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Summary 

Anthracnose is a major yield-reducing plant disease caused by fungal pathogens of the 

Colletotrichum genus. The model pathogen Colletotrichum higginsianum shares a highly 

similar infection strategy with agriculturally important Colletotrichum species and establishes a 

compatible interaction with the model plant Arabidopsis thaliana (Arabidopsis). A deeper 

understanding of both fungal pathogenicity and plant defence mechanisms could contribute to 

the development of strategies to mitigate anthracnose-associated crop losses. The starch-

deficient Arabidopsis mutant plastidic phosphoglucomutase (pgm) displays hypersusceptibility 

to C. higginsianum compared to the wild type (WT). Previous studies suggested that this 

phenotype results from alterations in cell wall matrix composition and impaired accumulation 

of defence-associated metabolites due to carbohydrate depletion during the dark phase. In a 

forward genetic suppressor screen targeting pgm hypersusceptibility, a premature stop codon 

in OUTER ENVELOPE PROTEIN 40 (OEP40) was identified as the causal mutation for the 

suppression. OEP40 functions as a glucose and glucose-phosphate permeable channel in the 

outer chloroplast envelope. However, the mechanism by which loss of OEP40 suppresses pgm 

hypersusceptibility remained elusive. 

This thesis therefore investigated the mechanisms underlying OEP40-mediated suppression 

of pgm hypersusceptibility, with particular focus on defence responses, carbohydrate 

metabolism, and cell wall composition. To dissect the contribution of individual pathways, loss-

of-function mutants affecting salicylic acid (SA), camalexin (CA), and cell wall biosynthesis 

were introduced into the pgm oep40-3 background and subsequently characterised in 

susceptibility assays and biochemical analyses, in addition to transcriptomic profiling.  

In the WT background, oep40-3 exhibited enhanced resistance to C. higginsianum and altered 

cell wall matrix composition, while overall soluble sugar levels remained largely unchanged. 

Compared to pgm, the pgm oep40-3 double mutant showed strongly reduced susceptibility to 

C. higginsianum, accompanied by elevated accumulation of glycosylated SA, 

dihydroxybenzoic acids, and camalexin under mock conditions, as well as enhanced reactive 

oxygen species (ROS) production, indicating constitutive defence priming. Genetic analysis 

further demonstrated that suppression of pgm hypersusceptibility was partially dependent on 

SA signalling but independent of CA accumulation. 

Cell wall analyses revealed that loss of OEP40 restored the pgm-associated cell wall arabinose 

defect, situated in the rhamnogalacturonan. Furthermore, pgm oep40-3 displayed restored 

nucleotide sugar pools compared to pgm, suggesting increased allocation of metabolic 

resources towards cell wall biosynthesis. Reconstitution of reduced arabinose levels in 

pgm oep40-3 using arabinan biosynthesis mutants did not conclusively link restored arabinose 
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content to suppression of hypersusceptibility, likely because the resulting cell wall architecture 

differed from that of pgm. 

Transcriptome analysis supported these findings and demonstrated extensive reprogramming 

of pgm oep40-3 gene expression. Under mock conditions, the transcriptomic profile of 

pgm oep40-3 clustered more closely with WT and oep40-3 than with pgm, suggesting that loss 

of OEP40 broadly counteracts pgm-associated transcriptional alterations. Compared to WT, 

pgm oep40-3 showed enrichment of upregulated genes associated with starvation responses 

and downregulation of genes linked to cell cycle regulation. In comparison to pgm, 

defence-associated genes were significantly enriched among upregulated transcripts, 

whereas downregulated genes were associated with cell wall- and thylakoid-related 

processes. 

Taken together, this study establishes OEP40 as an important regulator of Arabidopsis 

defence responses by demonstrating that the loss of OEP40 enhances resistance in multiple 

plant-pathogen interactions. The results further show that suppression of pgm 

hypersusceptibility is partially dependent on SA signalling but independent of CA induction. In 

addition, loss of OEP40 substantially restores metabolic defects associated with starch 

deficiency, including altered nucleotide sugar availability and cell wall composition. 
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Zusammenfassung 

Anthraknose ist eine bedeutende ertragsmindernde Pflanzenkrankheit, die durch 

phytopathogene Pilze der Gattung Colletotrichum verursacht wird. Das Modellpathogen 

Colletotrichum higginsianum weist eine den agronomisch relevanten Colletotrichum-Arten 

sehr ähnliche Infektionsstrategie auf und etabliert eine kompatible Interaktion mit der 

Modellpflanze Arabidopsis thaliana (Arabidopsis). Ein vertieftes Verständnis sowohl der 

Pathogenitätsmechanismen des Pilzes als auch der pflanzlichen Abwehrreaktionen könnte zur 

Entwicklung von Strategien beitragen, um durch Anthraknose verursachte Ernteverluste zu 

reduzieren. Die stärkedefiziente Arabidopsis-Mutante, plastidische phosphoglucomutase 

(pgm), zeigt im Vergleich zum Wildtyp (WT) eine erhöhte Suszeptibilität gegenüber 

C. higginsianum. Frühere Studien deuteten darauf hin, dass dieser Phänotyp auf 

Veränderungen der Zellwandmatrixzusammensetzung sowie auf eine beeinträchtigte 

Akkumulation abwehrassoziierter Metabolite infolge des Kohlenhydratmangels während der 

Dunkelphase zurückzuführen ist. In einem vorwärtsgenetischen Suppressor-Screen zur 

Identifizierung von Mutationen, die die Hypersuszeptibilität von pgm unterdrücken, wurde ein 

vorzeitiges Stop-Codon in OUTER ENVELOPE PROTEIN 40 (OEP40) als ursächliche 

Mutation identifiziert. OEP40 fungiert als für Glukose und Glukosephosphat permeabler Kanal 

in der äußeren Chloroplastenhülle. Der Mechanismus, durch den der Verlust von OEP40 die 

pgm-Hypersuszeptibilität unterdrückt, blieb jedoch bislang ungeklärt. Ziel dieser Arbeit war 

daher die Untersuchung der Mechanismen, die der OEP40-vermittelten Suppression der 

pgm-Hypersuszeptibilität zugrunde liegen, mit besonderem Fokus auf Abwehrreaktionen, 

Kohlenhydratstoffwechsel und Zellwandzusammensetzung. Zur Analyse der Beteiligung 

einzelner Signal- und Stoffwechselwege wurden Loss-of-function-Mutanten der Salicylsäure- 

(SA), Camalexin- (CA) und Zellwandbiosynthese in den pgm oep40-3-Hintergrund eingekreuzt 

und anschließend mittels Suszeptibilitätstests, biochemischer Analysen sowie 

Transkriptom-Analyse charakterisiert. Im WT-Hintergrund zeigte oep40-3 eine erhöhte 

Resistenz gegenüber C. higginsianum sowie Veränderungen in der Zusammensetzung der 

Zellwandmatrix, während die Gesamtgehalte löslicher Zucker weitgehend unverändert 

blieben. Im Vergleich zu pgm wies die Doppelmutante pgm oep40-3 eine deutlich reduzierte 

Suszeptibilität gegenüber C. higginsianum auf, begleitet von einer erhöhten Akkumulation 

glykosylierter SA, Dihydroxybenzoesäuren und CA unter Mock-Bedingungen sowie einer 

verstärkten Produktion reaktiver Sauerstoffspezies (ROS), was auf eine konstitutiv aktivierte 

Abwehrantwort hindeutet. Genetische Analysen zeigten weiterhin, dass die Suppression der 

pgm-Hypersuszeptibilität teilweise von der SA-Signaltransduktion abhängig, jedoch 

unabhängig von der CA-Akkumulation ist. Zellwandanalysen ergaben, dass der 

Verlust von OEP40 den pgm-assoziierten Arabinose-Defekt der Zellwand, lokalisiert im 
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Rhamnogalacturonan, wiederherstellt. Darüber hinaus zeigte pgm oep40-3 im Vergleich zu 

pgm weitgehend restaurierte Nukleotidzucker-Pools, was auf eine verstärkte Allokation 

metabolischer Ressourcen in die Zellwandbiosynthese hindeutet. Die Rekonstitution 

reduzierter Arabinosegehalte in pgm oep40-3 mittels Arabinan-Biosynthesemutanten konnte 

jedoch keinen eindeutigen Zusammenhang zwischen dem wiederhergestellten 

Arabinosegehalt und der Suppression der Hypersuszeptibilität herstellen, vermutlich, da die 

resultierende Zellwandarchitektur von jener in pgm abwich. Die Transkriptomanalyse 

unterstützte diese Ergebnisse und zeigte eine umfassende Reprogrammierung der 

Genexpression in pgm oep40-3. Unter Mock-Bedingungen ähnelte das Transkriptom-Profil 

von pgm oep40-3 stärker dem von WT und oep40-3 als dem von pgm, was darauf hindeutet, 

dass der Verlust von OEP40 pgm-assoziierte transkriptionelle Veränderungen weitgehend 

kompensiert. Im Vergleich zum WT waren in pgm oep40-3 hochregulierte Gene angereichert, 

die mit Hungerantworten assoziiert sind, während herunterregulierte Gene überwiegend mit 

Zellzyklusregulation verbunden waren. Im Vergleich zu pgm waren hingegen 

abwehrassoziierte Gene signifikant unter den hochregulierten Transkripten angereichert, 

während herunterregulierte Gene hauptsächlich Zellwand- und Thylakoid-assoziierten 

Prozessen zugeordnet waren. Zusammenfassend etabliert diese Arbeit OEP40 als einen 

wichtigen Regulator der Arabidopsis-Abwehrreaktionen, indem gezeigt wird, dass der Verlust 

von OEP40 die Resistenz in mehreren Pflanze-Pathogen-Interaktionen erhöht. Darüber hinaus 

zeigen die Ergebnisse, dass die Suppression der pgm-Hypersuszeptibilität teilweise von der 

SA-Signaltransduktion abhängig, jedoch unabhängig von der CA-Induktion ist. Zusätzlich stellt 

der Verlust von OEP40 metabolische Defekte, die mit dem Stärkemangel assoziiert sind, 

einschließlich veränderter Nukleotidzucker-Verfügbarkeit und Zellwandzusammensetzung, 

weitgehend wieder her. 
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1. Introduction 

1.1  Arabidopsis thaliana as a model organism  

Arabidopsis thaliana (A. thaliana, hereafter referred to as Arabidopsis), a small annual 

flowering plant of the Brassicaceae family, is widely regarded as the premier model organism 

in plant molecular biology and genetics. Its utility as an experimental system originates from 

several advantages, including its small stature, rapid life cycle (approximately six weeks from 

germination to seed set), and prolific seed production (Somerville and Koornneef, 2002). The 

species has a relatively compact nuclear genome, approximately 135 megabase pairs in size, 

comprising around 27,000 protein-coding genes. Notably, Arabidopsis was the first plant 

species to have its entire genome sequenced (The Arabidopsis Genome Initiative, 2000), thus 

providing a foundational platform for functional and comparative genomics, as well as systems 

biology. The experimental accessibility of Arabidopsis further enhances its research value. 

Techniques such as chemical and insertional mutagenesis, Agrobacterium-mediated 

transformation, and, more recently, CRISPR/Cas9 genome editing, are efficiently applied to 

this species (Clough and Bent, 1998; Jinek et al., 2012). Its relatively low level of gene 

redundancy compared with many crop plants facilitates the direct association of loss-of-

function mutations with observable phenotypes. As such, Arabidopsis has provided critical 

insights into the genetic and molecular regulation of plant development, hormone signalling, 

circadian clocks, and stress response mechanisms (Koornneef and Meinke, 2010). As sessile 

organisms, plants must adapt to a wide range of abiotic (e.g., drought, salinity, and temperature 

extremes) and biotic (e.g., pathogens and herbivores) stresses. These stress responses 

impose metabolic costs that often reduce growth or reproductive potential (Mittler, 2006). 

Studying how Arabidopsis balances survival with reproductive fitness has profound 

implications for agriculture and climate resilience. Knowledge derived from this model 

organism is frequently translated into strategies for crop improvement, enabling progress 

toward enhanced yield stability, nutritional quality, and stress tolerance in agriculturally 

important species (Bressan et al., 2001). 

 

1.2  Plant carbohydrate metabolism and sugar transporters 

1.2.1 Photosynthetic carbon allocation and starch metabolism 

In plants, photoassimilated carbon provides not only the primary energy source for growth and 

development but also the metabolic basis for stress adaptation and defence responses. In 
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photoautotrophic tissues, carbon assimilation is tightly coordinated with carbohydrate 

synthesis, storage, and redistribution to maintain metabolic homeostasis during diurnal 

light-dark cycles (Smith and Stitt, 2007; Streb and Zeeman, 2012). Photosynthetic carbon 

assimilation occurs in two interconnected phases. During the light-dependent reactions, light 

energy is converted into ATP and reducing equivalents, which subsequently drive carbon 

fixation in the Calvin cycle during the light-independent reactions (Figure 1). Carbon fixed 

within the chloroplast is initially incorporated into triose phosphates (TPs), which represent 

central intermediates of plant carbohydrate metabolism (Streb and Zeeman, 2012). During the 

light phase, assimilated carbon is partitioned either into sucrose synthesis in the cytosol or into 

transitory starch synthesis within the chloroplast (Smith and Stitt, 2007). For sucrose 

biosynthesis, TPs are exported from the chloroplast via triose phosphate transporters (TPTs) 

and converted into hexose phosphates in the cytosol, ultimately yielding sucrose (Flügge et 

al., 2011). Mature photoautotrophic tissues exporting sucrose through the phloem are referred 

to as source organs, whereas heterotrophic tissues relying on imported carbohydrates are 

termed sink organs (Verbanļiļ et al., 2018). Sucrose therefore functions as the principal 

long-distance transport carbohydrate, supplying energy and carbon skeletons to 

non-photosynthetic tissues. In parallel, a substantial proportion of assimilated carbon is 

transiently stored as starch during the day to sustain metabolism during the subsequent night 

(Smith and Stitt, 2007; Streb and Zeeman, 2012). Starch biosynthesis is initiated by the 

conversion of fructose 6-phosphate into glucose 6-phosphate by plastidic 

PHOSPHOGLUCOISOMERASE (pPGI). Subsequently, plastidic PHOSPHOGLUCOMUTASE 

(pPGM) converts glucose 6-phosphate into glucose 1-phosphate, which serves as the 

substrate for ADP-glucose pyrophosphorylase, generating ADP-glucose as the precursor for 

starch synthesis (Streb and Zeeman, 2012). This transitory starch accumulates in chloroplasts 

during the light phase and represents the major carbohydrate reserve supporting nocturnal 

metabolism. During the dark phase, transitory starch is degraded in a tightly regulated manner 

to prevent premature carbon depletion before dawn (Streb and Zeeman, 2012). Starch 

breakdown generates primarily maltose and glucose, which are exported from the chloroplast 

via the MALTOSE EXCESS (MEX) transporter and the PLASTIDIC GLUCOSE 

TRANSLOCATOR (pGlcT), respectively (Weber et al., 2000; Niittylä et al., 2004). In the 

cytosol, these sugars are converted into hexose phosphates and further metabolised to sustain 

sucrose biosynthesis and respiratory metabolism during the night (Streb and Zeeman, 2012). 

Proper regulation of starch turnover is therefore essential for maintaining continuous carbon 

availability and optimal plant growth under diel conditions. 

The importance of transitory starch metabolism is exemplified by the Arabidopsis plastidic 

phosphoglucomutase mutant pgm, first described by Caspar et al. (1985). Due to the loss of 

pPGM activity, pgm plants are unable to synthesise transitory starch and consequently 
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experience carbon starvation before the end of the dark phase (Gibon et al., 2004). Under 

regular light-dark cycles, this results in impaired growth and reduced fitness, whereas 

extending the photoperiod partially rescues the phenotype (Gibon et al., 2004). During the light 

phase, pgm plants accumulate elevated levels of soluble sugars compared to the wild type 

(WT), because photoassimilated carbon cannot be channelled into starch biosynthesis and is 

instead redirected towards soluble carbohydrate production (Caspar et al., 1985; Engelsdorf 

et al., 2013). Mutants impaired in starch metabolism therefore provide valuable tools for 

studying the physiological consequences of disrupted carbon allocation and carbohydrate 

starvation in plants. 

 

 

Figure 1: Simplified scheme of the carbohydrate metabolism of Arabidopsis . 
During the light phase, COϜ is fixed via the Calvin cycle and converted into triose-phosphates and fructose 
6-phosphate within the chloroplast. The triose-phosphates are exported to the cytosol via the transporter triose 
phosphate transporters (TPT), where they are transformed into hexose-phosphates and ultimately into sucrose, the 
primary carbohydrate transported via the phloem to sink organs. Fructose 6-phosphate serves as the main 
precursor for the synthesis of transitory starch in the leaf, which functions as an intrachloroplastic carbohydrate 
storage pool. During the dark phase, this transitory starch is degraded to glucose and maltose, which are then 
transported to the cytosol via the transporters PLASTIDIC GLUCOSE TRANSLOCATOR (pGlcT) and MALTOSE 
EXCESS (MEX) and converted into hexose-phosphates and, finally, into sucrose to maintain carbohydrate supply 
in the absence of photosynthetic COϜ fixation. 
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1.2.2  Transporters of the inner and outer chloroplast envelope  

The chloroplast is enclosed by a double membrane system consisting of the outer envelope 

(OE) and the inner envelope (IE), which together regulate the exchange of metabolites 

between the plastid and the cytosol. While the OE was long regarded as a relatively nonspecific 

diffusion barrier, the transport processes across the IE are considerably better studied and 

understood. The IE contains a large number of highly specific transport proteins that coordinate 

the import and export of carbohydrates, phosphorylated intermediates, amino acids, 

nucleotides, and organic acids, thereby integrating chloroplast metabolism with cellular carbon 

and energy homeostasis (Figure 2) (Facchinelli and Weber, 2011). Among the best 

characterised IE transporters are the phosphate translocator family members, which mediate 

the exchange of phosphorylated carbon compounds across the chloroplast envelope. The 

triose phosphate/phosphate translocator (TPT) exports triose phosphates generated by the 

Calvin cycle to the cytosol in exchange for inorganic phosphate and therefore represents a 

central component of photosynthetic carbon export (Schneider et al., 2002). In parallel, the 

phosphoenolpyruvate/phosphate translocators PPT1 and PPT2 transport 

phosphoenolpyruvate (PEP) across the IE and contribute to aromatic amino acid biosynthesis 

and other plastidic metabolic pathways (Knappe et al., 2003; Voll et al., 2003). The xylulose 

5-phosphate/phosphate translocator (XPT) mediates transport of pentose phosphates and 

links plastidic and cytosolic branches of the pentose phosphate pathway (Eicks et al., 2002). 

Another important subgroup comprises the glucose 6-phosphate/phosphate translocators 

GPT1 and GPT2, which catalyse the antiport of glucose 6-phosphate and inorganic phosphate 

across the IE (Niewiadomski et al., 2005; Kunz et al., 2010). GPT1 is predominantly associated 

with heterotrophic plastids and anabolic metabolism, whereas GPT2 is dynamically regulated 

by environmental and metabolic cues and contributes to carbon redistribution during altered 

source-sink conditions (Weise et al., 2019). Interestingly, GPT2 expression is strongly induced 

in starch-deficient mutants such as pgm, suggesting a compensatory role during impaired 

starch biosynthesis (Kunz et al., 2010). Besides phosphorylated sugar transporters, 

chloroplast carbohydrate exchange also involves transporters for neutral sugars and starch 

degradation products. The plastidic sucrose transporter pSuT, a member of the VACUOLAR 

GLUCOSE TRANSPORTER (VGT) family, mediates sucrose and glucose export from the 

chloroplast stroma into the cytosol (Patzke et al., 2019). Loss-of-function mutants display 

altered sugar partitioning, delayed flowering, modified shoot architecture, and impaired cold 

acclimation, indicating an important role in systemic sugar signalling and carbon allocation. 

Similarly, the plastidic glucose transporter pGlcT exports glucose generated during starch 

degradation from the chloroplast to the cytosol, while the recently characterised glucose 

transporter pGlcT2 appears to contribute to plastidic glucose transport under extended light 

conditions (Cho et al., 2011; Valifard et al., 2023). Maltose export during starch degradation at 
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night is mediated by MEX1, which is essential for efficient starch remobilisation and nighttime 

carbon supply (Niittylä et al., 2004). 

Additional IE transporters facilitate the exchange of nucleotides, amino acids, and 

dicarboxylates. The nucleotide transporters NTT1 and NTT2 import ATP into plastids in 

exchange for ADP and phosphate and thereby support plastidic metabolism during 

non-photosynthetic conditions or stress (Tyra et al., 2007; Facchinelli and Weber, 2011). 

BRITTLE 1 (BT1)-LIKE (BT1L) proteins mediate adenine nucleotide transport and are 

implicated in maintaining nucleotide homeostasis within plastids (Kirchberger et al., 2008). 

Chloroplast-localised CHLOROQUINE-RESISTANCE TRANSPORTER (CRK)-LIKE 

TRANSPORTER (CLT) proteins transport glutathione and thereby contribute to sulfur 

metabolism and redox regulation (Maughan et al., 2010). Furthermore, the dicarboxylate 

translocators DiT1 and DiT2 mediate exchange of glutamate, malate, and other dicarboxylates 

and play central roles in photorespiration and nitrogen assimilation (Renné et al., 2003; 

Schneidereit et al., 2006). 

Compared with the IE, the transport mechanisms of the OE remain considerably less 

characterised. The OE was initially assumed to allow relatively unrestricted diffusion of small 

metabolites through porin-like channels. However, increasing evidence suggests that 

metabolite transport across the OE is also selective and regulated (Schwenkert et al., 2023). 

Most characterised OE channels belong to the OUTER ENVELOPE PROTEIN (OEP) family, 

whose members are ɓ-barrel proteins structurally related to porins of Gram-negative bacteria, 

reflecting the endosymbiotic origin of chloroplasts (Inoue, 2011). Several OEPs have been 

functionally characterised in Arabidopsis. OEP16 functions as an amine- and amino acid-

selective channel and contributes to nitrogen metabolism and abscisic acid-dependent seed 

physiology (Pohlmeyer et al., 1997; Pudelski et al., 2012). OEP21 and OEP24 mediate 

transport of triose phosphates and other phosphorylated metabolites and are involved in 

chloroplast carbon exchange with the cytosol (Pohlmeyer et al., 1998; Bölter et al., 1999; 

Günsel et al., 2023). OEP23 and OEP37 were described as cation-selective channels, 

although their physiological functions remain incompletely understood (Goetze et al., 2006, 

2015). 

Last, OEP40, which was characterised by Harsman et al. (2016) as a sugar transporter of the 

chloroplast OE. Electrophysiological analyses demonstrated selective permeability for glucose 

and glucose phosphates. Interestingly, the open probability of OEP40 increased in the 

presence of trehalose-6-phosphate, indicating that channel activity may respond to metabolic 

status and sugar signalling pathways (Harsman et al., 2016). In general, current knowledge 

regarding OEP substrate specificity is largely derived from electrophysiological analyses and 

in vitro reconstitution systems, whereas comparatively little is known about the physiological 

functions of OEPs in planta. Nevertheless, mutant analyses indicate that OEPs contribute to 
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developmental and stress-related processes. For example, loss of OEP16 causes 

ABA-hypersensitive germination phenotypes (Pudelski et al., 2012), while oep40 mutants 

display early flowering under cold treatment, suggesting a role for chloroplast metabolite 

transport in environmental adaptation (Harsman et al., 2016).  

Metabolite transport across the chloroplast envelope is mediated by a highly coordinated 

network of transporters in both envelope membranes. While the functions of many IE 

transporters are relatively well characterised, the physiological relevance and regulatory roles 

of OEPs, particularly OEP40, remain elusive. 

 

 

 

 

Figure 2: Overview of characterised p lastidic inner envelope metabolite transporters . 
The scheme displays transport processes of carbon, nitrogen compounds and energy across the inner envelope 
membrane of photosynthetic plastids in green plants. Abbreviations: 2-oxoglutarate (2-OG), ADP-glucose 
(ADP-Glc), BT1-like transporter (BT1L), CRT-liketransporter (CLT), cysteine (Cys), Erythrose 4-phosphate 
(Ery 4-P), electron transport chain (ETC), fructose-1,6-bisphosphate (Fru1,6P2), ɔ-glutamyl cysteine (ɔ-EC), 
glucose (Glc), glucose 1-phosphate (Glc-1-P), glucose 6-phosphate (Glc-6-P), glutamine (Glu), glucose 6-
phosphate/phosphate translocator (GPT2), maltose (Mal), maltose exporter (MEX), nucleoside triphosphate 
transporter (NTT), oxidative pentose phosphate pathway (OPPP), 3-phosphoglyceric acid (3-PGA), 
phosphoenolpyruvate (PEP), plastidic glucose transporter (pGlcT), plastidic glucose transporter 2 (pGlcT2), 
inorganic phosphate (Pi), PEP/phosphate translocator (PPT), plastidic sucrose transporter (pSuT), triose phosphate 
(TP), triose phosphate/phosphate translocator (TPT), xylulose 5-phosphate/phosphate translocator (XPT), xylulose 

5-phosphate (Xul-5-P). Modified after Facchinelli and Weber (2011). 
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1.3  The plant cell wall  

1.3.1 Plant cell wall composition 

The plant cell wall is a complex and dynamic extracellular matrix that provides structural 

support, determines cell shape, mediates cell-cell interactions, and contributes to plant growth, 

development, and defence against environmental stress and pathogens (Somerville et al., 

2004; Cosgrove, 2005). Plant cell walls are broadly differentiated into primary and secondary 

cell walls, which differ in composition, architecture, and biological function. Primary cell walls 

are formed during cell division and remain extensible during cell expansion and growth. They 

are comparatively thin, hydrated, and mechanically flexible, thereby allowing controlled cell 

enlargement while maintaining structural integrity (Cosgrove, 2005). In contrast, secondary cell 

walls are deposited after completion of cell expansion in specialised cell types requiring 

increased mechanical strength or hydrophobic reinforcement, such as xylem vessels and 

fibres. Secondary cell walls are substantially thicker and are particularly enriched in cellulose, 

xylans, and lignin, which together provide rigidity, tensile strength, and resistance to 

compression (Kumar et al., 2016). 

The primary cell wall of Arabidopsis leaves consists mainly of polysaccharides, with cellulose 

accounting for approximately 14%, hemicelluloses for 24%, and pectins for 42% of the wall dry 

weight (Zablackis et al., 1995). Cellulose forms the major load-bearing framework of the wall 

and consists of ɓ-1,4-linked glucan chains assembled into microfibrils at the plasma membrane 

by cellulose synthase complexes (Somerville, 2006). These cellulose microfibrils are 

embedded within the cell wall matrix, a hydrated network primarily composed of 

hemicelluloses, pectins, structural proteins, ions, and water. The cell wall matrix surrounds and 

crosslinks cellulose microfibrils and thereby determines wall porosity, hydration, flexibility, and 

mechanical properties. In this context, hemicelluloses and pectins are often referred to as 

matrix polysaccharides because they form the major non-cellulosic polysaccharide 

components of the wall (Cosgrove, 2024). 

Hemicelluloses comprise a heterogeneous group of branched polysaccharides that interact 

with cellulose microfibrils and contribute to cell wall architecture, flexibility, and mechanical 

stability. They consist of several structurally distinct polysaccharide classes characterised by 

ɓ-1,4-linked neutral sugar backbones decorated with diverse side chains (Verbanļiļ et al., 

2018; Anderson and Kieber, 2020). In Arabidopsis, xyloglucans represent the predominant 

hemicellulose of primary cell walls, whereas xylans and mannans are more strongly associated 

with secondary cell walls (Scheller and Ulvskov, 2010; Anderson and Kieber, 2020). The major 

monosaccharides present in hemicelluloses include glucose, xylose, mannose, galactose, 

fucose, arabinose, and glucuronic acid (Verbanļiļ et al., 2018). Through their interactions with 
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cellulose microfibrils, hemicelluloses contribute substantially to wall organisation and 

biomechanical properties. 

Pectins represent the third major carbohydrate component of the plant cell wall and comprise 

a structurally complex and highly conserved family of galacturonic acid-rich polysaccharides 

(Ridley et al., 2001; Anderson and Kieber, 2020). The most abundant pectic polysaccharide is 

homogalacturonan (HG), which consists of linear Ŭ-1,4-linked galacturonic acid residues and 

can additionally carry xylose- and apiose-containing side chains. Rhamnogalacturonan I (RG-I) 

contains a repeating backbone of alternating galacturonic acid and rhamnose residues with 

structurally diverse side chains composed primarily of arabinans, galactans, and 

arabinogalactans. In contrast, rhamnogalacturonan II (RG-II) consists of a homogalacturonan 

backbone substituted with several highly complex side chains containing rare 

monosaccharides (Verbanļiļ et al., 2018; Anderson and Kieber, 2020). Pectins contribute to 

wall porosity, hydration, ion binding, cell adhesion, and mechanical properties and are 

extensively remodelled during plant growth, development, and stress responses (Ridley et al., 

2001; Mohnen, 2008; Atmodjo et al., 2013). 

In addition to polysaccharides, plant cell walls contain structural proteins, including members 

of the hydroxyproline-rich glycoprotein (HRGP) superfamily such as arabinogalactan proteins 

(AGPs) and extensins. AGPs are highly glycosylated proteins implicated in cell expansion, 

signalling, and cell differentiation, whereas extensins contribute to cell wall strengthening 

through oxidative crosslinking reactions (Lamport and Várnai, 2013; Mishler-Elmore et al., 

2021). Together, these proteins participate in the regulation of wall assembly, organisation, 

and stress adaptation. 

Importantly, the plant cell wall is not a static structure but undergoes continuous remodelling 

in response to developmental and environmental cues. Wall composition and architecture are 

dynamically adjusted through coordinated biosynthesis, degradation, and modification of wall 

polymers, thereby enabling plants to adapt growth and defence processes to changing 

physiological conditions (Cosgrove, 2005; Houston et al., 2016). 

 

1.3.2 Cell wall biosynthesis and modification 

Cell wall biosynthesis requires the coordinated synthesis, transport, and assembly of diverse 

polysaccharides (Figure 3). Cellulose, the major structural component of the cell wall, consists 

of linear ɓ-1,4-glucan chains synthesised from UDP-glucose by CELLULOSE SYNTHASE 

(CESA) complexes at the plasma membrane. These complexes extrude glucan chains into the 

apoplast, where they assemble into cellulose microfibrils that form the structural scaffold of the 

cell wall (Somerville, 2006). In primary cell walls of Arabidopsis, cellulose synthase complexes 

mainly contain the subunits CESA1, CESA3, and CESA6-like isoforms (Kumar et al., 2016). 
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In contrast, hemicelluloses and pectins are synthesised within the Golgi apparatus using 

activated nucleotide sugars imported from the cytosol (Verbanļiļ et al., 2018). Their 

biosynthesis depends on interconnected nucleotide sugar interconversion pathways involving 

epimerases, reductases, and dehydratases that generate precursors for the assembly of 

matrix polysaccharides (Anderson and Kieber, 2020). Major nucleotide sugars involved in 

hemicellulose and pectin biosynthesis include UDP-glucose, UDP-xylose, UDP-galactose, 

UDP-arabinose, UDP-glucuronic acid, UDP-galacturonic acid, UDP-rhamnose, 

GDP-mannose, and GDP-fucose, which serve as substrates for the synthesis of complex 

polysaccharide backbones and side chains. Within the Golgi lumen, glycosyltransferases 

catalyse the formation of these polysaccharides, while methyltransferases and 

acetyltransferases introduce additional modifications prior to secretion to the cell surface 

(Kumar et al., 2016; Anderson and Kieber, 2020). After secretion, hemicelluloses and pectins 

integrate with cellulose microfibrils to form the mature cell wall matrix. 

Particularly important for pectin biosynthesis is the generation and transport of 

UDP-L-arabinose, a major precursor for RG-I arabinan side chains. In Arabidopsis, 

UDP-L-arabinopyranose is synthesised primarily by the Golgi-localised UDP-xylose 

4-epimerase MURUS4 (MUR4), while UDP-D-glucose 4-epimerase 1 UGE1 and UGE3 

additionally contribute to nucleotide sugar interconversion in the cytosol (Burget et al., 2003; 

Kotake et al., 2016; Umezawa et al., 2024). UDP-L-arabinopyranose is converted into 

UDP-L-arabinofuranose by UDP-Arap mutases/reversibly glycosylated polypeptides (RGPs) 

in the cytosol before transport back into the Golgi lumen by UDP-arabinofuranose transporters 

(UAfTs), where it serves as the major substrate for arabinan biosynthesis (Reiter, 2008; 

Rautengarten et al., 2017). Incorporation of arabinose into RG-I arabinan side chains is likely 

mediated by the arabinosyltransferase ARABINAN DEFICIENT1 (ARAD1) (Harholt et al., 

2006). Consistent with this function, arad1 mutants show strongly reduced arabinan side 

chains and decreased arabinose content in the cell wall, whereas mur4 mutants display 

substantially reduced arabinose levels in pectins and arabinogalactan proteins due to impaired 

UDP-arabinose biosynthesis (Burget et al., 2003; Harholt et al., 2006). 

Following secretion into the apoplast, pectins undergo extensive post-synthetic modification. 

Particularly important is the regulation of homogalacturonan methylesterification by PECTIN 

METHYLESTERASES (PMEs), which remove methyl groups from galacturonic acid residues 

(Wolf et al., 2009). Depending on the spatial pattern of de-methylesterification, PME activity 

can either promote calcium-mediated crosslinking and wall stiffening or increase wall loosening 

and susceptibility to degradation (Levesque-Tremblay et al., 2015). PME activity is tightly 

controlled by PECTIN METHYLESTERASE INHIBITORS (PMEIs), extracellular proteins that 

bind PMEs and regulate their activity in a pH-dependent manner (Wolf et al., 2009). The 
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balance between PME and PMEI activity therefore represents an important regulatory 

mechanism controlling cell wall mechanics, cell expansion, and pathogen defence. 

In addition to enzymatic remodelling of wall polysaccharides, cell expansion is regulated by 

EXPANSINS (EXPAs), which loosen the cell wall by facilitating sliding between cellulose 

microfibrils, thereby promoting wall extension (Cosgrove, 2005). EXPA activity is favoured by 

acidic apoplastic pH conditions generated by plasma membrane H+-ATPases, which 

simultaneously establish the electrochemical gradients required for ion and metabolite 

transport across the plasma membrane. The resulting membrane potential and proton gradient 

drive the uptake of potassium ions and sugars, contributing to cellular osmotic pressure and 

water influx during cell expansion. While turgor pressure acts uniformly throughout the cell, 

local differences in wall loosening, wall material deposition, and EXPA activity enable spatially 

controlled growth and changes in cell shape (Cosgrove, 2005; Anderson and Kieber, 2020). 

 

Figure 3: Model of plant c ell wall bio synthesis , organisation, and expansion  in Arabidopsis.  
(a) Cellulose synthase complexes (CSCs) move within the plasma membrane and extrude cellulose microfibrils into 
the apoplast. CSC movement is guided by cortical microtubules via linker proteins, thereby directing cellulose 
deposition, although some CSCs operate independently of microtubule guidance. (b) Matrix polysaccharides are 
synthesised in the Golgi apparatus, transported to the cell surface in vesicles, and secreted via exocytosis. 
Integration of cellulose microfibrils with matrix polysaccharides strengthens the cell wall. Parallel cellulose 
microfibrils can associate into bundles, forming a coherent structural network. Xyloglucans interact with cellulose 
surfaces and may limit direct cellulose-cellulose interactions, while pectins form a hydrated gel matrix with weaker 
interactions with cellulose and xyloglucans. Matrix polysaccharides are further remodelled by cell wall enzymes, 
including pectin methylesterases, which de-methylesterify homogalacturonan, and acetyl esterases. (c) Expansins 
(EXPA) loosen the cell wall by facilitating celluloseïcellulose sliding, stimulating wall enlargement. Expansin activity 
is highest at a low wall pH, which is maintained by plasma membrane H+-ATPases that also generate a large 
membrane potential (ȹE). Cell osmotic pressure ( )́ is maintained in part by the influx of potassium ions (K+) and 
sugars through membrane transporters, whose activity is driven by ȹE and ȹpH. Water influx, which increases cell 
volume during growth, depends on cell  ́and turgor pressure. Whereas turgor pressure is uniform throughout the 
cell, wall stress, secretion of wall materials and the loosening action of Ŭ-expansins and other wall proteins may 
vary at different cell wall faces and subcellular growing points, enabling changes in cell shape (Cosgrove, 2024). 
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1.3.3 Cell walls under carbohydrate limitations 

Plant cell walls are dynamic structures whose composition strongly depends on carbohydrate 

availability. Under carbohydrate limitation, plants remodel cell wall polysaccharides to maintain 

metabolism and growth. pgm mutants, which are unable to synthesise transitory starch, 

experience severe diurnal carbon starvation during the dark phase and therefore represent a 

useful model to study cell wall remodelling under carbon limitation. In pgm, cell walls exhibit a 

relative decrease in arabinose and galactose levels alongside increased fucose, rhamnose, 

xylose, and mannose due to disrupted starch turnover and carbon export at night. Glycome 

profiling implicates that the major alteration in pectin occurs in RG I (Engelsdorf et al., 2017). 

A recent study about galactan mobilisation demonstrated that the reduced galactose levels in 

pgm are caused by starch deficiency and the resulting nocturnal carbohydrate starvation, since 

dark-induced starvation in Col-0 produced a similar reduction in galactan abundance 

(Reckleben et al., 2025). Galactose is released from RG I galactan chains via ɓ-galactosidases 

(BGAL1/4) and subsequently processed through the galactose salvage pathway, including the 

conversion from UDP-Gal to UDP-Glc mainly by UDP-glucose 4-epimerases (UGE1/3) 

contributing to the central carbohydrate metabolism. These findings support the concept that 

pectic galactan functions as a transient and accessible carbon reserve during carbohydrate 

deprivation (Reckleben et al., 2025). RG I side chains, which are rich in galactose and 

arabinose, may therefore serve as carbohydrate source during periods of low carbon 

availability (Engelsdorf et al., 2017; Reckleben et al., 2025). In contrast, arabinose appears to 

be preferentially recycled into nucleotide sugar metabolism rather than directly supporting 

energy metabolism (Kotake et al., 2016; Mariette et al., 2021). Cell wall arabinose can be 

released through the action of glycoside hydrolases (GHs), followed by uptake into the cytosol, 

potentially via sugar transport proteins (STPs) (Mariette et al., 2021). Arabinose is 

subsequently phosphorylated by ARABINOKINASES (ARA1 and ARA2) and converted by 

UDP-sugar pyrophosphorylase (USP), thereby re-entering the nucleotide sugar 

interconversion pathway (Kotake et al., 2016; Mariette et al., 2021).  

Sugar signalling pathways involving SNF1-RELATED PROTEIN KINASE 1 (SnRK1) and 

TARGET OF RAPAMYCIN (TOR) are central regulators coordinating carbon availability with 

cell wall metabolism and growth (Baena-González and Hanson, 2017; Eom et al., 2024). 

SnRK1 is activated during energy deprivation and promotes catabolic processes while 

repressing biosynthetic pathways, thereby conserving resources under carbohydrate limitation 

(Eom et al., 2024). In contrast, TOR activity is associated with carbon sufficiency and 

stimulates anabolic processes including protein synthesis, ribosome biogenesis, and cell 

expansion (Lastdrager et al., 2014). Reduced sugar availability suppresses TOR signalling and 

favours SnRK1-dependent transcriptional reprogramming, leading to altered wall remodelling, 

and growth inhibition (Leiber et al., 2010; Crepin and Rolland, 2019). The ability to mobilise 
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structural polysaccharides during carbohydrate limitation illustrates the remarkable plasticity of 

the plant cell wall.  

 

1.4 Infection by phytopathogenic fungi 

1.4.1 Fungal nutrition  

One of the key biotic stressors that plants encounter is phytopathogenic fungi, which establish 

parasitic interactions with their hosts. These fungi are broadly categorised into three nutritional 

strategies - necrotrophic, biotrophic, and hemibiotrophic - based on how they exploit host 

resources. Necrotrophic fungi complete their life cycle independently of living host cells and 

are often characterised by a broad host range. Following infection, they release toxins, 

necrosis-inducing proteins, and plant cell wall-degrading enzymes (CWDEs) that cause cell 

death, enabling the pathogen to thrive saprophytically on the breakdown products of damaged 

plant tissue (Perfect et al., 1999; Oliver and Ipcho, 2004).  

In contrast, biotrophic fungi require living host cells to sustain their growth and reproduction, 

relying on the uptake of sugars and amino acids produced by the host (Mendgen and Hahn, 

2002). To avoid killing host cells, they employ fewer lytic enzymes, which contributes to their 

narrow host specificity, since a compatible plant-pathogen interaction is necessary for 

successful colonisation (Mendgen and Hahn, 2002; Oliver and Ipcho, 2004). Nutrient 

acquisition during this lifestyle typically occurs via haustoria, specialised intracellular hyphae 

encased by an extrahaustorial membrane (EHM). The space between the fungal cell wall and 

the host-derived EHM, known as the extrahaustorial matrix (EHMx), provides a key site of 

molecular exchange between pathogen and host. In rust and mildew fungi, which are obligate 

biotrophs, haustoria are equipped with hexose transporters capable of importing glucose and 

fructose (Sutton et al., 1999; Voegele et al., 2001), while amino acids are recognised as their 

principal nitrogen source (Hahn et al., 1997; Struck, 2015). Soluble sugar availability is 

therefore central to plant-pathogen interactions. Two non-mutually exclusive hypotheses have 

been proposed to explain the role of sugar transporters during infection. One is the pathogen 

starvation hypothesis (Bezrutczyk et al., 2018). The pathogen starvation hypothesis proposes 

that pathogens attempt to maximise access to host-derived sugars, whereas plants aim to 

minimise sugar availability in the apoplast. To increase extracellular sugar pools, pathogens 

can manipulate host sugar transport systems, including SUGARS WILL EVENTUALLY BE 

EXPORTED TRANSPORTER (SWEET) proteins, and induce invertase activity to hydrolyse 

sucrose into glucose and fructose that can subsequently be taken up by fungal hexose 

transporters (Chen et al., 2010; Breia et al., 2021). In response, plants induce SUGAR 

TRANSPORT PROTEINS (STPs), proton-coupled hexose symporters that retrieve sugars 
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from the apoplast and thereby counteract pathogen-induced sugar release (Bezrutczyk et al., 

2018).  

The importance of apoplastic sugar dynamics and haustorium-mediated nutrient uptake is 

particularly evident in obligate biotrophic fungi such as powdery mildews. A well-established 

model for studying these interactions is Erysiphe cruciferarum, an obligate biotrophic 

ascomycete causing powdery mildew disease primarily on cruciferous plants, including 

Arabidopsis. Infected leaves develop characteristic white, powdery fungal colonies composed 

of superficial mycelium and conidia. The conidia germinate on the leaf surface under 

favourable environmental conditions, particularly moderate temperature and humidity, 

producing a germ tube that differentiates into an appressorium (Figure 4). The appressorium 

mediates host penetration through a combination of enzymatic degradation and mechanical 

force generated by a penetration peg (Koh et al., 2005; Micali et al., 2008). Following 

penetration, the fungus establishes haustoria within epidermal host cells (Figure 4). These 

specialised feeding structures are surrounded by a plant-derived EHM and separated from the 

fungal cell wall by the EHMx, which together form the central interface for nutrient exchange 

and molecular communication between host and pathogen (Hahn et al., 1997; OôConnell and 

Panstruga, 2006). Haustoria are responsible for the uptake of sugars and amino acids from 

living host cells and likely serve as sites of effector secretion that suppress host immune 

responses and maintain the biotrophic lifestyle (Voegele et al., 2001). In contrast to 

necrotrophic pathogens, E. cruciferarum remains confined to the epidermal layer and does not 

colonise mesophyll tissues. Instead, infected epidermal cells act as local nutrient sinks that 

sustain fungal growth. After haustorial establishment, secondary hyphae proliferate across the 

leaf surface and repeatedly form new appressoria and haustoria in neighbouring epidermal 

cells (Figure 4), facilitating fungal spread and conidia production during the asexual life cycle 

(Vogel et al., 2002; Micali et al., 2008). Studies using GFP-labelled Arabidopsis lines further 

demonstrated that the EHM is compositionally distinct from the host plasma membrane, 

indicating the formation of a specialised host-pathogen interface (Koh et al., 2005). During 

early infection stages, host organelles and cytoplasmic components accumulate around 

penetration sites and haustorial neck regions, reflecting a highly coordinated host response to 

fungal invasion. Due to its genetic tractability and compatibility with Arabidopsis, the 

E. cruciferarum pathosystem represents a valuable model for studying biotrophic fungal 

pathogenicity, nutrient acquisition, and plant immune responses (Micali et al., 2008; Dean et 

al., 2012; Höwing et al., 2017). 



23 
 

 

A third nutritional mode is represented by hemibiotrophic fungi, which initiate infection with a 

biotrophic phase but later transition into necrotrophy (Mendgen and Hahn, 2002). The timing 

and manner of this switch vary considerably among species. For instance, the rice blast 

fungus Magnaporthe oryzae first establishes biotrophic hyphae and subsequently converts to 

a sequential necrotrophic growth within colonised cells (Kankanala et al., 2007). By 

contrast, Colletotrichum higginsianum initially maintains a biotrophic relationship in the first 

invaded host cell. However, as hyphae spread into adjacent cells, the pathogen shifts to 

necrotrophy (Perfect and Green, 2001). This infection strategy is characteristic of many 

Colletotrichum species and underlies their classification as hemibiotrophic pathogens. 

Colletotrichum species are hemibiotrophic ascomycete fungi responsible for anthracnose 

disease in a wide range of crops. Among them, C. higginsianum, originally isolated from 

Brassica rapa, is also capable of infecting Arabidopsis, where it establishes a compatible 

interaction (Narusaka et al., 2004; OôConnell et al., 2004). This pathogen is particularly suitable 

for research on plant-pathogen interactions, as it is haploid, can be cultivated under axenic 

conditions, is readily amenable to genetic manipulation, and has a fully sequenced genome 

(Epstein et al., 1998; Thon et al., 2000; OôConnell et al., 2004, 2012; Korn et al., 2015). 

Successful penetration of host tissue by C. higginsianum conidia requires high humidity. Once 

in contact with the hydrophobic surface of a leaf within a water droplet, conidia germinate to 

form short germ tubes that give rise to appressoria (Figure 5). Following melanisation of the 

Figure 4: Asexual life cycle of Erysiphe in association with Arabidopsis.  
The scheme illustrates the main steps in the life cycle of Erysiphe and the different fungal structures. Conidiospores 
form appressoria on the leaf surface around 6 hours post inoculation (hpi) and establish a haustorium inside 
epidermis cells around 12-14 hpi. After 24-48 hpi secondary hyphae are formed and around 3-7 days post infection 
(dpi) proliferation on the cell surface takes place. Modified after Kuhn et al. (2016). 
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appressorial cell wall, osmolyte accumulation generates high turgor pressure, enabling the 

appressorium to physically breach the cuticle and cell wall (Bechinger et al., 1999; Shimada et 

al., 2006). The first intracellular biotrophic structures formed are infection vesicles in the host 

epidermal cells, which subsequently differentiate into bulbous primary hyphae confined to the 

initially infected cell (Figure 5). The biotrophic phase of C. higginsianum differs from that of 

strictly biotrophic fungi, as no continuous EHMx is formed. Instead, discrete interfacial bodies 

are observed, which likely function as specialised sites for nutrient exchange (OôConnell et al., 

2004; Kleemann et al., 2012). The transition to necrotrophy becomes evident approximately 

three days post-inoculation and is marked by the emergence of elongated secondary hyphae 

that spread into adjacent epidermal and mesophyll cells, facilitating rapid colonisation of the 

leaf (Figure 5). At the end of the infection cycle, C. higginsianum produces asexual fruiting 

bodies known as acervuli, in which new conidia are generated through mitotic division. 

Anthracnose, caused by Colletotrichum species, remains a globally significant disease 

associated with substantial yield losses in economically important crops (Dean et al., 2012). A 

detailed understanding of the infection biology of C. higginsianum, which reflects the general 

hemibiotrophic lifestyle of many Colletotrichum species, together with insights into the defence 

strategies of Arabidopsis, will provide valuable knowledge for the development of improved 

crop protection strategies and enhanced yield stability. 
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Figure 5: Colletotrichum higginsianum  interaction with Arabidopsis thaliana . 
A: Scheme of the compatible interaction between C. higginsianum and Arabidopsis. When the conidium (C) has 
contact with the hydrophobic leaf surface, a melanised appressorium (A) is formed at the end of a short germination 
tube. After penetration of the epidermal cell (E), a primary hypha (PH) developed out of an infection vesicle to 
establish the biotrophic interaction. The necrotrophic phase is initiated by the formation of secondary hyphae (SH), 
which penetrate the surrounding cells, including epidermal and mesophyll cells (M). Modified after Perfect and 
Green (2001). B: Microscopic images of lactophenol trypan blue stained infection structure of C. higginsianum on 
Arabidopsis. Visible are the fungal infection structures: Conidium (C), germination tube (G), appressorium (A), 
infection vesicle (IV), primary hypha (PH), and secondary hypha (SH). The timepoints of the taken pictures are 
indicated in days post-infection (dpi). Green arrows represent the biotrophic phase, and the red arrow represents 

the necrotrophic phase. Modified after Engelsdorf et al. (2013). 



26 
 

1.4.2 Plant defence responses to fungal infection 

Plants, due to their sessile lifestyle, are continuously exposed to a broad range of biotic 

stresses and have therefore evolved a highly sophisticated, multilayered defence system that 

operates in the absence of a circulatory adaptive immune system. Instead, plant defence relies 

on the precise perception of invading organisms and the activation of tightly coordinated 

cellular, biochemical, and molecular responses, which are particularly important in combating 

phytopathogenic fungi. The organisation and dynamics of this immune system reflect a long 

evolutionary arms race between plants and their pathogens, with fungi representing some of 

the most widespread and destructive adversaries. A central aspect of plant-pathogen 

interactions is the competition for carbohydrate resources. The sugars required for plant 

growth and development also serve as essential substrates for the biosynthesis of defence 

compounds and the activation of immune responses. At the same time, biotrophic and 

hemibiotrophic pathogens depend on host-derived sugars and amino acids to sustain their 

growth and reproduction. Consequently, infection creates a dynamic metabolic conflict in which 

the plant must rapidly reallocate assimilated carbon from growth-related processes towards 

defence, while simultaneously restricting pathogen access to nutrients (Engelsdorf et al., 2013; 

Gebauer et al., 2017; Verbanļiļ et al., 2018). 

 

1.4.2.1 Layers of plant defence mechanics 

Plant immunity is commonly divided into three major categories: monogenic 

(R-gene-mediated) resistance, polygenic (quantitative) resistance, and non-host resistance 

(Lindhout, 2002; Eulgem, 2005; Niks and Marcel, 2009). Monogenic resistance relies on 

individual resistance (R) genes, often encoding intracellular nucleotide-binding leucine-rich 

repeat (NLR) receptors that recognise pathogen effectors, historically termed avirulence (Avr) 

factors. This highly specific recognition commonly triggers the hypersensitive response (HR), 

a rapid localised programmed cell death that restricts pathogen growth, particularly in 

biotrophic fungi dependent on living host tissue (Eulgem, 2005). In contrast, polygenic 

resistance results from the combined contribution of multiple genes, each conferring a small 

effect on defence. This form of resistance is generally less race-specific and more durable, 

slowing fungal colonisation and reducing disease severity across diverse pathogen strains 

(Lindhout, 2002). Non-host resistance represents the broadest and most robust defence 

barrier and explains why most pathogens cannot infect a given plant species (Niks and Marcel, 

2009). It is based on preformed physical barriers such as the cuticle, trichomes, and the cell 

wall, as well as constitutive antimicrobial compounds including phytoanticipins (e.g., tannins 

and saponins) and glucosinolates (Morrissey and Osbourn, 1999; Heath, 2000). If these 
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constitutive defences are overcome, plants activate basal immune responses involving cell 

wall reinforcement, for example by callose deposition, and the synthesis of antimicrobial 

phytoalexins (Nürnberger et al., 2004). The organisation of these defence layers is 

conceptualised in the ñzigzag modelò proposed by Jones and Dangl (2006), which 

distinguishes between pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) 

(Figure 6). PTI constitutes the first inducible defence layer and is initiated by the recognition of 

conserved microbe-associated molecular patterns (MAMPs) and damage-associated 

molecular patterns (DAMPs). Both pattern types are perceived by membraneȤresident pattern 

recognition receptors (PRRs) that, upon ligand binding, initiate intracellular signalling 

cascades. DAMPs arise from plant macromolecules that are degraded during enzymatic or 

physical tissue damage caused by pathogen attack, whereas MAMPs are structurally 

conserved microbial molecules (Nürnberger et al., 2004; Jones and Dangl, 2006). MAMPs 

include bacterial flagellin and elongation factor Tu (EF-Tu), perceived by the receptors 

FLAGELLIN-SENSING 2 (FLS2) and EF-Tu RECEPTOR (EFR), respectively, both of which 

form complexes with the co-receptor BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED 

KINASE 1 (BAK1) (Gómez-Gómez and Boller, 2000; Zipfel et al., 2006; Chinchilla et al., 2007). 

In fungi, chitin oligosaccharides are major MAMPs recognised by CHITIN ELICITOR 

RECEPTOR KINASE 1 (CERK1) and lysin motif-containing receptor-like kinases such as 

LYK5 (Shibuya and Minami, 2001; Kaku et al., 2006; Miya et al., 2007; Cao et al., 2014). 

DAMPs arise from host-derived molecules released during tissue damage and include 

oligogalacturonides (OGs) from pectin degradation, perceived by WALL-ASSOCIATED 

KINASE 1 (WAK1), as well as arabinoxylan-oligosaccharides (Bacete et al., 2018; Mélida et 

al., 2020; Molina et al., 2024)). DAMPs can further be classified into constitutive DAMPs 

(cDAMPs), such as extracellular ATP, sugars, amino acids, and glutathione, and inducible 

DAMPs (iDAMPs), exemplified by plant elicitor peptides (PEPs) recognised by PEP receptors 

(PEPRs) (Tanaka and Heil, 2021). To counteract PTI, pathogens secrete effector proteins that 

suppress immune signalling and promote effector-triggered susceptibility (ETS) (Jones and 

Dangl, 2006). If these effectors are recognised by corresponding plant receptors, they trigger 

ETI, a stronger defence response often associated with HR, extensive transcriptional 

reprogramming, and reinforcement of the cell wall through callose and lignin deposition (Jones 

and Dangl, 2006; Pruitt et al., 2021). Within this framework, non-host resistance largely 

corresponds to PTI-like broad-spectrum defence, whereas monogenic and quantitative host 

resistance are predominantly associated with ETI and ETI-related responses.  

Soluble sugars additionally play an important role in plant immunity. Two non-mutually 

exclusive models describe the function of sugar transport during infection: the pathogen 

starvation hypothesis, described earlier, and the apoplastic sugar signalling hypothesis 

(Bezrutczyk et al., 2018). The apoplastic sugar signalling hypothesis proposes that altered 
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extracellular sugar levels themselves act as immune signals. Consistent with this concept, 

STPs interact with PTI-associated receptors such as FLS2 and BAK1. Furthermore, the 

sweet11/sweet12 double mutant, which accumulates sucrose and hexoses due to impaired 

phloem loading, displays salicylic acid-dependent defence priming and enhanced resistance 

to C. higginsianum compared with WT plants (Gebauer et al., 2017; Bezrutczyk et al., 2018). 

 

 

1.4.2.2 Cell walls in pathogen resistance 

Plant cell walls surround plant cells and provide mechanical stability while forming the first 

physical barrier against phytopathogenic invasion. Consequently, the cell wall constitutes an 

essential component of the plantôs preformed defence system. To overcome this barrier, fungal 

pathogens employ mechanical force as well as a broad repertoire of carbohydrate-active 

enzymes (CAZymes), including cell wall-degrading enzymes (CWDEs) such as glycosyl 

hydrolases, carbohydrate esterases, and pectate lyases, which target cellulose, 

hemicelluloses, and pectins during host penetration and colonisation (Blackman et al., 2014). 

In response to cell wall damage and perceiving DAMPs, plants activate cell wall integrity (CWI) 

sensing pathways mediated by receptor-like kinases (RLKs) and mechanosensitive ion 

Figure 6: The zigzag model illustrating the quantitative output of the plant immune system.  
The scheme shows the exchange between host and pathogen strategies to prevent or increase infection success. 
Microbe-associated molecular patterns (MAMPs) and damage-associated molecular patterns (DAMPs) are 
recognised by pattern recognition receptors (PRR), which leads to the pattern-triggered immunity (PTI) of the plant. 
The countermeasures of the pathogen are effectors that suppress the PTI and lead to effector-triggered 
susceptibility (ETS). Those effectors (avirulence factors) can be perceived specifically through avirulence factor 
receptors (Avr-Rs) by plants after adapting to the pathogen, which leads to the effector-triggered immunity (ETI). 
The ETI reaction leads to the hypersensitive response (HR) and kills the infected plant tissue. Modified after Jones 

and Dangl (2006). 
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channels. These signalling pathways trigger local defence responses, including the deposition 

of callose-rich papillae at penetration sites, which can restrict or delay fungal entry and may 

additionally contribute to salicylic acid-dependent defence signalling (Bacete et al., 2018). 

Further reinforcement of the wall occurs through lignification, suberisation, and the 

incorporation of phenolic compounds, collectively increasing wall rigidity and resistance to 

enzymatic degradation (Eggert et al., 2014; Bacete et al., 2018).  

Pectins play a particularly important role in cell wall-mediated immunity. Alterations in pectin 

composition or structure can strongly influence pathogen susceptibility in a pathogen-specific 

manner. For example, the powdery mildew resistant 5 and 6 (pmr5/6) mutants exhibit altered 

pectin composition and enhanced resistance to powdery mildew fungi as well as 

C. higginsianum due to reduced fungal penetration efficiency (Vogel et al., 2002, 2004). 

Likewise, reduced RG I abundance, like in the murus 8 (mur8) mutant, increases susceptibility 

compared with WT plants, highlighting the importance of pectic side chains for effective 

defence (Engelsdorf et al., 2017). The importance of RG I integrity is further supported by 

studies of pgm, in which altered galactan composition within RG I correlates with increased 

susceptibility to C. higginsianum. This phenotype can be rescued by overexpression of 

GALACTAN SYNTHASE 1 (GALS1), which restores galactan abundance and pathogen 

resistance (Engelsdorf et al., 2017; Reckleben et al., 2025). 

Post-synthetic pectin modifications additionally contribute to immune regulation. In particular, 

pectin methylesterases (PMEs) remove methyl groups from homogalacturonan chains, 

thereby altering cell wall porosity, calcium crosslinking capacity, and accessibility to fungal 

pectinolytic enzymes (Coculo and Lionetti, 2022). PME activity is tightly regulated by pectin 

methylesterase inhibitors (PMEIs), which modulate the degree and spatial pattern of pectin 

demethylesterification during pathogen attack (Bethke et al., 2014; Del Corpo et al., 2020; 

Munzert and Engelsdorf, 2025). Depending on the infection context, PME and PMEI activity 

can either enhance wall stiffening through calcium-mediated ñegg-boxò structures or increase 

the generation of pectin-derived elicitors following fungal degradation. Consequently, the 

balance between PME and PMEI activity has a major influence on disease resistance and 

susceptibility (Munzert and Engelsdorf, 2025). Although the precise mechanisms underlying 

pectin-mediated immunity remain incompletely understood, several resistance phenotypes are 

associated with enhanced accumulation of pectin-derived damage-associated molecular 

patterns (DAMPs), particularly oligogalacturonides (OGs). These molecules are perceived by 

the pattern recognition receptor WALL-ASSOCIATED KINASE 1 (WAK1), leading to activation 

of immune responses involving salicylic acid- and jasmonic acid-dependent signalling 

pathways (Bacete et al., 2018). In addition to OGs, arabinoxylan-oligosaccharides have been 

identified as novel DAMPs through analysis of the arabidopsis response regulator 6 (arr6) 

mutant. Pectin-enriched wall fractions isolated from arr6 triggered stronger immune responses 
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than corresponding WT fractions, indicating that altered wall composition can modulate DAMP 

generation and immune activation (Bacete et al., 2020; Mélida et al., 2020). AGPs further 

contribute to cell wall-associated defence mechanisms. Their accumulation at infection sites is 

thought to reinforce matrix crosslinking and wall stability (Kim et al., 2023). In addition, AGPs 

bind Ca²ϕ in a pH-dependent manner, suggesting a potential role in calcium-mediated 

signalling and wall remodelling during pathogen attack (Lamport and Várnai, 2013; Lopez-

Hernandez et al., 2020; Villa-Rivera et al., 2021; Ma and Johnson, 2023). 

 

1.4.2.3 ROS burst and hypersensitive response  

Activation of pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) rapidly 

induces the production of reactive oxygen species (ROS), one of the earliest and most 

important defence responses during plant-pathogen interactions. Following the perception of 

MAMPs and DAMPs by PRRs, rapid changes in ion fluxes and apoplastic alkalinisation 

activate plasma membrane-localised NADPH oxidases encoded by RESPIRATORY BURST 

OXIDASE HOMOLOGUE (RBOH) genes, resulting in a rapid oxidative burst predominantly 

consisting of hydrogen peroxide and superoxide (Wu et al., 2014; Qi et al., 2017). ROS fulfil 

multiple functions during immunity: they exert direct antimicrobial effects on invading fungi, 

contribute to reinforcing the cell wall through callose deposition and lignification, and act as 

secondary messengers that amplify defence signalling and activate downstream immune 

responses (Iiyama et al., 1994; Daudi et al., 2012; Qi et al., 2017). Additionally, 

mitogen-activated protein kinase (MAPK) cascades are activated, leading to extensive protein 

phosphorylation and a broad reprogramming of the cellular transcriptome (Boller and Felix, 

2009; Wu et al., 2014). ROS production is also closely associated with localised programmed 

cell death (PCD) during the HR, which restricts nutrient availability and limits the spread of 

biotrophic fungi. Proteins involved in the regulation of PCD therefore strongly influence fungal 

resistance. For example, the papain-like cysteine endopeptidase KDEL-TAILED CYSTEINE 

ENDOPEPTIDASE 1 (AtCEP1) contributes to basal resistance by promoting late epidermal 

cell death during fungal colonisation (Höwing et al., 2014). Similarly, CONSTITUTIVE 

EXPRESSION OF PR GENES 5 (AtCPR5) regulates both defence gene expression and PCD, 

thereby modulating susceptibility to pathogens such as E. cruciferarum. Accordingly, atcpr5 

mutants display enhanced resistance, whereas loss of AtCEP1 increases susceptibility due to 

impaired PCD at infection sites (Höwing et al., 2014, 2017). These observations highlight the 

importance of tightly controlled ROS accumulation and PCD for balancing effective fungal 

restriction with the preservation of host tissue integrity. 
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1.4.2.4 Role of salicylic acid and phytohormone networks in plant defence 

Plants coordinate immune responses through a complex phytohormonal network that enables 

defence strategies to be adapted to the lifestyle of invading pathogens. Among the major 

defence-associated phytohormones, salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) 

represent the central regulatory components of antifungal immunity. SA is synthesised from 

chorismate, the final product of the shikimate pathway, via two distinct biosynthetic routes: the 

phenylalanine ammonia lyase (PAL) pathway and the isochorismate (IC) pathway (Dempsey 

et al., 2011). In the PAL pathway, chorismate is converted into phenylalanine and subsequently 

deaminated to cinnamic acid, which serves as a precursor for SA biosynthesis through benzoic 

or coumaric acid intermediates (Dempsey et al., 2011). In the IC pathway, chorismate is 

converted to isochorismate by ISOCHORISMATE SYNTHASE 1 (ICS1), also known as 

ENHANCED DISEASE SUSCEPTIBILITY 16 (EDS16) or SALICYLIC ACID INDUCTION 

DEFICIENT 2 (SID2), within the chloroplast. Isochorismate is subsequently exported by EDS5 

and converted in the cytosol via avrPphB SUSCEPTIBLE 3 (PBS3) and ENHANCED 

PSEUDOMONAS SUSCEPTIBILITY 1 (EPS1) into SA (Figure 7 A) (Rekhter et al., 2019; 

Torrens-Spence et al., 2019). Genetic evidence demonstrates that the IC pathway is the 

predominant source of defence-associated SA in Arabidopsis, as sid2 mutants display strongly 

reduced SA accumulation and enhanced disease susceptibility (Nawrath and Métraux, 1999; 

Wildermuth et al., 2002; Zhang and Li, 2019). SA activity and homeostasis are tightly controlled 

through post-synthetic modifications that regulate its stability, mobility, and bioactivity. 

Methylation by BA/SA CARBOXYL METHYLTRANSFERASE 1 (BSMT1) generates methyl 

salicylate, a volatile and membrane-permeable derivative involved in long-distance signalling 

during systemic acquired resistance (SAR) (Dempsey et al., 2011; Zhang and Li, 2019). 

Glycosylation by UDP-GLYCOSYLTRANSFERASES UGT74F1 and UGT74F2 inactivates SA 

and enables vacuolar sequestration, thereby preventing cytotoxicity and maintaining hormone 

homeostasis (Dempsey et al., 2011; Zhang and Li, 2019). In addition, SA can be hydroxylated 

by SALICYLIC ACID 3/5 HYDROXYLASES (S3H/S5H) to produce 2,3- or 2,5-

dihydroxybenzoic acid (DHBA), which are subsequently glycosylated by UGT76D1 and 

UGT89A2 (Figure 7 B) (Zhang et al., 2013a, 2017; Huang et al., 2018). These modifications 

not only detoxify SA derivatives but also contribute to feedback regulation of SA biosynthesis 

and immune homeostasis. 
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Figure 7: Biosynthesis of hydroxy benzoic acids (SA and DHBAs) in Arabidopsis.  
A:  Synthesis of salicylic acid (SA) via the isochorismate pathway in the plant cell. Chorismate is transformed to 
isochorisamte by isochorismate synthase (ICS1) in the chloroplast, then transported into the cytosol by ENHANCED 
DISEASE SUSCEPTIBILITY 5 (EDS5). There, isochorismate is processed to salicylic acid via avrPphB 
SUSCEPTIBLE 3 (PBS3) and ENHANCED PSEUDOMONAS SUSCEPTIBILITY 1 (EPS1). Modified after Lefevere 
et al. (2020). B:  Proposed scheme of SA homeostasis regulation and 2,3-/2,5-DHBA (-dihydroxybenzoic acid) 
synthesis and glycosylation. SA is hydroxylated to 2,3-DHBA by S3H and to 2,5-DHBA by S5H. Two different UDP-
glucosyltransferases, UGT76D1 and UGT89A2, can glycosylate the DHBAs, leading to 2,3-/2,5-DHBA glucosides 
and xylosides. The glycosylated DHBAs are proposed to play a role in the positive feedback regulation of SA 
synthesis (Huang et al., 2018). 
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Within the phytohormonal defence network, SA primarily mediates resistance against 

biotrophic and hemibiotrophic pathogens, whereas JA and ET are mainly associated with 

defence against necrotrophic fungi and herbivorous insects (Thomma et al., 2001; Glazebrook, 

2005; Engelsdorf et al., 2013). Because these defence strategies are optimised for different 

pathogen lifestyles, extensive antagonistic crosstalk exists between SA- and JA/ET-mediated 

signalling pathways to prioritise appropriate immune responses (Thomma et al., 2001; An and 

Mou, 2011). Central positive regulators of SA signalling include ENHANCED DISEASE 

SUSCEPTIBILITY 1 (EDS1), PHYTOALEXIN DEFICIENT 4 (PAD4), and NONEXPRESSER 

OF PR GENES 1 (NPR1), which together regulate SA accumulation and downstream defence 

gene expression through TGACG SEQUENCE-SPECIFIC BINDING PROTEIN (TGA) 

transcription factors (Gupta et al., 2000; Spoel et al., 2003; Kesarwani et al., 2007; Spoel and 

Dong, 2008). Downstream WRKY transcription factors further modulate the balance between 

SA and JA signalling, while mutations affecting JA-associated regulators such as MAP 

KINASE 4 (MPK4) or SUPPRESSOR OF SA INSENSITIVE 2 (SSI2) result in constitutive 

activation of SA-dependent defences (Kachroo et al., 2003; Brodersen et al., 2006; An and 

Mou, 2011). Ethylene signalling components, including ETHYLENE INSENSITIVE 2 (EIN2), 

EIN3, and EIN3-LIKE 1 (EIL1), additionally influence SA signalling and pattern-triggered 

immunity (PTI) (De Vos et al., 2006; Chen et al., 2009). Together, these interconnected 

regulatory pathways establish a dynamic hormonal balance that tailors immune responses to 

specific pathogen lifestyles. Within this regulatory framework, SA plays a central role in 

Arabidopsis immunity against C. higginsianum (Narusaka et al., 2004; OôConnell et al., 2004; 

Engelsdorf et al., 2013; Gebauer et al., 2017). SA signalling induces extensive transcriptional 

reprogramming associated with both local and systemic immunity. A characteristic response 

is the activation of PATHOGENESIS-RELATED (PR) genes, including PR-1, PR-2, PR-3, and 

PR-5, many of which encode antifungal proteins such as ɓ-1,3-glucanases and chitinases 

(Durner et al., 1997; Thomma et al., 2001; Narusaka et al., 2004; Glazebrook, 2005). SA 

additionally promotes the biosynthesis of phytoalexins, a diverse group of antimicrobial 

secondary metabolites including flavonoids, terpenoids, alkaloids, stilbenes, and isoflavones 

(Ahuja et al., 2012). In Arabidopsis, the indolic phytoalexin camalexin (CA), derived from 

tryptophan, represents a major antifungal compound induced during SA-dependent defence 

responses (Rogers et al., 1996; Glawischnig, 2006; Ahuja et al., 2012). 

SA signalling further contributes to systemic acquired resistance (SAR), a long-lasting immune 

state established in distal, non-infected tissues. During SAR, mobile signals travel through the 

phloem and prime systemic tissues for faster and stronger defence activation upon subsequent 

pathogen attack (Durner et al., 1997; Durrant and Dong, 2004). N-hydroxypipecolic acid (NHP) 

acts as a major mobile signal that amplifies SA-dependent defence gene expression and 

stabilises SAR (Chen et al., 2018). In addition, SA promotes expression of the transcriptional 
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regulators SAR DEFICIENT 1 (SARD1) and CALMODULIN-BINDING PROTEIN 60-LIKE G 

(CBP60g), which contribute to long-term immune memory and NHP biosynthesis (Chen et al., 

2018; Ding et al., 2018; Zhang and Li, 2019). Transcriptomic analyses further revealed that SA 

enhances expression of numerous PTI components, including the receptors FLS2, EFR, and 

CERK1, their co-receptors BAK1-LIKE 1 (BKK1) and SUPPRESSOR OF BAK1-

INTERACTING RECEPTOR-LIKE KINASE 1 (SOBIR1), as well as downstream MAP kinases, 

calcium-dependent protein kinases, and G-protein signalling components. At elevated 

concentrations, SA itself additionally exerts direct antimicrobial activity (Zhang and Li, 2019). 

 

1.4.2.5 Camalexin biosynthesis and function in pathogen resistance 

A second major metabolite contributing to Arabidopsis defence against C. higginsianum is the 

indolic phytoalexin camalexin (CA) (Narusaka et al., 2004; Engelsdorf et al., 2013; Seufer et 

al., 2026). Camalexin biosynthesis originates from tryptophan, which is converted into 

indole-3-acetaldoxime (IAOx) by the cytochrome P450 enzymes CYP79B2 and CYP79B3, 

followed by several intermediate reactions culminating in camalexin formation catalysed by 

PHYTOALEXIN DEFICIENT 3 (PAD3/CYP71B15) (Figure 8) (Glawischnig, 2006). Expression 

of CA biosynthetic genes, including PAD3, is transcriptionally activated by WRKY33, a 

defence-associated transcription factor regulated downstream of mitogen-activated protein 

kinases (MAPKs) and calcium-dependent protein kinases (CPKs) during pathogen recognition 

(Zhou et al., 2020). Following biosynthesis, CA is secreted into the apoplast at infection sites 

via ATP-binding cassette (ABC) transporters such as PLEIOTROPIC DRUG RESISTANCE 12 

(PDR12) and PENETRATION 3 (PEN3), which mediate phytoalexin export during fungal 

infection (He et al., 2019). The pad3 mutant lacks functional PAD3/CYP71B15, the cytochrome 

P450 monooxygenase catalysing the final biosynthetic step converting dihydrocamalexic acid 

into CA. Consequently, pad3 fails to accumulate CA upon pathogen challenge and exhibit 

enhanced susceptibility to several fungal pathogens, including C. higginsianum and Alternaria 

brassicicola, establishing pad3 as a central genetic model for investigating 

camalexin-dependent defence mechanisms (Zhou et al., 1999; Narusaka et al., 2004; 

Schuhegger et al., 2006; Nafisi et al., 2007). 



35 
 

 

 

1.5 Forward genetic screening for suppression of pgm 

hypersusceptibility 

In interaction with C. higginsianum, the starch-deficient mutant pgm exhibits strongly enhanced 

susceptibility compared to the WT. Similar increases in susceptibility are observed in 

dark-starved WT plants, indicating that the pgm phenotype primarily reflects impaired defence 

capacity caused by carbohydrate limitation rather than enhanced fungal nutrition or growth 

(Engelsdorf, 2013; Engelsdorf et al., 2013). Analyses of defence-associated metabolites 

further revealed altered SA and CA dynamics in pgm. Compared to WT, pgm accumulates 

elevated SA and CA levels at 2 days post infection (dpi) but reduced SA and CA at later 

infection stages (4 dpi) (Engelsdorf et al., 2013). These findings suggest that pgm initiates 

defence responses stronger than WT. However, the lack of carbohydrate reserves during the 

night prevents sustained defence activation, ultimately resulting in enhanced susceptibility 

(Engelsdorf et al., 2013). In previous work by Dr. Engelsdorf (Dissertation, 2013), a central 

objective was to identify gene functions whose loss suppresses the enhanced susceptibility of 

pgm to C. higginsianum. To this end, a forward genetic screen was performed in which 

Figure 8: Simplified scheme of the biosynthesis of the phytoalexin camalexin.  
Tryptophan is converted into indole-3-acetaldoxime (IAOx) by cytochrome P450 enzymes CYP79B2/B3 and further 
transformed into camalexin (CA) via several enzymes, with PHYTOALEXIN DEFICIENT 3 (PAD3/CYP71B15) 
catalysing the final step. Modified after Glawischnig (2006). 
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unknown genotypes were identified based on distinguishable phenotypes (Figure 9 A). pgm 

seeds were mutagenised with ethyl methanesulfonate (EMS), a nucleotide-alkylating agent 

that induces base-pair substitutions during DNA replication (Lightner and Caspar, 1998). 

Because efficient forward genetic screens require a low frequency of false positives, a robust 

phenotypic selection criterion for suppression of pgm hypersusceptibility was essential. 

Infection conditions with C. higginsianum were therefore adjusted such that pgm seedlings 

reproducibly died, whereas suppressor mutants were expected to survive. As the aim was to 

identify loss-of-function alleles that specifically suppress pgm hypersusceptibility under 

starch-deficient conditions, candidate mutants were backcrossed into the Col-0 background to 

evaluate their resistance in the presence of transitory starch. In the pgm background, 

resistance levels were classified according to the proportion of surviving seedlings after 

infection. In segregating populations in the Col-0 background, resistance was quantified using 

a resistance quotient defined as the ratio between surviving Col-0/mutant plants and surviving 

Col-0 control plants. Candidate suppressors were required to display weak to intermediate 

resistance in the Col-0 background but intermediate to strong resistance in the pgm 

background. Using this approach, eight suppressor lines were identified: 2-10-1, 3-2-2, 4-51-

1, 4-54-4, 7-10-1, 7-18-3, 9-7-10, and 9-13-2. Several of these lines were subsequently 

analysed further during my masterôs thesis, leading to the identification of the causal mutation 

in line 9-7-10 (Munzert, 2021). The promising suppressor line 9-7-10 was initially mapped by 

bulked segregant analysis using simple sequence length polymorphism (SSLP) markers 

between the ecotypes Col-0 and Ler (Landsberg erecta), which localised the 

resistance-associated mutation to a region between 21.1 and 21.9 Mbp on chromosome 3 

(Engelsdorf, 2013). To refine the mapping, a second bulked segregant analysis combined with 

whole-genome sequencing was performed to identify candidate single nucleotide 

polymorphisms (SNPs) within the mapped interval. For this purpose, segregating populations 

derived from a backcross of 9-7-10 with pgm were screened for survival following 

C. higginsianum infection under conditions lethal to pgm. This analysis identified a premature 

stop codon at amino acid position 278 in OUTER ENVELOPE PROTEIN 40 (OEP40) as the 

most likely causal mutation underlying the suppressor phenotype in line 9-7-10 (Figure 9 B). 

The line was subsequently renamed pgm oep40-4 and further characterised regarding its 

susceptibility to C. higginsianum, as well as its accumulation of SA, DHBAs, and CA to assess 

alterations in defence-associated phytohormone and metabolite profiles. In addition, soluble 

sugar levels and cell wall composition were analysed to investigate potential metabolic and 

structural changes associated with the mutation. 
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Figure 9: Schematic overview of the phenotypic screening strategy used to identify suppressors of pgm  
hypersusceptibility to C. higginsianum  and EMS mutation site of oep40-4. 
A: pgm seeds were mutagenised using ethyl methanesulfonate (EMS), followed by infection-based forward genetic 
screening under conditions in which pgm seedlings exhibited lethal susceptibility. Surviving candidate suppressor 
lines were isolated, backcrossed into pgm backgrounds, and phenotypically classified according to their resistance 
levels after C. higginsianum infection. Resistance-associated loci were subsequently mapped by bulked segregant 
analysis and whole-genome sequencing. B:  Single nucleotide polymorphism (SNP) location caused by EMS 
mutagenesis in the coding sequence of OEP40 (pgm oep40-4) on chromosome 3; light green: premature stop 
codon at amino acid position 278 within the long predicted Ŭ-helical region; dark green box: SSLP mapping 
narrowing mutations site down to 21.3 ï 21.7 megabase pairs (Mbp) combined with whole genome sequencing 
showing 5 possible SNPs in this region; blue boxes: predicted ɓ-sheet; red boxes: Ŭ-helix. Protein sequence was 
provided by Franz Hagn. 
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1.6 Aim of the study 

Advancing the understanding of plant defence mechanisms is essential for securing future 

food supplies by improving crop resistance to both abiotic and biotic stresses. The 

starch-deficient Arabidopsis thaliana mutant pgm experiences diurnal sugar starvation during 

the dark phase and consequently shows reduced carbohydrate availability for defence 

responses (Engelsdorf et al., 2013). As a result, pgm displays hypersusceptibility to the 

hemibiotrophic fungus Colletotrichum higginsianum, which can be suppressed by a mutation 

in OUTER ENVELOPE PROTEIN 40 (OEP40). OEPs are ɓ-barrel proteins of the chloroplast 

outer envelope with structural similarity to bacterial porins and are known to mediate the 

transport of amines, amino acids, triose phosphates, glucose, and glucose phosphates (Inoue, 

2011; Schwenkert et al., 2023). However, the regulation of metabolite transport across the 

chloroplast outer envelope remains poorly understood, and outer envelope transport proteins 

have so far received limited attention. In particular, the role of OEPs in metabolic regulation 

and plant defence is still largely unresolved. 

This thesis aimed to confirm oep40 as the causal mutation for suppression of 

hypersusceptibility to C. higginsianum, and to identify the function and potential signalling 

partners of OEP40. To understand the function of OEP40 and, more importantly, to reveal the 

consequences of the loss of OEP40, the physiological changes in pgm oep40 compared to 

pgm and Col-0 were further investigated. 

To identify if oep40 led to a general enhancement in defence signalling, plant resistance and 

defence compounds (especially phytohormone SA) after infection in two different 

pathosystems (C. higginsianum and E. cruciferarum) were measured. Crossings with knockout 

mutants in defence compound biosynthesis were used to examine the effect on pgm oep40-3 

hypersusceptibility suppression when SA and CA synthesis was blocked. 

Since OEP40 is described as ñsugar gateò in the outer envelope of the chloroplast, and for 

pgm is known that total soluble sugars are low at the end of the dark phase, and thus cell wall 

composition is affected (Harsman et al., 2016; Engelsdorf et al., 2017). 

Therefore, another aim was to investigate if sugar allocation and cell wall composition are 

altered in pgm oep40-3. Hence, total soluble sugars and cell wall monosaccharide composition 

were quantified in Arabidopsis leaves. To verify if specific cell wall changes are crucial for 

suppression of hypersusceptibility in pgm oep40-3, knockout mutants in biosynthesis pathways 

of affected cell wall polymers were crossbred and examined for their cell wall composition and 

susceptibility to C. higginsianum. 

To understand the greater signalling network that OEP40 could be part of or more important 

signalling that is triggered as a consequence of the loss of OEP40, the transcriptome was 

analysed. With a focus on altered gene expression in plant defence responses, cell wall 

modifications and sugar signalling. 
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2.  Material and methods 

2.1  Material 

2.1.1  Chemicals 

If not specified otherwise, all chemicals and enzymes used were purchased from AppliChem 

(Darmstadt, Germany), Carl Roth (Karlsruhe, Germany), Megazyme by Neogen (Wicklow, 

Ireland), Merck (Darmstadt, Germany), Sigma Aldrich (St. Louis, Missouri, USA) and Thermo 

Fisher Scientific (Waltham, Massachusetts, USA). 

 

2.1.2  Oligonucleotides 

Oligonucleotides used for amplifying DNA fragments via the polymerase chain reaction were 

purchased from Eurofins Genomics (Ebersberg, Germany). Primers used for genotyping plants 

or quantification of fungal DNA in infected leaf material are listed in Table 1. 

 

Table 1: List of oligonucleotides used.  The name and sequence in 5ô to 3ô reading direction of the primers 
are listed.  

Name Sequence (5ô-3ô) 

arad1-2 LP AATGCGTTGTATCGGATCTTG 

arad1-2 RP GAATCTGTCACCATGCATGTG  

ChTrpC_fw AGGTTCAGACTGCCGAAGAG 

ChTrpC_rv TCAGCCTGCTTGTTGTGTTC 

firefly_LUC_fw ACTGGGACGAAGACGAACAC 

firefly_LUC_rev GGGTGTTGGAGCAAGATGGA 

GABI LB ATATTGACCATCATACTCATTGC 

gpt2-1_LP GTCGGACCAAACTTTGTCTGGT 

gpt2-1_RP GGTCTGATCAAGAAATGACACTGA 

ixr1-1_CAPS_for ATCCTCAAAGTCCTTGCCGG 

ixr1-1_CAPS_rev TGACTCGGCTAGTGAAGGGA 

LBb1.3 ATTTTGCCGATTTCGGAAC 

MUR4_CAPS_for CGATCCAGAGGGCAGATTGG 

MUR4_CAPS_rev CAAGACCCTGACCAAAACTGA 

N210_CAPS-fw CTCACAGGCAAATGGAGGAT 

N210_CAPS-rv CAGGCTGACCACTGCTGTAA 
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OEP40_comp_fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGTTCCC

AGTTTCACAACTTCTTCT 

OEP40_comp_rv GGGGACCACTTTGTACAAGAAAGCTGGGTATCAAGCA

GCTCCTTTCAAAGCTTT 

OEP40_comp_2_fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTAAGGAAC

AAGAAGCACACTGGT 

OEP40_comp_2_rv GGGGACCACTTTGTACAAGAAAGCTGGGTAGAACCAA

AAGCACCAAGAGGG 

OEP40_comp_3_fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTATACGTG

TGTCGAACCTCCTTG 

OEP40_comp_3_rv GGGGACCACTTTGTACAAGAAAGCTGGGTAAGCTCAG

TGTATCACCATCAAGC 

OEP40_Seq_1 TCACTAAATAACAACCAACC 

OEP40_Seq_2 CTTTACACAATTCCTAGTTCTTAAG 

OEP40_Seq_3 CACAACTTCTTCTTGTACATCTC 

OEP40_Seq_4 GTAAACCGCGGGTTAAAC 

OEP40_Seq_5 TTGTGAACTGAGCCGGAC 

OEP40_Seq_6 ACAACAAGTGGTGACGTG 

oep40-3_LP AAACTTTACCCGGATCACCAG 

oep40-3_RP AAACAAACAACCAGGCATTTG 

pad3-1 caps for ACACTACATCCGAGGAATCGC 

pad3-1 caps rev ACTTGAGAGCATCTCCATCGTTC 

pepr1-1_for TTTCACCTGTCAATCCGTTTC 

pepr1-1_rev TCGTTTCGGATCACCTAATTG 

pepr2-1_for ACGGTGAACAAAATACGAACG 

pepr2-1_rev TCTCAGATCTGCGGATAGCTC 

PROPEP3::LUC_seq1_fw CTTAAACGCAGTGATAATCATC 

PROPEP3::LUC_seq2_fw GTCCTTTGTCCAATCATTGAC 

PROPEP3::LUC_seq3_fw CATTCTATCCGCTGGAAGATG 

PROPEP3::LUC_seq4_fw GATTCTCGCATGCCAGAGATC 

pSuT_ko_LP TTCAGTCACATTTCGCAATCAGAG 

pSuT_ko_RP AAAGCCATAGAGAAGCCTTCC 

SAIL_LB1 GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC 

sid2-3 LP TCTCATGACGATTGGAGATCC 

sid2-3 RP GTTTCCGATAAAAGCTGGTGC 
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2.1.3  Biological material 

2.1.3.1  Arabidopsis thaliana 

All Arabidopsis lines used have the ecotype Columbia (Col-0) as genetic background. The 

candidate obtained through the pgm hypersusceptibility suppressor mutant screening (9-7-10) 

was named in this study pgm oep40-4, as the causal mutation site was identified in OEP40 

(Table 2). All lines generated in this work are listed in Table 3. 

 

Table 2: Arabidopsis thaliana genotypes used in this work. For each genotype, the AGI code, as well as the 
stock number of the Nottingham Arabidopsis Stock Centre or an associated reference, is listed.  

Genotype  AGI Line/ Reference 

arad1-2 arabinan deficient AT2G35100 N25046 (Harholt et al., 

2006) 

Col-0 Columbia wild type  N1092 

gpt2-1 glucose 6-phosphate / 

phosphate  

translocator 

AT1G61800 N443578 (Niewiadomski 

et al., 2005) 

mur4-1 murus AT1G30620  N8568 (Reiter et al., 

1997) 

oep40-3 outer envelope protein AT3G57990 N833896 (Harsman et al., 

2016) 

pad3-1 phytoalexin deficient AT3G26830 N3805 (Glazebrook et al., 

1997) 

pgm plastidic 

phosphoglucomutase 

AT5G51820 N210 (Caspar et al., 

1985) 

pSuT-ko plastidic sugar 

transporter 

AT5G59250 N521796 (Patzke et al., 

2019) 

sid2-3 Salicylic acid induction 

deficient 

AT1G74710 N633146 (Nawrath and 

Métraux, 1999) 

9-7-10/pgm 

oep40-4 

EMS mutant (pgm 

background) 

 Dissertation Dr. Timo 

Engelsdorf (2013) 
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Table 3: Arabidopsis thaliana  lines  generated in this study . The AGI code is listed for all genotypes.  

Genotype AGI 

Col-0 x pOEP40::OEP40  

Col-0 x pPROPEP3::LUC  

irx1-1 x pPROPEP3::LUC AT5G05170 

oep40-3 x pOEP40::OEP40 AT3G57990 

pepr1/2 x pPROPEP3::LUC AT1G73080/AT1G17750 

pgm oep40-3 x pOEP40::OEP40 AT5G51820/AT3G57990 

pgm oep40-4 x pOEP40::OEP40 AT5G51820/ AT3G57990 

oep40-3 arad1-2 AT3G57990/AT2G35100 

oep40-3 mur4-1 AT3G57990/AT1G30620 

oep40-3 pad3-1 AT3G57990/AT3G26830 

oep40-3 sid2-3 AT3G57990/AT1G74710 

pgm arad1-2 AT5G51820/AT2G35100 

pgm gpt2-1 AT5G51820/AT1G61800 

pgm mur4-1 AT5G51820/AT1G30620 

pgm oep40-3 AT5G51820/AT3G57990 

pgm oep40-3 arad1-2 AT5G51820/AT3G57990/AT2G35100 

pgm oep40-3 mur4-1 AT5G51820/AT3G57990/AT1G30620 

pgm oep40-3 pad3-1 AT5G51820/AT3G57990/AT3G26830 

pgm oep40-3 oep40-4 AT5G51820/AT3G57990/AT3G57990 

pgm oep40-3 sid2-3 AT5G51820/AT3G57990/AT1G74710 

pgm pad3-1 AT5G51820/AT3G26830 

pgm pSuT_ko AT5G51820/AT5G59250 

pgm sid2-3 AT5G51820/AT1G74710 

 

2.1.3.2  Colletotrichum higginsianum 

For the susceptibility assays, the C. higginsianum isolate MAFF 305635 (Ministry of 

Agriculture, Forestry and Fisheries, Tokyo, Japan), and for confocal laser scanning 

microscopy, the fluorescent strain CY7466 (Plaumann et al., 2018) was used. 

 

2.1.3.3  Erysiphe cruciferarum 

Experiments with Erysiphe cruciferarum were done by the Stegmann lab (TUM). 
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2.1.4  Software 

This work was created using the software listed in Table 4. 

 

Table 4: Software used in this study.  

Name Function Supplier 

Affinity Designer 2 figure and scheme creation Serif (Europe) Ltd 

FIJI / ImageJ image processing and quantification NIH / Wayne Rasband 

Geneious Prime plasmid and primer design and 

visualisation 

Biomatters 

Grammarly text editing  Grammarly Inc. 

GraphPad Prism 10 (statistical) Data analysis and 

visualisation 

GraphPad Software 

Imaris 9.7.2 3D image processing and quantification Oxford Instruments 

Mendeley Reference 

Manager 

referencing Elsevier 

Microsoft Office text editing, data analysis Microsoft  

Perplexity text editing Perplexity AI Inc. 

 

2.2  Methods 

2.2.1  Plant growth conditions 

Arabidopsis seeds were sown on soil (Fruhstorfer soil type P, Hawita, Vechta, Germany) 

and stratified for three days at around 4-6°C in dark and moist conditions on a tray with a 

hood on. This is mandatory for breaking dormancy and synchronising germination of the 

seeds. The seeds were then transferred into a climatic chamber (GroBank/Percival, CLF 

Plant Climatics, Wertingen, Germany) at a light intensity of 110 µmol m-2 s-1, a photoperiod 

of 12 h and a temperature of 22°C in the light and 20°C in the dark. After germination, the 

moisture was reduced by removing the hood from the tray. After approximately 14 days, 

the seedlings were singularised and transplanted into a soil mixture (80% Fruhstorfer soil 
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type P, 20% Liadrain expanded clay (Liapor, Hallerndorf, Germany)), and they were further 

cultivated. For the long-day and continuous light experiments (16 h and 24 h light period), 

the light conditions were switched at 14 days after singularisation. For infection with 

C. higginsianum or sampling of untreated plants, each plant was fertilised with 40 ml 0.1% 

WUXAL super (Aglukon, Düsseldorf, Germany) one week in advance of the infection or 

sampling. 

 

2.2.2  Fungal growth conditions 

For the cultivation of C. higginsianum, 15 µl of a glycerol stock (NSY medium) was plated on 

oat bran agar plates. The inoculated plates were incubated for 7 days in a climatic chamber 

(Poly Klima, Climatic Grow Systems, Freising, Germany) with a 16 h light (22°C) and 8 h dark 

(20°C) rhythm at a light intensity of 110 µmol m-2 s-1. 

Oat bran medium 

50 g/l Oat bran (Alnatura, Darmstadt, Germany) 

12 g/l  Agar (SERVA Electrophoresis, Heidelberg, Germany) 

Autoclave for 45 min at 121°C 

NSY medium 

0.8% (w/v) Nutrient broth (peptone and beef extract 5:3) 

0.1% (w/v) Yeast extract 

0.5% (w/v) Sucrose 

70.0% (w/v) Glycerol 

 

2.2.3 Colletotrichum higginsianum infection of Arabidopsis thaliana  

For the susceptibility assays, Arabidopsis was infected with conidia of C. higginsianum, which 

were cultivated for 7 days on oat bran plates. Plants grown under a 12 h light period were 5 

weeks old at the time of infection, whereas those under a 16 h light period were only 4 weeks 

old, to avoid flowering due to the more extended photoperiod. The conidia of C. higginsianum 

were rinsed off the plates with deionised water, and the spore titre was determined using a 

Neubauer improved counting chamber. For infection, a conidia suspension of 2 million conidia 

per millilitre was prepared and sprayed on the well-watered plants with a spray flask at the end 

of the light cycle. To achieve high humidity for an even and reproducible infection, the plant 

trays were lined with wet paper towels and covered with a moistened hood. Additionally, some 

water was dammed inside the trays, and hoods were taped to the trays to avoid high air 
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exchange and loss of humidity. The infected plants were further cultivated under their 

corresponding light conditions. At 2.5 days post-infection (dpi), the hood was lifted, and any 

excess water was discarded to reduce humidity again. As a control, plants from the same 

cultivation were treated similarly to the infected plants but were sprayed with deionised water 

instead of conidia suspension (mock treatment). 

In the experiment with only oep40-3 and Col-0, plants were inoculated using droplets of C. 

higginsianum conidia for microscopic evaluation (lactophenol trypan blue staining and CLSM) 

as well as for qPCR of fungal DNA. The process was the same as for the sprayed infection, 

but the concentration of the conidia suspension was reduced to 100,000 conidia per millilitre. 

Each droplet was 5 µl of conidia suspension, and 2 droplets per leaf were placed. The infected 

leaves were marked using a half paper clip placed over the petiole. 

 

2.2.4  Sample normalisation 

For normalisation of the results, two approaches were used: (i) Weighing the sample material. 

The reaction tubes were weighed empty before taking samples. After harvesting and snap-

frosting the leaf material in the reaction tubes, it was weighed again to determine its fresh 

weight. The outside of the tube was wiped down and placed open inside the precision balance 

VWR SM 425i (± 0.5 mg linearity deviation) (VWR, Darmstadt, Germany). The dry weight was 

measured using the same balance after freeze-drying the leaves with a freeze dryer (Alpha 2-

4, Martin Christ, Osterode am Harz, Germany) for about 3 days. (ii) Punching leaf discs using 

a cork borer for sampling a defined leaf area. In the experiments, cork borer numbers 2, 3, or 

4 were used to cut out leaf discs of a defined area, depending on the genotype size. 

 

2.2.5  Molecular biology methods 

2.2.5.1  DNA quick preparation of plants 

For genotyping the Arabidopsis mutant lines, the genomic DNA (gDNA) quick preparation 

method, as described by Edwards et al. (1991) was used. Per plant, one small leaf was 

harvested and homogenised with 200 Õl of Edwardsô buffer via a rotating pistil connected to a 

stirrer (RZR 1, Heidolph, Schwabach, Germany). Another 200 µl of buffer was added, rinsing 

the pistil. Thereafter, the samples were centrifuged for 5 min at room temperature (RT) at 

13,000 revolutions per minute (rpm), and 300 µl of the supernatant was transferred to a new 

reaction tube. For precipitation of the DNA, 300 µl of isopropanol was added, and the samples 

were inverted a few times and incubated for 2 min at RT. The reaction tubes were centrifuged 
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again (as before), and the supernatant was removed entirely. After that, the samples were 

placed upside down on a paper towel to dry the DNA pellet. When the pellet was dry, the 

samples were resuspended in 50 µl Milli-Q (MQ) water and shaken for 5 min at 40°C. The 

gDNA was stored at -20°C.  

Edwardsô buffer 

200 mM Tris HCl, pH 7.5 

250 mM NaCl 

25 mM  Ethylenediaminetetraacetic acid (EDTA) 

0.5% (w/v) Sodium dodecyl sulfate (SDS) 

 

2.2.5.2  Polymerase chain reaction 

To verify the genetic background of the mutant lines, the extracted gDNA was amplified using 

the polymerase chain reaction (PCR). As controls, a negative and a positive sample, as well 

as a no-template control (NTC), were always included. For the determination of the annealing 

temperature, the Wallace rule was utilised: 

Ὕ ςz ὃ Ὕ τz Ὃ ὅ 

The PCR cycler was programmed as described below (Table 5). The PCR products of cleaved 

amplified polymorphic sequence (CAPS) primers were further processed via restriction 

enzyme digest (see 2.2.5.3) 

 

PCR reaction mix 

15.6 µl MQ water 

2.0 µl 10x Y buffer 

0.2 µl dNTPs (10 mM) (biotechrabbit, Berlin, Germany) 

0.4 µl Left border primer (10 µM) 

0.4 µl Right border primer (10 µM) 

0.4 µl Taq polymerase (1 U) (Voll lab) 

1.0 µl DNA template 
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PCR reaction mix ï commercial Taq 

15.8 µl MQ water 

2.0 µl 10x Y buffer 

0.2 µl dNTPs (10 mM) (biotechrabbit, Berlin, Germany) 

0.4 µl Left border primer (10 µM) 

0.4 µl Right border primer (10 µM) 

0.2 µl Taq polymerase (1 U) (Biozym Scientific GmbH, Hess. Oldendorf, Germany) 

1.0 µl DNA template 

PCR reaction mix ï 3 primers 

15.35 µl MQ water 

2.0 µl 10x Y buffer 

0.2 µl dNTPs (10 mM) (biotechrabbit, Berlin, Germany) 

0.3 µl Border primer (10 µM) 

0.3 µl Left border primer (10 µM) 

0.45 µl Right border primer (10 µM) 

0.4 µl Taq polymerase (1 U) (Voll lab) 

1.0 µl DNA template 

10x Y buffer 

200 mM Tris HCl, pH 8.5 

160 mM Ammonium sulphate 

20 mM Magnesium chloride 

0.1% (w/v) Tween 20 

10x KCl buffer (Julia Seufer) 

400 mM KCl 

100 mM  Tris HCl, pH 9 

20 mM Magnesium chloride 

 

Table 5: PCR cycler program for genotyping with Taq polymerase  

 Temperature [°C] Duration [min] 

Initial denaturation  95 5 

Denaturation 95 0.5 

Annealing Tm ï 4 0.5 

Elongation 72 1 min/1000 bp                 x35                        

Final elongation 72 5 

Storage 15 Ð 
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2.2.5.3  Restriction enzyme digestion 

For some genotypes, the Cleaved Amplified Polymorphic Sequence (CAPS) method is used 

for genotyping, which means the PCR product is digested with a restriction enzyme that has a 

specific cutting site either for the WT or the mutant allele. One of them is cut into smaller DNA 

fragments that can then be separated and identified using gel electrophoresis. If the tested 

gDNA is heterozygous, the WT as well as the mutant fragments would be visible on the gel.  

Restriction enzyme digestion 

10 µl PCR product 

10 µl CAPS mix 

  1 h at 37°C 

CAPS mix 

8.4 µl MQ water 

1.5 µl 10x FastDigest (FD) buffer green 

0.1 µl FD enzyme 

 

2.2.5.4  Agarose gel electrophoresis 

After PCR amplification or CAPS PCR, the DNA fragments were separated using agarose gel 

electrophoresis. Therefore, a 0.8-2.5% agarose gel (Biozym, Scientific, Hessisch Oldendorf, 

Germany) with 1x Tris-acetate-EDTA (TAE) buffer was brought to a boil until the agarose 

entirely dissolved in the buffer. After a short cool-down, 0.05 µl/ml ethidium bromide (5 mg/ml) 

was added, and the gel was poured into a gel chamber. When the gel cooled and polymerised, 

it was placed in an electrophoresis chamber (Cleaver Scientific, Rugby, UK) and 10 µl of the 

CAPS digestion or PCR product, with loading dye added, and 5 µl 50 bp or 1 kbp DNA ladder 

were loaded. The agarose gel electrophoresis was run with 1x TAE buffer at 80 - 120 V for 

0.75 - 1 h, depending on the fragment size. For gel documentation, an Intas GelStick IMAGER 

(Intas Science Imaging Instruments, Göttingen, Germany) was used. 

50x TAE buffer 

2 M Tris 

100 mM EDTA 

1 M Acetic acid 
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2.2.5.5 Plasmid cloning with Gateway® 

For cloning the complementation plasmid pOEP40::OEP40 and the reporter plasmid 

pPROPEP3::LUC, the Gateway Technology cloning system with Clonase II from Invitrogen 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA) was used. In both cases, the 

pDONRÊ221 plasmid was used as a donor vector to produce the entry clones. For the 

complementation plasmid, the destination vector pGWB601, and for the reporter plasmid, the 

destination vector pGWB635, carrying a luciferase reporter, were used for expression in 

planta. 

 

2.2.5.6 Transformation of Escherichia coli 

To multiply the plasmid DNA, the cloning products were transformed into the Escherichia coli 

(E. coli) strain TOP10 or DH5-Ŭ. The chemically competent E. coli were thawed on ice, and 1 

µl of the cloning product was added. The mixture was then carefully mixed by slowly pipetting 

up and down. The mix was incubated on ice for 40 min and then heat-shocked at 42°C for 1 

min and 30 s. Subsequently, the bacteria were incubated for 2 min on ice again and then at 

37°C for 1 h, shaking at 230 rpm, after adding 800 µl of super optimal broth with catabolite 

repression (SOC) medium. After recovery, the cells were pelleted at 4,000 x g for 2 min, and 

approximately three-quarters of the supernatant was removed. The cells were resuspended in 

the remaining volume and plated on Lysogeny Broth (LB) agar plates with the corresponding 

antibiotic (1:1000) for bacterial selection. After overnight incubation at 37°C, the plates were 

checked for colonies. 3.5 ml of LB medium was inoculated with bacteria from the colonies and 

incubated overnight at 37°C and 225 rpm for plasmid miniprep with the following restriction 

enzyme digest. 

SOC medium 

20 g/l Tryptone 

5 g/l Yeast extract 

0.6 g/l NaCl 

0.2 g/l KCl 

20 ml/l 1 M MgCl + 1 M MgSO4 

20 mM Glucose 

LB medium (plates) 

10 g/l Tryptone 

5 g/l Yeast extract 

10 g/l NaCl 

(17 g/l Bacto agar) 
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2.2.5.7 Miniprep of plasmids 

The bacterial solution was spun down at 4,000 × g for 2 min, and 200 µL of solution 1 with 

0.1 mg/mL RNase A was added to the pellet and resuspended. 200 µl of solution 2 was added, 

the tube was inverted 6-8 times, and then incubated at room temperature (RT) for 5 min. Then 

200 µl of solution 3 was added, inverted as before, incubated for 10 min on ice, and centrifuged 

at 13,300 rpm for 10 min at 4°C to precipitate cell debris and SDS. The cleaned supernatant 

was transferred to a new tube containing 450 µl of pure isopropanol, mixed, and centrifuged 

again as in the previous step to precipitate the DNA. The supernatant was discarded, and the 

DNA pellet was washed with 70% EtOH and centrifuged at 13,300 rpm for 5 min at RT. After 

aspirating the supernatant, the pellet was dried and then resuspended in fresh MQ water via 

shaking at 330 rpm for 10-20 min at 40°C.  

The plasmid DNA was used to confirm the presence of positive clones via restriction enzyme 

digestion. Therefore, a suitable enzyme was chosen with unique cutting sites to distinguish 

between negative and positive clones. If a positive clone was identified, the plasmid DNA was 

purified using the Macherey-Nagel NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel, 

Düren, Germany), following the steps outlined in the product manual. Contrary to the product 

manual, 25 µl of the miniprep was filled up to 100 µl with MQ water, and the NTI buffer was 

added at a 1:2 ratio. Elution was performed with 20 µl of NE elution buffer and incubation for 

5 min. This step was repeated with eluate 1 to maximise DNA concentration, which was 

measured on an Implen NanoPhotometer N50 (Implen, Westlake Village, California, USA). 

The purified plasmid DNA was used to confirm the positive clones via sequencing. 

Restriction enzyme digestion 

2 µl 10x FD buffer green 

0.3 µl Restriction enzyme 

17.2 µl MQ water 

0.5 µl Plasmid DNA 

  0.5 - 1 h at 37°C 

Solution 1 

50 mM Glucose 

10 mM EDTA 

25 mM Tris-HCl, pH = 8 

Solution 2 

0.2 M NaOH 

1% SDS 
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Solution 3 

3 M Potassium acetate 

 

2.2.5.8 Agrobacterium tumefaciens transformation 

To transform Arabidopsis, one option is to use the floral dip method with Agrobacterium 

tumefaciens. Therefore, A. tumefaciens is transformed using the freeze-thaw method (Höfgen 

and Willmitzer, 1988). In short, competent cells of A. tumefaciens strain C58C1:GV3850 were 

thawed on ice for approximately 30 min. Then, 1-5 µg of plasmid DNA was added and 

incubated on ice for 5 min. Then, the cells were snap-frozen in liquid nitrogen for 5 min and 

subsequently incubated for 5 min at 37°C. For recovery, 1 ml of SOC medium was added, and 

the cells were incubated for 4 h at 28°C with shaking at 200 rpm. The cells were pelleted via 

centrifugation at 4,000 rpm for 2-3 min, and 3/4 of the volume was removed. The pellet was 

resuspended in the remaining volume and plated on LB agar plates with the corresponding 

antibiotics (1:1000). The plates were incubated for 2-3 days at 28°C. 

 

2.2.5.9  Floral dipping of Arabidopsis thaliana 

For floral dipping, the positive A. tumefaciens clones were picked, and an overnight culture of 

5 ml LB medium containing the required antibiotics (1:1000) was inoculated and incubated at 

28°C overnight. 2 ml of the overnight culture was used to inoculate the primary culture of 

200 ml LB medium containing the corresponding antibiotics (1:1000), which was then 

incubated at 28°C over night. The next day, the culture was further cultivated until an optical 

density (OD600) of approximately 1.0 was reached. The cells were harvested in 50 ml tubes 

by centrifuging at 2,500 x g for 15 min at 4°C, and the pellet was resuspended in 500 ml of 

freshly prepared transformation solution. The cells rested for 2-3 h and were then resuspended 

in the transformation solution in a 500 ml measuring cylinder. The plants for transformation 

were cultivated as described (see 2.2.1) and transferred into long-day conditions after 14 days 

to induce flowering as soon as possible. Most of the present siliques and side shoots were 

removed. Right before dipping the inflorescence into the transformation solution, 0.01% 

Silwet L-77 was added. The plants were dipped in the measuring cylinder until the whole 

inflorescence was submerged, and incubated for 30-60 s. Next, the inflorescence was placed 

horizontally onto a piece of cling film, and the flower buds were checked to see if any more 

transformation solution should be added. Afterwards, the inflorescence was carefully wrapped 

in clingfilm and placed into a planting tray. A hood was added to the tray, and the light 

conditions were kept as before, but with reduced light intensity of 30 µmol m-2 s-1. The flower 
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buds were monitored over the next 2 days, and if any of them seemed too dry, additional 

transformation solution was added. After 2 days, the cling film was removed, and the plants 

were placed upright and exposed to normal light intensity (110 µmol m-2 s-1) again. 

Transformation solution  

50 g/l Sucrose 

2 g/l MgCl2 hexahydrate 

1 ml/l Acetosyringone (200 mM stock in DMSO) 

0.01 % Silwet L-77 (plantmedia), only add right before use 

 

2.2.5.10 Selection of transformed Arabidopsis thaliana 

The seeds of the transformed Arabidopsis (T1) were harvested, and a large amount was 

stratified for three days at around 4-6°C in dark and moist conditions on a tray filled with soil. 

After stratification, the seeds were transferred to a climatic chamber at a light intensity of 110 

µmol m-2 s-1, a photoperiod of 16 h and a temperature of 22°C in the light and 20°C in the dark. 

After 14 days, the plants were sprayed with 250 mg/l BASTA (glufosinate), and a hood was 

added to select successful transformed plants. BASTA treatment was repeated every three 

days for two weeks, and surviving individuals were transferred to single pots containing a soil 

and clay mixture to generate progeny. The selection process was repeated with the progeny 

(T2) as detailed above, and the next generation (T3) was tested for homozygosity via monitoring 

for consistent BASTA resistance (see 2.2.1). 

 

2.2.5.11  Quantitative PCR 

The quantitative PCR (qPCR) was used to analyse the proliferation of C. higginsianum in 

infected Arabidopsis. Therefore, DNA was extracted from at least 4 replicates per genotype at 

3.5 dpi. Four independent leaves were sampled using a cork borer, or whole leaves were taken 

as samples, snap-frozen with liquid nitrogen, and homogenised using the mixer mill MM 200 

(Retsch, Haan, Germany). After adding a 5 mm stainless steel bead (Qiagen, Hilden, 

Germany), the samples were shredded for 1 min at 20 Hz. The genomic DNA was extracted 

using the Macherey-Nagel NucleoSpin Plant II Kit (Macherey-Nagel, Düren, Germany) 

according to the manufacturer's instructions. DNA was always eluted with 2x 100 µl PE buffer 

(Macherey-Nagel) and stored at -20°C. The relative amount of fungal DNA was quantified 

using the Bio-Rad CFX Connect Real-Time System (Bio-Rad Laboratories, Hercules, 

California, USA) and its software Bio-Rad CFX Connect Maestro 2.0, with the target being the 
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fungal TrpC gene (Primer: ChTrpC_fw and ChTrpC_rv, Table 1). For normalisation of the 

measured values, the leaf area was used (see 2.2.4). The qPCR reaction mix was prepared 

as detailed below, and the cycler was programmed as shown in Table 6. For calculating the 

relative quantity (RQ) of fungal DNA, the following formula was used (Rieu and Powers, 2009): 

   RQ = relative quantity 

Ὑὗ    E = experimentally determined primer efficiency 

Cq = quantification cycle, where the fluorescence 
signal reaches an exponential increase 

The primer efficiency was determined through a dilution series with a sample containing a high 

quantity of fungal DNA. All samples were always measured in technical triplicates. At the end 

of the DNA amplification, a melting curve was consistently implemented to ensure the correct 

fragment size and amplification specificity. 

qPCR reaction mix 

3 µl MQ water 

5 µl 2x Blue SôGreen qPCR Mix (Biozym Scientific, Hessisch Oldendorf, Germany) 

1 µl ChTrpC primer mix (forward + reverse primer: 2 µM) 

1 µl gDNA template 

 

Table 6: Quantitative PCR cycler program for quantification of C. higginsianum  proliferation in Arabidopsis . 

 Temperature [°C] Duration [s] 

Initial denaturation  95 180 

Denaturation 95 15 

Annealing 65 15 

Elongation 72 20                                            x40 

Denaturation melting curve 95 10 

Melting curve 65 0.5°C increase every 5 s to 95°C 

 

2.2.5.12  RNA extraction for RNA sequencing 

For investigating the transcriptome of Arabidopsis, 4-5 leaves of 4-week-old infected and 

uninfected plants were pooled, from 3 replicates per genotype. The infected samples were 

collected at 2.5 dpi, and both uninfected and infected samples were snap-frozen in liquid 

nitrogen. The material was then homogenised using a mortar and pestle under liquid nitrogen. 

50-100 mg of fresh weight was weighed, and RNA was extracted using the Macherey-Nagel 

NucleoSpin RNA Plant and Fungi Kit (Macherey-Nagel, Düren, Germany). The RNA 
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concentration and purity were measured using an Implen NanoPhotometer N50 (Implen, 

Westlake Village, California, USA), and the samples were diluted to the required concentration 

for RNA sequencing (20 µl à 100 ng/µl). 20-50 mg of the same infected ground material was 

used to verify fungal proliferation via qPCR (see 2.2.5.11). After confirming a successful 

infection experiment, the RNA samples were sent to Novogene GmbH (Novogene, Munich, 

Germany). The plant cultivation, infection and sampling were done by master student Lena 

Zanoni (Zanoni, 2025). 

 

2.2.5.13  RNA sequencing 

The mRNA sequencing was performed by Novogene GmbH (Novogene, Munich, Germany) 

using the Illumina PE150 strategy, which is 150 bp paired-end sequencing. The workflow, 

library preparation, and bioinformatics pipeline are shown in Figure 10. 

 

 

Figure 10: Workflow, library preparation and bioinformatics pipeline of Novogene mRNA sequencing 
services. A: Workflow of the whole mRNA sequencing service provided by Novogene. B: Library construction 
process. C: Pipeline of the bioinformatic analyses provided by Novogene. (Novogene GmbH) 
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2.2.6  Biochemical methods 

2.2.6.1  Quantification of soluble sugars and starch 

The leaf material for quantification of soluble sugars via coupled optical enzyme assay was 

harvested from at least 4 replicates per genotype at the end of the dark cycle and at the end 

of the light cycle, depending on the light/dark cycle in which the plants were grown. Per 

replicate, 2-4 leaves were pooled, and their fresh weight was quantified. For the extraction of 

soluble sugars, the snap-frozen leaves were incubated twice with 0.85 ml of 80% ethanol at 

80°C for 20-30 min until they were de-stained. Both supernatants were combined, dried using 

a vacuum concentrator (RVC 2-25 CDplus, Martin Christ, Osterode am Harz, Germany) at 

35°C and 100 mbar vacuum, and then resuspended under shaking in 200 µl MQ water. Until 

quantification, the samples were stored at -20°C. For the quantification of soluble sugars, such 

as glucose, fructose, and sucrose, the substrate chain shown below was used (Figure 11). The 

turnover of those sugars is coupled with the reduction of NAD+ to NADH/H+, thereby 

increasing absorption at 340 nm, which can then be detected. The measurement was done 

with a microtiter plate reader (Infinite 200 Pro M Nano, Tecan, Männedorf, Switzerland). After 

determination of the change in extinction, the Beer-Lambert law was used to calculate the 

concentration of each sugar. Since a microtiter plate was used in this case instead of a cuvette, 

the formula was altered as described below: 

 

ȹE = change of extinction 

Ўὧ  
Ў  z  z 

.!$(Ⱦ z 
    r = radius of the measure cavity (0.35 cm) 

3ʁ40(NADH/H+) = molar attenuation coefficient 

(6.23 cm² * µmol-1) 

      V = volume of the used extract 
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The measurement was started with a reaction mix containing glucose 6-phosphate 

dehydrogenase to convert any glucose 6-phosphate (G6P). After a steady baseline for the 

extinction signal was detectable, hexokinase (HK) was added to all wells using a microwell 

stamp to determine the glucose amount. The second enzyme added was 

phosphoglucoisomerase (PGI), which was used to quantify fructose via fructose 6-phosphate 

(F6P) and G6P. Finally, invertase (INV) was added to measure the amount of sucrose. The 

results were normalised using the fresh weight of the leaves (see 2.2.4). 

Reaction mix of the coupled optical enzyme assay 

5% (v/v) soluble sugar extract 

100 mM HEPES/KOH, pH 7.5/8 

1 mM NAD+ 

2 mM ATP 

10 mM Magnesium chloride 

40 mU G6P-DH 

fill up to 200µl MQ water  

Enzyme addition 

60 mU Hexokinase 

100 mU Phosphoglucoisomerase 

30 U Invertase 

 

Sucrose

Fructose Glucose

INV

F6P G6P

ATP

ADP
HK HK

PGI
6-Phosphogluconolactone

G6P-DH

NAD+ NADH/H+

Figure 11: Photometric determination of soluble sugars using the change of extinction during 
reduction of NAD + to NADH/H +. The diagram shows the procedure used to measure glucose, fructose, and 
sucrose and what enzymes needed to be added. INV = invertase, HK = hexokinase, F6P = fructose 
6-phosphate, G6P = glucose 6-phosphate, ATP = adenosine triphosphate, ADP = adenosine diphosphate, 
PGI = phosphoglucoisomerase, G6P-DH = glucose 6-phosphate dehydrogenase and NAD+ / NADH/H+ = 
nicotinamide adenine dinucleotide 
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2.2.6.2 ROS assay via chemiluminescence measurement 

For the quantification of reactive oxygen species (ROS) release, leaf discs were cut using a 

cork borer no. 2, with 11 biological and 2 technical replicates. Leaf discs were placed in a white 

96-well plate and washed with 200 µl MQ water overnight to remove any ROS caused by the 

punching of the leaf discs. The water was replaced with a mix containing 195 µl luminol 

measuring solution and 5 µl phosphate buffer (pH 8). After 30 min, a luminescence baseline 

was measured using a microtiter plate reader (Infinite 200 Pro M Plex, Tecan, Männedorf, 

Switzerland). Afterwards, 2 µl of 100 µM flg22 peptide was added to trigger ROS, and the 

emitted luminescence was collected for 1 s per well. The measurement continued for 1.5 h. 

Phosphate buffer 

81 Vol% Na2HPO4 (200 mM) 

19 Vol%  NaH2PO4 (200 mM) 

 

Luminol measuring solution 

2 ml Luminol stock solution 

0.1 ml peroxidase stock solution (1 mg/ml) 

1.9 ml MQ water 

 

Luminol stock solution 

1.77 mg  Luminol (in 1 ml 10 mM NaOH, dissolved using an ultrasonic bath) 

Fill up to 10 ml MQ water 

 

2.2.6.3  Analysis of SA, DHBAs and CA via HPLC 

Salicylic acid (SA), dihydroxybenzoic acids (DHBAs) like 2,3-DHBA and 2,5-DHBA, and 

camalexin (CA) were quantified using ultra-high-performance liquid chromatography (UHPLC) 

as described with minor alterations (Meuwly and Métraux, 1993; Nawrath and Métraux, 1999). 

The used leaf material was harvested 2.5 and 3.5 dpi from infected or mock-treated plants 

(always at least 4 biological replicates). The material was either sampled using a cork borer 

and normalised to leaf area, or whole leaves were sampled, and their fresh weight was 

determined for normalisation. 

At the beginning of the extraction, 250 ng of ortho-anisic acid (oANI) were added as an internal 

standard. Samples were extracted in 600 µl 70% methanol and re-extracted in 90% methanol 

at 65°C for 1 h each. The extracts were combined, and the solvent was evaporated using a 

vacuum concentrator (RVC 2-25 CDplus, Martin Christ). After precipitation of proteins and 

other polar biomolecules with 500 µl 5% trichloroacetic acid (TCA) at 6000 rpm for 10 min, the 
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free SA, DHBAs and CA were shaken out 2 times with 600 µl cyclohexane/ethyl acetate (1:1), 

centrifuged at 6000 rpm for 10 min and collected in the upper organic phase. The combined 

upper phases were narrowed using the vacuum concentrator again and resuspended in 400 µl 

of 90% 25 mM KH2PO4 (pH 2.6) / 10% acetonitrile (ACN), the composition of the initial mobile 

phase of the UHPLC. To measure the glycosylated SA, 2,3-DHBA, and 2,5-DHBA, 1 volume 

fraction of 8 M HCl was added to the aqueous phase and incubated at 80°C for 1 h. As an 

internal reference, 250 ng of oANI were added again. SA and DHBAs released through acidic 

hydrolysis were shaken out twice with 600 µl cyclohexane/ethyl acetate (1:1). Then, 5 µl MQ 

water was added to the combined upper organic phase to prevent sublimation during 

concentration using a vacuum concentrator. Again, the samples were resuspended with 400 

µl of 90% 25 mM KH2PO4 (pH 2.6) / 10% ACN before the analysis via UHPLC.  

For the quantification of SA, DHBAs, oANI, and CA, a standard series of the pure substances 

was used, covering concentrations ranging from 1 to 100 ng per 20 µl injection volume. The 

analysis was done with a UHPLC system from Agilent Technologies (1260 Infinity II, Agilent 

Technologies, Santa Clara, California, USA) and separation performed with an InfinityLab 

Poroshell 120 SB-C18 column (100 x 3 mm, 2.7 µm, Agilent Technologies) equipped with a 

SecurityGuard Ultra (C18 3.0 mm, Phenomenex) guard column. The system's operation was 

performed using the ChemStation software (OpenLab CDS ChemStation Edition, Agilent 

Technologies). Both solvents (25 mM KH2PO4 (pH 2.6) and ACN:H2O (99:1)) were filtered 

before application in UHPLC using a 0.2 µm nylon filter and a vacuum pump. 

A fluorescence detector was used to detect 2,5- and 2,3-DHBA (excitation: 320 nm, 

emission: 450 nm), oANI (excitation: 305 nm, emission: 365 nm), SA (excitation: 305 nm, 

emission: 407 nm) and CA (excitation: 318 nm, emission: 370 nm).  

The samples were analysed using a column oven temperature of 40°C, a flow rate of 1 ml/min 

and the gradient timetable. First, isocratic elution was performed with 90% 25 mM KH2PO4, 

pH 2.6 / 10% ACN for 1 min. Then, the ACN percentage was increased slowly over 5 minutes 

to 25%, followed by a 2.5 min increase to 80%. The isocratic elution with 80% ACN was run 

for 2 min, then the ACN concentration was reduced again to 10% to re-equilibrate the column 

(Table 7).  

 

Table 7: Gradient timetable of the Agilent InfinityLab Poroshell 120 SB -C18 column. Composition of the 
solvents during separation of (D)HBAs and camalexin. The column oven was set to 40°C, and the flow rate was 1 

ml/min. 

Time [min] 25 mM KH2PO4, pH 2.6 [%] ACN:H2O (99:1) [%] 

0.0 90 10 

1.0 90 10 

6.0 75 25 
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8.5 20 80 

10.5 20 80 

11.0 90 10 

14.0 90 10 

 

2.2.6.4  Determination of cell wall sugar composition via HPAEC-PAD 

For quantification of cell wall sugar composition, whole leaf rosettes were harvested from at 

least 4 replicates per genotype at the end of the dark cycle, to avoid high starch content, and 

then snap-frozen with liquid nitrogen. The samples were homogenised under liquid nitrogen 

using a mortar and pestle. Frozen leaf powder was transferred into 50 ml tubes, and soluble 

sugars were extracted with 20 ml of 80% ethanol at 80°C using a water bath (GFL, Lauda 

Königshofen, Germany). Following centrifugation for 15 min at 1,500 x g at 10°C with an 

acceleration value of 8 and deceleration value of 5 using the Multifuge X Pro (Thermo Fisher 

Scientific) with the rotor TX-1000 (Thermo Fisher Scientific), the supernatant was carefully 

removed with a serological pipette, and the extraction process was reiterated two more times. 

The obtained alcohol-insoluble residue (AIR) was mixed with 1.5 volumes of MQ water and 

then freeze-dried for at least three days to complete dryness using a Martin Christ Alpha 2-4 

freeze dryer. The hydrolysis of the cell wall was performed as described by Yeats et al. (2016). 

Briefly, two aliquots of 0.6-3.0 mg AIR were weighed into a 2 ml screw cap reaction tube for 

quantification of the cell wall matrix sugars and cellulose. For the hydrolysis of cellulose, 50 µl 

of 72% sulfuric acid was added by running the acid over the inner side of the tube to collect all 

loose AIR particles and the samples were incubated at RT for 1 h, vortexing for 5 s every 15 

min. After incubation, 1.4 ml of MQ water was added to the samples, followed by vortexing 

again. To hydrolyse the cell wall matrix polymers, 1400 µl MQ water and 50 µl of 72% sulfuric 

acid were added simultaneously to the AIR and mixed by vigorous vortexing. Both mixtures 

were autoclaved for 1 h at 121°C (CertoClav Vacuum Pro, CertoClav Steriliser, Leonding, 

Austria). After cooling, they were vortexed and centrifuged at 16,000 × g for 5 min. 30 µl of the 

clear supernatant was diluted to 900 µl with MQ water (1:30 dilution) containing 50 µM ribose 

as an internal standard. To check for sugar quantity loss during the autoclaving step, a sugar 

recovery standard was prepared, containing 1 mM of the 9 sugars: fucose, rhamnose, 

arabinose, galactose, glucose, xylose, mannose, galacturonic acid, and glucuronic acid. 100 

µl 72% sulfuric acid was added to 2.8 ml of sugar recovery mix, before one-half of the mix was 

autoclaved with the samples, and the other half was incubated at RT. Both solutions were 

diluted and measured in the same manner as the samples. For quantification, a dilution series 

of the pure monosaccharide standards was prepared by mixing all 10 sugars (as mentioned 
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above, plus ribose) and diluting them to 100 µM, 50 µM, 25 µM, 10 µM, 5 µM, 2.5 µM, and 1 

µM. The analysis of cell wall monosaccharides was carried out using high-performance anion 

exchange chromatography with pulsed amperometric detection (HPAEC-PAD) with an Azura 

HPLC (pump compartment: P 6.1L, auto sampler: AS 6.1L; Knauer, Berlin, Germany) and a 

Decade Elite SenCell 2 mm AU with working electrode HyREF electrochemical detector (Antec 

Scientific, Zoeterwoude, Netherlands/ERC, Riemerling, Germany). A Dionex CarboPac PA20 

analytical column (BioLC, 3 x 150 mm, Thermo Fisher Scientific) equipped with a Dionex 

CarboPac PA20 guard column (BioLC, 3 x 30 mm, Thermo Fisher Scientific) was used for 

monosaccharide seperation. The system was operated using the ClarityChrom software 

(version 8.1.0.87, Knauer). For the separation of cell wall monosaccharides, a gradient of MQ 

water, 10 mM NaOH, and 700 mM NaOH was used (Table 8). To degas all solvents, the MQ 

water used to prepare them was stirred for 1 h with a vacuum pump attached, then sparged 

with helium for approximately 10 min. After adding the appropriate amount of 50% ion 

chromatography-grade NaOH solution to achieve concentrations of 10 mM and 700 mM 

NaOH, followed by brief stirring, the solvents were connected to the system and blanketed with 

helium. The column and detector were maintained at 40°C during measurement. The 

autosampler was set to 10°C, the solvent flow was adjusted to 0.4 ml/min, and the maximum 

pressure was set to 220 bar. 

The neutral cell wall sugars fucose, rhamnose, arabinose, galactose, glucose, xylose, 

mannose, and ribose were eluted during the isocratic phase of 20% 10 mM NaOH, while the 

uronic acids galacturonic and glucuronic acids were eluted from the column during the increase 

to 70% 700 mM NaOH. The column was washed with 100% 700 mM and re-equilibrated to the 

initial solvent composition. 

The amount of cellulose was quantified by measuring the difference in glucose between the 

sample incubated for 1 h with 72% sulfuric acid and the sample without an extended incubation 

time as described by (Yeats et al., 2016). 

 

Table 8: Gradient timetable of the Thermo  Fisher Scientific Dionex CarboPac PA20 column. Composition of 
the solvents during separation of the cell wall monosaccharides. The column oven was set to 40°C, with a flow rate 
of 0.4 ml/min. The sensor range was 5 µA and was reduced to 2 µA for uronic acid detection. The frequency filter 
was set to 0.1 Hz. 

Time [min] MQ water [%] 10 mM NaOH [%] 700 mM NaOH [%] 

0 80 20 0 

21 80 20 0 

24 20 0 80 

33 20 0 80 

35 0 0 100 
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38 0 0 100 

42 80 20 0 

60 80 20 0 

 

2.2.6.5  Rhamnogalacturonan and protein extraction of AIR 

For the extraction of rhamnogalacturonan (RG) and protein fraction of cell wall AIR, the AIR 

was extracted as described (see 2.2.6.4). For the entire procedure, approximately 15 mg of 

AIR were weighed, as a significant amount of material would be lost during the multiple 

extraction steps. To extract the protein fraction of the AIR, phenol:acetic acid:water (2:1:1) 

mixture was added to the AIR (1:10 (w/v)), centrifuged at 6,000 x g for 5 min and incubated 3 

h at RT. Afterwards, 500 ml of MQ water was added, the AIR pellet was carefully disrupted 

with a pipette tip, and then centrifuged at 17,000 × g for 5 min. These washing steps were 

repeated five times, and the supernatants were collected and pooled, representing the protein 

fraction. The AIR pellet was then dried using a vacuum concentrator (RVC 2-25 CDplus, Martin 

Christ). The protein fraction needed to be cleared of any phenol; therefore, the protein was 

precipitated by adding 5 times the volume of 0.1 M ammonium acetate in MeOH to the protein 

samples and incubating at -20°C overnight. The samples were then centrifuged at 15,000 x g 

for 30 min at 4°C, and the supernatant was discarded. The precipitated protein was washed 

three times with 0.1 M ammonium acetate in MeOH, as indicated above. The washing steps 

were repeated twice with 3 ml of 80% acetone, once with 3 ml of 100% acetone, and the 

precipitated protein was dried and resuspended in 800 µl MQ water by vigorously shaking at 

60 °C. 

For the RG fraction, the dried AIR pellet was digested with an enzyme mix of 

endopolygalacturonase (EPGAL) and pectin methylesterase (PME, Novozymes Novoshape) 

was added. To this end, 1 ml of 50 mM ammonium oxalate (pH 5), 20 U/ml EPGAL and 3 U/ml 

PME were added to the AIR pellet. The digest was performed at 37°C with shaking at 700-900 

rpm for at least 19 h. Afterwards, the pellet was spun down at 17,000 × g for 5 min, and the 

supernatant was removed and collected as the rhamnogalacturonan fraction. The pellet was 

washed three times with 1 ml MQ water, and the supernatants were combined. The AIR pellet 

was then dried using a vacuum concentrator. The RG fraction was further filtered using a 0.22 

µm Ultrafree-MC Durapore-PVDF filter (Merck Millipore, Billerica, USA) and centrifuged at 

12,000 x g for 3 min. The filtrate was collected in a fresh tube. Afterwards, the RG fraction was 

concentrated using an Amicon Ultra-15 PLGC Ultracel-PL membrane with a 10 kDa molecular 

weight cutoff (Merck Millipore). The filtrate was transferred into the concentrator and brought 

up to 5 ml with MQ water. The concentrator was then placed into a 50 ml tube, and the sample 
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was centrifuged at 5,000 × g for 20-30 min until a residual volume of 200-400 µl remained in 

the concentrator. The concentrator was filled with MQ water up to 5 ml again to wash and 

further desalt the filtrate, and the centrifugation was repeated. The concentrated RG fraction 

was recovered from inside the concentrator and filled up to the same volume as the protein 

samples (800 µl total volume). One-quarter of the volume of both samples was used for the 

hydrolysis of cell wall monosaccharides, as described previously (see 2.2.6.3), and MQ water 

was added up to 1400 µl. 2-3 mg of the leftover pellet were weighed and used for cell wall 

monosaccharide hydrolysis as a control to determine the success of the fractionation. The cell 

wall monosaccharide composition was measured as described above (see 2.2.6.4). 

 

2.2.6.6  Nucleotide sugar extraction for LC-MS measurement 

For the quantification of nucleotide sugars, whole leaf rosettes were harvested, snap-frozen in 

liquid nitrogen, and homogenised under liquid nitrogen using a mortar and pestle. The frozen 

leaf powder was transferred into 50 ml tubes, and 20-50 mg of fresh weight (FW) was 

transferred into 2 ml safe-lock tubes and stored in liquid nitrogen. For the extraction, 600 µl of 

ice-cold chloroform/methanol (3:7) mixture was added and vortexed for 5 s. The sample was 

incubated for 2 h at -20°C, and 400 µl of ice-cold MQ water was added, followed by vortexing 

for 5 seconds to extract the nucleotide sugars from the organic phase. For phase separation, 

the sample was centrifuged at 30,000 × g for 5 min at 4°C. The upper phase was then collected, 

and the extraction was repeated twice. The upper phases were pooled, and at least 4 times 

the volume was added in MQ water for lyophilisation. The dried extracts were sent to Prof. Dr 

Berit Ebert (Ruhr-Universität Bochum), where the samples were further processed and 

analysed as described in (Reckleben et al., 2025). 

 

2.2.7  Histological staining and microscopic methods 

2.2.7.1  Starch staining with Lugolôs solution 

To examine the content and distribution of starch in leaves of Arabidopsis, one leaf per plant 

or the whole leaf rosette were harvested and de-stained for 20 min at 80°C using 80% ethanol. 

The leaves were washed with MQ water and then incubated in Lugolôs solution for 

approximately 5 min to stain starch in the leaves. Afterwards, the leaves were rinsed with water 

to remove any excess staining solution. The presence of starch was documented, and 

photographs were taken to illustrate starch localisation (EOS RP, lens RT35 mm F1.8 Macro 
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IS STM, Canon, Tokyo, Japan; stabilised with a Manfrotto 055 tripod, Manfrotto, Cassola, 

Italy). 

Lugolôs solution 

13 mM Iodine 

40 mM Potassium iodide 

 

2.2.7.2  Lactophenol trypan blue staining 

Lactophenol trypan blue solution was used to stain the fungal structures of C. higginsianum 

within infected Arabidopsis leaves, allowing for the observation and quantification of infection 

success. At least four replicates of each genotype were investigated. The infected leaves (two 

per replicate) were harvested at 2.5 dpi and immediately submerged in a reaction tube 

containing lactophenol trypan blue solution (Keogh et al., 1980; Koch and Slusarenko, 1990). 

The samples were incubated at 99°C for 1 min and then stained further at RT overnight. The 

next day, the trypan blue solution was replaced by chloral hydrate (250% (w/v)) to clear the 

sample for at least one day, and if strong decolouration appeared, the chloral hydrate was 

replaced once. The stained fungal structures were investigated microscopically (see 2.2.7.3). 

 

Lactophenol trypan blue solution (Koch and Slusarenko, 1990) 

10 mg Trypan blue (Acros Organics, Fair Lawn, New Jersey, USA) 

10 g Phenol 

10 ml MQ water 

10 ml Glycerol 

10 ml Lactic acid 

 

2.2.7.3  Microscopic evaluation of C. higginsianum infection structure 

For the light microscopy of Arabidopsis leaf material, an Olympus BX51 microscope (Olympus, 

Hamburg, Germany) with a mounted Kappa DX 40 camera (Kappa Optronics, Gleichen, 

Germany) and the Kappa CameraControl software (version 1.4.2.8101) were utilised. The 

occurrence of C. higginsianum infection structures (appressoria, infection vesicles, primary 

hyphae, and secondary hyphae) was microscopically observed and documented in the 

lactophenol trypan blue-stained leaves. At least four replicates per genotype were investigated. 

For each replicate, two independent leaves were inspected, and only the most advanced 
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infection structures per infection event were counted. This was done for two infection areas 

per leaf, with an infection area comprising approximately 40-130 infection events. Afterwards, 

the percentage for each infection structure was calculated and averaged per genotype. 

Arabidopsis that was infected with the fluorescent C. higginsianum strain CY7466 was 

investigated using an inverted Leica Stellaris 8 (ST8) confocal laser scanning microscope 

(Leica Biosystems, Nussloch, Germany) equipped with HC PL APO CS2 40x/1.10 WATER 

objective. The infected leaf was cut into small pieces to avoid wrinkling of the leaf surface, and 

the leaf pieces were mounted using petroleum jelly spacers. 
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3.  Results 

3.1 The T-DNA line pgm oep40-3 phenocopies the EMS line pgm 

oep40-4 

After identifying OEP40 as a causal mutation site for the hypersusceptibility suppression of 

pgm, the aim was to obtain a T-DNA line with a less mutated genome compared to the double 

EMS-mutated line. The T-DNA mutant oep40-3 was obtained, which was published by 

(Harsman et al., 2016) and crossed with pgm, then genotyped to obtain the homozygous 

double mutant pgm oep40-3. The EMS mutant 9-7-10 was from then on referred to as pgm 

oep40-4 and was compared to pgm oep40-3 to validate the correctness of the mutation site. 

Additionally, pgm oep40-3 was used to investigate the function of OEP40 in the single mutant 

as well as in the pgm background. 

 

3.1.1 The mutation in pgm oep40-4 and pgm oep40-3 is allelic 

To verify that the mutation in OEP40 is indeed causal to the pathogen susceptibility 

suppression observed in pgm oep40-4, this line was crossed with pgm oep40-3. The F1 

offspring were tested for growth phenotype and susceptibility to C. higginsianum. If the crossed 

lines were not affected in the same allele, the F1 offspring, which is heterozygous for oep40-3 

and oep40-4, would show complementation in their phenotype and susceptibility compared to 

the parental lines. First, gDNA was extracted from the F1 offspring and genotyped for the 

presence of the T-DNA of oep40-3 to verify the success of the crossing. The genotyping 

showed that all tested pgm oep40-4 x pgm oep40-3 were heterozygous, showing the WT PCR 

product and the T-DNA PCR product for OEP40, too (Figure 12 A). A characteristic of the pgm 

oep40-4 phenotype was the smaller growth compared to pgm, the elongated leaf shape and 

the curled leaf margin. The T-DNA line pgm oep40-3 and the F1 offspring of pgm oep40-4 and 

pgm oep40-3 were phenocopies (Figure 12 B). Last, measuring fungal DNA after infection with 

C. higginsianum verified the identical suppression of pgm hypersusceptibility in pgm oep40-4 

and pgm oep40-3, as well as the unaltered susceptibility in the F1 offspring (Figure 12 C). The 

allelism tests showed that the F1 offspring of pgm oep40-4 and pgm oep40-3 exhibited no 

deviation in phenotype or susceptibility, indicating that the same gene is affected by a mutation 

in both lines. Therefore, it was confirmed that OEP40 is the gene of interest suppressing pgm 

hypersusceptibility when it is knocked out.  
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Figure 12: Allelism test of pgm oep40 -4 and pgm o ep40-3 mutants . 
A: Genotyping results of pgm oep40-4 x pgm oep40-3 F1 generation, the WT and T-DNA PCR reaction of oep40-3 
were performed to validate heterozygosity for the oep40-3 T-DNA insertion of the F1 offspring. The WT PCR product 
was amplified using the primer pair ñoep40_LPò and ñoep40-3_RPò (fragment size: 1088 bp), and the T-DNA PCR 
product was amplified using the primer pair ñSAIL_LB1ò and ñoep40-3_RPò (fragment size: 600 bp). M: GeneRuler 
DNA ladder 100 bp, Col-0 2: WT control, het. DNA: mixed artificial heterozygous DNA of Col-0 and oep40-3, oep40-
3/pgm oep40-3: T-DNA control; NTC: no-template control. B: Phenotype of pgm oep40-4 x pgm oep40-3 F1 
generation at 4 weeks old, grown in 16 h light / 8 h dark phase (16 h L). Scale bar: 2 cm. C: DNA of C. higginsianum 
at 3.5 days post infection (dpi). Plants were grown for 4 weeks in 16 h L. The DNA amount per leaf area is linearly 
transformed to the Col-0 value. Data are means (n = 7/8) and error bars display the SEM. Statistically significant 
differences between the mean values were determined via a one-way ANOVA and are indicated by different letters 
(p-value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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3.1.2 pgm oep40-3 copies pgm oep40-4 in metabolism- and defence-related 

phenotypes  

After confirming oep40 as a causal mutation for the suppression, the next step was to compare 

metabolism- and defence-related phenotypes of the EMS line pgm oep40-4 with pgm oep40-3. 

Working with a double-mutated EMS line means encountering many unknown additional 

mutation sites that could lead to a wide range of effects, which could be misinterpreted as 

effects of oep40-4. For this reason, the aim was to verify that the cleaner mutant pgm oep40-3 

is interchangeable with pgm oep40-4. Previous work with pgm oep40-4 showed differences in 

susceptibility to C. higginsianum, the SA, DHBAs and CA amounts, soluble sugar content, and 

cell wall composition compared to pgm (Munzert, 2021). Based on the previous observed 

metabolic changes in pgm oep40-4, pgm oep40-3 was investigated comparatively. The 

infection experiment showed that the susceptibility at 2.5 dpi is decreased in both double 

mutants compared to pgm. The T-DNA and the EMS line showed both a potent suppression 

of the hypersusceptibility of pgm. In addition, fewer primary hyphae developed compared to 

pgm, and no secondary hyphae were detected in both independent pgm oep40 lines (Figure 

13 A). The quantification of SA, DHBAs and camalexin in infected samples showed that all 

compounds were increased in both independent pgm oep40 lines at the early time point 

(2.5 dpi) compared to pgm. Notably, 2,3- and 2,5-DHBAs are undetectable in pgm (Figure 13 

B-D). The investigation of soluble sugars at the end of the light phase revealed that the 

pgm oep40 lines are only different from pgm in their sucrose levels. Otherwise, the soluble 

sugars behave the same way in all lines with pgm background and are generally increased 

compared to the oep40-3 mutant, except for the sucrose levels in pgm (Figure 14 A-D). 

Additionally, the cell wall monosaccharide composition was measured, as the pgm oep40-4 

line showed a recovery from the arabinose defect that pgm exhibits in its cell wall composition, 

which was rescued as well by pgm oep40-3 (Figure 14 E) (Munzert, 2021). The cellulose 

amount was not altered in all tested mutant lines (Figure 14 F). The comparison of pgm oep40-

4 and pgm oep40-3 showed that both lines have similar cell wall matrix monosaccharide 

composition and rescue the pgm cell wall arabinose deficit (Figure 14 G). Together, these 

analyses confirmed that pgm oep40-3 can be used equally to pgm oep40-4, with the advantage 

of the cleaner mutant background. 
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Figure 13: pgm oep40 -4 and pgm oep40 -3 exhibit similar resistance to C. higginsianum  and defence 
responses . 
A:  The relative amount of C. higginsianum infection structures (appressoria, infection vesicles, primary hyphae, 
secondary hyphae) was counted under the microscope after trypan blue staining of infected Arabidopsis leaves at 
2.5 days post infection (dpi). The most advanced infection structure was counted always. Plants were grown for five 
weeks in a 12 h light / 12 h dark phase (12 h L). Data are means (n = 4) and error bars display the SEM. Statistically 
significant differences between the mean values within each infection structure were determined via a one-way 
ANOVA and are indicated by different letters (p-value = 0.05, Holm-Ġ²d§k multiple comparison test). B: Salicylic 
acid (SA) at 2.5 dpi after inoculation with C. higginsianum. Plants were grown for five weeks in 12 h L, black bars: 
free SA, grey bars: glycosylated SA. C: Camalexin (CA) at 2.5 dpi after inoculation with C. higginsianum. Plants 
were grown for five weeks in 12 h L, black bars: free CA. D: 2,5-DHBA at 2.5 dpi after inoculation with C. 
higginsianum. Plants were grown for five weeks in 12 h L, black bars: free 2,5-DHBA, grey bars: glycosylated 2,5-
DHBA. E: 2,3-DHBA at 2.5 dpi after inoculation with C. higginsianum. Plants were grown for five weeks in 12 h L, 
black bars: free 2,3-DHBA, grey bars: glycosylated 2,3-DHBA. B-E: Data are means (n = 4) and error bars display 
the SEM. Statistically significant differences between the mean values were determined via a one-way ANOVA and 
are indicated by different letters (p-value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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3.2 Phenotype and susceptibility of oep40-3 are different compared to 

Col-0 

Since the T-DNA double mutant pgm oep40-3 showed great phenotypic changes compared to 

pgm, it raised the question if oep40-3 would exhibit similar differences compared to Col-0. 

Alternatively, the strong impact in pgm oep40-3 could be dependent on the starch-free 

background. Previous data reported that oep40-3 showed an early-flowering phenotype under 

cold conditions (Harsman et al., 2016). Therefore, the aim was to identify if the observed 

metabolism- and defence-related phenotypes are occurring in oep40-3 as well, or if the 

starch-deficient pgm background is essential. 

 

3.2.1 Growth phenotype of oep40-3 differs from Col-0 

First, the growth phenotype of oep40-3 was investigated. Therefore, pictures of the entire leaf 

rosettes were taken, and the rosette diameters were measured (Figure 15 A, B). The 

measurement revealed a reduced leaf rosette diameter in oep40-3 compared to Col-0. 

Additionally, leaves were harvested, and their fresh and dry weights were determined, allowing 

calculation of the fresh-to-dry weight (FW/DW) ratio (Figure 15 C). oep40-3 displayed a slightly 

lower FW/DW ratio compared to Col-0. The differences in FW/DW ratio indicated deviance in 

water content and dry matter, like carbohydrates, proteins, lipids, etc. This showed that even 

under standard growing conditions, oep40-3 differed in growth compared to Col-0.  

Figure 14: pgm oep40 -4 and pgm oep40 -3 display similar changes in soluble sugar content and cell wall 
matrix composition . 
A: Free glucose at the end of the light phase. Plants were grown for five weeks in a 12 h light / 12 h dark phase (12 
h L). B:  Free fructose at the end of the light phase. Plants were grown for five weeks in 12 h L. C: Free sucrose at 
the end of the light phase. Plants were grown for five weeks in 12 h L. D: Total quantity of all sugars at the end of 
the light phase. Plants were grown for five weeks in 12 h L. E: Absolute cell wall arabinose levels in µg/mg AIR at 
the end of the dark phase. Plants were grown for five weeks in 12 h L. F: Absolute cell wall cellulose levels in µg/mg 
AIR at the end of the dark phase. Plants were grown for five weeks in 12 h L. G: Cell wall matrix monosaccharide 
composition at the end of the dark phase. Plants were grown for five weeks in 12 h L. Cell wall sugars were 
normalised to the molar percentage of the total cell wall matrix monosaccharide amount (mol %). Data are means 
(n = 3) and error bars display the SEM. Statistically significant differences between the mean values of each cell 
wall monosaccharide were determined separately via a one-way ANOVA and are indicated by different letters 
(p-value = 0.05, Holm-Ġ²d§k multiple comparison test). A-F: Data are means (n = 3) and error bars display the 
SEM. Statistically significant differences between the mean values were determined via a one-way ANOVA and are 
indicated by different letters (p-value = 0.05, Holm-Ġ²d§k multiple comparison test). 



71 
 

 

 

3.2.2 Susceptibility to C. higginsianum is reduced in oep40-3 compared to Col-0 

The defence-related differences between pgm oep40-3 and pgm, as well as the 

hypersusceptibility suppression in the pgm background, raised the question of whether the 

oep40-3 single mutant is affected in its resistance to C. higginsianum. Therefore, infection 

experiments were conducted using two different approaches: droplet and spray infection. 

Additionally, a fluorescent strain of C. higginsianum was used to investigate relative hyphal 

occupancy in leaf tissue using confocal laser scan microscopy (CLSM). For the microscopic 

approach, leaves were infected with droplets and compared with fungal DNA quantification in 

sprayed and droplet-infected leaves using qPCR. The scans from the CLSM were used to 

calculate the hyphal volume normalised to appressoria count at 2, 2.5, and 3 dpi (Figure 16 A). 

Starting from 2.5 dpi, hyphal volumes of oep40-3 were reduced compared to Col-0, but the 

differences remained statistically non-significant due to very high variability (Figure 16 B, C, D). 

In line with reduced hyphal occupancy, quantification of fungal DNA and investigation of 

infection structures in droplet-infected leaves showed that oep40-3 is more resistant than the 

WT (Figure 16 E, F). 

Figure 15: The growth p henotyp e of oep40-3 differs from  Col -0. 
A:  Growth phenotypes of Col-0 and oep40-3. Plants were grown for five weeks in a 12 h light / 12 h dark phase (12 
h L). Scale bar: 2 cm. B:  Leaf rosette diameter in cm. Plants were grown for five weeks in 12 h L. C: Fresh weight 
to dry weight ratio in mg/mg. Plants were grown for five weeks in 12 h L. B-C: Data are means (n = 6) and error 
bars display the SEM. Statistically significant differences between the mean values were determined via an unpaired 
t-test and are indicated by different letters (Ŭ = 0.05). 
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Quantification of fungal DNA and investigation of infection structures in leaves sprayed with 

C. higginisianum showed results very similar to those from the droplet infection experiment 

(Figure 17 A). Measuring fungal DNA and counting infection structures confirmed that oep40-3 

showed higher resistance to C. higginsianum than Col-0 (Figure 17 B, C).  

Since SA, DHBAs and CA levels were strongly altered in pgm oep40-3, oep40-3 was tested 

for elevated levels of these defence compounds. Under mock treatment, SA accumulated 

higher at 2.5 dpi, and 2,3-DHBA at 2.5 and 3.5 dpi in oep40-3 compared to Col-0, whereas CA 

and 2,5-DHBA showed increased levels but not significantly (Figure 18 A-D). The infected 

material showed that SA was not altered, but revealed increased levels of CA, 2,3- and 2,5-

DHBAs at 3.5 dpi in oep40-3 compared to Col-0 (Figure 18 E-H). Taken together, the data 

support that oep40-3, in comparison to Col-0, exhibits similar, less pronounced 

defence-related phenotype alterations compared to pgm oep40-3. 
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Figure 16: Susceptibility of oep40-3 is reduced compared to Col -0 in droplet infection with C. higginsianum . 
A:  CLSM picture of an infected Col-0 leaf at 3 days post infection (dpi). Blue: chlorophyll autofluorescence of 
Arabidopsis mesophyll cells. Red: C. higginsianum (TEF::mCherry) infection structures. B: Hyphae volume per 
appressoria count of C. higginsianum at 2 dpi. Plants were grown for five weeks in a 12 h light / 12 h dark phase 
(12 h L). Data are means (n = 4) and error bars display the SEM. C: Hyphae volume per appressoria count of 
C. higginsianum at 2.5 dpi. Plants were grown for five weeks in 12 h L. Data are means (n = 4) and error bars 
display the SEM. D: Hyphae volume per appressoria count of C. higginsianum at 3 dpi. Plants were grown for five 
weeks in 12 h L. Data are means (n = 4) and error bars display the SEM. E: DNA of C. higginsianum at 3.5 dpi. 
Plants were grown for five weeks in 12 h L. The DNA amount per conidia count is linearly transformed to the value 
of Col-0. Data are means (n = 6) and error bars display the SEM. B-E: Statistically significant differences between 
the mean values were determined via an unpaired t-test and are indicated by different letters (Ŭ = 0.05). F: The 
relative amount of C. higginsianum infection structures (appressoria, infection vesicles, primary hyphae, secondary 
hyphae) was counted under the microscope after trypan blue staining of infected Arabidopsis leaves at 2.5 dpi. The 
most advanced infection structure was counted always. Plants were grown for five weeks in 12 h L. Data are means 
(n = 4) and error bars display the SEM. Statistically significant differences between the mean values within each 
infection structure were determined via an unpaired t-test and are indicated by different letters (Ŭ = 0.05). 
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Figure 17: Susceptibility of oep40-3 is reduced compared to Col -0 in spray infection with C. higginsianum .  
A:  Infection phenotypes of Col-0 and oep40-3 at 3.5 days post infection (dpi). Plants were grown for five weeks in 
a 12 h light / 12 h dark phase (12 h L). Scale bar: 2 cm. B: The relative amount of C. higginsianum infection 
structures (appressoria, infection vesicles, primary hyphae, secondary hyphae) was counted under the microscope 
after trypan blue staining of infected Arabidopsis leaves at 2.5 dpi. The most advanced infection structure was 
counted always. Plants were grown for five weeks in 12 h L. Data are means (n = 6) and error bars display the 
SEM. Statistically significant differences between the mean values within each infection structure were determined 
via a one-way ANOVA and are indicated by different letters (p-value = 0.05, Holm-Ġ²d§k multiple comparison test). 
C: DNA of C. higginsianum at 3.5 dpi. Plants were grown for five weeks in 12 h L. The DNA amount per leaf area 
is linearly transformed to the value of Col-0. Data are means (n = 6) and error bars display the SEM. Statistically 
significant differences between the mean values were determined via an unpaired t-test and are indicated by 
different letters (Ŭ = 0.05). 
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Figure 18: Defence compounds are increased in  oep40-3 compared to Col -0 in spray infection with 
C. higginsianum .  
A: Salicylic acid (SA) at 2.5 and 3.5 days post infection (dpi) after mock treatment (green background). Plants were 
grown for five weeks in a 12 h light / 12 h dark phase (12 h L), black bars: free SA, grey bars: glycosylated SA. 
B: Camalexin (CA) at 2.5 and 3.5 dpi after mock treatment (green background). Plants were grown for five weeks 
in 12 h L, black bars: free CA. C: 2,3-DHBA at 2.5 and 3.5 dpi after mock treatment (green background). Plants 
were grown for five weeks in 12 h L, black bars: free 2,3-DHBA, grey bars: glycosylated 2,3-DHBA. D: 2,5-DHBA 
at 2.5 and 3.5 dpi after mock treatment (green background). Plants were grown for five weeks in 12 h L, black bars: 
free 2,5-DHBA, grey bars: glycosylated 2,5-DHBA. E: SA at 2.5 and 3.5 dpi after inoculation with C. higginsianum. 
Plants were grown for five weeks in 12 h L, black bars: free SA, grey bars: glycosylated SA. F: CA at 2.5 and 3.5 
dpi after inoculation with C. higginsianum. Plants were grown for five weeks in 12 h L, black bars: free CA. G: 2,3-
DHBA at 2.5 and 3.5 dpi after inoculation with C. higginsianum. Plants were grown for five weeks in 12 h L, black 
bars: free 2,3-DHBA, grey bars: glycosylated 2,3-DHBA. H: 2,5-DHBA at 2.5 and 3.5 dpi after inoculation with 
C. higginsianum. Plants were grown for five weeks in 12 h L, black bars: free 2,5-DHBA, grey bars: glycosylated 
2,5-DHBA.  A-H: Data are means (n = 6) and error bars display the SEM. Statistically significant differences between 
the mean values within each time point were determined via an unpaired t-test and are indicated by different letters 
(Ŭ = 0.05). 
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3.2.3 Cell wall matrix composition, but not total soluble sugar availability, is altered 

in oep40-3  

Since pgm oep40-3 rescued the cell wall matrix arabinose deficit in pgm, the cell wall matrix 

composition was measured for oep40-3 to investigate if the cell wall is altered independent of 

the pgm background. Additionally, OEP40 is an outer envelope protein of the chloroplast that 

is permeable for glucose and glucose phosphates (Harsman et al., 2016). Hence, the total 

soluble sugars and starch were measured to test if oep40-3 is altered in sugar availability in 

the leaves, which could also affect cell wall biosynthesis. The cell wall matrix monosaccharide 

composition of oep40-3 showed a slight increase in fucose, arabinose, and xylose. Galactose 

and galacturonic acid were slightly reduced in oep40-3 (Figure 19 A). Since oep40-3 exhibited 

a lower FW/DW ratio and cellulose is contributing to the dry weight, cell wall cellulose levels 

were quantified. oep40-3 displayed lower amounts of cellulose compared to Col-0 (Figure 19 

B). 

 

 

The soluble sugar and starch content were quantified in three different treatments at four 

different timepoints, always at the end of a light or dark phase. Samples were taken at 2, 2.5, 

3, and 3.5 dpi from a control treatment, a mock treatment where plants were sprayed with 

Figure 19: Cell wall monosaccharide composition and cellulose  are altered in oep40-3 compared to Col -0. 
A: Cell wall matrix monosaccharide composition at the end of the dark phase. Plants were grown for five weeks in 
a 12 h light / 12 h dark phase (12 h L). Cell wall sugars were normalised to the molar percentage of the total cell 
wall matrix monosaccharide amount (mol %). Data are means (n = 6) and error bars display the SEM. Statistically 
significant differences between the mean values of each cell wall monosaccharide were determined separately via 
an unpaired t-test and are indicated by different letters (Ŭ= 0.05). B:  Absolute cell wall cellulose levels in µg/mg AIR 
at the end of the dark phase. Plants were grown for five weeks in 12 h L. Data are means (n = 6) and error bars 
display the SEM. Statistically significant differences between the mean values were determined via an unpaired 
t-test and are indicated by different letters (Ŭ= 0.05). 
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water to simulate the infection procedure, and after inoculation with C. higginsianum. There 

were no bigger differences in hexoses, sucrose or starch between Col-0 and oep40-3 (Figure 

20 A-I). The sucrose level of oep40-3 was slightly decreased at 2.5 dpi under the control 

treatment and 2 dpi after infection (Figure 20 D, F). Additionally, the starch content at the end 

of the dark period was reduced in oep40-3 under control conditions (Figure 20 G). In summary, 

oep40-3 is not affected in overall soluble sugar or starch availability, but the cell wall matrix 

composition is affected, mirroring the changes measured in pgm oep40-3 compared to pgm. 

 

 

Figure 20:  Total s oluble sugars and starch availability are not affected in  oep40-3. 
A-C: Free hexose quantity at 2, 2.5, 3 and 3.5 days post infection (dpi) of untreated (blue background), mock-
treated (green background), and infected plants. Plants were grown for five weeks in a 12 h light / 12 h dark phase 
(12 h L). D-F: Free sucrose quantity at 2, 2.5, 3 and 3.5 dpi of untreated (blue background), mock-treated (green 
background), and infected plants. Plants were grown for five weeks in 12 h L. G-I: Starch content at 2, 2.5, 3 and 
3.5 dpi of untreated (blue background), mock-treated (green background), and infected plants. Plants were grown 
for five weeks in 12 h L. A-I: Data are means (n = 4) and error bars display the SEM. Statistically significant 
differences between the mean values within each time point were determined via an unpaired t-test and are 
indicated by different letters (Ŭ= 0.05). 
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3.3  pgm oep40-3 hypersusceptibility suppression of pgm to 

C. higginsianum is not light phase-dependent  

After verifying that the T-DNA line pgm oep40-3 phenocopies the EMS mutant pgm oep40-4 

and that oep40-3 exhibits distinct differences in susceptibility to C. higginsianum compared to 

Col-0, experiments were performed using Col-0, oep40-3, and pgm as controls. Additionally, 

two light phase lengths were used in the experiments, as the standard 12 h light period resulted 

in a small growth phenotype for pgm, as well as for pgm oep40-3. Therefore, experiments were 

performed as well with a 16 h light period, to investigate the effect on pgm and pgm oep40-3 

growth and susceptibility when the night phase is shortened.  

 

3.3.1 Growth of pgm and pgm oep40-3 is enhanced in a longer light phase  

The plants exhibited different growth phenotypes under 12 h L and 16 h L. The growth 

difference between Col-0 and oep40-3 in 12 h L stayed similar in 16 h L. In the elongated light 

phase, pgm displayed slightly better growth than 12 h L, but pgm oep40-3 showed the greatest 

increase in leaf rosette size due to the longer light period (Figure 21 A, B). Additionally, whole-

leaf rosettes of 3-week-old plants grown under 12 h L were sampled for starch staining to 

visualise the starch-free phenotype of pgm and pgm oep40-3 (Figure 21 C). 

 
Figure 21: The growth of pgm and pgm oep40 -3 is light phase -dependent, and  pgm oep40 -3 is starch -free. 
A: Growth phenotypes of Col-0, oep40-3, pgm, and pgm oep40-3. Plants were grown for 5 weeks in a 12 h light / 
12 h dark phase (12 h L). B: Growth phenotypes of Col-0, oep40-3, pgm, and pgm oep40-3. Plants were grown for 
4 weeks in 16 h light / 8 h dark phase (16 h L). C: Starch staining of Col-0, oep40-3, pgm, and pgm oep40-3. Plants 
were grown for 3 weeks in 12 h L. Scale bars: 2 cm 
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3.3.2 Resistance against C. higginsianum is not light phase-dependent  

Since the growth phenotypes of pgm and pgm oep40-3 were mitigated by the elongated light 

period, changes in susceptibility could arise due to altered carbohydrate availability. Therefore, 

the resistance of all genotypes against C. higginsianum was quantified in 12 h L and 16 h L. 

Col-0, and oep40-3 resistance was unaltered in both light periods. The hypersusceptibility of 

pgm and its suppression in pgm oep40-3 were not affected by the change in photoperiod 

(Figure 22 A, B). In the infection experiment under 16 h L, fungal DNA in oep40-3 was lower 

than in Col-0 (Figure 22 B). 

 

 

3.3.3 Elevated defence compound accumulation in pgm oep40-3 is 

light phase-independent 

Since pgm oep40-3 had previously shown elevated levels of SA, DHBAs and CA after infection 

with C. higginsianum, the accumulation of these defence compounds was investigated under 

the two different light periods (12 h light / 12 h dark phase, 16 h light / 8 h dark phase) and with 

a mock control, mimicking the infection procedure without inoculation of C. higginsianum. The 

samples were taken at two different timepoints to investigate defence compound accumulation 

during progressing infection. The aim was to test if pgm oep40-3 shows constitutively 

increased levels of SA and DHBAs as oep40-3 did, and if so, in a light phase-dependent way. 

Figure 22: pgm  and pgm oep40 -3 susceptibility to C. higginsianum  is light phase -independent . 
A:  DNA of C. higginsianum at 3.5 days post infection (dpi). Plants were grown for five weeks in a 12 h light / 12 h 
dark phase (12 h L). The DNA amount per leaf area is linearly transformed to the value of Col-0. Data are means 
(n = 6) and error bars display the SEM. Statistically significant differences between the mean values were 
determined via a one-way ANOVA and are indicated by different letters (p-value = 0.05, Holm-Ġ²d§k multiple 
comparison test). B:  DNA of C. higginsianum at 3.5 dpi. Plants were grown for four weeks in a 16 h light / 8 h dark 
phase (16 h L). The DNA amount per leaf area is linearly transformed to the value of Col-0. Data are means (n = 5/6) 
and error bars display the SEM. Statistically significant differences between the mean values were determined via 
a one-way ANOVA and are indicated by different letters (p-value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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Mock-treated pgm oep40-3 exhibited higher SA, DHBAs, and CA levels compared to Col-0, 

oep40-3, and pgm in 12 h L as well as in 16 h L. Mock-treated oep40-3 exhibited an increase 

in 2,3- and 2,5-DHBAs, as previous data showed (Figure 23 A-D; 24 A-D). SA and CA levels 

in infected plants were variable between experiments in different light periods, but oep40-3 

was reduced in SA at 3.5 dpi compared to Col-0 and pgm (Figure 23 E, F; 24 E, F). The infected 

pgm oep40-3 displayed higher DHBAs levels compared to Col-0, oep40-3, and pgm in 12 h L 

and 16 h L. Whereby, oep40-3 exhibited the same trend, albeit less pronounced than pgm 

oep40-3 (Figure 23 G, H; 24 G, H). The quantification of SA, DHBAs, and CA from plants 

grown under 12 h L and 16 h L photoperiod showed the same trend in mock-treated as in 

infected material, with pgm oep40-3 accumulating high amounts of SA, 2,3- and 2,5-DHBAs 

under mock treatment. Together, this concludes that the accumulation of the measured 

defence compounds is not light period dependent and that pgm oep40-3 is primed with 

glycosylated SA and DHBAs before pathogen contact.  



81 
 
 

Figure 23: Defence compounds are increased in mock -treated and infected pgm  oep40-3 compared to all 
controls  in 12 h L .  
A: Salicylic acid (SA) at 2.5 and 3.5 days post infection (dpi) after mock treatment (green background). Plants were 
grown for five weeks in a 12 h light / 12 h dark phase (12 h L), black bars: free SA, grey bars: glycosylated SA. B: 
Camalexin (CA) at 2.5 and 3.5 dpi after mock treatment (green background). Plants were grown for five weeks in 
12 h L, black bars: free CA. C: 2,3-DHBA at 2.5 and 3.5 dpi after mock treatment (green background). Plants were 
grown for five weeks in 12 h L, black bars: free 2,3-DHBA, grey bars: glycosylated 2,3-DHBA. D: 2,5-DHBA at 2.5 
and 3.5 dpi after mock treatment (green background). Plants were grown for five weeks in 12 h L, black bars: free 
2,5-DHBA, grey bars: glycosylated 2,5-DHBA. E: SA at 2.5 and 3.5 dpi after inoculation with C. higginsianum. 
Plants were grown for five weeks in 12 h L, black bars: free SA, grey bars: glycosylated SA. F: CA at 2.5 and 3.5 
dpi after inoculation with C. higginsianum. Plants were grown for five weeks in 12 h L, black bars: free CA. G: 2,3-
DHBA at 2.5 and 3.5 dpi after inoculation with C. higginsianum. Plants were grown for five weeks in 12 h L, black 
bars: free 2,3-DHBA, grey bars: glycosylated 2,3-DHBA. H: 2,5-DHBA at 2.5 and 3.5 dpi after inoculation with C. 
higginsianum. Plants were grown for five weeks in 12 h L, black bars: free 2,5-DHBA, grey bars: glycosylated 2,5-
DHBA. A-H: Data are means (n = 4) and error bars display the SEM. Statistically significant differences between 
the mean values within each time point were determined via a one-way ANOVA and are indicated by different letters 
(p-value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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Figure 24: Defence compounds are increased in mock -treated and infected pgm  oep40-3 compared to all 
controls in 16 h L . 
A: Salicylic acid (SA) at 2.5 and 3.5 days post infection (dpi) after mock treatment (green background). Plants were 
grown for four weeks in a 16 h light / 8 h dark phase (16 h L), black bars: free SA, grey bars: glycosylated SA. B: 
Camalexin (CA) at 2.5 and 3.5 dpi after mock treatment (green background). Plants were grown for four weeks in 
16 h L, black bars: free CA. C: 2,3-DHBA at 2.5 and 3.5 dpi after mock treatment (green background). Plants were 
grown for four weeks in 16 h L, black bars: free 2,3-DHBA, grey bars: glycosylated 2,3-DHBA. D: 2,5-DHBA at 2.5 
and 3.5 dpi after mock treatment (green background). Plants were grown for four weeks in 16 h L, black bars: free 
2,5-DHBA, grey bars: glycosylated 2,5-DHBA. E: SA at 2.5 and 3.5 dpi after inoculation with C. higginsianum. 
Plants were grown for four weeks in 16 h L, black bars: free SA, grey bars: glycosylated SA. F: CA at 2.5 and 3.5 
dpi after inoculation with C. higginsianum. Plants were grown for four weeks in 16 h L, black bars: free CA. G: 
2,3-DHBA at 2.5 and 3.5 dpi after inoculation with C. higginsianum. Plants were grown for four weeks in 16 h L, 
black bars: free 2,3-DHBA, grey bars: glycosylated 2,3-DHBA. H: 2,5-DHBA at 2.5 and 3.5 dpi after inoculation with 
C. higginsianum. Plants were grown for four weeks in 16 h L, black bars: free 2,5-DHBA, grey bars: glycosylated 
2,5-DHBA. A-H: Data are means (n = 4) and error bars display the SEM. Statistically significant differences between 
the mean values within each time point were determined via a one-way ANOVA and are indicated by different 
letters (p-value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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3.3.4 ROS burst of pgm oep40-3 is increased compared to pgm  

An indicator of the intensity of PTI is the measurement of the plant's ROS release, which can 

be investigated via chemiluminescence that occurs when ROS are reacting with luminol in the 

presence of horseradish peroxidase. The more ROS were produced upon elicitor treatment 

(flg22), the greater the resulting luminescence signal. The aim was to test if the ROS release 

is altered in pgm and pgm oep40-3, indicating changes in basal resistance. The assay showed 

that pgm has strongly impaired ROS production compared to Col-0 after treatment with flg22 

(Figure 25). oep40-3 and pgm oep40-3 showed intermediate ROS production, but significantly 

lower than Col-0. Only pgm oep40-3 had significantly higher ROS production than pgm, but 

oep40-3 showed a trend of increased ROS compared to pgm (Figure 25). The elevated ROS 

release in pgm oep40-3 compared to pgm indicates an enhanced basal resistance and 

alleviates the deficit in ROS production in pgm through the loss of OEP40.  

 

 

 

Figure 25: ROS production upon elicitor treatment is elevated in pgm oep40 -3 compared to pgm . 
Released ROS is shown in relative luminescence units (RLU) resulting from the chemiluminescence produced by 
the reaction of ROS with luminol and horseradish peroxidase. Leaf discs were treated with flg22 as an elicitor for 
ROS production. Data are means (n = 11) and error bars display the SEM. Statistically significant differences 
between the mean values were determined via a one-way ANOVA and are indicated by different letters 
(p-value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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3.4  Salicylic acid and camalexin play a minimal role in the 

pgm oep40-3 suppression of pgm hypersusceptibility  

3.4.1 Contribution of salicylic acid to the pgm oep40-3 suppression of pgm 

hypersusceptibility to C. higginsianum 

The analysis of defence compound accumulation showed constitutive high levels of SA and 

DHBAs in pgm oep40-3. Strong and early SA signalling could explain the resistance in pgm 

oep40-3. To investigate the role of SA in suppressing pgm hypersusceptibility in pgm oep40-

3, the mutant sid2-3, carrying a knock-out mutation in the isochorismate synthase and is unable 

to produce SA through the isochorismate pathway, was crossed into all control backgrounds 

and pgm oep40-3. The growth phenotype of pgm oep40-3 sid2-3 was slightly different from 

that of pgm oep40-3; the leaves were broader and less twisted. Additionally, the size of the 

leaf rosette was bigger in the triple mutant compared to pgm oep40-3. In the Col-0, oep40-3, 

and pgm background were no growth phenotype differences with sid2-3 (Figure 26 A). The 

amount of SA was measured as a control to verify that the sid2-3 mutants were depleted of 

SA, which was confirmed (Figure 26 B, D). The quantification of fungal DNA showed that sid2-3 

was as susceptible as pgm to C. higginsianum and had a strong additive effect on susceptibility 

in pgm sid2-3. In oep40-3 sid2-3, less fungal DNA was measured than in sid2-3, but more than 

in oep40-3. Indicating that oep40-3 resistance is partially caused by SA accumulation. The 

same trend was observed for pgm oep40-3 sid2-3. The triple mutant was less resistant than 

pgm oep40-3, but still more resistant than pgm sid2-3. If oep40-3 suppression of 

hypersusceptibility was solely SA-dependent, a phenocopy of pgm sid2-3 would be expected. 

This suggests that pgm oep40-3 suppression of pgm hypersusceptibility is only partially 

dependent on SA (Figure 26 C).  
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3.4.2 Suppression of pgm hypersusceptibility in pgm oep40-3 is CA-independent 

In the analysis of defence compounds, pgm oep40-3 showed elevated levels of CA in mock 

treatment. The mutant pad3-1, encoding the cytochrome P450 monooxygenase catalysing the 

final step in CA biosynthesis, was crossed into all control genotypes and pgm oep40-3 to create 

a CA-deficient mutant. The introduction of pad3-1 in the Col-0, oep40-3, pgm, and 

pgm oep40-3 backgrounds did not lead to growth phenotype differences (Figure 27 A). CA 

accumulation was quantified in mock-treated and infected samples as a control for the 

disrupted CA biosynthesis in the pad3-1 mutants, which could be confirmed (Figure 27 B, D). 

Quantification of C. higginsianum DNA showed an effect on susceptibility similar to that 

observed in the sid2-3 experiment, although less pronounced. The single mutant pad3-1 was 

Figure 26: pgm hypersusceptibility suppression of pgm oep40 -3 is affected by  SA depletion . 
A:  Growth phenotypes of Col-0, oep40-3, pgm, pgm oep40-3, sid2-3, oep40-3 sid2-3, pgm sid2-3 and 
pgm oep40-3 sid2-3. Plants were grown for 4 weeks in a 16 h light / 8 h dark phase (16 h L). Scale bar: 2 cm. 
B: Salicylic acid (SA) at 3.5 days post infection (dpi) after mock treatment (green background). Plants were grown 
for four weeks in 16 h L, black bars: free SA, grey bars: glycosylated SA. Data are means (n = 4) and error bars 
display the SEM. C: DNA of C. higginsianum at 3.5 dpi. Plants were grown for four weeks in 16 h L. The DNA 
amount per leaf area is linearly transformed to the value of Col-0. Data are means (n = 4-6) and error bars display 
the SEM. D: SA at 3.5 dpi after inoculation with C. higginsianum. Plants were grown for four weeks in 16 h L, black 
bars: free SA, grey bars: glycosylated SA. Data are means (n = 4) and error bars display the SEM. B-D: Statistically 
significant differences between the mean values were determined via a one-way ANOVA and are indicated by 
different letters (p-value = 0.05, Holm-Ġ²d§k multiple comparison test). Experiments were conducted by my master's 
student, Lena Zanoni (Zanoni, 2025). 
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as susceptible as pgm, but pgm pad3-1 showed an additive effect, which was less pronounced 

compared to the additive effect of sid2-3. Additionally, oep40-3 pad3-1 was not affected in 

susceptibility compared to oep40-3, indicating no effect on resistance due to CA depletion. 

Although the triple mutant pgm oep40-3 pad3-1 accumulated slightly more fungal DNA than 

pgm oep40-3, it still showed an apparent OEP40-3-dependent suppression of susceptibility 

relative to pgm pad3-1 (Figure 27 C). If CA plays an important role in pgm oep40-3 resistance, 

a phenocopy of pgm pad3-1 would be expected. Taken together, the data suggest that 

pgm oep40-3 suppression of pgm susceptibility is CA-independent.  

 

 

Figure 27: pgm hypersusceptibility suppression of pgm oep40 -3 is CA -independent . 
A:  Growth phenotypes of Col-0, oep40-3, pgm, pgm oep40-3, pad3-1, oep40-3 pad3-1, pgm pad3-1 and 
pgm oep40-3 pad3-1. Plants were grown for 4 weeks in a 16 h light / 8 h dark phase (16 h L). Scale bar: 2 cm. 
B: Camalexin (CA) at 3.5 days post infection (dpi) after mock treatment (green background). Plants were grown for 
four weeks in 16 h L, black bars: free CA. Data are means (n = 4) and error bars display the SEM. C: DNA of 
C. higginsianum at 3.5 dpi. Plants were grown for four weeks in 16 h L. The DNA amount per leaf area is linearly 
transformed to the value of Col-0. Data are means (n = 6) and error bars display the SEM. D: CA at 3.5 dpi after 
inoculation with C. higginsianum. Plants were grown for four weeks in 16 h L, black bars: free CA. Data are means 
(n = 4) and error bars display the SEM. B-D: Statistically significant differences between the mean values were 
determined via a one-way ANOVA and are indicated by different letters (p-value = 0.05, Holm-Ġ²d§k multiple 
comparison test). Experiments were conducted by my master's student, Lena Zanoni. 
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3.5 Resistance against biotrophic fungus Erysiphe cruciferarum is 

increased in pgm oep40-3  

It was previously shown that the susceptibility of pgm to the biotroph powdery mildew fungus 

Erysiphe cruciferarum compared to C. higginsianum is altered, since pgm is more resistant to 

E. cruciferarum. The increased resistance suggested that the diurnal availability of soluble 

sugars is critical for successful host colonisation by E. cruciferarum, with carbon starvation 

during the dark phase in pgm causing the enhanced resistance (Engelsdorf, 2013). Since 

oep40-3 increased resistance in the pgm background against C. higginsianum, the aim was to 

determine whether the loss of OEP40 could act as a universal resistance gene in fungal 

infections and enhance pgm resistance against E. cruciferarum. Therefore, plant pathogen 

interaction with E. cruciferarum as a fungus with a different lifestyle was investigated in 

collaboration with Prof. Dr. Stegmann and Henriette Leicher (Ulm University/Technical 

University of Munich). 

  

3.5.1 oep40-3 background increases resistance against E. cruciferarum 

To investigate the susceptibility of oep40-3 and pgm oep40-3 to E. cruciferarum, the fungal 

proliferation and the defence compounds SA, CA and 2,3- and 2,5-DHBAs were measured, 

because SA-mediated defence signalling is activated in infections with biotrophic pathogens 

and SA biosynthesis is targeted by powdery mildew (Glazebrook, 2005; Liu et al., 2025). The 

measurement of fungal DNA showed that oep40-3 is as resistant as pgm to E. cruciferarum. 

Additionally, the double mutant pgm oep40-3 exhibited even lower fungal proliferation. 

However, this difference was not statistically significant compared to oep40-3 and pgm 

(Figure 28 A). The measurement of defence compounds in infected material revealed that SA 

levels were increased strongly in pgm oep40-3 and slightly in oep40-3, indicating a potential 

correlation between SA amount and resistance to E. cruciferarum (Figure 28 B). CA was not 

produced in higher amounts in any of the tested genotypes, consistent with previous reports 

that CA is not induced upon infection by the biotroph E. cruciferarum (Figure 28 C) (Reuber et 

al., 1998). Investigation of the SA derivatives 2,3- and 2,5-DHBA showed a similar trend to SA 

upon infection. oep40-3 showed slightly increased levels, and pgm oep40-3 was highly 

increased in DHBAs (Figure 28 D, E). In summary, oep40-3 plays a role in resistance against 

E. cruciferarum in the Col-0 and pgm background. The loss of OEP40 possibly limits the diurnal 

availability of soluble sugars, similarly to pgm, leading to a slight additive effect in the double 

mutant pgm oep40-3. Alternatively, since the SA and DHBA levels are increased in oep40-3 

and pgm oep40-3, the oep40-3-mediated resistance could be SA-dependent. 
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Figure 28: E. cruciferarum  proliferation  is decreased by oep40-3 in the Col -0 and pgm background,  possibly 
in a SA -dependent manner.  
A:  DNA of E. cruciferarum at 6 days post infection (dpi). Plants were grown for four weeks in a 16 h light / 8 h dark 
phase (16 h L). The DNA amount is shown as relative NRQ and linearly transformed to the value of Col-0. Data are 
means (n = 4) and error bars display the SEM. B:  SA at 6 dpi after inoculation with E. cruciferarum. Plants were 
grown for four weeks in 16 h L, black bars: free SA, grey bars: glycosylated SA. Data are means (n = 4) and error 
bars display the SEM. C: CA at 6 dpi after inoculation with E. cruciferarum. Plants were grown for four weeks in 
16 h L, black bars: free CA. Data are means (n = 4) and error bars display the SEM. D: 2,3-DHBA at 6 dpi after 
inoculation with E. cruciferarum. Plants were grown for four weeks in 16 h L, black bars: free 2,3-DHBA, grey bars: 
glycosylated 2,3-DHBA. Data are means (n = 4) and error bars display the SEM. E: 2,5-DHBA at 6 dpi after 
inoculation with E. cruciferarum. Plants were grown for four weeks in 16 h L, black bars: free 2,5-DHBA, grey bars: 
glycosylated 2,5-DHBA. Data are means (n = 4) and error bars display the SEM. A-E: Statistically significant 
differences between the mean values were determined via a one-way ANOVA and are indicated by different letters 
(p value = 0.05, Holm-Ġ²d§k multiple comparison test).  
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3.5.2 Resistance against E. cruciferarum is SA-independent in pgm, but 

SA-dependent in oep40-3 

The resistance in ope40-3 was possibly linked to the SA levels, but pgm did not display higher 

accumulation of SA after infection with E. cruciferarum. That raised the question whether 

SA-mediated defence responses were responsible for the increased resistance in oep40-3 and 

pgm. Therefore, the impact of SA depletion on the resistance to E. cruciferarum was tested 

with the sid2-3 mutant. The measured fungal proliferation showed that sid2-3 exhibits 

increased susceptibility to E. cruciferarum compared to Col-0. Furthermore, pgm resistance is 

not SA-dependent, since pgm sid2-3 is as resistant as pgm. In contrast, oep40-3 resistance is 

dependent on SA, since oep40-3 sid2-3 was as susceptible as sid2-3. Additionally, the additive 

resistance of pgm oep40-3 is lost in the pgm oep40-3 sid2-3 mutant, showing the 

SA-dependent resistance of oep40-3 (Figure 29). The data confirm that pgm resistance is 

SA-independent, but the reduced diurnal soluble sugar availability leads to resistance against 

E. cruciferarum. For oep40-3 resistance and the additive effect on resistance in pgm oep40-3 

was shown that SA-mediated defence responses establish resistance against E. cruciferarum. 

 

 

Figure 29: Quantification of E. cruciferarum  proliferation in pgm oep40 -3 sid2 -3. 
DNA of E. cruciferarum at 6 days post infection (dpi). Plants were grown for four weeks in a 16 h light / 8 h dark 
phase (16 h L). The DNA amount is shown as relative NRQ and linearly transformed to the value of Col-0. Data are 
means (n = 4) and error bars display the SEM. Statistically significant differences between the mean values were 
determined via a one-way ANOVA and are indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple 
comparison test). 
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3.6  Soluble sugar content of pgm and pgm oep40-3 is altered 

To determine whether there are differences in sugar accumulation during extended 

photoperiods, the soluble sugar content was measured at two time points, the end of the dark 

phase and the end of the light phase, under two light conditions: 12 h L and 16 h L. The sum 

of free glucose and fructose was calculated to determine the total hexose content, and the 

sucrose content was measured at both time points. Under 12 h L conditions at the end of the 

dark period, pgm oep40-3 accumulated higher hexose levels than pgm, whereas sucrose 

levels were lower in oep40-3 than in Col-0 and lower in pgm and pgm oep40-3 than in oep40-3 

(Figure 30 A, B). At the end of the light phase, hexose levels were significantly elevated in 

pgm oep40-3 relative to Col-0 and oep40-3 and elevated in pgm compared to pgm oep40-3 

(Figure 30 C).  The sucrose levels at the end of light were not significantly different, but 

pgm oep40-3 showed a trend of higher sucrose content compared to Col-0, mirroring the 

soluble sugar data from the comparison of pgm oep40-4 and pgm oep40-3 (Figure 30 D; 14). 

 

Figure 30: pgm  causes a sucrose deficit at the end of the dark phase and a hexose excess at the end of the 
light phase  in 12 h L . 
A:  Free hexose at the end of the dark phase. Plants were grown for five weeks in a 12 h light / 12 h dark phase 
(12 h L). B: Free sucrose at the end of the dark phase. Plants were grown for five weeks in 12 h L. C: Free hexose 
at the end of the light phase. Plants were grown for five weeks in 12 h L.  D: Free sucrose at the end of the light 
phase. Plants were grown for five weeks in 12 h L. A-D: Data are means (n = 5) and error bars display the SEM. 
Statistically significant differences between the mean values were determined via a one-way ANOVA and are 
indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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The extended light period revealed that pgm exhibited a lower hexose content at the end of 

the dark period compared to Col-0 and oep40-3, and was significantly reduced relative to 

pgm oep40-3 (Figure 31 A). Additionally, the sucrose levels at the end of the dark phase were 

significantly lower in pgm and pgm oep40-3 than those of Col-0 and oep40-3 (Figure 31 B). At 

the end of the light phase, the hexose levels in pgm and pgm oep40-3 were increased 

compared to Col-0 and oep40-3 (Figure 31 C). However, the sucrose levels at the end of the 

light phase showed no significant differences (Figure 31 D). Overall, the data showed that the 

soluble sugar accumulation is not greatly affected by the extended light phase and shortened 

dark phase. The 12 h L and 16 h L experiments revealed both a sucrose deficit at the end of 

the dark phase and a hexose excess at the end of the light phase in pgm and pgm oep40-3. 

In contrast, oep40-3 displayed no differences in soluble sugar content compared to Col-0, 

except for the reduced sucrose levels at the end of the dark phase in 12 h L. Differences in 

sugar allocation in oep40-3 may be too subtle to detect at the whole-leaf level and may 

therefore require more detailed subcellular analyses. 

 

 

Figure 31: pgm  causes a sucrose deficit at the end of the dark phase and a hexose excess at the end of the 
light phase in 16 h L.  
A: Free hexose at the end of the dark phase. Plants were grown for four weeks in a 16 h light /8 h dark phase 
(16 h L). B: Free sucrose at the end of the dark phase. Plants were grown for four weeks in 16 h L. C: Free hexose 
at the end of the light phase. Plants were grown for four weeks in 16 h L.  D: Free sucrose at the end of the light 
phase. Plants were grown for four weeks in 16 h L. A-D: Data are means (n = 5) and error bars display the SEM. 
Statistically significant differences between the mean values were determined via a one-way ANOVA and are 
indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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3.7  Cell wall matrix composition and precursor metabolism are altered 

in pgm oep40-3 

Through the examination of the fungal infection structures in pgm oep40-3, it was shown that 

the resistance to C. higginsianum is established relatively early in the interaction of pathogen 

and plant, indicated by the lower percentage of primary hyphae. Additionally, the cell wall 

matrix composition demonstrated that the arabinose deficit in pgm is rescued in pgm oep40-3, 

but not the galactose deficit caused by cell wall sugar salvage during pgm starvation 

(Reckleben et al., 2025). The altered cell wall composition in pgm oep40-3 raised the question 

of whether the heightened resistance is due to a more rigid cell wall, leading to less successful 

penetration by the fungus. Since the galactose deficit is dependent on dark-induced starvation 

in pgm, the cell wall composition of oep40-3, pgm and pgm oep40-3 was examined under 

12 h L, 16 h L and 24 h L (continuous light) to investigate the effect of extending the light phase 

on arabinose. Furthermore, to identify which cell wall polymer is affected by the arabinose 

deficit, cell wall rhamnogalacturonan fractionation was performed. Additionally, nucleotide 

sugars, the cell wall polymer precursors, were quantified in collaboration with Prof. Dr. Ebert 

and Dr. Rautengarten (Ruhr University Bochum) to investigate changes in the cell wall 

biosynthesis. 

 

3.7.1 Cell wall matrix monosaccharide composition is altered in a light 

phase-dependent manner in the pgm background 

The monosaccharide composition and the cellulose content of the cell wall were analysed 

under three different photoperiods: 12 h, 16 h, and 24 h of light. The relative abundance of cell 

wall matrix monosaccharides was almost identical in 12 h L and 16 h L, with oep40-3 displaying 

consistently increased fucose and arabinose, and decreased galactose compared to Col-0. 

Furthermore, pgm exhibited a consistent increase in rhamnose and mannose, as well as a 

reduction in arabinose and galactose, compared to Col-0. Last, pgm oep40-3 showed 

consistently increased fucose, arabinose and xylose, and reduced rhamnose, mannose and 

galacturonic acid compared to pgm (Figure 32 A, 33 A). The arabinose deficit in pgm was 

rescued by pgm oep40-3 in 12 h L as well as in 16 h L, shown by the absolute arabinose levels, 

but not the dark-induced starvation deficit in galactose (Figure 32 B, 33 B). The measurement 

of cellulose content revealed no changes in pgm in 12 h L and 16 h L, but a slight reduction of 

cellulose in oep40-3 (12 h L) and pgm oep40-3 (12 h L and 16 h L) (Figure 32 C, 33 C).  
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Figure 32: Cell wall  matrix  monosaccharide composition is altered in pgm oep40 -3 in 12 h L . 
A: Cell wall matrix monosaccharide composition at the end of the dark phase. Plants were grown for five weeks in 
a 12 h light / 12 h dark phase (12 h L). Cell wall sugars were normalised to the molar percentage of the total cell 
wall matrix monosaccharide amount (mol %). Data are means (n = 5) and error bars display the SEM. Statistically 
significant differences between the mean values of each cell wall monosaccharide were determined separately via 
a one-way ANOVA and are indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
B: Absolute cell wall arabinose levels in µg/mg AIR at the end of the dark phase. Plants were grown for five weeks 
in 12 h L. Data are means (n = 5) and error bars display the SEM. Statistically significant differences between the 
mean values were determined via a one-way ANOVA and are indicated by different letters (p value = 0.05, Holm-
Ġ²d§k multiple comparison test). C: Absolute cell wall cellulose levels in µg/mg AIR at the end of the dark phase. 
Plants were grown for five weeks in 12 h L. Data are means (n = 5) and error bars display the SEM. Statistically 
significant differences between the mean values were determined via a one-way ANOVA and are indicated by 

different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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To investigate the effect of continuous light on the altered cell wall composition of pgm and to 

determine whether similar changes would occur in pgm oep40-3, plants were grown under 

continuous light conditions (24 h light, 24 h L). Analysis of cell wall composition under these 

conditions revealed that the cell wall alterations previously observed in pgm were restored to 

at least WT levels (Figure 34 A). Confirming previous data showing the galactose deficit was 

caused by dark-induced starvation (Reckleben et al., 2025). The arabinose deficit of pgm was 
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Figure 33: Cell wall matrix monosaccharide composition is altered in pgm oep40 -3 in 16 h L.  
A: Cell wall matrix monosaccharide composition at the end of the dark phase. Plants were grown for four weeks in 
a 16 h light / 8 h dark phase (16 h L). Cell wall sugars were normalised to the molar percentage of the total cell wall 
matrix monosaccharide amount (mol %). Data are means (n = 4) and error bars display the SEM. Statistically 
significant differences between the mean values of each cell wall monosaccharide were determined separately via 
a one-way ANOVA and are indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
B: Absolute cell wall arabinose levels in µg/mg AIR at the end of the dark phase. Plants were grown for four weeks 
in 16 h L. Data are means (n = 4) and error bars display the SEM. Statistically significant differences between the 
mean values were determined via a one-way ANOVA and are indicated by different letters (p value = 0.05, 
Holm-Ġ²d§k multiple comparison test). C: Absolute cell wall cellulose levels in µg/mg AIR at the end of the dark 
phase. Plants were grown for four weeks in 16 h L. Data are means (n = 4) and error bars display the SEM. 
Statistically significant differences between the mean values were determined via a one-way ANOVA and are 

indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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also rescued under 24 h L, suggesting that the arabinose reduction is induced by starvation 

during the dark phase (Figure 34 B). Notably, the arabinose content of both oep40-3 and 

pgm oep40-3 was strongly increased compared to Col-0 under 24 h L (Figure 34 A). Apart 

from this, oep40-3 exhibited an increase in xylose and mannose as well as a reduction in 

rhamnose and galacturonic acid relative to Col-0 (Figure 34 A). Whereas pgm oep40-3 showed 

especially an increase in the absolute arabinose amount compared to Col-0, oep40-3 and pgm 

(Figure 34 B). The absolute cellulose content differed slightly from previous observations: 

oep40-3 contained reduced cellulose levels compared to Col-0, whereas pgm oep40-3 showed 

marginally higher cellulose levels (Figure 34 C). 

The 24 h L condition altered the growth phenotypes of the investigated genotypes as well. A 

pronounced growth phenotype was observed for oep40-3 under 24 h L, as this genotype 

displayed the smallest leaf rosette size. Rosette growth increased progressively in pgm oep40-

3 and pgm, while, unexpectedly, Col-0 still exhibited a larger rosette than pgm even under 

continuous light conditions (Figure 34 D). 

The continuous light experiment confirmed that pgm cell wall deficits in arabinose and 

galactose are caused by dark-induced starvation, since the extended light phase (16 h L) 

showed no recovery of the cell wall monosaccharides. Additionally, the extreme growth 

phenotype of oep40-3 raises the question of how oep40-3 is affected by continuous light and 

how pgm mitigates that effect. 
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Figure 34: Cell wall matrix monosaccharide deficits in pgm  are restored in 24 h L . 
A: Cell wall matrix monosaccharide composition at the end of the dark phase. Plants were grown for one week in 
a 24 h light phase (24 h L) after two weeks in a 16 h light / 8 h dark phase (16 h L). Cell wall sugars were normalised 
to the molar percentage of the total cell wall matrix monosaccharide amount (mol %). Data are means (n = 5) and 
error bars display the SEM. Statistically significant differences between the mean values of each cell wall 
monosaccharide were determined separately via a one-way ANOVA and are indicated by different letters 
(p value = 0.05, Holm-Ġ²d§k multiple comparison test). B: Absolute cell wall arabinose levels in µg/mg AIR at the 
end of the dark phase. Plants were grown for one week in 24 h L after two weeks in 16 h L. Data are means (n = 5) 
and error bars display the SEM. Statistically significant differences between the mean values were determined via 
a one-way ANOVA and are indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
C: Absolute cell wall cellulose levels in µg/mg AIR at the end of the dark phase. Plants were grown for one week in 
24 h L after two weeks in 16 h L. Data are means (n = 5) and error bars display the SEM. Statistically significant 
differences between the mean values were determined via a one-way ANOVA and are indicated by different letters 
(p value = 0.05, Holm-Ġ²d§k multiple comparison test). D: Growth phenotypes of Col-0, oep40-3, pgm, and 
pgm oep40-3. Plants were grown for one week in 24 h L after two weeks in 16 h L. Scale bar: 2 cm.  
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3.7.2 pgm cell wall arabinose deficit is allocated to rhamnogalacturonan 

To further investigate the arabinose deficiency observed in pgm and to determine how oep40-3 

may compensate for this reduction, rhamnogalacturonan (RG) and cell wallïbound protein 

fractions were isolated and subsequently analysed for their arabinose content. The aim was to 

determine whether the arabinose deficit in pgm is associated with cell wall pectin, specifically 

within the rhamnogalacturonan fraction. Quantification of monosaccharides revealed no 

detectable differences in arabinose content within the protein fraction, in which overall 

monosaccharide levels were low (Figure 35 A). In contrast, pgm exhibited a reduction in 

arabinose levels of about 50% in the RG fraction, consistent with the cell wall arabinose 

phenotype observed in the 12 h L and 16 h L experiments. Furthermore, fractionation 

demonstrated that the arabinose deficiency in pgm was restored in the RG fraction of pgm 

oep40-3 (Figure 35 B). Together, the data confirmed that the arabinose deficiency of pgm is 

allocated to RG and is not due to an increase in cell wall-bound AGPs. 

 

 

Figure 35: Absolute c ell wall arabinose deficiency of pgm  is allocated to rhamnogalacturonan . 
A:  Absolute cell wall arabinose levels of the protein fraction in µg/mg AIR at the end of the dark phase. Plants were 
grown for five weeks in a 12 h light / 12 h dark phase (12 h L). Data are means (n = 5) and error bars display the 
SEM. Statistically significant differences between the mean values were determined via a one-way ANOVA and are 
indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). B: Absolute cell wall arabinose 
levels of the rhamnogalacturonan (RG) fraction in µg/mg AIR at the end of the dark phase. Plants were grown for 
five weeks in 12 h L. Data are means (n = 5) and error bars display the SEM. Statistically significant differences 
between the mean values were determined via a one-way ANOVA and are indicated by different letters 
(p value = 0.05, Holm-Ġ²d§k multiple comparison test).  
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3.7.3 Loss of OEP40 rescues total nucleotide sugars in pgm  

An alternative to cell wall arabinose being salvaged from the cell wall under starvation in pgm, 

like cell wall galactose, is that arabinan could be less synthesised in pgm, or that arabinan 

biosynthesis is increased in pgm oep40-3. To investigate cell wall biosynthesis capabilities, 

the precursors of the cell wall polymers, the nucleotide sugars, were measured in collaboration 

with Prof. Dr. Ebert and Dr. Rautengarten (Ruhr University Bochum) (Figure 36 A-L). The 

analysis of nucleotide sugar precursors revealed a weaker correlation with the observed cell 

wall monosaccharide phenotype than initially expected. Compared with Col-0, pgm exhibited 

statistically significant reduction in UDP-galactose, UDP-glucose, UDP-galacturonic acid, and 

UDP-glucuronic acid levels (Figure 36 E, G, J, K). This finding was consistent with the reduced 

galactose content observed in the cell wall. However, the arabinose precursors 

UDP-arabinofuranose and UDP-arabinopyranose were not altered in pgm compared with 

Col-0 (Figure 36 C, D). Compared with Col-0, oep40-3 displayed significantly increased levels 

of UDP-rhamnose, UDP-arabinopyranose, and UDP-xylose (Figure 36 B, D, H). In 

pgm oep40-3, statistically significant increases in GDP-fucose, UDP-rhamnose, 

UDP-arabinopyranose, and UDP-xylose were detected relative to Col-0, whereas 

UDP-galacturonic acid and UDP-glucuronic acid levels were reduced (Figure 36 A, B, D, H, 

J, K). Additionally, pgm oep40-3 showed increased levels in UDP-galactose, GDP-glucose, 

UDP-glucose, GDP-mannose, and UDP-galacturonic acid compared to pgm (Figure 36 E, F, 

G, I, J). 

Establishing a direct correlation between cell wall monosaccharide composition and nucleotide 

sugar levels proved challenging, as nucleotide sugars can readily be interconverted into other 

nucleotide sugars. Nevertheless, analysis of the total nucleotide sugar pool revealed that pgm 

contained significantly lower overall nucleotide sugar levels than Col-0, whereas this deficit 

was recovered in pgm oep40-3 (Figure 36 L). 
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Figure 36: Nucleotide sugars  are altered in oep40-3, pgm , and pgm oep40 -3, and pgm oep40 -3 restores pgm 
overall  lower nucleotide sugar level.  
A:  Absolute GDP-fucose (GDP-Fuc) levels in pmol/g FW. Plants were grown for five weeks in a 12 h light / 12 h 
dark phase (12 h L). B:  Absolute UDP-rhamnose (UDP-Rha) levels in pmol/g FW. Plants were grown for five weeks 
in 12 h L. C: Absolute UDP-arabinofuranose (UDP-Araf) levels in pmol/g FW. Plants were grown for five weeks in 
12 h L. D: Absolute UDP-arabinopyranose (UDP-Arap) levels in pmol/g FW. Plants were grown for five weeks in 
12 h L. E: Absolute UDP-galactose (UDP-Gal) levels in pmol/g FW. Plants were grown for five weeks in 12 h L. 
F: Absolute GDP-glucose (UDP-Glc) levels in pmol/g FW. Plants were grown for five weeks in 12 h L. G: Absolute 
UDP-glucose (UDP-Glc) levels in pmol/g FW. Plants were grown for five weeks in 12 h L. H: Absolute UDP-xylose 
(UDP-Xyl) levels in pmol/g FW. Plants were grown for five weeks in 12 h L. I: Absolute GDP-mannose (UDP-Man) 
levels in pmol/g FW. Plants were grown for five weeks in 12 h L. J:  Absolute UDP-galacturonic acid (UDP-GalA) 
levels in pmol/g FW. Plants were grown for five weeks in 12 h L. K:  Absolute UDP-glucuronic acid (UDP-GlcA) 
levels in pmol/g FW. Plants were grown for five weeks in 12 h L. L:  Sum of all nucleotide sugars in pmol/g FW. 
Plants were grown for five weeks in 12 h L. A-L: Data are means (n = 5) and error bars display the SEM. Statistically 
significant differences between the mean values were determined via a one-way ANOVA and are indicated by 
different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test).  
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3.8  Reduced cell wall arabinan in arad1-2 mutants does not affect 

susceptibility to C. higginsianum 

To assess whether the suppression of the pgm hypersusceptibility to C. higginsianum is 

influenced by reduced cell wall arabinan content, the arad1-2 mutant, defective in ARABINAN 

DEFICIENT 1 (ARAD1), which encodes a putative arabinosyltransferase, was introduced into 

the pgm oep40-3 background. The resulting triple mutant, pgm oep40-3 arad1-2, and all control 

genotypes were analysed for alterations in cell wall composition to verify a significant reduction 

in arabinose content. In addition, pgm oep40-3 arad1-2 and the corresponding double mutant 

combinations were evaluated for their susceptibility to C. higginsianum. 

 

3.8.1 Cell wall arabinose content is reduced in the arad1-2 background 

Quantification of cell wall monosaccharides confirmed that arad1-2 exhibits a substantially 

reduced arabinose content, lower than that of pgm. A similar trend was observed for 

pgm arad1-2 and oep40-3 arad1-2, which displayed arabinose levels comparable to or lower 

than pgm. In contrast, pgm oep40-3 arad1-2 showed an intermediate arabinose content, falling 

between the levels observed in pgm oep40-3 and pgm, but remaining significantly reduced 

compared to pgm oep40-3 (Figure 37 A, B). These results confirm that arad1-2 reduces cell 

wall arabinose content across all mutant backgrounds. However, as the analysis was 

performed at the monosaccharide level, potential differences in the structure or composition of 

arabinose-containing cell wall polymers cannot be excluded. Thus, even when arad1-2 lowers 

arabinose levels to those observed in pgm, this does not imply that the underlying cell wall 

architecture is identical. 
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3.8.2 Susceptibility to C. higginsianum is not altered in the arad1-2 background 

To determine whether reduced cell wall arabinan caused by arad1-2 influences susceptibility 

in a manner similar to pgm, arad1-2 mutants were infected with C. higginsianum, and fungal 

DNA was quantified. Phenotypic assessment at 3.5 dpi revealed that mainly 

pgm oep40-3 arad1-2 exhibited slight changes in rosette size, remaining smaller than 

pgm oep40-3 (Figure 38 A). Quantification of fungal proliferation demonstrated that arad1-2 

did not display increased susceptibility. Moreover, the arad1-2 double and triple mutants 

showed fungal growth levels comparable to their respective control genotypes. Thus, the 

Figure 37: Cell wall arabinose content is significantly reduced in the arad1-2 background.  
A: Cell wall matrix monosaccharide composition at the end of the dark phase. Plants were grown for four weeks in 
a 16 h light / 8 h dark phase (16 h L). Cell wall sugars were normalised to the molar percentage of the total cell wall 
matrix monosaccharide amount (mol %). Data are means (n = 5) and error bars display the SEM. Statistically 
significant differences between the mean values of each cell wall monosaccharide were determined separately via 
a one-way ANOVA and are indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
B: Absolute cell wall arabinose levels in µg/mg AIR at the end of the dark phase. Plants were grown for four weeks 
in 16 h L. Data are means (n = 5) and error bars display the SEM. Statistically significant differences between the 
mean values were determined via a one-way ANOVA and are indicated by different letters (p value = 0.05, 
Holm-Ġ²d§k multiple comparison test). 
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reduction in cell wall arabinose conferred by arad1-2 does not compromise the suppression of 

pgm hypersusceptibility observed in pgm oep40-3 (Figure 38 B). The alterations in cell wall 

matrix composition caused by arad1-2 are not equivalent to the arabinose deficiency observed 

in pgm, as arad1-2 does not exhibit the same level of susceptibility. Together, this indicates 

that the cell wall modifications underlying the phenotypes of pgm and pgm oep40-3 are more 

complex than can be recapitulated by a single mutant affecting cell wall arabinose content. 

 

 

 

Figure 38: Susceptibility to C. higginsianum  is not altered in the arad1-2 background.  
A: Infected growth phenotypes of Col-0, oep40-3, arad1-2, pgm, pgm oep40-3, oep40-3 arad1-2, pgm arad1-2 and 
pgm oep40-3 arad1-2. Plants were grown for 4 weeks in a 16 h light / 8 h dark phase (16 h L). Scale bar: 2 cm. 
B: DNA of C. higginsianum at 3.5 dpi. Plants were grown for four weeks in 16 h L. The DNA amount per leaf area 
is linearly transformed to the value of Col-0. Data are means (n = 4-6) and error bars display the SEM. Statistically 
significant differences between the mean values were determined via a one-way ANOVA and are indicated by 
different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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3.9  mur4-1-dependent cell wall arabinan deficiency does not affect 

susceptibility to C. higginsianum  

In addition to arad1-2, a second cell wall arabinan mutant, mur4-1 (MURUS 4), which encodes 

a UDP-D-xylose 4-epimerase, was introduced into the pgm oep40-3 and all control genotypes 

background to examine alterations in cell wall composition and, consequently, investigate 

potential effects on resistance to C. higginsianum. Both cell wall matrix monosaccharide 

composition and fungal proliferation were quantified. 

 

3.9.1 Cell wall arabinose content is reduced in the mur4-1 background 

Similar to the arad1-2 experiment, quantification of cell wall matrix monosaccharide 

composition revealed that cell wall arabinose content was significantly reduced in all mur4-1 

mutants. The triple mutant pgm oep40-3 mur4-1 exhibited arabinose levels as low as those of 

pgm (Figure 39 A, B). In non-infected plants, pgm oep40-3 mur4-1 showed slightly reduced 

growth, as also observed in the arad1-2 background. Apart from this, no notable differences 

were detected compared with the respective control genotype (Figure 39 C). In summary, 

these results confirm that mur4-1 efficiently reduces cell wall arabinose content across all 

mutant backgrounds. However, as noted for the arad1-2 experiment, the analysis was 

performed at the monosaccharide level. Therefore, potential differences in the structure or 

composition of arabinose-containing cell wall polymers compared to the pgm conferred 

arabinose deficit cannot be excluded. 
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3.9.2 The mur4-1 background is not affecting resistance against C. higginsianum 

MUR4 interconverts UDP-xylose and UDP-arabinose and may therefore result in an arabinose 

deficiency distinct from that observed in arad1-2. To assess whether the reduced cell wall 

arabinan content caused by mur4-1 has an effect on susceptibility in a manner comparable to 

pgm, mur4-1 mutants were inoculated with C. higginsianum, and fungal proliferation was 

Figure 39: Cell wall arabinose content is significantly reduced in the mur4 -1 background.  
A: Cell wall matrix monosaccharide composition at the end of the dark phase. Plants were grown for four weeks in 
a 16 h light / 8 h dark phase (16 h L). Cell wall sugars were normalised to the molar percentage of the total cell wall 
matrix monosaccharide amount (mol %). Data are means (n = 5) and error bars display the SEM. Statistically 
significant differences between the mean values of each cell wall monosaccharide were determined separately via 
a one-way ANOVA and are indicated by different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
B: Absolute cell wall arabinose levels in µg/mg AIR at the end of the dark phase. Plants were grown for four weeks 
in 16 h L. Data are means (n = 5) and error bars display the SEM. Statistically significant differences between the 
mean values were determined via a one-way ANOVA and are indicated by different letters (p value = 0.05, 
Holm-Ġ²d§k multiple comparison test). C: Growth phenotypes of Col-0, oep40-3, mur4-1, pgm, oep40-3 mur4-1, 
pgm mur4-1, pgm oep40-3, and pgm oep40-3 mur4-1. Plants were grown for 4 weeks in a 16 h light / 8 h dark 
phase (16 h L). Scale bar: 2 cm. 
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quantified by qPCR. Quantification of fungal DNA revealed that mur4-1 was not significantly 

more susceptible to C. higginsianum than Col-0. Similarly, the double mutants oep40-3 mur4-1 

and pgm mur4-1 did not differ significantly in susceptibility from their respective controls, 

oep40-3 and pgm. Furthermore, no significant difference in fungal proliferation was observed 

between pgm oep40-3 and pgm oep40-3 mur4-1 (Figure 40). These results indicate that the 

reduction in cell wall arabinose caused by mur4-1 does not impair the suppression of 

hypersusceptibility in pgm oep40-3. As noted for the arad1-2 background, the cell wall 

alterations associated with mur4-1 are not equivalent to the arabinose deficiency observed in 

pgm, as mur4-1 does not phenocopy the enhanced susceptibility of pgm mutants. In summary, 

these findings suggest that the cell wall modifications underlying the phenotypes of pgm and 

pgm oep40-3 are more complex than can be recreated by a single mutation affecting cell wall 

arabinose content. 

 

 

 

 

 

 

Figure 40: Fungal proliferation of C. higginsianum is not altered in the mur4 -1 background.  
DNA of C. higginsianum at 3.5 dpi. Plants were grown for four weeks in 16 h L. The DNA amount per leaf area is 
linearly transformed to the value of Col-0. Data are means (n = 6) and error bars display the SEM. Statistically 
significant differences between the mean values were determined via a one-way ANOVA and are indicated by 
different letters (p value = 0.05, Holm-Ġ²d§k multiple comparison test). 
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3.10 Transcriptome analysis of pgm and pgm oep40-3  

In addition to the epistasis analyses, RNA sequencing was performed to analyse the 

transcriptome in the single mutants pgm and oep40-3, as well as the double mutant 

pgm oep40-3. Genes differently regulated in the pgm oep40-3 double mutant compared to 

pgm represent potential candidates underlying the suppression of hypersusceptibility observed 

in pgm oep40-3. For this purpose, leaves from mock-treated and infected plants were collected 

at 2.5 dpi, total RNA was extracted and submitted for RNA sequencing. 

 

3.10.1 Principal component analysis shows condition-dependent shifts in 

pgm oep40-3 clustering 

The RNA sequencing data were subjected to principal component analysis (PCA) to assess 

the similarities and differences among the investigated samples. Transcriptional profiles of 

Col-0 (WT), oep40-3, pgm, and pgm oep40-3 were analysed following mock treatment and 

infection. Among the mock-treated samples, the transcriptional profiles clustered closely 

together, with the exception of pgm mock samples, which formed a distinct cluster. In the 

infected samples, WT and oep40-3 clustered together, whereas pgm and pgm oep40-3 formed 

a separate cluster. Furthermore, mock-treated and infected samples formed distinct clusters, 

indicating clear transcriptional differences between the two treatment conditions (Figure 41). 

These findings further support the conclusion that the mechanisms underlying the reduced 

susceptibility of pgm oep40-3 are constitutively established rather than induced upon fungal 

infection, consistent with the observations presented previously for pgm oep40-3. In 

mock-treated conditions, pgm oep40-3 displayed transcriptional profiles closely resembling 

those of Col-0 and oep40-3, whereas following infection, the transcriptome of pgm oep40-3 

was more similar to that of pgm (Figure 41). Consequently, subsequent analyses focused on 

the mock-treated samples to identify potential factors underlying the suppression of 

hypersusceptibility in pgm oep40-3. 
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3.10.2 Differential gene expression analysis reveals distinct gene expression 

patterns in pgm oep40-3 

All differentially expressed genes (DEGs) with a log2 fold change greater than one and an 

adjusted p-value below 0.05 were extracted from the complete dataset and visualised in 

volcano plots (Figure 42 AïC). The plots depict significantly upregulated genes (red), 

significantly downregulated genes (green), and genes that did not meet the filtering criteria 

(blue). In addition, DEGs identified in oep40-3, pgm, and pgm oep40-3 relative to Col-0 were 

compared using Venn diagrams to assess overlaps and genotype-specific transcriptional 

changes (Figure 42 D). In oep40-3 compared with Col-0, 427 genes were significantly 

upregulated, and 544 genes were significantly downregulated (Figure 42 A). In contrast, the 

comparison between pgm and Col-0 revealed 816 significantly upregulated and 1,602 

significantly downregulated DEGs (Figure 42 B). Similarly, pgm oep40-3 exhibited 770 

significantly upregulated and 1,350 significantly downregulated genes relative to Col-0 (Figure 

42 C). The Venn diagram analysis revealed an overlap of DEGs across all investigated 

genotypes. However, particular emphasis was placed on genotype-specific DEGs, as these 

Figure 41: PCA reveals pgm oep40 -3 mock samples clustering with Col -0 and oep40-3 mock samples.  
Score plot of principal component analysis (PCA) of the RNA sequencing data. The x-axis (PC1) and y-axis (PC2) 
represent the first and second principal components explaining 71.38% and 8.32% of the total variance, 
respectively. Each point represents a biological replicate, coloured by group (genotype and treatment). Clustering 
of data points indicates similarity in the gene expression profiles. Plants were grown for four weeks in a 16 h light / 
8 h dark phase (16 h L). The graph was provided by Novogene. 
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may represent candidates underlying genotype-specific phenotypes. In this context, the 

primary focus was on pgm oep40-3, which exhibited 1,121 uniquely regulated DEGs. This 

gene set is of particular interest as it may contain key components contributing to the 

suppression of hypersusceptibility observed in this genotype. Overall, the data indicate that 

pgm oep40-3 exhibits its own unique expression pattern that differs from both parental lines 

(Figure 42 D). 

 

Figure 42: Comparative DEG analysis reveals distinct and shared transcriptional responses in oep40-3, 
pgm , and pgm oep40 -3 under mock treatment.  
A:  Volcano plot depicting differentially expressed genes (DEGs) between oep40-3 mock-treated and Col-0 mock-
treated. B:  Volcano plot depicting differentially expressed genes (DEGs) between pgm mock-treated and Col-0 
mock-treated. C: Volcano plot depicting differentially expressed genes (DEGs) between pgm oep40-3 mock-treated 
and Col-0 mock-treated. A-C: The x-axis shows the log2 fold change in expression, with genes upregulated 
positioned to the right and downregulated genes to the left. The y-axis displays the -log10 transformed p-values, 
representing statistical significance, with genes toward the top being more significant. Genes passing significance 
thresholds (padj Ò 0.05) and log2 fold change Ó 1 are highlighted in red (upregulated) and green (downregulated). 
Blue points represent genes that do not meet the criteria. D: Venn diagram illustrating the overlap of differentially 
expressed genes identified between mock-treated pgm, oep40-3, and pgm oep40-3 when compared to 
mock-treated Col-0. The numbers within each section indicate the count of genes unique to each genotype 
comparison or shared between one or more comparisons. A-D: Plants were grown for four weeks in a 16 h light / 
8 h dark phase (16 h L). The graphs were provided by Novogene. 
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3.10.3 Gene Ontology term enrichment analysis and comparison with carbohydrate 

starvation markers 

The RNA sequencing data were processed by Novogene using Gene Ontology (GO) term 

enrichment analysis, a bioinformatic approach for functional categorisation of differentially 

expressed genes (DEGs). GO terms represent standardised functional categories that classify 

genes into three major domains: biological processes (BP), cellular components (CC), and 

molecular functions (MF) (Ashburner et al., 2000). Enrichment analysis identifies GO terms 

that are statistically overrepresented within the dataset, thereby highlighting biological 

processes and functions that are predominantly altered in the investigated mutants. 

The GO term enrichment analysis of mock-treated oep40-3 compared with WT revealed an 

enrichment of pathogen-associated GO terms among the upregulated DEGs, including 

ñresponse to bacteriumò, ñdefence response to bacteriumò, ñresponse to fungusò, and ñdefence 

response to fungusò. In addition, the enrichment of ñresponse to salicylic acidò and ñsystemic 

acquired resistanceò suggests activation of SA-mediated signalling pathways. Within the MF 

domain, enriched GO terms included ñglucosidase activityò, ñbeta-glucosidase activityò, and 

ñglucan endo-1,3-beta-D-glucosidase activityò. Furthermore, the terms ñhydrolase activity 

acting on glycosyl bondsò and ñhydrolase activity on O-glycosyl compoundsò were significantly 

represented (Figure 43 A). 

In contrast, downregulated DEGs in oep40-3 were predominantly associated with cell wall-

related GO terms in the BP domain, such as ñcell wall biogenesisò, ñcell wall organisation or 

biogenesisò, ñhemicellulose metabolic processò, ñxyloglucan metabolic processò, and ñcell wall 

macromolecule metabolic processò. Within the CC domain, several enriched GO terms were 

linked to plasma membrane-associated components and the cytoskeleton. The MF domain 

again showed enrichment of hydrolase- and ɓ-glucosidase-related activities, together with 

glucosyltransferase activity (Figure 43 B).  
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Figure 43: Immune - and cell wall -associated GO terms are enriched in mock -treated oep40-3 compared to 
mock -treated Col -0. 
Significantly overrepresented GO terms (false discovery rate-adjusted p < 0.05) are shown for the categories 
biological process (BP), cellular component (CC), and molecular function (MF). The y-axis indicates the enrichment 
score (īlog10 adjusted p-value), and the x-axis lists the GO term descriptions. A: upregulated GO terms, 

B: downregulated GO terms. The graphs were provided by Novogene. 
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GO term enrichment analysis of mock-treated pgm compared with WT revealed that GO terms 

associated with flavonoid, anthocyanin, and pigment biosynthesis were enriched among the 

upregulated DEGs. In addition, enrichment of ñresponse to jasmonic acidò, ñresponse to 

woundingò, and ñplant-type secondary cell wall biogenesisò suggests activation of 

stress-related and secondary cell wall-associated pathways. The CC domain predominantly 

contained less specific GO categories, many of which were associated with the plasma 

membrane. Within the MF domain, several enriched GO terms corresponded to mannan 

synthase activity, together with ñglucosyltransferase activityò, ñcellulose synthase activityò, 

ñsucrose transmembrane transporter activityò, and ñsugar transmembrane transporter activityò 

(Figure 44 A). 

Notably, the downregulated DEGs in pgm were characterised by a strong enrichment of 

pathogen-related GO terms within the BP domain, including ñresponse to bacteriumò, ñdefence 

response to bacteriumò, and ñresponse to fungusò. Furthermore, multiple GO terms associated 

with hypoxia responses were enriched among the downregulated genes. In the CC domain, 

enriched GO terms were primarily related to plasma membrane-associated components. The 

MF domain again showed enrichment of hydrolase activity alongside several broader 

functional categories (Figure 44 B). 

GO term enrichment analysis of mock-treated pgm oep40-3 compared with WT revealed a 

strong enrichment of starvation- and nutrient-related GO terms among the upregulated DEGs, 

including ñresponse to nutrient levelsò, ñcellular response to starvationò, and ñcellular response 

to phosphate starvationò. In addition, GO terms associated with stress and stimulus responses, 

such as ñresponse to jasmonic acidò, ñresponse to drugò, and ñcellular response to extracellular 

stimulusò, were significantly enriched. Within the CC domain, enriched GO terms included 

ñCCAAT-binding factor complexò, ñlysosomeò, ñsecretory vesicleò, and ñlytic vacuoleò. The MF 

domain showed substantial overlap with the upregulated DEG profile observed in oep40-3, 

including enrichment of ñglucosidase activityò and ñbeta-glucosidase activityò. Furthermore, 

several GO terms associated with hydrolase activity were significantly represented 

(Figure 45 A). 

A distinct enrichment pattern was observed among the downregulated DEGs in pgm oep40-3, 

which were predominantly associated with cell cycle-related processes in the BP domain. 

These included ñmitotic cell cycle processò, ñmicrotubule-based movementò, and ñregulation of 

the cell cycleò. In the CC domain, numerous enriched GO terms were related to supramolecular 

structures and the cytoskeleton, including ñsupramolecular complexò, ñsupramolecular fibreò, 

ñmicrotubule cytoskeletonò, and ñpolymeric cytoskeletal fibreò. Consistently, the MF domain 

revealed enrichment of cytoskeleton-associated GO terms such as ñtubulin bindingò, 

ñcytoskeletal protein bindingò, and ñmicrotubule motor activityò. In addition, GO terms related 
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to ñkinase regulator activityò, ñiron ion bindingò, and ñheme bindingò were identified among the 

downregulated DEGs (Figure 45 B). 

 

Figure 44: Immune - and hypoxia -associated GO terms are enriched in mock -treated pgm  compared to 
mock -treated Col -0. 
Significantly overrepresented GO terms (false discovery rate-adjusted p < 0.05) are shown for the categories 
biological process (BP), cellular component (CC), and molecular function (MF). The y-axis indicates the enrichment 
score (īlog10 adjusted p-value), and the x-axis lists the GO term descriptions. A: upregulated GO terms, 

B: downregulated GO terms. The graphs were provided by Novogene. 
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Figure 45: Starvation - and cell cycle -associated GO terms are enriched in mock -treated pgm oep40 -3 compared 
to mock -treated Col -0. 
Significantly overrepresented GO terms (false discovery rate-adjusted p < 0.05) are shown for the categories biological 
process (BP), cellular component (CC), and molecular function (MF). The y-axis indicates the enrichment score (īlog10 
adjusted p-value), and the x-axis lists the GO term descriptions. A: upregulated GO terms, B: downregulated GO terms. 
The graphs were provided by Novogene. 

. 
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 To directly compare the transcriptional differences between pgm and pgm oep40-3, GO term 

enrichment analysis was performed between the two genotypes. Comparison of mock-treated 

pgm oep40-3 with mock-treated pgm revealed a strong enrichment of defence- and immune-

related GO terms among the upregulated DEGs, including ñresponse to bacteriumò, ñdefence 

response to bacteriumò, ñresponse to fungusò, ñdefence response to fungusò, ñresponse to 

drugò, ñresponse to salicylic acidò, and ñsystemic acquired resistanceò. Within the CC domain, 

numerous enriched GO terms were associated with the plasma membrane and secretory 

vesicles. The MF domain was again characterised by enrichment for hydrolase-related 

activities, along with several broader functional GO categories (Figure 46 A). 

In contrast, the downregulated DEGs were enriched for BP domain GO terms associated with 

stress responses and cell wall-related processes, including ñresponse to woundingò, ñresponse 

to jasmonic acidò, and ñcell wall organisation or biogenesisò. The CC domain displayed a strong 

representation of thylakoid-associated GO terms, whereas the MF domain showed enrichment 

of glycosyltransferase-related activities, including ñmannan synthase activityò and ñcellulose 

synthase activityò (Figure 46 B). 
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Figure 46: Defence -, cell wall -, and thylakoid -associated GO terms are enriched in mock -treated 
pgm  oep40-3 compared to mock -treated pgm . 
Significantly overrepresented GO terms (false discovery rate-adjusted p < 0.05) are shown for the categories 
biological process (BP), cellular component (CC), and molecular function (MF). The y-axis indicates the enrichment 
score (īlog10 adjusted p-value), and the x-axis lists the GO term descriptions. A: upregulated GO terms, 
B: downregulated GO terms. The graphs were provided by Novogene. 
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Since pgm displayed downregulation of defence-associated GO terms compared with WT, 

whereas pgm oep40-3 showed enrichment of upregulated defence-associated GO terms 

compared with pgm, the GO categories ñresponse to bacteriumò, ñresponse to fungusò, and 

ñimmune system processò were analysed in greater detail. This analysis revealed that pgm 

oep40-3 exhibited higher numbers of upregulated genes within all three GO categories 

compared with pgm (Figure 47 A). Conversely, pgm showed a greater number of 

downregulated DEGs associated with these GO terms relative to pgm oep40-3 (Figure 47 B). 

 

 

GO term enrichment analysis revealed broad transcriptional reprogramming across the 

analysed genotypes, primarily affecting immune responses, hormone signalling, and cellular 

organisation. In particular, defence-related processes, including responses to bacterial and 

fungal stimuli as well as salicylic and jasmonic acid signalling, emerged as key functional 

categories. A clear contrast between genotypes was observed: pgm showed a relative 

depletion of defence-associated GO terms compared with WT, whereas pgm oep40-3 

Figure 47: pgm oep40 -3 shows enhanced upregulation of immune -response DEGs across bacterial, fungal, 
and immune system GO terms.  
A: Count of upregulated differently expressed genes (DEGs) assigned to the gene ontology (GO) terms ñresponse 
to bacteriumò, ñresponse to fungusò, and ñimmune system processò in mock-treated pgm and pgm oep40-3 
compared to mock-treated WT.  B: Count of downregulated differently expressed genes (DEGs) assigned to the 
gene ontology (GO) terms ñresponse to bacteriumò, ñresponse to fungusò, and ñimmune system processò in 
mock-treated pgm and pgm oep40-3 compared to mock-treated WT (Zanoni, 2025). 
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exhibited a strong enrichment of immune-related processes. In addition, pgm oep40-3 

displayed reduced representation of cell cycle- and growth-associated GO terms, suggesting 

a shift in resource allocation. Together, these patterns indicate a reprogramming of cellular 

resources towards defence activation in pgm oep40-3, potentially at the expense of 

growth-related processes. 

To further contextualise the identified differentially expressed genes (DEGs), our dataset was 

compared with a previously published transcriptomic dataset by (Usadel et al., 2008). This 

comparative analysis aimed to determine whether shared DEGs could be identified between 

studies, as both datasets include the pgm mutant background. In particular, the comparison 

was used to identify potential starch-starvation marker genes consistently associated with the 

pgm phenotype. These marker genes are of additional interest as they may exhibit opposite 

regulatory patterns in pgm oep40-3. 

Two different conditions were selected for comparison: (i) the 8 h extended-night (XN) Col-0 

gene expression dataset and (ii) pgm gene expression in a 20 h light / 4 h dark phase. For 

both published datasets, the 200 most strongly up- and downregulated genes were extracted 

and compared with the differentially expressed genes (DEGs) identified in this study. DEGs 

with an adjusted p-value > 0.05 were excluded prior to analysis. The comparison was based 

on the log2 fold change values of shared genes across each dataset pair. 

The following results summarise the comparison of DEGs in oep40-3 relative to pgm (Table 9, 

Appendix) and to Col-0 under 8 h XN conditions (Table 10, Appendix). Only 55 of the 200 most 

upregulated and 100 of the 200 most downregulated genes from the published pgm dataset 

overlapped with the oep40-3 DEG list, showing considerable variation in expression patterns 

(Table 9, Appendix). In the comparison between oep40-3 and Col-0 (8 h XN), 21 of the 200 

most upregulated and 94 of the 200 most downregulated genes were shared, representing the 

lowest degree of overlap among the comparisons (Table 10, Appendix). Overall, these results 

indicate that the transcriptional profile of oep40-3 is substantially distinct from both pgm and 

dark-induced starved wild-type conditions. 

Subsequently, the DEG lists from the present pgm dataset were compared with those from the 

corresponding published pgm dataset. As the most closely related biological condition, this 

comparison was expected to show the highest degree of overlap and DEGs present in both 

datasets would be good candidates for starvation marker genes. Overall, 109 of the 200 most 

upregulated and 118 of the 200 most downregulated DEGs were shared between both 

datasets. However, it is important to note that many of these shared genes exhibited divergent 

expression patterns, frequently showing opposite regulation between datasets (Table 11, 

Appendix). 
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In a second comparison, the pgm dataset was compared with dark-induced starved Col-0. 

Here, 71 of the 200 most upregulated and 78 of the 200 most downregulated DEGs overlapped 

between the datasets. Although expression trends were more consistent than in the 

comparison with the published pgm dataset, overall concordance remained limited (Table 12, 

Appendix). Taken together, the relatively low overlap and inconsistent agreement in 

expression direction indicate substantial differences between the datasets, which may be 

attributable to differences in experimental design, growth conditions, sampling time points, and 

data processing pipelines. 

Finally, the focus was placed on identifying candidate genes that may contribute to the altered 

susceptibility phenotype. To this end, the pgm oep40-3 dataset was compared with the 

published pgm transcriptome. This comparison revealed that 80 of the 200 most upregulated 

and 107 of the 200 most downregulated DEGs were shared between both datasets. A 

substantial proportion of the shared upregulated genes showed a similar expression trend in 

both datasets (Table 13, Appendix). However, several genes that were upregulated in the 

published pgm dataset were downregulated in pgm oep40-3, indicating differential regulation 

of immunity- and starvation-related response genes in the double mutant background. The 

downregulated DEGs showed a generally more consistent trend between both datasets, 

although expression changes in pgm oep40-3 were often less pronounced (Table 13, 

Appendix).  

In the comparison between pgm oep40-3 and the 8 h XN Col-0 dataset, 54 of the 200 most 

upregulated and 120 of the 200 most downregulated DEGs were shared (Table 14, Appendix). 

While the overlapping upregulated genes again showed divergent expression patterns, the 

downregulated DEGs were overall more consistent, with most genes also being downregulated 

in pgm oep40-3, albeit to a lesser extent (Table 14, Appendix). 

Across comparisons with the published transcriptomic dataset, a moderate overlap of DEGs 

was observed, indicating partially conserved starvation- and stress-related transcriptional 

responses. However, both the extent of overlap and the direction of gene regulation varied 

considerably between datasets, with the strongest similarity found between pgm-based 

comparisons and the lowest concordance with XN Col-0. Overall, pgm oep40-3 shares a core 

set of starvation-responsive genes with published pgm data but also shows clear differences 

in expression direction for several immunity- and stress-associated genes (Table 15, 

Appendix). These results indicate that pgm oep40-3 exhibits a distinct transcriptional profile, 

reflecting altered integration of starvation and defence signalling. 
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4.  Discussion 

4.1 The EMS mutation in OEP40 suggests a functionally important 

gating region in the chloroplast outer envelope channel 

Current evidence suggests that OEP40 is a ɓ-barrel protein of the chloroplast outer envelope 

that functions as a selective metabolite channel (Harsman et al., 2016). Similar to other 

chloroplast outer-envelope proteins (OEPs), particularly OEP21, OEP40 likely evolved from 

bacterial porins and forms a membrane-spanning ɓ-barrel structure. Structural analyses of 

OEP21 demonstrated that transport occurs via voltage-dependent conformational changes 

and regulated channel opening (ñchannel-gatingò) (Günsel et al., 2023). In this model, flexible 

loop regions and constriction sites within the ɓ-barrel determine channel selectivity and 

permeability. In contrast, no high-resolution structure is currently available for OEP40. 

However, electrophysiological and bioinformatic analyses indicate the presence of a 

pronounced restriction region within the pore. In this context, the EMS mutation identified in 

the pgm oep40-4 mutant is particularly intriguing. The mutation introduces a premature stop 

codon at amino acid position 278 within the long predicted Ŭ-helical region and results in 

pronounced pathogen resistance and defence phenotypes, indicating that this region is 

functionally important. The predicted localisation of this Ŭ-helical segment distal to the ɓ-barrel 

is unusual, as Ŭ-helical structural elements in outer membrane ɓ-barrel proteins are more 

commonly associated with the pore interior or exterior surfaces, where they contribute to 

channel stabilisation, substrate selectivity, or gating behaviour (Spencer and Rees, 2002; 

Mayse and Movileanu, 2023). Comparable plug-like gating mechanisms have been extensively 

described for bacterial TonB (sensitivity to bacteriophage T-one B)-dependent ɓ-barrel 

transporters, in which internal plug domains partially occlude the pore and dynamically regulate 

substrate passage through conformational rearrangements within the barrel pore (Noinaj et al., 

2010; Hickman et al., 2017). Applied to OEP40, the EMS mutation could therefore interfere 

with conformational flexibility or channel-gating properties that are required for proper 

metabolite transport across the chloroplast outer envelope. This interpretation is consistent 

with the findings of Harsman et al. (2016), who described OEP40 as a regulated, 

glucose-permeable ɓ-barrel channel that displays voltage- and substrate-dependent 

conductance changes and distinct subconductance states, indicative of dynamic channel 

gating behaviour. Furthermore, the authors proposed the existence of a defined restriction 

zone within the pore, supporting the idea of a structurally constrained and regulated transport 

pathway rather than a constitutively open diffusion pore. Together, these observations support 

a model in which OEP40 acts as a dynamically regulated transport channel whose activity 

critically depends on structural flexibility within the pore-associated region. Consequently, 
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disruption of the predicted Ŭ-helical domain by the EMS mutation in pgm oep40-4 may impair 

channel regulation or metabolite selectivity, thereby affecting chloroplast homeostasis and 

contributing to the observed metabolism- and defence-related phenotypes. 

 

4.2 Loss of OEP40 affects phenotypes associated with carbohydrate 

limitation in pgm during the dark phase 

4.2.1 Potential effects of oep40 on chloroplast sugar transport and cellular 

carbohydrate partitioning 

Carbohydrate metabolism is severely affected in the starch-deficient mutant pgm, leading to 

increased accumulation of soluble sugars during the light phase, less soluble sugars towards 

the end of the dark phase, smaller growth and altered cell wall monosaccharide composition 

(Engelsdorf et al., 2013, 2017). Those changes also affected the interaction with the 

hemibiotroph phytopathogenic fungus C. higginsianum, resulting in a hypersusceptibility of 

pgm. Interestingly, the double mutant pgm oep40 exhibited a suppression of the 

hypersusceptibility, prompting the question which defence mechanism is triggered by the loss 

of an ñsugar gateò in the outer envelope of the chloroplast. 

One possible explanation is that the loss of OEP40 alters the subcellular allocation of soluble 

sugars, thereby changing their availability within the cytosol and/or the chloroplast. To 

investigate whether altered sugar flux across the chloroplast envelope contributes to the 

observed phenotypes, knockout mutants of the chloroplast inner-envelope sugar transporters 

GPT2 and pSuT were crossed into the pgm background. These lines were analysed to 

determine whether disruption of specific inner-envelope transport pathways could phenocopy 

the effects observed in pgm oep40 and thereby indicate a functional connection between 

OEP40-dependent outer-envelope transport and sugar transport across the inner envelope 

membrane. GPT2 represented a particularly promising candidate for investigating a potential 

functional connection between OEP40-dependent outer-envelope transport and sugar flux 

across the chloroplast inner envelope. In pgm leaves, GPT2 functions as an important glucose 

6-phosphate transporter and is strongly upregulated during the light phase, presumably to 

compensate for the disruption of starch biosynthesis (Kunz et al., 2010). This made GPT2 

especially interesting in the context of OEP40, since OEP40 was shown in vitro to be 

permeable to both glucose and glucose 6-phosphate, suggesting that both transporters could 

participate in coordinated glucose-phosphate transport across the chloroplast envelope 

(Harsman et al., 2016). Supporting this hypothesis, GPT2 expression appears to be specifically 

induced under conditions associated with disturbed carbon homeostasis or increased 
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metabolic stress, including high CO2 concentrations, high light conditions, and impaired starch 

synthesis as observed in pgm (Weise et al., 2019). Furthermore, GPT2 regulation was linked 

to elevated cytosolic triose phosphate levels and the activity of the REDOX RESPONSIVE 

TRANSCRIPTION FACTOR 1 (RRTF1), indicating that GPT2 responds sensitively to changes 

in cellular carbon partitioning (Weise et al., 2019). However, the transcriptomics data, obtained 

at the beginning of the light phase, showed a similar trend of increased GPT2 expression in 

both pgm oep40-3 and pgm (Table 16, Appendix). 

The second sugar transporter of interest was the plastidic sucrose transporter pSuT, which is 

important for sucrose export from the chloroplast, playing a crucial role in the switch between 

vegetative and reproductive growth (Ohto et al., 2001; Patzke et al., 2019). Additionally, pSuT 

also plays a role in conveying cold tolerance, with the loss of pSuT leading to increased 

electrolyte release after freezing (Patzke et al., 2019). Interestingly, at low temperature 

conditions, oep40-3 displayed an early flowering phenotype, indicating potentially impaired 

sucrose allocation (Harsman et al., 2016). Moreover, pSuT expression was reduced in oep40-

3 and pgm oep40-3 compared to WT and pgm under mock conditions. However, the loss of 

neither gpt2 nor pSuT led to a phenocopy of oep40-3 in the pgm background, showing that 

there might be functional redundancy with other inner envelope transporters (Zanoni, 2025). 

Alternatively, OEP40 could transport substrates of multiple inner envelope transporters. In this 

scenario, the loss of OEP40 would lead to a more severe effect than the knockout of a single 

inner envelope membrane transporter. 

The analysis of soluble sugars under 12 h and 16 h light regimes revealed that oep40-3 

displayed reduced starch levels compared to WT at the end of the dark phase (Figure 20 G). 

In addition, a slight decrease in sucrose content was observed at the end of the dark phase 

under 12 h light conditions (Figure 20 D, 30 B). Similarly, pgm oep40-3 exhibited no major 

alterations in total soluble sugar content in leaves compared to pgm. The only detectable 

differences were a slight increase in hexose levels at the end of the dark phase under both 

light conditions and a reduction in hexose content at the end of the light phase under 12 h light 

conditions (Figure 30 A, C; 31 A).  

However, measurements of total soluble sugar content in whole-leaf tissue may not be 

sufficiently sensitive to detect subtle changes in sugar composition and, importantly, do not 

provide information about subcellular sugar allocation. Therefore, non-aqueous fractionation 

(NAF) represents a promising approach for analysing compartment-specific sugar distribution 

and could help identify differences in metabolite allocation between pgm and pgm oep40-3 

(Fürtauer et al., 2016). Further investigation of the subcellular distribution of soluble sugars in 

oep40-3 and pgm oep40-3 may provide additional insights into the physiological function of 

OEP40. In pgm, elevated cytosolic sucrose levels were previously shown to enhance 

assimilate transport towards the roots, resulting in increased root sugar accumulation and 
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exaggerated root respiration (Brauner et al., 2014). Consequently, analysing leaf exudation 

and, independently, performing NAF-based analyses of intracellular sugar allocation could 

provide valuable complementary approaches to better understand how loss of OEP40 affects 

carbon partitioning, particularly in the metabolically impaired pgm background. 

 

4.2.2 Altered sugar allocation in oep40 may influence sugar signalling pathways 

The previous chapter focused on the possibility that loss of OEP40 affects the subcellular 

allocation of soluble sugars without causing major changes in total leaf sugar content. Since 

sugar compartmentation is tightly linked to the regulation of cellular sugar signalling pathways, 

altered metabolite distribution across the chloroplast envelope could additionally influence how 

carbohydrate availability is sensed and translated into metabolic and defence responses. 

Therefore, besides investigating potential changes in sugar transport and allocation, it is also 

important to consider whether the loss of OEP40 affects sugar signalling pathways in the pgm 

background. The unchanged low sucrose levels in pgm oep40-3 compared to pgm at the end 

of the dark phase, together with the strongly altered regulation of genes related to sugar 

metabolism (Table 17, Appendix) and the pronounced phenotypic differences between both 

genotypes, suggest that loss of OEP40 may affect sugar signalling pathways, potentially 

altering the perception of carbohydrate deficiency during the dark phase. 

Multiple sugar-sensing and signalling mechanisms have been described in plants. For 

example, HEXOKINASE 1 (HXK1) functions not only in glucose metabolism but also as a 

glucose sensor that mediates the downregulation of photosynthesis-associated genes and, 

under elevated glucose 6-phosphate concentrations, can promote defence signalling via 

PBS3- and SID2-dependent pathways (Moore et al., 2003; Yamada and Mine, 2024). 

Additional central regulators of sugar signalling include the TARGET OF RAPAMYCIN (TOR) 

protein kinase and, under carbohydrate-deficient conditions, the SUCROSE NON-

FERMENTING-1-RELATED KINASE 1 (SnRK1) complex containing the SNF KINASE 

HOMOLOG 10/11 (KIN10/11) catalytic subunits. SnRK1 activates catabolic pathways while 

repressing biosynthetic processes during energy deprivation (Yu et al., 2015; Choudhary et 

al., 2022). SnRK1 activity is regulated by PROTEIN PHOSPHATASES 2C (PP2Cs), which 

dephosphorylate and inactivate SnRK1 in response to elevated sugar concentrations or ABA 

signalling (Rodrigues et al., 2013; Yu et al., 2015). Interestingly, SnRK1 has also been 

implicated in plantïpathogen interactions. In maize, the smut fungus Ustilago maydis targets 

SnRK1 via the effector HYPERTROPHY-ASSOCIATED PROTEIN 1 (HAP1), thereby 

interfering with phosphorylation of SnRK1 substrates. This interference contributes to 

mesophyll hypertrophy, starch accumulation, and reduced ROS- and ethylene-mediated 

defence responses (Lee et al., 2026). Furthermore, SnRK1-mediated attenuation of 
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SA-induced defence gene expression and its negative regulation of SA-dependent bacterial 

resistance have recently been described, particularly under high humidity conditions (Jie et al., 

2025). Together, these findings highlight the close connection between carbohydrate sensing 

and immune signalling. 

Several of these signalling pathways could potentially be affected by the loss of OEP40, 

depending on how sugar transport and allocation are altered. Transcriptome analyses revealed 

slightly increased HXK1 expression in pgm and slightly reduced expression in pgm oep40-3 

compared to WT, respectively. Altered glucose 6-phosphate availability caused by disturbed 

sugar transport could therefore influence SA-dependent defence pathways in pgm oep40-3 

(Choudhary et al., 2022; Yamada and Mine, 2024). TOR expression, in contrast, was slightly 

reduced in pgm but increased in pgm oep40-3. Since transcriptomic samples were collected 

at the beginning of the light phase, when pgm plants are likely still recovering from 

carbohydrate depletion during the preceding dark phase, the reduced TOR expression 

observed in pgm appears plausible, as TOR signalling is generally promoted by high sugar 

availability (Sakr et al., 2018). Conversely, the antagonistic regulator SnRK1 showed reduced 

expression of KIN10/11 in pgm but increased KIN10 expression in pgm oep40-3 under mock 

conditions. SnRK1 therefore represents an especially interesting candidate for future analyses, 

since carbohydrate starvation in pgm would be expected to activate SnRK1-mediated 

repression of growth- and defence-associated pathways. If SnRK1 signalling is altered in pgm 

oep40-3 and no longer properly senses the diurnal carbohydrate depletion, reduced repression 

of defence responses could potentially contribute to the suppression of pgm 

hypersusceptibility. 

Sucrose not only represents the major transport sugar within plants but also functions as a 

central signalling molecule coordinating growth, metabolism, stress adaptation, and defence 

responses according to cellular carbon availability (Sakr et al., 2018; Choudhary et al., 2022). 

Sucrose signalling can occur directly through sucrose transporters (SUTs) and sucrose 

synthases (SUS), but also indirectly via downstream sugar signalling pathways that regulate 

transcriptional and metabolic responses. If OEP40 is permeable for sucrose, which has not 

been tested so far, allocation of sucrose could also lead to sugar signalling changes and 

therefore mediate the observed phenotypes of pgm oep40-3. 

One important downstream mediator of sucrose signalling is trehalose 6-phosphate (T6P), 

whose synthesis by TREHALOSE 6-PHOSPHATE SYNTHASE 1 (TPS1) closely reflects 

cellular sucrose status (Yadav et al., 2014; Fichtner and Lunn, 2021). T6P levels are further 

regulated by TREHALOSE 6-PHOSPHATE PHOSPHATASES (TPPs), which 

dephosphorylate T6P to trehalose, and TREHALASE 1 (TRE1), which hydrolyses trehalose 

into glucose, thereby contributing to the dynamic regulation of trehalose metabolism and sugar 

signalling (Schluepmann et al., 2003). T6P is widely regarded as a signal of sucrose availability 
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and plays a central role in coordinating carbon metabolism with growth and developmental 

processes. Elevated T6P levels inhibit SnRK1 activity under sugar-sufficient conditions, 

thereby repressing starvation-associated responses while promoting anabolic and growth-

related processes (Zhang et al., 2009). Interestingly, T6P levels are strongly altered in the pgm 

mutant, showing low abundance at the end of the dark phase followed by a rapid increase 

upon re-illumination that parallels the strong accumulation of soluble sugars (Martins et al., 

2013; Figueroa et al., 2016). Furthermore, Harsman et al. (2016) demonstrated that OEP40 

resides more frequently in an open-conformation state in the presence of T6P, despite T6P 

itself not permeating through the channel. Together, these observations suggest a potential 

mechanistic connection between altered T6P-dependent sugar signalling and 

OEP40-mediated sugar transport in the pgm background. 

The transcriptomic analysis of pgm oep40-3 revealed the GO terms ñ(cellular) response to 

nutrient levelsò and ñ(cellular) response to starvationò among the most strongly enriched 

categories in upregulated genes, whereas ñ(mitotic) cell cycle processò and ñcell cycle phase 

transitionò were among the most prominent downregulated categories (Figure 45 A, B). These 

observations strongly suggest that loss of OEP40 affects sugar signalling and 

carbon-responsive transcriptional programs, leading to altered expression of genes associated 

with carbohydrate availability and nutrient stress. Simultaneously, repression of growth- and 

cell cycle-associated processes may explain the even stronger growth reduction observed in 

pgm oep40-3 compared to pgm. Supporting the hypothesis of altered carbon signalling, 

expression of EXORDIUM-LIKE 4 (EXL4) was reduced in pgm oep40-3 compared to pgm 

(Usadel et al., 2008). Members of the EXORDIUM-LIKE protein family have been linked to 

growth regulation and adaptation to carbon- and energy-limiting conditions, and EXL4 was 

proposed to participate in sugar starvation and carbon allocation responses (Schröder et al., 

2012). Reduced EXL4 expression in pgm oep40-3 could therefore indicate an altered 

perception or regulation of carbohydrate deficiency signalling despite the continued low sugar 

availability during the dark phase. 

Together, these findings support the hypothesis that loss of OEP40 not only affects sugar 

transport but also alters downstream sugar signalling pathways. Further investigation of these 

signalling processes, in combination with analyses of subcellular sugar allocation, will be 

necessary to better understand the physiological consequences of OEP40 loss in the pgm 

background.  
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4.2.3 Loss of OEP40 rescues deficits of nucleotide sugars and cell wall arabinose 

in pgm  

Nucleotide sugars are synthesised from soluble sugar intermediates and directly depend on 

cellular carbon availability, alterations in soluble sugar metabolism and allocation are expected 

to strongly affect nucleotide sugar pools and, consequently, cell wall biosynthesis. Therefore, 

nucleotide sugar levels were measured for oep40-3, pgm, and pgm oep40-3 to investigate if 

differences in sugar allocation led to changes in cell wall precursors. pgm showed reduced 

amounts of UDP-Gal and UDP-Glc compared to WT, consistent with the proposed reduction 

in galactan synthesis during starvation and the salvage of galactose from the cell wall (Figure 

36 E, G) (Usadel et al., 2008; Reckleben et al., 2025). Interestingly, UDP-GalA and UDP-GlcA 

levels were also reduced, despite the absence of obvious deficits in the corresponding cell wall 

monosaccharides. In contrast, UDP-Araf and UDP-Arap levels were not reduced in pgm, 

although pgm displayed a strong arabinose deficiency in the cell wall. Interestingly, oep40-3 

displayed elevated UDP-Arap levels in both the WT and pgm backgrounds, mirroring the 

restored arabinose levels in the cell wall measured in pgm oep40-3. UDP-Xyl and UDP-Gal 

levels were also increased upon loss of OEP40, although the cell wall galactose deficiency in 

the pgm background was not rescued (Figure 36 D, E; 32 A; 33 A). Together, these 

observations indicate extensive interconversion between nucleotide sugars, potentially 

allowing compensation for local precursor deficiencies during cell wall biosynthesis. Such 

interconversion pathways are well established. UDP-GalA and UDP-GlcA can be converted 

into each other by UDP-GlcA 4-epimerases (GAEs). UDP-GlcA can additionally be converted 

to UDP-Xyl via UDP-GlcA decarboxylases (UXSs). Subsequently, UDP-Xyl can be 

transformed into UDP-Arap and UDP-Araf via MUR4, a UDP-Xyl 4-epimerase, and UDP-Arap 

mutases/reversibly glycosylated polypeptides (RGPs) (Seifert, 2004; Reiter, 2008; 

Rautengarten et al., 2017). These pathways likely provide metabolic flexibility and may help 

fine-tune cell wall synthesis under the carbon-limited conditions present in pgm. Due to the 

rapid interconversion between nucleotide sugars, changes in individual nucleotide sugar pools 

may not directly correspond to cell wall monosaccharide abundance. However, an important 

observation was the increased total nucleotide sugar content in pgm oep40-3 compared to 

pgm, which displayed lower amounts than WT (Figure 36 L). This indicates that either 

nucleotide sugar synthesis or precursor availability is enhanced upon loss of OEP40. One 

possible explanation is altered sugar signalling, since nucleotide sugar biosynthesis can be 

regulated downstream of TOR and SnRK1 signalling pathways (Baena-González and Hanson, 

2017; Pottier et al., 2023; Li and Zhao, 2024). Alternatively, impaired transport across the 

chloroplast outer envelope in oep40 mutants could increase sugar availability within the 

cytosol, thereby providing more substrates for nucleotide sugar biosynthesis. 
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The alterations in cell wall composition of pgm are reproducible by starvation responses 

observed in WT plants under extended darkness. Starvation in both systems resulted in 

reduced arabinose and galactose content, together with relative increases in rhamnose and 

xylose. However, the reduction in arabinose was considerably less pronounced during 

dark-induced starvation in WT than in pgm, suggesting that arabinose depletion is not merely 

a general consequence of carbon starvation (Engelsdorf et al., 2017; Reckleben et al., 2025). 

In agreement with previous findings, pgm displayed strong reductions in cell wall arabinose 

and galactose. In contrast, arabinose content was restored and even elevated in oep40-3 and 

pgm oep40-3, whereas the galactose deficiency remained unchanged (Figure 32 A; 33 A). 

Importantly, continuous light conditions (24 h L) rescued the arabinose as well as the galactose 

phenotype of pgm, and oep40-3 as well as pgm oep40-3 exhibited increased arabinose levels 

(Figure 34 A, B). Linking the reduction in arabinose in pgm to diurnal starvation. Furthermore, 

the arabinose deficit in pgm was specifically found in the pectic rhamnogalacturonan fraction 

rather than the cell wall protein fraction (Figure 35). 

Previous work demonstrated that galactose released from the cell wall under starvation 

conditions can likely be recycled for central carbohydrate metabolism. In this model, 

ɓ-galactosidases (BGALs) release galactose from cell wall polysaccharides, sugar transport 

proteins (STPs) mediate uptake into the cytosol, and UDP-glucose 4-epimerases (UGEs) 

convert galactose-derived intermediates into UDP-Glc. Additionally, GALS1 overexpression 

lines exhibited increased ɓ-1, 4-galactan levels and, when crossed with pgm showed cell wall 

galactose rescue and reinstated the resistance of pgm to WT levels to C. higginsianum 

(Reckleben et al., 2025). This raised the question of whether arabinose may undergo a 

comparable salvage process during carbon limitation. Cell wall arabinose can be recycled 

through the action of glycoside hydrolases (GHs), followed by uptake into the cytosol, 

potentially via sugar transport proteins (STPs). Subsequently, arabinose is phosphorylated by 

ARABINOKINASES (ARA1 and ARA2) and converted by UDP-sugar pyrophosphorylase 

(USP), thereby re-entering the nucleotide sugar interconversion pathway (Kotake et al., 2016; 

Mariette et al., 2021). In contrast to galactose salvage, however, arabinose recycling is 

currently not known to directly feed into central carbohydrate metabolism. Nevertheless, the 

pronounced arabinose depletion in pgm and during dark-induced starvation raises the 

possibility that additional, yet unidentified, metabolic connections between arabinose salvage 

and central carbon metabolism may exist. In this context, the restored arabinose levels in 

pgm oep40-3 could indicate that altered sugar signalling or impaired starvation perception 

suppresses arabinose remobilisation, thereby stabilising the cell wall and contributing to 

suppression of pgm hypersusceptibility. 

Arabinose is not only a structural cell wall monosaccharide but also plays important roles in 

stress adaptation and cell wall remodelling. Arabinose-rich polymers, particularly arabinans 
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within RG-I pectin, contribute to cell wall flexibility, hydration, and stress resilience (Mariette et 

al., 2021). Beyond their structural role, arabinose-containing cell wall components are involved 

in both abiotic and biotic stress responses. Arabinose has been linked to adaptation to drought 

and salt stress, while during biotic stress, infections with Pseudomonas syringae induce local 

accumulation of arabinogalactan proteins (AGPs) and cell wall remodelling through pectin 

methylesterases (PMEs) and pectin methylesterase inhibitors (PMEIs), which alter the 

methylesterification status of pectin (Mariette et al., 2021; Kim et al., 2023; De La Rubia et al., 

2024). Together, these studies suggest that arabinose-containing cell wall polymers are 

important regulators of cell wall flexibility, integrity, and stress adaptation, indicating that the 

restored arabinose levels observed in pgm oep40-3 may contribute to altered stress resilience 

and pathogen responses. 

To investigate whether restoration of cell wall arabinose contributes directly to suppression of 

pgm hypersusceptibility, the arabinose-deficient mutants arad1-2 and mur4-1 were crossed 

into the pgm oep40-3 background. ARAD1 is a putative arabinosyltransferase required for 

arabinan side-chain synthesis in RG-I, whereas MUR4 functions as a UDP-Xyl 4-epimerase 

required for UDP-Ara synthesis. In both triple mutants, cell wall arabinose levels were reduced 

compared to pgm oep40-3 (Figure 37; 39 A, B). Nevertheless, hypersusceptibility towards C. 

higginsianum remained suppressed (Figure 38 B; 40). This suggests either that altered 

arabinose levels alone are insufficient to explain the suppression phenotype or, more likely, 

that the complex arabinose alterations observed in pgm cannot be fully reconstructed by the 

disruption of a single arabinose biosynthesis gene. Consequently, the resulting cell wall 

composition may still differ substantially from the original pgm phenotype despite overall 

reductions in arabinose content. An alternative strategy could therefore involve genetically 

increasing arabinose biosynthesis or transport, for example by introducing overexpression 

lines of UDP-arabinofuranose transporters (UAfTs) into the pgm background (Rautengarten et 

al., 2017). Similar to the galactan overexpression approach described by Reckleben et al. 

(2025), this strategy could enhance cell wall arabinose levels in pgm without requiring 

reconstruction of the complex pgm-specific arabinose deficiency in pgm oep40-3. 
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4.3 Loss of OEP40 increases pathogen resistance via several 

mechanisms  

4.3.1 Salicylic acid affects the resistance of pgm oep40-3 against C. higginsianum 

One proposed explanation for the hypersusceptibility of pgm to C. higginsianum was an 

impaired synthesis of the defence compounds SA and CA caused by limited carbohydrate 

availability, particularly during later stages of infection when pgm can no longer sustain defence 

metabolism (Engelsdorf et al., 2013). Consistent with this hypothesis, transcriptomic analysis 

revealed that the most strongly enriched GO terms among upregulated genes in pgm oep40-3 

compared to pgm under mock conditions were ñ(defence) response to bacteriumò and 

ñ(defence) response to fungusò. Comparison of these GO terms showed that substantially 

more genes associated with these categories were downregulated in pgm, whereas many 

were upregulated in pgm oep40-3 (Figure 46; 47). A closer inspection of differentially 

expressed genes under mock conditions supported this trend. In pgm, several key genes 

involved in camalexin biosynthesis and secretion were downregulated, including the 

cytochrome P450 genes CYP71A13 and PAD3, as well as PEN3, which is required for CA 

export (Table 16, Appendix). Similarly, multiple central regulators of SA metabolism and 

signalling, including SID2, PBS3, S3H, S5H, EDS5, NPR1, NPR3, and NPR4, showed reduced 

expression in pgm but not in pgm oep40-3. In contrast, S3H expression was strongly increased 

in pgm oep40-3 (Table 16, Appendix). These transcriptional differences support the measured 

levels of SA, DHBAs and CA, and confirm that the loss of OEP40 alters defence compound 

biosynthesis. Under mock conditions, pgm oep40-3 accumulated strongly elevated levels of 

SA as well as 2,3- and 2,5-DHBAs compared to pgm and WT (Figure 23 AïD; 24 AïD). By 

contrast, infected samples displayed only minor differences in SA and CA accumulation at the 

investigated timepoints, which were earlier than those analysed in Engelsdorf et al. (2013). 

Nevertheless, both DHBAs remained elevated in infected pgm oep40-3 plants (Figure 23 G, H; 

24 G, H). The pronounced accumulation of SA and its derivatives under mock conditions may 

indicate constitutively elevated SA biosynthesis in pgm oep40-3, in accordance with the 

transcriptional data. Since high SA concentrations are cytotoxic, excess SA is commonly 

stored as glycosylated inactive forms within the vacuole (Vaca et al., 2017). Consequently, 

pgm oep40-3 may possess constitutive available SA that could accelerate defence activation 

upon infection, as stored SA only requires hydrolysis rather than de novo synthesis.  

To determine whether SA and/or CA contribute to suppression of pgm hypersusceptibility, 

knockout mutants affecting either SA biosynthesis (sid2-3) or camalexin biosynthesis (pad3) 

were crossed into the pgm oep40-3 background. Loss of CA caused a slight increase in 

susceptibility in the pgm oep40-3 background, but pgm oep40-3 pad3 still efficiently 

suppressed the pgm hypersusceptibility phenotype (Figure 27 C). This suggests that 
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camalexin contributes only marginally to the OEP40-dependent suppression mechanism. In 

contrast, loss of SA biosynthesis in pgm oep40-3 sid2-3 caused a much stronger increase in 

susceptibility. Although resistance was still not fully reduced to the pgm level, 

pgm oep40-3 sid2-3 plants were clearly more susceptible than pgm oep40-3 (Figure 26 C), 

indicating that SA signalling contributes substantially to the suppression phenotype. 

Interestingly, the introduction of sid2-3 also partially altered the characteristic growth 

phenotype of pgm oep40-3. The triple mutant showed a trend of larger leaf rosettes than 

pgm oep40-3, although plant size did not fully recover to the pgm growth phenotype. This 

observation suggests that elevated SA levels contribute not only to enhanced defence 

responses but also very likely to the reduced growth phenotype of pgm oep40-3, consistent 

with the known growth-inhibitory effects of SA accumulation (Ġaġek et al., 2014). 

An additional mechanism potentially linking elevated SA accumulation and growth inhibition in 

pgm oep40-3 could involve plasmodesmata closure. A recent study demonstrated that induced 

callose-mediated plasmodesmata closure triggers strong SA accumulation in Arabidopsis and 

enhances resistance to bacterial pathogens (Tee et al., 2024 preprint). Plasmodesmata 

closure has also been associated with altered resistance to fungal pathogens, increasing 

susceptibility to the necrotrophic fungus Botrytis cinerea (German et al., 2023; Tee et al., 2024 

preprint). Investigating callose deposition in pgm oep40-3 could therefore provide further 

insight into the mechanism underlying suppression of pgm hypersusceptibility. Constitutively 

increased plasmodesmata closure could potentially explain the elevated SA accumulation 

already observed under mock conditions. At the same time, reduced symplastic transport 

caused by plasmodesmata closure may additionally contribute to the reduced growth 

phenotype of pgm oep40-3 independently of SA signalling. 

  

4.3.2 Additive effect of diurnal carbohydrate deficiency and elevated SA 

accumulation on resistance to E. cruciferarum 

The interaction with the obligate biotrophic fungus E. cruciferarum revealed that loss of OEP40 

further enhanced resistance in the pgm background, resulting in an additive resistance 

phenotype in pgm oep40-3. Since elevated SA accumulation was observed in pgm oep40-3 

during mock conditions, the contribution of SA to this enhanced resistance was investigated 

using the SA-deficient mutant sid2-3. Infection experiments with pgm oep40-3 sid2-3 

demonstrated that the additional resistance conferred by loss of OEP40 was largely 

SA-dependent, as depletion of SA increased susceptibility to E. cruciferarum. This observation 

is consistent with the established central role of SA signalling in resistance against biotrophic 

pathogens, including powdery mildews (Glazebrook, 2005). Interestingly, oep40-3 single 

mutants also displayed enhanced resistance to E. cruciferarum, despite not accumulating SA 
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to the same extent as pgm oep40-3. Nevertheless, SA depletion in the oep40 background 

likewise resulted in increased susceptibility. Similar to the interaction with C. higginsianum, 

these findings suggest that SA signalling contributes substantially to the resistance phenotype 

associated with loss of OEP40. The importance of SA during powdery mildew interactions has 

recently been further supported by the identification of the Erysiphe quercicola effectors 

EqCmu and EqPdt, which suppress host SA biosynthesis by targeting chorismate metabolism 

and protecting each other from ubiquitination-mediated degradation (Liu et al., 2025). These 

findings underline the importance of SA-mediated defence responses during biotrophic fungal 

infections and support the hypothesis that elevated SA signalling contributes to the enhanced 

resistance of pgm oep40-3.  

In addition to the OEP40-dependent effects, the experiments also confirmed the previously 

described resistance of starch-deficient mutants to E. cruciferarum (Figure 28 A; 29) 

(Engelsdorf et al., 2013). Importantly, the infection of pgm sid2-3 demonstrated that this 

resistance persists even under suppressed SA signalling, indicating that diurnal carbohydrate 

deficiency itself can act as a resistance factor against biotrophic pathogens. This contrasts 

with the hypersusceptibility of pgm towards the hemibiotrophic fungus C. higginsianum and 

highlights how the impact of altered carbohydrate metabolism strongly depends on pathogen 

lifestyle. For obligate biotrophs such as E. cruciferarum, the reduced carbohydrate availability 

in pgm likely limits efficient host colonisation and nutrient acquisition, thereby restricting 

pathogen growth independently of SA signalling. 

 

4.3.3 Several additive effects on immunity might influence suppression of pgm 

hypersusceptibility to C. higginsianum 

ROS production represents one of the earliest defence responses following pathogen 

recognition and contributes both directly and indirectly to immunity. pgm oep40-3 exhibited a 

stronger reactive oxygen species (ROS) burst compared to pgm, which was reduced 

compared to the WT, indicating at least partial restoration of PTI. Elevated ROS levels can 

impose oxidative stress on pathogens, while simultaneously acting as important signalling 

molecules that activate downstream defence pathways (Lehmann et al., 2015). Accordingly, 

many pathogens evolved mechanisms to detoxify ROS, such as the peroxidase-regulating 

transcription factor MoATF in Magnaporthe grisea, which contributes to virulence during rice 

blast disease (Guo et al., 2010). Consistent with the altered ROS phenotype, transcriptomic 

analysis revealed reduced expression of the NADPH oxidases RBOHD and RBOHF in pgm 

under mock conditions compared to WT. In pgm oep40-3, however, this phenotype was 

partially alleviated, with less pronounced downregulation of RBOHD and increased RBOHF 

expression relative to WT. In addition, numerous genes associated with PTI signalling were 
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strongly downregulated in pgm under mock conditions. These included BAK1, RECEPTOR-

LIKE PROTEIN 23 (RLP23), a PRR which interacts with BAK1 during pathogen recognition, 

and BOTRYTIS-INDUCED KINASE 1 (BIK1), a central PTI signalling component acting 

downstream of pattern-recognition receptors such as FLS2 and BAK1 (Table 16, Appendix) 

(Lin et al., 2014; Albert et al., 2015). Furthermore, defence-associated genes including PR1, 

PR2, and PLANT DEFENSIN 1.2 (PDF1.2) were reduced in expression in pgm, as were the 

PTI-associated signalling components FLAGELLIN-RESPONSIVE KINASE 1 (FRK1) and the 

transcription factor WRKY33 (Table 16, Appendix) (Asai et al., 2002; Yeh et al., 2015; Zhou et 

al., 2020; Omidvar et al., 2021). In pgm oep40-3, by contrast, the downregulation of BIK1, 

BAK1, PDF1.2, and WRKY33 was clearly attenuated, while RLP23, PR1, and PR2 were 

significantly upregulated compared to pgm (Table 16, Appendix). This transcriptional profile 

indicates that pgm oep40-3 is in an alert situation even under mock conditions, allowing a 

faster or stronger response upon pathogen attack compared to pgm, which displays reduced 

PTI activation. 

Further, the transcriptomics revealed in pgm many downregulated DEGs of the 

CYSTEIN-RICH RECEPTOR-LIKE KINASE (CRK) family. Arabidopsis contains more than 40 

CRK family members, many of which are associated with immunity, oxidative stress signalling, 

and cell death regulation (Zeiner et al., 2023). In pgm, numerous CRKs, including CRK4, 

CRK5, CRK6, CRK7, CRK8, CRK10, CRK11, CRK13, CRK19, CRK20, CRK23, CRK28, 

CRK30, CRK34, CRK36, and CRK45, were strongly downregulated under mock conditions. In 

contrast, these genes were either less strongly downregulated or even upregulated in pgm 

oep40-3 (Table 16, Appendix). Several of these CRKs, including CRK4, CRK5, CRK6, CRK7, 

CRK13, CRK19, CRK20, CRK28, CRK36, and CRK45, have previously been linked to 

oxidative stress signalling, SA-dependent defence activation, and enhanced resistance to 

Pseudomonas syringae when overexpressed (Chen et al., 2003; Acharya et al., 2007; Ederli 

et al., 2011; Zhang et al., 2013b; Idänheimo et al., 2014; Yeh et al., 2015; Lee et al., 2017; 

Yadeta et al., 2017). Taken together, these observations suggest that PTI signalling is broadly 

impaired in pgm, likely as part of an energy-conserving response to recurring carbohydrate 

depletion. In contrast, loss of OEP40 appears to partially restore immune signalling and 

defence readiness in the pgm background. Although this constitutive investment into immunity 

may negatively affect growth, it could provide a substantial advantage during pathogen 

infection. 

Another factor likely contributing to the suppression of pgm hypersusceptibility is the altered 

cell wall composition of pgm oep40-3. The plant cell wall represents a major determinant of 

susceptibility and is of particular importance for the entry rate of C. higginsianum into 

Arabidopsis leaves (Engelsdorf et al., 2017; Bacete et al., 2018; Reckleben et al., 2025). 

Although reducing arabinose monosaccharide levels in pgm oep40-3 through the introduction 
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of arad1-2 and mur4-1 did not increase susceptibility to C. higginsianum in pgm oep40-3, 

alterations in RG or other cell wall polymers may still contribute to pathogen resistance. 

Previous research demonstrated that, while simple changes in RG-I side chains of wild-type 

plants did not affect susceptibility, more complex reductions in RG-I composition in murus8 

(mur8) mutants showed increased susceptibility to C. higginsianum (Reiter et al., 1997; Mertz 

et al., 2012; Engelsdorf et al., 2017). Conversely, the POWDERY MILDEW RESISTANT 

MUTANTS 5 and 6 (pmr5/6) exhibit reduced cell wall fucose levels together with increased 

arabinose, galactose, and galacturonic acid content, leading to enhanced resistance to 

C. higginsianum (Vogel et al., 2004; Engelsdorf et al., 2017). The increase in cell wall 

arabinose in pgm oep40-3 could, for example, interfere with the accessibility of cell wall 

polymers for pathogen-derived CWDEs. Another reason could be changes in cell wall stiffness 

due to changes in monosaccharide composition. Indeed, preliminary data obtained with 

CWP-BDP and CarboTag-BDP mechanoprobes (Michels et al., 2020; Besten et al., 2025), a 

molecular probe for cell wall porosity indicate altered mechanical cell wall properties between 

pgm and pgm oep40-3 (Jolivet, Gronnier and Engelsdorf; unpublished). Highly 

methyl-esterified pectin is less susceptible to degradation by pectic lyases and 

endopolygalacturonases, pointing to a potential mechanism of pectin-mediated resistance 

(Levesque-Tremblay et al., 2015; Munzert and Engelsdorf, 2025). Congruently, 

overexpression of PECTIN METHYLESTERASE INHIBITORS (PMEIs) 1 and 2 leads to a 

higher degree of pectin methylation and reduced susceptibility to B. cinerea (Lionetti et al., 

2007). In turn, PME3 is induced by B. cinerea upon infection and is required for a successful 

initial colonisation, as well as pme mutants were more susceptible to P. syringae (Raiola et al., 

2011; Bethke et al., 2014). Another possibility for cell wall-mediated pathogen defence might 

be via DAMP recognition, since the altered cell wall composition in pgm oep40-3 could lead to 

different DAMPs released upon cell wall penetration by C. higginsianum (Bacete et al., 2018). 

This could then trigger stronger plant defence responses compared to pgm, as it was shown, 

for example, for arabinoxylan-oligosaccharides in the ARABIDOPSIS RESPONSE 

REGULATOR 6 mutant (arr6) (Bacete et al., 2020). 
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5.  Outlook 

Taken together, this thesis shows that pgm hypersusceptibility to C. higginsianum is 

suppressed by the loss of OEP40. Changes in several potential susceptibility factors might 

explain this, although pgm oep40-3 exhibits a similar total sugar limitation in leaves as pgm: (i) 

salicylic acid and its derivatives 2,3- and 2,5-DHBAs are constitutively increased, (ii) 

expression of PTI marker genes and PTI-induced ROS burst are elevated compared to pgm, 

(iii) nucleotide sugars, representing precursors for cell wall polymers, are increased compared 

to pgm and specific cell wall defects of pgm are rescued. All these changes may result from 

altered sugar signalling or different sugar allocation due to the loss of OEP40, but the 

mechanistic details, including the nature of a putative sugar signal, remain unclear.  

To identify the underlying cause of the suppression of hypersusceptibility, I attempted to 

genetically reverse the changes in pgm oep40-3 with knockout mutants, targeting specific 

defence responses. This approach excluded that CA or SA play a major role in the suppression 

of pgm hypersusceptibility to C. higginsianum. Instead, cell wall composition cannot be 

modified in a similarly targeted manner, as the reduction of arabinose levels induced 

compensatory changes in other cell wall components that may influence mechanical cell wall 

properties, as well as accessibility of CWDEs. To investigate the cell wall phenotype further, 

another possible approach is the overexpression of genes involved in cell wall arabinose 

synthesis in the pgm background. Recently, a similar approach showed that increasing the 

galactose content of pgm cell walls increases resistance against C. higginsianum (Reckleben 

et al., 2025). Promising candidates for increasing arabinose cell wall content are 

overexpression lines for the UDP-arabinofuranose transporters (UAfTs), which display a 30% 

increase in cell wall arabinose (Rautengarten et al., 2017). 

In addition, cell wall properties could be further investigated by using CWP-BDP and 

CarboTag-BDP mechanoprobes to check for changes in viscosity and porosity or by applying 

Brillouin microscopy to measure cell wall stiffness (Michels et al., 2020; Besten et al., 2025; 

Alonso Baez et al., 2026).  

Beyond the investigation of defence responses in pgm oep40-3, a detailed analysis of soluble 

sugar allocation using NAF could help to understand the carbohydrate availability in 

pgm oep40-3, reveal the sugar transporter partner in the inner envelope of the chloroplast and 

identify further targets to unveil the sugar signalling pathway that OEP40 is partaking in (Patzke 

et al., 2019). To understand the molecular function of OEP40, it will be essential to investigate 

the structure and protein properties, including substrate specificity, transport mode, 

directionality and regulation (Harsman et al., 2016; Günsel et al., 2023). 
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Figure 48: Plasmid map of the entry clone pOEP40::OEP40. 
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Figure 49: Plasmid map of the expression clone pOEP40::OEP40 . 
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Figure 50: Plasmid map of the expression clone PROPEP3::LUC . 
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Figure 51: Mind map of nucleotide sugar interconversion with measured nucleotide sugar levels and gene 
expression levels of interconversion pathway enzymes.  
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Table 9: Comparison of DEGs in oep40-3 with starvation correlated genes in pgm  (Usadel et al. , 2008). 
Red: upregulated; green: downregulated; highest 200 ï pgm20: common genes between the 200 most up- 
and downregulated genes from pgm 20 h in the light (pgm20) (Usadel et al., 2008) and my transcriptomics 
data; padj: adjusted p-value; the log2 fold change is shown for both data sets. 
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Table 10: Comparison of DEGs in oep40-3 with starvation correlated genes in extended night 8  h (Usadel 
et al. , 2008). 
Red: upregulated; green: downregulated; highest 200 ï x8: common genes between the 200 most up- and 
downregulated genes from Col-0 after 8 h extended night (x8) (Usadel et al., 2008) and my transcriptomics data; 
padj: adjusted p-value; the log2 fold change is shown for both data sets. 






























