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1. Abbreviations 

 

ABA   Abscisic Acid 

AD-protein  Activation Domain Protein 

ANAC   Arabidopsis NAC 

APX   Ascorbate Peroxidase 

AtNAP  Arabidopsis NAC-LIKE Activated by AP3/PI 

bHLH   basic Helix-Loop-Helix 

bZIP   Basic Leucine Zipper 

BRs   Brassinosteroids 

CAT   Catalase 

C2C2-GATA  Zinc finger domain type 

COI1   Coronatine-Insensitive 1 

DBD   DNA Binding Domain 

EAR   ERF-associated amphiphilic repression motif 

ESR/ESP  Epithiospecifying Senescence Regulator / Epithiospecifying Protein 

GBF1   G-Box Binding Factor 1 

H₂O₂   Peróxido de hidrógeno 

HO·   Hidroxilo radical 

JA   Jasmonic Acid 

JA-Ile   Jasmonoyl-L-isoleucine 

JA-IIe   Jasmonate isoleucine conjugate 

JAs   Jasmonates 

JAZ   Jasmonate ZIM Domain proteins 

KIX8/KIX9  Kinase Inducible Domain Interacting 8 / 9 

LOX3   Lipoxygenase 3 

MeJA   Methyl Jasmonate 

MEKK1  Mitogen-Activated Protein Kinase Kinase Kinase 1 

MYC2   MYC2 transcription factor 
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NAC   NAM, ATAF1/2, CUC2 

NINJA   Novel Interactor of JAZ 

OPR3   12-Oxophytodienoate Reductase 3 

ORE1   ORESARA1 

ORS1   ORESARA1 SISTER1 

PPD1/PPD2  PEAPOD1 / PEAPOD2 

REV   REVOLUTA 

ROS   Reactive Oxygen Species 

SAGs   Senescence-Associated Genes 

SA   Salicylic Acid 

SOD   Superoxide Dismutase 

START  Steroidogenic Acute Regulatory protein-related lipid Transfer 

TIFY   Nombre de la familia TIFY 

TPL   TOPLESS 

TRD   Transcriptional Regulatory Domain 

VNI2   VND-INTERACTING2 

W-box   WRKY binding motif 

WRKY  Nombre de la familia WRKY 

1O2   Singlet Oxygen 

O2·⁻   Superóxido 
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2. Summary 

Senescence represents the final stage of plant development and strongly impacts yield quantity 

and quality. This regulated process involves epigenetic, transcriptional, and biochemical 

mechanisms and is influenced by phytohormones, biotic and abiotic stresses, signaling 

molecules such as Ca²⁺ and H₂O₂, and intrinsic factors like developmental stage and nutrient 

status. 

In this doctoral research, I investigated the regulatory network governing senescence, focusing 

on transcription factors of the WRKY family. Among them, WRKY53 is a central regulator 

that activates senescence-associated genes (SAGs) and integrates environmental signals, 

particularly through H₂O₂-dependent activation. WRKY transcription factors form a network, 

since their promoters often contain WRKY binding motifs. Within this network, WRKY25 

activates and WRKY18 represses WRKY53, yet mutants of either gene show accelerated 

senescence, indicating complex regulation. This work examined the WRKY25–WRKY18–

WRKY53 subnetwork in detail, revealing that WRKY25 functions as a dual regulator, sensing 

reactive oxygen species (ROS) and balancing the network under oxidative stress. Domain-

specific analyses highlighted distinct roles for the N- and C-terminal regions of WRKY25. 

Based on these findings, WRKY25 is proposed to act as a redox switch modulating WRKY53 

expression through other network components. 

A novel feedback mechanism was also identified between H₂O₂, catalases, and WRKY53. 

WRKY53 is transcriptionally induced by H₂O₂, while catalases interact directly with WRKY53 

at the protein level, resulting in mutual inactivation. This illustrates a fine-tuned redox-

dependent loop. 

Beyond WRKYs, WRKY53 is controlled by other transcription factor families. Among them, 

the HD-ZIPIII factor REVOLUTA (REV) was characterized as a positive regulator of WRKY53 

and its H₂O₂ response. Regulation of REV activity by TIFY proteins was studied in depth, 

suggesting two mechanisms: a jasmonate (JA)-independent pathway through TIFY8 

controlling REV in senescence, and a JA-dependent pathway involving PEAPODs and several 

JAZ proteins. 

Altogether, this study uncovers new mechanistic insights into transcriptional and post-

transcriptional regulation of plant senescence. It highlights the ability of transcription factors 

to perceive environmental signals and integrate them into developmental programs. These 

findings deepen our understanding of senescence and open promising avenues for crop 

improvement by manipulating senescence pathways to optimize yield and quality. 
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3. Zusammenfassung 

Die Seneszenz stellt die Endphase der Pflanzenentwicklung dar und beeinflusst die Quantität 

und Qualität des Ertrags erheblich. Dieser streng regulierte Prozess umfasst epigenetische, 

transkriptionelle und biochemische Mechanismen und wird durch Phytohormone, biotische 

und abiotische Stressfaktoren, Signalmoleküle wie Ca²⁺ und H₂O₂ sowie intrinsische Faktoren 

wie Entwicklungsstadium und Nährstoffstatus gesteuert. 

In dieser Doktorarbeit wurde das regulatorische Netzwerk untersucht, das die Seneszenz 

steuert, mit Schwerpunkt auf Transkriptionsfaktoren der WRKY-Familie. WRKY53 fungiert 

als zentraler Regulator, aktiviert seneszenzassoziierte Gene (SAGs) und integriert 

Umweltsignale, insbesondere über H₂O₂-abhängige Aktivierung. WRKY-Faktoren bilden ein 

Netzwerk, da ihre Promotoren häufig WRKY-Bindungsmotive enthalten. Innerhalb dieses 

Netzwerks aktiviert WRKY25 WRKY53, während WRKY18 es hemmt; Mutanten eines der 

beiden Gene zeigen jedoch beschleunigte Seneszenz, was auf komplexe Regulation hinweist. 

Untersuchungen des WRKY25–WRKY18–WRKY53-Subnetzwerks zeigten, dass WRKY25 

als dualer Regulator wirkt, ROS wahrnimmt und das Netzwerk unter oxidativem Stress 

ausbalanciert. Domänenspezifische Analysen zeigten unterschiedliche Rollen der N- und C-

terminalen Regionen von WRKY25. WRKY25 wird als Redox-Schalter vorgeschlagen, der 

WRKY53 über andere Netzwerkkomponenten moduliert. 

Ein neuartiger Feedback-Mechanismus zwischen H₂O₂, Katalasen und WRKY53 wurde 

identifiziert. WRKY53 wird durch H₂O₂ transkriptionell aktiviert, während Katalasen direkt 

mit WRKY53 interagieren, was zu gegenseitiger Inaktivierung führt. Dies zeigt eine fein 

abgestimmte redoxabhängige Regelungsschleife. 

Darüber hinaus wird WRKY53 von Transkriptionsfaktoren anderer Familien kontrolliert. Der 

HD-ZIPIII-Faktor REVOLUTA (REV) wirkt als positiver Regulator von WRKY53 und seiner 

H₂O₂-Antwort. Die Regulation von REV durch TIFY-Proteine erfolgt über zwei Wege: einen 

JA-unabhängigen über TIFY8 und einen JA-abhängigen über PEAPODs und mehrere JAZ-

Proteine. 

Diese Arbeit liefert neue mechanistische Einblicke in die transkriptionelle und 

posttranskriptionelle Regulation der Pflanzen-Seneszenz. Sie zeigt, wie Transkriptionsfaktoren 

Umweltsignale direkt wahrnehmen und in Entwicklungsprogramme integrieren. Die 

Ergebnisse erweitern das Verständnis der Seneszenz und eröffnen vielversprechende 

Möglichkeiten zur Optimierung von Ertrag und Qualität durch gezielte Manipulation der 

Seneszenzprozesse. 
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6. Introduction 

6.1 Senescence and its agricultural importance 

Crop plants play an undeniably crucial role in producing food, fiber, and even fuel for 

humanity. The successful cultivation of these plants depends on their fitness, which in turn 

requires the proper initiation and progression of senescence [1,2].  

Senescence is an age-dependent, programmed phase that occurs throughout a plant's 

development. It manifests at various levels. At the whole-plant level, senescence results in the 

death of the entire plant, as observed in crops like rice, corn, and soybean. The most impressive 

example at the organ level is the color changes and eventual death of leaves during autumn in 

perennial trees [3–6]. All these changes involve highly regulated processes, such as the 

transport and remobilization of minerals and nutrients, alongside a decline in photosynthetic 

capacity. 

The aim of senescence is the remobilization of nutrients from leaves to developing organs or 

storage tissues to ensure the viability of the next generation or growing season. This nutrient 

redistribution is vital for maintaining the quality of agricultural products [1–3,6,7].  

Additionally, senescence plays a significant role in determining the shelf-life of fresh 

vegetables, fruits, and flowers. Stress conditions during harvest, storage, and transportation can 

accelerate the onset and progression of post-harvest senescence, severely affecting shelf-life 

performance. Post-harvest senescence can also alter nutrient content and the profile of volatile 

organic compounds, which, for example, may impact the aroma of vegetables and salads [8,9].  

Given these factors, senescence is closely associated with crop yield especially in terms of both 

quantity and quality [1,3]. However, the relationship between senescence and plant 

productivity is complex. A key challenge is finding the right balance between maximizing yield 

by full photosynthetic capacity or by promoting senescence to reallocate nutrients and minerals 

in crops where non-leaf biomass is harvested [3]. In this context, understanding the processes 

and regulatory mechanisms of senescence is fundamental in plant research. Such insights 

provide essential knowledge and tools to manipulate this trait, improving both the productivity 

and quality of valuable crops. 

6.1.2 Leaf senescence 

Leaves are a defining feature of plants as autotrophs, enabling them to produce their own 

nutrients through photosynthesis. During their development, leaves become photosynthetically 
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active and serve as reservoirs for accumulated nutrients [6,10]. During senescence, plants 

strategically sacrifice older leaves for their overall benefit. The primary purpose of leaf 

senescence is to remobilize nitrogen, carbon, and mineral resources from senescing tissues to 

developing parts of the plant before the leaves ultimately die. This process enhances the plant's 

fitness, ensures optimal production of offspring, and supports plant survival [2,3,6,8]. 

Leaf senescence can be categorized into two types: sequential and monocarpic leaf 

senescence. Sequential leaf senescence occurs before anthesis, allowing nutrients to be 

reallocated from older leaves to newly developing, non-reproductive organs [8]. On the other 

hand, Monocarpic Leaf Senescence occurs after anthesis and governs the redistribution of 

nutrients to the now developing reproductive organs (Figure 1). In monocarpic plants, all leaves 

may undergo senescence, eventually leading to the death of the entire plant [8]. 

 

Figure 1: In the model plant Arabidopsis thaliana, leaf senescence occurs throughout plant 

development. During the transition from the vegetative growth phase to the reproductive phase, the 

pattern of senescence changes: it shifts from sequential senescence, where leaves age progressively over 

time, to monocarpic senescence, where the entire plant undergoes a coordinated senescence program 

associated with reproduction (taken from [11]) 

The primary driving force behind leaf senescence is the plant's developmental age. However, 

this process is far from being a passive journey toward the plant's demise. On the contrary, it is 

a highly active and coordinated process. Leaf senescence is not only developmentally 

programmed but also involves complex interactions with various environmental or external 

signals. These cues must be integrated with age-related information to fine-tune the onset, 

progression, and completion of senescence [1,3,5,12]. 
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Consequently, senescence regulation involves multiple layers of control, including 

transcriptional and post-transcriptional mechanisms, protein modifications, and signaling 

pathways mediated by hormones and other small molecules like reactive oxygen species (ROS) 

[4,5,10,12,13]. 

6.2 Signaling molecules in senescence 

Senescence‘s timing and progression requires a high degree of flexibility. Plant cells must 

perceive various cues or signals that trigger senescence[3,12]. These include not only 

developmental signals but also environmental factors that induce senescence in response to 

changing conditions. This process involves complex signal transduction events, which engage 

multiple signaling components at different regulatory levels and interact with one another 

[14,15]. 

To date, almost all major phytohormones have been reported to play a role in senescence 

signaling pathways. Additionally, over the last two decades, H₂O₂ and other ROS have been 

identified as signaling molecules in the regulation of senescence. 

6.2.1 Phytohormones 

Developmental- or-stress induced-leaf senescence is regulated by antagonistic and synergistic 

actions of various hormones. However, it has been suggested that phytohormones like auxin 

and brassinosteroids (BRs) may affect senescence by modulating plant development. On the 

other hand, ethylene, jasmonates (JAs), salicylic acid (SA) and abscisic acid (ABA) appear to 

modulate senescence primarily by responding to environmental cues and stress [14]. So far, the 

early signaling events after hormone perception have been identified but less is known about 

the molecular mechanisms that trigger the changes leading developmental senescence. In this 

context, this thesis is focused on getting more insights on the action of jasmonates (JAs) 

including jasmonic acid (JA), jasmonate isoleucine conjugate (JA-IIe), and methyl jasmonate 

(MeJA).  

6.2.1.1 Jasmonates (JAs) 

During plant growth JAs regulate a wide range developmental processes such as seed 

germination, root growth, fertility, senescence and plant defense against biotic and abiotic 

stresses [16]. JAs were first linked to senescence through an experiment demonstrating that 

exogenously applied methyl jasmonate accelerated leaf senescence [17]. Later, it was shown 

in Arabidopsis that JAs activate senescence-associated promoters in 14 out of 125 senescence-

enhancer trap lines [18]. In addition, the application of methyl jasmonate increments the 
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transcript abundance of the genes associated with age-dependent senescence like SEN4, ERD1, 

and SAG2 [19,20].  

Genes involved with JA synthesis (e.g. LOX3, AOC1, AOC4, and OPR3) and signaling (e.g. 

MYC2, JAZ1, JAZ6, and JAZ8) display an increased expression which occurs before 

chlorophyll loss from the tissue during developmental leaf senescence [21]. Additionally, it has 

been observed that endogenous JA content increases in senescence leaves compared to non-

senescing ones [21,22]. Even though there is large research on JA and senescence as well as 

the role of JAs in the initiation of senescence, the mechanism by which they behave as signals 

is still not clear.  

6.2.2 Reactive oxygen species (ROS): H202 

ROS are oxygen-containing molecules with a chemical reactivity higher than molecular oxygen 

(O2) [23]. In all organisms, aerobic cellular processes are characterized by high rates of electron 

or energy transfer. This aerobic metabolism inevitably generates ROS through energy transfer 

to, or partial reduction of, O2 [23–25]. ROS can also be produced by multiple enzymatic 

reactions, either as primary products or by-products [26].  The major forms of ROS in plants 

are singlet oxygen (1O2), superoxide (O2 
·−), hydrogen peroxide (H2O2), and hydroxyl radical 

(HO·) [23–26]. Almost all ROS have very short half-lives and relatively high oxidation 

potentials. Whereas the estimated lifetime of HO· is on the order of nanoseconds, that of 1O2 is 

on the order of microseconds. H2O2, and O2
·− have considerably longer lifetimes, ranging from 

milliseconds to seconds. Additionally, O2
·−, H2O2, and HO· are produced in almost every 

cellular compartment [23,27]. 

It is widely known that the high production of these molecules leads to toxicity and cellular 

damage. To counteract this, plants have developed and expanded a range of enzymatic and non-

enzymatic ROS scavengers [23,25–27]. Each production site is endowed with antioxidant 

systems to buffer the local redox environment. Interestingly, fluctuations in environmental 

conditions lead to changes in compartmental redox balance and ROS homeostasis [23,24]. 

Over the past few decades, the concept of ROS as harmful oxidative molecules has been 

extended and their role as signaling molecules in processes like pathogen infection or wounding 

has been included [23,25,26,28–30]. In this context, ROS production and scavenging require a 

delicate balance that must be maintained in all cellular compartments. Various compartment-

specific systems can sense and regulate processes such as gene expression [23–27]. 
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During the past two decades, the role of ROS, especially H2O2, as signaling molecules during 

both developmental and stress-induced senescence has been identified [24,31]. ROS can 

influence a variety of physiological changes by oxidizing almost all types of macromolecules 

[23,24,26]. Alternatively, ROS can modulate regulatory processes by directly impacting gene 

expression through changes in the expression and activity of transcription factors [23,24]. 

ROS levels are controlled by both production and scavenging. Studies have identified a 

network of at least 152 genes involved in managing ROS levels in Arabidopsis [24,25]. 

Moreover, in Arabidopsis and oil-seed rape, a senescence-related H2O2 elevation lasts for more 

than a week during the induction of monocarpic senescence. This contrasts with the oxidative 

burst signal observed after pathogen infection or wounding, which lasts for minutes to hours 

[24,31]. This long-term intracellular increase in H2O2 at the onset of monocarpic senescence is 

mainly due to sophisticated regulation of the H2O2 scavenging activities of catalases (CAT) and 

ascorbate peroxidases (APX), at least in Arabidopsis and oil-seed rape [24,31].  

6.3 Molecular Regulation of Senescence 

6.3.1 Antioxidative enzymes  

As previously mentioned, H2O2 acts as a signaling molecule during senescence, along with 

other ROS, however, excessive accumulation can be harmful to cells. Thus, maintaining a 

balance between ROS production and scavenging is essential. Both non-enzymatic ROS 

scavenging molecules and antioxidative enzymes contribute to stabilizing ROS levels. 

Catalases (CAT), ascorbate peroxidases (APX), and superoxide dismutase (SOD) are present 

in various cellular compartments in multiple isoforms to fulfill this role [32,33]. 

The long-term intracellular increase of H2O2 at the onset of monocarpic senescence in 

Arabidopsis and oilseed rape is primarily achieved through tight regulation of CAT and APX 

activities [24,31]. During bolting, CAT2 expression declines due to the bZIP transcription factor 

G-Box binding factor 1 (GBF1), which inhibits CAT2 transcription [24,33,34]. This 

suppression reduces catalase activity, leading to an increase in intracellular H2O2, as CAT2 

accounts for approximately 80% of total CAT activity in leaves and has a high turnover rate 

[35]. Interestingly, APX1 activity decreases simultaneously during bolting and flowering, even 

though its gene expression remains unchanged. This reduction appears to occur post-

transcriptionally, as H2O2 can damage the component 1 of APX1, resulting in its inactivation. 

Thus, APX activity can be inhibited by its own substrate, H2O2; however, this inhibition occurs 

only during bolting and flowering [36,37]. Exogenous H2O2 application is effective only during 
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these stages, suggesting that APX1 becomes sensitive to H2O2 through a yet unknown 

mechanism. Consequently, H2O2 concentration increases further during this period, creating a 

positive feedback loop. As the plant continues to develop, APX1 inhibition ceases, while CAT3 

expression and activity rise, partially restoring antioxidative capacity [33,34,36,37]. 

In fact, this model is supported by gbf1 mutants, in which CAT2 downregulation is abolished, 

eliminating the H2O2 increase and making it impossible to initiate a positive feedback loop via 

APX1 inhibition. As a result, these mutants exhibit delayed senescence due to the absence of 

long-term H2O2 accumulation [34].  

Interestingly, all three catalase genes have been identified as direct target genes of 

WRKY53[38]. Additionally, an increase in WRKY53 expression has been observed, 

corresponding to the long-term intracellular accumulation of H₂O₂. This is particularly 

noteworthy, as WRKY53 expression has also been shown to be induced by H₂O₂ [24,33].  

6.3.2 Transcriptional Regulators of Senescence 

The regulation of the onset, progression, and completion of leaf senescence is highly 

coordinated and requires a massive reprogramming of gene expression. Temporal profiling of 

the transcriptome during Arabidopsis leaf senescence has revealed that several thousand 

genes (approximately 12-16%) are upregulated and downregulated during the onset and 

progression of senescence in Arabidopsis thaliana [3,21,39–42]. For example, genes related 

to photosynthesis are downregulated, and others related to the breakdown of cellular 

components and mobilization of nutrients and minerals are upregulated. In fact, 827 genes 

whose transcript levels were increased at least 3-fold during leaf senescence were identified 

in a global study of gene expression in Arabidopsis leaves [40] including many known 

senescence-associated genes (SAGs). It has been reported that the key mechanisms that 

control the expression of these SAGs are the dynamic activation of transcription factors [43]. 

Two transcription factor families, namely WRKY and NAC factors, are notably 

overrepresented in the transcriptome of Arabidopsis during senescence [41,42,44,45]. 

NAC transcription factors typically possess a highly conserved N-terminal NAC domain 

responsible for DNA binding and dimerization, while the diverse C-terminal domains function 

as transcriptional regulatory domains (TRD)[46]. Similar to the WRKY factors, these 

transcription factors form complex regulatory networks that act as control systems for leaf 

senescence [46]. In Arabidopsis, over 30 NACs show enhanced expression during normal leaf 

senescence. As examples, ANAC092/ORESARA1 (ORE1), ANAC029/Arabidopsis NAC-
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LIKE Activated by AP3/PI (AtNAP), ANAC059/ORESARA1 SISTER1 (ORS1), and 

ANAC016 have been identified as positive regulators, while ANAC042/JUNGBRUNNEN1 

(JUB1) and ANAC083/VND-INTERACTING2 (VNI2) function as negative regulators of leaf 

senescence [47–50]. 

6.3.2.1 WRKYs transcription factors 

WRKYs are one of the intensively studied families of transcription factors in senescence, with 

their regulatory role already characterized across various plant families [10,45,51]. The WRKY 

transcription factor family is defined by a highly conserved WRKYGQK amino acid sequence 

in their DNA-binding domain (DBD), which gives the family its name [52,53]. This DBD, 

known as the WRKY domain, is approximately 60 amino acid residues long and is typically 

located at the N-terminus. Additionally, WRKY DNA binding domains (DBDs) possess a 

characteristic zinc finger structure at their C-terminal end [51–55].These features allow WRKY 

transcription factors to be classified into three groups based on the number of WRKY domains 

and the type of zinc finger they possess. Group I is unique in having two WRKY domains, 

whereas groups II and III have only one. Furthermore, group II contains a C-X4-5-C-X22-23-H-

X-H (C2H2) zinc finger, while group III features a C-X7-C-X23-H-X-C (C2HxC) zinc finger. 

The WRKY domain binds to a consensus motif (C/TTGACC/T), referred to as the W-box, 

which is present in the promoters of their target genes [44,52–55]. 

One particularly intriguing feature of WRKY transcription factors is that their own promoters 

can harbor one or more W-boxes (Figure 2) [53,54]. The ability to regulate themselves and 

each other suggests the formation of a sophisticated WRKY-driven transcriptional network. In 

addition, WRKY proteins can physically interact with each other and with other associated 

proteins, forming homo- and/or heterodimers, or even higher-order complexes with diverse 

functional properties (Figure 2). These interactions also highlight their role in regulatory 

processes that require fine-tuned control [10,51,52]. 
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Figure 2: WRKY transcription factors contain one or more W-box elements within their own promoters. 

This arrangement establishes a complex regulatory network, allowing WRKY proteins to regulate not 

only other WRKY genes but also themselves in positive or negative feedback loops, as observed for 

WRKY53. 

Several WRKY factors have been identified as regulators of leaf senescence in Arabidopsis. 

These include WRKY6 [56], WRKY22 [57], WRKY26 [58], WRKY42 [59], WRKY45 [60], 

WRKY53 [38,61], WRKY54 [62], WRKY55 [63], WRKY70 [62], WRKY71 [64], and 

WRKY75 [65]. Among these, WRKY53 has been extensively studied and is recognized as a 

key component of the complex regulatory network governing senescence. This recognition 

stems from its tightly regulated expression and activity and its significant biological relevance 

during the senescence process. WRKY53 functions as a positive regulator of developmental 

senescence, exhibiting interesting sequential and monocarpic senescence-associated 

expression patterns [38,61]. 

WRKY53 is tightly regulated by multilayered mechanisms that control its expression, activity, 

and protein stability. At the onset of senescence, epigenetic regulation and activation of the 

WRKY53 locus are observed, marked by changes in histone modifications such as H3K4me2 

and H3K4me3 [66,67]. In contrast, DNA methylation remains low and unchanged during this 

process [68].   

WRKY53 activity is regulated by proteins such as mitogen-activated protein kinase kinase 

(MEKK1) and the epithiospecifying senescence regulator (ESR/ESP). MEKK1 binds directly 
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to the promoter of the WRKY53 gene, facilitating the switch from leaf age-dependent to plant 

age-dependent expression. Additionally, MEKK1 can phosphorylate the WRKY53 protein, 

enhancing its DNA-binding activity [68,69]. On the other hand, WRKY53 interacts with 

ESR/ESP at the protein level, and ESR/ESP inhibits its DNA-binding activity. The expression 

of ESR/ESP and WRKY53 is antagonistically regulated in response to jasmonic acid (JA) and 

salicylic acid (SA), with each protein capable of negatively affecting the expression of the 

other. Besides that, ESP/ESR is involved in defense response, therefore this interaction creates 

a crosstalk between senescence and pathogen response [70]. 

WRKY53 expression is also regulated by other transcription factors, such as activation domain 

protein (AD-protein) and GATA4. The AD-protein, through autophosphorylation, increases its 

DNA-binding activity at the WRKY53 promoter region, leading to changes in WRKY53 

transcription levels and positioning it as a positive regulator of WRKY53 expression [68,71]. 

Similarly, GATA4 is a positive regulator of WRKY53 expression, with its levels varying in 

leaves according to the plant's age [68]. 

In this context, it became evident that WRKY53 is influenced, regulated by, and capable of 

interacting with multiple proteins. Notably, at least 12 proteins - or possibly more - have been 

reported to bind to the promoter of WRKY53[68]. Moreover, WRKY53 can interact with itself 

as well as with other WRKY proteins, such as WRKY30, as reported [62]. 

Interestingly, WRKY18 and WRKY25 have been identified as effective regulators of WRKY53 

expression. WRKY18 serves as a negative upstream regulator, a downstream target, and a 

protein interaction partner of WRKY53 [72]. In contrast, WRKY25 acts as a positive upstream 

regulator, also functioning as a downstream target and protein interaction partner [73]. 

Moreover, these two WRKYs exhibit altered senescence-associated phenotypes. For example, 

wrky18 mutant plants show an accelerated senescence phenotype, consistent with its role as a 

repressor of WRKY53 [73]. Interestingly, wrky25 mutants also show accelerated senescence, 

which is inconsistent with its role as an activator of WRKY53 expression [72]. This suggests 

that WRKY18, WRKY25, and WRKY53 interact and regulate each other in a more complex 

manner, indicating another unknown level of regulation among them. They may form a 

subnetwork that influences senescence through WRKY53. 
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Figure 3: The small regulatory subnetwork involving WRKY18, WRKY25, and WRKY53. In this 

network, WRKY18 functions as a negative upstream regulator and is also a downstream target of 

WRKY53, whereas WRKY25 acts as a positive upstream regulator and simultaneously serves as a 

downstream target. Moreover, WRKY25 can activate WRKY18 expression and vice versa 

6.3.2.2 Other transcription Factors 

In addition to the small WRKY subnetwork mentioned above, another transcription factor, 

namely REVOLUTA (REV), can interact with the WRKY53 promoter [74,75]. REV is a 

member of the class III homeodomain leucine zipper (HD-ZIPIII) transcription factor family, 

known for its involvement in several developmental processes during early plant development 

[76,77]. This family plays crucial roles in embryo patterning, meristem initiation and 

homeostasis, lateral organ polarity, inflorescence architecture, ovule development, and vascular 

development in Arabidopsis. More specifically, REV specifies the domain that later develops 

into the upper side of the leaf, establishing the dorsoventral axis of leaves. Additionally, REV 

plays multiple roles in meristem organization, leaf polarity setup, and vascular development 

[76–79]. 

REV possesses four characteristic functional domains from N-terminus to C-terminus: the 

homeodomain responsible for DNA binding; the basic leucine zipper domain (b-ZIP) 

responsible for DNA-binding and dimerization; a highly conserved lipid or steroid-binding 

START (Steroidogenic acute regulatory protein-related lipid transfer) domain; and the C-

terminal MEKHLA domain [76–80]. 

CHiP-Seq analysis identified two REV-binding sites in the WRKY53 promoter [74,81]. In fact, 

WRKY53 expression can be promoted by REV, as demonstrated by the rev5 mutant, which 

shows a lower WRKY53 expression and a strong delayed senescence phenotype. This indicates 

that REV is involved in later stages of development and serves as an important driver of age-
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induced senescence by controlling the expression of WRKY53 and other SAGs [74]. Notably, 

the interaction between REV and the WRKY53 promoter depends on the developmental stage 

[74]. During senescence progression, REV changes its binding preferences to different sites in 

the WRKY53 promoter. Additionally, the activation of WRKY53 expression by REV appears 

more effective at the onset of monocarpic senescence, suggesting that REV can adapt its 

properties according to developmental stages. These findings also imply that REV requires 

specific modifications or interaction partners to activate WRKY53 expression during 

senescence [74]. 

In addition, it has been observed that several proteins can interact with both the native REV 

and a truncated version lacking the MEKHLA domain. Among these proteins, a non-canonical 

member of the TIFY family, TIFY8, has been identified [82]. This large, plant-specific 

transcription factor family is characterized by the highly conserved TIFY domain. The TIFY 

domain, from which the family derives its name, is highly conserved, consisting of 

approximately 28 amino acids and a core TIF[F/Y]XG motif within a zinc-finger [83].  

The 18 members of the TIFY family in Arabidopsis can be categorized into two classes based 

on the presence of a C2C2-GATA domain. Class I, which consists of three members, is 

characterized by the presence of this domain, whereas the remaining 15 members belong to 

Class II and lack it. Class II includes the 12 Jasmonate ZIM domain (JAZ) proteins [83,84].  

The 12 JAZ proteins are distinguished from the other TIFY proteins by the presence of a C-

terminal region known as the Jas domain, which facilitates interactions with several 

transcription factors (e.g., bHLH- and R2R3-MYB-type factors) that regulate various JA-

dependent responses [85]. Additionally, the Jas domain mediates interaction with 

CORONATINE-INSENSITIVE1 (COI1), the F-box subunit of the E3-ubiquitin ligase complex 

SCFCOI1. Jasmonoyl-L-isoleucine (JA-Ile) can bind to the Jas domain, acting as a "molecular 

glue" between the JAZ proteins and COI1. Consequently, in the presence of JA-Ile, this 

interaction directs JAZ proteins to 26S-mediated proteasomal degradation [20,85] . 

Furthermore, the ZIM domain mediates both homo- and heterodimerization among JAZ 

proteins. This domain also enables the recruitment of the co-repressor TOPLESS (TPL) 

through interaction with the NOVEL INTERACTOR OF JAZ (NINJA) protein [84,86]. NINJA 

interacts with TPL via its ETHYLENE RESPONSE FACTOR (ERF)-associated amphiphilic 

repression (EAR) motif. In this complex, the presence of TOPLESS inactivates JAZ-bound 
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transcription factors. However, in response to JA-Ile, these transcription factors can be rapidly 

released and activated [86]. 

Unlike JAZ proteins, PEAPOD1 (PPD1) and PEAPOD2 (PPD2), the other two members of 

Class II, contain an additional N-terminal PPD-domain and a divergent C-terminal Jas domain 

(Figure 4) [85]. These PEAPOD proteins are known to be negative regulators of meristematic 

proliferation, playing a role in organ size regulation. They are also involved in controlling 

curvature and lamina size in Arabidopsis. Unlike JAZ proteins, which recruit TOPLESS via 

NINJA, PEAPOD proteins recruit TOPLESS via KIX8 (KINASE INDUCIBLE DOMAIN 

INTERACTING8) or KIX9 [87].  

Interestingly, the last member of Class II, TIFY8, is even more divergent, as it lacks any 

specific protein domains beyond the ZIM domain. Despite having a functional ZIM domain, 

no interactions with JAZ proteins have been observed (Figure 4) [85]. As TIFY8 lacks the Jas 

domain, its stability is not affected by JA treatment. Additionally, no direct DNA-binding 

activity has been reported. Nevertheless, TIFY8 can interact with the PEAPOD proteins PPD1 

and PPD2, as well as with NINJA in Arabidopsis. Moreover, KIX8 and KIX9 have been 

identified in TIFY8 protein complexes in Arabidopsis [85]. However, the interaction with REV 

implies a new possible function of TIFY8, either in early leaf development or senescence or 

both. 

 



20 

 

Figure 4: The TIFY protein family in Arabidopsis thaliana. A phylogenetic tree of Arabidopsis TIFY 

family members constructed based on the protein sequences of the ZIM (Zinc finger protein expressed 

in Inflorescence Meristem domain (Z). Additional protein domains are indicated as follows: C 

(CONSTANS, CO-like, and TOC1 (CCT) domain); G (C2C2-GATA zinc-finger); P ( PEAPOD (PPD) 

domain); J (Jas domain); J* (Jas-like domain); E (EAR domain).  (Figure taken from [85]). 
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7. Objectives 

Leaf senescence is primarily governed by developmental age. It is an active, complex, and 

highly regulated process in which leaf cells undergo tightly controlled changes in cell structure, 

metabolism, and gene expression. In addition to age, senescence is influenced by internal and 

environmental signals. The onset and progression of senescence represent an integrated 

response of leaves to these factors, yet one key question remains: how does a plant sense and 

integrate these parameters into the senescence program? Over the past decades, research has 

sought to answer this question. It is well known that nearly all plant hormones influence the 

senescence program in either antagonistic or synergistic ways. Also, a role as signaling 

components for small molecules such Ca2+ and more recently the reactive oxygen species, 

especially H2O2 has been established.  

WRKY53 is a positive regulator of senescence, while WRKY18 acts as a strong negative 

regulator, and WRKY25 serves as a positive regulator of WRKY53 expression during 

senescence. Both are also downstream targets and protein interaction partners. This suggests 

that the regulatory relationship among these three WRKY factors is more complex than 

previously assumed and is likely organized through a small yet intricate subnetwork. However, 

the molecular mechanisms governing interactions within WRKY18/WRKY25/WRKY53 

subnetwork and their correlation with leaf senescence remained elusive. The first aim of this 

study was to investigate this subnetwork in more detail, focusing on characterizing the 

interactions, specificity, and selectivity of WRKY18, WRKY25, and WRKY53. By dissecting 

their protein structures, further insight into the functional impact of the different domains on 

transcriptional regulation and on senescence should be gained. Moreover, the potential role of 

H₂O₂ as a signaling molecule that directly influences this subnetwork through the redox-

sensitive WRKY25, possibly via a specific structural feature, should be analyzed.  

As a second goal, this study explores additional regulatory levels of WRKY53. Previous studies 

have shown that WRKY53 expression is regulated by transcription factors beyond WRKYs. 

One such factor is REV, which can interact with TIFY8. Therefore, I analyzed the interaction 

interface between REV and TIFY8 in more detail and investigated its biological function in 

senescence. Additionally, I aimed to determine whether JAs plays a role in TIFY8-REV 

regulation. 

Furthermore, WRKY53 expression can be induced by H₂O₂, while at the same time all three 

catalase genes are direct target genes of WRKY53 creating a feedback loop. On top of that, in 
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vivo pull-down experiments hinted at a direct interaction between antioxidative enzymes and 

the WRKY53 protein. Therefore, the third objective of this study was to verify these 

interactions, to analyze its impact on protein function, and to characterize this newly identified 

feedback loop involving WRKY53 and the antioxidative enzymes in more detail. 

By integrating these approaches, this study enhances our understanding of plant senescence 

regulation because it constitutes a step forward in elucidating the molecular mechanisms 

underlying leaf senescence. Moreover, this study highlights the significant role of redox 

conditions in senescence but also in other plant regulatory processes. 
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8. Results, Discussion and Conclusions 

Senescence is the final developmental stage of plant cells, tissues, organs, and ultimately, the 

entire plant. Consequently, it has a major impact on agronomically important traits such as crop 

yield quantity and quality like, e.g., grain protein content, fertilizer use efficiency, and even the 

shelf-life of fresh vegetables, fruits, and flowers [1–3,5]. This process aims to optimize nutrient 

remobilization from senescing parts -primarily leaves- towards young organs, seeds, or storage 

tissues. 

Therefore, it involves dramatic changes in molecular programming and physiological 

processes in a highly coordinated and systematic manner. All these changes are required to be 

genetically controlled and tightly regulated, modulated in an age-dependent way. The initiation, 

progression, and termination of senescence are governed through multiple, intricate layers of 

control, including transcriptional and post-transcriptional regulation, protein modifications, 

and hormone signaling [6,10,88]. These regulatory networks must integrate, via the perception 

and transduction of a diverse array of signals, cues from the leaf’s previous developmental 

stages, along with various endogenous and environmental factors such as age, sugar status, 

abiotic and biotic stresses, polyamines (PAs), phytohormones, and small molecules such as 

intracellular calcium and ROS [4,10,13]. 

Despite the importance of understanding senescence regulation as an integrated process, many 

aspects remain unclear. One of the most critical knowledge gaps lies in deciphering how plants 

perceive and integrate these diverse signals to activate the senescence program. While a precise 

initial signal(s) that triggers leaf senescence remains unidentified, significant progress has been 

made in elucidating key upstream components of the regulatory cascade. Specific transcription 

factors (TFs) have been shown to activate senescence-associated genes (SAGs) with diverse 

expression patterns. Here, the WRKY TF family has emerged as a well-established and central 

regulator of leaf senescence [52,55]. 

WRKY TFs are not only central regulators of senescence but also play essential roles in plant 

responses to pathogens and abiotic stresses such as drought and cold, underscoring the 

functional versatility of this TF family [89,90]. A defining feature of WRKYs is their ability to 

bind W-box elements -the minimal consensus sequences required for DNA-binding- present in 

their own promoters. This property enables both self-regulation and cross-regulation among 

WRKY family members. The capacity of WRKYs to bind their own or other WRKY gene 

promoters establishes feedback loops, both positive and negative, that finely tune gene 
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expression, facilitate the formation of dynamic transcriptional complexes, and coordinate the 

integration of multiple signaling pathways [52,54,89,91]. For example, several WRKYs are 

known to form regulatory subnetworks; in Arabidopsis thaliana, WRKY18, WRKY40, and 

WRKY60 constitute a well-established regulatory module in the basal immune response 

[92,93]. The formation of homo- and heterodimers is a common feature of WRKY protein 

interactions, promoting the assembly of transcriptional complexes with combinatorial 

functions. Mechanistically, the WRKY18–WRKY40–WRKY60 complex can act redundantly, 

synergistically, or antagonistically on defense-related genes such as PR1 and PDF1.2, 

depending on the physiological context and the specific WRKY combinations involved [92]. 

This functional diversity is largely dictated by pathogen-induced co-expression and the 

presence of W-box elements in their promoters, supporting mechanisms of autoregulation and 

cross-regulation. Moreover, under different scenarios, the interactions among these TFs and 

their transcriptional regulation can follow distinct regulatory logics. For instance, these three 

WRKYs participate in ABA signaling, where WRKY18 and WRKY40 cooperate to activate 

the transcription of WRKY60 in response to ABA [92,93]. 

In the context of senescence, WRKY54 and WRKY70 function cooperatively as negative 

regulators by modulating senescence-associated genes (SAGs) such as SAG12 and ORE1 [62]. 

Their direct protein-protein interaction enables coordinated transcriptional control. These two 

negative regulators, together with the positive regulator WRKY53, have also been shown to 

interact independently with WRKY30 in the regulation of senescence, with hormonal signals 

such as salicylic acid and ethylene modulating their activities [62,94]. 

WRKY53, WRKY54, and WRKY70 exemplify how a regulatory network can integrate both 

internal and environmental cues to control the onset and progression of leaf senescence, 

potentially through interactions with WRKY30, although this remains unclear [62]. Despite 

clear evidence supporting the formation of WRKY regulatory subnetworks, the mechanisms 

that confer specificity within these networks remain poorly understood. One proposed 

explanation is the influence of dimerization partners, which can shape both transcriptional 

regulation and biological function. Understanding this requires a detailed characterization of 

the structural properties of WRKY transcription factors. 

Several studies have investigated the specific WRKY transcription factor’s binding preference 

for specific promoter configurations and W-box motifs. Emerging evidence suggests that not 

only the W-box core sequence and its flanking nucleotides, but also the length and sequence of 
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spacers between W-boxes -and even their orientation (forward or reverse)- play critical roles 

in recognition specificity [90,95,96]. These studies have examined the molecular properties of 

WRKY DNA-binding domains (WRKY-DBDs), primarily using structural data from Group I 

and Group III members. For instance, WRKY1 (a Group I member) possesses two WRKY 

domains, with the N-terminal domain binding W-boxes more effectively and with a distinct 

binding mode compared to the C-terminal domain [97,98]. However, it remains unclear 

whether WRKY structure exerts a definitive influence on the specificity and diverse regulatory 

roles that WRKYs may adopt within their subnetworks. This complexity becomes even greater 

when integrating such analyses into the context of senescence. 

This leads to one of the central questions addressed in our research: what determines the 

specificity of the interactions and the function as repressor or activator? In our study, we 

focused on WRKY53, a positive regulator of senescence and a central hub in the senescence 

regulatory network that is tightly controlled through multiple layers. In recent years, two 

additional WRKY transcription factors, both expressed at the onset of senescence, have been 

identified as regulators of WRKY53 expression: WRKY18, which acts as a repressor, and 

WRKY25, which functions as an activator [72,73]. This finding is intriguing because, although 

wrky18 mutant plants exhibit an accelerated senescence phenotype consistent with its role as a 

repressor of WRKY53, wrky25 mutant plants also display accelerated senescence, seemingly 

inconsistent with WRKY25’s proposed role as an activator [72,73]. Based on this observation, 

we propose that WRKY18, WRKY25, and WRKY53 may form a small regulatory subnetwork, 

in which they interact and regulate one another in a more complex manner than initially 

assumed. A key question, therefore, is how these interactions and regulatory mechanisms are 

coordinated within the subnetwork. 

Notably, WRKY25 is the only member of this subnetwork belonging to Group I WRKYs, 

characterized by two WRKY domains located at the N- and C-terminal, whereas WRKY18 

contains only a single WRKY domain. This raises the possibility that the number or 

arrangement of WRKY domains may be associated with their functional roles as activators or 

repressors. Importantly, WRKY25 has also been identified as a redox-sensitive transcription 

factor, prompting questions about the influence of ROS on subnetwork regulation, particularly 

in cooperation with WRKY18. 

Our main hypothesis integrates two aspects: (i) WRKY25’s domains may be directly involved 

in its regulatory and activating functions, and (ii) its redox sensitivity could enable it to 



26 

 

integrate environmental cues, specifically oxidative signals such as H₂O₂ content into the 

regulatory subnetwork. Such a mechanism would represent a pathway in which an 

environmental signal is directly sensed by a transcription factor through a structural feature, 

thereby advancing our understanding of plant senescence regulatory networks. However, our 

research did not address the broader physiological context in which oxidative signals change, 

beyond what has been described in the senescence framework. 

Potschin et al. [72] screened the W-boxes of the WRKY53 promoter for DNA–protein 

interactions with other leaf senescence-associated WRKY proteins. Out of the 15 WRKYs 

analyzed using ELISA-based DNA–protein interaction assays and reporter gene expression 

assays, WRKY18 and WRKY25 emerged as the strongest positive and negative regulators of 

the WRKY53 promoter. 

Among the 15 WRKYs expressed at the onset of senescence, it cannot be completely ruled out 

that, besides WRKY18 and WRKY25, which act as a repressor and an activator, respectively, 

other members may also influence WRKY53 and, consequently, the small regulatory 

subnetwork that is the focus of this study. For example, WRKY6 and WRKY70 have been 

identified as a repressor and an activator, respectively, of WRKY53 expression. These two 

WRKYs are also recognized as key nodes in the regulation of senescence [52,54,56]. However, 

I focused on the two strongest WRKY53 regulators to identify possible mechanisms used within 

the WRKY networks 

Unlike WRKY53, which is involved in the onset of senescence, WRKY6 coordinates 

senescence progression and stress-response signaling networks. It functions as a transcriptional 

activator during leaf senescence in Arabidopsis, activating different senescence-associated 

genes (SAGs). Its activity is finely regulated through crosstalk with hormonal signaling 

pathways, notably the salicylic acid (SA)-mediated NPR1–WRKY46–WRKY6 cascade and is 

further modulated by physical interaction with DELLA proteins, which repress WRKY6 

transcriptional activation under dark-induced senescence conditions [56,99]. In contrast, 

WRKY70 acts as a negative transcriptional regulator of leaf senescence in Arabidopsis, 

repressing SAGs and acting redundantly with WRKY54 to fine-tune senescence progression. 

It integrates SA and jasmonic acid (JA) signaling pathways to balance defense responses and 

the onset of senescence. Loss-of-function mutants of WRKY70 exhibit accelerated senescence, 

highlighting its critical role in senescence repression [62,94]. 
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Although there is evidence for the role of WRKY6 and WRKY70 in senescence, there is no 

evidence that this regulation occurs together with, or through, WRKY53 [54,56,62,99]. 

Nonetheless, this does not rule out that WRKY53, as observed with WRKY18 and WRKY25, 

may potentially form subnetworks or integrate additional transcription factors depending on 

the biological context. Importantly, based on our evidence, WRKY25 and WRKY18 are the 

strongest activator and repressor, respectively, of WRKY53 expression, and these characteristics 

are likely to define the functional dynamics of the proposed subnetwork. 

Another interesting finding in our study is that WRKY25 and WRKY53 can repress their own 

expression while activating each other. This is not the case for WRKY18, which 

transcriptionally represses WRKY53 and itself, adding further complexity to the analysis of this 

subnetwork. 

The fact that WRKY25 belongs to Group I of the WRKY family, containing two WRKY 

domains and is a redox-sensitive protein, suggested that it might possess a unique functional 

feature within the subnetwork. Based on this, along with additional experimental evidence, we 

proposed WRKY25 as the primary modulator of this subnetwork. To investigate this, our 

efforts focused on determining the specific roles of its different domains in regulatory 

functions. Several studies on Group I WRKYs have primarily focused on the distinct roles of 

their two WRKY domains in DNA-binding and transcriptional activation. Initially, W-box 

binding was thought to be mediated solely by the C-terminal WRKY domain, as observed in 

studies of WRKY1 and WRKY4. In some cases, the N-terminal domain displayed weaker 

binding [100,101]. Maeo et al. [98] examined the DNA-binding mechanisms of tobacco 

WRKY transcription factors, highlighting conserved residues within the WRKY domains. 

Their study demonstrated that the C-terminal WRKY domain exhibits stronger binding affinity 

to the W-box (TTGACC) compared to the N-terminal domain. A similar pattern was observed 

in WRKY33, where the C-terminal DNA-binding domain (DBD) showed higher affinity and 

specificity for W-box sequences (TTGACC/T) than the N-terminal DBD. The N-terminal DBD 

binds W-boxes with lower affinity, suggesting a modulatory or stabilizing role in target gene 

recognition [97,100,102–104] . Notably, WRKY33 possesses a structural extension in its C-

terminal domain (CTD) that is absent in WRKY25 [102]. 

In this thesis, I used and generated various deletion constructs and domain-swapping chimeras 

between WRKY18 and WRKY25 to determine the role of each domain. One chimera contained 

the N-terminal region of WRKY25, including its WRKY DBD1 (W25N–W18C), while another 
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contained the C-terminal region of WRKY25, including its WRKY DBD2 (W18N–W25C). 

Transactivation assays with these constructs demonstrated that both DNA-binding domains are 

required for a fully functional WRKY25 protein. Analysis of the chimeras revealed that the N-

terminal domain of WRKY25 is essential for activating WRKY53 expression. Specifically, the 

chimera containing the N-terminal domain of WRKY25 retained the ability to activate 

WRKY53, like the native WRKY25, whereas the chimera containing only the C-terminal DBD 

lost this capacity. 

These results are consistent with studies on WRKY1, which showed that the N-terminal 

domains of Group I WRKYs can bind W-box DNA as effectively as, or even better than, the 

C-terminal domains, albeit through distinct binding modes [97]. This highlights the critical role 

of the N-terminal domain of WRKY25 in activating WRKY53 and suggests that it is a key 

determinant of WRKY25’s modulatory function within the subnetwork. 

A notable peculiarity of WRKY25 is its inability to homodimerize, in contrast to WRKY18 

and WRKY53, which do form homodimers. This feature highlights WRKY25 as a central 

modulator within the subnetwork, particularly because it can form heterodimers, especially 

with WRKY18, suggesting that the presence of a protein partner is necessary to modulate the 

regulatory dynamics of the subnetwork. In this thesis, the analysis demonstrated that both 

chimeras were able to interact with native WRKY18, with interactions involving the N-

terminus of WRKY25 producing a stronger signal. In contrast, only the W25N–W18C chimera 

could form a dimer with WRKY25 itself. These results indicate a predominant role of the 

WRKY25 N-terminus in mediating protein–protein interactions, while the C-terminus appears 

to inhibit self-interaction. This observation aligns with previous findings emphasizing the 

importance of N-terminal leucine zipper sequences in mediating WRKY–WRKY interactions 

[105,106]. 

The WRKY18/WRKY25 heterodimer functions as an activator of WRKY53 expression, despite 

WRKY18 alone, or as a homodimer acting as a strong repressor of both WRKY53 and its own 

expression. Dimerization among WRKYs is widely documented, and it is particularly 

interesting that their DNA-binding activities and regulatory effects vary depending on the 

context. For instance, overexpression of WRKY18 enhances resistance to Pseudomonas 

syringae, whereas co-expression with WRKY40 or WRKY60 renders plants susceptible to the 

pathogen. Similarly, the WRKY60–WRKY18 interaction increases WRKY18’s DNA-binding 

ability, while the WRKY60–WRKY40 interaction decreases WRKY40’s binding [93,107]. 
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In this study, I speculated that WRKY25, in response to specific signals, shifts the balance 

between positive and negative effects on WRKY53 expression within the subnetwork by 

sequestering WRKY18 into heterodimers. This reduces WRKY18’s repressor activity and 

thereby enhances WRKY53 expression. Complementation lines of wrky25 mutant plants, 

generated using native WRKY25, deletion constructs, and chimeras between WRKY25 and 

WRKY18 cDNAs, further supported this modulatory role. Notably, the senescence phenotype 

of wrky25 mutants appears to conflict with its direct activation of WRKY53 expression, 

indicating that WRKY25 operates within a complex regulatory network, in which the loss of 

functional WRKY25 protein disrupts network balance and produces seemingly contradictory 

phenotypes. 

A key observation from these lines is that the two WRKY25 domains appear to have opposing 

roles within the subnetwork: the N-terminal region promotes WRKY53 expression, while the 

C-terminal region limits excessive WRKY53 activation, fine-tuning senescence progression. 

This is evident in 7-week-old plants, where transformations with the two chimeras produced 

distinct outcomes: the presence of the WRKY25 N-terminus accentuated accelerated 

senescence, whereas the C-terminus partially delayed senescence relative to both wrky25 and 

Col-0 plants. Corresponding changes in WRKY53 expression levels further reflect the distinct 

contributions of each domain to subnetwork regulation. 

Finally, transactivation assays in Arabidopsis protoplasts revealed that the chimera containing 

the N-terminus of WRKY25 switched from an activator to a repressor of WRKY53 expression 

under oxidative conditions. This finding aligns with the observed downregulation of WRKY53 

under oxidative stress in these lines and suggests that both N- and C-terminal domains of 

WRKY25 are involved in transducing H₂O₂ signals, integrating environmental cues into the 

regulatory subnetwork. 

Today, research, mainly in Arabidopsis, is uncovering key aspects of the ROS signaling 

pathway in plants, reinforcing the idea that ROS sensing mechanisms require specialized 

sensors capable of detecting ROS molecules such as H₂O₂. At the molecular level, initial ROS-

sensing events include oxidative post-translational modifications (PTMs) of sensory proteins 

and the oxidation of metabolites [23] . There are at least three known mechanisms by which 

plant cells can sense ROS: first, through receptor proteins; for example, HPCA1, a plasma 

membrane–localized leucine-rich repeat receptor kinase, senses extracellular H₂O₂ via 

oxidation of two pairs of extracellular cysteine residues, triggering autophosphorylation and 
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activation of Ca²⁺ channels in guard cells [26,108]. Second, through redox-sensitive 

transcription factors, whose expression is modulated by ROS, including members of the 

WRKY, Zat, RAV, GRAS, and MYB families. Third, ROS can directly inhibit phosphatases; 

for instance, OXI1, a serine/threonine protein kinase, participates in ROS sensing and activates 

mitogen-activated protein kinases (MAPK3 and MAPK6), which function downstream of 

OXI1 to regulate defense mechanisms in response to ROS stress [26]. 

In this study, we propose WRKY25 as a direct ROS-sensing transcription factor and 

hypothesize that its capacity to sense H₂O₂ influences the dynamics of the 

WRKY18/WRKY25/WRKY53 subnetwork. Existing evidence indicated that the activity of 

the WRKY25 protein is redox-sensitive; however, the molecular basis of this sensitivity, 

whether direct or indirect, remained unclear.  

Protein post-translational modifications can alter protein function or stability by covalently 

attaching functional groups or through other chemical alterations, and cysteine residues can 

form disulfide bonds that are essential for maintaining structure and stability [23,26]. 

Interestingly, these cysteine bonds can also act as redox switches regulating protein activity. To 

explore how WRKY25 senses H₂O₂, I first focused on cysteine 17, the only cysteine in the 

WRKY25 protein outside of the essential zinc finger for the DNA-binding domain. 

Transactivation assays with a WRKY25 C17 mutant under oxidative stress showed no 

significant changes in redox response, suggesting that this residue is not involved in ROS 

sensing. WRKY25 contains four additional cysteines that participate in the DNA-binding zinc 

finger structure, which were not mutated to preserve protein integrity, leaving open the 

possibility that one or more of these residues mediate redox sensitivity, and further research is 

needed to investigate this hypothesis. 

Beyond disulfide bridges, regulatory switches involving covalent crosslinks such as NOS and 

SONOS bridges, covalent links between cysteine and one or two lysine residues, have recently 

been described as allosteric redox switches. These covalent lysine-cysteine redox switches are 

widespread, including DNA-binding proteins, where NOS formation often interferes with 

DNA–protein interactions [109,110]. Based on this, I investigated whether WRKY25 might 

contain such redox switches. AlphaFold modeling predicted two potential redox switches 

within the N-terminal and C-terminal DNA-binding domains of WRKY25. In contrast, 

WRKY18, known to be redox-insensitive, lacks these predicted switches; notably, the lysine 

residue occupying the equivalent position in WRKY25’s WRKY domain is absent in 
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WRKY18. Chimeric constructs containing the N-terminal or C-terminal domains of WRKY25 

retained the respective predicted redox switch, consistent with oxidative signal sensitivity 

observed in transactivation assays and in planta complementation lines. 

To investigate this further, I first applied oxidative conditions directly in planta by treating 

plants with H₂O₂ or 3-amino-1,2,4-triazole (3AT). Arabidopsis seedlings of overexpressor and 

mutant lines exhibited significant changes in gene expression based on qPCR results that 

aligned with our hypothesis. I also attempted a similar approach in tobacco leaves, combining 

oxidative treatments with BiFC interaction assay, but obtaining conclusive results in this 

system proved challenging. Next, I investigated whether protein structural changes occur under 

ROS conditions with the help of Edda von Roepenack-Lahaye of our analytic department. The 

purified recombinant WRKY25 proteins were digested, and the resulting peptides were 

analyzed using LC–MS. Interestingly, we detected evidence supporting the presence of putative 

redox switches, as NOS-linked peptides were detectable. However, without isotopically labeled 

synthetic standard peptides, no quantitative conclusions can be drawn about the relative 

abundance of these modified peptides in the digested protein, since different peptides may have 

variable response factors. Nonetheless, the detection of mass/charge signals -each confirmed 

by five to nine transitions representing distinct peptide/fragment ion pairs- strongly suggests 

the presence of NOS bridges in WRKY25. However, direct evidence that changes in redox 

conditions lead to reversible NOS bridge formation is still pending. 

It has been demonstrated that Limited Proteolysis coupled to Mass Spectrometry (LiP-MS) is 

a powerful tool for detecting protein structural changes. This method uses a broad-spectrum 

protease to digest only exposed or unfolded regions of the protein, followed by complete 

digestion and LC–MS analysis. That study successfully detected conformational changes 

induced by pH, temperature, metabolite–protein interactions, and drug–target interactions. 

Inspired by this, we attempted to introduce oxidative conditions to the protein before or during 

the LC–MS workflow [111]. Applying oxidative conditions directly in planta could provide 

more physiologically relevant information but is technically challenging due to ROS toxicity 

and the low biological concentrations that plants naturally manage. Alternatively, total plant 

extracts or specific tissues such as leaves could be used to study either the native protein or a 

tagged version expressed in planta, allowing us to better evaluate structural changes in a more 

natural context. However, the complexity of plant extracts makes peptide identification much 

more difficult, and the low abundance of native WRKY25 often necessitates transgenic 

overexpression with a tag [112]. Additionally, the rapid chemical reactions triggered by ROS 
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during in vitro applications, combined with the difficulty of precisely controlling oxidative 

conditions, further complicate experimental reproducibility. Overall, the application of 

oxidative conditions in vitro, in vivo, or in planta remains a significant challenge compared 

with other perturbations such as temperature, pH, or ligand binding [113,114]. At the same 

time, these limitations highlight important opportunities for deeper investigation into protein 

redox dynamics and the molecular mechanisms underlying ROS signaling  

Taken together, our data support a model in which WRKY25 senses oxidative stress and 

regulates WRKY53 expression. Under oxidative stress, WRKY25 expression increases, 

although its ability to activate WRKY53 is reduced. As WRKY25 accumulates, it forms 

heterodimers with WRKY18, relieving WRKY18-mediated repression and promoting 

WRKY53 activation. Concurrently, both WRKY25 and WRKY18 downregulate their own 

transcription, preventing overactivation. This regulatory balance allows WRKY25 to fine-tune 

the WRKY18/WRKY25/WRKY53 subnetwork, ensuring gradual and sustained progression of 

senescence.  

In addition, other questions regarding the levels of regulation of WRKY53 have been explored 

in this thesis. It has been demonstrated that REVOLUTA (REV), an important HD-ZIP III 

transcription factor involved in development and physiological processes in Arabidopsis 

thaliana, mediates the transduction of H₂O₂ signals to regulate the expression of WRKY53. The 

accumulation of H₂O₂ during senescence induces WRKY53 expression, and it seems that REV 

acts as a transcriptional intermediary, fine-tuning WRKY53 activation according to the 

oxidative state of the cell [24,74,115]. 

Interestingly, in this study, as well as in others it was found that REV drives WRKY53 

expression, a WRKY for which a function in early development has not yet been described 

[24,75]. The interaction between REV and the WRKY53 promoter appears to be 

developmentally regulated, and REV’s preferential binding to distinct cis-elements within the 

WRKY53 promoter [74] suggests the involvement of an additional factor that directs this 

specificity. The data showed that TIFY8, a non-JAZ member of the TIFY family in Arabidopsis 

thaliana, interacts with REV. TIFY8 is a negative regulator of leaf senescence, and together 

with REV, it negatively modulates the expression of WRKY53. 

It has been proposed that TIFY8 acts as a transcriptional repressor, likely through its interaction 

with NINJA and/or KIX8/9, which serve as adaptors for TOPLESS, a mediator of 

transcriptional repression [86,87]. In this research, evidence was provided that the loss of 
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TIFY8 function leads to premature senescence and overexpression of WRKY53, whereas its 

overexpression delays senescence and represses these genes. Moreover, TIFY8 is 

predominantly expressed in leaves during early development, prior to senescence, a stage when 

REV-mediated activation of WRKY53 is likely suppressed. Conversely, during the onset of 

senescence, REV and WRKY53 mRNA levels increase, while TIFY8 expression decreases. 

Altogether, this evidence allows me to conclude that TIFY8 functions as a negative regulator 

of senescence, most likely by inhibiting REV, which directly activates senescence-associated 

genes such as WRKY53. This conclusion agrees with the previously described role of TIFY8 as 

a transcriptional repressor. 

Regulation of WRKY53 by the TIFY8–REV complex also provides a point of convergence for 

hormonal and environmental signals, as WRKY53 integrates JA, SA, and ROS cues. It was 

identified that the effect of JA on REV, TIFY8, and WRKY53 expression is development-

dependent and varies with short- and long-term exposure. JA strongly induces REV in 5-week-

old plants, potentially contributing to its increased expression during early senescence, while 

tify8 and rev mutants show altered but relatively mild effects on each other’s expression. JA 

levels remain largely unchanged, indicating that TIFY8 and REV do not affect JA biosynthesis, 

although JA can modulate REV activity, likely through PEAPOD or JAZ interactions. 

Overall, these findings suggest that REV has a dual function that can be modulated by 

cofactors, with TIFY8 acting as a key transcriptional modulator that attenuates the activation 

of leaf senescence. REV appears to be regulated both JA-independently, through TIFY8, and 

JA-dependently, via PEAPOD and JAZ proteins, potentially acting at different developmental 

stages. Interestingly, TIFY8’s ability to limit WRKY53 activation independently of JA may 

enable the plant to finely tune senescence, balancing internal developmental signals with 

external conditions. It remains to be investigated whether additional signaling pathways 

converge on the TIFY8–REV–WRKY53 module to integrate diverse environmental and 

developmental cues. 

While the physical interaction between TIFY8 and REV and its effect on WRKY53 have been 

demonstrated, the precise molecular mechanisms remain to be elucidated. Another aspect that 

requires further study is how this interaction occurs mechanistically. It has been shown that the 

TIFY/ZIM domain of TIFY8 is involved in its interaction with REV; however, in planta this 

domain alone is not sufficient. Additional regions within the C-terminal part of the protein are 

also required for the interaction. REV also associates selectively with PEAPOD and certain 
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JAZ proteins, and these interactions may explain the enhanced REV-dependent activation of 

WRKY53 after JA treatment, following JAZ degradation. 

Functional differences between TIFY8, PEAPODs, and JAZs suggest that PEAPODs act 

mainly in early leaf development [116], whereas TIFY8 regulates senescence. This highlights 

the need to further investigate their contributions to REV function at different stages of plant 

development. Future studies should also explore whether TIFY8 recruits co-repressors, alters 

chromatin structure, or modulates REV’s DNA-binding activity. Additionally, potential 

functional redundancy with other non-JAZ TIFY family members, as well as their involvement 

in other developmental or stress-related pathways, represent an important area for further 

investigation. 

It has already been discussed that WRKY53 and WRKY25 mutually activate each other, 

forming a positive feedback loop, while WRKY25 also reduces intracellular H₂O₂ levels, 

indirectly lowering WRKY53 expression. WRKY25 expression is induced by H₂O₂ with the 

involvement of WRKY53, yet WRKY25 negatively regulates its own expression to prevent 

excessive responses [73,117]. It is important to consider that, beyond the small subnetwork 

already described and well characterized in this thesis, these transcription factors are part of a 

broader regulatory network that likely contains additional layers of control, including 

interactions with other transcription factors and antioxidative enzymes. In this thesis, the 

capacity of WRKY53 to directly regulate antioxidant enzyme activities was further explored. 

Therefore, it was possible to identify another feedback mechanism within the circuit formed 

by WRKYs, H₂O₂, and antioxidative enzymes. 

The findings of this study reveal that the WRKY53 protein forms physical complexes with 

antioxidant enzymes, including catalases (CAT2, CAT3), superoxide dismutases (Cu/ZnSOD1, 

FeSOD1), and ascorbate peroxidase (APX1). These interactions result in reciprocal inhibition, 

in which WRKY53 reduces enzymatic activity while its own transcriptional function is 

simultaneously attenuated. Moreover, this study showed that WRKY53 specifically interacts 

with these antioxidant enzymes, rather than with other WRKY family members, and that the 

inhibition of antioxidative enzymes appears to be selective for specific isoforms. Interestingly, 

WRKY53 was also shown to inhibit CAT and APX activities across multiple developmental 

stages, with distinct activity profiles observed between Col-0 and wrky53 mutants. Although 

previous studies have shown that APX activity during bolting is regulated post-

transcriptionally [33,118] and still occurs in wrky53 mutants—suggesting that WRKY53 
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inhibition is not the primary mechanism, and —the prolonged inhibition of APX1 activity in 

these mutants indicates a link to delayed senescence. 

In addition, the interaction established here between WRKY53 and CAT2/CAT3 can direct the 

resulting complexes to peroxisomes and promote CAT translocation to the nucleus. This 

interaction inhibits catalase activity, although it remains unclear whether CAT is later released 

from WRKY53 once in the nucleus. This research opens several important questions. For 

example, does reciprocal inhibition require stable or dynamic complexes? What are the 

molecular mechanisms by which WRKY53 modulates enzymatic activity? Further clarification 

is also needed regarding possible conformational changes or effects on enzyme stability. 

Future studies should address the functional relevance of this mechanism. This work proposes 

a new level of transcriptional and enzymatic regulation, in which WRKY53–antioxidant 

enzyme complexes allow the plant to integrate oxidative stress signals and precisely control 

leaf senescence.  

Overall, these findings outline a novel regulatory mechanism that integrates developmental, 

oxidative, and hormonal signals to control senescence. Moreover, they expand our mechanistic 

understanding of senescence regulation and highlight the presence of a potential redox switch 

in plant regulatory proteins, offering new avenues for investigating redox-sensitive 

transcriptional regulation in vivo. 
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