh weight. To begin the search for immune pathways related to
either or both of these outcomes, the Arabidopsis thaliana (Arabidopsis) cyp79b2/b3 double
mutant (Trp-derived metabolite free (Bottcher et al, 2009)) was selected as an
immunocompromised reference. In previous studies, inoculation of diverse fungal endophytes
caused cyp79b2/b3 to reliably show both reduced shoot fresh weight and enhanced fungal load
in roots compared to wild-type Col-0 (Nongbri et al, 2012; Lahrmann et al, 2015; Hiruma et al,
2016). The aim was to rapidly obtain conditions in which these outcomes are reproduced using
Serendipita vermifera (Sv), a more aggressive endophyte than its relative Serendipita indica
(Si) (Lahrmann et al, 2015). To reach a stage at which cyp79b2/b3 behaves as previously found,

exploration of different parameters was carried out (see Methods).

Sv causes similar shoot fresh weight penalties in Col-0, cyp79b2/b3 and deps on 1/10
Plant Nutrition Media
A first screen for altered shoot fresh weight at 14 days post inoculation (dpi) on different Plant

Nutrition Media (PNM) concentrations was conducted. Alongside Col-0 and cyp79b2/b3, the
immune phytohormone dde2 ein2 pad4-1 sid2-1 (deps) quadruple mutant (Tsuda et al, 2009)
and the danger associated molecular pattern (DAMP) receptor pepr1/2 double mutant (Ross et
al, 2014) were included. This array of mutants allowed me to disable DAMP signaling,
phytohormones and chemical defenses to perhaps detect differences in Sv accommodation.
Regardless of genotype, shoot fresh weights were not impacted by Sv inoculation on 2 PNM
or full-strength PNM (Fig. 3A). By contrast, on 1/10 PNM, Col-0, cyp79b2/b3 and deps, but
not peprl/2, showed a shoot fresh weight penalty when inoculated with Sv compared to their
respective mock controls (Fig. 3A). Furthermore, regardless of media concentration, no Sv-
induced yellowing of the leaves was observed as in Lahrmann et al, 2015 (Lahrmann et al,
2015) (not shown). Therefore, 1/10 PNM arose as a co-culture media on which Sv effects on

Arabidopsis genotypes can be detected.

However, it was surprising that the shoot fresh weight penalty on 1/10 PNM was of the same
magnitude in cyp79b2/b3, Col-0 and deps (Fig. 3A), suggesting that the conditions of this first
assay do not recapitulate the published detrimental outcomes in cyp79b2/b3. Furthermore, the
time point and/or inoculation parameters and/or Sv inoculum could be responsible for the fact
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that the cyp79b2/b3 did not show greater shoot fresh weight penalty than Col-0 upon
inoculation. To address this, fresh Sv and Si colonies were obtained from the Zuccaro lab
(University Koln) and the time point of analysis was shifted to 5 dpi. Si has the advantage of
producing chlamydospores, which are convenient for precise dosage in inocula. Investigating
an earlier time point could compromise the detection of fungal effects on shoot fresh weights.
However, it had the virtues of keeping root tissues free of likely secondary growth whilst

potentially uncovering early contribution of immune signaling to intraradical accommodation.
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Figure 3: Serendipita vermifera causes shoot fresh weight penalties on 1/10 Plant Nutrition Medium

A. First preliminary assay, shoot fresh weights of individual Arabidopsis plants grown on different PNM
concentrations for 14 dpi of Sv or mock by root dipping. Three distinct agar plates with seven seedlings each were
used per condition. Letters represent statistical significance groupings according to pairwise Mood tests (1/10
PNM) and Kruskal-Wallis tests with post-hoc Dunn tests (0.5 and full strength PNM) with p-value thresholds of
0.05.

Arabidopsis might rely on cell-surface signaling to control Si colonization
In another large-scale experiment, no significant effects of Sv nor Si were detected on shoot

fresh weights (Fig. 4A and B). Similarly, only a marginal root growth stimulation for Sv on
cyp79b2/b3 compared to mock control was observed (Fig. 4A and C). Analysis of whole root
fungal load by qPCR after root surface cleaning revealed that Sv, but not Si, colonized roots to
a larger extent in cyp79b2/b3 than in Col-0 (Fig. 4D and E). Interestingly, both deps and
baklbkkl (common MAMP co-receptor double mutant) showed enhanced Si accommodation
(Fig. 4E). However, the values obtained for Sv were almost one order of magnitude lower than
for Si (Fig. 4D and E). These data pointed to a clear problem with the Sv mycelium inoculation

compared to Si that had to initiate growth from spores.
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Figure 4: Cell surface signaling might intervene in root-Si interactions
A. Pictures of Arabidopsis seedlings on 1/10 PNM 5 dpi with either mock, Si or Sv. Scale bars = 0.5 cm. B. Pooled
shoot fresh weights from one plate and C. Individual primary root growth (= root length 5 dpi — root length 0 dpi)
of Arabidopsis seedlings. D. Sv and E. Si root fungal load at 5 dpi. Individual data points represent the fungal load
from three pooled plates of whole roots as determined by qRT-PCR after RNA isolation. Letters represent
statistical significance groupings according to pairwise Mood tests for C, D, E and ANOV A with post-hoc Tukey’s
HSD test for F with p-value thresholds of 0.05. Assay using droplet inoculation with nine distinct agar plates
containing 7 seedlings each per condition.
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No assays showed results comparable to published studies with Si or Sv: altered fungal
accommodation and reduced shoot fresh weight and/or root growth in cyp79b2/b3.
Additionally, the overarching goal was to discover pathways affecting root colonization other
than Trp-derived metabolites. Because the enhanced Si load in bakbkkl at 5 dpi was promising

in these conditions, I selected Si, baklbkkl and cerkl (chitin receptor mutant) to investigate the
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role of cell-surface signaling in fungal accommodation. The deps quadruple mutant was left out
on the grounds that too many pathways might be impacted in this background. However, the
fact that cyp79b2/b3 did not show enhanced Si load compared to Col-O under the tested
conditions prompted me to increase Si inoculum dose from 1 000 to 10 000 spores per plant
and a selection of the top 2 cm root segment below the hypocotyl for fungal load analysis (Fig.

5B).

Additionally, a later time point of 10 dpi was included. Experiments with three independent
repeats were initiated using these parameters. During the completion of the independent
repetitions, no altered shoot phenotype was detected at 6 dpi (not shown) nor at 10 dpi (Fig.
5A). Therefore, shoot fresh weights were not recorded. Additionally, primary root growth was
recorded but not affected by neither genotype nor inoculation (not shown). Within a given
genotype, Si biomass in roots increased from 6 to 10 dpi, indicating successful detection of Si
intraradical growth progression (Fig. 5B). Furthermore, the 6 dpi Si biomass measured by qPCR
approximately doubled compared to 5 dpi using 1000 spores/plant (Fig. 4E) which was
coherent with the Si dose increase and the root fragment selection. However, within either 6 or
10 dpi, no differences were detected between genotypes, including cyp79b2/b3 (Fig. 5B). This
suggested a potential problem with the cyp79b2/b3 seed batch employed. Accordingly, three
repetitions of an experiment focusing on Si load in roots were conducted using in parallel Col-
0 and cyp79b2/b3 seeds from the Parker lab (own lab, MPIPZ) and the Hacquard lab (MPIPZ).
No significant differences in fungal load were detected between the seed batches at 6 dpi (Fig.
5C). The above presented experiments suggest an unknown issue pertaining to co-culture
conditions (e.g. light quality), media preparation, or Sebacinales fungi in my conditions.
Overall, despite successful detection of increased Si biomass in roots depending on dose and
time point (Fig. 4E to relate to Fig. 5B) and RT-qPCR results consistency between assays (Fig.
5B and C), the cyp79b2/b3 phenotype could not be reproduced. Therefore, the feasibility of
investigating the contribution of diverse immune pathways to a hypothetical general hyphae

accommodation mechanism in Arabidopsis roots using Sebacinales was reconsidered.

In conclusion, both the initial research question and Sebacinales fungi were discarded as a
framework. Consequently, one or two fungal strains were to be selected and developed as

models according to the purposes of a new project.

27
PhD dissertation C. Uhlmann



bak1bkk1 }

Top 2 cm Experiment 0 0A1+ 2  Genotypes W Col-O W cyp79b2/b3 mEcerk! mmbak1bkk1
root
o074 abed  ab bed  abe d a cd  abed 0.0354 a a a a
+

0064 -k 0.030
%I 0.05- %I 0.025 o
,_:_U 0.04+ E 0.020 -
w w
looad 4 ‘ Floo1s1
) ) o)
4 0.021 J 00104
™~ o~

0.014 (o] g T ﬁ [a3 0.005 —

0.004 * & == g == 0.0001 T -
dpi= 6 10 6 10 6 10 6 10 Seed

origin = Parker Hacquard
6 dpi

Figure 5: The previously published cyp79b2/b3 phenotype caused by Si infection is not reproduced

A. Pictures of the top 2 cm of Arabidopsis plants 10 dpi of Si or mock. Scale bars = 0.5 cm. B. and C. Si biomass
in roots as determined by RT-qPCR. Letters represent statistical significance groupings according to pairwise
Mood test for B and Kruskal-Wallis with post-hoc Dunn test for C with p-value thresholds of 0.05.
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Chapter 2: Characterization of glucosinolate production dynamics
in response to native fungal endophytes

In recent years, growing interest has been directed at the link between immunity and the
Phosphate Starvation Response (PSR) and at the consequences of this link on plant-microbe
homeostasis (Hiruma et al, 2016; Castrillo et al, 2017; Frerigmann et al, 2021). Namely, it was
shown that activation of the PSR globally dampen immunity at the transcriptional level, leading
to enhanced pathogen susceptibility in phosphate (Pi) stressed Arabidopsis plants (Castrillo et
al, 2017). Additionally, a recent pre-print attempted to provide a greater degree of detail by
linking the negative PSR regulator NLA to greater accumulation of the Tryptophan (Trp)-
derived compound camalexin and to various transcriptional alterations in specific
phytohormone related genes (Val-Torregrosa et al, 2021). Together, these studies suggest that
the PSR indirectly or directly affect the transcriptional and metabolite levels of immunity, and
perhaps that the PSR does not negatively regulate all aspects of immunity. Therefore, I set out
to investigate whether the PSR specifically affects two distinct immune pathways by picking
indole- and aliphatic-glucosinolate accumulation (GLS) as metabolic readouts. Root-fungi
interactions are an adequate frame for asking this question due to the established relationships
between filamentous fungi and Pi status (Hiruma et al, 2016; Frerigmann et al, 2021; Mesny et
al, 2021) or Trp-derived metabolites (Nongbri et al, 2012; Wolinska et al, 2021; Lahrmann e¢
al, 2015; Hiruma et al, 2016; Frerigmann et al, 2021). I selected two native endophyte strains
from the MPIPZ culture collection: F73 (Truncatella angustata) and F34 (Paraphoma
chrysanthemicola) because of their different effects on Arabidopsis shoot fresh weight grown
on contrasting Pi concentrations in 2 MS (Fig. 2B) (Mesny et al, 2021). At 100 uM Pi
compared to 625 uM Pi, F73 is beneficial whilst F34 switches from slightly detrimental to
neutral (Fig. 2B). This suggests that, with certain endophytes, Pi limitation may drive improved
outcomes for plant growth, either via the PSR-immunity relationship, or alternatively via a
direct effect of bioavailable Pi on the specific fungi. Moreover, both F34 and F73 have average
relative abundances in Western Europe compared to other fungal endophytes (Mesny et al,
2021). The focus on short-term assays using root inoculation was kept to explore early signaling

effect of the PSR on GLS pathways.

Developing F73 and F34 as model endophytes
Ideally, a model fungal endophyte offers the possibility of a precise and homogenous inoculum

(spores over mycelium suspension), tractability with molecular methods (e.g. qPCR) and

reliable colonization of plant tissues. First, two repetitions of a preliminary assay were
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conducted to determine the behavior of F34 and F73 using root inoculation, whilst keeping the
same 2 MS Pi concentrations and inoculum preparation as in the work of Mesny and colleagues
(Mesny et al, 2021). Harvest times were determined during the first assay, when potential
fungal effects on plant growth would be detected by eye. At 100 uM Pi, shoot fresh weight was
identically decreased by the presence of either fungi compared to mock regardless of whether
the harvest was carried out at 10 or 14 dpi. By contrast, at 625 uM Pi, the shoot fresh weights
showed no significant differences when compared to mock, regardless of treatment and time
point (Fig. 6A and B), suggesting an effect of Pi on the interactions formed between the plant

and the employed fungi using root inoculation.

10 dpi 14 dpi
100 pM Pi 625 }JM Pi 100 pM Pi 625 uM Pi
F73
Experiment O1 A2 Treatment- Mock WMl F34 BN F73
b ac a b bc bbb a a bc ¢ 99 b b b ¢
20 8
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Figure 6: Culture collection endophytes F34 (Paraphoma chrysanthemicola) and ¥73 (Truncatella angustata)
decrease plant shoot fresh weight when inoculated on roots.

A. Pictures of Arabidopsis grown on %2 MS plates containing the indicated Pi concentrations inoculated either with
mock (10 mM MgCl,) or with a fungus. B. Average fresh weights of approximately 10 pooled shoots per plate. C.
Primary root growth (= primary root length harvest day — root length 0 dpi) per plant. Letters in B. and C. represent
statistically significant groupings based on pairwise Mood tests within a given time point. P-value threshold =
0.05.

However, it should be noted that shoot fresh weights differences at 625 uM Pi between
repetitions was observed (Fig. 6B). F73 inoculated plants showed a statistically significant

primary root growth promotion at 625 pM Pi at both time points compared to mock (Fig. 6C).
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Given the high inocula doses and the proliferation of F73 on the agar media, the larger root
growth could indicate a competition for media nutrients, prompting the plants to forage more
efficiently. Overall, despite the high inocula doses, the plants showed only minor shoot growth
penalties. This suggests that, in contrast to previous long-term studies, F34 and F73 impart mild
detrimental effects to plant health when inoculated on roots during short-term agar plate assays.
These effects may be caused by intraradical colonization by F34 and F73 (biotrophy and/or
“growth vs. defense trade off”’) or harm due to the inocula containing dead hyphae and/or cell

disruption products.

To test the latter idea and evaluate if my employed system simply suffered from inefficient
inoculation, my next step was an attempt to induce sporulation to try to improve inocula. I grew
F34 and F73 on diverse fungal media with or without black-light irradiation, but detected no
spore production (not shown). Therefore, I established three aims: 1) Develop a protocol for
production of “clean” inocula (free or with reduced hyphae disruption products), ii) perform
shorter-term assays (7 dpi harvest) and iii) determination of hyphae localization in roots using
confocal microscopy. Briefly, to produce fungal biomass for “clean” inocula, mycelia were
obtained from cultures in liquid media. Then, fungi were thoroughly blended using a laboratory
mixer, allowed to regenerate, washed and inoculated on roots (see methods). This resulted in a
homogenous inoculum for F73 whereas the F34 mycelium suspension still contained lumps of
various sizes (Fig. 7A), which could impair inoculation of consistent amounts of F34 per root.
This inocula preparation method was nonetheless applied to both F34 and F73 in three
independent repetitions of a short-term assay. Importantly, the fungal dose was lowered from
50 mg/ml to 2 mg/ml to determine whether a lower dose would result in similar outcomes as in

Fig. 6.

Interestingly, compared to mock, both fungi imparted significant shoot fresh weight penalties
at 7 dpi regardless of Pi concentration (Fig. 7C). Remarkably, the only significant difference in
primary root growth was a reduction attributed to F34 at 625 uM Pi (Fig. 7D). These results
suggests that the inoculum preparation method can alter interaction outcomes on shoot fresh
weight, as no differences were observed at 625 uM Pi in the previous assays (Fig. 6B).
Alternatively, if the shoot fresh weight changes are due to biotrophy, it could be that the

previous high inoculum dose prevented root colonization at 625 uM Pi (Fig. 6B).
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Figure 7: F73 and F34 inflict shoot fresh weight penalties by colonizing roots intracellularly

A. F34 liquid culture morphology (left) and regenerated hyphae suspension homogeneity (right). B. F73 liquid
culture morphology (left) and regenerated hyphae suspension homogeneity (right). C. Average shoot fresh weight
of Arabidopsis plants 7 dpi of either mock, F34 or F73 on 100 uM or 625 uM Pi. Data points represent the weight
of pooled shoots from one plate divided by number of shoots weighed. D. Primary root growth of plants, data
points represent the primary root growth of individual roots. Letters represent statistically significant groupings
based on an ANOVA with post-hoc Tukey’s HSD for C. and Mood test for D. with P-value thresholds of 0.05. E.-
J. Confocal microscopy analysis of F34 or F73 colonized roots using Wheat Germ Agglutinin-CF488 and
CalcoFluorWhite. E. F73 hyphae presence on the inoculated root part, scale bar = 100 pm. F. Maximum intensity
projection of a Z-stack on a F34 inoculated root, scale bar = 20 pm. G. F73 inoculated root following “gentle”
extraradical hyphae removal attempt, scale bar = 100 pm. H. F73 inoculated root part following “thorough”
extraradical hyphae removal attempt, scale bar = 100 um. I. Extraradical hyphae of F73 without KOH treatment,
scale bar = 10 um. J. F73 inoculated root with KOH treatment, scale bar = 20 pm. Yellow arrowheads designate
intracellular colonization events while red arrowheads point to undesirable events following attempts manual
removal of extraradical hyphae. Cyan arrow points to a WGA unstained F73 cell neighboured by two WGA stained
cells.
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A few samples from these experiments were subjected to confocal microscopy analysis to
determine hyphae localization in roots. Both F34 and F73 were found to colonize the
differentiation zone on which they are inoculated (Fig. 7E) and could, under my experimental
settings, achieve intracellular infection of epidermal cells (Fig. 7F). Eventually, exclusive
quantification of intraradical fungal biomass via qPCR would be part of a model endophyte
system. Whether extraradical hyphae could be removed manually during harvest was assessed
by treating a few roots with gentle or thorough manual scrubbing (n=4 each, see methods).
Neither methods were satisfactory, as too much extraradical hyphae remained (Fig. 7G) or
sizable sample damage was inflicted (Fig. 7H). Therefore, quantifications of intraradical
colonization via qPCR would rely on prior root surface sterilization (see methods). It was also
apparent that the Wheat Germ Agglutinin (WGA) chitin staining was unhomogenous (Fig. 71)
suggesting both fungi mask their chitin using epitopes. Accordingly, a KOH incubation step
was introduced in subsequent staining procedures, which improved tissue clearing and WGA
binding to chitin (Fig. 7J). Overall, confocal microscopy observations suggest that F34 and F73
impart shoot fresh weight penalties to Arabidopsis at 7 dpi via intracellular colonization of root
tissues. F73 was selected for further studies because of its amenability to homogenous hyphae
suspension (Fig. 7B). Following F73 genomic DNA extraction and serial dilutions, an array of
qPCR primers were assessed for efficiency (Supp. Fig. 1). The primer pair with the efficiency

closest to 100% was selected for subsequent experiments (Primer pair 4, Supp. Fig. 1).

Next, to assess the plant GLS responses to F73, we measured indole- and aliphatic-GLS
amounts in roots or shoots at 2 and 7 dpi on a Pi gradient. GLS amounts variations according
to inoculation or Pi were clear at 7 dpi although some differences in shoots were detectable at
2 dpi. Notably, the sulfated long chained aliphatic-GLS 8-methylsulfinyloctyl (8MSO) was
depleted by the presence of F73 compared to mock in both shoots and roots at 7 dpi (Fig. 8A
and B). The F73-imparted 8MSO depletion might have been amplified at 100 uM P in both
organs (Fig. 8A and B). However, at 2 dpi, 8MSO was present in stable low quantities across
conditions, with mock-inoculated plants on 100 uM Pi showing the lowest amounts (Fig. 8A
and B). By contrast, the indole-GLS 4-hydroxy-3-indolylmethyl (4MOI3M) showed systematic
increased amounts in presence of F73 compared to mock. This was the case across the tested
conditions, except in roots at 2 dpi where 4MOI3M was mostly undetected regardless of Pi
(Fig. 8C and D). This assay suggested that the combination of F73 and Pi treatments modulate
the amounts of at least 8MSO and 4MOI3M in a distinct, tissue-specific way, which may
provide robust end-point measurements in this system. Variations in amounts could be caused

by increased or reduced rates of synthesis and/or breakdown and/or exudation. Additionally,
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GLS can be translocated between organs (Chen et al. 2001). Whether and to what extent these
regulatory processes are involved here is unclear. Nonetheless, F73 combined with a Pi gradient
appeared as appropriate to investigate potential impacts of the PSR on the aliphatic- and indole-
GLS pathways. However, a final system improvement attempt was made by introducing
Sucrose in germination media to boost seedlings size and 625 uM Pi was replaced by 1250 uM

Pi as a Pi replete condition.
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Figure 8: F73 induces 8-methylsulfinyloctyl (8MSO) glucosinolate depletion and 4-methoxy-3-indolylmethyl
(4MOI3M) glucosinolate accumulation at 7 dpi

A. 8MSO in shoots B. 8MSO in roots. C. 4MOI3M in shoots D. 4MOI3M in roots. Letters represent statistical
groupings with p-value thresholds of 0.05 using Mood tests for B., C., D. and A. at 7 dpi and ANOVA with post-
hoc Tukey’s HSD for A. at 2 dpi.

100 pM Pi causes a mild Phosphate Starvation Response compared to 1250 pM Pi
Morphological hallmarks of Pi starvation include shorter primary root, higher number of lateral

roots and an increase in number and length of root hairs (Lynch, 2011). These hallmarks are
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abolished if agar plate grown roots are directly exposed to light (Gao et al, 2021). I tested
whether Pi and/or F73 modified primary root growth and lateral root numbers at 2 and 7 dpi.
Compared to 1250 uM Pi, 100 uM Pi elicited a slight but significant increase in primary root
growth at both 2 and 7 dpi (Fig. 9A), no differences were observed for lateral root occurrence
(Fig. 9B). Consistent with previous assays, F73 induced a significant increase of primary root
growth at 7 dpi in the Pi replete conditions (here 1250 uM Pi, Fig. 9A). However, no changes
in lateral root numbers were imparted to F73 compared to mock (Fig. 9B). Root hair numbers
and lengths were clearly higher in 100 uM Pi grown plants compared to 1250 uM Pi prior to
inoculation (Fig. 9C, D and E). These data suggests that, as a Pi limiting condition, 100 uM Pi
is sufficient to induce a Pi starvation phenotype that does not cause dramatic differences in root
system morphology compared to 1250 uM Pi.
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Figure 9: Chosen experimental conditions allow a mild but detectable Pi limitation phenotype.

A. Stitched stereomicroscope pictures of root tips prior to inoculation, scale bars = 300 pm. B. Primary root growth
and C. lateral root numbers. Letters indicate statistical groupings with p-value thresholds of 0.05 using Mood tests
for both time points in A. and 2 dpi in B. while for 7 dpi in B. an ANOVA with post-hoc Tukey’s HSD was
conducted at 7 dpi. D. Root hair number with student test and E. root hair length with Mood test.
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F73 is an efficient endophyte of the Arabidopsis differentiation zone
Having established appropriate Pi-limited and replete conditions, the F73 intracellular

colonization (“entry””) was investigated in relation to Pi status and root zones. First, potential
developmental differences between 100 uM Pi and 1250 uM Pi were ruled out because the
same degree of initiation in secondary growth was observed below the hypocotyl (Fig. 10B and

Q).

To test for root zone-dependent permissiveness to F73 entry, two inoculation locations were
tested on two distinct sets of plants. On one set, inoculation was performed 0.5 cm below the
hypocotyl and F73 entry was assessed in this area (Fig. 10A). The other set of plants was
inoculated 1 cm below the primary root tip and F73 entry was assessed in the primary root tip
as well as 100 to 500 um above the primary root tip (Fig. 10A). A “colonization score” based
on hyphae adherence to root (adherence = 1, no hyphae = 0) and intracellular penetration (inside
=1, outside = 0) was established on the root zones investigated. Per repetition of the experiment,
the colonization score was calculated by adding root adherences and cell penetrations and
dividing the sum by the number of plants tested. F73 could attach to and enter root cells as soon
as 1 dpi (Fig. 10D and F) and proliferated extensively inside epidermal and cortical cells of
primary and lateral roots over time (Fig. 10E). When F73 was inoculated on the differentiation
zone, in most cases, the colonization score reached the maximum value of 2 regardless of Pi as
soon as 2 dpi (Fig. 10F). By contrast, both the zone above the primary root tip and the primary
root tip itself were less permissive to F73 entry (Fig. 10G and J, respectively), although
occasional infections occurred (Fig. 10H and K, respectively). The colonization score did not
frequently reach the possible maximum above the primary root tip (Fig. 10I) and never in the
meristem itself (Fig. 10L). Overall, it can be concluded that F73 enters Arabidopsis

differentiation root parts rapidly after localized inoculation.

F73 triggers a spatial expansion of CYP79B2 expression domain in roots
To probe the dynamics between F73 and the onset of Trp-metabolism, I examined two

independent lines of Arabidopsis plants expressing a transcriptional reporter for Trp-derived
defense metabolites. This consisted of a plasma membrane-localized fluorophore driven by the

CYP79B2 promoter (pCYP79B2::SYP122-mScarlet).

Regardless of Pi, inoculation and time point, reporter-specific fluorescent signals were detected
in the differentiation zones and lateral root emergence sites (Fig. 11A and B). Intriguingly,
CYP79B2 expression was restricted to the inner root cylinder in mock conditions and at 0 and

1 dpi of F73 inoculation (Fig. 11C-G), suggesting a vascular or peri-vascular expression
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Figure 10: F73 efficiently infects and proliferates inside root cells below the hypocotyl regardless of Pi status.
A. 100 uM Pi and B. 1250 uM Pi differentiation zones showing identical onset of secondary growth in terms of
pericycle cell divisions (red arrowheads), n = 15 across 3 independent repeats each, scale bars = 20 pm. C.
Maximum intensity projection of a root at 1 dpi, scale bar = 20 um. Inset magnifies region framed in white, inset
scale bar = 1 pm. Yellow arrowhead point to an hyphae fragment adhering to and initiating entry in an epidermal
cell. D. Lateral root emergence site at 4 dpi, scale bar = 20 um. Yellow arrowheads point to extensive F73
colonization. E. Root picture transformed into a black and white guide for the analysis of root zones permissiveness
to F73 entry. F. Colonization score of the differentiation zone. Letters indicate statistical groupings of an ANOVA
with post-hoc Tukey’s HSD test with a p-value threshold of 0.05. G. F73 hyphae adhering to elongating root cells
at 3 dpi, yellow asterisks mark intracellular infection-free plant cells, scale bar = 20 um. H. F73 in elongating root
cells at 4 dpi, yellow arrowheads point to intracellular infection events, scale bar = 20 pm. 1. Colonization score
of the elongation zone. Letters indicate statistical groupings of an ANOVA with post-hoc Tukey’s HSD test with
a p-value threshold of 0.05. J. Typical primary root tip at 3 dpi with infection restricted to the root cap, infection
free region marked with a yellow asterisk, scale bar = 20 um. K. Instance of primary root tip at 4 dpi, yellow
arrowhead marks an intracellular infection, scale bar =20 um. L. Colonization score of the primary root tip. Letters
indicate statistical groupings of a Kruskall-Wallis with post-hoc Dunn test (1 dpi) and a Mood test (5 dpi) with p-
value thresholds of 0.05.

domain independent of Pi or time point. By contrast, at 2 dpi in presence of F73, the fluorescent
signal appeared to widen and include outer tissues such as the cortex and/or the epidermis. For
each differentiated root zone picture, the fluorescence signal intensity was measured across the
root width and processed for plotting and statistical analysis (see methods). A F73-induced
widening of the fluorescent signal was confirmed at 2 dpi regardless of Pi (Fig. 11I), indicating

that CYP79B2 expression domain expands to include at least the cortical cell layer.

F73 induces both PSR genes expression and Pi dependent immune dynamics and the
cyp79b2/b3 mutant shows perturbed glucosinolate metabolism and immunity
To follow up on the above-established dynamics of root colonization and CYP79B2 expression

patterns, we performed a whole-transcriptome analysis and investigated which PSR and GLS
metabolism genetic networks underlie responses to F73. Whole root samples of Col-0 and
cyp79b2/b3, were sampled for transcriptome profiling at 100 pM Pi or 1250 uM Pi, two and

seven days after inoculation of F73 or mock.

Plotting of the plant transcriptome samples distances by PCA showed a clear separation
according to harvest time and inoculation, but not Pi (Fig. 12A). Genotype weakly clustered
F73-inoculated plants, but not mock, and this was more apparent at 7 dpi (Fig. 12A). Moreover,
4 samples were labelled “Probable outliers” on the PCA because of their clear dissimilarity

from their expected groups (Fig. 12A).

Overall, only 4 out of 64 plant samples (6.25%) were identified as probable outliers. Because
the 95% confidence interval was not calculated, whether these 4 samples are true outliers was

not assessed and therefore they were not excluded from the analysis.
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Figure 11: F73 induces an expansion of CYP79B2 expression domain in pCYP79B2:SYP122-mScarlett #5
and #7 lines.

A. Stitched overview of a mock-treated root at 2 dpi. B. Stitched overview of a F73-treated root at 2 dpi. Scale
bars = 100 um. Yellow frame in A. and B. indicate the typically magnified zone. C., D. and E. Magnified mock-
treated roots at the indicated time points. F., G. and H. Magnified F73-treated roots at the indicated time points. 1.
Quantification of fluorescent signal across binned normalized root widths. Thick lines indicate fluorescent signal
average of F73- or mock-treated roots and areas surrounding the corresponding thick lines indicate standard
deviation. Scale bars = 100 pm. Pictures shown are from line #5 at 100 uM Pi and are representative of the
observed expression pattern regardless of line number or Pi concentration. Student tests in I. were performed on
the area under the curve of F73- and mock-treated roots. Asterisks indicate p-values < 0.0001.
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Figure 12: F73 and time point are responsible for most of the transcriptional changes in Arabidopsis Col-0

and cyp79b2/b3.

A. PCA plot of samples distances. B. Scaled counts (middle) of DEGs obtained by pairwise comparisons (right).
Cluster obtained by k-means (k = 10) are shown as dendrograms (left).
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Following k-means based clustering and counts scaling, a heatmap was constructed with plant
differentially expressed genes (DEGs, total = 690 genes) scaled counts and conditions (Fig.
12B). Surprisingly, comparing 1250 uM Pi with 100 uM Pi within the combinations of other
conditions resulted in few plant DEGs and therefore no clear Pi responsive cluster (Fig. 12B).
However, this is coherent with the similar Col-0 root systems (Fig. 9) and F73 infection
dynamics (Fig. 10) regardless of Pi concentration. Cluster 3 (c3) was the largest identified
cluster with 272 genes responsive to F73 (Fig. 12B). Gene Ontology (GO) term analysis of ¢3
resulted in enrichment of responses to nitrogen compound, oxidative stress, hypoxia, Jasmonic
Acid (JA) and processes related to indole-compounds and cell wall catabolism (Fig. 13A). C5
contained 37 genes and enriched in GO processes related to JA, sulfur and indole-containing
compounds (Fig. 13B). Two clusters (c7 with 72 genes and ¢9 with 142 genes) were upregulated
at 7 dpi regardless of Pi, inoculation or genotype (Fig. 12B). However, ¢7 was enriched in only

two GO terms and cluster 9 enrichment was similar to ¢3 (not shown).
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Figure 13: F73 and cyp79b2/b3 responsive clusters are enriched for GO terms

A. GO terms enriched in Cluster 3. B. GO terms enriched in Cluster 5. Each node represent an enriched GO term
colored by their cluster ID. Size of nodes represent the number of genes with the GO term and nodes share an
edge when their similarity is > 0.3.

To better understand the PSR-GLS transcriptional dynamics, a heatmap targeted on the main
PSR genes linked to immunity (Castrillo et a/, 2017) and from an exhaustive GLS and
camalexin genes inventory (Prof. Dr. Meike Burow, personal communication) was generated.
Comparisons of 1250 uM Pi vs 100 uM P1i in Col-0 at 2 dpi revealed that AT4 (positive PSR
regulator) showed significantly higher expression at 100 uM Pi in presence of F73, but not
mock (Fig. 14A). Other PSR genes (SPX1 and 2, IPS1, PHT1.2 and 1.4 and PHF'I) also became
significantly differentially expressed in Col-0 at 7 dpi solely in presence of F73 (Fig. 14A).
These pairwise comparisons indicate that, in our system, the Col-0 transcriptional levels of PSR
genes were not strong enough to cross the fold-change and p-value cut-offs of DEGs analyses.
However, F73 directly or indirectly activates the expression of PSR genes at 100 pM Pi.
Unexpectedly, comparisons of Pi concentrations in the cyp79b2/b3 mutant yielded PSR genes
upregulated at 100 uM P regardless of treatment. In absence of F73, 474 and SPXI were
significantly upregulated in cyp79b2/b3 at 2 dpi, and SPX2, IPS1, PHT1.2 and 1.4 were also
induced at 7 dpi (Fig. 14A). Further within the frame of Pi concentrations comparisons, the
cyp79b2/b3 and Col-0 transcriptomes did not significantly differ in presence of F73. The
observation that cyp79b2/b3 shows activation of a part of the PSR in mock conditions could
hint at an effect of Trp-derived metabolites on the PSR.

Next, the plant transcriptional changes due to the cyp79b2/b3 mutation compared to Col-0 were
analyzed. The present dataset provides us with an opportunity to discover potential
compensatory mechanisms that might have been previously overlooked in cyp79b2/b3 and
therefore confounded the roles of Trp-derived metabolites. GLS related genes such as
CYPS83B1, GSTF9, myrosinases (MBPI and 2) (Fig. 14A) and Trp related genes such as 7SB2,
IGPS and TSAI (not shown) were consistently induced across conditions in cyp79b2/b3.
Sulfotransferases (indole-inclined SOT16 and aliphatic-inclined SOT17) that catalyse sulfate
group transfer to desulfo-GLS (Klein et a/, 2006) were also constitutively induced except at 7
dpi in mock conditions (Fig. 14A). Additionally, JA-signaling genes such as JAZ5, JAZ9, JAZ13
and 40C2 were consistently upregulated in cyp79b2b3, whilst VSP2 was downregulated (not
shown). These data reveal that cyp79b2b3 shows constitutively higher expression of genes
involved in both Trp and GLS synthesis and constitutively altered JA-signaling compared to
Col-0.
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Figure 14: Phosphate Starvation Response (PSR), glucosinolate (GLS) and Tryptophan (Trp) metabolism
genes expression profiles in pairwise comparisons

A. Comprehensive heatmap of PSR, GLS and Trp-metabolism genes expression changes. Role of genes is
displayed as abbreviations: Reg. = Regulation, Trsp. = Transporter, Secondary Mod. = Secondary modification,
Cor Str. = Core Structure, Synth. = Synthesis, Co-Sub. = Co-Substrate related, Cat. = Catabolism. White
rectangles indicate p-adj > 0.05.
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Perturbed JA signaling in cyp79b2/b3 could be responsible for the induction of glucosinolates
related genes (Harun ef al, 2020). Alternatively, JA also influences developmental pathways in
roots (Jang et al, 2020). Interestingly, MRD1, a gene downregulated in the soluble methionine
over-accumulator mtol-1 mutant (Singh et al, 2022), was systematically downregulated in
cyp79b2/b3 (not shown). The downregulation of MRDI suggests an increase in soluble
methionine perhaps channelled into aliphatic-GLS biosynthesis. However, no aliphatic-GLS
biosynthesis specific enzyme was detected as constitutively upregulated in cyp79b2/b3 (Fig.
14A).

Lastly, F73-induced genes were examined by comparing F73 and mock conditions. Pi
concentration was a governing factor in the number of F73-induced genes in a time point
dependent manner (Fig. 12B). Namely, at 2 dpi, more genes were F73-induced at 1250 uM Pi
than at 100 uM Pi in Col-0 (219 vs. 73, respectively) and in cyp79b2/b3 (274 vs 51,
respectively) (Fig. 15). The opposite was true at 7 dpi only in Col-0, with 1 and 48 genes F73-
induced at 1250 uM Pi at 100 uM Pi, respectively (Fig. 15A). At 7dpi, the cyp79b2/b3
maintained a larger transcriptional response, as F73 induced 411 and 333 genes at 1250 uM Pi
and 100 uM Pi, respectively (Fig. 15A). Mainly, genes robustly induced by F73 include Trp
metabolism genes (e.g. MYB51/122, CYP82C2, IGMT4, FOXI, IGMT2-4 and PAD3) (Fig.
14A), WRKY transcription factors, cell-wall associated genes (WAK3/5 and EXT19), class 111
peroxidases and TIR-domain containing genes (7N3/7/9/11) (not shown). Within Trp-
metabolism genes, the FOXI-CYPS82C2 module stood out as robustly displaying higher
expression (Fig.14A), suggesting a preferential synthesis of 4-OH-ICN compared to camalexin

or indolic-GLS. Overall, F73 induces an immune response stronger in Pi replete roots compared

A F73-induced in Col-0 F73-induced in cyp79b2/b3
9 0 56 108
74
0 0 0 0 40
5 0 0 136 3 1 143 28
’ 0 . 16
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1 24 4 <
43 g
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Figure 15: Pi status-dependent F73 responses dynamics in Col-0 but not cyp79b2/b3
A. Venn diagrams of genes upregulated in response to F73 in Col-0 and cyp79b2/b3.
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to Pi limited roots at 2 dpi. Then, in Col-0 at 7dpi, an immune response was still observable at

100 uM Pi but not 1250 uM Pi. This suggests either a PSR-dependent deployment rate of root

immunity or that, at 7 dpi, F73 suppresses immunity at 1250 uM P1i but not at 100 uM Pi. The

immune responses persisting in the cyp79b2/b3 mutant at 7 dpi suggests a drastically different

interaction with F73 compared to Col-0, potentially imparted to an altered F73 behavior in

absence of Trp-derived metabolites.

F73 modulate GLS profiles in a Pi and organ dependent manner

We next asked whether GLS profiles are altered by Pi and/or F73. To this end, we measured

indole- and aliphatic-GLS in shoots and roots of Col-0 using Ultra High Pressure Liquid

Chromatography coupled to Mass Spectrometry (see methods). PCA analysis of GLS profiles

revealed a clear separation according to organ and time point, but not Pi or F73 treatment (Fig.

16A).
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Figure 15: Timepoint and organ cluster Col-0 glucosinolates (GLS) profiles
A. PCA plot of GLSs profiles.
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Strikingly, a PERMANOVA analysis revealed that 35% of the GLS profiles variance was
unexplained (R2 column, “Residual”) (Table 1). Experiment replicate accounted for less than
0.2% of variance (Table 1), whereas organ and time point accounted for 28% and ~21.4% of
variance, respectively (Table 1). Pi, treatment, and the Pi-treatment interaction were responsible
for approximately 0.4%, 0.25% and 0.1% of variance, respectively (Table 1). Effects of the
same magnitude held true including when shoots and roots, and their respective 7 dpi sub-
datasets, were analyzed separately (not shown). Overall, the PERMANOVA suggests that Pi

and F73 have only minor impacts on overall GLS profiles in our experimental setup.

Df SumOfSqs  R2 F Pr(>F)

organ 1 12864.676 0.2800838 600.02017 0.001
timepoint 1 9820.9497 0.2138172 458.05801 0.001
phosphate 1 189.61131 0.0041281 8.8436436 0.001
treatment 1 111.95549 0.0024374 5.2217056 0.005
replicate 1 78.744619 0.0017144 3.6727205 0.032
organ:timepoint 1 57782614 0.1258016 269.50336 0.001
organ:phosphate 1 187.651 0.0040855 8.7522131 0.001
timepoint:phosphate 1 101.04959 0.0022 4.7130444 0.007
organ:treatment 1 118.06096 0.0025704 5.5064705 0.009
timepoint:treatment 1 172.81866 0.0037625 8.0604193 0.001
phosphate:treatment 1 62.657955 0.0013642 2.9224239 0.059
organ:timepoint:phosphate 1 95.093635 0.0020703 4.4352535 0.014
organ:timepoint:treatment 1 174.73574 0.0038043 8.1498334 0.001
organ:phosphate:treatment 1 27.463779 0.0005979 1.2809356 0.279
timepoint:phosphate:treatment 1 57.935831 0.0012614 2.7021797 0.084
organ:timepoint:phosphate:treatment 1 30.999951 0.0006749 1.4458658 0.228
Residual 749 16058.864 0.3496262 NA NA

Total 765  45931.53 1 NA NA

Table 1: A PERMANOVA on GLS profiles reveals subtle influence of Pi, F73 and Pi-F73 interaction in
altering GLS profiles.

To map which GLS metabolites were affected in what way by Pi and treatment, F73 effect sizes
(Cohen’s d) were plotted on a heatmap, allowing tandem comparison of Pi concentrations
nested within corresponding organs and time points. F73 effect sizes were mostly small or
negligible at 2 dpi regardless of organs (Fig. 17A). Strikingly, the indolic 4-hydroxy-3-
indolylmethyl (4MOI3M) showed consistent medium to large F73 effect sizes regardless of Pi
and organ (Fig. 17A), indicating that F73 robustly induce 4MOI3M accumulation. For indolic-
, all long chained and few short chained aliphatic-GLS at 7 dpi, F73 effect sizes were noticeably
reversed in roots at 1250 uM Pi compared to shoots at 100 uM Pi (Fig. 17A), suggesting root
and shoot GLS profiles respond differently to Pi and F73.
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Finally, amounts of GLS selected as representative of diverse groups (short chained, long
chained oxidized/reduced aliphatic and indolic) were visualized, focusing on the 7 dpi time
point. Interestingly, the amounts of the short chained aliphatic-GLS 3BZO and 4MTB showed
similar F73-induced Pi dependent shoot depletion but Pi independent root increase (Fig. 17B).
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Figure 17: Pi impacts F73-induced GLS profiles in an organ dependent manner

A. F73 effect sizes (Cohen’s d = (F73mean — Mockmean) /pooled standard deviation). B. Representative aliphatic-
GLS and C. indolic-GLS raw amounts per organ at 7 dpi. Letters represent statistical groupings based on pairwise
comparison according to Mood tests except root NMOI3M (Kruskal Wallis) and shoot 4AMTB (ANOVA) with p-
value thresholds of 0.05.

Because 3BZO is not de novo synthesized in seedlings of Arabidopsis Col-0 (Kliebenstein et
al, 2007) and 4MTB main site of synthesis is shoots (Meier et al, 2019), the concomitant shoot
decrease and root increase suggest either shoot to root translocation and/or a decline of
breakdown rates. Notably, 8MSO and 8MTO followed the same pattern in shoots (Fig. 17B).
Further, it was remarkable that the amounts of these long chained aliphatic-GLS were higher at
100 uM Pi compared to 1250 uM Pi in roots without F73 (Fig. 17B), suggesting a constitutive
effect of the PSR on the synthesis of long chained aliphatic-GLS in roots. Conversely, F73
inoculation imparted a statistically significant increase in root SMSO/8MTO amounts at 1250
uM Pi but not 100 uM Pi (Fig. 17B). The indolic I3M was also depleted in shoots upon F73
inoculation regardless of Pi, similar to one of its derivatives NMOI3M (Fig. 17C). In roots, a
significant I3M increase was detected only at 1250 uM Pi, whilst NMOI3M amounts were
stable and 4MOI3M increased in both roots and shoots regardless of Pi (Fig. 17C). It is tempting
to speculate that, upon F73 inoculation, I3M is preferentially channelled into 4MOI3M
synthesis in shoots and roots. Accordingly, the parallel stability of 3M and NMOI3M amounts
in roots would also reflect an increase in their respective synthesis rates. Overall, the distinct
effects of Pi and F73 on the diverse GLS types hint at an influence of the PSR on GLS

translocation, synthesis and breakdown rates.

4MOI3M amounts stood out as robustly increasing upon F73, therefore I assessed whether
commercially available 4MOI3M-K salt would impair F73 growth in liquid Minimal Medium
supplemented with Artificial Root Exudates (ARE). No differences in F73 growth were
observed along a concentration gradient over 4 days, suggesting an inert version 4MOI3M can

neither inhibit nor be utilized by F73 in vitro (Fig. 18A).

Trp-derived compounds interfere with F73 growth rate and virulence at the
transcriptional level
To deepen our understanding of the above-described F73-immunity dynamics and to discover

fungal responses to Trp-derived metabolites, we re-analyzed our transcriptomic data and
performed a dual mapping of the reads to Arabidopsis or F73 genomes. In terms of numbers of
fungal reads, no major differences could be imparted to either Pi, genotype or time point (Fig.
19A). Plotting of F73 transcriptome profiles revealed clear clustering according to genotype

and time point, but not Pi (Fig. 19B). Therefore, we carried out a DEG
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Figure 18: 4MOI3M-K salt does not inhibit F73 growth in liquid Minimal medium supplemented with
Artificial Root Exudates

A. Time course monitoring F73 growth by OD600 measurment at the different indicated 4MOI3M-K salt
concentrations or 0.1 mg/ml pimaricin (antifungal agent). Line represent the average of the displayed 3 points.

analysis of F73 inoculated on cyp79b2/b3 versus Col-0. A core set of 37 and 10 genes were
robustly up or down regulated in cyp79b2/b3, respectively (Fig. 20A). Gene sequences from
this core set were submitted to manual annotation curation following the Joint Genome Institute
(JGI) Mycocosm protein annotation pipeline (Grigoriev et al, 2014). Protein annotation of the
core set was successful (except for 1 gene) and revealed that up regulated genes in cyp79b2/b3

are mostly related to, for example, the TCA cycle and amino acid metabolism (Fig. 20B).

Conversely, 4 out of the 10 genes downregulated were annotated as “NmrA-like family” (Fig.
20B), which are implicated in filamentous fungi nutrition and pathogenicity (Peng et al, 2022;
Lietal,2021). These observations suggest that, F73 is more metabolically active in cyp79b2/b3
compared to Col-0. Genes up regulated also contained 8 predicted effector proteins, potentially
translocated via the canonical or non-canonical secretion pathways (Fig. 20B). Overall, DEGs
analysis on F73 transcriptome gathered evidence that Trp-metabolism robustly affects energy

utilization and the expression of predicted effectors in the fungus.

49
PhD dissertation C. Uhlmann



14 a a

-_— —
EN o ® = 0

Percent of reads mapping to F73 genome
N

|l

100 pM Pi 1250 pM Pj 100 pM Pi 1250 uM Pi
2 dpi 7 dpi
A
30 A
A
20 1 LN A,
A

10 -
=
M~
ha 0 -
o™
O
o

-10-

A, A &
-20 A A
A A
3o &
A
-100 75 -50 -25 0 25 50

Figure 19: Reads mapping to F73 genome
A. Percent of reads (total per sample = 20 000 000 reads) in F73-inoculated samples mapping to F73 genome.
Letters represent statistical groupings according to a Kruskall-Wallis test with p-value threshold of 0.05. B. PCA

plot of samples distances.

PC1 (59%)

50

PhD dissertation C. Uhlmann

Replicate
o A
A B
+ C
x D

Genotype + time poin!

Col-0 |:2 doi
® cyp79b2/b3| < P
@ Col-0

® op7ob2/b3| 7 P

Phosphate
A\ 100 uM
A 1250 pM

Genotype + time poin
Col-0 |2 dpi

@® cyp79b2/b3

@ Col-0

@® cyp79b2/b3 | i



Overexpressed in cyp79b2/b3

Underexpressed in cyp7902/63

= Monocarboxylate transporter / Major Facilitater Superfamily
= NmrA-like family

=15 Fungal Zn(2}-Cys(6) binuclear cluster domain =
Phenylalanyl-tRNA synthetase-like (B3/B4) / Predicted cytoplasmic effector =
Succinate dehydrogenase/fumarate reductase flavoprotein -

GlycosylTransferase Family 25 =

100 pM Pi, 2 dpl
100 uM Pi, 7 dpi
i 1250 uM Pi, 2 dpi
1030 12 1250 uM Pi, 7 dpi 1 5
20 f 0
154 - 32 0 3
4 166 1 3
150 1788 1 &
ar 10
4 4807 2 4
2 923 3 o
216 0
uM Pi UM Pi
100 1250 100 1250
B aaag 2886
o T T DODDTT
e N~ N
35 Quinoprotein amine dehydrogenase, beta chain-like - . Enoyl-(Acyl carrier protein) reductase
. Predicted cytoplasmic effector Short-chain dehydrogenase/reductase
o 3o Chromo (CHRromatin Organisation MOdifier) domain ] Voltage-gated shaker-like K+ channel, subunit beta/KCNAB
] ; e - NmrA-like family
5 25 Mycotoxin biosynthesis protein UstYa = H L NmirAlike famil
- Intracellular membrane-bound Ca2+-independent phospholipase A2 = mr." SRy -
ER 20 Esterase-like activity of phytase - . = Predicted dehydrogenase..' NmrA-like family
g i Predicted apoplastic effector = - Alpha/beta hydrolase family
- FAD linked oxidase = . - Voltage-gated shaker-like K+ channel, subunit beta/KCNAB

Ubiquitin-like domain superfamily =

H E N

Enoyl-CoA hydratasefisomerase = -2
U4/U8 small nuclear ribonucleoprotein Prp4 =
Class-Il DAHP synthetase family = Sk
Predicted oxidoreductase = s
Polysaccharide biosynthesis domain / Predicted cytoplasmic effector = S R4
Pratein kinase-like domain superfamily = %
Predicted cytoplasmic effector - &
Predicted apoplastic effector = = 5
1-Acyl dihydroxyacetone phosphate reductase and related dehydrogenases - @

Mitochondrial oxoglutarate/malate carrier proteins =
S-adenosyl-L-methionine-dependent methyltransferase superfamily =
Acetyltransferase (GNAT) family / Predicted cytoplasmic effector - -

Arv1 protein / LysM domain =

Karyogamy protein, KAR9 -

Non-ribosomal peptide synthetase/alpha-aminoadipate reductase and related enzymes =

Pyrophosphate-dependent phosphefructo-1-kinase -

Monooxygenase involved in coenzyme Q (ubiquinone) biosynthesis =

Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase -
Cytoplasmic dynein intermediate chain = |

Heterokaryon incompatibility protein Het-C =

Molybdenum cofactor sulfurase (MOSC) -

Peptidase M16C =

NADP+-dependent malic enzyme -

Figure 20: Genetic depletion of Trp-derived metabolites robustly deregulate virulence and energy

metabolism in F73.

A. Venn diagrams showing the number of F73 genes more highly or less expressed in the cyp79b2b3 mutant
compared to Col-0. B. Heatmap of F73 proteins highly or less expressed across all conditions in the cyp79b2b3
mutant.

Genetic depletion of Trp-derived metabolites or aliphatic-GLS does not perturb the
Arabidopsis-F73 homeostasis in short term agar plate assays

The cyp79b2/b3 and the aliphatic-GLS depleted myb28/29 double mutants were tested for
altered interaction with F73 compared to Col-0. Compared to their respective mock controls,
F73 inoculated mutants were not distinct from Col-0 in terms of shoot fresh weight (Fig. 21A)
and intraradical F73 biomass (Fig. 21B). Thus, in our setup, within the timeframe examined
and irrespective of P status, the interaction with F73 appears to not be destabilized by the lack
of either Trp-derived metabolites or aliphatic-GLS. To confirm this observation, a long-term (4

weeks post inoculation of seeds) Gnotobiotic soil-matrix experiment was conducted (“flow-
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pot”, see methods and (Kremer et al, 2021)). Whereas F73 was expected to be overall neutral,
I introduced a flow-pot “pathogen control” (F134, Neonectria radicicola) detrimental to Col-0
(Durén et al, 2018) and enriched in cyp79b2/b3 roots (Wolinska et al, 2021). In an isolated
experiment repetition, F73 inflicted genotype-dependent penalties in terms of shoot fresh
weight (Fig. 22A and B) and normalized chlorophyll content (Fig. 22A and C). Surprisingly,
and despite the absence of bacterial contamination in all pots (not shown), F134 was not
detrimental to Col-0 but completely killed cyp79b2/b3 (Fig. 22A, B and C). However, these
results could not be replicated as in subsequent attempts both fungi killed all plants regardless
of genotype (Fig. 22A). A more thorough assessment of the role of Trp-derived metabolites or

aliphatic-GLS in Arabidopsis-F73 interactions should be pursued in future work.
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Figure 21: No contributions of Trp-derived metabolites or aliphatic-glucosinolates to interactions with
F73 in short term assays on agar plates.

A. 7 dpi shoot fresh weights and B. intraradical F73 biomass. Letters indicate statistical groupings using p-value
thresholds of 0.05 in A. using ANOVA with post-hoc Tukey’s HSD tests and in B. Kruskal-Wallis with post-hoc
Dunn tests.
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Discussion

Lack of harmful effects of Sebacinales on the cyp79b2/b3 mutant and technical limitations
of the present study

Many plant-fungi interactions involve fungal hyphae entering plant cells and establishing
biotrophy. In the first chapter of this thesis, I planned to test whether Arabidopsis root immune
pathways are responsible for regulating such interactions. However, I could not replicate the
published cyp79b2/b3 phenotype, and therefore abandoned this research question and

Sebacinales as model fungi.

The results in chapter 1 were unexpected because mutations in cyp79b2/b3 caused a robust
phenotype, including with Sebacinales in previous studies (Nongbri et al, 2012; Lahrmann et
al,2015). The cyp79b2/b3 genotype was validated by PCR (not shown), suggesting one or more
technical issues. Moreover, up to 60 plants were employed per condition (i.e. timepoint *
treatment * genotype) per experiment repetition, which should improve detection of
phenotypes. Besides day/night cycles, media and temperature parameters, it is possible that
light source type or quality were critical factors impairing replication of published results with
Sebacinales. However, all experiments were conducted in the same type of growth chamber in
which Colletotrichum tofieldae became detrimental in cyp79b2/b3 roots (Hiruma et al, 2016;
Frerigmann et al, 2021), suggesting that the non-replication of published results is caused by

an unknown issue.

Nevertheless, due to their broad host-range, Sebacinales represent a promising model to study
the mechanisms of intracellular hyphae accommodation and root colonization. The ability of
Sebacinales to infect numerous plants ultimately allows comparative studies using distinct
plants to refute or support lineage-specific immune mechanisms regulating colonization by

filamentous fungi.

Although agar plates present the advantages of nutrient modulation, easy access to roots for
harvest, location-specific inoculation/treatments and whole root systems imaging, they differ
substantially from natural or field-like conditions. ((Kremer et al, 2021; Ma et al, 2019) and

references therein). First, root systems growth is two-dimensional on the surface of agar plates
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and exposed to light as opposed to three-dimensional in opaque soil-like matrixes. Second, agar
can interfere with precision imaging such as confocal microscopy because it is not a completely
transparent solidifying agent. Third, easy access to nutrients (and perhaps to Oz) can cause high
microbe proliferation on agar, especially filamentous fungi (Fig. 6A). An innovative study
designed a “transparent soil” built from a combination of alginate beads and liquid media (Ma
et al, 2019). The transparent soil allows confocal microscopy, modification of nutrient
concentrations, sources and homogeneity while providing a three-dimensional matrix
recapitulating soil-like root architecture and mechanical properties (Ma et al, 2019).
Unfortunately, in a few preliminary attempts, Arabidopsis did not germinate well nor was
readily transferred and subsequently grown in transparent soil (not shown). After optimization
of germination, Arabidopsis could be co-cultured on transparent soil with microbes, which
would provide a greater structural and physiological relevance to root colonization or live

imaging.

Root immune competence guides fungi colonization

The interplay between development and immunity is probably a key factor in structuring and
harnessing the root microbiota. I observed that the differentiation zone (DZ) was clearly more
permissive to F73 intracellular colonization compared to the root apical meristem (RAM) or
the elongation zone (EZ) (Fig. 9). Similarly, S. indica preferentially colonizes the DZ
(Lahrmann et al, 2013). One could expect that a relative paucity of colonization in the RAM
and EZ would be underpinned by strong immune responses to fungi. Instead, CYP79B2
expression is absent from the RAM and EZ (Fig. 10) as are responses to chitin (Millet et al,
2010). Fungal colonization of plant tissues and cells relies heavily on 1) secretion of effector
proteins for plant defense suppression and ii) carbohydrate-active enzymes (CAZymes),
including plant cell wall degrading enzymes (Mesny et al, 2021; Lo Presti et al, 2015; Redkar
et al,2022a, 2022b). Specific CAZymes families predicted to target cellulose, xylan and pectin
arose as genomic signatures of endophytism in Arabidopsis fungal root endophytes, including
F73 (Mesny et al, 2021). Considering that Arabidopsis cell wall composition varies depending
on the root zone considered (Wilson ez al, 2015; Somssich et al, 2016), it is likely that CAZymes
from fungal endophytes operate more efficiently in the DZ. By contrast with responses to fungi,
root immune responses to bacteria are mostly restricted to the EZ and RAM (Zhou et al, 2020;
Emonet et al, 2021; Millet et al, 2010). Interestingly, within the larger context of microbiota
reconstitution experiments with fungi and bacteria, fungal communities alone are detrimental

to plants but presence of bacteria rescue plant growth mostly via antagonism towards fungi
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(Durén et al, 2018). Although the spatial localization of microbes in these reconstitution
experiments was not examined, it is tempting to speculate that root development and immunity
are tightly coordinated to optimize microbiota assembly and plant health. Relatively young cells
in the RAM and EZ would ward off fungal infections 1) with cell wall features resistant to fungal
CAZymes and ii) by appropriately recruiting bacterial communities. Once these cells aged and
differentiated, their cell wall and immune potential would be reshaped in concert to allow fungal

accommodation.

Phosphate availability changes immune dynamics

In plant-fungi interactions, the relationship between the ancient Phosphate Starvation Response
(PSR) network (Rubio et al, 2001; Rico-Reséndiz et al/, 2020) and relatively recent immune
repertoires is unclear. I therefore aimed to test whether the PSR fine-tunes immune outputs at
the metabolite level by choosing aliphatic-and indole-glucosinolates (GLS) as “defense”
readouts and a strain of Truncatella angustata (F73) as an endophyte functionally linked to
phosphate (Pi) (Fig. 2B) (Mesny et al, 2021). I did not observe an influence of Pi on all aspects
of the Arabidopsis-F73 interaction. Pi concentration did not alter F73 colonization dynamics
(Fig. 10), spatio-temporal dynamics of the CYP79B2 promoter (Fig. 11), GLS-related gene
expression (Fig. 14) nor overall GLS profiles (Fig. 16). However, Pi impacted the number of
immunity-related F73-responsive genes in Col-0 roots in a temporally dependent manner (Fig.
15A and Fig. 23). This is a significant find because PSR literature has so far focused on single
time point measurements (Castrillo ef al, 2017; Pant et al, 2015; Barragan-Rosillo et al, 2021).
Moreover, the present study is unique in the sense that it examined early time points after fungal
inoculation in relatively young seedlings (14 days old maximum). The dynamics of early
signaling events can have a strong effect on the outcomes of plant-pathogen interactions
(Bhandari et al, 2019). Thus, our study potentially captures important events that might drive

root-fungal endophyte interactions.

F73 and Pi availability in concert alter glucosinolate profiles

At the metabolite level, low Pi reliably caused a constitutively higher accumulation of long
chained aliphatic-GLS in both roots and shoots (Fig. 17B and Fig. 23). A previous study using
a hydroponic culture system observed that 30 uM Pi induced the accumulation of all aliphatic-
GLS examined: the long-chained 8-Methylsulfinyl-n-octyl (8MSO) and 7-Methylsulfinyl-n-
pentyl as well as the short-chained 5-Methylsulfinyl-n-pentyl (SMSP), 4-Methylpentyl, and 4-
Methylthio-n-butyl (4MTB) using 16 days old seedlings (Pant et al/, 2015). In our agar plate-
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based system, the increased constitutive aliphatic-GLS accumulation at 100 uM Pi was not
predicted by the transcriptomic data, as no significant induction of aliphatic-GLS biosynthesis
genes was observed in the same tissues (Fig.14A), in line with previous studies (Senderby et
al, 2010). In shoots, F73 induced a depletion of the majority of indolic-GLS, short-chained and
long-chained aliphatic-GLS only at low Pi, suggesting a fungal effect on GLS translocation
from shoot to root at low Pi (Fig. 23). The GLS shoot to root translocation could presumably
be reflected in changes in expression of GLUCOSINOLATE TRANSPORTER (GTR) genes. Our
root transcriptomic data shows F73 does not trigger GTR expression changes (Fig. 14A), which
contrasts with herbivory inducing simultaneously local GTR expression and GLS accumulation
in Brassica rapa roots (Touw et al, 2020). Conversely, high Pi consistently caused higher
accumulation of F73-induced aliphatic-GLS, the indolic-GLS I3M and 4MOI3M in roots (Fig.
17B and C) in line with Pi-replete conditions potentiating immunity (Castrillo et a/, 2017; Val-
Torregrosa et al, 2021). Yet, indolic-GLS biosynthesis genes expression levels were stable (Fig.
14A) suggesting a disconnection between transcript and metabolite as for aliphatic-GLS
(Senderby et al, 2010). Together, my analysis suggests that the PSR impacts GLS translocation
from shoot to root and rates of synthesis and breakdown, depending on the type of GLS
considered. A key step to test this hypothesis would be to employ PSR mutants (e.g. phriphll

double) in experiments targeted at GLS accumulation measurements and homeostasis with F73.

100 uM Pi is an appropriate Pi concentration to probe PSR-immunity dynamics

I assessed how my experimental parameters and results compare to the PSR literature relevant
to root-fungi interactions, glucosinolate productions and transcriptional reprogramming. In my
experimental setup, only a mild PSR was observed in terms of root hair number and growth
(Fig. 9D and E) due to the use of 100 uM P1i instead of generally lower Pi concentrations used
by others: 50 uM Pi (Hiruma et al, 2016), 30 uM Pi (Pant et a/, 2015), 10 uM Pi (Barragan-
Rosillo et al, 2021) or 5 to 50 uM Pi (Castrillo et al, 2017). Compared to these lower Pi
concentrations, I chose 100 uM P1i that allowed me to limit but not starve the Arabidopsis plants.
I reasoned that a limiting condition would expose in a more reliable way to a PSR-immunity
link as opposed to strong nutritional stress that could cause pleiotropic eftects. Between the two
Pi concentrations employed in this work, the overall root systems were found to be similar (Fig.
9B and C) and no initiation of secondary growth difference were observed (Fig. 10B and C),
which reduced the possibility of developmental stage or age-dependent effects on immunity

(Berens et al, 2019).
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Nevertheless, it was surprising to see no or very few differentially expressed genes (DEGs)
detected by DESeq2 (Love et al, 2014) between 1250 uM Pi and 100 uM Pi in the RNA-seq
experiment (Fig. 12B and Fig. 14A). One possible explanation is that my plants were
germinated and grown on the same Pi concentration in contrast to studies that relied on
germinating plants on Pi replete media before transfer to Pi stress condition (Castrillo et al,
2017; Hiruma et al, 2016). All harvests specifically took place during the dark period for plants
and perhaps the circadian clock influences PSR gene expression, as documented for immunity

(Gao et al, 2022) or microbiota assembly (Newman et al, 2022).

Plant growth rescue and root colonization via PSR activation

It is interesting that F73 induced the expression of major PSR regulators and transporters at 100
uM Pi (Fig. 14A and Fig. 23) because that hints at a F73 function in the microbiota and/or
general plant colonization strategies employed by microbes. Alternatively, F73 and Arabidopsis
might compete for nutrients, including Pi. Arabidopsis grown at 100uM Pi benefited from F73
in terms of shoot fresh weight and root growth compared to mock 28 dpi of seeds (Fig. 2B)
(Mesny et al, 2021), not 7 dpi of roots (this work). A cause for this discrepancy could be that
microbe behavior can be influenced by polysaccharides in seed mucilage (Meschke &
Schrempf, 2010; Hu et al, 2019). Otherwise, so far undetermined germinating seedling immune
dynamics strongly impact long term interactions with microbes. It is possible that a F73-induced
“over-activation” of the PSR at 100 uM Pi would be sufficient to improve plant growth
compared to mock treatment. The root endophyte Colletotrichum tofieldae triggers Pi
transporter gene expression in Arabidopsis (Hiruma et al, 2016). Whether F73 is able to
translocate Pi to plants as found for C. tofieldae (Hiruma et al, 2016) is unclear. Such “over-
activation”-dependent growth rescue was also seen for iron in the Arabidopsis bts mutant
defective in repression of iron nutrition, as it performs better than Col-0 under iron-limited

conditions (Hindt et al, 2017).

If the PSR proves to be responsible for modulating immune metabolic outputs in a variety of
contexts, I would anticipate that PSR activation is a common microbial strategy for establishing
colonization and benefits from the plant. A microbial-induced PSR might drive metabolic
fluxes—rechanneling biosynthesis of immune chemicals towards non- or weakly-toxic
compounds. Conversely, from the plant side, the PSR-induced metabolic profiles might

modulate microbe functions or behavior for improved plant growth.
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Trp-derived metabolites potentially act as general anti-fungal toxins

The precise roles of aliphatic- and indolic-GLSs, camalexin and 4-hydroxyindole-3-carbonyl
nitril (4-OH-ICN) in plant microbe interactions remain undetermined. In line with a robust
cyp79b2/b3 deleterious phenotype when inoculated with diverse fungi (Nongbri et al, 2012;
Lahrmann et al, 2015; Hiruma et al, 2016; Frerigmann et al, 2021), the most parsimonious
evolutionary scenario would be that these plant molecules target common, rather than specific,
microbial components. However, phylogenetically widespread and lineage-specific microbial
components are not necessarily mutually exclusive targets for plant immune metabolites.
Besides in vitro studies employing non-physiological concentrations of aliphatic-GLS and Trp-
derived metabolites, an informative analysis implicated the 4MSB-derived sulforaphane in
disarming virulence of the bacterial leaf pathogen Pseudomonas syringae (Wang et al, 2020).
Sulforaphane selectively alters a critical and conserved cysteine in a virulence transcription
factor from pathogenic Pseudomonas, thereby interfering with an entire pathogenesis pathway
(Wang et al, 2020). Additionally, sulforaphane inhibits the ability of another virulence
transcription factor to bind to DNA in Xanthomonas (Wang et al, 2022). Thus, sulforaphane is

an example of a GLS product targeting different proteins in distinct microbe lineages.

In our work, we achieved a DEG analysis of F73 growing on cyp79b2/b3 vs Col-0 at 2 and 7
dpi of roots. Absence of all Trp-derived metabolites robustly repressed NmrA-like family genes
and upregulated predicted effectors and genes related to amino acid metabolism or TCA cycle
in F73 (Fig. 20B), suggesting an enhanced F73 growth rate and virulence in cyp79b2/b3. In
diverse fungi, NmrA-like genes are implicated in modulating N and C source utilization and in
positively regulating stress tolerance ((Peng et al, 2022; Li et al, 2021) and references therein).
With regards to pathogenesis, NmrA-like genes are positive and negative regulators of virulence
in plant (Peng ef al, 2022) and insect (Li et al, 2021) pathogens, respectively. Given that F73
induced the expression of camalexin, 4-OH-ICN and indolic-GLS biosynthesis genes (Fig.
14A) and triggered the accumulation of almost all GLS in Col-0 roots (Fig 17), I assume that it
is a combined action of Trp-derived metabolites responsible for transcriptomic changes in F73.
From my analysis, I speculate that Trp-derived metabolites interfere with fungal components
related to growth, such as cell wall synthesis enzymes or plasma membrane-anchored
transporters (e.g. for N or C sources). Fungi develop and acquire nutrients at an increased rate
in absence of the Trp-derived metabolites stress and this indirectly causes downregulation of

NmrA-like genes and upregulation of effectors and TCA cycle genes.
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Importantly, given the above-mentioned disconnection between aliphatic-GLS biosynthesis
genes transcript levels and GLS amounts (Senderby et al, 2010), I cannot exclude that some or
all F73 DEGs are attributable to an aliphatic-GLS profile specific to cyp79b2/b3. 1 did not find
that the robust F73-induced accumulation of indolic-GLS 4MOI3M (Fig. 17C) results in
obvious toxicity of this compound on F73 in vitro (Fig. 18). The most likely explanation is
therefore that, in my system, 4MOI3M serves as a signaling molecule, as shown for -1,3-
glucan callose formation (Clay et al, 2009) that could act as a structural barrier against F73.
Callose-staining assays in wild type and cyp79b2/b3 that is devoid of 4MOI3M, would need to
be performed to test this hypothesis.

Outlook and main future steps

The data and results presented in chapter 2 are a framework for deeper investigations into the
presumed PSR-GLS link and the consequences on Arabidopsis-root fungal endophyte
homeostasis. Modeling the GLS quantification data would lead to a better understanding of how
experimental parameters shape the accumulation of each GLS. However, the data are not
normally distributed for the majority of GLS (not shown), impairing the use of standard linear
models. Following careful analysis of distribution types and/or data transformation methods per
GLS compounds, tailored “generalized” linear models can be applied to calculate estimated
marginal means (EMMs). Discrepancy, or absence thereof, between observed means (raw data)
and EMMs (modeled data) indicate whether unknown parameters influenced the accumulation
of each GLS. In analyzing differences between EMMs (e.g. within F73-treated roots at 7 dpi,
8MSO amounts at 100 uM Pi vs at 1250 uM P1), the data can be further modeled taking into
account the observed accumulation of other GLS. EMMs therefore provide iterative and

powerful tools to thoroughly assess the factors influencing GLS accumulation.

An experiment quantifying GLS in PSR mutants could also include cyp79b2/b3 to test whether
absence of Trp-derived metabolites alter aliphatic-GLS profiles. Then, the package
“mixOmics* (Rohart et al, 2017) should be used on the RNA-seq and GLS quantification
datasets to complement the DEG analysis performed using DESeq2 (Love et al, 2014). In
mixOmics, the GLS-related genes expression levels would be assigned as “predictor variables”
and the GLS amounts as “response variables”. This would provide a new angle on the overall
correlation between the datasets and address whether subsets of variables explain major sources

of variations.
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The time frame of my experiments did not include an alteration of Arabidopsis-F73
homeostasis. To follow-up on the increased signs of virulence and growth rate in F73 inoculated
on cyp79b2/b3 compared to Col-0 at the transcriptomic level, shoot fresh weight and root
growth analysis should be monitored over a longer time period (e.g. 14 or 21 dpi). It is
reasonable to predict that F73 will eventually be pathogenic in cyp79b2/b3, but it will be
interesting to see whether this is Pi status dependent or not. If cyp79b2/b3 performs better at
1250 uM Pi compared to 100 pM Pi, then Pi supply could perhaps be interpreted as partially
rescuing lack of Trp-derived metabolites through its influence on other immune pathways.
These longer-term experiments should also include the cyp79b2/b3 myb28/b29 quadruple
mutant (devoid of camalexin, 4-OH-ICN and all GLS) and PSR mutants. The use of PSR
mutants might however destabilize immunity in general, not only GLS-related pathways.
Additionally, PSR mutants likely will show less Pi acquisition at 100 uM Pi which could lead

to developmental or age related effects.
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Materials and methods

Materials and methods are divided into a “Materials” section (plant lines, microbes, chemicals,

media, primers) and an “Experimental procedures” section detailing protocols employed.

Materials

Plant Materials
The Arabidopsis thaliana genotypes used in the work are in the Col-0 background and listed

in Table 2

Table 2 — Arabidopsis thaliana Col-0 lines used in this work

Genotype Reference

WT Col-0 Dangl lab, University of North Carolina, NC,
USA

cyp79b2/b3 Bottcher et al.,2009, Plant Cell

dde?2 ein2 pad4-1 sid2-1 (deps) Tsuda et al., 2009 PLoS Genet

bakl-5 bkkl Schwessinger et al., 2011, PLoS Genet

cerkl-2 Miya et al., 2007 PNAS

peprl/2 Ross et al. 2014 Embo J

myb2829 Senderby et al., 2010

pCYP79B2 ::SYP122-mScarlett Tonni Grube Andersen, unpublished

Fungal Materials
The fungal strains used in the work are listed in Table 3

Table 3 - Fungal strains used in this work

Reference

Warcup 1988 New Phytol

Genotype

Serendipita vermifera

Serendipita indica Verma et al. 1998 Mycologia

Neonectria radicicola (F134)

Durén, Thiergart et al., 2018 Cell

Truncatella angustata (F73)

Duran, Thiergart et al., 2018 Cell

Paraphoma chrysanthemicola (F34)

Duran, Thiergart et al., 2018 Cell
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Chemicals
All chemicals used in this work met laboratory purity and were obtained from diverse suppliers,

including Merck (Darmstadt, GER), Roth (Karlsruhe, GER), Duchefa Biochemie (Haarlem,
NL), Sigma-Aldrich (Hamburg, GER), ThermoFisher (MA, USA), VWR (Langenfeld, GER)
and ExtraSynthese (Genay, FR).

Enzymes
DNA Polymerases

Different DNA Polymerases were used according to cloning purpose and complexity. An

overview is given in table 4.

Table 4 - DNA Polymerases used in this work

Name Purpose Supplier

Phire 11 standard PCR ThermoFisher

Other enzymes

Other enzymes used include the RevertAid H Minus First Strand cDNA Synthesis kit
(ThermoFisher)

Oligonucleotides
Oligonucleotides and primers are shown in Supplemental table 1. For regular oligo design

primer3 (http://bioinfo.ut.ee/primer3/) was used. Oligonucleotides were ordered at Sigma-
Aldrich (Hamburg, GER). Lyophilised primers were suspended in ddH20 to 100 uM stock

concentration and diluted 1:10 to reach a working concentration of 10 uM.

Media

All media were prepared in beakers placed on top of a magnetic stirrer device for convenient
pH adjustment (when required) and then sterilised in blue capped bottles by autoclaving at
121 °C for 20 min (1/2 MS and PGA) or 15 min (1/10 PNM). For all media the pH was raised
with 1M KOH or decreased with 20% Acetic Acid when required.

Plant media

For the first chapter of the thesis, plants were germinated on 2 MS (Duchefa Biochemie, 2.2
g/L) + 0.5 % Sucrose, pH 5.7 with 1% plant agar (Duchefa Biochemie). After 6 days, they
were transferred to PNM media solidified using agar (Fig. 3) or Gelrite (Fig. 4 and 5).
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1/10 PNM from Stock solutions (stock solutions on the left, volume to add for 1L on the
right):

KNO3 500 mM 1 ml
KH2PO4 5g /100ml 1 ml
K>HPO4 2.5g/100ml 1 ml
MgSO04xH,0 2M 1 ml
Ca(NO3)2200mM 1 ml
Fe-EDTA 2.5ml
NaCl 2.5g/100ml 1 ml
Gelrite 12¢g

HO 990 ml

Adjust pH to 5.6 with 20% acetic acid.

After autoclaving add 10 ml 1M MES.

Fe-EDTA

Add 2.5g FeSO4x7H20 in 400ml

Add 3,72g Na2EDTA.2H>0 (equal to 3.36g Na2EDTA)
Boil in microwave

Stir 30 min during cooling

Bring to final volume of 450 ml

Keep in 4°C in darkness

1 M MES: Dissolve 20 g MES in 75 ml of distilled water, stirring and adjusting pH to 6.0
with 5 M NaOH until MES is completely dissolved. Make up the volume to 100 ml, micro-

filter sterilization and store at 4°C.
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For the second chapter, and for the initial exploratory work on the relationship between
Phosphate concentration and F73 (Fig.6,7 and 8), plants were germinated (+0.25% Suc) and

then grown on reconstituted /2 MS from stock solutions.

For each liter for medium to be prepared, the following were added to approximately 500 ml

of mQ water:
MgSO4 30 mM 25mL

KH>PO4 25 mM 25 or 4 mL

NH4NO; 1 M 10 mL
KNOs 0,94 M 10 mL
CaCl; 0,15 M 10 mL

CoCl; 0,53 mM 0,1 mL

CuCl; 0,5 mM 0,1 mL
H3BO3 50 mM 1 mL
KI 2,5 mM 1 mL
MnCl> 50 mM 1 mL

NaMoO4 0,52 mM 1 mL

ZnCl; 15 mM I mL

Fe-EDTA20mM  2,5mL

KCI 70g/L 559 pL for 100 uM Pi media
MES salt 05¢g

Sucrose (optional) 2.5g

Plant agar (Duchefa) 9 g

H>O to 1000 mL

Adjust pH to 5,7 with KOH

When the exploratory part was over (Fig. 8. Onwards), the choice was made to use an MS

powder deprived of Pi (2.08 g/L, Caisson labs, USA) and a 25 mM stock solution of KH2PO4
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of which 50 ml were added when 1250 uM P media was prepared. Additionally, a single, long
lasting supply of Phytoagar (9g/L, Duchefa) was incorporated because we reasoned that a single
batch of gelling agent would homogenize residual P input variations. Sucrose addition, pH
adjustment and MES use are the same as above, KCI input was raised to 1.225 ml in the 100
uM solution because a media at 1250 uM P receive twice more KH>PO4 compared to 625 uM
media. Consequently, 625 uM K concentration was also adjusted using a total of 612.5 pL KCl
solution.

Fungal media

In the first chapter for Fig. 2 and 3, Sebacinales were each grown on distinct media at 28°C in
the dark. Serendipita indica was grown for 4 weeks on a combination of salts and
microelements forming Complete Media (CM), which allowed chlamydospore generation and

harvest:

20x salt solution:

NaNOs3 120 g
KCl 104 g
MgSO4 * 7 H20 104 ¢
KH2PO4 304¢g
H>O to 1000 mL

Autoclave and store at RT

Microelements:

MnCl * 4 H,0 6g
H3BO3 1.5¢g
ZnS0O4 * 7 H20 265¢g
Kl 750 mg

Na;MO4 * 2 H,O 2.4 mg
CuSO4 * 5 H,0O 130 mg
H,O to 1000 mL

Autoclave and store at RT
CM medium (1 L):
20 x salt solution 50 mL

Peptone 2g
yeast extract lg
casamine acids lg
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microelements 1 mL

H,O t0 950 mL

For plates add 15 g agar to medium.
Autoclave. Add 50 mL 40% Sterile Glucose after autoclaving. Store plates at 4°C.

Serendipita vermifera was grown on a MYP media for 2 weeks before mycelium harvest:

MYP Medium (1L):

Malt-extract 7.0 g
Peptone 1.0g
Yeast-extract 05¢g

H,O to 1000 mL

15 g agar for plates. Autoclave and store at 4°C.

Then, for Fig. 5 Si was grown for 1 week on VIS media (Osman ef al. 2020):

VIS Medium (1L):

“V8 juice” 150 mL
CaCOs 2¢g
Sucrose 40¢g

Plant agar (Duchefa) 12 g
H>O 850 mL

Pour shortly (max. overnight) following autoclave and store for a maximum of 8 weeks at
4°C. After this storage period, media color turns to a lighter orange and Sebacinales growth is

slower.

For the second chapter, fungi from the MPIPZ culture collection were all grown at 22°C in
the dark on 26.5 g/L PGB or 39 g/L PGA (Potato Glucose Broth or Agar, Roth, Germany) for
liquid cultures or plates, respectively. Growth duration was 2 weeks before mycelium harvest

for all fungi irrespective of growth rates.

Minimal medium supplemented with Artificial Root Exudates (ARE)

M9 salt solution:

Na;HPO4 75.1118 g
KH,PO4 29.9398 ¢
NaCl 4.9966 g
NH,CI 5.0013 g
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H>O to 1000 mL

Adjust pH to 7.2 with NaOH autoclave and store in the dark
MgS0O4 1000X:
MgSO4 * 7 H20 24.647 g

H,O to 100 mL
Autoclave and store in the dark
CaCl» 3333X:

CaCl; * 2 H,O 14.701 g
H,O to 100 mL

Autoclave and store in the dark

Microelements 100X:

FeSO4 * 7 H2O 5%10° M
MnSO4 * H2O 1*¥10° M
CoCl 1*¥10° M
ZnCl 1*¥10° M
CuSOq4 1*¥10° M
H3BO:s 1%¥10° M
EDTA 5%10° M
HCl 1*10° M
NaMoO4 1*¥10° M
NiClx * 6 H20 2*107 M

Vitamins 100x (1L):

Thiamine-HCI 10.12 mg/ml
Nicotinic Acid 12.31 mg/ml
Folic Acid 1.99 mg/ml

Pyridoxine hydrochloride  20.56 mg/ml
4-aminobenzoic acid 4.11 mg/ml
Calcium D pantothenate 4.77 mg/ml
Biotin 1 mg/ml
H>O to 1000 ml
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Adjust pH to 6.8 with KOH

ARE 5X (1L):

Glucose
Fructose
Saccharose
Citric acid
Lactic acid
Succinic acid
Alanine
Serine
Glutamic acid
Mix 1X:

M9

MgSO4
CaClz
Microelements
Vitamins
ARE

H»O

5ml
50 pul
15 pl
500 pl
500 pl

10 ml

to 50 ml

Buffers and Solutions
A summary of buffers and their components used in this thesis is presented in table 7.

Table 7 - Buffers and Components

Application

Buffer Components

Plant DNA extraction

genotyping

DNA extraction buffer 200 mM Tris pH 7.5, 250 mM

NaCl, 25 mM EDTA pH 7.5, 0.5
% SDS
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Fast plant DNA Sucrose DNA extraction
extraction buffer

gDNA solvent solution | TE Buffer

DNA electrophoresis 10x TAE running buffer
6x DNA loading buffer

Root surface TE + detergent

sterilization

Plant and fungal gDNA | Cell lysis

extraction buffer

Microscopy Phosphate Buffer Saline
(PBS) pH 7.4

Experimental procedures
Plant methods

50 mM Tris pH 7.5, 300 mM
NacCl, 300 mM sucrose

10 mM Tris-HCI, pH 8.0, 1 mM
EDTA

0.4 M Tris, 0.2 M acetic acid, 10
mM EDTA, pH 8.5

40 % (w/v) sucrose, 0.5 M EDTA,
0.2 %(w/v) bromophenol blue

TE buffer + 0.01% Tween 20

100 mM Tris-HCI (pH 7,5), 50
mM EDTA (pH 8), 1.5 M NaCl,
2% CTAB

10X stock: 1.37 M NaCl, 27 mM
KCl, 100 mM Na;HPO4, 18 mM
KH;PO4

Seed production of Arabidopsis thaliana WT and mutant or reporter lines
Plants were grown using potting soil supplemented with 10 mg/L Confidor® WG 70 (Bayer,

GER). Around 25 Arabidopsis seeds per pot were sown on moist soil prior to stratification in

the dark for 48 h at 4 °C. Pots in trays were covered with a plastic lid fitted to tray dimensions

and the trays were placed in growth chambers set to the following conditions: 10 h light, 14 h

dark, 100-150 umol m 257!, 22 °C, 65 % humidity for 7 days. After that germination period,

most seedlings were uprooted to leave up to 5 plants per pot and the pots were transferred to 22

h light, 2 h dark, 100-150 umol m 2 s™!, 22 °C, 65 % humidity without tray lids. Watering of

pots was performed by pouring water into the trays every 2 or 3 days until plants completed

their life cycle. As soon as inflorescences matured, a wooden stick (approx. 45 cm long) was

planted at the center of the pot to wrap the inflorescences around. Inflorescences were then

grouped into a breathable bag of mixed compostion (plastic and paper) and harvested once the

plants dry out completely.

71

PhD dissertation C. Uhlmann



In vitro coculture of plants and fungi

Seed sterilization
To sterilize seeds of a given genotype, a small amount of seeds was poured into a silica column

previously stored in 70% EtOH. The column was inserted into a 2 ml tube and 450 pl of 70%
EtOH + 0.001% Tween 20 was added to the column. After 2 min of inverting, the column was
spinned down 10 seconds using a tabletop centrifuge and the flow through was discarded. Then,
450 pL of 96% EtOH was added to the column before inverting 1 min and spinning down 10
seconds. After discarding the flow through, the column was spinned 1 min at 11 000 rcf to
completely dry the column. The column is then opened under a flow hood and the seeds are left
to dry from the ethanol 1 min before being poured in a pre-labeled sterile 1.5 ml tube. Finally,
1 ml of sterile miliQ water is added to the tube and the tube is vortexed thoroughly until all
seeds are hydrated. The tube is either stored at 4°C for 2 days in the dark for flow-pot

experiments or the seeds are directly handled as below for agar plate assays.

Seed germination for agar plate assays
Sterile seeds from above are placed on 2 MS + Suc (for Suc concentration please see above

Media section in Materials) square plates using a P20 pipette set to aspirate/dispense 15 pL
with sterile yellow tips. Several seeds are aspirated in one suction and then, with measured
release of the pipetted volume, one by one arranged next to each other in straight lines (4 or 5
lines of 30-40 seeds each per plate). This allows convenient comparison of seedlings size and
vigor when plants are to be selected for subsequent transfer onto coculture plates with fungi or
mock treatment. Plates are then sealed using surgical tape (3M, USA) and stored in the dark at

4°C 48 h to stratify seeds.

Seed germination for agar plate assays
After stratification, plates containing seeds were transferred to a cabinet dispensing 80-

120 umol m 2 s! light depending on the location and number of plates on the cabinet shelves.

Seedlings were grown for 6 days after germination.

Transfer and inoculation
Under a flow-hood, growth-matched seedlings (within a genotype and 2 MS P concentration

combination) were transferred to non-Suc plates, either 1/10 PNM or corresponding 2 MS
depending on the thesis chapter, using sterile tweezers. Importantly, the top 2 cm of the non-
Suc plates agar was removed using a sterile spatula to prevent fungal growth from the agar unto
on above ground plant parts. Seedlings were arranged next to each other with the hypocotyl
being placed at the limit were the agar was cut out. For imaging purposes, 5 to 10 seedlings per

plates but other assays typically ranged from 14 to 20 (precisely 16 for the GLS analysis
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experiments). The plates were sealed using surgical tape and then transferred to the growth

cabinet for 24 h.

Shuffling and light conditions
Generally, no more than two assays were overlapping at the same time in the cabinet and plates

were shuffled randomly every 2 days to distribute light as homogenously as possible. The light
intensity ranges from 80 to 120 pmol m 2 s™!. Custom cases fitting to square plates were hand

made from white (outside) and black (inside) 300 g/m? papers taped together.

Fungal inocula preparation
For the first chapter of the thesis, Sebacinales inocula were prepared as follows: On the day of

inoculation, regardless of growth media, S.indica spores were harvested by pouring 5 ml of
Tween water (MiliQ water + 20 ul of Tween 20 /1) on the plates and scrapping the mycelial mat
surface using a sterile scalpel. The resulting spore suspension was pipetted out from the plates
and on to a sterile miracloth filter placed on a sterile flask. This harvest step was repeated using
another 5 ml Tween water and the flow through (spore suspension) was poured into a sterile 50
ml falcon for a 7 min centrifugation at 3 500 g at RT. A washing step consisting of discarding
the supernatant and resuspension in 10 mL Tween water before an identical centrifugation was
repeated twice. Finally, the spores are resuspended in 10 ml sterile water and counted on a
Neubauer improved chamber before adjustment of the spore concentration to 400 000

spores/mL.

For S.vermifera, 7 days before inoculation, 10 ml of sterile water was poured onto a colony to
then scrap mycelium using a sterile scalpel. The mycelium suspension is then filtered from big
mycelium fragments and agar fragments and washed identically to above for S. indica spores,
except that sterile water was used for all steps. After washing and resuspension in 1 ml of sterile
water, the mycelium suspension was inoculated into 50 ml of liquid MYP in a sterile flask and
the culture was shaken at 28°C for 6 days at 200 rpm. Mycelial chunks are then poured onto a
sterile miracloth filter placed on a sterile flask and washed abundantly using sterile water. The
resulting mycelial mass is then harvested using sterile tweezers and placed in a sterile 125 ml
Kinematica Microtron (Kinematica AG, Malters, Switzerland) MBS55 blending unit containing
50 ml of liquid MYP. The suspension was then blended twice by ramping the blending speed
from 0 to 6 slowly, and then stopping rapidly. The resulting culture was then poured into a fresh
sterile flask and grown for 24 H at 28°C 200 rpm. On the day of inoculation, regenerated hyphae
are poured on a sterile miracloth filter, washed thoroughly using sterile water, dried by pressing

gently the filter and then weighed in a sterile flacon. Finally, the inoculum was prepared to a
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concentration of 40 mg/ml. Root dipping for Fig. 1A and a drop of 20 ul per root for Fig. 1B-
D.

Development of F73 (and attempts for F34 and F134) from the MPIPZ culture collection as
model(s) suited to my system required iterative parameter optimization described
chronologically in the result section. The final inoculum preparation, as employed in the
majority of experiments including microscopy time course, genetics, metabolomics and
transcriptomics is described here. From a 2 week old plate, a mycelial mat rectangle
approximately 1 cm in length * 0.5 cm in width was cut out and then flipped agar side up on
the lid of the petri dish. Using a sterile scalpel, the agar was gently scrapped off as close as
possible to the fungal hyphae now pressed down on the lid. This hyphal matt is then gently
transferred, using sterile tweezers, to a sterile 2 ml screw cap tube pre filled with 500 pul 10 mM
MgCl,, two 3.15 mm ¢ and four to eight 1.588 mm ¢ metal beads (Miihlmeier Technik, Birnau,
Germany). The hyphae are then ground for 5 min in a the paint shaker (Skandex SK450, Fast&
Fluid, Sassenheim, The Netherlands) and 7 pul of the suspension is inoculated in 100 ml of PGB.
The culture is then grown at 22°C 120 rpm for 5 days. On the day of inoculation, half of the
culture is harvested onto a sterile miracloth filter placed on top of a sterile flask, washed
thoroughly with sterile water and transferred to a sterile 125 mL Kinematica Microtron MB55
blending unit containing 60 ml of PGB. After blending two times 0 to 8 slowly, the 60 ml of
regenerating hyphae are transferred to a sterile flask containing another 40 ml of fresh PGB and
the flask is placed back in the shaker for 1 H at 22°C 80 rpm. After regeneration, the hyphae
are harvested on sterile miracloth, washed thoroughly with sterile water, dried by pressing the
filter and then weighed in a sterile 50 ml tube. Finally, the hyphae suspension was adjusted to
a concentration of 2 mg/ml and approximately 10 ml was poured in a sterile 5 cm o round petri
dish. The petri dish concomitantly grants easy access to the inoculum for inoculation and is also

easily stirable by hand to avoid excessive hyphae aggregation.

Root inoculation
In the first chapter of the thesis, inoculation of Sebacinales was performed on the top 1 cm of

the roots, below the hypocotyl. For S. indica, spore concentration was 10 000 spores per plant.
For S.vermifera, inoculum concentration was from 40mg/ml to and was performed by spreading

500 pl of regenerated hyphae suspension over the pre-aligned seedlings.

For F73, and after method establishment, inoculation was performed by depositing a 5 pl drop
of 2 mg/ml regenerated hyphae suspension 5 mm below the hypocotyl of each plant (0.01 mg
of hyphae per root).
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The plates were then sealed with surgical tape and placed upright in the growth chamber. In the
case of F73 assays starting from the colonization speed assessment experiment (Fig. 10), plates
were placed in hand-made paper cases to minimize light shining on roots. The cases are made
of two layers of 300 g/m? black (inner layer) and white (outer layer) paper sheets, cut, folded
and taped to fit plates.

Flow-pot experiment
The flow-pot were constructed as mentioned in the original publication (Kremer et al, 2021) except for

peat-vermiculite mix sterilization. The mix was sterilized according to the following program: 20 min
autoclave, 1 day of rest, 20 min autoclave, 1 day of rest, 2 weeks at 70°C, then the peat was rehydrated
with 1 liter sterile water and it was autoclaved 2 more times 45 minutes during the same day 1 day

before inoculation. The fungi were inoculated at a 2 mg/ml.

Harvest of plant material

Regardless of fungal species used, harvest of shoots and roots was always performed in the
same manner, except for the Glucosinolate profiling and the RNA-seq experiments (please see
below). First, pictures of plates were taken using either a Cannon EOSD700 equipped with a
EW-82 16-35 mm Image stabilizer objective and mounted on a stand or an Epson V600 Scanner
(Epson, Suwa, Japan) with a ruler next to the plates. Next, shoots were separated from roots by
cutting the hypocotyl-root junction with a sharp scalpel blade. If the shoots were to be weighed,
shoots were freed from residual condensation by being gently squeezed between two layers of
absorbent paper. Then, the shoots were finally transferred to the precision scale for weighing.
In the case of the single flow-pot experiment presented in this work, each shoot was placed in

a 2 ml tube containing 1 ml DMSO for latter chlorophyl extraction.

In the first chapter, extraradical Sebacinales hyphae were removed by submerging the roots in
sterile water and gently scraping the roots surface using a gloved finger. Then, the roots were
dried using absorbent paper and transferred to 2 ml tubes pre filled with two 3.15 mm ¢ and

four to eight 1.588 mm ¢ metal beads (Miihlmeier Technik, Germany).

In the second chapter, a manual root-surface cleaning method was also attempted, with different
intensities, on F73 and F34 colonized roots. Manual cleaning was performed on individual roots
in sterile water placed in a 9 cm ¢ petri dish. The plants were held by the hypocotyl using
tweezers and a gloved finger rubbed the surface of the root by applying gentle pressure to
immerge the root and press it against the bottom of the dish while scrubbing 3 times. The
operation was repeated either 1 time on the other side of the root system (“gentle scrubbing’)

or 3 times per side of the root system (“thorough scrubbing”). However, a chemical surface
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sterilization was preferred in all presented F73 fungal biomass quantification via RT-qPCR
experiments. After harvest from the petri dish, accessible and excessive extraradical hyphal
aggregates were removed using tweezers. Then, the roots were transferred to 2 ml tubes
containing 1 ml TE buffer + 0.01% Tween 20 and pulse vortexed at max speed 3 times. After
discarding the supernatant, this washing step was repeated and the supernatant was discarded.
Next, 1 ml of 80% EtOH was added to the tubes and the tubes were inverted for 30 seconds.
After discarding the EtOH, 1 ml of 3% bleach was added to the tubes and they were inverted
30 seconds to complete the surface sterilization. After removal of bleach, the roots were washed
3 times with 1 ml sterile water, 12 inversions and supernatant discarding. Care was taken to
remove all water before addition of metal beads to the tubes, as above. In the case of the RNA-
seq experiment, for each replicate, plates of a given condition were retrieved from the growth
chamber before harvesting roots as fast and as precisely as possible, in front of the growth
chamber. Roots were immediately transferred from the plates into pre-labelled, metal beads

containing tubes.

In both chapters, the tubes were flash frozen as fast as possible using liquid nitrogen. The roots
were ground at 30 hertz/sec for 1 min with a TissueLyser II (Qiagen, Hilden, Germany) and

stored at -80°C before subsequent processing.

Root passage
To establish reliable stocks of F73, I performed a root passage. After 2 weeks of coculture

between F73 and Arabidopsis, the roots were surface sterilized and placed on a PGA plate.
Endophytic F73 grew out of the roots and formed a colony, which was, after 2 weeks of growth,
thinly sliced in cubes. These cubes were placed in 1 ml screw cap tubes containing 0.5 ml of
sterile 30% glycerol and the tubes we flash frozen in liquid N2. For every 3™ repeat of an
experiment, the F73 stock was resurrected using sterile yellow tips scratching the frozen

glycerol on to a PGA plate.

Chlorophyll extraction
Chlorophyll from individual shoots was extracted by heating up the tubes containing Iml

DMSO at 65°C for 1 hour, with 3 thorough inversions during this incubation time. The samples
were then cooled to 4°C for a few hours before transferring 200 pul of each sample into a well
from a flat bottom 96 well plate. For each well, optical absorbance was read at 645, 652 and
663 nm in a Tecan plate reader (Tecan Trading AG, Switzerland). Chlorophyll content was

calculated using the 2 following formulas:
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Chlorophylliotal (mg/L)= Ass52*1000/34.5
Chlorophylliotar (g/L)= 0.0202* A3 + 0.00802* Agas

The results from the formulas is predicted to be close, which was verified before preferring the

second formula due to its greater accuracy.

gDNA extraction
All steps described here were performed under a fume-hood. First, I mL extraction buffer with

freshly added B-mercaptoethanol (50 pl / 100 ml buffer) was added to each sample and the
tubes were inverted 3 times before incubation 10 min at RT with 600 rpm shaking. Then, 1 ml
25:1 chloroform:isoamylalcohol (C1A) was added and the samples were incubated in the same
conditions 5 min to subsequently be centrifuged 20 min at 10 000 g and RT. Afterwards, 800
ul of supernatant was transferred to a fresh 2 ml tube and 160 pul of pure EtOH was added slowly
under 300 rpm shaking before 5 min of inversions. Following addition of 960 ul of CIA, the
tubes were inverted 5 min before performing a centrifugation step identical to above. Then, 800
ul of the supernatant were transferred to a fresh 1.5 ml tube containing 800 pl of isopropanol
and mixing was performed by pipetting. The gDNA was then precipitated by incubating the
samples at -20°C overnight before centrifugation 20 min 5 000 g at RT. All the supernatant was
then discarded and 900 pl of ice cold 75% EtOH was added to was the gDNA pellet. After a
brief spin down, careful removal of all EtOH and 10 min drying under the hood flow, 50 ul of
TE buffer (pH 8) and 1 ul of RNAse A (10 mg/mL pH 7.4) were added. Finally, these pellets
were incubated at 300 rpm for 30-60 min at 37°C until all pellets are completely dissolved.

DNA concentration was determined using a nanodrop and samples were stored at -20°C.

RNA extraction
For all experiments (except the RNA-seq), RNA was extracted using TRIzol (Ambion, Life

technologies, Carlsbad, USA) manufacturer’s instruction. For the RNA-seq experiment, the
TRIzol protocol was also employed until isopropanol precipitation. Afterwards, the solutions
of precipitating RNA were passed unto ReliaPrep columns (Promega, Walldorf, Germany).
Therefore, the ReliaPrep protocol was employed from step 4.B onwards according to the

manufacturer instructions.

In all cases, RNA concentration was determined using a Nanodrop and adjusted to 200 ng/uL
when Reverse Transcription was to be performed.

Reverse Transcription

cDNA synthesis was performed using the cDNA synthesis RevertAid reverse transcriptase kit

(Thermo Scientific, Waltham, USA) according to manufacturer’s instructions.
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RT-qPCR
RT-qPCR was performed using a BioRad CFX96 Touch™ Real-Time PCR Detection

System. For details see table 13 and table 14. Primer sequences can be found in table 6. For

data analysis Excel and R were used (see below).

Table 9 - RT-gPCR reaction mix

Component Volume
SYBR® Green Supermix 5ul
forward primer (10 pM) 0.5 pul
reverse primer (10 nM) 0.5 pul
template cDNA 1 ul
ddH:0 to 10 pul

Table 10 - RT-gPCR thermo-cycling program

Stage Temperature (°C) | Time Cycles
Initiation 95 30 sec Ix
Denaturation 95 10 sec 40x
Annealing 55 15 sec

Elongation 72 10 sec

Melt Curve 60 - 95 5 sec per 0.5 °C 1x

In vitro assessment of 4MOI3M salt effect on F73 growth
From 2 weeks old F73 plates, mycelia were harvested (see above F73 liquid culture protocol)

and weighed in a sterile 2 ml screw cap tube containing metal beads. After addition of 500 ul
of sterile 10 mM MgCl> and grinding on the paint shaker, concentration was adjusted to 100
mg/ml. Next, 200 pul of sterile water were placed in the wells edging a 96 flat-bottom well plate.
Finally, a 4MOI3M salt concentration ranging from 250 to 4 uM, a blank control and a

pimaricin control were set up in ARE.

Glucosinolates profiling

GLS analysis by LC-MS/triple quadrupole
For glucosinolate profiling, shoots and roots were harvested individually in racked collection

microtubes (Qiagen) each containing one 3.15 mm ¢ metal bead. When a strip of sample was

completed, the microtubes were sealed using Microtube caps (Qiagen) and flash frozen in liquid

78
PhD dissertation C. Uhlmann



nitrogen. After homogenation to a fine powder in a bead mill (3 mm bearing balls, 2 x 30 s at
30 Hz) and addition of 300 pul 85% (v/v) methanol (HPLC grade) containing 10 uM p-
hydroxybenzyl glucosinolate (pOHb; PhytoLab, cat. No. 89793) as internal standard, samples
were vortexed thoroughly and then centrifuged (5 min, 4,700% g, 4°C). Samples were prepared
as desulfo-glucosinolates as previously described (alternate protocol 2, Crocoll et al., 2016).
LC-MS/MS analysis was carried out on an Advance UHPLC system (Bruker, Bremen,
Germany) equipped with a Kinetex® XB-C18 column (100 x 2.1 mm, 1.7 pm, 100 A,
Phenomenex, USA) coupled to an EVOQ Elite TripleQuad mass spectrometer (Bruker,
Bremen, Germany) equipped with an electrospray ionization source (ESI). The injection
volume was 1 pL. Separation was achieved with a gradient of water/0.05% (v/v) formic acid
(solvent A) — acetonitrile (solvent B) at a flow rate of 0.4 ml/min at 40°C (formic acid, Sigma-
Aldrich, cat. no. FO507, reagent grade; acetonitrile, HPLC grade). The elution profile was: 0—
0.5 min 2% B; 0.5-1.2 min 2-30% B; 1.2-2.0 min 30-100% B; 2.0-2.5 min 100% B; 2.5-2.6
min 100-2% B; 2.6-4.0 min 2% B. The mass spectrometer parameters were as follows:
ionspray voltage was maintained at 3500 V, cone temperature was set to 300°C and heated
probe temperature to 400°C, cone gas flow was set to 20 psi, probe gas flow to 40 psi, nebulizer
gas 60 psi, and collision gas to 1.5 mTorr. Nitrogen was used as cone and nebulizer gas, and
argon as collision gas. Multiple reaction monitoring (MRM) was used to monitor analyte parent
ion > product ion (Crocoll et al., 2016). Both Q1 and Q3 quadrupoles were maintained at unit
resolution. Glucosinolates were quantified relative pOHb using experimentally determined

response factors with commercially available standards in a representative plant matrix.

Imaging
Sample fixation and staining
During the first part of the second chapter, F34 and F73 colonized roots were harvested and

fixed in 70% EtOH overnight. The EtOH was washed off 3 times using 1X PBS. Then, the roots
were incubated for 30 min in the dark under 100 rpm agitation in a 1X PBS solution containing
both 0.1% Calcofluor White (CFW, general cell-wall stain, Thermo Fisher) and 20 pg/ml
Wheat-Germ Agglutinin conjugated to Alexa Fluor 488 (WGA, chitin stain, Biotium, Fremont,
USA). Next, the staining solution in the wells is retrieved and stored back in a 50 mL falcon at
4°C in the dark, and reused for several months. Then the plants are washed once with PBS and
imaged in 50% glycerol between a cover slip and a slice of Lumox® breathable film (Sarstedt,

Niimbrecht, Germany).

After the first trials, a 20% KOH incubation overnight step was added before thorough washing

and staining.

79
PhD dissertation C. Uhlmann



Confocal laser scanning microscopy
Imaging of F73 hyphae inside roots was performed on a Zeiss LSM 780 (Zeiss, Oberkochen,

Germany) (first exploratory part) or a Zeiss LSM 880 (second part). For confocal laser scanning
microscopy using the Zeiss LSM 780 a 40x water objective (W Plan-Apochromat 40x/1.1DIC
D=0.14-0.19 was used with an Argon Laser and diode intensity of 0.5%, WGA-CF488
excitation at 488nm, detection between 520-580 nm, and CFW excitation at 405 nm and

detection detection between 460-500 nm.

Stereomicroscopy
Imaging of the pCYP79B2::SYPI122-mScarlett reporter line was performed on a Zeiss

Axiozoom v16 connected to an Aura® light engine lamp (Lumencor, Beaverton, USA) and a
Zeiss CL 9000 LED for bright field. Excitation wavelength: 488 nm, Bright field light intensity:
30%

Image analysis
Image processing, annotation and analysis was mostly done on ImageJ (imagej.nih.gov).

For analysis of root lengths, plate pictures were calibrated according to the ruler present in the
picture. Next, root lengths were analyzed using the Pluggin NeuronJ, which, as input, requires
8-bit black and white images transformation followed by manual contrast adjustment until roots
appeared clearly white on a uniformly black background. Then, the tracing tool of NeuronJ was
used on each primary root that could be unambiguously distinguished from other roots or the
plate border. Importantly, the tracings were always performed from left to right on each plate,
as to easily attribute the two measures (inoculation day and harvest day) to individual plants.

Root lengths were retrieved in a .csv file from the “measure tracing” function.

Confocal and wide-field microscopy images in .czi format were loaded into Image] for scale
bar display, splitting of channels and maximum intensity projections. For confocal microscopy
images displayed in Fig. xx, they were first deconvoluted using the Huygens software

deconvolution wizard prior to ImageJ processing.

The analysis of fluorescent signal intensity of wide-field images was carried out as follows.
First, the width of the line tool was set to 1000, effectively creating a rectangle. Then, the line
tool was used across a straight root segment and the profile of the red channel was plotted, and
the data extracted in .csv format. After compiling all root data in a single table, for each root
separately, the root width (measured) and the fluorescence intensity signal (varying between
lines, individuals, treatments and days) were normalized according to their respective maxima

and multiplied by 100 to get widths and intensities scaled to 100 for all roots. Because
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normalised root widths were then ranging from 0 to 100 in continual intervals of varying
lengths, normalised root widths were coerced (binned) into discrete categories ranging from 1

to 100 to eventually allow signal intensity averaging and statistics.

Only root hairs number and lengths of the first 2000 pM from the root tip were counted and
measured, respectively, in Fig. X

Data analysis

All statistical and graphical analyses were performed on R v4.2.2 using RStudio Desktop
2022/07/2+576. Packages employed: dplyr, ggplot2, multCompView, scale, tibble, tidyr,
magrittr, RVAideMemoire, ComplexHeatmap, sva, stringr, ggpubr, cowplot, RColorBrewer,
grid, gridExtra, cramer, agricolae, rcompanion, edgeR, glue, DESeq2, EnhancedVolcano,

ggrepel and scales.

For each data type, except for the RNA-seq, the statistical pipeline in Fig. 22 was deployed.

Comparing the means of...
2 groups More than 2 groups

Is the data normally distributed?
Linear model construction (response ~ factor)
Model residuals fed into Shapiro-Wilk test + QQplot

Residuals normally Residuals not normally Residuals normally Residuals not normally
distributed distributed distributed distributed
Homogenous variances? Homogenous variances? Homogenous variances? \
Fisher test Fisher test by Bartlett test

Not testable,
compare medians

permutation

yes no yes

Symmetrical distributions?
Histogram plots

Student Student
test + Welch Test by
correction permutation

Student

tast ANOVA

Symmetrical distributions?

Histagram plots Kruskal-Wallis test

yes no
Fligner-
Policello Not testable, Same distribution shapes?
test compare medians Pairwise Cramer tests
Same distribution shapes? e ne

Pairwise Cramer tests

yes no
Kruskal-Wallis test Mood test

Mann - Mood test
Whitney -
Wilcoxon test
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Figure 22: Statistical pipeline according to « Aide-mémoire de statistique appliquée a la biologie — Construire
son étude et analyser les résultats a ’aide du logiciel R, Maxime Hervé 2021 » (not available in english)

RNA-seq analysis
For the RNA-seq analysis, raw reads were trimmed with trimmomatic (Bolger et al, 2014),

mapped to Arabidopsis genome (Araportll - https://www.arabidopsis.org/) or Truncatella

angustata F73 genome (Genbank bioproject PRINA347197, assembly JAGPXC000000000,

https://mycocosm.jgi.doe.gov/Truanl/Truanl.home.html, november 2022) genomes. Trimmed

reads were mapped using Hisat2 (Kim et a/, 2019) and counted using featureCounts (Liao ef al,
2014). For the plant, read counts associated to each plant gene were then normalized to library
size, corrected for batch effect (fully supervised) using the ComBat-seq function from the sva
package (Leek et al, 2012) and then used to perform a differential gene expression analysis with
DESeq2 (Love et al, 2014). After rlog transformation and median-centered transformation
(scaled counts), k-means clustering was conducted based on Akaike information criterion and
sum of squared error (k=10). Cluster results were visualized using the ComplexHeatmap
package (Gu et al, 2016). GO enrichment analysis was conducted using Metascape (Zhou et al,
2019a).

For fungal reads, log2FoldChanges values were shrinked with the apeglm algorithm (Zhu et al,
2019). To gain functional insights in the F73 genes robustly deregulated in cyp79b2b3 plants
over different time points and phosphate concentrations, we manually curated gene descriptions
from KOG, PFAM and InterPro, previously annotated by the JGI Annotation Pipeline (Mesny
et al, 2021; Grigoriev et al, 2014)
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Supplemental figure 1: qPCR primers targeting various F73 genomic DNA regions.

Supplemental Table 1 — Oligonucleotides used in this study
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Name Description Oligo Sequence (5’ to 3°) | Orientat | Purpose
ion
nCUO001 | ACTIN2 Fw with ATGGAAGCTGCTGG | Forward | qPCR on
nCU002 AATCCAC cDNA
nCU002 | ACTIN2 Rv with nCU001 | TTGCTCATACGGTCA | Reverse | qPCR on
GCGATA cDNA
nCUO045 | SVTEF Fw with nCU046 | ATCCCAAGCAAGCC | Forward | qPCR on
AATGTG cDNA
nCU046 | SVTEF Rev with nCU045 | TGCCGTCAGTCTTCT | Reverse | qPCR on
CAACA cDNA
nCUO047 | SiTEF Fw with nCU048 | GCAAGTTCTCCGAGC | Forward | qPCR on
TCATC cDNA
nCU048 | SiTEF_Rev with nCU047 | CCAAGTGGTGGGTA | Reverse | qPCR on
CTCGTT cDNA
nCUO51 | gDNASVTEF Fw with CAGGCAAACCCTCA | Forward | gPCR on
nCU052 GTGAGC gDNA
nCUO052 | gDNASVTEF Rev with GCAAGTTTGCCGAGC | Reverse | qPCR on
nCUO051 TCATCG gDNA
nCUO053 | gDNA AtUBI Fw with CCAAGCCGAAGAAG | Forward | gPCR on
nCUO054 ATCAAG gDNA
nCUO054 | gDNA AtUBI Rev with ACTCCTTCCTCAAAC | Reverse | qPCR on
nCUO053 GCTGA gDNA
nCUO81 | F34TEFla Fw with CCGAAAGCAAGTCT | Forward | qPCR on
nCU082 CCAGTCAT gDNA
nCUO082 | F34TEFla Rev with TACACAAGCACACC | Reverse | qPCR on
nCUO081 AGGCAA cDNA
nCUO083 | F73TEFla_Fw with ACAAGTGTCCAGCC | Forward | qPCR on
nCU084 ATATCCAG cDNA
nCUO084 | F73TEFla Rev with ATATGCCTCCTGTCC | Reverse | qPCR on
nCUO083 TCTTCCT cDNA
nCUO085 | F73B-Tubulin Fw with GTTCATCTTCAGACC | Forward | qPCR on
nCU086 GGCCA cDNA
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nCUO086 | F73B-Tubulin Rev with CCGAAGTGCCGTTGT | Reverse | qPCR on
nCUO085 AGACT cDNA
nCUO087 | F73B-Tubulin Fw with CATCTTCAGACCGGC | Forward | qPCR on
nCU087 CAGTG cDNA
nCUO088 | F73B-Tubulin_Rev with GCCGTTGTAGACTCC | Reverse | qPCR on
nCU088 ATTGCT gDNA
nCUO089 | F34B-Tubulin Fw with GAGATTGTTCACCTC | Forward | qPCR on
nCU090 CAGACCG gDNA
nCUO090 | F34B-Tubulin Rev with GTGCCATTGTAGACA | Reverse | qPCR on
nCU089 CCGGA gDNA
nCUO091 | F34B-Tubulin Fw with CTACTTCAACGAGGC | Forward | qPCR on
nCU092 CTCCG gDNA
nCUO092 | F34B-Tubulin Rev with CCCAGTTGTTACCAG | Reverse | qPCR on
nCU091 CACCA gDNA
nCUO093 | F73B-Tubulin Fw with AGCAATGGAGTCTA | Forward | qPCR on
nCU09%4 CAACGGC gDNA
nCU094 | F73B-Tubulin Rev with CCGGAAGCCTCGTTG | Reverse | qPCR on
nCU093 AAGT gDNA
nCUO095 | F73B-Tubulin Fw with ATGGAGTCTACAAC | Forward | qPCR on
nCU096 GGCACTTC gDNA
nCU096 | F73B-Tubulin Rev with GCACGTACTTGTTGC | Reverse | qPCR on
nCU095 CGGAA gDNA
nCUO097 | F34B-Tubulin Fw with GAGATTGTTCACCTC | Forward | qPCR on
nCU098 CAGACCG gDNA
nCUO098 | F34B-Tubulin Rev with GTGCCATTGTAGACA | Reverse | qPCR on
nCU097 CCGGA gDNA
nCUO099 | F73B-Tubulin Fw with ATTGTTCATCTTCAG | Forward | whole gene
nCU100 ACCGGC amplificati
on from
gDNA or
cDNA
nCU100 | F73B-Tubulin_Rev with TTACTCCTCCTCGGG | Reverse | whole gene
nCU099 CAGA amplificati
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on from

gDNA or
cDNA
nCU101 | F34B-Tubulin_Fw with ATTGTTCACCTCCAG | Forward | whole gene
nCUI102 ACCGG amplificati
on from
gDNA or
cDNA
nCU102 | F34B-Tubulin Rev with GCCTCCTCATCGTAC | Reverse | whole gene
nCU101 TCCTC amplificati
on from
gDNA or
cDNA
nCUI103 | Fw primer for fungal ITS1 | TCCGTAGGTGAACCT | Forward | Genotypin
with nCU104 GCGG g Kumar &
Shukla
2005
nCU104 | Rv primer for fungal ITS1 | TCCTCCGCTTATTGA | Reverse | Genotypin
with nCU103 TATGC g Kumar &
Shukla
2005
nCU105 | Fw primer for F73 BTUB | GGTAACTCGACTGCC | Forward | qRT-PCR
with nCU106 ATCCAA
nCU106 | Rv primer for F73 BTUB | AAAGCCTTGCGACG | Reverse | qRT-PCR
with nCU105 GAACAT
nCU107 | Fw primer for F73 BTUB | TCGACCCCAAGAAC | Forward | qRT-PCR
with nCU108 ATGATGG
nCU108 | Rv primer for F73 BTUB | TTCTGGACGTTGCGC | Reverse | qRT-PCR
with nCU107 ATCT
nCU109 | Fw primer for F73 ITS1 CTTGGTCATTTAGAG | Forward | qRT-PCR
with nCU110 GAAGTA Mesny et
al. 2021
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nCU110 | Rv primer for F73 ITS1 GCTGCGTTCTTCATC | Reverse | qRT-PCR

with nCU109 GATGC Mesny et
al. 2021

nCU111 | Fw primer for ATGTTCAACGTTGGT | Forward | Genotypin
pCYP79B2::mScarlett GGTGG g
genotyping with nCU112

nCU112 | Rv primer for CTCCATGTGCACCTT | Reverse | Genotypin
pCYP79B2::mScarlett GAACC g
genotyping with nCU111

nCU113 | Fw primer for TCCCACACTATCTTT | Forward | Genotypin
pMAMI1::NLS::3xmScarle | CCTCCAC g
tt genotyping with
nCU114

nCU114 | Rv primer for ACATGAACTGCGGT | Reverse | Genotypin
pMAMI1::NLS::3xmScarle | GAAAGG g
tt genotyping with
nCU113

nCU115 | Fw primer for TGGACTTCAAGGGCC | Forward | Genotypin
CYP83BI1::YFP AAGAT g
genotyping with nCU116

nCU116 | Rv primer for GCTGAACTTGTGGCC | Reverse | Genotypin
CYP83B1::YFP or GTTTA g
CYP83A1::YFP (binds to
YFP sequence) genotyping
with nCU115 or nCU117,
respectively.

nCU117 | Fw primer for ACCCTGATGAGTTTA | Forward | Genotypin
CYP83A1::YFP GGCCC g
genotyping with nCU116

nCU118 | Fw primer for SPX1 CGGGTTTTGAAGGA | Forward | qRT-PCR
expression with nCU119 GATCAG Balzergue

et al. 2017
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nCU119 | Rv primer for SPX1 GCGGCAAT Reverse | qRT-PCR
expression with nCU118 GAAAACACACTA Balzergue
etal. 2017
nCU120 | Fw primer for PHR1 TTGGACGCCAGAGCT | Forward | qRT-PCR
expression with nCU121 TCAC Rodenas et
al. 2019
nCU121 | Rv primer for PHR1 TTCACTACCGCCAAG | Reverse | qRT-PCR
expression with nCU120 ACTGTTG Rodenas et
al. 2019
nCU122 | Fw primer for PHT1;4 TCAATGGCGTTGCCT | Forward | qRT-PCR
expression with nCU123 TCTGT Bari et al.
2006
nCU123 | Rv primer for PHR1;4 ATCACCAAGCCACCC | Reverse | qRT-PCR
expression with nCU122 GAAA Bari et al.
2006
nCU124 | F73RBP1_Fw with CTCTCCGTCACCTCC | Forward | qPCR on
nCU125 CCTTA gDNA
nCU125 | F73RBP1_Rv with CGCTGGGGAGAGAC | Reverse | qPCR on
nCU0124 AATGTT gDNA
nCU126 | F73RBP1_Fw with AGCTGCCTCTCAACA | Forward | qPCR on
nCU127 TCACC gDNA
nCU127 | F73RBP1_Rv with GGGGTTTAGACTGCT | Reverse | qPCR on
nCU126 TCGCT gDNA
nCU128 | F73CuATPASE Fw with | TCTCGTCGTCCTGGG | Forward | qPCR on
“Primer | nCU129 TACAT gDNA
pair 4”
nCU129 | F73CuATPASE Rv with | ATAGTGCTGGGTCGG | Reverse | qPCR on
“Primer | nCU128 TTGTG gDNA
pair 4”
nCU130 | F73CuATPASE Fw with | TTCTTCAGCGTCATG | Forward | qPCR on
nCU131 GCCAT gDNA
nCU131 | F73CuATPASE Rv with | TTGTCCCTTTGCACG | Reverse | qPCR on
nCU130 GTTCT gDNA
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nCU132 | AtMYB28 Fw with TTTTTCATTATGCGT | Forward | Genotypin
nCU133 TTGCAG g

nCU133 | AtMYB28 Rv with TGTATAAACCAGCTT | Reverse | Genotypin
nCU132 TTTGGGG g

nCU134 | LBbl (SALK) with GCGTGGACCGCTTGC | Forward | Genotypin
nCU133 & nCU132 TGCAACT g

nCU135 | AtMYB29 Fw with TTGTAGATTGCGATG | Reverse | Genotypin
nCU136 GGCTA g

nCU136 | AtMYB29 Rv with TATGTTTTGCATCAT | Forward | Genotypin
nCU135 CTCGTCTTC g

nCU137 | 8409 LB (GABI) with ATATTGACCATCATA | Reverse | Genotypin
nCU135 & nCU136 CTCATTGC g
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hat; dass sie noch nicht vertffentlicht worden ist, sowie, dass ich eine solche Vertffentlichung
vor Abschluss des Promotionsverfahrens nicht vornehmen werde. Die Bestimmungen der
Promotionsordnung sind mir bekannt. Die von mir vorgelegte Dissertation ist von Prof. Dr.
Jane Parker betreut worden.
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