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Zusammenfassung

Zusammenfassung

Die Evolution wird traditionell als ein langsamer Prozess angesehen, der sich uber Hunderte
oder sogar Tausende von Jahren entwickelt. Jungste Forschungen auf dem Gebiet der
Evolutionsdynamik und der gezielten experimentellen adaptiven Evolution haben jedoch
gezeigt, dass Mikroorganismen innerhalb eines viel kiirzeren Zeitraums schnelle evolutionare
Veranderungen durchlaufen kénnen. Trotz dieser Erkenntnisse sind die molekularen
Mechanismen, die diese schnellen Anpassungen bewirken, nach wie vor kaum verstanden,
was vor allem daran liegt, dass sie von seltenen und unvorhersehbaren Veranderungen
abhangen. Die adaptive Evolution in Mikroorganismen beinhaltet in der Regel vorteilhafte
genetische, transkriptomische oder proteomische Verdnderungen, die durch natirliche
Selektion erhalten bleiben. Das Verstandnis dieser Mechanismen ist entscheidend fur die
Bewaltigung globaler Herausforderungen wie des Klimawandels, des Auftretens neuer

Krankheitserreger, der Ausbreitung invasiver Arten und der Entwicklung von Multiresistenzen.

Im Rahmen dieser Arbeit hat der Erreger der Reisbranderregers, Magnaporthe oryzae, die
Komplexitat von Signalnetzwerken aufgezeigt, die physiologische und biochemische Prozesse
regulieren. Ein Beispiel daflr ist der ,High Osmolarity Glycerol* (HOG) Signalweg, der die
zellulare Anpassung an die Osmolaritat der Umwelt regelt. ,Loss of function® (lof)-Mutanten
des HOG-Stoffwechselwegs sind osmosensibel und produzieren nicht wie der Wildtyp-Stamm
das wichtigste Solut der osmotischen Stressreaktion, Arabitol.. Interessanterweise entstehen,
wenn diese lof-Mutanten einem konstanten osmotischen Druck ausgesetzt werden, stabile
Suppressor-Stdmme, die anstelle von Arabitol gro3e Mengen Glycerin produzieren, was eine

gezielte adaptive Laborevolution (DALE) zeigt.

Um die zugrunde liegenden Mechanismen besser zu verstehen, wurden verschiedene
Suppressor-Mutanten durch DALE erzeugt. Ziel dieser Studie war es, die Gene zu
identifizieren, die fir die Anpassung an Langzeitstress und den Wechsel von der Arabitol- zur
Glycerinproduktion verantwortlich sind. Kandidatengene wurden identifiziert und ihre Rolle bei
der Produktion von Primarmetaboliten und ihrer Anpassungsfahigkeit durch gezielte
Mutagenese untersucht. Im Rahmen dieser Arbeit wurde in Zusammenarbeit mit Experten
Immunologie der Universitatsmedizin der Johannes Gutenberg-Universitat in Mainz eine
effektive Pipeline zur Analyse von Proteom- und Phosphoproteomdaten entwickelt. Unter
Verwendung von M. oryzae als Modell wurde ein datenunabhangiger Erfassungsansatz (DIA)
implementiert, der die Qualitat und Vollstandigkeit der Daten deutlich verbesserte. Diese

Methode verkirzte die LC-MS/MS-Analysezeit von Peptiden und Phosphopeptiden und
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Zusammenfassung

erhohte die ldentifizierung von Phosphosites, wodurch eine verfeinerte Methodik und eine
umfassende Grundlage fiir die Untersuchung von Signalprozessen in filamentdsen Pilzen
geschaffen wurde. Mit dieser Methode wurde eine neue Gruppe von Kandidatengenen
identifiziert, die am Anpassungsprozess beteiligt sind. Diese Ergebnisse tragen zu einem
tieferen Verstéandnis der komplexen evolutiondren Mechanismen in M. oryzae bei und
unterstreichen die Notwendigkeit weiterer Forschung, um die molekularen Grundlagen der

schnellen evolutionaren Anpassungen in Mikroorganismen zu entschlisseln.
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Summary

Summary

Evolution is traditionally perceived as a slow process, developing over a hundreds, or even
thousands of years. However, recent research in evolutionary dynamics and directed
experimental adaptive evolution has demonstrated that microorganisms can undergo rapid
evolutionary changes within a much shorter timeframe. Despite these findings, the molecular
mechanisms driving these rapid adaptations remain poorly understood, largely due to their
dependence on rare and unpredictable changes. Adaptive evolution in microorganisms
typically involves advantageous genetic, transcriptomic, or proteomic changes that persist
through natural selection. Understanding these mechanisms is crucial for addressing global
challenges such as climate change, the emergence of new pathogens, the spread of invasive

species, and the development of multi-drug resistance.

Within this work the rice blast pathogen Magnaporthe oryzae has highlighted the complexity
of signaling networks that regulate physiological and biochemical processes. The High
Osmolarity Glycerol (HOG) pathway is an example, regulating cellular adaptation to
environmental osmolarity. Loss of function (lof) mutants of the HOG pathway are
osmosensitive and fail to produce the main critical osmotic stress response solute arabitol as
it is in the wildtype strain. Interestingly, when these lof mutants are exposed to constant
osmotic pressure, stable suppressor strains emerge that produce high amounts of glycerol

instead of arabitol, demonstrating directed adaptive laboratory evolution (DALE).

To further understand the mechanisms behind, various suppressor mutants were generated
using (DALE). This study aimed to identify the genes responsible for adaptation to long-term
stress and the shift from arabitol to glycerol production. Candidate genes were identified and
their roles in primary metabolite production and adaptive capacity were investigated through
targeted mutagenesis. Within this work an effective pipeline for analyzing proteome and
phosphoproteome data, in collaboration with experts at the Institute for Immunology at the
University Medical Center of Johannes Gutenberg University Mainz was developed. Using
M. oryzae as a model, a data-independent acquisition (DIA) approach was implemented,
significantly improving the quality and completeness of the data. This method reduced the LC-
MS/MS analysis time of peptides and phosphopeptides and increased the identification of
phosphosites, establishing a refined methodology and a comprehensive basis for studying
signaling processes in filamentous fungi. Within this method, a new set of candidate genes
involved in the adaptation process was identified. These findings contribute to a deeper

understanding of the complex evolutionary mechanisms in M. oryzae and underscore the need
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for continued research to unravel the molecular basis of rapid evolutionary adaptations in

microorganisms.
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Introduction

1. Introduction

1.1 Magnaporthe oryzae: From rice fields to laboratories

Food protection is of utmost importance in ensuring global food security and the well-being of
human populations. Fungal phytopathogens, which are destructive plant pathogens, pose a
significant threat to agricultural productivity and food supply chains (Case et al., 2022). These
pathogens can attack various crops, including staple crops such as rice, wheat (Monsur et al.,
2016), and maize (Schmidt et al., 2020), as well as fruits and vegetables (Chandra et al., 2022).
The spread of the resulting diseases results in significant economic losses for farmers,
affecting their livelihoods and agricultural economies. Magnaporthe oryzae is one of the most
destructive fungal pathogens worldwide, known to cause the rice blast disease, and can be
listet in line with () Puccinia graminis, (ll) Fusarium graminearum and (lll)
Phytophthora infestans. By affecting one of the most important stable crops in the world it is a
serious threat to global food security. While P. graminis causes wheat stem rust, (Sahu et al.,
2021), F. graminearum is responsible for Fusarium head blight or scrab on various cereal crops
(Whetton et al., 2018), including wheat, barley and corn. P. infestans is mainly known to infest
potatoes (Solanum tuberosum) and tomatoes (Solanum lycopersicum) (Rojas-Estevez et al.,
2020).

Understanding the molecular mechanisms underlying the infection process is essential for
developing strategies to control M. oryzae and other plant pathogenic fungi (Asif et al., 2022).
The infection cycle is characterized by differentiation steps, including spore germination,
appressorium formation, penetration of the cuticula, colonization of the host plant and
sporulation (Medyukhina et al., 2015). The molecular basis of how M. oryzae interacts with the
host is not yet completely understood. The infection cycle begins with the dispersal of conidia,
the asexual spores of M. oryzae, onto the rice leaf surface. Conidia germinate upon sensing
favorable environmental conditions such as moisture and nutrients. The germ tube that
emerges from the spore adheres to the leaf surface and differentiates into a specialized
infection structure called the appressorium. This structure is crucial for penetrating the host
tissue (Maeda et al., 2009). The ability of spores to survive in soil for extended periods allows
them to persist in the absence of a host plant and to infect new plants when conditions become
favorable (Liu and Zhang, 2022). Triglycerides are produced by produces glycerol, which is
then accumulated in the appressorium, gradually building up the turgor. Once sufficient turgor
pressure is generated, the appressorium forms a narrow penetration peg that breaches the

rice leaf cuticle. This process is mechanical but also involves the secretion of a suite of
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enzymes, such as chitinases and cellulases, which degrade the plant's cuticle and cell wall
components, facilitating entry into the host tissue (Aro, Pakula and Penttila, 2005). Appressoria
are specialized structures formed at the tip of the germ tube and allow the fungus to penetrate
the plant cuticle (Li, Zhou and Xu, 2012). The formation of appressoria is triggered by specific
chemical signals from the plant surface, including cutin monomers and hydrophobic waxes
(Liu et al., 2011). This enables the fungus to extract nutrients from the host and to spread to
adjacent cells and tissues (Keegstra, 2010; Luginbuehl and Oldroyd, 2017). The symptoms of
rice blast can vary depending on the severity of the infection and the stage of plant
development. Early infections are visible as small, circular lesions on the leaves, while more
severe infections can cause the entire plant to wilt and die (Yao et al., 2022). The fungus
spreads cell-to-cell using a combination enzymatic degradations, colonizing the leaf tissue
extensively (Xu, Staiger and Hamer, 1998). The disease can also affect the stem and panicle,
leading to reduced grain quality and yield (Zhu et al., 2016; Chen et al., 2023). The fungus
emerges on the surface of the infected tissue, producing new conidia on specialized structures
called conidiophores. These conidia are disseminated by wind, rain, or mechanical contact to
new sites, where they can initiate another infection cycle. The production of conidia is a critical
phase for the propagation of the disease, allowing M. oryzae to spread rapidly across rice
fields (Fernandez and Orth, 2018). Throughout its infection cycle, M. oryzae exhibits
remarkable adaptability to environmental conditions. It can enter a latent phase under
unfavorable conditions, surviving as dormant spores or within plant debris until conditions
become favourable for growth and infection. This ability to adapt and persist in the environment
contributes significantly to its effectiveness as a pathogen. Each stage of the infection cycle is
characterized by specialized structures and strategies that enable the fungus to overcome
plant defenses, extract nutrients, and spread to new hosts. Understanding this cycle provides
insights into potential targets for disease control and the development of resistant rice varieties.
The infection cycle of M. oryzae is highly dynamic and depends on various environmental and
genetic factors (Fernandez and Orth, 2018). For example, the timing of spore production and
the duration of infection depend on temperature, humidity, and the host's developmental stage.
Host resistance genes can also affect the success of infection, with some genes conferring
complete resistance, while others only delay disease onset (Couch et al., 2005). The genetic
diversity of M. oryzae populations also plays a crucial role in the infection cycle, with different
pathotypes capable of overcoming host resistance and causing severe disease epidemics
(Gladieux et al., 2018). Controlling rice blast is a significant challenge for farmers and
researchers (Fukuoka et al., 2015), since rice is the primary source of food for over half of the
world's population, and it is grown in over 100 countries (Nalley et al., 2016). Most of the
countries are located in south east Asia (Saleh et al., 2014), but the regions are changing and

due to global warming the habitat of fungi are changing worldwide (Zhong, Zhang and Fu,
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2023). The production of rice is essential for food security and poverty alleviation in many parts
of the world. It is estimated that M. oryzae and the causing rice blast annually contributes to
loss enough rice to feed 60 million people (Fernandez and Orth, 2018). Traditional methods of
disease management, such as crop rotation and the use of chemical fungicides, are limited in
effectiveness, expensive and environmentally harmful (Manning and Soon, 2017). In recent
years, there has been growing interest in developing alternative approaches in disease
management, such as the use of resistant cultivars or biological control agents (Chung et al.,
2023).

But why has M. oryzae become a model organism in the fundamental research?

M. oryzae is widely regarded as a model organism for several compelling reasons. First and
foremost, M. oryzae is the causative agent of rice blast disease, one of the most devastating
diseases affecting rice, a staple food for a significant portion of the world's population.
Research on this pathogen is crucial for developing strategies to control rice blast and enhance
food security. The genomic resources available for M. oryzae are extensive, with its genome
fully sequenced and annotated. This genetic information provides a solid basis for molecular
and genetic studies, enabling researchers to identify and manipulate genes involved in
pathogenicity, stress response, and other critical functions. Additionally, M. oryzae serves as
an excellent model for studying plant-pathogen interactions due to its well-characterized
infection cycle, which includes spore germination, appressorium formation, and host tissue
colonization. These stages can be examined in detail to understand the mechanisms of fungal
infection and host defense. M. oryzae is also easy to cultivate in the laboratory making it
accessible for experimental manipulation and high-throughput screening. The availability of
advanced genetic tools and techniques, such as gene inactivations, RNA interference, and
CRISPR/Cas9, allows to investigate gene function and regulatory pathways comprehensively.
These techniques facilitate the study of genetic and epigenetic factors influencing fungal
biology and pathogenicity. Moreover, the insights gained from studying M. oryzae can often be
extrapolated to other fungal pathogens due to the conservation of many pathogenicity and
stress response mechanisms across fungi. The combination of its economic importance,
extensive genomic resources, ease of cultivation, advanced genetic tools, broader applicability
to other pathogens, and a collaborative research community make M. oryzae an invaluable
model organism for advancing our understanding of fungal biology, plant-pathogen

interactions, and the development of effective disease management strategies.
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1.2 Fungal Signaling: Cellular Communication in Fungi

Signaling pathways play a fundamental role in the complex of communication within cells, in
particular for the response and adaptation to their environment (Combarnous and Nguyen,
2020). Intricate networks of molecular interactions transmit signals, integrate information from
extracellular cues and translate them into specific cellular responses. In fungi, signaling
pathways regulate critical processes, including growth, development, stress responses, and
interactions with their environment (Zhou et al., 2021). For instance, the cAMP-PKA pathway
controls fungal morphogenesis and virulence, orchestrating cellular differentiation and
infection strategy (Sun et al., 2022). The mitogen-activated protein kinase (MAPK) pathway
regulate responses to stress, nutrient availability, and host recognition (Sun et al., 2022).
Targeting key signaling components or disrupting critical signaling crosstalk, which are
essential for fungal survival, aids in understanding and developing novel antifungal strategies.
Furthermore, uncovering signaling pathways in fungi sheds light on evolutionary relationships,
as they exhibit both conserved and unique signaling modules (Sun et al., 2022). The study of
signaling pathways in fungi unravels the complexities of cellular communication, illuminating
their adaptation strategies, virulence mechanisms, and responses to environmental cues
(Jacob et al., 2014). Expanding this knowledge holds promise for combating fungal pathogens,
improving agricultural practices, and deepening our understanding of the physiology world of

fungi.

1.2.1. Navigating Stress and Survival: Unraveling the Significance of the High
Osmolarity Glycerol Pathway in Fungal Adaptation

Fungal signaling pathways are intricate networks of molecular interactions within cells that
transmit and process information, enabling cells to respond to various stimuli and coordinate
their activities (Jacob, Buhring and Bersching, 2022). One prominent example of a signaling
pathway is the High Osmolarity Glycerol (HOG) pathway, which plays a crucial role in cellular
response to osmotic stress in fungi (Jacob et al., 2015). The HOG pathway is a signaling
pathway found in eukaryotic organisms, including yeast and fungi (Zhao et al., 2022). It is also
involved in the regulation of biotic interactions and responses to abiotic stresses in plant

pathogenic fungi (Zhang et al., 2021) (Figure 1).
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normal environmental conditions

Q,
J Phosphorelay system
Moxpdip (active)
®

@oSskZB — @onsZD — (MoHog1p

MAPK cascade
(inactive)

i

Figure 1: A schematic overview of the High Osmolarity Glycerol (HOG) signaling pathway in Magnaporthe oryzae.
The two-component hybrid histidine kinases, MoSIn1p and MoHik1p, act as sensors for high osmolarity conditions.
The phosphotransfer protein MoYpdip facilitates the transfer of phosphate to MoSsk1p. Under typical
environmental conditions, the phosphorelay system comprising MoSin1p, MoHik1p, MoYpdip, and MoSsk1p
remains phosphorylated, while the MAPK cascade involving MoSsk2p, MoPbs2p, and MoHog1p remains inactive.
Created with BioRender.com.

The HOG pathway exemplifies the complexity and significance of signaling pathways in cellular
physiology and adaptation, because it integrates multiple environmental signals to regulate
osmoregulation, different stress responses, and survival mechanisms in fungi, highlighting the
intricate network of molecular interactions essential for maintaining cellular homeostasis under
varying conditions. Signaling pathways, including the HOG pathway, serve as cellular
communication systems, transmitting signals from receptors on the cell surface or within the
cell to specific target molecules (de Nadal and Posas, 2022). The pathways involved in cellular
signaling often encompass a series of enzymatic reactions that trigger the activation or
inhibition of crucial molecules such as protein kinases, transcription factors, or effector proteins
(Parundekar and Viswanathan, 2021). This pathway is a mitogen-activated protein kinase
(MAPK) cascade that activates the expression of certain genes, leading to the accumulation
of glycerol under osmotic stress in Saccharomyces cerevisiae (Zhao et al., 2016). The
activation the HOG pathway involves coordinated activity with other pathways, such as the
TOR (Target of Rapamycin) pathway (Li et al., 2024) or the cAMP (Cyclic adenosine
monophosphate) pathway (Yin et al., 2016). While the TOR pathway is involved in the

regulation of cellular growth, proliferation, metabolism, and response to environmental cues
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(So et al., 2019) the cAMP pathway plays a central role by mediating a variety of physiological
processes, including growth, development, and response to environmental stimuli (Sun et al.,
2022).

The HOG pathway is an essential mechanism in fungi like M. oryzae for adapting to osmotic
stress. It consists of a phosphorelay system with a downstream MAPK (mitogen-activated
protein kinase) cascade. Under normal, unstressed conditions, the phosphorelay system is
constitutively phosphorylated, keeping the downstream MAPK cascade inactive or repressed
(Stojanovski et al., 2017; Kennedy et al., 2019) (Figure 1). When the extracellular environment
becomes hypertonic, osmosensors located within the plasma membrane, such as the Sin1
(“synthetic lethal of N-end rule”) histidine kinase in yeast, or the cytosolic MoHik1p (“Histidine
kinase 1) in M. oryzae, detect these changes and initiate the cellular response (Tanaka et al.,
2014) (Figure 2).

high osmolarity
NaCl

N

Sorbitol

|
J Phosphorelay system
(inactive)

P P
MoSsk2p) —» (MonsZpé — (MoHog1p§

MAPK cascade
(active)

® Genexpression
QOV__Gene . RO

Figure 2: A schematic summary of the High Osmolarity Glycerol (HOG) signaling pathway in Magnaporthe oryzae.
Exposure to high osmolarity conditions, such as NaCl or Sorbitol, triggers the dephosphorylation of the signaling
components, resulting in the dephosphorylation of MoSsk1p. Consequently, this leads to the activation of the MAPK
cascade involving MoSsk2p, MoPbs2p, and MoHog1p. remains phosphorylated, while the MAPK cascade involving
MoSsk2p, MoPbsZ2p, and MoHog1p remains inactive. Created with BioRender.com.

Upon detection of osmotic stress, the osmosensors activate a series of phosphorylation events
within the HOG pathway (Jacob, Buhring and Bersching, 2022). In S. cerevisiae and

M. oryzae, the phosphorelay system remains phosphorylated through autophosphorylation of
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the histidine kinase SIin1p. Phosphotransfer occurs via Ypdip (phosphotransfer protein
“tyrosine phosphatase dependent”) to the response regulator Ssk1p (“suppressor of sensor
kinase”). This phosphorylation of Ssk1p prevents the activation of the downstream MAPK
cascade, meaning that Ssk1p's phosphorylation inhibits the activation of Ssk2p (MAPKKK),
Pbs2p (“polymyxin B sensitivity”; MAPKK), and Hog1p (“high osmolarity glycerol response”;
MAPK). Upon osmotic stress (e.g., high salt or sugar concentrations), osmosensors such as
MoSIn1p or MoHik1p (only in M. oryzae) detect the hyperosmotic conditions and activate the
HOG pathway. The osmosensors in M. oryzae, upon detecting stress, autophosphorylate the
sensor kinase domains (e.g., MoSIn1p or MoHik1p). The phosphorylated sensor kinase
transfers the phosphate to the response regulator MoYpd1p, which then transfers it to
Mossk1p. Phosphorylated MosSk1p activates the MAP kinase kinase kinase (MAPKKK)
MoSsk2p. MoSsk2p phosphorylates and activates the MAP kinase kinase (MAPKK) MoPbs2p.
MoPbs2p, in turn, phosphorylates the MAP kinase (MAPK) MoHog1p at specific threonine and
tyrosine residues, crucial for its full activation. Activated MoHog1p translocates to the nucleus,
where it regulates the expression of genes involved in osmotic stress response (Figure 2).
These genes encode proteins that help the cell adapt to high osmolarity conditions, such as
those involved in the production of primary metabolites (Jacob, Bihring and Bersching, 2022).
Disruption in the phosphorelay system, such as the termination of MoSIn1p
autophosphorylation due to extracellular hyperosmotic stress, increases the proportion of
unsphosphorylated Mossk1p. This leads to an interaction between MoSsk1p and MSsk2p,
resulting in the autophosphorylation of MoSPk2p. Subsequently, the MAPKK MoPbs2p and
the MAPK MHog1p are activated through dual phosphorylation by their respective upstream
kinases (Hohmann, 2002).

In comparison to S. cerevisiae, M. oryzae contains at least nine other known histidine kinases
besides MoSIn1p, including the group Ill HK MoHIK1, which is sensitive to fludioxonil and
sugar. In contrast, the genome of S. cerevisiae only contains the Group VI HK Sin1p. The
involvement of MoHik1p in the phosphorelay system and as the target of fludioxonil in
M. oryzae has been demonstrated (Jacob, Bihring and Bersching, 2022). The HOG pathway
is also involved in regulating diverse environmental stress responses, including oxidative
stress, nutrient limitations, high temperatures, and other chemical and mechanical stresses. It
is crucial for the survival of pathogenic fungi in hostile environments (Silva et al., 2020; Jacob,
Buhring and Bersching, 2022).

The translocation of MoHog1p from the cytoplasm to the nucleus upon phosphorylation is a
crucial step in its function and promotes stress-responsive gene expression either directly or
by phosphorylating other transcription factors (Hong and Huh, 2021; Husain et al., 2022).
These include genes encoding osmolyte transporters, enzymes involved in the biosynthesis of

compatible solutes (such as glycerol), and other factors that promote cell survival under high

7



Introduction

osmolarity conditions. The upregulation of these genes helps restore cellular homeostasis and
protect the cell from osmotic stress-induced damage (Alonso-Monge et al., 2020). While
initially discovered in yeast, homologs of the HOG pathway components are found in other
eukaryotes, including filamentous fungi and higher eukaryotes. This suggests its evolutionary
conservation and importance in cellular adaptation to osmotic stress across diverse organisms
(Liu et al., 2021).

1.2.2 The Importance of Metabolism in Fungi

Primary and secondary metabolites in fungi include a wide range of molecules, including amino
acids, nucleotides, lipids, polyketides and carbohydrates. Regulation of the underlying
metabolic pathways in fungi has been observed in response to light, impacting carotenoid
metabolism, polysaccharide and carbohydrate metabolism, fatty acid metabolism, and the
production of secondary metabolites (Tisch and Schmoll, 2010). Primary metabolites are
molecules that are essential for the growth and survival of the organism, while secondary
metabolites are molecules that are produced by the organism but are not essential for growth
or survival (Pott, Osorio and Vallarino, 2019). Additionally, specific metabolic pathways, such
as mannitol metabolism and phenylalanine metabolism, have been studied in the context of
pathogenic fungal-host interactions, highlighting the intricate metabolic responses of fungi
under changing conditions (Upadhyay et al., 2015).

Fungal metabolism plays an important role in ecological and anthropogenic contexts, primarily
through its involvement in decomposition and nutrient cycling. As primary decomposers, fungi
are instrumental in breaking down complex organic materials, facilitating the release and
recycling of nutrients essential for ecosystem sustenance (VofiSkova and Baldrian, 2013). This
metabolic function extends to symbiotic relationships, particularly in the form of mycorrhizal
associations, where fungi enhance nutrient absorption for plants in exchange for
carbohydrates, thus promoting ecological stability and plant health (Treseder et al., 2016).
Additionally, the diverse metabolic pathways of fungi have been exploited in biotechnological
and industrial applications, including the production of antibiotics, alcohols, organic acids, and
enzymes (Zhang et al., 2020). In the food industry, fungi are crucial for the fermentation
processes in bread, beer, and cheese production (Dupont et al., 2017). However, the metabolic
activities of fungi also have detrimental effects, such as the production of mycotoxins, which
pose health risks to humans and animals (Tran-Dinh, 2013). Understanding these metabolic
processes is essential for harnessing their benefits and mitigating their threats, illustrating the

dualistic nature of fungal metabolism in environmental and human contexts.
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1.2.3 Primary Metabolism

Primary metabolism in fungi refers to the essential biochemical processes involved in the
maintenance of cellular functions, such as energy production, biosynthesis of basic building
blocks (e.g., amino acids, nucleotides), and central metabolic pathways (e.g., glycolysis,
tricarboxylic acid cycle (TCA)) (Chroumpi, Makela and de Vries, 2020). These processes are
fundamental for the survival and growth of fungi under normal physiological conditions. In
addition to their basic roles in cellular metabolism, primary metabolites in fungi also play
important roles in a range of ecological and industrial processes (Zhang et al., 2020). Fungi
are used in the production of food and beverages such as bread, beer, and cheese (Dupont et
al., 2017). In these applications, the fungi use primary metabolites such as carbohydrates and
amino acids to produce a range of secondary metabolites such as ethanol and flavor
compounds. The formation of these metabolites typically occurs under nutrient scarcity, i.e.,
during the stationary phase of growth, and is often closely associated with differentiation

processes.

1.2.4 Glycerol Metabolism's Role in Fungal Adaptation

Glycerol not only serves as a compatible solute in order to compensate extracellular osmotic
changes but rather is a versatile compound with significant importance in various biological
processes. It serves as a carbon and energy source, a compatible solute for osmotic
regulation, and as a precursor for the biosynthesis of essential molecules, such as lipids and
phospholipids (Lee et al., 2001; De Vries et al., 2003). In flamentous fungi, glycerol plays a
crucial role in osmotolerance, serving as a major osmolyte and contributing to adaptation to
environmental cues. Research has revealed the essentiality of glycerol in the early stages of
spore germination and its involvement in the transition between different morphological forms,
which is critical for fungal pathogenicity and environmental adaptation (Duskova et al., 2015).
Why is glycerol significant for cellular metabolism in the filamentous fungi M. oryzae?:

(I) Glycerolipid synthesis: Glycerol serves as a backbone for the synthesis of glycerolipids,
which are crucial components of cellular membranes. Glycerol-3-phosphate can be esterified
with fatty acids to form triglycerides, which are storage lipids involved in energy storage and
insulation. Additionally, glycerolipids such as phospholipids are vital constituents of cell
membranes, playing a role in maintaining membrane structure and integrity (Yao et al., 2014).
(I) Energy production: Glucogenesis is particularly relevant during periods of nutrient
deprivation or when alternative energy sources are required (Zhang et al., 2018). Glycerol can

be converted to glucose through the process of glyceroneogenesis, providing an alternative
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source of glucose for energy production and maintaining glucose homeostasis. This is
especially important during periods when glucose availability is limited (Shi et al., 2018).

(111 Osmoregulation and cellular homeostasis: Glycerol plays a role in osmoregulation, helping
to maintain cellular water balance. Eukaryotic organisms, especially those living in
environments with fluctuating osmotic conditions, may accumulate glycerol as an osmolyte
Glycerol acts as a compatible solute, helping to balance water movement and prevent cellular

dehydration or swelling (Bohnert et al., 2019).

Overall, glycerol is crucial for eukaryotic organisms due to its involvement in energy
metabolism, membrane synthesis, osmoregulation and glucose homeostasis. Its versatile
properties make it an essential molecule for cellular function and adaptation to various
physiological conditions (Klein et al., 2017). With the focus on the HOG pathway in M. oryzae
is glycerol being produced as a compatible solute in order to compensate the osmotic
imbalance between extracellular osmotic changes and cellular homeostasis (Jacob et al.,
2015). Eukaryotes have evolved different pathways to process glycerol, depending on the
specific cellular needs and metabolic conditions:

(I) Glycerol uptake: Eukaryotic cells can acquire glycerol from the environment through various
transporters located on the plasma membrane, like Glycerol/H* Symporter MoStl1p (Luyten et
al., 1995). Glycerol can also be generated internally through the breakdown of triglycerides or
the glycerolipid component of membranes (Thines, Weber and Talbot, 2000).

(I Conversion to glycerol-3-phosphate (G3P): Once inside the cell, glycerol is typically
converted to glycerol-3-phosphate (G3P) by the action of glycerol kinase. G3P serves as an
important intermediate in multiple metabolic pathways (Bailoni and Poolman, 2022).

(1) Glycerol-3-phosphate dehydrogenase (GPDH) pathway: In this pathway, G3P is oxidized
to dihydroxyacetone phosphate (DHAP) by the enzyme glycerol-3-phosphate dehydrogenase.
DHAP can enter the glycolytic pathway to produce ATP or be used in other biosynthetic
processes (Klein et al., 2017).

(IV) Glycerol-3-phosphate shuttle: G3P can also be utilized in the mitochondria through the
glycerol-3-phosphate shuttle. In this shuttle, G3P is converted to DHAP by cytoplasmic GPDH.
DHAP can then cross the mitochondrial membrane and be reconverted to G3P by
mitochondrial GPDH. This G3P can enter the glycolytic pathway or contribute to the production
of ATP through oxidative phosphorylation (Shi et al., 2018).

(V) Glyceroneogenesis: Glyceroneogenesis is a pathway that allows the synthesis of glycerol
from non-carbohydrate precursors such as pyruvate, lactate, or amino acids. It involves the
conversion of these substrates to G3P through a series of enzymatic reactions (Xue, Chen
and Jiang, 2017).

10
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(V1) Glycerol utilization: Glycerol can also be utilized as a carbon source for energy production.
It can be converted to DHAP through the action of glycerol dehydrogenase, and subsequently
enter the glycolytic pathway to generate ATP (Chen and Liu, 2016).

(V1) Glycerolipid synthesis: Glycerol can be utilized for the synthesis of glycerolipids, such as
triglycerides and phospholipids, which are essential components of cellular membranes and
energy storage molecules. Glycerol-3-phosphate acyltransferase enzymes catalyze the
esterification of G3P with fatty acids to produce glycerolipids (Gao et al., 2013).

Overall, glycerol metabolism in eukaryotic organisms involves the uptake, conversion, and
utilization of glycerol for energy production and the synthesis of important biomolecules (Foster
et al., 2017). Glycerol, recognized for the function in osmotic regulation and cellular resilience,
has a multifaceted role as a precursor and active participant in various primary metabolic
pathways. Glycerol is involved in central carbon metabolites and helps to the synthesis of
fundamental molecules essential for the fungi’s growth and survival like the primary

metabolism.

1.3 Rapid adaptation — The current knowledge in Magnaporthe oryzae

Evolution is generally perceived as an incredibly slow process occurring over thousands of
years. However, recent research in evolutionary dynamics has shed light on rapid evolutionary
adaptations in microorganisms, revealing that these processes can occur much faster than
previously thought (Selmecki et al., 2015). Despite this, the molecular mechanisms driving
these rapid adaptations are not well understood, as they often involve rare, unpredictable
spontaneous mutations. Understanding these mechanisms is crucial not only for academic
purposes but also for addressing global challenges such as ecosystem changes, climate
change, the emergence of pathogens, the spread of invasive species, and the development of
(multi-)resistance to vaccines and drugs (Gladieux et al., 2018). Advantageous genetic
changes that evolve and persist through natural selection are referred to as "adaptive walks."
A notable example is the development of multidrug resistance in microbial organisms. For
pathogenic microbes, the ability to rapidly evolve is essential for survival (Naranjo-Ortiz and
Gabaldén, 2020). Rapid adaptation can occur within a few generations, making it possible to
observe genetic evolution, population dynamics, and competitive interactions in real time. Most
research has focused on bacterial systems (Good et al., 2017), but similar principles apply to

other microorganisms.

Adaptive Laboratory Evolution (ALE) is a powerful methodology within evolutionary biology

that allows researchers to observe and manipulate the evolutionary trajectories of
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microorganisms under controlled laboratory conditions. By subjecting microbial populations to
specific environmental stresses or selective pressures over multiple generations, ALE
facilitates the rapid accumulation of beneficial mutations and the emergence of adaptive traits.
This approach provides real-time insights into evolutionary dynamics, revealing the genetic
and physiological mechanisms driving adaptation. ALE has practical applications in
biotechnology, medicine, and environmental science (Nam, Conrad and Lewis, 2011)

In the rice blast pathogen M. oryzae traditional evolutionary mechanisms have been
documented through high nucleotide variation, high substitution rates, and frequent
polymorphisms (Huang et al, 2014). Pathogenic organisms like M. oryzae have to
continuously adapt to changing environmental stimuli and dynamic host-pathogen interactions
(Naranjo-Ortiz and Gabaldén, 2020). Besides long-term adaptations mediated by genomic or
epigenetic changes, the facultative pathogenic lifestyle of these fungi requires rapid adaptive
responses for swift regulation of cellular processes. This rapid adaptation is facilitated by
posttranslational modifications (PTMs), which allow dynamic alterations in protein structure
and protein-protein interactions, being both highly flexible and partially reversible (Wang et al.,
2022).

Evolutionary adaptation in microorganisms is often driven by genomic instability following
whole-genome duplication and the activity of transposable elements, both of which restructure
the genome and contribute to species diversification (Fouché et al., 2020). These processes
are believed to play a role in the emergence of disease resistance genes in plants, while the
evolution of avirulence genes (Avr genes) in plant-pathogen interactions remains less studied
(Figueroa, Dodds and Henningsen, 2020). The HOG pathway in M. oryzae exemplifies the
complexity and importance of signal transduction pathways in cellular adaptation. This
pathway controls the adaptation to increased osmolarity in the environment. The HOG pathway
in M. oryzae has proven to be a valuable model for fundamental research on physiological
functions and agricultural fungicides' modes of action (Bersching and Jacob, 2021). Loss of
function (lof) mutants of the HOG pathway have been used to characterize individual functional
elements (Jacob, Schiffler and Thines, 2016). These lof mutants are not only osmosensitive
but also fail to produce important osmoprotectants such as arabitol. In 2019, Bohnert et al.
cultivated these osmosensitive lof mutants under continuous osmotic stress and observed the
emergence of stable individuals from each mutant. Interestingly, these rapidly evolved
suppressor strains were able to cope with osmotic stress by producing glycerol instead of
arabitol (Bohnert et al., 2019; Jacob and Bersching, 2021). These suppressor strains,
classified as either reversible or irreversible based on their ability to respond to stress,
exhibited a notable intracellular adaptation. One main difference is that the irreversible
suppressor mutants are able to survive under osmotic stress (notably like the wildtype), the

reversible mutants are unable to cope with osmotic stress (notably like the original lof mutants).
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The adaptation experiment has been replicated over 100 times with consistent results.
Remarkably, this phenomenon has only been observed in inactivation mutants related to the
HOG pathway (AMohik1, AMoypd1, AMossk1, AMossk2, AMopbs2, and AMohog1), and not in
other osmosensitive mutants. The only exception is that the adaptation process has not been

successful with the two-component hybrid histidine kinase MoSIn1p.

1.4 Scope of the dissertation

This dissertation investigates the molecular and genetic mechanisms driving adaptive
evolution in the rice blast pathogen M. oryzae using directed adaptive laboratory evolution
(DALE). The study focuses on understanding the adaptation processes in suppressor strains
that emerge from the HOG pathway inactivation mutants (AMohik1, AMoypd1, AMossk1,
AMossk2, AMopbs2, and AMohog1) under osmotic stress. These suppressor strains exhibit a
metabolic shift, producing glycerol as a primary metabolite in response to osmotic stress,
contrasting with the wildtype's production of arabitol and are so called adapted or suppressor

strains (reversible and irreversible).

A key element of this research is the development and validation of a protocol for the
generation of suppressor mutants by DALE, which facilitates the study of adaptive evolution in
a controlled environment. Through detailed characterization of these suppressor mutants, the
study identifies and analyzes the genetic and metabolic pathways implicated in this metabolic
shift, particularly focusing on genes involved in glycerol metabolism as determined by

transcriptome analyses.

Further investigations include creating and analyzing double mutant strains. The suppressor
mutants that lack specific glycerol metabolism-related genes to distinguish the contributions of
these genes from alternative drivers of adaptation. Additionally, the reintegration of HOG
pathway genes into suppressor strains is explored to evaluate the stability of the suppressor

phenotype and its primary metabolite production in response to osmotic stress.

The study integrates transcriptomic, proteomic, and phosphoproteomic analyses to provide a
comprehensive framework for understanding rapid adaptation mechanisms in M. oryzae. The
findings contribute to the broader understanding of microbial adaptation, with potential
applications in managing pathogenic evolution and addressing microbial responses to

environmental stressors.
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2. Controllable Bypass Suppression in Magnaporthe oryzae

Jacob, S. and Bersching, K. (2021) ‘Controllable Bypass Suppression in Magnaporthe oryzae’,
in S. Jacob (ed.) Magnaporthe oryzae: Methods and Protocols. New York, NY: Springer US
(Methods in Molecular Biology), pp. 225-231. Available at: https://doi.org/10.1007/978-1-
0716-1613-0_18.

Full text article:
https://link.springer.com/protocol/10.1007/978-1-0716-1613-0 18

To investigate the empirical work and validate the adaptation mechanism in
Magnaporthe oryzae, a stable assay was implemented early in this study. A key aspect of this
research is the development and validation of a protocol for generating suppressor mutants
through Directed Adaptive Laboratory Evolution (DALE), enabling the study of adaptive
evolution in a controlled environment. Evolutionary adaptation is conventionally seen as a slow
process over extended periods, yet this study shows that M. oryzae can rapidly adapt its
osmoregulatory function under salt stress. Given the reproducibility of this rapid adaptation,
establishing a validated, standardized assay is essential, as a well-designed, reliable method
allows researchers to consistently generate and analyze suppressor strains, ensuring robust

and reproducible results.
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Abstract

Evolutionary adaptation of living organisms is commonly thought to be the result of processes that have
taken place over long periods of time. By contrast, we found that the filamentous rice blast fungus
Magnaporthe oryzae rapidly suppresses the osmosensitive “loss of function” (lof) phenotype in knockout
mutants of the high-osmolarity glycerol (HOG) pathway. That suppression occurs highly reproducibly after
4 weceks of continuous growth upon salt stress. Stable mutants reestablished in osmoregulation arise
independently out of individual osmosensitive lof mutants of the HOG pathway. The major compatible
solute produced upon salt stress by these suppressor strains was found to be glycerol, whereas it is arabitol in
the wildtype strain. We aim to address the molecular or biochemical mechanisms behind this rapid
suppression and characterize the associated factors and signaling pathways which enable or prevent
suppression. Therefore, we present a protocol to generate these suppressor mutants in M. oryzae easily to
study the molecular basis of evolutionary processes or even epigenetic modulation. This protocol may be
applicable to many other fungi and will open a door for researchers worldwide since the HOG pathway is
worked on intensively in many different model organisms.

Key words High-osmolarity glycerol (HOG) pathway, Adaptation, Bypass suppressor, Osmolyte
production, Glycerol, Arabitol, Magnaporthe oryzae, Suppressor mutation, Rewiring, Polyol
metabolism

1 Introduction

Genetic suppression is a term describing mutations which restore
the original phenotype seen prior to the original background muta-
tion. Historically, suppressors have proven to be extremely valuable
since the early 1970s for determining the relationship between two
gene products in vivo, even in the absence of cloning or sequence
information [1-5]. Suppressor mutations are useful for identifying
new genetic sites which affect a biological process of interest. They
also provide evidence between functionally interacting molecules
and intersecting biological pathways [2]. On one hand, mutations
that restore a wildtype phenotype despite the continued presence of
the original mutation are termed suppressors. On the other hand,
modifiers that result in a more severe phenotype are termed

Stefan Jacob (ed.), Magnaporthe oryzae: Methods and Protocols, Methods in Molecular Biology, vol. 2356,
https://doi.org/10.1007/978-1-0716-1613-0_18, © Springer Science+Business Media, LLC, part of Springer Nature 2021
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enhancers. The term suppressor was first introduced into Magna-
porthe research by the identification of one of the most prominent
bypass suppressors, the Macl phenotype (sum), involved in cAMP
signaling [6]. The diversity of possible suppressor mechanisms can
present a challenge in defining the relationship between a suppres-
sor and the original gene. The simplest suppression mechanism is
intragenic suppression, where a phenotype caused by a primary
mutation is complemented by a second mutation in the same
gene. Informational suppressors alter the passage of information
from DNA to protein, in apparent violation of the genetic code.
Furthermore, the class of amount suppressors consists of mutations
that increase the amount of the original protein. Another mecha-
nism for increasing the overall activity of a defective protein is to
increase its specific activity. The respective mutations are called
activity suppressors. A mutation that alters one step of the multistep
pathway can often be suppressed by mutations in genes that affect
other steps within that same pathway. This class of suppressors is
often extremely informative, because in addition to identifying
other components of the pathway of interest, the suppressors can
also reorder the pathway [7]. A mutation that inactivates one
pathway can often be suppressed by altering a second pathway.
This bypass suppressor might aftect the regulation of a pathway that
has a related or overlapping function, or the suppressor could alter
the specificity of a functionally unrelated pathway. The use of
innovative suppressor hunts is important for deciphering biological
pathways now and in the future. However, given the importance
and the various possibilities of different types of suppression,
knowledge of the molecular mechanisms behind and the molecular
basis of what exactly facilitates, respectively, constrains suppressions
are not well-documented to date. Therefore, a better understand-
ing of the molecular mechanisms behind suppressors is required.
We describe a method in this protocol which explains how to
generate suppressor mutants arising from “loss of function” (lof)
mutants of the high-osmolarity glycerol (HOG) signaling pathway
in M. oryzae. Inactivation of the components of the HOG pathway
results in mutant strains, which are viable but impaired in osmoreg-
ulation [8]. After 4 weeks of cultivation upon high osmolarity,
stable individuals with reestablished osmoregulation capacity arise
independently from each of the lof mutants [9]. This phenomenon
is highly reproducible and occurs only in osmosensitive lof mutants
related to the HOG pathway and not in other osmosensitive Mayg-
naporthe mutants. The major compatible solute produced by these
suppressor strains to cope with high osmolarity is glycerol, whereas
it is arabitol in the wildtype strain. Scientists will be able to follow
up the question of how cukaryotic signaling pathways evolve to
adapt toward changing environmental situations with the following
protocol. This is one of the challenging questions in biology.
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Adaptive evolution is a central biological process that underlies
diverse phenomena, from the acquisition of antibiotic resistance
to the evolution of niche specialization.

2 Materials

2.1 Generation 1. Fungal lof mutant strains of the HOG pathway (e.g., Magna-
of Suppressor Mutants porthe oryzae AMoypdl, AMosskl, AMossk2, AMopbs2, or
(Suppressor Assay) AMohogl) (see Note 1).

2. Petri dishes.

3. Complete medium (CM). To make 1 L, mix 10 g glucose, 1 g
yeast extract, 2 g peptone, 1 g casamino acids, 50 mL nitrate
salt solution (containing per liter HO: 120 g NaNO3, 10.4 g
KCl, 30.4 g KH,POy, 10.4 g MgSO,7H,0), and 1 mL of a
trace element solution (containing per liter HyO: 22 g
ZHSO4'7H20, 11 g HgBOg, 5 g MHC12‘4:H20, 5 g FeS-
O4'7H20, 1.7 g COC12'6H20, 1.6 g CUSO4‘5H20, 1.5 g
Na,MoO42H,0, 50 g Na,EDTA, pH 6.5 adjusted by
1 M KOH).

4. Osmotic stress medium. Mix the CM with stress-inducing
agents, for example, KCI, NaCl, or sorbitol (sec Note 3).

5. Osmotic stress stock solutions. Exemplarily, solve 2.5 M KCl in
H,O.

6. Autoclave.
7. Growth chamber or incubator with light.

All chemicals used were p.a. quality unless otherwise stated. All
preparations should be carried out with deionized water (H,O).

2.2 Verification 1. DNeasy® Plant Mini Kit (Qiagen).
of the Suppressor 2. Individual restriction enzymes (depends on which gene knock-
Strains out is to be validated).

3. Reagents and equipment for standard Southern analysis.

4. Further HPAEC-PAD analysis is recommended for a reliable
and comprehensive testing of the suppressor strains generated

(see Chapter 4). Consequently, reagents and equipment for
HPAEC-PAD analysis are needed.

3 Methods

3.1 Generation 1. Use the lof mutant strains with an inactivated HOG pathway

of Suppressor Mutants (e.g., AMoypdl, AMossk1, A Mossk2, AMopbs2, and A Mohogl).

(Suppressor Assay) 2. Begin growing each fungus from the filter stocks (se¢ Note 2)
and incubate them about 8-10 days at 26 °C on solid CM,
light/dark 16/8 h (in petri dishes).
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Fig. 1 Example of Magnaporthe oryzae “loss of function” (lof) strain AMohog1
and AMohog1(suppressor) after 5 weeks of cultivation upon 1 M KCl salt stress.
The lof strain AMohog1 (dark brown) was grown on CM including 1 M KCI at
26 °C with light/dark 16/8 h. The AMohog1 mutant was found to be highly
sensitive toward 1 M KCI, whereas the outgrowing A Mohog1(suppressor) strain
(bright) was able to grow much faster

3.

4.

Transfer a small plug from each plate to new CM plates and
incubate for 8-10 days before starting the suppressor assay.

Transfer a small plug from a plate that is growing in the incu-
bator onto osmotic stress medium (e.g., solid CM including
1 M KCl) (see Note 3).

. Cultivate the fungal cultures at 26 °C with a light/dark rhythm

of 16/8 h.

. After about 4 weeks, small mycelium filaments begin to grow

out of the original cultures (Fig. 1; se¢ Note 4). These myce-
lium filaments grow much faster as compared with its “parent”
lof strain.

. Transfer a small plug from the rapidly growing “adapted”

suppressor mutant from the 1 M KCI salt stress medium to
normal CM (unstressed conditions). Cultivate the cultures for
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3—4 weeks under stress-free conditions at 26 °C with light/
dark 16/8 h, transferring the cultures every 8-10 days onto
freshly prepared CM.

. Then, transfer the suppressor strains back to the repeated salt

stress (e.g., CM + 1 M KCl) and incubate them further at 26 °C
with light/dark 16/8 h.

After a few days, the suppressor strains will be found to grow as
fast as those taken directly from stress conditions. The pheno-
type appears to be stable and memorized (sec Note 5).

Finally, before using the suppressor strains in other assays, take
a single spore of the suppressor culture and propagate it to
obtain a “pure strain” of one individually suppressed strain.

Please check two highly relevant parameters initially in the suppres-
sor strains to avoid any possibility of contaminations or confusions
about mixed cultures. Firstly, determine whether the genes origi-
nally inactivated in the “parent” lof mutants are still inactivated, for
example, by means of standard Southern analysis. Additionally,
point out whether the suppressor strains produce glycerol instead
of arabitol as an osmotic stress response (for detailed procedure, see
Chapter 4).

An example of the results of carbohydrate analytics for verifica-

tion of suppressor strains of M. o7yzae is shown in Fig. 2.

1.

Impose hyperosmotic shock by adding osmotic stress stock
solutions to the fungal strains, so that the final concentration
in the culture broth is 0.5 M KCI.

. Determine the intracellular levels of the major osmolytes (e.g.,

arabitol and glycerol) after 7 h (see Note 6).

4 Notes

. It is important to know that it has not been possible for us to

isolate suppressor strains from HOG pathway-independent
osmosensitive Magnaporthe mutant strains, i.e., A Mostn I (tran-
scription factor in cAMP/PKA signaling pathway), A Mogpdl
(glycerol-3-phosphate dehydrogenase), or A Moskn7 (response
regulator protein), to date.

Furthermore, long-term cultivation upon salt stress or
other osmotic stress agents do not lead to a “better” osmoreg-
ulation or osmotolerance in Magnaporthe wildtype strains.

. Fungal stocks are obtained from filter paper disks containing

fungal mycelia. Stocks must be dehydrated in a desiccator for at
least 2 weeks and stored in dry sterile tubes at —20 °C. The
reason is that M. oryzae produces spontaneous mutations after a
lot of subcultures. Therefore, the process of subculturing of
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Fig. 2 Carbohydrate production in the Magnaporthe oryzae wildtype strain (WT 70-15), the lof mutants, and the
corresponding “suppressor” strains after 0.5 M KCI treatment. Compatible solute accumulation of glycerol
(in dark gray) and arabitol (in light gray) was determined in mycelium after salt stress for 7 h. Carbohydrates
were extracted and quantified by HPAEC-PAD analysis. Error bars represent the standard deviation of three
biological replicates of each strain

this fungus should be avoided. Put the filter paper onto a CM
agar plate and incubate at 26 °C with light/dark 16/8 h when
using the fungal culture from stock.

. The most effective concentration to obtain suppressor mutants
should be determined previously in growth assays for each
fungal species. Find the concentration in which fungal growth
of the lof mutants with an inactivated HOG pathway is strongly
restricted, whereas the wildtype strain should be affected but
able to grow much better compared to the mutants.

. The period of the suppressor event could vary between 4 and
12 weeks, whereby most of the events take place after 4-6
weeks. Do not transfer the cultures to freshly prepared stress
medium several times; you have to leave them on the same plate
for the whole time.

. There will be some suppressor candidate strains which cannot
cope with the osmotic stress. These strains should be discarded
because the suppression is unstable.
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6. Arabitol is the major intracellular compatible solute produced
by the wildtype strain after osmotic shock. By contrast, the lof
mutants AMobogl, AMopbs2, AMossk2, AMossk1, and AMoypdl
could not produce either arabitol or glycerol in significant
amounts. Interestingly, it was found that all suppressor strains
AMohogl (suppressor), AMopbs2 (suppressor), AMossk2(suppres-
sor), AMossk1 (suppressor), and AMoypd 1 (suppressor) responded
to hyperosmotic stress by accumulating high amounts of glyc-
erol rather than arabitol.
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In collaboration with Prof. Dr. Tenzer from Institute for Immunology at the University Medical
Center of the Johannes Gutenberg University in Mainz, we established a robust method for
phospho-peptide quantification. Protein phosphorylation, a reversible process central to major
cellular signaling networks, is increasingly analyzed through quantitative phospho-
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peptidomics, evolving from a specialized technique to a powerful platform for comprehensive
profiling. We applied data-independent acquisition (DIA) using Magnaporthe oryzae as a
model, achieving a dramatic increase in data completeness while maintaining phosphosite and
sequence confidence. Our method shortens LC-MS/MS analysis time from 3 hours to 1 hour
and identifies up to 10 times more phosphosites than previously reported studies on M. oryzae,
offering an enhanced methodology and valuable resource for studying signaling in filamentous

fungi.
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Abstract: The dynamic interplay of signaling networks in most major cellular processes is character-
ized by the orchestration of reversible protein phosphorylation. Consequently, analytic methods such
as quantitative phospho-peptidomics have been pushed forward from a highly specialized edge-
technique to a powerful and versatile platform for comprehensively analyzing the phosphorylation
profile of living organisms. Despite enormous progress in instrumentation and bioinformatics, a
high number of missing values caused by the experimental procedure remains a major problem, due
to either a random phospho-peptide enrichment selectivity or borderline signal intensities, which
both cause the exclusion for fragmentation using the commonly applied data dependent acquisition
(DDA) mode. Consequently, an incomplete dataset reduces confidence in the subsequent statistical
bioinformatic processing. Here, we successfully applied data independent acquisition (DIA) by using
the filamentous fungus Magnaporthe oryzae as a model organism, and could prove that while main-
taining data quality (such as phosphosite and peptide sequence confidence), the data completeness
increases dramatically. Since the method presented here reduces the LC-MS/MS analysis from 3 h
to 1 h and increases the number of phosphosites identified up to 10-fold in contrast to published
studies in Magnaporthe oryzae, we provide a refined methodology and a sophisticated resource for
investigation of signaling processes in filamentous fungi.

Keywords: proteomics; LC-MS/MS; phospho-peptide enrichment; bioinformatics; cellular signaling;
Magnaporthe oryzae; phosphorylation; DDA; DIA; phospho-peptidomics

1. Introduction

The phosphorylation of proteins is among the most prominent and significant post-
translational modifications [1]. Protein kinases make this reversible modification possible
by the addition of a phosphate group (POy) to the polar residual of amino acids. As a
consequence, this addition modifies the protein from an apolar (hydrophobic) to a more
polar (hydrophilic) state. The subsequent conformational changes enable interactions
with other molecules [2]. The biochemical nature of phosphorylated amino acids facilitate
interaction with other proteins, which enables, e.g., the assembly of proteins or protein
complexes. The fundamental challenge in the research of signal transduction pathways
is the highly dynamic nature of reversible phosphorylation of the involved signaling
proteins [3,4]. Apart from the static information of whether a peptide, peptide fragment or
a certain amino acid residue is phosphorylated or not (“on” or “off”), it is of the utmost
interest to understand the dynamic alteration of quantitative changes in phosphorylation
levels over time associated with a given stimulus or cellular process [5].
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In the last decade, liquid chromatography-tandem mass spectrometry (LC-MS/MS)
and variations thereof were the method of choice to quantify thousands of proteins across
multiple biological samples with high throughput, robustness and sensitivity [6]. An un-
solved problem in quantitative phospho-peptidomics by mass spectrometry is still the low
abundance of phosphorylated proteins as compared to the complete proteome and to the
complement of a given protein, from which naturally only a small portion is phosphory-
lated in a particular way [7-9]. The drive to solve this problem and constantly improve the
precision of protein measurements pushes MS-techniques and the related methods forward,
following the overarching goal of proteomics to comprehensively identify and quantify all
proteins and protein modifications in a biological system [10]. For example, the enrichment
of phospho-peptides is absolutely necessary, including immunoprecipitation (IP), metal
oxide/immobilized ion affinity chromatography (MOAC/IMAC), fractionation strategies
such as high-pH reversed-phase chromatography (HpH RP), strong cation exchange (SCX),
or electrostatic repulsion hydrophilic interaction liquid chromatography (ERLIC) [11].

One of the major bottlenecks to obtaining a comprehensive and precise analysis
nowadays is not the accuracy of the instruments and measurements used but rather
important processes such as data acquisition and data processing [12]. Most of the MS-based
proteomic workflows use the “data-dependent acquisition” (DDA) strategy [13-16], often
in combination with “dynamic exclusion” (DE), which rules out a selection of fragmented
peptides within a specific time window [17]. In DDA, precursor ions are stochastically
selected on the basis of their signal intensity and subsequently fragmented, separated and
finally detected by a mass analyzer such as a “time-of-flight” (TOF) or an Orbitrap [18]. In
more detail, the top N most intensive 11/z ions are identified from the MS1 scan (precursor
spectrum, in proteomics typically precursors are peptides) by the operating software of the
mass spectrometer and sequentially selected with a very narrow window (e.g., =0.5 Dalton)
by the quadrupole for fragmentation, so their MS2 spectra (fragment spectra) can be
collected. The resulting fragment m/z values vary by the corresponding masses for amino
acids according to their sequence. This way, the processing software (or the analyzing
scientist) can compare the obtained amino acid sequence with the measured m/z of the
intact peptide. Depending on the amount of amino acid sequence evidence and the
congruence between theoretical and measured precursor 11/z, a score for the probability of
a correct identification is calculated [19]. The selected number N of most intense ions is
typically between 10 and 25 and can be chosen depending on the instrument speed and
on the analytical need. When short LC gradients and highly complex MS1 spectra are
present, a high N is needed for deep peptide coverage. On the other hand, a high N costs
measurement time and MS1 quantification accuracy. In general, the DDA strategy decides,
depending on the MS1 information, which precursors are selected for fragmentation. It
provides clean and high-quality spectra that can also be used for de novo sequencing
with certain prerequisites. In addition to that, the data processing is not computationally
intensive and implements easy and straight forward algorithms that are accessible to a
broad community.

In contrast, to alleviate the limitations associated with DDA and DE, strategies on
unbiased “data-independent acquisition” (DIA) are available in which every peptide within
a specific time window is fragmented [20]. That means that, in data independent acqui-
sition strategy, no preselection is performed. The fragmentation is independent of any
MS1 information. Instead of choosing a very narrow window for selecting the precur-
sors for fragmentation, a wide window of precursor 1/z are allowed to pass through
the quadrupole [21]. This way, multiple precursors co-fragment and create chimeric MS2
spectra, where the assignment of the precursor and their corresponding fragments is not
easily possible. More complex bioinformatic algorithms have to be applied to elucidate
the amino acid evidence for each precursor [22]. This also includes the use of spectral
libraries, which are either labor intensive or computationally intensive to create. Recent de-
velopments in the proteomics community show improvements in algorithms and software
to be able to process DIA generated raw data in a comprehensive and user-friendly way.
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The accessibility of high performing computer systems has paved the way for increasing
use of DIA [23]. The major advantage of DIA is a robust and accurate quantification as
well as the decrease of missing values, due to the fact that no selection of precursors is
performed. Instead, borderline signal intensities are also fragmented and have the chance
to be identified and quantified.

Prior to this study, it was generally assumed that DIA can quantify the same number of
proteins as typically identified by DDA methods, but with better accuracy and reproducibil-
ity across many samples [24]. In DDA, one major problem was the high number of missing
values caused by the experimental procedure due to either a random phospho-peptide
enrichment selectivity or borderline signal intensities, which both cause the exclusion
for fragmentation. From this follows an incomplete dataset reducing confidence in the
subsequent statistical bioinformatic processing.

Here, we successfully developed a method including DIA for data acquisition by using
the filamentous fungus Magnaporthe oryzae as model organism. Application of this method
resulted in an absolutely reliable dataset of M. oryzae under osmotic stress with high data
quality (such as phosphosite and peptide sequence confidence), while at the same time
data completeness increases dramatically. We are convinced that this is an excellent basis
for further research on the dynamic processes of phosphorylation in signaling networks in
a high quality as never seen before.

2. Materials and Methods
2.1. Sample Preparation
2.1.1. Cultivation of Magnaporthe Oryzae

The fungal strain used in this study was Magnaporthe oryzae (M. oryzae 70-15 strain
(MoWT), Fungal Genetics Stock Center). The strain was maintained at 26 °C on complete
medium (CM) according to [25]. For protein isolation, the M. oryzae cultures were grown in
250 mL liquid CM in 500-mL glass flasks for 96 h at 26 °C and 120 rpm. Samples were then
taken and the mycelium was immediately separated from the culture fluid and ground into
powder with the TissueLyserlI (Qiagen) according to the user manual. In order to generate
a resource for research on osmotic stress in M. oryzae, the samples were stressed by the
addition of KCL to a final concentration of 0.5 M, and samples were taken at 0 min (as
control sample), 10 min, 60 min, 240 min and 24 h. All samples were generated in biological
quadruplicates, making in total 20 samples. In addition to that, three mutated variants with
loss of function of MoHOG], a central osmostress MAPK signaling protein, were included
in this research. Details about mutant types and preparation are provided in [26].

2.1.2. Cell Lysis and Protein Digest

If not stated otherwise, all reagents were used in LC-MS/MS grade from common
vendors. The sample preparation for all Magnaporthe oryzae samples has been performed
as described in [11]. In short, a sample aliquot of Iyophilized and grinded mycelium
was suspended in boiling SDS/DTT lysis buffer with following treatment of ultrasound.
Proteins were precipitated by chloroform/methanol precipitation and resolubilized in urea
containing buffer. DNA /RNA removal by benzonase and tryptic digest was performed
overnight, followed by desalting and lyophilization. An aliquot of lyophilized peptides
was used for proteome analysis, and 1000 p1g was subjected to phospho-peptide enrichment
by TiO; spin tips.

2.1.3. Phospho-Peptide Enrichment

Phospho-peptide enrichment of M. oryzae samples was performed as described in [11].

2.2. Peptide Identification
2.2.1. LC-MS/MS of M. oryzae Samples for Resource

A total of 3 uL of the reconstituted phospho-peptides were separated on an Ultimate
3000 nanoUPLC (Thermo Scientific, Waltham, MA, USA) with 300 nL/min by a reversed
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phase C18 column (HSS-T3 C18 1.8 pm, 75 pm x 250 mm, Waters Corporation, Milford,
MA, USA) at 55 °C using a 45 min linear gradient from 95% Eluent A (0.1% TFA, 3%
DMSO in water) to 35% Eluent B (0.1% TFA, 3% DMSO in ACN) with additional 15 min of
equilibration (60 min LC runtime total) followed by ionization in positive mode using a
Nanospray Flex electrospray ionization source (Thermo Scientific). Mass-to-charge analysis
of the eluting peptides was performed using an Orbitrap Exploris 480 (Thermo Scientific)
in data independent acquisition (DIA) mode. MS1 scans were acquired with a resolution
of 120,000 at 200 11/z in a range of 345-1250 m/z. The RF lens was set to 40% and AGC
target to 300% (i.e., corresponding to 3 x 10° charges). DIA MS2 scans were acquired with a
resolution of 30,000 at 200 112/z with a variable window scheme (as shown in supplementary
Table S1). The normalized collision energy was set to 27%, RF lens to 40% and AGC target
to 1000% (i.e., corresponding to 10 x 10° charges).

2.2.2. LC-MS/MS of M. oryzae DIA Samples for Comparison

A total of 2 pL of the reconstituted phosphor-peptides were separated on a nanoElute
LC system (Bruker Corporation, Billerica, MA, USA) at 400 nL/min using a reversed phase
C18 column (Aurora UHPLC emitter column, 25 cm X 75 pm 1.6 um, IonOpticks) which
was heated to 50 °C. Peptides were loaded onto the column in direct injection mode at
600 bar. Mobile phase A was 0.1% FA (v/v) in water and mobile phase B 0.1% FA (v/v) in
can. Peptides were separated, running a linear gradient from 2% to 37% mobile phase B over
45 min. Afterwards, the column was rinsed for 5 min at 95% B followed by equilibration.
Eluting peptides were analyzed in positive mode ESI-MS using parallel accumulation serial
fragmentation (PASEF) enhanced data-independent acquisition mode (DIA) on a timsTOF
Pro 2 mass spectrometer (Bruker Corporation). The dual TIMS (trapped ion mobility
spectrometer) was operated at a fixed duty cycle close to 100% using equal accumulation
and ramp times of 100 ms each, spanning a mobility range from 1/Kg = 0.6 Vscm ™2 to
1.6 Vscm 2. We defined 36 x 25 Th isolation windows from 1:/z 300 to 1165, resulting in
fifteen diaPASEF scans per acquisition cycle. The collision energy was ramped linearly as a
function of the mobility from 59eV at 1/Kp = 1.3 Vscm ™2 to 20eV at 1/Ky = 0.85 Vscm 2,

2.2.3. LC-MS/MS of M. oryzae DDA Samples for Comparison

A total of 2 uL of the reconstituted phospho-peptides were separated on an Ultimate
3000 nanoUPLC (Thermo Scientific) with 300 nL/min by a reversed phase C18 column
(HSS-T3 C18 1.8 um, 75 pum x 250 mm, Waters Corporation) at 55 °C using a 45 min linear
gradient from 95% Eluent A (0.1% TFA /3% DMSO/Water) to 35% Eluent B (0.1% TFA /3%
DMSO/ACN), followed by ionization using a Nanospray Flex electrospray ionization
source (Thermo Scientific). All samples were measured in triplicates. Mass-to-charge
analysis of the eluting peptides was performed using an Orbitrap Exploris 480 (Thermo
Scientific) in data dependent acquisition (DDA) mode. Full scan MS1 spectra were collected
over a range of 350-1600 /z with a mass resolution of 60,000 @ 200 m/z using an automatic
gain control (AGC) target of 100%, maximum injection time was set to “Auto” and RF lens
to 40%. Within a fixed cycle time of 1.5 s the most intense peaks above the signal threshold
of 2 x 104, harboring a charge of 2-6, were selected within an isolation window of 1.4 Da
as precursors for fragmentation using higher energy collisional dissociation (HCD) with
normalized collision energy of 30. The resulting fragment ion m/z ratios were measured as
MS?2 spectra over an automatically selected m/z range with a mass resolution of 15,000 @
200 m/z, AGC target was set to “Standard” and maximum injection time to “Auto”.

2.2.4. Data Processing Parameters DIA

Peptides were identified and label-free quantification of proteins was performed using
DIA-NN (v1.8). Full proteome samples from M. oryzae were processed using library free
mode with standard parameters, except for tryptic cleavage sites considering no cleavage
before proline. The FASTA protein database contained 12.790 protein entries of the M.
oryzae reference proteome and 172 common contaminant proteins (both from Uniprot). For
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phospho-peptide analysis of M. oryzae, a phospho-peptide spectral library was predicted
in silico using the built-in library free prediction algorithm provided by DIA-NN. For M.
oryzae, the aforementioned FASTA database was used as basis.

The spectra library was predicted with the precursor charge range set between 1
and 4, and the range for fragment ions and precursor mass to charge ratio was limited to
250-1250 m/z. The peptide length was set to 7-30. Tryptic cleavage considering no cleavage
after the lysine or arginine is followed by proline, and maximum one missed cleavage was
allowed. N-terminal methionine excision was enabled and cysteine carbamidomethylation
was set as fixed modification. The maximum number of variable modifications was set to 3,
allowing exclusively UniMod:21 modifications, i.e., mass delta of 79.9663 corresponding to
phosphorylation at serine, threonine and tyrosine. The generated spectral libraries were
used for follow-up identification and quantification in DIA-NN using the standard settings.

2.2.5. Data Processing Parameters DDA

The DDA raw files were processed by PEAKS X Pro (BSI, Mississauga, ON, Canada)
using the FASTA file described in Section 2.2.4. Precursor tolerance and fragment ion
tolerance were set to 15 ppm and 0.03 Da, respectively, two missed cleavages were al-
lowed, camabidomethylation at cysteins was set as fixed modification while oxidation on
methionine, and phosphorylation on serine, threonine and tyrosine were set as variable
modifications with a maximum of 4 variable modifications per peptide.

2.2.6. Availability of Raw Data

All raw data for M. oryzae proteome and phosphoproteome resource have been up-
loaded via JPOST [27] to be available on proteomeXchange [28] and can be accessed with
the identifier PXD034481. All files for the DIA/DDA comparison have been uploaded
separately to the archive PXD038605.

3. Results and Discussion

Comparison of DDA vs. DIA Approach for Phospho-Peptide Identification

A promising approach to gain more confidence in phospho-peptide data is the data in-
dependent acquisition (DIA) approach. Per definition, DIA generates MS2 spectra of higher
complexity compared to DDA. The identification of the phosphosites especially requires
sophisticated bioinformatic methods that had not been available in the past. Recent imple-
mentations in proprietary software such as Spectronaut [29], and developments of open
source software such as DIA-NN [23], in combination with affordable high-performance
computational resources made the analysis of phospho-peptides in DIA possible with
sufficient confidence within a reasonable time frame. There are only a few publications
describing the use of DIA for phospho-peptides [29-31] and thus the differences in the data
quality have not yet been reviewed comprehensively, especially in the context of predicted
spectral libraries. Furthermore, recent developments in coupling tandem ion mobility
spectrometry to high resolution TOF instruments, leading to the commercialization of the
timsTOF by Bruker Daltonics, promise a deeper understanding of proteomics datasets
by adding an additional identification feature and more confident identification by less
complex MS spectra. To investigate the use of DIA for phosphoproteomics in general,
and especially the