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1. Abbreviations

ABA
AD-protein
ANAC
APX
AtNAP
bHLH
bZIP

BRs

CAT

C2C2-GATA

COI1
DBD
EAR
ESR/ESP
GBF1
H-0:
HO-

JA

JA-Ile
JA-Ile
JAs

JAZ
KIX8/KIX9
LOX3
MeJA
MEKK1
MYC2

Abscisic Acid

Activation Domain Protein

Arabidopsis NAC

Ascorbate Peroxidase

Arabidopsis NAC-LIKE Activated by AP3/P1
basic Helix-Loop-Helix

Basic Leucine Zipper

Brassinosteroids

Catalase

Zinc finger domain type
Coronatine-Insensitive 1

DNA Binding Domain

ERF-associated amphiphilic repression motif
Epithiospecifying Senescence Regulator / Epithiospecifying Protein
G-Box Binding Factor 1

Peroxido de hidrégeno

Hidroxilo radical

Jasmonic Acid

Jasmonoyl-L-isoleucine

Jasmonate isoleucine conjugate

Jasmonates

Jasmonate ZIM Domain proteins

Kinase Inducible Domain Interacting 8 / 9
Lipoxygenase 3

Methyl Jasmonate

Mitogen-Activated Protein Kinase Kinase Kinase 1

MY C2 transcription factor



NAC
NINJA
OPR3
ORE1
ORSI1
PPD1/PPD2
REV
ROS
SAGs
SA
SOD
START
TIFY
TPL
TRD
VNI2
W-box
WRKY
102
02~

NAM, ATAF1/2, CUC2

Novel Interactor of JAZ
12-Oxophytodienoate Reductase 3
ORESARALI

ORESARAT1 SISTER1

PEAPODI1 / PEAPOD2
REVOLUTA

Reactive Oxygen Species
Senescence-Associated Genes
Salicylic Acid

Superoxide Dismutase
Steroidogenic Acute Regulatory protein-related lipid Transfer
Nombre de la familia TIFY
TOPLESS

Transcriptional Regulatory Domain
VND-INTERACTING2

WRKY binding motif

Nombre de la familia WRKY
Singlet Oxygen

Superoxido



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 Ca?" and H20-, 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 H.O:-dependent activation. WRKY transcription factors form a network,
since their promoters often contain WRKY binding motifs. Within this network, WRKY25
activates and WRKY 18 represses WRKY53, yet mutants of either gene show accelerated
senescence, indicating complex regulation. This work examined the WRKY25-WRKY 18-
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 WRKY?25.
Based on these findings, WRKY?25 is proposed to act as a redox switch modulating WRKY53
expression through other network components.
A novel feedback mechanism was also identified between H.O., catalases, and WRKYS53.
WRKY53 is transcriptionally induced by H>O., while catalases interact directly with WRKY 53
at the protein level, resulting in mutual inactivation. This illustrates a fine-tuned redox-
dependent loop.
Beyond WRKYs, WRKYS53 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 H20: response. Regulation of REV activity by TIFY proteins was studied in depth,
suggesting two mechanisms: a jasmonate (JA)-independent pathway through TIFYS8
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.



3. Zusammenfassung
Die Seneszenz stellt die Endphase der Pflanzenentwicklung dar und beeinflusst die Quantitét
und Qualitdt des Ertrags erheblich. Dieser streng regulierte Prozess umfasst epigenetische,
transkriptionelle und biochemische Mechanismen und wird durch Phytohormone, biotische
und abiotische Stressfaktoren, Signalmolekiile wie Ca** und H20: sowie intrinsische Faktoren
wie Entwicklungsstadium und Néhrstoffstatus 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 iiber H2O:-abhéngige Aktivierung. WRKY-Faktoren bilden ein
Netzwerk, da ihre Promotoren hiufig WRKY-Bindungsmotive enthalten. Innerhalb dieses
Netzwerks aktiviert WRKY25 WRKY53, wahrend WRKY 18 es hemmt; Mutanten eines der
beiden Gene zeigen jedoch beschleunigte Seneszenz, was auf komplexe Regulation hinweist.
Untersuchungen des WRKY25-WRKY 18-WRKY53-Subnetzwerks zeigten, dass WRKY25
als dualer Regulator wirkt, ROS wahrnimmt und das Netzwerk unter oxidativem Stress
ausbalanciert. Doménenspezifische Analysen zeigten unterschiedliche Rollen der N- und C-
terminalen Regionen von WRKY25. WRKY25 wird als Redox-Schalter vorgeschlagen, der
WRKYS53 iiber andere Netzwerkkomponenten moduliert.
Ein neuartiger Feedback-Mechanismus zwischen H.0., Katalasen und WRKYS53 wurde
identifiziert. WRKY53 wird durch H:0: transkriptionell aktiviert, wihrend Katalasen direkt
mit WRKYS53 interagieren, was zu gegenseitiger Inaktivierung fiihrt. Dies zeigt eine fein
abgestimmte redoxabhingige Regelungsschleife.
Dariiber hinaus wird WRKY 53 von Transkriptionsfaktoren anderer Familien kontrolliert. Der
HD-ZIPIII-Faktor REVOLUTA (REV) wirkt als positiver Regulator von WRKY'53 und seiner
H>0:-Antwort. Die Regulation von REV durch TIFY-Proteine erfolgt iiber zwei Wege: einen
JA-unabhéngigen tiber TIFY8 und einen JA-abhdngigen iiber 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 Verstindnis der Seneszenz und eroffnen vielversprechende
Moglichkeiten zur Optimierung von Ertrag und Qualitdt durch gezielte Manipulation der

SCHCSZCanl‘OZCSSC.
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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



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].

e b

sequential senescence monocarpic senescence
driven by leaf age driven by plant age

AN

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].



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, H-O- 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-Ile), 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, ERDI1,

and SAG2 [19,20].

Genes involved with JA synthesis (e.g. LOX3, AOC1, AOC4, and OPR3) and signaling (e.g.
MYC2, JAZ1, JAZ6, and JAZS) 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

1s still not clear.

6.2.2 Reactive oxygen species (ROS): H>0,

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, Oz [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 (102), superoxide (02 ), hydrogen peroxide (H20>), 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 'O is
on the order of microseconds. H20O2, and O have considerably longer lifetimes, ranging from
milliseconds to seconds. Additionally, O, H2O;, 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 H>O», 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 H>O> 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 H>O; at the onset of monocarpic senescence is
mainly due to sophisticated regulation of the H.O> 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, H>O» 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 H>O: 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 H,O,, 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 H>O> can damage the component 1 of APX1, resulting in its inactivation.
Thus, APX activity can be inhibited by its own substrate, H>O»; however, this inhibition occurs

only during bolting and flowering [36,37]. Exogenous H2O; application is effective only during
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these stages, suggesting that APX1 becomes sensitive to H>O» through a yet unknown
mechanism. Consequently, H>O, 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 gbfI mutants, in which CAT2 downregulation is abolished,
eliminating the H>O> 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 H>O» 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 H.0O.. This is particularly

noteworthy, as WRKY53 expression has also been shown to be induced by H-0: [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), ANACO059/O0RESARA1 SISTER1 (ORSI), and
ANACO16 have been identified as positive regulators, while ANAC042/JUNGBRUNNENI1
(JUB1) and ANACO083/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

WRKYS53.

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],
WRKYS53 [38,61], WRKYS54 [62], WRKYS5 [63], WRKY70 [62], WRKY71 [64], and
WRKY?75 [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].

WRKYS53 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 H3K4me?2
and H3K4me3 [66,67]. In contrast, DNA methylation remains low and unchanged during this
process [68].

WRKYS53 activity is regulated by proteins such as mitogen-activated protein kinase kinase

(MEKKT) 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, WRKYS53 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].

WRKYS53 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, WRKY 18 and WRKY?25 have been identified as effective regulators of WRKY53
expression. WRKY 18 serves as a negative upstream regulator, a downstream target, and a
protein interaction partner of WRKY53 [72]. In contrast, WRKY?25 acts as a positive upstream
regulator, also functioning as a downstream target and protein interaction partner [73].
Moreover, these two WRKY's exhibit altered senescence-associated phenotypes. For example,
wrkyl8 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 WRKY 18, 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 WRKY 18, WRKY25, and WRKYS53. In this
network, WRKY 18 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 WRKY 18 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, TIFYS8, 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-INSENSITIVEI (COI1), the F-box subunit of the E3-ubiquitin ligase complex
SCFC°! Jasmonoyl-L-isoleucine (JA-Ile) can bind to the Jas domain, acting as a "molecular
glue" between the JAZ proteins and COIl. 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, PEAPODI1 (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
INTERACTINGS) or KIX9 [87].

Interestingly, the last member of Class II, TIFYS, 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 TIFYS lacks the Jas
domain, its stability is not affected by JA treatment. Additionally, no direct DNA-binding
activity has been reported. Nevertheless, TIFY 8 can interact with the PEAPOD proteins PPD1
and PPD2, as well as with NINJA in Arabidopsis. Moreover, KIX8 and KIX9 have been
identified in TIFY 8 protein complexes in Arabidopsis [85]. However, the interaction with REV
implies a new possible function of TIFYS, either in early leaf development or senescence or

both.
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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 Ca** and more recently the reactive oxygen species,

especially H>O> 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
H-0: 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 TIFYS. 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, WRKYS53 expression can be induced by H20-, 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 WRKYS53 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 WRKYSs 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 WRKYSs are
known to form regulatory subnetworks; in Arabidopsis thaliana, WRKY 18, 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 WRKY 18—WRKY40-WRKY 60 complex can act redundantly,
synergistically, or antagonistically on defense-related genes such as PR/ and PDFI.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 WRKY 18 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 SAG/2 and ORE] [62].
Their direct protein-protein interaction enables coordinated transcriptional control. These two
negative regulators, together with the positive regulator WRKY 53, have also been shown to
interact independently with WRKY?30 in the regulation of senescence, with hormonal signals

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

WRKYS53, WRKYS54, 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 WRKY?30, 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, WRKY'1 (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 WRKY's 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 WRKY 53, 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: WRKY 18, which acts as a repressor, and
WRKY25, which functions as an activator [72,73]. This finding is intriguing because, although
wrky 18 mutant plants exhibit an accelerated senescence phenotype consistent with its role as a
repressor of WRKY 53, 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 WRKY 18, 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 WRKY 18
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: (1) WRKY25’s domains may be directly involved

in its regulatory and activating functions, and (i1) its redox sensitivity could enable it to
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integrate environmental cues, specifically oxidative signals such as H2O: 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 WRKYSs
analyzed using ELISA-based DNA—protein interaction assays and reporter gene expression
assays, WRKY 18 and WRKY25 emerged as the strongest positive and negative regulators of
the WRKY53 promoter.

Among the 15 WRKY's expressed at the onset of senescence, it cannot be completely ruled out
that, besides WRKY 18 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 WRKY 70 exhibit accelerated senescence,

highlighting its critical role in senescence repression [62,94].

26



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, WRKYS53 [54,56,62,99].
Nonetheless, this does not rule out that WRKY53, as observed with WRKY 18 and WRKY?25,
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 WRKY?25 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 WRKY's 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 WRKY?33, 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 WRKY 18 and WRKY?25 to determine the role of each domain. One chimera contained
the N-terminal region of WRKY?25, 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 WRKY2S5 protein. Analysis of the chimeras revealed that the N-
terminal domain of WRKY2S5 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 WRKY's 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 WRKY?2S5 is its inability to homodimerize, in contrast to WRKY 18
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 WRKY 18, 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 WRKY 18, with interactions involving the N-
terminus of WRKY?25 producing a stronger signal. In contrast, only the W25N-W18C chimera
could form a dimer with WRKY?25 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 WRKY 18/WRKY?25 heterodimer functions as an activator of WRKY53 expression, despite
WRKY 18 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 WRKYIS8 enhances resistance to Pseudomonas
syringae, whereas co-expression with WRKY4(0 or WRKY60 renders plants susceptible to the
pathogen. Similarly, the WRKY60-WRKY 18 interaction increases WRKY18’s DNA-binding
ability, while the WRKY60-WRKY40 interaction decreases WRKY4(0’s binding [93,107].
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In this study, I speculated that WRKY?25, in response to specific signals, shifts the balance
between positive and negative effects on WRKY53 expression within the subnetwork by
sequestering WRKY 18 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
WRKYI18 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 WRKY?25 operates within a complex regulatory network, in which the loss of
functional WRKY?25 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
WRKY?25 are involved in transducing H-O: 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 H.O.. 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 H>O: via

oxidation of two pairs of extracellular cysteine residues, triggering autophosphorylation and
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activation of Ca*" 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 MAPK®6), which function downstream of

OXII 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 H:0: 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 H20., 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. WRKY?25 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,
WRKY 18, 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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WRKY 18. 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 H2O: 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 WRKYS53 is reduced. As WRKY25 accumulates, it forms
heterodimers with WRKY18, relieving WRKY18-mediated repression and promoting
WRKYS53 activation. Concurrently, both WRKY?25 and WRKY 18 downregulate their own
transcription, preventing overactivation. This regulatory balance allows WRKY?2S5 to fine-tune
the WRKY18/WRKY25/WRKYS53 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 H-O: signals to regulate the expression of WRKY53. The
accumulation of H.O: during senescence induces WRKY53 expression, and it seems that REV
acts as a transcriptional intermediary, fine-tuning WRKYS53 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
WRKYS53 promoter [74] suggests the involvement of an additional factor that directs this
specificity. The data showed that TIFYS8, a non-JAZ member of the TIFY family in Arabidopsis
thaliana, interacts with REV. TIFYS8 is a negative regulator of leaf senescence, and together

with REV, it negatively modulates the expression of WRKYS53.

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

32



TIFYS8 function leads to premature senescence and overexpression of WRKY53, whereas its
overexpression delays senescence and represses these genes. Moreover, TIFYS 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 TIFYS8 functions as a negative regulator
of senescence, most likely by inhibiting REV, which directly activates senescence-associated
genes such as WRKYS53. This conclusion agrees with the previously described role of TIFY S8 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, TIFYS, 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 TIFYS8, 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 TIFYS 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

WRKYS53 after JA treatment, following JAZ degradation.

Functional differences between TIFY8, PEAPODs, and JAZs suggest that PEAPODs act
mainly in early leaf development [116], whereas TIFY 8 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 TIFYS 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 H.O: levels,
indirectly lowering WRKY53 expression. WRKY25 expression is induced by H>0: 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, H202, and antioxidative enzymes.

The findings of this study reveal that the WRKYS53 protein forms physical complexes with
antioxidant enzymes, including catalases (CAT2, CAT3), superoxide dismutases (Cu/ZnSOD]1,
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,
WRKYS53 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 WRKY 53 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 WRKYS53 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 WRKY 53—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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The transcription factor WRKY25
can act as redox switch to drive the
expression of WRKY53 during leaf
senescence in arabidopsis

Ana Gabriela Andrade Galan, Jasmin Doll, Edda von Roepenack-Lahaye, Natalie Faiss &
Ulrike Zentgraf—

Senescence requires high plasticity and, therefore, must be coordinated by a complex regulatory
network. Notably, WRKY transcription factors highly impact senescence regulation, WRKYs can form
home- and h dimers and contain the binding motifs of WRKY factors in their promoters already
forming a compl I Y k betwean themselves. For the Arabidopsis hub gene WRKYS3,
WRKY18actsasa mong negative while WRKY25 serves as strong positive regulator, creating a smaller
subnetwork with high complexity, which we analyzed in detail. Activation of WRKYS3 expression by
WRKY25 is redox sensitive while repression by WRKY18 was not. Deletions and domain-swapping
between WRKY18 and WRKY2S revealed that the N-terminal domain of WRKY2S is crucial for its
activator effect on WRKY53 expression. Moreover, WRKY25 does not form homodimers but is able

to heterodimerize with WRKY18 also requiring its N-terminal domain. Theimpact on senescence
regulation and on WRKY53 expression was validated in planta using transgenic complementation lines
of the wrky25 mutant. Modeling WRKY25 in silico indicated a putative covalent lysine-cystemne NOS
redox switch. LC-MS analyses suggest that the NOS bridges really exist. We propose that WRKY25
acts as a redox sensor, balancing the expression and interactions of the WRKYS3/WRKY25/WRKY18
network to ensure progressive senescence induction.

Keywords Arahidopsts thaliana, Senescence regulation, WRKY transcoption factors, WRKY homo- and
heterodimerization, Redox regulation, NOS bridge

Inagricultural production, well-timed leaf senescence plays an important role not only for the fitness of the whole
plant but also influences crop vield quantity and quality’, Senescence 1s the tightly regulutni and programmed
final stage of plant drwlopmvul The aim of senescence is to maximize the relocation of vital nutrients such
as carbon, nitro| and mineral resources out of senescing tissues to deveoping parts of the plants®’, The
age of Individual leaves and the age of the whole plant are the main factors driving developmental senescence
under normal non-stress conditions. The plant senses these parameters through a multitude of well -coordinated
signals that initiate and modulate senescence. It has been widely described that nearly all plant hormones can
influence the senescence program, as well as small signaling molecules such as peptides, cakium, and reactive
oxygen species (ROS)*'

At the tanscriptional level, several thousand genes are upregulated and downregulated during the onset and
progression of senescence in Arabidopsis thalfana, leading to extensive reprogramming of the transcriptome anc
highlighting the crucial role of transcription facton ', Among these genes, two transcription factor families
namdy W RK\ and NAC factors, are notably overrepresented in the transcriptome of Arabidopsts during
senescence’”. For many factars belonging 10 these families, a regulatory role has already been characterized
acrass varlous plant families™ ***%. A notable feature of the WRKY family members 1s the presence of the W-box
(TTGACIC/T)) DNA-binding motif in their own promoters. This motif allows WRKY transcription factors to
regulate each other, forming a complex WRKY-driven transcriptional network™,

In Asubidopsis thalfaea, WRKY33 has been characterized as a poskive regulator of developmental senescence
and functions as ane of the key regulatory hubs involved in several senescence-associated processes such as
remobilization, nutrient transport, ROS signaling, and the degradation of ROS molecules™ V2% Expression

Center for Plant Mdecuar Biology (ZMBF), University of Tibingen, Auf der Morgenstelle 32, 72076 Tabingen,
Germany. “emal: urike rentgral @ mmbp.uni-tusbingen.de
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and activity as well as degradation of WRKY53 arc tightly regulated involving many feedback controls including
even several double bottoms, In addition, WRKYS3 is involved in epigenetic control of other senescence
regulators (for review see™).
the WRKYs expressed in mature green leaf tissue, WRKY18 and WRKY2S have been identified
as most effective repressors and activators of WRKYS3 expression, respectively. WRKY 18 serves as a negative
regulator, & downstream target, and & profein interaction partner of WRKY33%. In contrast,
WRKY25 acts as a positive upstream regulator, but also as downstream target and protein interaction partner
of WRKY33", Mareover, plant lines with altered expression of these two WRKYs exhibit altered senescence-
assocluted phenotypes, Plants lacking WRKY IS expression show accelerated senescence, consistent with Its
rale us a repressor of WRKY53%. Contradictory with its role as an activator of WRKY53 expression, wrky25
mutants abso show accekerated senescence!”. Therefore, regulation appears to be more complex and s most likely
organized through a small, yet intricate, subnetwork, tn which the loss of WRKY25 creates an imbalance leading
to this contradictory phenotype, The molecular mechanisms governing Interactions within the WRKY 18/
WRKY25/WRKY53 network and their correlation with leaf senescence remain elusive. Furthermore, a signaling
molecule modulating this subnetwork has not yet been characterized in detail. Interestingly, the WRKY2S DNA-
binding activity depends on the redox conditions®”.

Here. we could show that WRKY25 can act as 4 redox switch, balancing the expresson und interactions of
the WRKY 18/WRKY25/WRKY53 subnetwork to ensitre the progresstve induction of senescence in Arabddopsis
thalisna. In addition, the heterodimer of WRKY 18 and WRKY25 was identified as an activator of WRKYS)Y
expression. Dissecting the protein structures by means of deletion constructs and domain-swapping between
WRKY18 and WRKY25 revealed that the N-terminus of WRKY25 i crucial for its activator effect on WRKYS)
expression and its ability to heterodimerize, Redox conditions were identified to be critical for regulatory effects
and a putative redox switch was discovered in the WRKY25 protein. This study enhances our understanding of
plant senescence regulation and highlights the significant role of redox conditions in plant regulatory processes.

Resuits
Transactivation potential with the WRKY 53/WRKY25/WRKY 18 subnetwork
To gain further insight into the potential regulatory subnetwork formed by WRKY 18, WRKY 25, and WRKYS3,
we studied the interactions among these three WRKYs and thetr offects on each other's expresston in more
detail. Therefore, Arabidopsis thaliam protoplasts were iently co-transtormed and utilized as an in vivo
transactivation system using reporter gene expression. In this system, reporter constructs containing approx.
3000 bp promoter fragments of WRKY 18, WRKY25, and WRKYA3 in front of the glucuronidase (GUS) reporter
gene, respectively, were co-transformed with different effector constructs (WRKY 18, WRKY25, or WRKY53
under the control of a CaMV 35S promoter, respectively), Based on the measured activity of the GUS enzyme in
refation to a co-transformed luciferase control, we confirmed that WRKY 18, WRKY 25, WRKY 53 down regulated
the reporter gene expression driven by their own promoters (Fig. 1A). As expected, the WRKY33 expression was
the WRKY25 effector protein and downregulated by WRKY 18 as effector protetn (Fig. 1A). In
the same context, WRKYIS expression could be stightly increased by WRKY25 and WRKYS3 effectors while
WRKY25 expression could slightly be activated by WRKY I8 and WRKY53 effector proteins (Bg. 1A). This
indicates that WRKYs can function as activators and r s depending on the p ter they are interacting
with and that WRKY 18 had the strongest repressing effect while WRKY25 had the strongest activating effect.
Given that WRKYs have been previously observed to form dimers, protein-protein Interactions were
evaluated to identify homodimerization within this subnetwork, To detect these interactions, Bimolecular
Floorescence Complementation (BiFC) assays were performed L Arabidopsis protoplasts combined with cell
sarting or in Nicotiana bentfarmiana leaves combined with laser scanning microscopy. To achieve iuorescence
by {mldn—p«nein interaction, they were transiently transformed with constructs containing either WRKY 18,
WRKY25, or WRKY33 fused to one half of the yellow fluorescent protein (YFP), paired with the same respective
WRKY fused to the other half of the YFP 1f homadimers can be formed, both halves of YFP are brought in close
proximity and can emit fuorescence. A sequence encoding a red fluorescence protein (REP) is present in the same
vector backbone as transformation and expression control. In both transformation systems, homodimerization
of WRKY18 and WRKY33 was observed. In N. benthamiana leaves, this was evidenced by the fluorescence
mmmnsm calculated from microscopy insage measurements. In contrast, WRKY25 did not
exhibit rization in either system. (Fig 1B and S1).

The heterodimer WRKY 18-WRKY 25 is an activator of WRKY53 expression

To address the question whether these WRKY's could also form heterodimers and what impact this would have
on the subnetwork, we examined the Eolenual heterodimerization, as heterodimer formation within the WRKY
family has been widely documented™ 2, Unn%thc BIFC system in N. benthamtana leaves, It was ble to
Identify Interactions among all three WRKYSs, however the WRKY 18/WRKY25 heterodimer out above
the others based on 4 stronger YFP signal under the confocal microscope and a higher intensity calculated
from the YFP/RFP ratlo (Fig 2A and S2). Therefore, we were curlous what would be the consequences of the
WREKY18/WRKY 25 heterodimer formation within the subnetwork. Testing WRKY 18/WRKY 25 heterodimer in
our in vivo transactivation system on the different promoters revealed that only the expression of the reporter
gene driven by the WRKY53 promoter was strongly upregulated by the heterodimer (Fig. 2B) Indicating that
the heterodimer behaves more similar to WRKY25. Conststently, the heterodimer downregulated the GUS
expression driven by the promoter of WRKY25 (Fig 2B) whereas the beterodimer was less efficient in inhibiting
the reporter gene expression by the WRKY18 promoter also suggesting that the heterodimer acts more like
WRKY25 alone (Fig- 2B), These restlts demonstrate that WRKY25 and WRKY 18 can heterodimerize and that
this beterodimer significantly Influences the subnetwork's activity.
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Fig 1. Transactivation assays in Arabidopsis protoplasts for Py Proe oo P, and in planta
homodimerization of WRKY 18, WRKY25, and WRKYS3 in Nicofiana bonthamiana, (A) Arabidopsis root
protoplasts were transiently transformed with fragments of the pramoters of WRKY18 (3000 bp), WRKY25
{3000 bp), and WRKYS3 (2759 bp), each fused to the GUS reporter gene, along with 355 WWRKY 18 (W 18),
355 WRKY2S (W25), or 355 WRKYS3 (W53) as effector constructs. Relative GUS activity (normalized to
values of the empty vector) ks shown as boxplots. Sample sizes (n) are indicated for each group within the
figure and represent independent biological replicates (B) Leaves of N. benthamfana were transformed

with pRIFCRin 1 -NN constructs cantaining the possible combinations for the homodimerization of the

three WRKYS of the subnetwork. These transformed leaves were analyzed under a confocal laser scanning
microscope: yellow fluorescence (YFP) indicates interaction (BIFC), red fluorescence (RFP) serves as a
transformation control. Boxplots representing the relative fluorescence ratio (%YFP/RFP) are presented,
Sample size {n) is indicated in the figure and represents independent bictogical replicates. In both (A} and (B)
one-way ANOVA followed by Tukey’s HSD post-hoc test was performed to determine statistically significant
differences among effectors. Different lowercase letiers indicate statistically distinet groups {(p <0.05).
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The N-terminus of WRKY 25 is necessary for the activation of the WRKY 53 and WRKY18
promoters while the C-terminus interferes with dimerization
Next, we wondered how the repressor and activator functions of WRKY 18 and WRKY25 are achleved. WRKY 25
belongs to the group | amily members and cantains two DNA-binding domains (DBDs) while WRKY 18 bdongs
1o growup 11 and has only one DBD in the more C-terminal part of the protein, For the closely related group 1
WRKYS, in which all contain two DBDs domains, it wasshown that both domains can bind to DNA*'. However,
it remains uncikear whether these different domains have distinct activator or repressor functions in plants.
Therefore, we employed a domain-swapping approach focusing on the structural domatns of these WRKYs. We
tested different dedetion and chimeric constructs in the transactivation assay in Arabidopsis protoplasts for their
impact on the WRKY33 promoter driving the GUS expression. These constructs were created by deleting parts
of the coding sequences of WRKY25 or by exchanging the coding sequences for the N-terminal and C-terminal
reglons between WRKY I8 and WRKY2S (Fig. 3A and S3A),
ScientificReports|  (2025)15.27623 | https: ) feci. orq/10.103&s41598-025-1 3023-1 ature portolio
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«Fig 2 In planta heterodimerization of WRKY 18, WRKY25, and WRKY53 in N. hentharmiama, and
transactivation assays in Arabidopsis protoplasts for the effect of WRKY 18/ WRKY25 heterodimer effect on
the Py pver (A) Leaves of N. benthamianag were transformed with pBIFCR2in1-NN constructs containing the
rtmlgg cotmbinations for the heterodimerization of the three ¥ s of the subnetwork. The transformed
eaves were anafyzed under a confocal laser scanning microscope: yellow fluorescence (YFP) indicates
interaction (BiFC), and red fluorescence (RFP) serves as a transformation control. Boxplots representing
the refative flnorescence ratio (%YFP/RFP) are presented. Sample size (n) is indicated in the fignre and
gnunu independent biological replicates. (B) Arabidopsis protoplasts were transformed with fragments

the promoters of WRKYIS (2000 bp), WRKY25 (3000 bp), and WRKYS3 (2759 bp), cach fused to the GUS
er gene, along with 35S: WRKY 18 (W18), 355: WRKY25 (W25), 355:WRKY53 (W53), or 358: WRKY 18/
WRRY25 (W18 + W25) as effector constructs. Values relative to values of the empty vector control are
c:seﬂtd as boxplots, with le sizes (1) shown for each within the plot representing independent
logical replicates, In Mhs:l:fand (B) one-way ANOVA followed by Tukeys HSD post-hoc test was
performed. Lowercase letters indicate statistically significant differences between groups (p <0.05).

The dedetion construct W23N*, which lacks both DEDs and the C-terminal region of WRKY25, was unable
to activate the expression of WRKY53. A similar lack of activation was observed with W25ApD1, which lacks
a large part of the N-terminal DBDI, and W25AD2, which lacks the C-terminal DBD2 of WRKY2S (Fig.
S3B). Intercstingly, the chimera W18N-W25C downregulated WRKYS3 expression, whereas W25N-W18C
upregulated it, mimicking the activator effect of the native WRKY25 protein. (Fig. 3B). These results suggest
that, although bath DBDs appear to be necessary for WRKY25 function, the N-terminal domain plays a critical
role in activating WRKYS3 expression.

In addition, the effect of the two chimeras on the expression of WRKY I8 and WRKY2S5 were tested in the
transactivation assay. The two chimeras were used as effector constructs in a transactivation assay with a dual
Iuciferase reporter system in Arabidopsis leaf protoplasts, For these assays, constructs harbaring WRKY 18 and
WRKY25 promoters driving the expression or luciferase, respectively, were co-transfected with effector
constructs of WRKY 18, WRKY25, WRKYS3, W1SN-W25C, and W25N-WIBC, Consistent with our previous
observations using GUS as reporter gene (Fig. 1A and 2B), the dual luciferase assays showed stmilar results
with the native WRKY 18, WRKY25 and WRKY53 on the promoter of WRKY25 and WRKY IS (Fig. S4A, B}
For W18N-W25C and W25N-W1SC the expression of the reporter gene driven by the WRKY IS promoter was
shg:‘l‘ upregulated, whereas reporter gene expression driven by the WRKY25 promoter was downregulated
in cases (Fig. S4A, B). This demonstrates for these two promoters, that both, C-terminal or N-terminal
domains of WRKY2S, can mimic the effect of the wildtype WRKY25 and can override the WRKY1R effect.

To assess the influcnce of different protein domains on protein-protein Interactions, the deleted and the
chimeric proteins were analyzed wsing the BiFC sy s N. bentharmiana leaves, as previously descrbed
Protein-protein interactions were observed In all cases, except for WRKY25 with W25ApD1 and the chimera
WISN-W25C, In the case of the deletion construct, only a weak interaction was detected compared to the
strong Intensity observed s WRKY 18 homodimers or WRKY 18/ WRKY25 heterodimer, based on the YFP/
RFP fluorescence intensity ratio calculated from microscopy images. Interestingly, the chimera W25N-WisC
interacted with both WRKY 18 and WRKY25, to a similar extent as the WRKY 18 homodimess or WRKY 18/
WRKY25 heterodimer. [n contrast, WISN-W25C did not show any tnteraction with WRKY25 (Fig. 3C and
§3). The chimera W18N-25C, which carries the C-terminal domain of WRKY 25, did not interact with cither
WRKY18 or WRKY25 (Fg. 3C and §5). The observed interaction between W25N-WISC and WRKY2S i
particularly noteworthy, given that WRKY25 does not homodimerize (Fig. 1B, 3C and 81, S5}, and Wi8N-
W25C fatled to interoct with WRKY2S. (Fig. 3C and §5). These results suggest that the N-terminal domain of
WRKY25 plays a significant role in protein -protein interactions, while the C-terminal domain of WRKY 25 may
abolish an interaction. All these results reinforced that the N-terminal domain of WRKY2S5 is more important
for the modulation of the subnetwark.

The C-terminus of WRKY25 prevents an overshoot of WRKY53 expression while the
N-terminus of WRKY25 mo&laus a fine-tuning in the senescence

Ins order to characterize the impact of this subnetwork on senescence in more detail, we complemented wrky25
mutant plants with the deletion constructs (wrkp25W25N*, wrky25:W25ApD1, wrky25:W25AD2) and the
two chimeric constructs (wrky25:WISN-W25C and wiky25:W23N-WISC), alongside the pative WRKY25
(wrky25W25) as control. All com&cmm! constructs were driven by the UBIQUITINIO promotar. All lines
were grown alongside the Cal-0 type and the wrky25 mutant for comparison and the senescence phen

wits assessed by evaluating leaf color, chlorophyll content and maximum photochemical quantum yield of
photosystem 1T (PAM fluorometry) over development uslnf: to 8 plants per line for these analyses.

First, we compared the complementation Uine carrying the mative WRKY 25 construct (wrky25:W25) with the
wild type plants Col-0 and the wrky 25 mutants. The 4-week-old plants showed similar phenotypes across all lines.
However, after 6 to 8 weeks, the wrky25: W25 plants displayed a phenotype more similar to Col-0, than to the
wrky25, which exhibited accelerated senescence. This trend was consistent 1n all measurements: i) the automated
colorimetric assay (ACA), 2 tool developed by our group that automatically sdentifies and quantifies the different
colors of each kaf within a rosette by measuring the number of pixels corresponding 1o each color category
(green, green/yellow, yellow, brown/dry, and purple) i) chlorophyll content and iii) photosystes [ functionality
using pulse amplitude modulation (PAM) fluorometry {Fig. S7TA-C). Col-0 and wrky25:W25 generally did not
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Fig. 3. Transactivation assay in Arabidopsis protoplasts for the P and the effect of the chimeras on #,
and in planta peotein-protein interactions of WRKY 18 and WRKY25 with the chimeras in N. benthasmiuna.
(A) Sc ic drawing represents the native WRKY 18 and WRKY23 protein as well as the chimeras between
these WRKYs: WIRN-W25C and W25N-W18C. (B) Arabidopsis root protoplasts were transiently transformed
with the fragment of the WRKYS3 promoter (2759 bp), fused to the GUS gene as a reporter construct, alony
with 35S WRKY 18 (W18), 35S:WRKY25 (W25), 355 WISN-W25C, or 35S:W25N-WISC as effector constructs,
GUS activity values, expressed relative to the values of the empty vector, are shown as boxplots. Sample size
(n=10) corresponds to independent biokogical replicates. (C) Leaves of N. benthamiana were transformed
with pBIFCR2in 1-NN constriscts containing the possible combinations for the interactions between WRKY 18
or W‘;(KY:S with the chimeras: WISN-W25C and W25N . WiSC. These transformed keaves were apalyzed
under a confocal laser scanning microscope: yellow fluorescence (YFP) indicates interaction (BiFC), and

red fluorescence (RFP) serves as a transtormation control, Boxplots represent the relative fluorescence ratio
(%YFP/RFP), Sample size {n) is indscated in the figure and represents independent biological replicates. In
both (B) and (C), one-way ANOVA followed by Tukey’s HSD post-hoc test was performed. D! t lowercase
letters denote statistically significant differences among groups (p<0.05).

ScientificReports|  (1025)1527623 | https)fdoi.org/10.1038541598-025-1 3023-1 rature portiolio




‘www.nature com/scientificreports/

show significant differences (Fig. S6A, S7A), indicating that the transformed WRKY 25 construct substituted for
the loss of a functional WRKY25 protein in wrky25 mutant plants.

Based on these results, we tested the complementation lines with the chimeric constructs (wrky25:WI18N-
W2sC and wrky25:W25N-WI8SC) and also the deletion constructs (wrky25:W25N*, wrky25:W25ApD1,
wrky25:W25A12) alongside Col-0 and wrky25. Here, we used the entire osette for the ACA. Initially, in 4-weck-
old , all lines exhibited uniformly green leaves (Fig. 4A, Fig. S7A). In 6-week-old plants, differences between
the lines became apparent. In the wrky25 mutant, the complementation lines wrky25 W25N”, wrky25:W25ApD1,
wrky25:W25AD02, wiky25:W1BN-W25C and wrky25:W25N-W18C, senescence was accelerated, as indicated by
a reduced percentage of green leaves and an Increased percentage of brown leaves compared to Col-0 (Fig. 4A,
Fig. S6B, Fig S8A), in which wrky25:W25ApD1 and both chimere co entation Unes appear to be a bit fess
accelerated (Fig. 4A, Fig, S6B, Fig. S8A), The differences between the lines became even more pronounced in
7-week-old plants. While the wrky25 mutant and the wrky25W25N", wrky25:W25ApD I, wrkp25:W25AD2 lines
continued to exhibit accekerated senescence, the wrky25 W ISN-W 25C line showed a deceleration in senescence
progression, with a higher percentage of green keaves not only compared to wrky25 but also to Col-0 (Fig. 4A.
Fig. S6B, Esjnsm. In contrast, the wrky25:W25N-W18C line d| an even more accelerated senescence
phenotype wrky25, with a significantly higher percentage of brown leaves and a lower percentage of
greenish leaves compared not caly to Col-0 but also 10 wrky25 (Fig. 4A).

In addition, the loss of photosysiem I functionality was monitored over time. To cnsure appropriate
comparisans, leaves of defined positions within the rosette were selected for analysis. Leaf No. 5 (Fig, 48, Fig.
S8B, S9A) and No. 10 {Fig, S9B) were first used for PAM fluorometry, after which chlorophyll was extracted
from these same leaves (Fig. S8C, S9B). Both parameters exhibited trends like those observed with the ACA. In
leaf No. 5, the wrky25:W 25N, wrky25:W25ApIH, and wrky25:W25AD2 lines showed a slightly faster decline in
photosystem functionality compared to both Col-0 and the wrky25 mutant (Fig. S8B). Although the differences
were not statigtically significant, the trend was consistent with the pattern observed in the ACA analysis.
Additzonally, the wrky25:W25N-W18C line exhibited a significantly faster dedline in photosystem functionality
compared to Col-0, and to a lesser extent, compared to the wrky25 mutant. In contrast, the wrky25.\W 18N-
W25C line behave more comparable to Col-0 {Fig. 4B). This accelerated losr:::‘rimumtem functionality in
wrky25:W25N-W I8C was also evident in leaf No. 10 at week 7, where it cont with both Col-0 and wrky25
(Fig. S9A). A similar pattern was observed for the chlorophyll content (Fig S8C, S9B). Again, no statistically
significant differences were detected among the lines for this parameter, the wrky 25 W25N-WISC line showed
a slightly more pronounced decline in chlorophyll content by week 7 in leaves No. 5 and 10 compared to Col-0
and the wrky25 mutant, whereas the wrky25; W I18N-W25C line remained more comparable to Col-0 (Fig. $98).

Asthe plrna;}pln arametess gave us more insights bto influences of the different domains of WRKY25,
the n of WRKYS53 was monitored using qRT-PCR in Col-0, wrky25, wrky25:WI18N-W25C, and
wrky25 W25N-WISC at weeks 6 and 7, At week 6, wrky25:W18N-W25C exhibited the highest expression levels
of WRKY53 (Fig. 4C). This complementation line showed significantly higher levels of WRKY53 compared to
Col-0 and wrky25, and to a lesser extent. compared to the other complementation line, wrky2%W25SN-W18C
(Fig. 4C). Interestingly, by week 7, there was a shift in WRKYS3 expression, in which wrky25\W25N-W18C
along with wrky25 displayed the highest levels of WRKYS3, surpassing not m%Col-o bat also wrky25:W18N-
W25C (Fig. 4C). It 1s akso noteworthy that Col-0 and wrky25 inareased WRKY53 expression from week 6 to
week 7, while the opposite trend was observed in wrky25:W I8N-W25C, which showed a reduction in WRKYS)
levels over the same perlod (Fig. AC). However, this is consistent with the senescence phenotype, meaning that
WRKY53 mRNA Increased and showed Its peak expression earlier in the lines with acoelerated senescence.

In condusion, the senescence phenotypes revealed that oaly the W1SN-W25C construct was able to rescue
the phenotype of wrky25 plants, In contrast, the deletion constructs exhibited senescence patterns similar to
the wrky25 mutant, while wrky25:W2SN-W18C displayed an ¢ven more pronounced ed senescence
phenotype. Together with the WRKYS3 expression data, these results suggest that both demains of WRKY25
are involved In senescence regulation, but in distinct ways: the N-terminal domain appears to be essential for
activating WRKYS3 expression, whereas the Coaerminal domain may serve to limit or fine- tune this activation
to prevent excessive WRKYS3 expression.

ROS molecules modulate the WRKY 18/WRKY25/WRKY53 subnetwork
Wisether a specific cue o signal is necessary for WRKY2S5 to exert its function within the subnetwork is still
an open question. Previously, our growp identified WRKY23 as a redox-sensitive protein, Moreover, it was
demonstrated that WRKY25 expression is induced by H,0, treatment, wh WRKY25 overexpression o the
same time reduces intracellular H,0, contents” indicating that WRKY 25 is part of redox feed-back loop. Given
its ability to sense oxidative signals, we b ze that WRKY25 might act as a switch within the subnetwork.
To assess this in move detail, we conducted the previously used trunsactivation assay in Arabidopsis protoplasts
under oxidative conditions. For this purpose, 3-Amino- 1.2 4-trlazole (3'-AT) was added after the transformation
to induce oxidative conditions. 3" AT inhibits catalase activity, thereby incmastr? intracellular H,0,
levels within a physiological range, while having no effect on GUS activity measurement’’, The up,
of the reporter gene expression driven by the WRKYS3 promoter throagh the effector protein WRKY25 was
tly reduced under oxidative conditions. Surprisingly, the WRKY 18/WRKY25 heterodimer did not
significantly chiange its ability to upregulate WRKYS53 expression under oxidative conditions (Fig. SA) even
theagh the activity of the heterodimer was more similar to WRKY25 alone.

To decipher the influence of H,0; on the activator effect of WRKY25, we first tested the influence of a
cysteine at position 17 in the \5'RKY251§:mn. which is the only cysteine not involved In the formation of
the DNA-binding zinc finger structure. Therefore, this cysteine was replaced by a serine (W25cysmust) by site-
directed mutagenesis using PCR. This change had no ¢ on the redox response of the WRKY2S5 protein
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Fig. 4 Senescence phenotyping of the complementation lines: wrky25W18N-W25C and wrky25:W25N-
WIBC compared with Col 0 and wrky25. (A) The Automated Colorimetric Assay (ACA) aategorizes the
pheels corresponding to the color of individual leaves frony 8 plants into five categories: green, green-ydlow,
yellow, brown, and purple. Quantification is presented as the percentage of each category relative to the total
pixel number across all leaves (n < 8 biological replicates), (B) Boxplots present Fv/Fm values measured with
PAM fluorometry for leaf No. 5 from 4-, 6-, and 7-week-old plants (n =8 blological replicates). Ope-way
ANOVA followed by Tukey’s HSD past hoc test was performed; different lowercase letters indicate statisticaliy
significant differences ameng groaps (p < 0.05). (C) Gene expression of WRKY53 was snalyzed by gRT-PCR
and normatized 10 ACTIN2 expression. Data arc shown as mean +SD (n = 3 biological replicates). Lowercase
letters Indicate statistically significant differences according to one-way ANOVA fall by Tukey's HSD test
(p=0.05).
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Fig 5. Oxidative stress effect on the transactivation assays in Arabidopsis protoplast for the P, Y5

the effect of oxidative stress in planta on young plants of the complementation lines wiky25 WISN-W25C
and wrky2 5 W25N- WISC. Arabsdopsis root protoplasts were transiently transformed with a fragment

of the WRKY53 (2759 bp) promoter fused to the GUS reporter gene, along with 355 WRKY 28 (W18),

35S WRKY25 (W25), 35S WRKYS3 (W53), or A5S; WRKY IR WRKY25 (W18 4+ W25) (A) or, in a second series,
35S WRKY18 (WIB), 355: WRKY25 (W25), 358:W2SN-W25C (W IBN-W25C) and 355:W25N-WISC (W25N-
WISC) (B) as effector constructs. In both series, half of the wransfected protoplasts were simultanecusly
incubated with 10 mM 3'- AT or the same volume of water for the MOCK conditions, respectively. The
boxplots peesent the values relative to the empty vector control. Sample size (n) is indicated in the figure

and represents independent biological replicates. Statistical significance was assessed using a two-tatled
Student’s ttest (*p £0.05; **p<0.03; ns: not significant), (C) 2-week-old seedlings of wrky25; WI1SN-W25C
and wrky25:-W25N-WISC, Col-0 and wrky25 were transferred onto new plates with or without 3-AT. 5 days
after transter a bleaching of the leaves toa different extent in the different Bnes could be observed. (D) Gene
expression of WRKY 53 with and without 3"-AT was analyzed by qRT-PCR in different lines and normalized
to the expression of the ACTINZ gene (mean values£5D, n=3). A one-way ANOVA followed by Tukey's HSD
post-hoc test was performed. Different lowercase fetters denote mnsucall) significant differences among
groups (p< 0.05).
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Indscating that this cystelne is most likely not involved In redox sensing (Fig. $10). We also tested the deletion
constructs W23N*, W2SApDI, W25AD2, and the two chimeric constructs W1SN-W25C and W25N-WISC in
the same transactivation assay under oxidative conditions, Neither W25N* nor W25AD2 showed any difference
In WRKY53 expression (Fig S11). W25ApD1 exhibited a slight but still negative effect but there is no statistically
significant difference (Fg S11). Intriguingly, in the case of the chimeras, we could observe that W1SN-W25C
consistently downregulated WRKYS53 expression, while W25N-WI8C, which retains the N-terminal region
and DBD1 of WRKY25, completety shifted its activity from & positive regulator under normal conditions to &
regulator of WRKYS3 expression under oxidative stress (Fig. 5B).

The cffect of H,0, on the two chimeras was further investigated i planta using young plants 1o avold
the tnfluence of other factors which are activated In older plants already undergoing senescence Colb-0,
wrky25:WISN-W25C and wrky25:W25N- WI18C seeds were grown on agar plates and seedlings were transterred
to new media with and without 3-AT after two weeks. Subsequently, they were photographed 1, 3, and 5 days
later and harvested 1o evaluate the expression of WRKYS3 by qRT-PCR. After 5 days of treatment, degreening
of the leaves was observed in Col-0 plants treated with 3-AT in some of the leaves (Fig. 5C). However. in both
complementation lines with the chimenic constructs only a milder or almost no effect of the oxidative conditions
was observed (Fig, 5C). Espectally, wrky25:W25N-W 18C showed little to no leaf bleaching due to the oxidative
stress (Fig. 5C). The expression of WRKYS3 increased over time in all 4 lines but this increase was much stronger
in wrky25. After 5 days of 3-AT treatment, WRKY33 expression was highly induced tn Col-0 plants compared
10 pon-oxidizing conditions, while expression was even repressed by 3% AT in wrky25 mutant plants. This effect
coald already be observed after 3 days of 3-AT treatment, The repressing effect was abo visible after 5 days
of 3-AT treatment in wrky25:WI18N-W25C and wrkp25:W25N-WISC plants but to a ksser extend (Fig. 5B).
Taken together, this suggests that both the N- and C-terminus of WRKY 25 may be involved in the recognition of
oxidative in which the N-terminus appears 1o have a higher impact on activation of WRKY53 expression
and heterodimer formation,

WRKY25 harbors putative redox switches in the N and C-terminal WRKY domain

Given that the WRKY25 protein can sense oxidative signals, we wondered which structural feature enables this
function, 1t is well-documented that disulfide bonds formed by cysteine residues play & crucial mle pot 0“‘1 in
the structural integrity and stability of proteins but also as redox switches that regulate protein function™ ",
Interestingly. a novel redox switch involving a lysine- cysteine crosdink with a covalent NOS bridge has recently
been identified as a potenttal regulatory element in proteins that modulate function in response to redox
changes™, Furthermore, the NOS bridge was observed in proteins from diverse domains of life. In some cases,
Iysine residues were concummlz' connected o two cysteine residues, resulting in the formation of & sulfur-
oxygen-nitrogen- n-sulfur (SONOS) bridge’®.

With this in mind, we modeled the WRKY 25 protein using AlphaFold. along with two representative proteins
(the rat Galectin-1 and the hunman hematopoletic cell receptar CD69) in which such redox switches had been
previously identified'®. Upon analyzing the predicted structures of Galectin-1 and CDé69 and comparing them
with the WRKY25 model, we identified a similar spatial arrangement of one lysine and two cysteine residues
In WRKY25 (Fig. S12), mﬁemng anal redox switches, Specifically, two potentlal lysine<cysteine redox
switches were identified in WRKY2S, each located within one of the WRKY domatns at the N- and C-terminus
of the protein (Fg, 6A).

Since WRKY18 appeared not to be redox-sensitive, we also modeled the WRKY 18 protein for comparison.
Notably, the predicted redox switch in the WRKY motif of WRKY25 was absent in WRKY18, which lacks
the crucial lysine residue found in WRKY2S (Fig. 6B). We also modeled the two chimeras, and the putative
redox switch was detected in the C-terminal of W1SN-W25C (Fig. 6C) and in the N-terminal of W23N-Wi8C
(Fg. 6D). Therefore, we speculate that this novd redox switch might be the key feature that allows WRKY25 to
sense oxidative signals. Inaddition, we modeled the electrostatic surface potential of WRKY25 to assess whether
the region or the amino acld resdues involved In the potential redox switches exhibited reduced charge or a
more neutral environment { Fig, S13), which could indirectly suggest the feasibility of bond formation, However,
based on ﬂu;‘ analysis, we could not conclusively determine whether the formation of these redox switches Is
indeed possible,

Bucp;:n the evidence of these putative redax switches, targeted Ligasd Chromatography- Mass Spectrometry
(LC-MS) analysis was employed to verify their existence. Thesefore, the N-8xHis-tagged recombinant WRKY25
protein was expressed in £, co¥i and purified, Subsequently, this recombinant protein was proteolytically
cleaved under non-reducing conditions and the possible no-bridge and NOS-bridge peptides (Fig. S14A, B)
were evaluated. If no bridge is formed, two separate peptides, SYFK and CTYPDCVSK, for DBD1 as well as
SYYK and CTFQGOGVK for DBD2 should be detected. If a NOS b is formed, the two peptides would be
linked resulting in a larger peptide, respectivdy. Mass/charge signals lor all four no-bridye peptides of DBDL
and DBD2 could be detected (Fig. S14C} in the LC-MS chromatogram. In addition, peptide pairs tor all possible
four NOS-bridge combinations (DBDI: pos] K-C1, past K-Ca, DBD2: pos2 K-C1and pos2 K-C6) were also
detected in the same LC-MS run (Fig. S14D). All represented transitions in Table S5 are unique for the four
different NOS-bridge combinations except for the peptide/fragment pair myz 524,89/588.25 { see method section
for definition of uniqueness). The retention times of the K-C1 and K-Cé were always similar as they are
representing peptide isomers, which could not be separated on the LC-MS phtform. Taken together, thisis &
strong indication that the NOS bridges are indeed formed.

Discussion
Senescence I8 a very important developmental process at the end of plant development and is regulated in a very
complex crosstalk to other processes. Besides almost all plant hormones, reactive oxygen species, especlally H,0,,
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have been identified as | signaling companents. A Jong-term increase in intracellular H,0, contents has
been characterized in Arabidopsis and rapeseed plants at the onset of senescence® and genes responding to ROS
are activated early in the of gene expression changes™. However, how hydrogen peroxide signals

are transmitted into transcrip changes is a field with many open questions. Several transce factors
have already been characterized to change their DNA-binding athinity due to oxidative conditions, however, the
detailed molecular mechanisms remain elusive in many cases.

A role for WRKY25 in senescence through the activation of WRKYS3 in a small subnetwork with the
participation of WRKY18 has already been suggested, but the precise regulatory interactions amang these
WRKY tnscription factors, incloding the role of WRKY 18 as an effective repressor of WRKYS3, had not been
fully elucidated. In addition, previous studies have shown that WRKYS3 ston can be induced by H.O,
t t and is upregulated in parallel to long-term increase in tmncelhcr 1,0, contents at the onsel of
senescence”™™, Interestingly, WRKY25 has been characterized as a redox-sensitive transcription factor with
a higher potential to activate WRKY33 expression under more reducing conditions. Additionally, WRKY23
expression is induced by H,0,, and WRKY25 overexpression reduced intracellular H,0, levels indicating
complex ory f k loops between H,0, signaks and WRKY transcription factors'’. However, the
precise mechanism by which WRKY2S senses and integrates oxidative signals within the WRKY18/WRKY25/
WRKY53 subnetwork remained to be described.

Notably, WRKY25 belongs to the group I WRKY protetns, which are characterized by possessing two DBEDs.
We aimed to Identify which domain was responsible for which regulatory function. Therefore, we created
different deletion constructs and domain-swapping chinieras between WRKY 18 and WRKY25. One chimers
contained the N-terminal of WRKY25 with its WRKY DBDI (W25N-W18C), while the other chimera
had the C-terminal region of WRKY25, which included its WRKY DBD2 (WISN-W25C), Our transactivation
assays with the deletion constructs demonstrated that two DNA-binding domains are needed for s functional
protein. The chimeric constructs revealed that the N-terminus of WRKY2S is necessary to activate WRKYSS

Even though it was initially believed that only the C-terminal domains of group | WRKY proteins were
responsible for DNA-binding ™", subsequent research revealed that both WRKY DBDs (N- and C-terminal) are
capable of binding DNA, with each displaying different binding specificities™ . In our study, the chimera
containing the N-termimms of WRKY25 retained this activating effect on WRKY33 expeession, similar to the
native WRKY25, whereas the chimera with only the C-terminal DBD of WRKY25 lost this ability.

Another notsble finding was WRKY25's inability to homodimerize. However, WRKY25 did form
heterodimers, particularly with WRKY18. Both chimeras were able to interact with native WRKY 18, in which
interactions tnvolving the N-terminus of WRKY 25 produced a stronger signal In contrast, only W25N-W1sC
could form a dimer with WRKY25. This s Ls 3 inant role of the WRKY25 N-terminus in protein-
protein interactions, while the C-terminus of WRKY25 appears to abolish the interactions with itself. This aligns
with previous findings on the importance of N-terminal keucine zipper sequences in mediating WRKY-WRKY
interactions™+44%,

Another Intriguing aspect was the actvator effect of the WRKY 18/WRKY25 heterodimer on WRKYS3S
expression, despite WRKY18 alone or as homodimer acts as a2 strong repressor of WRKY53 and its own
expression. However, WRKYs are known to form homo- or hetero- which exhibit varying DNA-
binding activities and regulatory capabilities depending on the context™. For instance, WRKY 18 enhances
resistance to Pseudomanas syringae, but coexpression with WRKY40 or WRKY60 can increase susceptibility*’.
Moreover, It has been shown that WRKY60-WRKY 18 Interaction increases DNA-binding ability of WRKY18
while WRKY60-WRKY40 Interaction decreases DNA-hinding abilty of WRKY40", In our case, we speculate
that WRKY25, in response t::;;zml shifts the equilibrium between positive and negative effects on WRKYS3

by

em:suon within the subn sequestering WRKY 18 to heterodimers, thereby reducing its repressor
efiect and increasing WRKYS3

CXpression.

To provide further insights into how WRKY25 modulates the subnetwork and WRKYS3 expression in
planta, complementation lnes of wrky25 mutant plants were created using WRKY25, the deletion constructs
and the chimeras between WRKY25 and WRKY 18, As described before, the senescence phenotype of wrky23
contlicts with its role as direct WRKY53 activator, which clearly indicates that WRKY25 is part of a more
complex r ory network, in which the loss of # functional WRKY25 most likely lesds to an imbatance in
this network, making such a contradictory senescence phenotype passible!’. Howewer, for the analysis of the
potential of various construct to complement the loss of a functional WRKY25 protein, this &5 not selevant.
While the transformation of the wild type WRKY25 construct could fully complement for the Joss of a functional
WRKY25 protein in the wiky25 mustant, the accelerated senescence phenotype was not complemented by the
deletion constructs and only partially by the two chimeric constructs. In 7-weck-old plants, senescence was
altered by transformation of both chi respectively, but with different outcomes: while the rmmce of the
N-terminus of WRKY25 even pronounced the accelerated senescence phenotype. the presence of Coterminus of
WRKY25 started to delay sencscence compared with wrky25 or even Col-0. Consistently, WRKYS3 expression
levels changed compared to Cal-0 in different ways. These observations suggest that the two domains appear lo
have contradictory functions: the N-terminus of WRKY25 activates WRKYS53 expression while the C-terminus
appears to prevent excessive WRKY33 expression and fine-tunes the senescence 5

Fusther evidence from transactivation assays in Arabidopsis protoplasts sevealed that the chimera containing
the N-terminus of WRKY25 switched from an activator to a repressor of WRKYS3 expression under oxidative
conditions. This was corroborated in young plants of the complementation ines which were exposed to axidative
stress through the inhibition of the catalases. Under these oxidative conditions, the Col-0 plants showed a very
clear activation of the WRKYS3 expression compared to the two chimeras, While, under normal conditions,
WRKY53 expression in both chimeras was significantly higher than in Col-0, an additional activation of
WRKY53 under oxtdative conditions was not observed. This is consistent with the downregulation of WRKYS3
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under oxidative conditions in the transactivation assays but also indicates that both, the C- and N-terminal
domain of WRKY25 are involved in the transduction of the H,0, signal and further supports that WRKY25
is most likely the driving force to balance of WRKYS3 expression and prevent overshooting reactions under
oxidative stress conditions. , WRKY25 might also prevent a too early activation of prematuse senescence
under stress conditions still contributing to the onset and progresston of natural senescence.

Overall, our findings suggest that WRKY25 senses oxidative signals, specifically H.O., through a structural
feature, most likey a putative redox switch. which modulates the regulatory function, particularly influencing
WRKYS3 expression. It is widely known that reactive oxygen species (ROS) can oxidize cysteine residues, which
do not enly play a role In scavenging ROS but also contribute to celuh‘t‘:ﬁmhm across various beotogscal and
pathological contexts™, Cysteine residues can form disulfide bonds, which are crucial for maintaining protein
structure and stability, and can also function as redox switches that regulate protein activity' **, Until recently,
regulatory switches Liwolving covalent crosslinks other than disulfide bridges had not been described. In this
context, we tested a mutated version of WRKY25 in Its cysteine at position 17 to evaluate the response under
oxidative conditions. In the transactivation assays no change in the response to the oxidative conditions could
be detected, indication that this cysteine appears to have no influence on the redox responsivity of WRKY25,

However, & novel covalent crosstink between a cysteine and one or two fysine residues, involving NOS or
SONOS bridges, was recently identified as an allosteric redox switch'>. The widespread occurrence of covalent
Ipsine-cysteine redox switches has been identified in many proteins ranging from human to plant pathegenic
&r::ldm.Fmphmx.aN()Shndgewwwﬂullnﬂwhmlulm_ phospl rom Medicago tr lie™*

this NOS beidge was not confirmed experimentally. NOS beidges have also been predicted in many ditferent
DNA-binding ns in which the formation of the NOS bridge mostly interferes with DNA-protein
interaction™. , we tried to explore the potential presence of ¢ nwe‘ redox switches in the WRKY25
protein, given its characterized sensitivity 1o oxidative signals. Using AlphaFold modding, we identified two
putative redox switches in WRKY23, located in the N-terminal and C-terminal DBDs, WRKY 18, known as
a non-redox-sensitive WRKY, lacked these putative redox switches, in fact, a lysine in the same position as
the one found in the putative redox switches in the WRKY domain of WRKY2S is missing. As expected, the
chimera W25N-WI1BC contained a redox switch at the N-terminus of WRKY25, consistent with the sensitivity
to oxidative signals in the tramsactivation assays. Alio, the chimera with the Cterminus of WRKY25 presented
the putative redaox switch which is consistent with s role i planta in the complementation lines. As an instial
step to validate the existence of this redox switch, we digested purified recombinamt WRKY25 proteins and
analyzed the resulting peptides using LC-MS. Interestingly, we could support the presence of these putative
redox switches, as the NOS-linked peptides could be detected. However, without isotopically labeled synthetic
stundard des, 1o luamn(m conclusions can be drawn regarding the relative concentrations of sredfn:
peptides in the protein digest, as they may exhibit different response factors. Nevertheless, the detection of mass/
charge signals (cach verified by 5 to 9 transitions representing distinet peptide/fragment ion patrs) allows us
10 speculate that the NOS bridges in the WRKY25 protein really exist, but the evidence that changes in redox
conditions lead 1o a reversible establishment of these NOS bridges is still pending. Establishing oxsdative or
non-oxidative conditions throughout the whole LC-MS procedure remains a significant challenge for further

tal analysts. At the same time, this limitation opens new guestions and opportunities for a deeper
Iavestigation in this area.

Based on the evidence presented, we propose a model (Fig. 7) for the interaction in a small subnetwork:
WRKY25 senses oxidative stress and regulates WRKYS3 expression. Under oxidative conditions, WRKY25
15 higher expressed but less efficient in activating WRKYS3 expression. However, as WRKY25 protein levels
Increase. the WRKY25/WRKY18 heterodimer forms, mitigating WRKY18' repeessive effect and further
activating WRKY33 expression. Additionally, WRKY25 and WRKY 18 d ¢ thelr own expression to
prevent an excesstve response. [n this way, WRKY25 balances the expression and activity within the WRKYS3/
WRKY25/WRKY 18 network 1o ensure a slow but progressive induction of senescence, Taken together, our
results contribute to our mechanistic understanding of senescence regulation and suggest that the novel NOS
redox switch also exists In plant regulatory proteins.

Materials and methods

Plant material and cultivation

Plants were grown on standard soil An amount of 70 | of the standard soil CL Topf {Art.Nr:10-00,300, PATZER
ERDEN GmbH, Sinntal, Germany) was mixed with 8 | of sand (Flammer Bauunternchmung GmbH & Co. KG,
Rheinsand, Tuebingen, Gernsany) and sieved with & mesh width of 8x 10 mm. For all senescence Fping

experiments the were grown under long-day conditions (16 h/& b, light/dark), and moderate light intensity
(80-100 pmal 57 m™?) was applied in a climatic chamber at an ambient temperature of 20 “C. [ndividual leaf

sons within the rosettes were color-coded with different threads, all for the analysis of individual

caves according to their age, even at very late stages of devdopment™ %, The leaves were numbered m
from leaf No. 1 for the first true leaf, while the cotyledons were not considered in the enumeration. To

circadian dfects, the plant materlal was always harvested at the same time of the day.

The lines used for senescence phenotyping experiments were: Col-0, wrky25, wriky25 UBL:W 18N W25,
wiky25:UBL:W25N-WIBC, wrky25:UBE:W25. The Nottingham Arabidopsis Stock Centre (NASC) kindly
provided seeds for Col-0 and the T-DNA tnsertion line of WRKY25 (SAIL_529_B11; previously chamcterized
in*") The complementation lines were produced for this manuscript as described below and seeds are available

upon reguest.

Form:!w experiments on the oxidative stgnal cffect on seedlings, seeds of the different plant lines were
sterilized first with 70% (v/v) ethanol, 0,05% (v/v) triton and subsequenty with 100% ethanal, The sterilized
seeds were grown on % Murashige and Skoog (MS) medium (112,07 g MS micro and macro elements (Duchefa
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Fig- 7. Model proposed for the subnetwork WRKY 18/WRKY25/WRKY53 under the influence of an oxidative
stgnal to induce senescence through WRKYS3, The equilibeium of WRKY 18/WRKY25/WRKY53 network
encounters modifications at the onset of senescence. WRKY25 senses inareasing H,0, contents, and the
oxidized form is less efficient in DNA-binding and upregulation of WRKYS53 expression. However, at the
same time, increasing H,O, contents lead to increasing WRKY 25 expression. so that the WRKY23/WRKY18
heterodimer farms, mitigating WRKY 18 repressive effect on WRKY 53 expression and increasing a positive
effect on WRKYS3 expression. Additionally, WRKY25 and WRKY 18 downregulate their own expression to

un excessive response. In this way, WRKY2S balances the expression and activity within the WRKY53/
WRKY25/WRKY 18 network to ensure a slow but progressive induction of senescence,

M0222.0025), pH 5.7-5.5, 8 g agar) with or without 20 yM of 3-Amino-1,24-triazole (3"-AT) added for oxadative
conditions. For RNA extraction, two-week-old seedlings grown on MS medium without 3AT were transferred to
a new MS medium with or without 3AT

Cloning and plant transformation &
For B-Glucuronidase er assays, a 3,000 ent of the WRKY 18 or WRKY25
sturt codon and a 2.75':Enscqwnc? upummz g:e WRKYr;;ss’:m codan were cloned into the binary vector
pBGWFS7.0 and used as reporter constructs, respectively. For the effector constructs, the ¢<DNAs of WRKY 18
(1701 bp, At4g31800), WRKY25 (1751 bp, At2g30250), WRKY53 (1501 bp. At4¢23810) were claned into the
vector pJAN33. In addition, deletion constructs of WRKY25: W25N* (498 bp), W25ApD1 (1020 bp), W25AD2
(987 bp) and the chimeric constructs WISN-W25C (1239 bp) and W23N-W18C (1125 bp) were used also as
effectors. Naturally occurring Bsal restriction sites in WRKY 18 or WRKY25 DNA sequences were mutated by
site-directed mutagenesis. Deletion constructs of WRKY25 were generated as follows. For W25N*, a fragment
of 498 bp correspornding only to the N-terminal region up to {but not including) the first DNA-binding domain
(DBD1) was amplified. For W25ApD1, two fragments were amplified: one from the N-terminal region upstream
of DBD1 (429 bp), and one from the C-terminal region downstream of DBEDI, containing the second DNA-
binding domain (DBD2) {591 bp), For W25AD2, a fragment containing DBD from the N-terminal region just
upstream of the DBD2 (939 bp), and a fragment from the C-terminal region downstream of DBD2 (48 bp), were
\fied. For the chimeric constructs, the N-terminal (732 bp) and C-terminal (438 bp) sequences of WRKY 1S,

and the N-terminal {681 bp) and C-terminal (489 bp) DNA sequences of WRKY25, were individually amplified.
The tz\ccm'c ents were ligated to generate the desired deletion and chimeric constructs. Additionally, 2
mutated version of WRK Y25 was generated in which the cystetne at position 17 was replaced with a serine via a
site-directed G-to-C substitution using PCR

Altassembled fragmentsand the WRKY25 version mutated at the Cys at pos. 17 (W25cysmut) were cloned into
the pENTR-Bsal entry vector (described in*") using Golden Gate cloning. The deletion and chimeric constructs
were subsequently tramsferred to the plan33 destination vector via Gateway cloning, Correct insertions and
ligation were vertfied by DNA sequencing All primers used in these cloning steps are listed in Table S1.
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For Dual Luciferase reporter assays, the same fragments upstream of the start codons of WRKY 18, WRKY 25
or WRKY53 mentioned above, were cloned into the gateway destination vector pGWL7. The cDNAs of WRKY S,
WRKY25 and WRKYS3 were dloned into the gateway destination vector p2GW7 and used as effector constructs.
In addition, the chimeric sequences generated for GUS reporter assays were used as template, amplified and
cloned into the gateway vector p2GW7 o use the same vector for the effector constructs, All primers used for
this cloning process are described in Table S1.

For Bimalecular Fluorescence Complementation (BIFC), the cDNAs of WRKY?8, WRKY25 and WRKYS3
as well as the deletion and chimeric sequences were doned into the gateway vector pDONR221. Subsequently,
they were cloned with the possible combinations of each other into the pBIFC12in1-NN vector™ " ca both
genes of interest. By this cloning step, the genes of interest were fused to the sequences encinding the N- or the
C-terminal part of the yellow fluorescent protein (YFP), respectively. In the same vector backbone, an intermal
red fluorescent protein (RFP) gene Is present as transformation and expression control. The expression of the
fusion proteins is driven by the cauliflower mesaic virus 355 promotes. All primers used are presented in Table
52

For plant cm'::ﬁl:mcntmon lines, the protein coding sequence of WRKY2S5 (with previously remaved fsal
restriction site), the deletion, and chimeric sequences wene cloned into the Green Gate entry vector pGOOC
(Table 83). The moderate constitutively active promoter of the UBJQUITINIO gene of Arabidopsis was used
for all constructs as the 35§ promoter led to gene stkencing when combined with WRKY25". All constructs
were assembled into the final vector pZ03 with modular Green Gate technology described in™. The final
vectors obtained were transformed Into Agrobacteriwn Namefickns straln GV3101. Finally, the transformed
Agrobacterium was used to transform the wrky25 mutant plants was transformed through floral dipping.

Protoplast preparation and transformation

For the 8-Glucuronidase (GUS) reporter assays, the protoplasts were obtained from & root cell culture of
Arabidopsis thaliana ecotype Col-0 as described before™. Protoplasts were transiently transformed using 20-
40% (wiv) l:(‘vb'rlhylmglywl (PEG1500) with different concentrations of the respective plasmid DNA as is
described in

‘The protoplasts for the Dual-Luciferase reporter asz were obtained from fresh mesophyll tssue and
transiently transformed with diffierent concentrations of the respective plasmid DNA following the protocol
published by™ with some minor varlations in the transformation part. The number of resuspended protop!
used for transformation was doubled as well as the amounts of PEG and W5 solutions, Finally, the protoplasts
were resuspended in 250 pl instead of | ml of W1 solution.

B-Glucuronidase reporter assay

Arabsdopsis protoplasts from root cell culture were transformed using 5 pg of effector plasmid (pJAN33) and
5 pg of reporter phismid (pBGWEST) DNA. As an internal transformation control, 0.5 pg of a luciferase construct
(pBT8-355LCm3) was co-transfected. After overnight incubation (15-17 h) in the dark at 20 °C, 10 ml of fall
baffer (0.5 M mannitol, 15 m M MgCl, 5 mM MES) was added to the protoplasts, which were then collected by
el atlon (200 g, -I‘C).Thccolkﬂedgvomﬁnt pellet mmnb’mcdml)'mfo:‘rmcm extraction. 100 pl of
lysis buffer (PROMEGA Luciferase Assay System E1500) was added to the pellet, followed by vigorous agitation
using a vortex and incubation on ice for 53 min. The protein lysate was then concentrated by centrifugation

(17,000 . 10 min).

For kiminescence measurements, 25 pl of Luciferase Assay Reagent (PROMEGA Luctferase Assay System
E1500) was added to 20 ul of Iysate. Luminescence was measured for 10 s using a TriStar2S Multimode
Reader 941 plate reader {B Technology), The fluorometric determination of p-Glucuronidase reporser

activity followed the protocol described by™, The fluorometric measurements were performed using the same
TriStar2s Multimode Reader 941 plate reader. To correct for transformation efficiency, fGlucuronidase sctivity
was normalized to luciferase luminescence. This was done by the fluorometric measurements of cach
sample by their corresponding luminescence values. The resulting values were then normalized to those of an
empty vector, which was used as a control. Additionally, GUS reporter assays with 3'-AT were performed as
described above, except that 10 mM 3% AT or an eguivalent volume of water was added before the avernight
incubation of the protoplasts,

Dual-luciferase reporter assay

Arabidopsis protoplasts from mesophyll tissue were transformed using 4 pg each of effector (p2GW7), promoter
{pGWLY), and internal transformation control (P2GW7-358:RNLuc) plasmid DNA. After overnight incubation
(15-17 h) in the dark a1 20 °C, the protoplasts were collected by centrifugation at 200 g, For lysis, 100 pl of Passive
Lysts Buffer (from Dual- Luciferase Reporter Assay System E1910 of PROMEGA) were used.

The measurements of both Firely luciferase activity and Renilla luciferase activity were performed using
a BertholdTech TriStar2S plate reader. Firefly luciferase activity was determined by adding 40 pl af Luciferase
Assay Reagent II (LARI! from Dual-Lociferase Reporter Assay System E1910) to the protoplast lysate and
measuring the luminescence. Immediately nfterwanfu 40 pl of Stop & Glo* Reagent (SG trom Dual-Luciferase
Reporter Assay Systemn E1910 of Promega) were added to the same sample, and the Renills luciferase activity
was measured.

To carrect for transformation efficiency. the ratio of Firefly to Renilla lciferase activity was divided by the
corresponding values of an empty vector (P2GW?7-358) used 25 a control. This step was performed 1o normalize
the values, For reporter constructs, the same promoter fragments of the WRKY18, WRKY25, and WRKYS53 were
used, but this time they were cloned into the vector p2GWL7.
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Transient transformation of Nicotiana benthamiana leaves

Suspension cultures of Agrobacterian tumefactens containing the BIFC constructs were used to infiltrate
Nicotiama besthamiana plants. Overnight cultures of Agmbacterium tumefaciens strain GV3101, which have been
transformed with the BIFC constriscts, were wsed to inoculate LB media containing the respective antibiotics.
After 4-6 b of incubation, this culture was centrifuged at 18 000 g for 10 min. The bacterial pellet was diluted in
infiltration media (10 mM MgC12, 0.5 M MES, 100 mM Acetosyringone} to an OD,, of 0,5, Leaves of 4-week-
old tobacco plants were infiltrated by manual injectton using a I-ml needldess syringe.

Bimolecular fluorescence complementation (BiFC), confocal microscopy and cytometry
Assays with BIFC 2-in-1 constructs were used to study homo- and heteromeric interactions between the three
WRKYs imvolved in our small sabnetwork as well as with deletion W25N", W25ApDI, W25AD2 and the
domain swapping chimera between WRKY18 and WRKY25, WISN-W25C and W25N-W18C. [n the same
vector backbone, an internal RFP gene is present as transformation and expression control. Protein interactions
were monitored using confocal microscopy. The interactions were detected and Jocalized within the cells two
days after the infiltration of the N. benthantiana leaves, 3 described above. At least three leaves of different plants
were analyzed under the confocal microscope (LSM884, Zeiss, fena, Germany) by using the presct sequential scan
settings for YFP (Ex: 514 nm, Em: 517-553 nm) and for REP (Ex: 5361 nm, Eme 597-625 nm), The experiments
were repeated at least three times. Images were acquired and analyzed using ZEN 3.0 (Blue edition) software
(Zelss). The mean fluorescence intensity of YFP and REP was measured for each nucleus obtained from leaves of
different plants. The YFP/RFP ratio was then calculated for each nucleas from independent btological samples.
For each interaction type, at least four nucled from distinct samples were analyzed.

Additionaily, ratiometric BiFC assays were performed to ascertain the homodimeric interactions of the three
WRKYs of our subnetwork mentioned above. The same pBIFCr-2inl-NN vectors®? carrying both genes of
interest were used for transformation of Arabidopsis protoplasts. In this case, 8 ug of the plasmid DNA was
used to express the fusion proteins. Afier overnight incubation in the dark, interactions were visualized by flow
cytometry using CytoFLEX (Beckman Coulter, Brea, CA, USA). Both the internal mRFP and any reconstituted
YFP were excited by the 488 nm lascr. Peak emission was captured for YFP in FL1 (525/40 nm) and for RFP in
FL3 (610720 nm). All experiments were performed independently at least three times.

Senescence phenotyping

To evaluate senescence phenotypes, various parameters indicating the state of senescence were considered.
Leaves from seven to eight plants per time point were analyzed. The rosette keaves were detached and aligned
according to their age, usnga previously established color-coding system. These leaves were photographed, and
an automated colorimetric asssy (ACA) was used to group the pixels into four categories: green leaves (green),
leaves starting to turn yellow (green-yellow), completely yellow leaves (yellow), and brown and/or dead leaves
(brown/dead)”,

Leaves at positions 5 and 10 within the rosette were used to determine Fv/Fm values using the Imaging-Pulse-
Amplitude-Modulation (PAM) method, indicating the activity of photosystem [1 (PSH) (PAM fluorometer Maxi
version: ver. 2461, Walz Gmbt, Effedtrich, Germany), These same leaves were also collected to determine the
chlorophyll content as described in*.

Gene expression analysis under oxidative conditions using gRT-PCR
Two-week-old seedlings grown on MS medium were transferred to a new MS medium with or without 3-AT.
These seedlings were collected after 1, 3 and 5 d, and total RNA was extracted with the GeneMATRIX Universal
RNA Purification Kit (EURx) following the protocol provided by the mamfacturer. Afterward, RevertAid RT
Kx K1691 (Thermo Fisher Scientific Inc., Waitham, MA, USA) using oligo-dT primers was used for ¢<DNA
synthesis following the manufacturer’s instructions.

qRT-PCR was performed with the Master Mix KAPA SYBR® FAST following the manufacturer's protocol in
a thermal cycler CFX384 Bio-Rad (Bio-Rad Laboratories Inc., Hercules, CA. USA). The calculation method was
the AACT described in”*, In addition, the expression of the analyzed genes obtained was normalized to ACTIN2
which has been characterized as a sultable reference gene for senescence®. The peimers listed in Table S4 were
used.

Liquid chromatography-mass spectrometry (LC-MS)
The WRKY25 protein was ordened as N-terminally sth-laW from Biomatik (Cambeidge, Ontario,
Canada). The protein was expressed in E colf cells and by affinity purification (Biomatik, Canada).
The guality and purtfication of the WRKY25 was ¢ ed by SDS-PAGE, Coomassie staining and Western
Bloning followed by immune detection using anti- HIS antibodies'®. This recombinant protein was wsed for the
NOS-bridge peptide analysts. The authenticity of the protein was verified using non-targeted LC-MS profiling.
All solvents used in the peptide profiling analyses were LC-MS grade,

Proteolytical protein digest: An In-sokution digest of the recombinant protein (0.2 ug ul™' in water) was

rmed by incubating 60 ul of the sample ON at 37 °C with 5 pl Trypsin (0.2 pg pl ', proteomics grade, porcine.

Merck) and 12 d digestion buffer (7 pl 400 mM ABC buffer (NH4HCO2), 5 pl acetonitrile {ACN)). Finally. the
protease digest was diluted 1:3 using 13% ACN in acidic water (1% (v'v) formic acid). As no Dithiothreitol
{DTT) and jodoacetamide were added to the reaction, the digest took place under non-reducing conditions.

Targeted LC-MS Profiling Analysis: The targeted LC-MS profiling analysis was performed using a Micro-
LC MS5 (Trap and Elute) and a QTRAPS500 + (Sciex) operated in MRM (Multiple Reactton Monitoring)
mode. Chromatographic separation was achieved on a HaloFused C18 column {15005 mm {particle size
2.7 pm; 90 A; Sciex) andd a Luma C18(2) trap column {5 pm; 100 A; 20 % 0.5 mm; Phenc ) with a col
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temperature of 55 *C. The following binary gradient was applied for the main column at a tlow rate of 16 pl
min-1: 00,5 min, isocratic 95% A; 0.5—9 min, linear from 98% A to 60% A; 910 min, linear from 60% A to
5% A: 10—11 min, Isocratic 5% A; 11—12 min, lincar from 5% A to 98% A; 12—15 min, isocratic 98% A (A:
water, 0.1% aq, foemic acid; B: acetonitrile, 0.1% aq. formic acid). The samples were concentrated on the trap
column using the following conditions: flow rate 235 pl min~": 0—2.7 min tsocratic $5% A; at 2.5 min start main
gradient. The injection volume was 50 pl. Analytes were jonized using an Optiflow Turbo V ion source

with a SteadySpeay T micro electrode in posttive fon mode {lon spray voltage: 4800 V). Followmg al
instrument settings were applied: nebuliser and heater gas, nitrogen, 25 and 45 psic curtain gas, nitrogen, 30
pst; collision gas, nitrogen, mediuny: source temperature, 200 °C; entrance potential, + 10 V; collislon cell exat
potential,+ 10 V. The dwell time for all MRMs was 10 ms except for the trypsin autolysis control peaks, which
were recorded with 5 my, The dedustering potential was kept at 80 V.

All MRM (nformation was calculated using the Skyline 23.1 software™. Quantitative data extraction was
performed using the \vﬂn:or software Sciex 0:{ lll::lhe Skyline software all peptide tr::;ltm were m
for uniqueness t etn es E coli ¢, porcine trypsin and WRKY25
Wg‘::d lram in Fig S5 m for the four gotmm NPOOS-bﬂdge combinations except for the
pephide/ fragment palr m/z 524.89/588.25 which can be found on Post K-CI as wdl as in Post K-C6. The
transitions monitored for each peptide are shown in Table 55.

Software used for modeling and statistical analysis of data
For Protein Modeling ColabFold was used following the tndications of ™. For viewing and manipulation of
data obtained from ColabFold from proteins and chimeras PyMOL T™M 2.5.5 (Schréidinger, LLC) was used. In
addition, for modeling and determination of the dectrostatic surface potential ChimeraX 1.9 was used. For the
elaboration of constructs and sequence alignments CLC Main Woekbench 21 {(QIAGEN) was used. For analysis
and image processing, Image] was used, ln the case ofACz\ the leaves were indvidually processed in single
images using a semi-automatic Image] macro described in'*.

The statistical Amlym was performed using EXCEL and R version 4.4.1 (The R Foundation for Statistical
Computing). The specific statistical method was chosen based on the characteristics of the experiment. The
statistical method used is detailed in the legends.

Data availability

All data generated or analyzed during this are included tn this published article {and its Supplementary In-
formation files). DNA and protein sequence of all Arabidopsis WRKY factors are available at TAIR (https://ww
warabidopsis.org/ x WRKY25{AT2G30250), WRKY18 {AT4G31800), WRKY53 (AT4G23810). Protein data on
human hematopotetic cell receptor CD69 (PDB: 4GA9) and Galectin- 1 of rats {PDB: 1ESI, chain A) are available
at worldwide ProteinDataBank (https://wwwwwpdb,org/).
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The following Supporting Information 1s available for this article:

Fig. S1: Homodimenization of WRKI18, WRKY25, and WRKYS3 using BiFC in transiently
transformed Arabidopsis protoplasts and Nicotiana benthamiana leaves.

Fig. S2: Heterodimenzation of WRKI18, WRKY?2S, and WRKYS3 using BiFC i transiently
transformed N. benthamiana leaves.

Fig. 83. GUS transactivation assays i Arabidopsis protoplasts from root on the Pwgriyss and the
effect of the deletions on it.

Fig. S4: Dual luciferase assays in Arabidopsis protoplasts from leaves on the Prggrrs and Pragsios
and the effect of the chimeras on them.

Fig. S5: Dumnerization of WRKI18 or WRKY2S with the deletion and chimeric versions, using
BiFC i transiently transformed N. benthamiana leaves.

Fig. S6. Pictures of the leaves of representative plants of all lines used for senescence phenotype.
Fig. §7. Additional parameters used for senescence phenotyping of the complementation lmes
wrky235:W25 compared to Col-0 and wrk23.

Fig. S8. Additional parameters used for senescence phenotyping of the complementation lines
wrkv25:W25N* wikv25:W25ApD1, wrk23:W25AD2 compared to Col-0 and wrky25,
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Fig. 89. Additional parameters used for senescence phenotyping of the complementation lines
wrky25 W18N-W25C and wrkv25-W25N-WI18C compared to Col-0 and wrky25.

Fig. $10. GUS transactivation assays in Arabidopsis protoplasts from root on the Pugiyss and the
effect of the Cys™*'" mutated version of WRKY23 under oxidative conditions.

Fig. S11. GUS transactivation assays in Arabidopsis protoplasts from root on the Puagyss and the
effect on the deletions under oxidative conditions.

Fig. $12: Comparison of previously identified redox switches and the putative redox switches in
WRKY2S.

Fig. S13: Electrostatic surface potential map of WRKY?25.

Fig. S14. Targeted LC-MS analysis of possible NOS-bridge peptides in WRKY?25.
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Fig. S1: Homodimerization of WRK18, WRKY?2S5, and WRKYS53 using BiFC in transiently
transformed Arabidopsis protoplasts and Nicotiana benthamiana leaves.

(A) Arabidopsis protoplasts were transformed with pBIFCt2in1-NN constructs contaming the
possible combmations for the homodimenization of the three WRKY's of the subnetwork and were
subsequently analyzed with the cytoflex cell sorter. The orange squares indicate transformed
protoplasts (RFP), and purple squares mndicate mteraction via BiFC (YFP). (B) Leaves of N.
benthamiana were transformed with pBiFC12inl-NN constructs containing  the possible
combinations for the homodimerization of the three WRKYs of the subnetwork. These
transformed leaves were analyzed under a confocal laser scanming microscope: yellow
fluorescence (YFP) indicates interaction (BiFC), and red fluorescence (RFP) serves as a
transformation control. Representative pictures are presented. The scale bar represents 20 pm
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Fig. S2: Heterodimerization of WRK18, WRKY25, and WRKYS53 using BiFC in transiently
transformed N. benthamiana leaves

Leaves of N. benthamiana were transformed with pBiFCt2m1-NN constructs containing the
possible combinations for the heterodimerization of the three WRKY's of the subnetwork. These
transformed leaves were analyzed under a confocal laser scanning microscope: yellow
fluorescence (YFP) indicates interaction (BiFC). and red fluorescence (RFP) serves as a
transformation control. Representative pictures are presented. The scale bar represents 20 jum
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Fig. S3: GUS transactivation assays in Arabidopsis protoplasts from root on the Przgys: and
the effect of the deletions on it.

(A) Schematic drawing represents the native WRKY 18 and WRKY 25 protein with their DNA-
binding domains DBD1 and DBD2s well as deletions W25N*, W254pD1and W254D2 (B)
Arabidopsis protoplasts from root were transformed with a fragment of the promoter of WRKYS3
(2759 bp), fused to the GUS reporter gene, along with 35S WRKYIS, 35SWRKY23, 35SW2iN*,
3SS:W254pD1,or 35S:W254D2 as eflector constructs. Values relative to the empty vector are
presented as boxplots, with sample size (n) shown under the plot. The n represents independent
biological replicates. One-way ANOVA followed by Tukey's HSD post-hoc test was performed.
Lowercase letters ndicate statistically significant differences between groups (p< 0.05).
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Fig. S4: Dual luciferase assays in Arabidopsis protoplasts from leaves on the Purxys and

Pwrxyzs and the effect of the chimeras on them.

Arabidopsis leaf protoplasts were transformed with the fragment of the promoter of (A) WRKYIS
(3000 bp) or (B) WRKY25 (3000 bp), fused to the firefly luciferase (/LUC) gene as a reporter
construct, along with 35S:WRKYIS8, 355 WRKY25, 355 WRKY1S8, 35S:WI1SN-W25C or
35S:W2SN-WIS8C as effector constructs. Values relative to the empty vector are presented as
boxplots, with sample size (n) shown at the right side of the plot. The n represents independent
biological replicates. One-way ANOVA followed by Tukey's HSD post-hoc test was performed.
Lowercase letters indicate statistically significant differences between groups (p<0.05),
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Fig. S5: Dimerization of WRK18 or WRKY25 with the deletion and chimeric versions, using
BiFC in transiently transformed N. benthamiana leaves

(A) Schematic drawing represents the native WRKY 18 and WRKY?2S5 protein with their DNA-
bu)dmo domains DBD1 and DBD2s well as deletions W235N*, W2354pD1, W254D2, and the
chimeras WISN-W25C and W25N-WISC. (B) Boxplots w]mxunmg the relative fluorescence
ratio (% RFP/YFP) are presented
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Sample size (n) 1s indicated under the plot and represents mdependent biological replicates. In
both (B) and (C), one-way ANOVA followed by Bonferroni post hoc correction was performed.
Different lowercase letters indicate statistically significant differences among groups (p=0.05).
(C) Leaves of N benthamiana were transformed with pBiFC12in1-NN constructs containing the
possible combinations for the dimerization of WRKY 18 with the deletions of WRKY2S5 and the
chimeras of domain swapping between WRKY 18 and WRKY25. These transformed leaves were
analyzed under a confocal laser scanning microscope: vellow fluorescence (YFP) indicates
mteraction (BiFC), and red fluorescence (RFP) serves as a transformation control. Representative
pictures are presented. The scale bar represents 20 pm. (D) Leaves of V. benthamiana were
transformed with pBIFCt2in1-NN constructs contamning the possible combinations for the
dimerization of WRKY23 with the deletions of WRKY23S and the chimeras of domam swapping
between WRKY18 and WRKY?2S5. These transformed leaves were analyzed under a confocal
laser scanning microscope: yellow fluorescence (YFP) ndicates interaction (BiFC), and red
fluorescence (RFP) serves as a transformation control. Representative pictures are presented. The
scale bar represents 20 pum.
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Fig. S6: Pictures of the leaves of representative plants of all lines used for senescence
phenotyping.

(A) Representative pictures of all leaves of the whole rosette detached showing the differences
between the complementation line: wrky25:W25 compared with Col 0 and wrk25.

(B) Representative pictures of the whole rosette of the plants used for senescence phenotyping the
complementation lines: wrky2S:W25N* wrky25:W25ApD1, wrky25:W25AD2, wrky25:W18N-
W25C and wrky25:W25N-W18C compared with Col 0 and wrky25.
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Fig. §7: Additional parameters used for senescence phenotyping of the complementation
line wrky25: W25 compared to Col-0 and wrky25.

(A) The Automated Colonmetnie Assay (ACA) categorizes the pixels corresponding to the color
of individual leaves from 8 plants into five categories: green, green-vellow, yellow, brown, and
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purple. Quantification 1s presented as the percentage of each category relative to the total pixel
number across all leaves (n=8). (B) Boxplots of Fv/Fm values measured with PAM fluorometry
for leaves No. 5 and No. 10 from 4-, 6-, 7-, and 8-week-old plants (n=8). (C) Chlorophyll
content relative to fresh weight for leaves No. 5 and No. 10 from 4-, 6-, 7-, and 8-week-old
plants (n=8). In all cases, n refers to independent biological replicates. Statistical analysis was
performed using one-way ANOVA followed by Tukey’s HSD post hoc test. Lowercase letters
mdicate statistically significant differences between groups (p < 0.05).
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Fig. S8. Additional parameters used for senescence phenotyping of the complementation
line wrky25:W25SN*, wrky25:W25ApD1, wrky25:W25AD2 compared to Col-0 and wrky25.
(A) The Automated Colonmetric Assay (ACA) categorizes the pixels corresponding to the color
of individual leaves from 8 plants into five categories: green, green-vellow, yellow, brown, and
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purple. Quantification 1s presented as the percentage of each category relative to the total pixel
number across all leaves (n= 8). (B) Boxplots of Fv/Fm values measured with PAM fluorometry
for leaves No. 5 from 4-, 6-, 7-, and 8-week-old plants (n = 8). (C) Chiorophyll content relative
to fresh weight for leaves No. 5 from 4-, 6-, 7-, and 8-week-old plants (n = 8). In all cases, n
refers to independent biological replicates. Statistical analysis was performed using one-way
ANOVA followed by Tukey's HSD post hoc test. Lowercase letters indicate statistically
significant differences between groups (p < 0.05).
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Fig. 89: Additional parameters used for senescence phenotyping of the complementation
lines wrky25:W18N-W25C and wrky25:W25N-WI18C compared to Col 0 and wrky25.

(A) Boxplots of Fv/Fin values measured with PAM fluorometry for leaf No. 10 from 4-, 6-, and
T-week-old plants (n=8). (B) Chlorophyll content relative to fresh weight for leaves No. § and

No. 10 from 4-, 6-, and 7-week-old plants (1=8). In all cases, n refers to mdependent biological
replicates, Statistical analysis was performed using one-way ANOVA followed by Tukey's HSD
post hoc test. Lowercase letters indicate statistically significant differences between groups (p <
0.05).
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Fig. S10: GUS transactivation assays in Arabidopsis protoplasts from root on the Puzxys:
and the effect of the Cys?™!" mutated version of WRKY25 under oxidative conditions.
Arabidopsis protoplasts from root were tunsformed with a fragment of the promoter of WRKYS3 (2759
bp). fused to the GUS gene as a reporter construct, along with 35S: WRKY2S, 35S:W2S5cysmut, as effector
constructs. In this case half of the ransfected protoplasts were simultaneously incubated with 10 mM 3'-
AT or the same volume of water for the MOCK conditions, respectively. The values relative to the empty
vector control are presented as boxplots (n=6), m which n refers to the number of biological replicates.
Statistical significance was assessed nsing a two-tailed Student’s t-test (*p < 0.05; **p < 0.01; ns: not
significant).
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Fig. S11: GUS transactivation assays in Arabidopsis protoplasts from root on the Purxysi
and the effect on the deletions under oxidative conditions.

Arabidopsis protoplasts from root were transformed with a fragment of the promoter of WRKY33
(2759 bp), fused 10 the GUS gene as a reporter construct, along with 35SHWRKYIS,
35S:WRKY25, 35S:W23N*, 35S:W25ApD 1, 35S:W254D2, as effector constructs. In this case
half of the transfected protoplasts were simultaneously incubated with 10 mM 3'-AT or the same
volume of water for the MOCK conditions, respectively. The values relative to the empty vector
control are presented as boxplots (n=10), in which n refers to the number of biological replicates.
Statistical significance was assessed nsing a two-tailed Student’s t-test (*p < 0.05; **p < 0.01;

ns: not significant),
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Fig. S12: Comparison of previously identified redox switches and the putative redox
switches in WRKY?25.

(A) Spatial arrangement of the potential redox switch located at the N-termunus of WRKY 25, (B)
Spatial arrangement of the redox switch previously identified in Galectin-1 of rats (PDB: 1ESI,
cham A). (C) Spatial amrangement of the redox switch previously observed in the human
hematopoietic cell receptor CD69 (PDB: 4GA9). In all models, LYS residnes are shown in pink,
and CY'S residues are shown in red, and the conserved WRKY motif (WRKYGQ) is depicted in mimnt
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Fig. S13: Electrostatic surface potential map of WRKY25.

(A) Electrostatic surface potential of the full WRKY?2S5 protein. (B) Electrostatic surface potential
of the putative redox switch located at the N-termunus of WRKY25. (C) Electrostatic surface
potential of the putative redox switch located at the C-terminus of WRKY23. Color scale: red
indicates negatively charged regions, blue indicates positively charged regions, and white
represents neutral or uncharged areas.
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‘A) WRKY25 amino acid sequence
MSSTSFTDLLGSSGVDCYEDDEDLRVSGSSFGGYYPERTGSGLPKFK TAQPPPLPISQS SHNFTFSDY

LOSPLLLSSSHSLISPTTGTFPLOGFNGTTNNHSDFPWOLOSQPSNASSALQETYGYQDHEKKQEMI
PNEIATQNNNQSFGTERQIKIPAYMVSRNSNOGYGWRKYGQKQVKKSENPREY K] CTYPOCVSHK|

VETASOGQITENYKGGHNHPKPEFTKRPSQSSLPSSYNGRRLFNPASYVSEPHDQSENSSISFDYSDL

EQKSFRSEYGEIDEEEEQPEMKRMKREGEDEGMSIEVSKGVKEPRVWQTISDIDVLIDG FRWRKYG
D NS G —

QKVVKGNTNPRS WV@WRWM\QMGRHNHOMMRRS

( B) peptides after digestion

ne-bridge posl peptides : SYFK {M+2H m/z 272.6); CTYPDCVSK (M+2H m/z2508.2)
no-bridge pos?2 peptides : SYYK (M+2H m/z 280.6); CTFQGCGVK {M+2H m/2 471.7)
NOS-bridge pos1 K-C1 peptide: SYFI CTYPDCVSK (M#3H m/z 524.9)

NOS-bridge post K-C6 poptide: SYFIK CTYPDCVSK (M3 m/2 524.9)

NOS-bridge pos2 K-C1 peptide: SYYX CTFQGCGVK (M+3H 505.9)

NOS-bridge pos2 K-C6 peptice: SYY¥ CTFQGLGVK {M#3H 505,9)

(C)  Lc-Ms chromatograms for no-bridge peptides
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(D) LC-MS chromatograms for NOS-bridge peptides
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Fig. S14: Targeted LC-MS analysis of possible NOS-bridge peptides in WRKY25.

(A) In the amino acid sequence of the WRKY?2S protein the DNA-binding WRKY domains are
underlined and the possibie positions of the NOS bridge between the (LYS (K) and the Cys (C)
are shown m either solid (position 1) or dashed lhines (position 2). (B) Proteolytic in-silico digest
with Trypsin (cleavage sides after arginine (R) and lysme (K)) results in 8 different possible
peptides. (C) Mass signals for transitions of the no bridge peptides SYFK. CTYPDCVSK, SYYK
and CTFQGCGVK conld be seen mn a tryptic in-solution digest of the WRKY2S5 protein under
non-reducing conditions. (D) In the same sample digest mass signals for all four of the possible
NOS bridge peptide combinations (NOS bndge K-C1 and KC6 1 both position 1 and 2) could
also be measured.




‘Table S1: Primer sequences used for different experiments for transactiviation assays

Bsal mutagenesss peaner W18 Forward

GAAGAAGGAAGTCTCAGTITITGG

Primer Sequence Purpose
PWIS 3kb-F CACCATCTCTTGTTAACAATATCCAA Amplificatsor: Prom. WRKY 1§ 3kb
PWIS 3kb-R AAAAGAAACCTITATCTITAAGA Amplificatson Prom. WREKY 18 3kb
PWS3 28 kb-F CACCGTTTGGCATTTTCCTACTITAC Amplificatson Prom. WRKYS3 2.8 kb
PWA3 2 8kb-R TTTTAGTATATGATICCCAAAATAG Amplification Prom. WRKY 1% 2.8 kb
PBGWFST seq F CGTTGCGGTTCTGTCAGTTC Sequencing reparter
PBGWFST seq R CGTTTACGTCGCCOGTCCA Sequenciug reparter
WISF CACCATGGACGGTTCTTCGTTTCTCGACATCTC | | tification WRKY 1§
T
TCAATGGTGATGGTGATGATGTGTTCTAGATT .
WISR GCTCCATTAACT Amplificanon WREY 18
WIS CACCATGICTTCCACTICTTTCACCGACCTTCT Amplification WRKY2S
TCAATGGTGATGGTGATGATGCGAGCGACGTA : 5
W2s-R GOGCGGTTG Amplification WRKY2$
CACCATOOAAGGAAGAGATATGTTAAGTTGOG : .
WS3-F AG Amplification WRKY 53
TCAATGGTGATGGTGATGATGATAATAAATCG s . .
W53.R ACTCGTGTAAAA Amplification WRKY 53
pJAN2) Sequ. F ATCCGACTACAAAGACCA Sequencing effecior
18 of natural Bsal restriction site GAG

(Glu) ~= GAA (Glu)

Mutagenesis of namral Bsal resmichon sie GAG

Byl mutageness pruner W18 Reverse CCAAAACTGAGACTTCCTTCTTC (Glu)— (Glu)

Bsal mutagenesss pener W25 Forwand | TCACCAAGCGACCATCTCAAT k‘&'ﬂr":‘m Beal restriction site
Bsal mutagenesis primer W25 Reverse | ATTGAGATGGTCGCTTGGTGA m‘f&”’ _‘:‘C"G':’("A:‘ restriction site
W25 Cysl? mmt_for CGTTGACTCTTACGAAGA Mutagenesis of Cya 17

DGC (Cys) — UCC (Ser)




Mutageosis of Cys 17

W25_Cys17_mwt_rev TCGTAAGAGTCAACGCCG UGC (Cy8) — LOC (86)
sl Enu'?smmt‘g:c%cccmcmcmc Amplification of W25N*

SO ATTAGAGTTCCTACTCACCATGTA Asplifoution ol Wane"

WIS A00L AN Revwense | T IO {OCARTETCAT TS wzg@ SR
W25 ApD] SSAA Forward 2 Kmﬁé %Ggfcm = Anmﬂﬁﬂ:m of the C-tenmizal fragment for
W25 ApDI $SAA Reverse 2 mg:&?r‘fm W m@“ of the C-tenminal fragment for
T TR
W25_AD2_66AA_Revene | o R o mmorh N-terminal fragment for
W25 AD2 66AA_Forward 2 GGTCTC T GGCG GGAAGACACAATCACGATAT | Aphfication of the C temminal ragment or
T 0% O s
PRI Prmc WIS - Tuanh Futhet mgcr?c%?mmcmm %‘mmﬁm

Bsal Pnimer W i$ N-Tenmimus Reverse

AAG GGTCTC A TGGT

Amplification of W1SN-fragment Crestion of

TGTAGCATCCCCTTCAGAAGCAT Beal resincion site
Bsal Primer W25 C-Temmms Forwant | TC ACCA AGAGACCATCTCAATCTICA SRp R
Bsal Priner W25 C-Teonus Revesse | ped COUCPE SO oot foworspr i g
ification of W3 N, and N-terminal
Bual Primer W25 N-Termims Forward [ 110 0OTCRE A LML  ACCTTC :‘%:: :? B:fs:mgo‘n':::’
Bsal Primer W3S N-Termimis Reverse | TGAAGATTGAGAT GGTCTC T TGGT GAA e o e
Bual Primer W18 C-Temmims Foowwnd |G GO AR ArG mm'm




| : GAA GGTCTC G CCTT Amplification of W1SC-fragment
Bial Primes WIS C-Tenulis Revetse. |y s 7o TTOTAGATIGCTCCATTAAC Creation of Bsal restriction site
MI3 Forward seuencing primes GTAAAACGACGGCOCAG Sequencing

MI3 Reverse sequencing poaner CAGUGAAACAGCTATGAC Sequencing




Tuble S2: Primers uscd for

BiFC constructs,

Primer

Sequence

Purpose

WRKY1S_atBt_F

GGGG ACA AGT TTG TAT AAA AAA GCA GGC
TTAATGGACGGTICTICGTTICTCGACA

Amplification WRKY 18 and W8N

WRKY1S stifi4 R

GGGG ACAACTTTGTATAGAAAAGTTGGGT
TCATGTTCTAGATTGCTCCATTAAC

Amplification WRKY 18 ud W1SC

WRKY18_atB} F

GGGGACA ACT TTG TAT AAT AAA GTT
GGAATGGACGATTICTICGTTICTICGAC

Amplification WRKY 18 and WIEN

GGGG ACCACTTTGTACAAGAAAGCTGGGT

WRKYIS B2 R KsaqidacresdRdatbonis lay Ampiification WRKY 1% and W I8¢
= GGG ACA AGT TTG TAC AAA AAA GCA GGC | Amplification WRKYZS and W2sN®,
S BE TTA ATGTCTTCCACTTCTTTCACCGAC W2SAPDLWISAD2, W25N
R GOGG ACAACTTTGTATAGAAAAGTTGOGT | Amplification WRKY2S and W2sN®,
L omind TCACGAGOGACGTAGCGOGGTTG W25AD1W2SAD2, W2SC
s GGG ACA ACT TTG TAT AAT AAA GTTGGA | Amplification WRKY 26 and Wa4N°,
MBI ATGTCTTCCACTTCTITCACCGAC W25ApD) W25AD2. W2SN
SR e GGG ACCACTTTGTACAAGAAAGCTGGGT | Amplibeation WRKYZS and

B3 TCACGAGCGACGTAGCGCGGTTG W25ApDI W25AD2, W24C

GGGG ACA AGT TTG TAC AAA AAA GCA GGC

WRKYS3 stBI_F TTA A TOATCOANGOAACAGATATOTTANGET | Alplifkarion WRKYS3
GOGG ACAACTTTGTATAGAAAAGTTGGGT :

WRKYS3_suB4_R TTAATAATAAATCGACTCGTGTAAAA Auplification WRKYS3
GGGG ACA ACT TTG TAT AAT AAA GTT GGA B

WRIKYS3 sB3 ¥ ATGATGGAAGGAAGAGATATGTTAAGIT Auplification WRKYS3
GGGG ACCACTTTGTACAAGAAAGCTGGGT = g

WRKYS3 miB2 R AN AR AT COATICOTT AR Amplification WRKYS3

MILF GTAAAACGACGGCCAG Sequencing

MIIR CAGOAAACAGCTATGAC Sequencig




Table S3: Primers sequences used to clone and create the complementation lines

Primer Sequence Purpose
WRKY?2S FW GG AACAGGTCTCAGGCTCAATGTCTTOC | Amplification W25 and W25N*,
| i ACTTCTTICACCGA W2SApDI, W25AD2 W2SN
{wmwzs RV GG AACAGGTCTCACTGACGAGOGACGT | Amplification W2$ and W25ApD1,
| b AGCGCGGTTGGGATAT W2SAD2.W25C
| AACAGGTCTCAGGCTCAATGGACGG 5 -
i WRKY18 FW_GG TTCITCGTITCICG Amplification W18 and WISN
S AACAGGTCTCACTGATGTTCTAGATT
WRKYIS RV _GG GCTCCATTAACCT Amplification W18 and W18C
AACAGGTCTCAAACAATGGTGAGUA S
EGFP FW B 1GG AGGGOGAGGAGE Amplification GFP
3 AACAGOTCTICATGCCCTTGTACAGCT ;
EGFP_RV Cr_1GG OGTOCATACC Amplification GFP
| GGseq F TCATTAGGCACCCCAGGOTT Sequencing
Glseq R TCITCGCTATTACGCCAGCT Sequencing
1203 F TGT GGT GTA ACG TTG GAT CTG G | Sequencmg
1203 R AACTAGGCTCGGACGAAGTAAGC | Sequencing
Table S4: Primers used for qRT-PCR analyses
Primer Sequence Purpose
ACTIN AAGCTCTCCTTIGTIGCTGTT — [qRT_PCR foward
{ACTIN GITGTCTCGTGGATTICCAGCAGCTT | qRT PCR reverse
WRKYS3 CAGACGGGOATGCTACGG qRT_PCR foward
| WRKYS3 GGOGAGGC TAATGGTGGT RT_PCR mverse




Table S5: Peptide description of LC-MS analvses

peptide Q1 (miz) Q3 (m/z) CE (Volts)
SYFK pas1 +2 Fly2] +1 272642 294,181 15
5YFK pasi +2 Y]y3] +1 272642 457.245 15
SYYK pos2 +2 ¥]y2] +1 280,639 310.176 15
SYYK pos2 +2 Y]y3] +1 280.639 473239 15
CTYPOCVEK posi +2 Ply6] +1 508.215 648,302 219
CTYPDCVSK pasi +2 Y]y7] +1 508,215 811,365 239
CTFOGCGVK pos2 +2 Qly6) +1 a71.712 591,292 221
CTFOGCGVK pos2 +2 Fly7] +1 a71.712 738,36 221
SYFK-CTYPDCVSK-posiK-C1 +3{p-b1]Ce2 524 895 331.136 232
SYFK-CTYPDCVSK-pos1K-C1 +3{p-b1]C+1 524,895 661,265 232
SYFK-CTYPDCVSK pasik-Cl +3(p-b3]Y+2 524,895 463.191 232
SYEK-CTYPDCVSK-pos1K-C1 +3(p-baJP+2 524,895 511.718 232
SYFK-CTYPDCVSK-pos1K-C1 +3 Klyl-p]+2 524,895 588,257 232
SYFK-CTYPDCVSK-pos1K-C6 +3[p-yajCe2 524,895 497.239 232
SYFK-CTYPDCVSK-pas1K-C6 +3[*-h3]Ys1 524,895 368,127 232
SYFK-CTYPDCVSK-pasiK-C6 +3[*-b3]Y+2 524.895 184,567 232
SYFKCLTYPOCVSK-posiK-Ch +3 K[yl-p)e2 524,895 588,257 232
SYEK-CTYPDCVSK-posii-C6 +3{* -baJP+2 524895 465.18 232
SYFK-CTYPDOVSK-pos1K-C6 «3(*-b5]D+1 524,895 580,207 232
SYFK-CTYPOCVSK-pos1K-C6 +3(p-y6Pe2 524,895 603,279 232
SYVK-CTTQGCGVE-pas2¥-C1 +3{* y&]T+2 505,892 420208 221
SYYK-CTFOGLGYK-pos2K-C1 +3[*y7|F+1 505,892 738.36 223




SYYK-CTFOGEGVK-pos2K-C1 +3{*-y7]F+2 505,892 369,680 223
SYVR-CTFQGCGVK-pos2k-Cl +3|*46|Qs2 505,892 296.15 223
SYYK-CTFQGCGVK-pos2K-C1 +3[*461Qr 505,892 591.292 223
SYYK-CTFQGCGVK-pos2K-Cl +3{*-y5]G+2 505,892 23212 223
SYYK-CTFQGCGVE-pas2X-L1 +3]*yA)C+2 505,892 203.61 223
SYYK-CTFQGEGVK-pos2K-C1 +3[p-b2]T+2 505,892 389,657 223
SYYK-CTFQGCGVK-pos2K-C1 +3[p-b1)Ce2 505,892 339.134 223
SYYK-CTFQGCGVE-os2K-CH +3(*-b3F 41 505,892 352133 223
SYYK-CTFQGCGVK-pos2X-C6 +3{*-b3]F+2 505.892 176,57 221
SYYK-CTFQGCGVK-pos2X-C6 +3[*-baja+1 505.892 280,191 21
SYYK-CTFQGCGVK-pas2X.C6 +3{*-b4)Q+2 505.892 240,595 223
SYYKCTFQGCGVK-pas2K-C6 +3]*-b5)G+1 505,892 537.213 223
SYYK-CTFQGCGVE-posZK-C6 +3]*-b5)G+2 505.892 269.11 223
SYYK-CTFAGCGVE-pos2K-C6 +3[p-y6]0e 2 505,892 582.771 223
SYYK-CTFQGCGVK-pos2K-C6 +3[py51G+2 505,892 518742 223
SYYK-CTFQGCGVK-p0s2K-C6 +3[pyd|C+2 505,892 420,231 223
Trypsin autolysts peptide 1 42175 arz3 20
Trypsin autolysis peptide 2 421.75 5714 20
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Abstract: The HD-ZIP 11l transcription factor REVOLUTA (REV) is involved in early leaf develop-
ment, as well as in leaf senescence. REV divectly binds to the promoters of senescence-associated
genes, induding the central regulator WRKYS3. As this direct regulation appears to be restricted
to senescence, we aimed to characterize protein-interaction partners of REV which could mediate
this senescence-specdificity. The interaction between REV and the TIFY family member TIFYS was
confirmed by veast two-hybrid assays, as well as by bimolecular fluorescence complementation in
planta. This interaction inhibited REV's function as an activator of IWRKYS3 expression. Mutation or
overexpression of TIFYS accelerated or delayed senescence, respectively, but did not significantly alter
carly leaf development. Jasmonic acid (JA) had only a limited effect on TIFY S expression or function;
however, REV appears to be under the control of JA signaling. Accordingly, REV also interacted
with many other members of the TIFY family, namely the PEAPODs and several JAZ proteins in the
yeast system, which could potentially mediate the JA-response. Therefore, REV appears to be under
the control of the TIFY family in two different ways: a JA-independent way through TIFYS, which
controls REV function in senescence, and a JA-dependent way through PEAPODs and JAZ proteins.

Keywords: TIFYR; REVOLUTA; transcription factor regulation; leaf senescence; Antbudopsis Hhalima;
|asmonic acld signaling; PEAPOD; JAZ proteins

1. Introduction

Leaf polarity, polanity along the shoot-root axis, and stem cell specification and prolif-
eration are regulated by class Il homeodomain leucine zipper (HD-ZIP ) transcription
factors [1-3]. However, these factors, namely REVOLUTA {REV}, not only control these
critical steps in carly plant development, but are also involved in Jater steps of development
such as leaf senescence and reproduction [4-6]. Chromatin-IP revealed that REV binds
directly to the promoter of the senescence-associated transcription factor WRKY53, which
15 one of the hubs of senescence regulation and is tightly controlled on multiple levels [4,7],
REV appears to be an important driver for senescence, as the delayed-senescence phe-
notype of the ree5 mutant is stronger than that of the wrky53 mutant. This can be easily
explained by the fact that several other senescence-assodiated genes (SAGs) are direct tar-
gets of REV, as shown by a ChIP-Seq experiment [4,5,5], Vice versa, there is little indication
that WRKY53 plays a role in carly leaf development and leaf polarity, Accordingly, the
interaction of REV and WRKYS53 appears to be dependent on the developmental stage,
and the influence of REV on WRKY53 expression seems to be most efficient at the onset
of monocarpic senescence, One possible explanation could be that REV needs specific
modifications or specific interaction partners to act as an activator of WRKY53 expression

It J. Mol. Sc3, 2023, 24, 3079, https: / / ok e/ 103390 / g2 4043079
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and senescence. We can already show that the redox state of the REV protein can alter its
binding to the WRKY33 promoter, in which the reduced form binds more efficiently to the
DNA [4]. However, on the other hand, WRKY53 expression is induced by increasing levels
of hydrogen peroxide, and the REV protein is somehow involved in this response, as the
amplitude of this response is dampened in the 5 mutants. This is a contradiction that
has not yet been solved and points to a more complex scenario. Moreover, the binding
preference of REV to the different binding-sites in the WRKY53 promoter changes during
the progression of development and senescence, also indicating an adaptation of the REV
properties to certain developmental stages [4].

On the molecular level, the expression of HD-ZIP T transcription factors is controlled
by miRNA165/166, and the functionality of the proteins is controlled by the interaction
with mircoProteins called LITTLE ZIPPER [9,10]. A leucin zipper domain mediates homo-
and heterodimerization between FID-ZIP 11 factors as well as interaction with the LITTLE
ZIPPER proteins, which then block the dimernization and the function [10]. In addition,
the C-terminal MEKHLA domain of the HD-ZIP IlI factor REV was suggested to inhibit
dimerization through a steric masking mechanism [11]. In general, PAS domains are sensor
domains that respond to a variety of chemical and physical stimuli that regulate a wide
range of signal transduction pathways [12]; however, the redox sensitivity of REV is not
mediated by the PAS domain [4]. Already in 2013, Reinhart and colleagues characterized
proteins that could interact with the full-length REV protein and a truncated version that
lacks the MEKLHA domain using the yeast two-hybrid system [13]. One of these proteins
was TIFY8, a non-canonical member of the TIFY family.

TIFY proteins are defined by a highly conserved TIFY motif (TIF[F/Y]XG) that resides
within the langer ZIM domain (Zine-finger protein expressed in Inflorescence Meristem). In
Arabidopsis, TIFY proteins are represented by 18 family members which are subdivided
into two classes due to the presence or absence of a C2C2-GATA domain. Three members
that have this C2C2-GATA domain belong to class |, whereas the fifteen other members lack
this domain. Twelve of the class Il members are so-called JAZ proteins. JAsmonate ZIM-
domain (JAZ} proteins are repressors that prevent the action of multiple transcription factors
which execute the response of the plant to the hormone jasmonic acid (JA). Most JAZ pro-
teins use the TIFY/ZIM domain to interact with an adapter protein called NINJA (NOVEL
INTERACTOR OF JAZ). The NINJA protein contains an EAR (ERF-associated Amphiphilic
Repression) motif to recruit the repressor TOPLESS [14-16]. JAZ-bound transcription
factors are inactive due to the presence of TOPLESS in the complex, but the transcription
factors can be activated rapidly in response to jasmonoyl-L-isoleucine (JA-lle), the bicactive
form of JA. JA-lle can bind to the Jas domain of the JAZ proteins, thereby acting as a
“molecular glue” between the JAZ proteins and CORONATINE-INSENSITIVE1 (COI1) [17].
COI1 represents the F-Box protein of the E3-ubiquitin ligase complex SCFYO" [18], which
directs the JAZ proteins to 265-mediated proteasomal degradation in the presence of JA-Tle,

In contrast to the JAZ protein, the TIFY proteins PEAPOD1 (PPD1) and PEAPOD2
(PPD2} contain a divergent C-terminal Jas domain and an additional N-terminal PPD-
domain, PEAPOD proteins control lamina size and curvature in Arabidopsis [19] and are
negative regulators of meristematic proliferation to control organ size [20]. It was recently
described that PEAPOD repressors modulate and coondinate developmental responses to
light intensaty [21]. For PPD1 and PPD2, TOPLESS can be recruited by KIXS (KINASE-
INDUCIBLE DOMAIN INTERACTINGS) or KIX9 instead of NINJA [22]. TIFYS, which
is even more divergent, completely lacks a Jas domain for the response to JA-lle but still
contains a ZIM domain [23]. In accordance with the lack of the Jas domain, TIFYS s
stability is not affected by JA treatment. No other specific protein domains other than
the ZIM domain have been described so far; moreover, no direct DNA-binding could be
observed. Despite the functional ZIM domain, no interaction with the JAZ proteins was
found; only the two PEAPOD proteins PPD1 and PPD2 as well as NINJA were able to
interact via the ZIM domain of Arabidopsis TIFYS. KIX8 and KIX9 were also identified in
Arabidopsis TIFYS protein complexes [23]. Therefore, we hypothesized that TIFYS could
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recruit the repressor TOPLESS via NINJA or KIXS /9 to the REV complex and counteracts
REV function as an activator of transcription.

Here, we analyzed the interaction interface between REV and TIFYS in more detail,
Using the yeast-two-hybrid system, we could demonstrate that REV interacts with the ZIM
domain of TIFYS. However, the ZIM domain is necessary but not sufficient for REV-binding;
the surrounding regions as well as the C-terminal residues are also involved. The REV and
TIFYS interactions were confirmed in planta, using Arabidopsis protoplasts and Nicofianae
benthandana leaves. Moreover, we analyzed the impact of TIFYS on senescence regulation in
tify§ mutants and TIFY8 overexpression (TIFYS-OE) plants. Here, a clear repressing effect
of TIFYB on senescence was observed, indicating that the interaction between TIFY8 and
REV might have a biclogical function. However, the effect on early leaf development was
less pronounced, as leaf morphology was only slightly affected in the fify§ mutants and
TIFY3-OF plants.

Even though JA-le and the PPD proteins are known to be involved in the repression of
cell proliferation and cell size during leaf growth [24], and although TIFYS appears to have
a function in the PPD/KIX repressor complex in Arabidopsis, the relationship between
JA-lle and PPD and TIFYS function is still unciear. Therefore, we analyzed whether JA has
arole in TIFYS-REV regulation.

2. Results
2.1. TIFYS and REVOLUTA Proteins Physically Interact

In order to characterize the interaction of REV with TIFYS in more detail, we analyzed
the interaction of REV with the full length TIFYS, as well as with several truncated versions
of TIFYS in yeast cells using the Matchmaker®™ Gold Yeast-Two-Hybrid (Y2H) System,
As previously reported, TIFYS has been identified as an interacting partner of REV in a
screen using a yeast library prepared from mRNA of inflorescence meristems [13]. In this
analysis, the presence of the MEKLHA domain of REV did not influence the interaction in
the re-testing. Here, we tested whether REV interacts with the full length TIFYS protein,
with the C- and the N-terminal part of the protein, and with several truncated versions
{Figure 1a), Mating was repeated 3-7 times, and yeast cells were grown on selective media
with increasing stringency (Figure 1b). Expression of the fusion proteins in the yeast cells
was confirmed by Western Blot and immune detection (Figure Sla). One example of the
yeast colonies ” growth on selection media is shown in Figure 1b, and a summary of the
3-7 mating approaches is displayed as a heat map in Figure S1b. An interaction between
REV and the full-length TIFYS was observed in all matings, as well as an interaction
with the C-terminal half of the protein (TTFYS-C) that included the TIFY/ZIM domain
(Figures 1b and S1b), The N-terminal protein parts without the TIFY /ZIM domain (TIFYS-
N, TIFY8-N1) were not able to bind to the REV protein even though we could clearly show
that the truncated proteins were expressed in the yeast cells (Figure S1a). To narrow down
the interaction interface, we divided the C-terminal half into several subdomains C1 to
C4. Here, only the constructs containing the TIFY /ZIM domain were able to interact with
REV. However, the interaction between REV and the TIFY/ZIM domain alone (TIFYS-
C4) appears to be only weak (Figure 1b and Figure S1b). This clearly indicates that the
TIFY /ZIM domain together with the flanking regions is the interaction interface between
REV and TIFYS.

In order to confirm the interaction between REV and TIFYS in planta, we used bi-
molecular fluorescence complementation assays (BiFC). Therefore, Arabidopsis protoplasts
that were prepared from cell culture cells, as well as leaves of Nicotiama bentamiana, were
transiently transformed with BiFC constructs bearing REV fused to one half of the yellow
fluorescent protein (YFP) and TIFYS or the TIFYS-C terminus and its truncations fused to
the other half of the YFP In addition, a red fluorescence protein (RFFP) was encoded by the
same construct to control for transformation efficiency. The fluorescent protoplasts were
analyzed with the CYTOFLEX cell sorter, indicating the portion of protoplasts with BiFC of
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YFP compared to RFP-transformed cells. The infiltrated tobacco leaves were analyzed by
confocal laser scanning microscopy.
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Figure 1. Yeast two-hybrid interactions between REV and TIFYS and truncated proteins. (a) Scheme
of TIFYS and the truncated versions used in the yeast two-hybnd assay. The vellow box represents
the TIFY /ZIM domain. TIFYS full length (1 to 361aa), TIFYS-N (1 to 229aa), TIFYS-N1 (1 to 176aa),
TIFYS-C (176 to 361aa), TIFYS-C1 (230 to 361aa), TIFYRC2 (284 to 361aa), TIFYS-C3 (176 to 22%a),
and TIFYS-C4 (239 to 283aa), (b) Representative yeast two-hybnid assay between GALA-BD-REV
and TIFYE, as well as a series of truncated versions of the TIFYS protein shown in (a), fused with
GAL4-AD. A serial 1:10 dilution of cach transformed yeast was spotted onto control (DDO) and
different protein-protein interaction selective media with increasing stringency. Blue boxes indicate
mteractions, and light blue boxes indicate weak interactions.

In both systems, we could clearly confirm that the full length TIFYS protein could
interact with REV also in planta. The interaction takes place predominantly in the nucleus,
as expected for a transcription factor (Figure 2), As in the yeast cells, two TIFYS-truncated
versions containing the TIFY/ZIM domain (TIFYS-C, TIFYS-C1) were able to interact with
REV, even though it appears that the interactions were not as efficient as with the full-length
TIFYB. However, the TIFYS-C4 construct containing only the TIFY /ZIM domain, which
was sufficient to interact with REV in yeast cells, appears not to be sufficient to produce a
fluarescence signal in the BiFC in planta. Moreover, although TIFYS-C2 and TIFYS-C3 were
not able to interact with REV in yeast cells, we observed that the C-terminal part that is



downstream of the TIFY /ZIM domain is also able to contribute to the interaction with REV
in plant cells. This could possibly indicate that in plant cells, an additional plant protein or
a plant-specific modification is involved in the interaction. In conclusion, the TIFY /ZIM
domain, as well as the C-terminal regions, is involved in the interaction with REV

Bimolecular Fluorescence Complementation {BiFC)
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|
|

o &
3
¢ = -
e S | -
™
£ &
(e
- =
St
>
W &3
& =
+
- '
o
|
-
=
o &
[+
+
~ = =
o = 4
[ ~
> )
= 5
-~
- v e seem woend
= |
>
L &y
[
* a
m & =
v 3
2 3
= 51

DM

TIFYBCA+REV
()

=

MERGE

Figure 2. In planta protein-protein interaction between TIFYS or TIFYS-truncated versions

i

Figure 1a) with REV using BiFC in transently transformed Arabsdopsas protoplasts or tobacco

Caves

Protoplasts were analyzed with the cytoflex cell sorter (left), orange squares indicate transformed

Transtently transformed

protoplasts (RFP), and purple squares indicate interaction via BEFC (YFP

Nicotiana ben 1 leaves were analyzed under the confocal laser scanning microscope (right).

YFP indicates BIFC; RFP is used as a transformation control. Scale bar indicates 20 jum
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2.2, TIFYS Inhibits the Transactioation Capacity of REV

To ascertain the consequences of REV/TIFYS interaction on the regulatory function of
REV, we tested the induction of the direct target gene WRKY53 by REV in the absence or
presence of TIFYS. Col-0 Arabidopsis protoplasts were transiently transformed with the
reporter construct Py s3:GUS together with the effector constructs 358:REV, 335 TIFYS, or
both in combination. Moreover, we aimed to investigate whether JA influences TIFYS /REV
interaction. As expected, REV induced the expression of the promoter-WRKY53-driven
reporter gene. In contrast, TIFYS had a clear repressive effect on the WRKY53 promoter. If
both effector proteins were co-expressed in the protoplasts, an even stronger repressing
effect became obvious, This non-additive effect and the fact that the repressing effect of
TIFY8 is even enhanced when both proteins are highly expressed can only be interpreted
that with increased amounts of REV, the repressor function of TIFYS is more pronounced
due to the direct interaction between them and the dominant repressing effect of TIFYS. To
our surprise, JA had an enhancing effect on the induction of WRKY53 expression by REV,
whereas no influence on the repressor function of TIFYS could be observed (Figure 3).

Arabidopsis protoplasts transformed with promWRKY53:GUS
and different effector constructs

3 Treatment
{ a
2 A
§ » Evocx
£8°
5t
od
%g 1. - cd d -
=" m & -
3 "=
o REVd TIFY8 TIFY8/REVd
Effector

Figure 3. Arabidopsis protoplasts were transiently transformed with a 28-kbp-fragment of the
WRKY5S promoter fused to the GUS gene as a reporter construct; 355 REVid and 355: TIFYS constructs
were used as effector plasmids. These transfected protoplasts were simultaneously incubated wath
A M A or the same volume of water for the MOCK condition, A boxplot of the values relative to
the empty vector control is presented (n = 7), Onesway ANOVA test was performed, lowercase letters
mdicate significant differences among groups (p < 005),

It has been previously described that in contrast to the other class 1T TIFY proteins,
TIFYS stability is not regulated by JA, as it also lacks a Jas domain for JA-lle binding [23].
However, it has not been observed before that REV function can be enhanced by JA. The JA
effect is most likely mediated on the protein level, as in this case, REV expression is driven
by the 355 cauliflower mosaic virus promoter, which is not sensitive to JA. In addition, we
used a REV construct which is no longer responsive to miRNA165/166 (REVd) [10] so that
the JA effect is not related to miRNA expression,
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2.3, Expression Patlern of REV and TIFYS

If the interaction between TIFYS8 and REV is of biological relevance, a temporal and
spatial overlap in their expression patterns should be observed. As it was already shown
that REV has a positive regulatory effect on leaf senescence [4-6], we tested leaf tissue
of different developmental stages for the expression of TIFYS and REV—as well as the
direct target gene of REV, WRKY53—-using qRT-PCR. ACTINZ was used as a reference gene,
As expected for a regulator and its direct target gene, the REV and WRKY33 expression
patterns were very similar. In the youngest plants analyzed here (4-week-old plants), REV
expression and WRKY53 expression were low, but both genes were upregulated at the onset
of monocarpic senescence in leaves of 6- and 7-week-old plants. In contrast, TIFYS had its
lowest expression in 6- and 7-week-old plants and its highest in 4-week-old plants when
REV and WRKY33 expression was low. This is consistent with the function of TIFYS as a re-
pressor of REV function. The expression pattern of TIFYS appears to ensure thatin younger
plants, senescence is not induced, and WRKY53 and other direct senescence-associated
target genes of REV are not activated. In contrast, in older plants, when REV expression
increased and SAGs such as WRKYS53 were activated, TIFY8 expression and its repressing
effect on REV should be low. Interestingly, not only the amount of the TIFYS transcripts
was reduced in older plants, but also the ratio between the two described splicing variants
(Figure $2) was altered, and the portion of splicing variant 2 was decreased (Figure 4).
As was the case for the JAZ proteins, the C-terminus is truncated in splicing varant 2;
however, in the JAZ proteins, retention of the so-called Jas intron generates truncated
proteins that lack C-terminal amino acids. These truncated JAZs retain the ability to interact
with transcription factors, such as MYC2, but have a reduced capacity to form complexes
with COI1 in comparison to their respective full-length isoforms, Therefore, these truncated
splice variants of the JAZ proteins are dominant repressors of JA signaling and provide
a general mechanism to reduce the fitness costs associated with over-stimulation of the
A signaling pathway [25], Whether the TIFYS splice variants also expand the functional
repertoire still has to be elucidated.
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Figure 4. Boxplots presenting the expression of REVOLUTA, WRKY53, and TIFYS over time in leaf
tissue of Arabidopsis wildtype plants Col-(l. Leaves No. 6 and 7 of each rosette were harvested from 4-
to 7-weck-old plants. Expression levels were determined via qRT-PCR, and values were normalized
to ACTIN2 (5 = 3). In the case 0f TIFYS, the ratio for the two exasting splicing variants (SV1, SV2, see
Figure S2) was determined.
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24, Involvement of TIFYS in Early Leaf Development and Senescence

To unravel the biological function of the REV/TIFYS interaction, we analyzed early
leaf development as well as monocarpic senescence in Hfy8 mutants and a TIFYS-OE line.
We used two previously characterized T-DNA insertion lines, fify8-1T and tify8-27, and the
highly overexpressing TIFYS-OE line 1 [23]. Moreover, we describe here two additional
TIFY 8 alleles that we constructed using CRISPR/Cas9. As the T-DNA insertions were
localized in the first exon and first intron, we hypothesized that these insertion lines
might not be full KO [23]. Hence, we targeted TIFYS with two constructs, each with two
sgRNAS [26], targeting exon 5 and either the sequence encoding the TIFY domain (exon
4) or exon 3 (Figure 53). Both lines are homozygous for indels at the targeted sites. All
lines were grown side by side with the Col-0 wildtype plants and the res5 mutant line
for comparison. The mutant lines and the overexpressor line have been analyzed in two
separate experiments due to space limitations in the climate chambers and are, therefore,
presented separately with their corresponding controls. The phenotyping was repeated
several times with the same outcome, and one example 1s presented here.

First, the different colors of the leaves of one rosette were quantified using an auto-
mated colorimetric assay (ACA) tool (Figure 5a) which was developed in our lab [27]. In
Figure 5, we show the results of only one of the mutant lines, tfy8-4; the results of all four
Hify# mutant lines are presented in Figure 54a. In addition, the phenotypical appearance of
the leaves is shown in Figure S5a; both pointing already to an acceleration of senescence
in TIFY8 loss-of-function lines, whereas the TIFYS-OE line showed delayed senescence
more similar to the rev5 mutant. (Figure 5a and Figure $6a). However, the length of the
main shoot as well as the number of side shoots was not significantly different in all lines
except the ree5 mutant, which had a shorter main shoot (Figure S8a) but more side shoots
(Figure S8b), which was already described before [5], This indicates that TIFYS might alter
predominantly the senescence effects of REV.

Moreover, additional parameters were analyzed to describe different changes in the
complex process of senescence. Chlorophyll loss, functionality of photosystem Il using
pulse amplitude modulation (PAM) fluorometry, deterioration of the plasma membrane
measured by ion leakage and lipid peroxidation (the latter also giving hints on oxidative
stress), and senescence-associated gene (SAG) expression were monitored over time. For
more reliable comparisons, leaves of defined positions within the rosette were used to
analyze the different parameters in the same plant following the guidelines given in [27].
Leaf No. 5 and 10 were first used for PAM fluorometry, and subsequently, chlorophyll
was extracted from Leaf No. 5. The loss of TIFYS function accelerated chlorophyll loss,
as well as loss of the functionality of photosystem 11 (Figures 5b, $4b and S5b,c), which
is consistent with the phenotypical appearance. Even though the differences were not
significant except for re5, all mutants had lower Fv/Fm values compared to Col-0 and
rev5 plants (Figure S4b), whereas the TIFYS-OE displayed a delayed senescence phenotype
similar to that of nev5 (Figure 5 and Figure S6b). lon leakage was measured in leaf No. 4,
and lipid peroxidation was analyzed in Leaf No. 9, Both ion leakage and lipid peroxidation
were more pronounced in the tify8 mutants and less pronounced in the reo5 mutant and
TIFY8-OE (Figures 5¢c and 57).

In addition, expression of two senescence-associated marker genes, namely the cys-
teine profease SAGI2 and the short-chain alcohol dehydrogenase SAG13, was analyzed
in Leaf No, 7 using qRT-PCR and again ACTIN2 as a reference gene. SAGI2 and SAGT3
are expressed more highly in all fify8 mutant lines in week 7 compared to Col-0 wildtype
plants. In contrast, TIFYS-OE leaves had lower SAGI2 and SAG13 expression than Col-0
ieaves and behaved more similarly to the rev5 mutants (Figures 5d, S4d and Séc).
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Figure 5. Photosynthetic parameters analyzed for the senescence phenotyping of Hfy8-4 and TIFYS-
OE compared to rev5 mutants and wildtype Col-0 plants. (a) The Automated Colofmetric Assay
(ACA) to categorize the color of individual leaves of at least six plants pixelwise into five categories:
green, green-yellow, yellow, brown, and purple. The percentage of each group with respect to total
pixel number of all leaves (1-10) is presented (1 = 6). (b) Boxplot of Fy/Fm values measured with
PAM for leaves No. 5 of 4 to 7-week-old plants (5 = 6-8). (c) Boxplot of the decrease in solute
retention determined through jon keakage in leaves No. 4 of 4- to 7-week-old plants (1 = 6-8), One-
way ANOVA test was performed, lowercase letters indicate significant differences among groups
{p < 0.05), (d) Gene expression of the senescence-associated marker genes SAG1I2 was analyzed by
GRT-PCR and normalized to the expression of the ACTINZ gene (mean values -+ 5D, n = 3).
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In conclusion, TIFYS acts as a repressor of leaf senescence, most likely through the
interaction with REV. In contrast to the clear effects on senescence, the impact of TIFYS
appears to be less pronounced in the early stages of leaf development. The ree5 mutant
plants showed the clear downward curvature of the leaves as described before [8,10],
whereas the Col{) wildtype plants, as well as the Hify8 mutants, had flat leaves. The TIFYS-
OE line also developed slightly downward-curled leaves, but this tendency was much less
pronounced than in reed mutants (Figure $9),

Taken together, TIFYS has a regulatory impact on REV function but preferentially in
late leaf developmental stages and less pronounced in carly leaf development,

2.5. Impact of [A on the REV/TIFYS/WRKYS53 Network

As the activation of the WRKYS53 promoter by REV was enhanced by JA in the tran-
siently transformed protoplasts and JA was shown to be involved in senescence regula-
tion [28,29], we aimed to investigate how JA influences the REV /TIFS8/ WRKY53 network.
Therefore, we measured JA levels in the Col-0 wildtype plants, in two Hfy8 mutants, and in
the TIFYS-OE line, as well as in the reeS mutant. We could confirm that JA levels increased
with the age of the plants, as already observed before [30]. However, there was no signifi-
cant difference between the lines (Figure 6), indicating that there is no feedback regulation
of REV or TIFY8 on JA biosynthesis.

Jasmonic Acid Concentration
500 week
4
. s
400 T
7
%, 300 n

i
) “i AL i“ ﬁ.l .l

o rev_5 tify8-1T  tify8-4  TIFY8-OE

Figure 6. Boxplot of JA concentrations measured by LOMS in Cold), reed, Ufys-1T, and tiy8-4 mutants
and TIFYS-OF plants. The concentration was determined in pools of leaves Na. 5 to 9 of 4 to
7-week-old-plants (i = 4),

Moreover, the expression of REV, TIFYS; and WRKY53 was analyzed by qRT-PCR
in the wildtype and the mutant lines after JA treatment. Short-term effects 6 h after
treatment as well as long-term effects after 24 h and 96 h were determined. Two different
developmental stages, namely 3- and 5-week-old plants, were analyzed to test whether
there is an influence of the developmental stage on hormone response. The expression of
the REV, TIFYS, and WRKY53 genes are presented as heat maps relative to the expression
levels of the respective genes after MOCK treatment (Figure 7).
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Figure 7. Heat map of the gene expression measured by qRT-PCR of REV, TIFYS, and WRKY53 in
Colf), rev5, and tifyS mutant plants for 3-week-old and 5-week-old plants 6 b, 24 b, and 9 h after
JA treatment. Expression i shown as log2-fold changes relative to the respective MOCK treatments;
blue color indicates repression, whereas red color indicates induction.

In Col-0, there appears to be a difference between 3- and 5-week-old plants, as REV
and TIFYS are more severely downregulated 6 h after treatment in 5-week-old plants. After
24 hin 5-week-old plants, there is a switch in the respanse; now REV and TIFYS are more
strongly expressed after |A treatment, which is even intensified for REV after 96 h. This
effect appears to be delayed in the 3-weck-old plants. Here, the switch can be observed
only after 96 h and is also less severe.

In contrast, WRKY353 expression was slightly induced by JA treatment in 3-week-old
plants after 6 h, then slightly reduced after 24 h, and increased again after 96 h. Again, this
pattern changed in 5-week-old plants, in which the expression was slightly reduced 6 h
after treatment and then increased 24 h after treatment, which was also intensified after 96 h.
REV expression appears to be more responsive to JA than TIFYS and WRKYS53 expression,
at least in 5-week-old plants, and the WRKY53 pattern resembles the REV pattern more in
5-week-old plants.

This is consistent with the previously observed influence of REV on WRKY53 expres-
sion during senescence, but a less clear connection between these partners during carly leaf
development appears to exist, From the expression pattern of all three genes in the revs
and /ify8 mutant lines, in which the leaf material of the two mutants tify8-1T and bify8-4
has been combined, we can conclude that REV as well as TIFYS are somehow involved in
the regulation of each other, as the expression patterns change for REV in the Hify§ mutant
and vice versa. Moreover, both genes appear to be part of a feedback regulation on their
own expression. Again, this appears to be more pronounced in 5-week-old plants than in
3-week-old plants. Taken together, JA has short- and long-term effects on the expression of
all three genes, The effects are different and more pronounced in 5-week-old plants, but
REV and TIFYS proteins appear to be involved in the response of all three genes to JA in 4
complex and developmentally dependent manner.
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2.6, Is the JA Influence on REV Function Mediated by Interaction with Other Proteins of the
TIFY Fannly?

It has become clear that TIFYS interacts directly with REV and has a repressing
function on REV. However, TIFYS has no Jas domain and is not able to sense | A-lle directly.
Therefore, the question as to how the enhancement of the REV function by |A is mediated
is still open. Thus, we evaluated whether REV can also interact with other members of
the TIFY family. We first tested the two class 1 TIFY PEAPOD proteins, as TIFYS can
interact with these two proteins but not with all other JAZ proteins [23]. Moreover, the
PEAPOD proteins are involved in the early stages of leaf development in the formation
of flat leaves in Arabidopsis [31], which would fit very well with the REV function in
early leaf development. Therefore, we analyzed the two PEAPOD proteins in the yeast
two-hybrid system, and both were able to interact not only with TIFYS but also with REV
(Figures 8 and S10).
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Figure 8. Yeast two-hybnd interactions between PEAPODs, PPD2-truncated proteins, TIFYS, and
REV. (a) Scheme of the PPD1, PP'D2, TIFYS, and truncated PPD2 versions used in the yeast two-
hybrid assay. The orange box represents the PEAPOD domain (PPD), the yellow box represents the
TIFY /ZIM domain, and the green box represents the Jas-like domain (Jas®). PPD2 full length (1 to
3Saa), PPD2-NT (1 to 117aa), PPD2-N (1 to 204aa), PPD2-C1 (117 to 204aa), PPD2-C (117-316aa),
and PPD2-C2 (205 to 316aa). (b) Representative veast two-hybrid assay between GAL4-BD-TIFYS
or GAL4-REV and PPDs, as well as a series of truncated versions of the PPD2 protein shown in
(a) fused with GAL4-AD. A serial 1:10 dilution of esch transformed yeast was spotted onto control
{DDO) and different protein-protein interaction selective media with increasing stringency. Blue
boxes indicate interactions.
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For PPD2, we could also show with truncated versions that the TIFY /ZIM domain is
necessary but not sufficient to mediate the association with REV. In this case, the N-terminal
region with the PPD domain appears to be involved in addition to the TIFY /ZIM domain
(Figures & and S10).

In addition to the PEAPOD proteins, the JAZ proteins were tested for interaction with
REV in the yeast two-hybrid system. REV was also able to interact with many other JAZ
proteins, namely JAZ1, 2, 4, 5, 9, and 10, but not or almost not with JAZ3, 6,7, 8, and 12
{Figures 9 and S11), clearly indicating that REV appears to be controlled by JAZ proteins
and JA signaling. However, how this selective interaction is mediated and whether this
interaction is of biological relevance will be the subjects of further investigations.
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Figure 9, Yeast oodeybrad mteractions betuven REV amd JAZ profeies, Representative yeast two-hybrid
assay between Gal4-BD-REV and GAL4-AD-JAZ fusion proteins. A =erial 1:10 dilution of cach
transformed yeast was spotted onto control (DDO) and different protein-protein interaction-selective
media with increasing stringency. Blue boxes indicate interactions, Protein domains of the different
JAZ proteins are indicated on the right. The yellow box represents the TIFY/ZIM domain, The green
box represents the Jas domain. The red box indicates the repressing EAR domain,
3. Discussion

Under optimal and stress-free conditions, leaf senescence is governed by the age of the
leaves and the whole plant [32]. Tt has developed to allow efficient usage of the resources
of the plant for growth, as well as for storage for the sake of the next generation via a
well-organized recycling program to remobilize carbon, nitrogen, and mineral resources
out of the senescing tissue into the developing parts of the plant, such as new leaves or
fruits and seeds. However, long-lasting unfavorable stress conditions, such as drought,
salinity, and nutrient deficiency, lead to premature senescence as an exit strategy. This
ensures the production of offspring even under such a barren environment. Premature
senescence is often combined with a tradeoff in seed number and quality [33]. To inte-
grate all kinds of stress responses into this developmental process, highly complex gene
regulatory networks have to be in place [7]. Approximately one fourth of all Arabidopsis
genes are differentially regulated during the onset and progression of senescence [30,32].
Detailed transcript profiling over 22 time points of a defined leaf of Ambidopsis thaliana
during onset and progression of leaf senescence enabled researchers to build a distinct
chronology of events [30]. Genes related to the regulation of intracellular ROS levels as well
as genes involved in absasic acid (ABA) and JA production and signaling are among the
carly induced transcripts, indicating that ROS, ABA, and JA are important carly signals in
leaf senescence. This fact is in agreement with a relatively early increase in JA levels in Leaf
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No. 7 in Arabidopsis rosettes shown by Breeze and colleagues [30], which was confirmed
here in our studies (Figure 0). Likewise, an increase in intracellular hydrogen peroxide
contents during the onset of monocarpic senescence has been described [34,35].

This massive reprogramming of the transcriptome implies a central function for
transcription factors. Almost all transcription factor families in plants are involved in senes-
cence regulation processes; however, the families of WRKY and NAC factors, which largely
expanded in the plant kingdom, are overrepresented in the senescence transeriptome of
Arabidopsis [36]. In contrast to systems biclogy approaches, we tried to understand these
complex interactions starting from one of the regulatory hub proteins, namely WRKYS3, Ex-
pression, activity, and degradation of the WRKY53 protein are tightly controlled, involving
many feedback loops and double bottoms [7]. Moreover, a “leaf developmental memory”
that links early developmental processes to leaf senescence appears to exist [4,7,37], and
by this mechanism, if carly development is somehow disturbed, senescence is delayed,
The transcription factor REV appears to be part of this memory, as REV is involved in
carly developmental processes, such as the establishment of leaf polarity, lateral menstem
initiation, or vascular development, but also directly regulates the expression of WRKY53
during leaf senescence [4]. However, a function of WRKY33 in early development has not
yet been described, indicating that the interaction of REV with the promoter of WRKY53
appears to be dependent on the developmental stage. The preterential binding of REV
to different ds-elements in the WRKYS3 promoter [4] points to the involvement of an
additional factor dnving this selectivity, Here, we could characterize the non-canonical
TIFY protein TIFYS as a possible regulator. TIFYS can interact with REV in yeast cells
and in planta (Figures 1 and 2) and can block the inducing function of REV on the pro-
moter of WRKY53 (Figure 3), This is consistent with the function described for TIFYS as
a repressor of transcription via the interaction with NINJA and /or KIX8/9 function as
adapters for TOPLESS, which mediates transcriptional repression [14,22]. Moreover, TIFYS
is more highly expressed in leaves during early developmental stages before the onset
of senescence, when REV induction of WRKY53 expression should still be inhibited. In
contrast, REV and WRKY353 expression increase during the onset of senescence, whereas
TIFY 8 expression is lowered again (Figure 4). If this is the case and TIFYSB is involved
in REV repression as described, a loss of TIFYS function would lead to early activation
of REV function and, thereby, to accelerated senescence. This 1s exactly what could be
observed in the T-DNA insertion lines, as well as in the CRISPR /Cas lines of T1FYS. Here,
we clearly observed an accelerated loss of photosynthetic activity and chlorophyll con-
tent, an early expression of SAGs (Figures 5, 54 and 55), and an earlier deterioration of
the plasma membrane documented by higher ion leakage and higher lipid peroxidation
rate (Figures 5 and 5§7) in the loss-of-function mutant lines compared to wildtype plants
or reeS mutants. In contrast, the TIFYS-OE line phenocopied the rees mutant in all these
aspects (Figures 5, 56 and 57). Therefore, we concluded that TIFYS has a role as a negative
regulator of senescence, most likely through the inhibition of REV, which can activate direct
senescence-associated target genes such as WRKYS53,

We have identified the TIFY /ZIM domain of TIFYS to be involved in the interaction
with REV. However, in planta, the TIFY /ZIM domain is not sufficient for the contact, but
additional regions in the C-terminal part of the protein are required (Figures | and 2),
Moreover, REV does not interact exclusively with TIFYS of the TIFY family. The two
PEAPOD proteins, PPD1 and PPD2, can also interact with REV, but in this case, the
N-terminal PPD domain is required in addition to the TIFY/ZIM domain. Moreover,
several but not all JAZ proteins are also able to interact with REV in yeast, indicating a
certain selectivity that might be mediated by the additional regions, as the TIFY /ZIM
domain is highly conserved between the TIFY proteins (Figure 512). The interactions
with the JAZ proteins could explain why in the reporter assay with the PyygxysnGUS
construct, activation by REV was increased after JA treatment. JAZ proteins are degraded
upon JA-Tle perception via SCFEO! and the 265 proteasome [14]. TIFYS and PEAPOD
proteins are also able to interact with each other (Figure 5), whereas all other ]AZ proteins
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were not able to interact with Arabidopsis TIFYS [23], demonstrating clear differences
between the PEAPOD and the JAZ proteins, JAZ proteins have been shown to recognize
MYC transcription factors; this process occurs most likely via a conserved linear motif
SLeeFLeseR. However, PEAPOD proteins which lack this motif do not recognize MYC
protein unless this motif is implemented into the proteins by mutagenesis [38]. MYC2-5
redundantly regulates JA-induced leaf senescence under the control of JAZ proteins [39].
So far, there are no indications that PEAPOD proteins regulate senescence, but they are
involved in early leaf development in Arabidopsis to form a flat leaf [31]. Accordingly,
PEAPODs could be involved in early developmental processes directed by REV, and TIFYS
could be involved in late developmental processes directed by REV. However, we still need
to analyze the impact of PEAPOD proteins on REV function and senescence in more detail
in the future.

The JA effect on the REV, TIFYS. and WRKY353 expression appears to be complex
and development-dependent, Short- and long-term effects can be different at different
developmental stages (Figure 7). However, JA appears to have the highest effects on REV
expression in S-week-old plants. Here, JA could induce high REV expression after 96 h so
that a long-term increase in JA, as it is observed during early senescence (Figure &), could
contribute to the increased expression of REV, as REV mRNA and JA levels increase in
parallel. In the tifyS mutants, as well as in the rev5 mutant, differences in expression of
REV and its direct target gene TIFYS could be observed, indicating that complex cross-
and feedback regulation occur but with milder effects. However, JA levels appear to be
not significantly different in all tested lines, indicating that there is no influence of TIFYS
or REV on the JA biosynthesis, Vice versa, an influence of JA on the REV activity was
observed (Figure 3) which is most likely mediated by ¢ither the PEAPOD and/or the
JAZ interactions with REV. In conclusion, a JA-independent regulation of REV via TIFYS
and a JA-dependent regulation of REV via PEAPOD and JAZ proteins appear to exist,
and these regulation mechanisms might act in concert and /or in different developmental
stages. A simplified model of this complex interplay is presented in Figure 10. Here, we
speculated that the interaction between PPDs or JAZs with REV also inhibits the function
of REV as an activator; however, the impacts of PPD and JAZ proteins on early and late
developmental functions of REV will be the subject of future investigations. Inaddition, the
genetic background of the JA-insensitive mutants jerl and coi? will be used to characterize
the role of JA signaling in more detail.
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Figure 10. Model of the development-specific regulatory effects of TIFYS, PPDs, and [AZs on REV.
(1) TIFYS, which is highly expressed during early development, blocks WRKY33 expression by its
interaction with REV. How REV activates other early developmental genes is still unclear and needs
most likely additional factors or modifications. In this stage, JAZ as well as PPD expression is
low, (2) In juvenile keaves, JAZs and PPDs are expressed, but JA levels are still low; therefore, even
enhanced repression of WRKY33 is achleved by the additional complex formation of JAZs /PPDs with
REV. (3) At the transition from maturation to senescence, JA Jevels increase, and JA-Tle mark the JAZs
and PPDs for degradation via the 265 proteasome through the interaction with the F-box protem COILL
However, TIFYS has ro Jas domain and cannot be marked for degradation by JA. Instead, expression
of the TIFYS gene is strongly reduced, Both the JA-dependent and the jA-independent pathways lead
to an activation of gene expression of REV target genes, including WRKY33, which then activates other
WRKYS, other TFs, and additional SAGs. TF: transcription factors; SAGs: senescence-associated genes.

4. Materials and Methods
4.1, Yenst Two-Hulrid Assays

The TIFY8, PEAPOD, and JAZ yeast constructs used were described before in [22,27],
The yeast strain Y2H Gold (mating type a; Clontech; Takara Bio Europe SAS, Saint-Germain-
en-Laye, France) was transformed with the bait expressed from the pGBKT7 vector con-
taining the GAL4 DNA-binding domain and the TRP! marker gene. The yeast strain Y187
(mating type «; Clontech) was transformed, with the preys expressed from the pGADI7
vector containing the GAL4 activation domain and the LEU2 marker gene, Yeast trans-
formation was performed using a lithium acetate (LiAc)-based transformation. Empty
yeast strains were grown overnight at 30 “C and 180 rpm in 1x Yeast Peptone Dextrose
Adenine (YPDA) media, (2% (w/v) Bacto peplone; 1'% (w/v) Bacto yeast extract; 0.003%
{z0/v) adenine hemisulfate; 2% (iw/v) glucose pH 2.5). The overnight cultures were diluted
to a concentration of OD546 0.2-0.4 with 1 x YPDA and regrown at 30 “C to a final con-
centration of ODxy, 0.6-0.8. Cultures were centrifuged for 5 min at 2500 g, and pellets
were resuspended in 2.5 mL sterile water, respectively. 100 uL resuspended yeast cells
were added to a polyethylene glycol (PEG)/LiAc mastermix (240 pl 50% PEG, 36 pL 1M
LiAc 2xH20, 2 pl. carrier DNA (Clontech)) and 250-600 ng of the appropriate plasmids,
Samples were mixed and incubated at 42 “C for 45 min. After the incubation, yeast cells
were collected by centrifugation (5 min at 700 g), and pellets were resuspended in 100 uL
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0.9% (w/v) NaCl. Cells were then plated on the appropriate synthetic defined (SD) dropout
media to select for transformants, including SD-Trp media (0.67"% (w/v) yeast nitrogen
base without amino acids; 0.074% (w/v)—Trp DO supplement; 2% (w/v) Bacto agar; 2%
(w/v) glucose, pH 5.8) and SD-Leu media (0.67% (w /v) yeast nitrogen base without amino
acids; 0.069% (w/v)—Leu DO supplement; 2% (w/v) Bacto agar; 2% (i /1) glucose, pH
5.8). After three days of growth at 30 °C, ane colony from each transformation was picked,
streaked on a fresh plate (SD-Trp /SD-Lew), and incubated for two more days at 30 °C. The
two-hybrid assay was performed by mating the transformed yeast strains, as described
in the Matchmaker” Gold Yeast Two-Hybrid System User Manual (Clontech), A serial
1:10 dilution of the yeast cells was spotted onto the control DDO media (0.67% (t0/0) yeast
nitrogen base without amino acids; 0.064"% (w/v)—Leu-Trp DO supplement; 2% (w/v)
Bacto agar; 2% (w/v) glucose, pH 5.8) and interaction-selective media, including TDO
(0.67% (u/v) yeast nitrogen base without amino acids; 0.069% (w/v}—Leu-Trp-His DO
supplement; 2% (/) Bacto agar; 2% (w/v) glucose, pH 5.8), DDO/X/AbA (0.67% (w/v)
yeast nitrogen base without amino acids; 0.064% (w/v)—Leu-Trp DO supplement; 2% (w /)
Bacto agar; 2% (w/v) glucose, pH 3.8; 0.004 (ww/v) X-o-Gal; 0.0002% (w0/ ¢) Aurcobasidin A),
QDO ((L.67% (w0 /v) yeast nitrogen base without amino adds; 0.060% (w/ v)—Leu-Trp-His-
Ade DO supplement; 2% (w/v) Bacto agar; 2% (w/v) glucose, pH 5.8), QDO/X (0.67% {w/v)
yeast nitrogen base without amino acids; 0.060% (w/v)—Leu-Trp-His-Ade DO supplement;
2% (w/v) Bacto agar; 2% (w/v) glucose, pH 5.8; 0.004% (w/v) X-a-Gal) and QDO/X/AbA
(0.67% (w/v) yeast nitrogen base without amine acids; 0.060% (w/v)—Leu-Trp-His-Ade
DO supplement; 2% (w/v) Bacto agar; 2% (w/v) glucose, pH 5.8; 0.004'% (/o) X-a-Gal;
0.0002% (w /) Aurcobasidin A). An overview of the used media is listed in Table 1. Yeast
growth was monitored after four to five days at 30 °C, and plates were scanned using an
Epson Perfection V700 Photo Scanner (Epson Europe B.V,, Amstendam, The Netherlands).

Table 1. Media used for the yeast two-hybrid assay.

Function Name Description
vector selection Double dropout (DDO) SD/<Tp/-Leu
interaction Triple dropout (TDO) SD/-Trp /-Leu/-His

Quadruple dropout (QDO)  SD/-Trp /-Leu/-His/-Ade
SD/~Trp /-Lew/-His/-Ade

QEO/X supplemented with Xeax-Gal (X)
SD/-Trp /-Leu/-His/-Ade
QDO/X/AbA supplemented with X-a-Gal (X) and
Aureobastdin A (AbA)

4.2. Protein Extraction from Yeast Cells and Western Blot Analysis

To confirm protein expression, yeast cells grown on DDO plates were inoculated
into 45 mL DDO medium and grown overnight at 30 “C while being shaken (180 rpm),
For protein extraction, overnight cultures were centrifuged (5 min at 13,000 rpm), and
pellets were resuspended in 100 pL deionized water, respectively. An amount of 100 uL
0.2 M NaOH was added, and samples were incubated for 5 min al room temperature (RT),
Samples were centrifuged (5 min at 13,000 rpm), and pellets were resuspended in 30 pl.
sodium dodecyl sulfate (SDS) sample buffer (0.06 M Tris-HCl pH 6.8; 5% (v/v) glycerol;
2% (w/v) SDS). Protein concentration was determined using Bradford Roti-Quant (Roth)
according to the manufacturer’s protocol. In total, 20 pg total protein of each sample
was diluted with 3x Laemmli buffer (3.4% (w/v) SDS; 62.5 mM Tris pH 6.8; 10% (v/v)
glycerol; 0.075% (w/v) bromophenol blue; 5% (0/0) B-mercaptoethanol). Proteins were
denatured by incubation at 95 °C for 5 min. Protein samples were separated on a 10-12%
SDS-polyacrylamide gel electrophoresis (PAGE, 20V, 90 min); 1 x SDS-running buffer was
used (25 mM Tris, 200 mM glycne, 0.1% (w/v) SDS, pH 8.3). Proteins were transferred
to a polyvinylidene difluoride (PVDF) membrane (Roth) using semi-dry transfer (Peglab;
300 mA, 1 h). Membranes were blocked using 3% (w/v) milk powder (Sucofin} in 1 x TBS-T
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{25 mM Tris; 137 mM NaCl; 0.1% (v/v) Tween-20, pH 7.6) for 1 h at RT or overnight at 4 °C,
After membranes were washed for 5 min with 1% TBS-T, membranes were incubated for
| h with the primary antibodies in 1.5% (w/v) milk powder in 1x TBS-T. Antibodies against
GALA-BD and GAL4-AD, respectively, were used. After being washed three times with
1x TBS-T, membranes were incubated with the corresponding secondary antibody (goat
anti-mouse horseradish peroxidase conjugates) followed by another round of washing,
After applying luminol (Bio-Rad Laboratories Inc., Hercules, CA, USA) to the membranes,
signals were detected using an Amersham Imager600 (GE Healthcare, Chicago, 1L, USA),
Images were processed with Adobe Photoshop G55 (Adobe Inc., San José, CA, USA) for
adjustment of brightness and contrast.

4.3. Protoplast Transformation

Protoplasts were prepared from a root cell culture of Arabidopsis thaliana ecotype Col-
0 and transformed as described in [40]. Protoplasts were transiently transformed with
different concentrations of the respective plasmid DNA; for details, also see https:/ /uni-
tuebingen. de/fakultacten/ mathematisch-naturwissenschafthiche-fakultaet / fachbereiche /
zentren/zentrum-fuer-mojekularbiologie-der-pAanzen / research /central-facilities / plant-
transformation /.

4.4, MUSCLE Alignment of TIFY/ZIM Domains

Domain sequences of TIFY8 and PPD1 and 2, as well as those of the JAZ proteins, wene
taken from TAIR using the database HMMSMART. All sequences were aligned according
to the multiple alignment tool MUSCLE using CLC Main Workbench 8.1.3 (QIAGEN,
Aarhus, Denmark).

4.5. Binmolecular Fliovescence Complementation (BiFC), Cytometry, and Confocal Micrascopy

Ratiometric BiFC assays were performed to study the homo- and heteromeric interac-
tion of TIFYS and REV as well as REV interaction with truncated versions of TIFYS (see
Figure 1), Therefore, a single vector which carries a red fluorescent protein (RFP’) gene as
the expression control as well as both candidate genes which were cloned simultancously to
the N- or the C-terminal part of the yellow fluorescent protein (YFP), respectively, was used.
The expression of the fusion proteins is controlled by the 355 promoter in the pBiFCt-2inl-
NN vector [41). For protoplast transfection, 4 ug of the plasmid DNA was used to express
the fusion proteins, If the proteins interact with each other, YFI” fluorescence is restored
by bringing the YFP-N and YFP-C parts together. Interactions were visualized 1 day after
transtection by flow cytometry using CytoFLEX (Beckman Coulter, Brea, CA, USA). Both
the internal mRFP and any reconstituted YFP were excited by the onboard 488nm laser,
Peak emission was captured for YFP in FL1 (525/40 nm) and for RFP in FL3 (610/20 nm),
All experiments were performed independently at least 4 times. To detect and localize the
interaction in the cells, transfected tobacco leaves were analyzed using confocal microscopy
(LSMS880, Zeiss, Oberkochen, Germany). Therefore, Nicotiana benthaniana plants were
cultivated and infiltrated with an Agrobucterin timefaciens suspension, which contained
the above-mentioned pBiFCt-2in1 constructs. In total, 500 mL of the bacteria overnight
culture was inoculated into fresh LB media with the respective antibiotics and incubated
for 4-6 h, This culture was centrifuged at 4000 rpm for 10 min. The pellet obtained was
diluted in infiltration media (10 mM MgCI2; 0.5M MES; 100 mM Acetosyringone) to an
OD600 of 0.5. Leaves of 4-week-old plants were infiltrated by manual injection with a 1-mL
needleless syringe. Imaging was performed 2 days later. At least 3 leaves of different plants
were analyzed under a Zeiss LSM 880 Airyscan confocal microscope by using the preset
sequential scan settings for YFP (Ex: 514 nm, Em: 517-553 nm) and for RFP (Ex: 561 nm,
Em: 597-625 nm). The experiment was performed independently 3 times.
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4.6, fI-Glucuranidase Reporter Assays

Arabidopsis protoplasts were transformed using 5 pg of effector (pJAN33) and 5 pg
of the reporter (pBGWFS7) plasmid DNA. A luciferase construct (pBT8-355LUCm3) was
co-transfected as an intemal transformation control. After incubation overnight at 20 “Cin
darkness, GUS activity assays were performed with the protoplasts, as described by [42].
The basal GUS level at 0min was subtracted from the values of the GUS activity after 2 h of
incubation at 37 “C. To correct transformation efficiency, GUS activity was normalized to
luciferase Auorescence. As effectors, we analyzed either REV and TIFYS or a combination
of both, Therefore, the coding sequences were cloned into pJAN33. As a reporter, a 2759-
bp sequence upstream of the start codon of WRKY53 was cloned into the binary vector
pBGWES7.0. The JA GUS assays were performed as described above, except that 40 uM JA
or the same volume of water was added before overnight incubation.

4.7. Plant Cultivation and Plant Lines

Aralridopsis thaliana plants were grown on standard soil under short- or long-day
conditions. Long-day conditions included 16 h of light; short-day conditions included 8 h
of light with only moderate light intensity (60-100 pmol s~ m ?) in a climatic chamber at
an ambient temperature of 20 °C. Individual leaf positions within the rosette were color-
coded according to their age [27]. Plant material was harvested always at the same time of
the day to avoid circadian effects, In all experiments, A, tuliana Ecotype Columbia-0 was
used as wildtype control. The mutant lines used were as follows: rev (EMSmutant; A260V),
bify8-1T (GK_738B03), tifys-2T (SAIL_409_A07), tifus-3 (CRISPR-CAS 2959-3-4-20/1), tifys-4
(CRISPR-CAS 2960-21-7-33/3), For CRISPR/Cas9 constructs, design, cloning, genotyping,
and selection of homozygous lines were as described [26]. In brief, we designed sgRNA6S,
sgRNA4S5, and sgRNA36 to target exon 3, 4, and 5, respectively. Spacers were cloned in
PMR218 (sgRNA36) and pMR217 (sgRNA6% and sgRNA45) via a cut-ligation reaction of
annealed oligonucleotides with Bbsl (Table 2). Vectors were recombined using Gateway
in pDE-Cas9 and transformed in Arabidopsis using floral dip. Plants were genotyped
each generation using Sanger sequencing and TIDE (Table 2). Finally, two lines were
obtained: lify8-3 (2959-3-4-20/1, with —1;—1 at sgRNA3b6 and +1;+1 at sgRNAA45) and
tifyy§-4 (2960-21-7-33 /3, with —1;,—1 at sgRNA36 and —1;—-1 at sgRNAG9) (Figure 5).

Table 2. Primers for CRISPR/Cas9.

Oligonucleotides uses for cloning spacers

LAPAU*3124 ATTGCAAACCAGCCTCCACGCGG  Fw sgRNA6Y

LAPAU3I2S AAACCOCCOTGCAGGCTGOTTITG Ry sgRNASY

LAPAU3126 ATTGCTTGACCGCCATACGAAGA Fw sgRN A4S

LAPAU327 AAACTCTTCTATGOCGGTCAAG Rv sgRNA4S

LAPAU3I28 ATTGCCTTCGCCAGCGATCAAGCGG  Fw sgRNA36

LAPAUND AAACCCOCTTCATCCTGCCAAGG Ry sgRNA36

Cenotyping primers

CROPGEN *68  TCACTTCACGACTCAGGAGC Fw Genotype sgRNA 69

CROPGENGY CCATTATCACATCCGCCTGC Rv Genotype sgRNA 69

CROPGENT(O AACAGGCATCGAAAGCTCCCOG Fw Genotype sgRNA 45 or 36

CROPGENT1 AGACCTGATTACTCTACTCCACTCA Ry Genotype sgRNA 45 or 36
“TAPAU and CROPGEN are infernal names and are not mesningiul.

4.8. Phenotyping

To analyze onset and progression of senescence in different plant lines, we analyzed
a variety of parameters once a week from week 4 to week 8. For this purpose, the corre-
sponding color<coded Jeaves were used to analyze specific parameters as described in [27],
Before leaves were harvested, the number of leaves, the size of the stems, and the time
point of bolting and flowering were determined. Leaf colors were quantified via the au-
tomated colorimetric assay (ACA). Electrolyte leakage was measured in leaf No, 4 using
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a conductivity meter (CM100-2, Reid and Associates, Durban, South Africa). In leaf No.
5 and leaf No, 10, first the activity of the photosystem 1T (PSII) was assessed by Fv/Fm
values using the Imaging-PAM chlorophyll fluorometer (Maxi version, v2-46i, Walz GmbH,
Effeltrich, Germany), and subsequently, the chlorophyll was extracted. For qRT-PCR of
senescence-associated marker genes, total RNA was extracted from leaves No. 6 and 7.
Lipid peroxidation measurements were performed using leaf No. 9. All methods are
described in detail in [27]. All phenotyping experiments were performed with a minimum
of 6 biological replicates and were independently performed at least three times. All raw
data of the phenotyping experiments except for ACA are provided in Table S1,

#.9. Gene Expression Amalyses Using gRT-PCR

Total RNA was extracted with the GeneMATRIX Universal RNA Purification Kit
(EURx), Subsequent cDNA synthesis was performed with RevertAid Reverse Transcriptase
(Thermo Fisher Scientific Inc., Waltham, MA, USA) using oligo-d T primers, For the qRT-
PCR, KAPA SYBRY Fast Bio Rad iCycler (Bio-Rad Laboratories Inc, Hercules, CA, USA)
and Master Mix was used following the manufacturer s protocol. For calculation, we used
the AACT method according to [43], in which the expression of the analyzed genes was
normalized to ACTIN2 and set in % of ACTIN2. ACTIN2 has been characterized as suitable
reference gene for senescence [44] and is used in many studies that analyze gene expression
during senescence, not only in Arabidopsis, but also in other plant species. A list of all
primers used can be found in Table 3.

Table 3. Primers for gRT-PCR.
Gene Name Accession Number Primer Sequence (for/rev)
Phenotyping AR ACCCGATGOGCAAGTCATCACG
ACTINZ TCCCACAAACGAGGGCTGGA
o GCTTTGOCGGTTTCTGTTG
SAGI2 s GTTTCCCTTTCTTTATTTIGTGITG
AGGGAGCATCGTGCTC ATATCC
SAG1S ARg29350 CCAGCTGATTCATGGCTCCTTIG
MeJA treatment AAGCTCTOCTTTGTTGCTGTT
Development and ACTIN? 3 18780 GTTGTCTCGTGGATTCCAGCAGCTT
COGACAGACAGAACAAGATAAGE
TIFYS AHgIT AAGCAGAAGCCGTGGAAGG
TCAGCTTGTCTGCGAAAATG
REVOLUTA ABge06R0 ACCCAATCAACAGCAGTTCC
: CAGACGGGGATGCTACGG
WRKYS e o GGCGAGGCTAATGGTGGT
Splicing variants Atde32570 TCTATGAAGGAGGCAGCTCTAAG
TIFYS-SV1 8 TCATGTGGCTTCTTTTTCAGGATC
iEpEYa ANGIZ) TGTATGAAGGAGGCAGCTCTAAG

TCAGTATTTGTAAGAAGCTAACCA

4.10. Jasmonic Acid Treatment

Threc-week-old Col-0 plants and five-week-old Col-0 plants as well as rev5, tify8-1T,
and tify8-4T mutants were sprayed with 100 uM MeJA in DMSO and 0.01% Silwet L-77
every 24 h for 96 h. The second set of plants was treated with the corresponding MOCK
solution as a control. Three replicates of each line and time point (6 h, 24 h, and % h) were
generated. For each replicate, leaves No. 4, 5, and 6 were pooled, and RNA was extracted
for quantitative RT-PCR.

411, Jasmonic Acid Meassurements

Four- to seven-week-old Col-0 plants, as well as rev5, tfyS-1T, Hfy8-4, and TIFY§-OE
plants, were used to determine the JA contents over the development of the different
plant lines. For each line and time point, 4 replicates were analyzed. For each replicate,
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always the same number of punches of the Leaves No. 5 to No. 9 were pooled, and
50 mg (£10%) of leaf material was then analyzed per sample, The frozen sample was
retched (5 mm ceramic ball; 30 s) with intermittent cooling. The retched plant matenial
was extracted with 200 ul. 80% Methanol (MeOH), which contained 200 nm of D5 JA
as a control. The obtained supernatant was transferred to a precooled fresh tube, and
the obtained pellet was re-extracted with 200 L of H;O with 0.1% Formic Acid (FA,
HyCO;). Then, this supernatant was combined with the previously transferred 80% MeOH
fraction and thoroughly mixed. Both extraction processes included a 5 min ultra-sonic
bath at RT, followed by a centrifugation step (5 min, 4 °C, 14,000 rpm). Subsequently,
another centrifugation step (10 min. 4 °C, 14,000 rpm) with the combined supematants
was performed. For the analysis of the phytohormone JA, the final supernatant was used
directly. An amount of 100 uL of the sample was pipetted into a vial and diluted with
100 uL of HyO and 0.1% formic acid. The LCMS profiling analysis was performed using a
Micro-LC M5 (Trap and Elute) and a QTRAP6500+ (Sciex) operated in MRM maoxde. For all
MRM:s (Ja (1) Q1/Q3 209.1/59, Ja (2) Q1/Q3 209.1/165.1, D5 Ja (1) Q1/Q3 214.1/62, D5 Ja
(2) 214.1/170.1) a declustering potential of D40, a collision energy of CE-20, and a Dwell
time of 5 ms were applied, Chromatographic separation was achieved on a Luna Omega
Polar C18 column (3 pum; 100 A; 150 % 0.5 mmy; Phenomenex, Aschaffenburg, Germany)
and a Luna C18{2) trap column (5 pm; 100 A; 20 x 0.5 mm; Phenomenex) with a column
temperature of 55 “C. The following binary gradient was applied for the main column at
a flow rate of 28 gL min ' 0-0.2 min, isocratic 90% A; 0.2-2 min, linear from 0% A to
307 A; 2-4.5 min, linear from 30%: A to 10% A; 4.5-5 min, linear from 10% A to 5% A;
5-5.3 min, isocratic 5% A; 5.3-5.5 min, linear from 5% A to 90% A; 5.5-6 min, isocratic 90%
A (A: water, 0.1% aq, formic acid; B: acetonitrile, 0.1% aq. formic acid). The samples were
concentrated on the trap column using the following conditions: flow rate 50 pl min~':
0-1.5 min isocratic 95% A; 1.5 min start main gradient; 1.5-1.7 min isocratic 95% A. The
injection volume was 50 ul.. Analytes were ionized using an Optiflow Turbo V ion source
equipped with a SteadySpray T micro electrode (10-50 puL. min ') in negative (ion spray
voltage: —4500 V) ion mode. The following additional instrument settings were applied:
nebulizer and heater gas, nitrogen, 25 and 45 psi; curtain gas, nitrogen, 30 psi; collision gas,
nitrogen, medium; source temperature, 200 “C; entrance potential, =10 V; collision cell exit
potential, =25V. The JA content in a sample was normalized against the D5 Ja values.

4.12. Statistical Analyses

All analyses were performed using IBM SPSS Statistics Software (I1BM Corp. Released
2021. IBM SPSS Statistics for Windows, Version 28.0. Armonk, NY, USA: 1BM Corp.).
Comparisons of mean trait values between the different lines were performed using a
one-way between-subjects ANOVA. The one-way ANOVA is the simplest case of ANOVA
test and is used to compare the mean of multiple groups. If the average vanation between
groups is large enough compared to the average variation within groups, then it can be
concluded that at least one group mean is not equal to the others. A p-value of p < 0.05
was used in all analyses,
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Figure S1: Yeast two-hybrid protein expression in yeast cells and heat map of positive
results in independent mating experiments.

(@) Western blot analyzed with anti-BD and anti-AD antibodies («) show
expression of BD-REV and AD-TIFY8 fusion proteins in diploid yeast cells.
Protein loading is indicated by a section of the Amido Black Staining (A.B.S)
BD-REV: 114 kDa, AD TIFY8:62 kDa, AD-TIFY8-N: 48 kDa, AD-TIFY8-N1: 43
kDa, AD-TIFY8-C: 44 kDa, AD-TIFY8-C1: 38 kDa, AD-TIFY8-C2: 33 kDA, AD-
TIFY8-C3: 30 kDa, AD-TIFY8-C4: 30 kDa, AD-empty: 22 kDa. (b) Heatmap of
positive interaction results of 3 to 7 independent mating experiments in %
positive results.



TiFYa splice variant 1 |5V1)
TIFYR splice variant 2 (SV2)

Figure S2: Splicing variants of TIFY8.
Two splicing variants of TIFY8 differ in the 3'region in exon 5 and 6. Primer position used
for qQRT-PCR (orange) and splicing variant determination (grey) are indicated by the

arrow heads).



(@) a1

TIFY8 (Mdg32570) — 100 bp
- oyl
EaT
(b) v  ORNAS $0RNAG
Col-0 GAMMETCTTCTATGGCGSTCANGCTCATGT ATMTGSCCT’IC&CAGGATCAAG!CG“CT

tify8-3 GACCATCT CTATGGOGGTCAAGCTCATGT ATAATGGCCTTGGCAGGATCARGACGGAGGT

sgRNAGS SgRNA3E
Col-0 CTTTSGCAAACCAGCCTCCACGUSGRBMAG  ATAATGGCCTTGGCAGGATCARGTGGRERCT
nfys-4 CTTTGGCAAACCAGCCTCCAC-CGGAGGAG ATAATGGCCTTIGECAGGATCAA~OGGAGGLT

Figure S3: Generation of tify8 CRISPR/Cas9 lines.

(a) Genomic structure of Arabidopsis TIFY8 and location of the T-DNA
inserts and sgRNAs. Dark green boxes designate exons; light green boxes,
UTRs; solid lines, introns; white arrows gene orientation. sgRNA numbers
are arbitrary identifiers. Locations of the tify8-1T and tify8-2T T-DNA are
indicated. (b) Genotypes of homozygous fify8-3 and tify§-4 mutants,
generated by combining sgRNA45 and 3, or sgRNA69 and sgRNA36,
respectively. The PAM is highlighted in green, the triangle points to the
Cas9 cut site; -, deleted base, bold, inserted base. The sequence encoding
the TIFY motif is underlined.
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Figure S4: Serescence parameters of all mutant loes,

These parameters were analyzed for the senescence phenotyping of tifyS-17, bfys-2T, tifyS-3, hifyS-4, and rev5 mutants compared to wildtype

Col-0 plants, (a) Automated Colonmetric Assay (ACA) to categorize the color of individual leaves of at least six plants pixelwise into five
-vellow, yellow, brown and le. The entage of each with 1 to total pixel number of all leaves is

Mm)wampld of Fv/Fm values maautdpmp with Pxﬁ { for leaves No. 58::“ g to 7-»\.;5?:’:(1 plants (ﬁm values £SE, n=68). (c)

Boxplot of the decrease in solute retention deternuned through ion leakage in Leaves No. 4 of 4- to 7-week-old plants (n~6-8). One-way ANOVA

test was performed, (p=0.05). (d) Gene Expression of the senescence-associated marker genes SAGI2 and SAGI3 were analyzed by qRT-PCR and

normalized to the expression of the ACTINZ gene. The expression of both senescence-associated markes genes was analyzed in 5- to 7-week-old
plants {mean values * SD, n=3).
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Figure S5: Phenotypic and photosynthetic parameters.

These parameters were analyzed for the senescence phenotyping of tify8-1T, tify8-2T,
tify8-3, tify8-4, and rev5 mutants compared to wildtype Col-0 plants. (a) Phenotypical
appearance of leaves at positions 1 to 10 of 7-week-old plants. Boxplots of (b) the
chlorophyll content per leaf determined for leaves No. 10 of 7-week-old plants (1=6)
and (c¢) Fv/Fm values measured by PAM for the identical leaves (No. 10) of 4- to 7-
week-old plants (n1=6). One-way ANOVA test was performed, (p<0.05).
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Figure S6: Senescence parameters.

These parameters were analyzed for the senescence phenotyping of TIFYS-OE and
rev5 mutants compared to wildtype Col-0 plants. (a) phenotypical appearance of
leaves at positions 1 to 10 of 7-week-old plants, (b) Boxplot of Fv/Fm values
measured with PAM for the leaves No. 10 of 4 to 7-week-old plants (1=8). One-way
ANOVA test was performed, (p<0.05). (¢) Gene expression of the senescence-
associated marker gene SAGI13 was analyzed by qRT-PCR and normalized to the
expression of the ACTIN2 gene. The expression was analyzed in 4- to 7-week-old
plants in 2 pools of 4 leaves of 4 different plants (mean values * SD).
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Figure S7: Lipid peroxidation.

Lipid peroxidation were determined by the quantification of the MDA concentration
in leaves No. 9 of 5- to 7-week-old plants (a) tify8-1T, tify8-2T, tify8-3, tify8-4, and rev5
mutants compared to wildtype Col-0 plants, mean + SE, n=6 , One-way ANOVA test
was performed, (p<0.05) (b) TIFY8-OE and rev5 mutants compared to wildtype Col-0
plants, mean = SE, (2 pools of 3 leaves No. 9 of 3 different plants each)
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Figure S9: Leaf phenotype in early stages.

Leaf development of rosette leaves was documented in early stages of leaf and
rosette development. Orange arrow heads point to the downward curled leaves
which were typically observed in rev5 mutant plants.



Figure S10: Yeast two-hybrid protein expression in yeast cells and heat map of positive
results in independent mating experiments.

(a) Western blot analyzed with anti-BD and anti-AD antibodies (a) show
expression of BD-REV and AD-PPD fusion proteins in diploid yeast cells. The
amount of protein loaded onto the gel is indicated by a section of the Amido Black
Staining. BD-REV: 114 kDa, AD-PPD1: 58 kDa, AD-PPD2: 58 kDa, AD-PPD2-N1:
37 kDa, AD-PPD2-N: 46 kDa, AD-PPD2-C1: 33 kDa, AD-PPD2-C: 46 kDa, AD-
PPD2-C2: 36 kDA. (b) Heatmap of positive interaction results of 3 to 7
independent mating experiments in % positive results.
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Figure S11: Yeast two-hybrid protein expression in yeast cells and heat map of positive
results in independent mating experiments.

(a) Western blot analyzed with anti-BD and anti-AD antibodies (a) show expression
of BD-REV and AD-JAZ fusion proteins in diploid yeast cells. The amount of protein
loaded onto the gel is indicated by a section of the Amido Black Staining. BD-REV:
114 kDa, AD-JAZ1: 51 kDa, AD-JAZ2: 51 kDa, AD-JAZ3: 62 kDa, AD-JAZ4: 58 kDa,
AD-JAZS5: 54 kDa, AD-JAZ6: 54 kDa, AD-JAZ7: 41 kDa, AD-JAZS: 39 kDa, AD-JAZ9:
53 kDa, AD-JAZ10: 46 kDa, AD-JAZ12: 44 kDa. (b) Heatmap of positive interaction
results of 3 to7 independent mating experiments in % positive results.
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Figure $12: Alignment of all TIFY/JAZ domains of the class two TIFY proteins.
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Abstract: The transcription factor WRKY53 of the model plant Arabidopsis thalfana is an important
regulator of leaf senescence. Its expression, activity and degradation are tightly controlled by
various mechanisms and feedback loops. Hydrogen peroxide is one of the inducing agents for
WRKY53 expression, and a long-lasting intracellular increase in HyOy content accompanies the
upregulation of WRKY33 at the onset of leaf senescence. We have identified different antioxidative
enzymes, including catalases {CATs), superoxide dismutases (SODs) and ascorbate peroxidases
{APXs), as protein interaction partners of WRKYS3 in a WRKYS3-pulidown experiment at different
developmental stages. The interaction of WRKYS3 with these enzymes was confirmed in vivo by
bimolkecular fluorescence complementation assays (BiFC) in Aribidopsis protoplasts and transiently
transformed tobacco leaves, The interaction with WRKY3S3 inhibited the activity of the enzyme
Isoforms CAT2, CAT3, APX], Cu/ZusODI and FesODI (and vice versa), while the function of
WRKYS3 as a transcription factor was also inhibited by these complex formations. Other WRKY
factors like WRKY1S or WRKY25 had no or only mild inhibitory effects on the enzyme activites,
indicating that WRKY53 has a central position in this crosstalk, Taken together, we identified a new
additional and unexpected feedback regulation between Hz04 the antioxidative enzymes and the
transcription factor WRKY53

Keywords: catalase (CAT); ascorbate peroxidase (APX); superoxide dismutase (SOD); WRKY
transcription tactors; WRKY53; protein-protein interaction; zymograms; Ambidapses thalimma; plant
SeNEscence

1. Introduction

Senescence is an integral part of plant development, Older or shaded leaves are
not just sacrificed but exploited before shedding, Valuable nutrients are remobilized out
of the senescing tissues for the sake of the whole plant during sequential senescence,
and even for the next generation during monocarpic senescence. In the latter, carbon,
mineral and nitrogen resources are transported to the developing fruits and seeds after
the transition to the reproductive stage. Senescence in general, but especially onset and
progression of monocarpic senescence, are highly complex processes which are driven
by a multitude of molecular signals, including almost all plant hormaones but also other
small signaling molecules like small peptides, calcium or reactive oxygen species (ROS),
Onset and progression of monocarpic senescence are accompanied by a drastic change in
gene expression, implying a central role for transcription regulators like histone modifiers
or chromatin remodeling factors, regulators of the DNA methylation and transcription
activators and repressors [1-10]. Activity and function of all these components have to be
tightly linked and integrated into a complex regulatory network (for review see [10-14]) to
guarantee a smooth operation of senescence.
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Arabidapsis, as a model system, has been extensively utilized to analyze the fundamen-
tal molecular mechanisms underlying senescence processes. This is due to the ability to
progress from germination to fully senescent plants with siliques and mature seeds within
approximately 10-12 weeks under long-day light conditions. Leaf material can easily be
defined within the rosette using a color code considering the gradient along sequential
senescence within the rosette to compare leaves which are in the same developmental stage.
Moreover, a clear guideline on how senescence can be analyzed has been developed for
Arabidopsis plants [15]. In Arabidopsss, two large groups of transcription factors in particular,
the NAC and the WRKY transcription factor families, are overrepresented in the senescence
transcriptome and play important roles in regulating developmental as well as stress-
induced senescence [3-5,10-14]. Among more than a hundred transcription factors driving
senescence, WRKY33 is just one cogwheel in the gear of a very complex regulatory network
that drives the onset of senescence in conjunction with other. Beyond its expression, which
15 responsive to hydrogen peroxide, jasmoenic or salicylic acid, it is regulated by at least
12 other transcription factors, and its degradation as well as its activity are also regulated.
Direct phosphorylation by a MAP kinase kinase kinase 1 can increase its transactivation
potential, whereas interaction with various partner proteins can inhibit its DNA-binding or
change its promoter binding specificity (for review, see [ 14] and references therein). The
HECT ubiquitin ligase (UPL5) can specifically bind to WRKY53 and send the protein to
degradation via the 26S-proteasom. The opposite expression pattern compared to WRKY53
itself ensures that WRKY33 protein is rapidly degraded when it should be expressed during
stress conditions, thereby preventing premature induction of senescence [16].

It became evident during the last two decades that hydrogen peroxide, as well as other
ROS, act as signaling molecules in senescence. ROS are by-products of aerobic metabolism
in all organisms which cannot be avoided. They are formed by either partial reduction of or
direct energy transfer to molecular oxygen (Oy). These very reactive molecules can oxidize
more or less all kinds of macromolecules, influencing a plethora of physiological changes,
including the activity of transcription factors [17-20]. However, when ROS are present
in excess, they can be harmful to the cells; therefore, ROS production and scavenging
needs to be balanced ingeniously. Furthermore, in addition to many non-enzymatic ROS
scavenging molecules, antioxidative enzymes like catalases (CATS), ascorbate peroxidases
(APXs), and superoxide dismutases (SODs) are present in several isoforms in different
cellular compartments, counteracting ROS production. A delicate regulation of the CAT
and APX activities leads to a long-lasting increase of intracellular hydrogen peroxide during
the onset of monocarpic senescence for 7 to 10 days. To initiate this long-term increase,
CAT2 gene expression is inhibited by the bZIP transcription factor G-Box binding factor 1
(GBF1) [21,22]. Since CAT2 protein contributes approximately 80 of the total CAT activity
in leaves and has a high turnover rate [23], this rapidly leads to a depletion of catalase
activity and an increase of intracellular H;O, content, Aside from that, the APX1 enzyme is
rendered sensitive against HyO, by a mechanism that remains unknown so far, particularly
during bolting and onset of monocarpic senescence [21,24]. This further contributes to
increasing levels of HyOy, and thereby activales a positive feedback loop. With ongoing
plant development, APX1 inhibition is overridden again and, additionally, CAT3 expression
and enzyme activity start to increase, and thus antioxidative capacity is at least partially
restored, This model was confirmed in gbfl mutant plants, If CAT2 downregulation is
abolished in gbfT mutant plants, no H;O; increase and no positive feedback through APX1
inhibition is initiated; thus, no long-term H;O; increase can be observed in gbf]l mutants,
and senescence is delayed [22,25].

Remarkably, WRKY53 gene expression can be driven by hydrogen peroxide, and this
long-term increase coincides with the increase of WRKY53 expression at this time point.
In addition, all three CAT genes have been identified as direct target genes of WRKY53,
creating further feedback regulations [26]. Moreover, the homolog of WRKYS53 of rapeseed
also feeds back on hydrogen peroxide levels, in this case by altering transcription of RbohD
and RbalhF [27]. However, so far there is no indication that WRKY33 regulates Rbolss in
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Arabidapsis; this appears to be taken over by WRKY55 |25]. Here, we characterized 4 new
direct feedback loop involving WRKY33 and the antioxidative enzymes. While analyzing
the different in vivo protein interaction partners of WRKYS3 using a pulldown of WRKYS3
proteins at different developmental stages, combined with LC/MS-MS, we found, beyond
others, many different antioxidative enzymes including CATs, SODs and APXs. We could
confirm the direct interaction between WRKY53 and these enzymes in vivo by BiFC in
transiently transformed Arabidopsis protoplasts as well as N, bemthamiana leaves, Interaction
with WRKY53 inhibits the enzyme function of the different enzyme isoforms to different
extends, and this inhibition can be realized over a wide range of plant developmental
stages. Vice versa, the function of WRKY33 as transcriptional regulator is also inhibited to
different extents by these interactions.

2. Materials and Methods
2.1. Plant Cultivation

Ambidopsis plants (A. thaliam Ecotype Columbia) were grown under long-day condi-
tions (16h light) on standard soil. An amount of 70 L of the standard soil CL Topf (Art.Nr:
10-00300, PATZER ERDEN GmbH, Sinntal, Germany) was mixed with 8 L of sand (Flammer
Bauunternehmung GmbH & Co. KG, Rheinsand, Tuebingen, Germany) and sieved with
a mesh width of § x 10 mm. Detailed soil composition is provided in Table S1. For all
experiments, only moderate light intensity (80-100 pmol s~ ' m~?) in a climatic chamber
at an ambient temperature of 20 °C was applied. As catalases show drcadian regulation,
plant material was harvested always at the same time of day to avoid circadian effects. The
positions of the individual leaves within the rosette were color-coded according to their age
using colored threats [15]. In all expeniments, A, thaliana Ecotype Columbia-0 (Col-0), upl5
or urky53 mutant plants in Col-0 background (SALK_116446; SALK_034157) were used. To-
bacco plants (N. benthamiana) were cultivated for 4-5 weeks in the greenhouse on standard
sail under long-day conditions under normal light intensity (120-150 ymol s ' m 7).

2.2, Zymograns for Antioxidative Enzymes

For the analysis of catalase activities, we consistently utilized leaves from the same
positions within the rosette (Leaf No. 5 and No. 6). Leaves from three 4- to 8-week-old
Arabidopsis plants were ground in a solution containing 100 mM Tris-HCl pH 8.0, 20%
glycerol, and 30 mM dithiothreitol (DTT). For the analyses of ascorbate peroxidase and
superoxide dismutase activities, leaves No. 5-8 from five 4- to 8-week-old Arabidopsis
plants were ground in 50 mM potassium phosphate buffer, pH 7.8, containing 5 mM
ascorbate, 2% Triton X-100, 10% glycerol, and 0.25 mM EDTA. These crude extracts were
then centrifuged for 30 min at 13,000 rpm at 4 °C, and the protein concentrations of the
supemnatants were measured using the Bradford method [29]. The resulting protein extracts
were used directly for the zymograms.

To analyze the different isoforms of catalase, 10 g of the protein extracts were sep-
arated in 6% native polyacrylamide gels (0.375 M Tris-HCI, pH 6.8, as gel buffer) for 1 h
{120 V) using 250 mM glycine and 25 mM Tris-HCl, pH 8.3, as the electrophoresis buffer.
After electrophoresis, the gels were stained for CAT activity, as described in [3]. The gels
were soaked in 0.01% H;0; solution for 2 min, followed by washing twice in water and
incubating them for 2-5 min in 1% of both FeCly and K;[Fe(CN),|. Rinsing the gels twice in
water stopped the reaction. For immunodetection of catalases, the native polyacrylamide
gels were blotted on a nitrocellulose membrane. Subsequently, the membrane was rinsed
twice in Tris-buffered saline (TBS) and blocked with 3% milk powder in TBS-Tween 20
(TBS-T). Polyclonal anti-rye-CAT antibodies in 1.5% milk powder were used, followed by
secondary peroxidase-conjugated antibodies for visualization.

The activity of the superoxide dismutase isoforms was analyzed using 120 ug of
the protein extracts, which were separated in 13% native polyacrylamide gels (0.375 M
Tris-HCl, pH 8.8, containing 10% glycerol as gel buffer). In this case, a 5% stacking gel was
necessary (0.125 M Tris-HC, pH 6.8, containing 10% givcerol as gel buffer). Electrophoresis
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was performed for 1 h (120 V) using 250 mM glycine and 25 mM Tris-HCI, pH 83, as
clectrophoresis buffer. Afterwards, gels were washed in water and rinsed in staining
solution (50 mM potassium phosphate buffer, pH 7.0, 1 mM EDTA, 5.2 um Riboflavin and
0.5 mM NBT) for 30 min while shaking in the dark. Subsequently, the gels were washed
twice in water and illuminated for 30 min, as described in [31].

For the analyses of the ascorbate peroxidase isoforms, 40 pg of the protein extracts
were separated on the same gels as for the superoxide dismutase 1soforms using 250 mM
glycine and 25 mM Tris-HCI, pH 8.3, containing 2 mM ascorbate as an electrophoresis
buffer. After clectrophoresis, the gels were soaked 3 times in 50 mM potassium phosphate
buffer, pH 7.0, containing 2 mM ascorbate for 10 min, subsequently, in 50 mM potassium
phosphate buffer, pH 7.0, containing 4 mM ascorbate and 1 mM H;O; for 20 min. After
washing in water, 50 mM potassium phosphate buffer, pH 7.8, containing 14 mM TEMED
(N.NN' N"tetramethylethylenediamine) and 2,45 mM NBT (nitro blue tetrazolium) was
used to stain the gels for 10-30 min [22).

2.3. Transient Transformation of Arabidopsis Protoplasts and Aralidopsis or Tobacco Leaves

A. Huliana ecotype Col-0 root cells that were grown in liquid cultures were used to
prepare protoplasts and transform them transiently with plasmid DNA. For protoplast
preparation and transient transformation using PEG, we followed the protocol described
in [33]. N. benthamima plants were infiltrated with Agrobaclerison tumeficiens suspension
cultures containing the BiFC constructs. LB media, with the respective antibiotics, was
inoculated with an overnight culture of the bacteria and incubated for 4-6 h. Subsequently,
this culture was centrifuged at 4000 rpm for 10 min. The bacterial pellet was diluted in
infiltration media (10 mM MgCly, 0.5 M MES, 100 mM Acetosyringone) to an ODjgy of
0.5. Leaves of 4-week-old tobacco plants were infiltrated by manual injection using a 1-mL
needleless syringe. A. thaliana leaves of 3« to d.week-old plants were co-infiltrated using
the same procedure with A, tumefaciens suspension cultures containing the GUS-reporter
and the effector construct, respectively.

2.4. Bimolecular Fluorescence Complementation (BiFC), Cytometry, and Confocal Microscopy

In order to study the interaction of WRKY53 with the antioxidative enzymes CAT2,
CAT3, APX1, and Cu/ZnSODI, ratiometric BiFC assays were performed. Therefore, the
cDNAs of the subunits of CAT2 (2393 bp, Atd4g35090) and CAT3 (2784 bp, At1g20620), as
well as the cDNAs of APXT (1270 bp, At1g07890) and Ciw/ZnSODI (873 bp, Atlg08830),
were cloned together with the cONA of WRKYS53 (1514 bp, At4g23810) into the pBiFCt-
2in1-NN vector carrying both genes of interest on one vector. In addition, an internal red
fluorescent protein (RFP) gene as transformation and expression control was localized on
the same vector backbone. The genes of interest were fused to the N- or the C-terminal part
of the yellow fluorescent protein (YFP), respectively. The expression of the fusion proteins
is driven by the cauliflower mosaic virus 355 promoter [34]. For the transfection of the
protoplasts, 4 ug of the plasmid DNA was used to gain expression of the fusion proteins. If
the fusion proteins can interact with each other, yellow fluorescence is restored by bringing
the YFP-N and YFP-C parts into close proximity. These interactions were visualized by
flow cytometry using CytoFLEX (Beckman Coulter, Brea, CA, USA) 1 day after transfection.
The internal RFP and any reconstituted YFP were both excited by the onboard 488 nm
laser. Emissions were captured for YFP in FL1 (525/40 nm) and RFP in FL3 (610/20 nm),
respectively.  All interaction tests were performed at least 3 times independently, In
addition, confocal microscopy (LSM880, Zeiss, Jena, Germany) of transfected tobacco
leaves was used to detect and localize the interaction within the cells, For this purpose,
N. benthamiana plants were infiltrated with A, bimeficiens suspension cultures containing
the pBiFCt-2inl constructs described above. Microscopic analyses were performed 2 days
after infiltration. At least 3 leaves of different plants were analyzed under a Zeiss LSM
880 Airyscan confocal microscope by using the preset sequential scan settings for YFP (Ex:
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514 nm, Em: 517-553 nm) and for RFP (Ex: 561 nm, Em: 597-625 nm). The experiments
were repeated at least 3 times.

2.5. Intrucellular Hydrogen Peroxide Measurements

Whole rosette Jeaves were harvested from the same positions within the rosette
and then incubated in 9.5 uM 5(6)-Carboxy-Di-Hydro-Di-Chloro-Fluorescein-Di-Acetate
(Carboxy-Hy DCFDA) in MS-Medium (pH 5.7). Samples were incubated for 45 min in the
dye solution, washed twice with distilled water, then frozen in liquid nitrogen. Samples
were homogenized on ice in 500 pL 40 mM Tris-HCl pH 7.0, After centrifugation (30 min,
4 °C, 14,000 rpm), fluorescence of supernatant was measured (480 nm excitation, 525 nm
emission, Berthold TrStar LB941, BERTHOLD TECHNOLOGIES, Bad Wildbad, Germany),
The H2DCFDA solution needs to be calibrated by chemical de-acetylation and oxidation
following, and it has to be prepared freshly for each sample harvest [35],

2.6. Gene Expression Analyses Using gRT-PCR

The total RNA was extracted with the GeneMATRIX Universal RNA Purification
Kit (EURx, Gdansk, Poland). RevertAid Reverse Transcriptase {Thermo Fisher Scien-
tific Inc., Waltham, MA, USA) and oligo-dT primers were applied for cONA synthesis,
KAPA SYBRY Fast Bio Rad iCyeler (Bio-Rad Laboratories Inc,, Hercules, CA, USA) and
Master Mix were used for qRT-PCR analyses following the manufacturer’s protocol. We
used the AACT method for caleulation according to [36]. WRKY353 expression was nor-
malized to ACTIN2 values and given in % of ACTIN2. Primer design for qRT-PCR was
performed via QuantPrime [17], ACTIN2 (At3g18780): AAGCTCTCCTTIGTTGCTGTT
and GTTGTCTCGTGGATTCCAGCAGCTT, WRKY33 (Atd4g23810): CAGACCGCGGGATGC-
TACGG and GCCCAGGCTAATCGGTGGT.

2.7. Purification of 8xHis-Tagged WRKY Proteins

WRKY proteins were ordered as N-terminally 8xHis-tagged proteins from Biomatik
(Cambnidge, ON, Canada). Proteins were expressed in E. coli cells and purified by affinity
purification, Concentrations of WRKYs were determined by Bradford protein measure-
ments, while quality and purification were shown by SDS-PAGE, Coomassie staining and
Western blotting, followed by immune detection using anti-HIS antibodies (Figure 52).

2.8. GUS-Reporter Gene Assays

Transiently transformed Ambidopsis leaves were incubated overnight in a staining so-
lution containing a 100 mM sodium phesphate buffer pH 7.5, 10 mM EDTA pH 8.0, 0.5 mM
potassium ferricyanide (K3[Fe(CN)s ), 0.5 mM potassium ferrocyanide (Kq[Fe(CN)s]), 0.1%
Triton X-100 and 0.5 mg/mL X-GlcA (Cyclohexylammonium salt, Duchefa, Haarlem, The
Netherlands}. Subsequently, the chlorophyll had to be removed for better analysis of the
blue staining. This was achieved by shaking the plant material in 80% ethanol for another
24 h, during which the ethanol solution was changed several times.

2.9. Antioxidative Capacity of Leaf Discs

The decomposition of H,O; can be evaluated using commercially available peroxide
strips (Dosatest peroxide test strips 100, VWR Chemicals, Leuven, Belgium). Therefore, we
excelled leaf discs from wild-type or transiently transformed N. benthamiana leaves, and
these discs were incubated in a 1 mM H;O; solution. To measure the HyO; decomposition
activity of these discs, one of the test strips was submerged for 1 s into the solution
immediately after placing the leaf disc into the solution as baseline (time paint 0 min). This
procedun was repeated after 2 h, The given control color scale can be used to read out the
amount of residual peroxide, and the weaker the blue color, the less peroxide is present in
the solution.
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3. Results

WRKY53 gene expression, activity and degradation are tightly controlled during plant
devolvement and senescence. The WRKYS3 protein can interact directly with a variety
of partners in different cellular compartments ([14] and references therein). According
to different yeast two-hybrid screens, WRKY53 appears to have many more different
interaction partners, In order to analyze the actual in vivo protein-interaction partners of
WRKY353 over plant development, we performed Co-IP experiments with 355:WRKY53
overexpressing plants in wpl5 background using anti-WRKYS53 antibodies at different ime
points, then analyzed the pulled-down proteins with LC-MS/MS. To our surprise, we
found many antioxidative enzymes among the direct interaction partners of WRKY5S3,
including different isoforms of CATs, APXs and SODs (see Supplemental Figure S1 and
Table 52).

3.1. Infubition of the Activity of Different Antioxidatioe Enzymes by WRKYS3

In order to evaluate whether this interaction with WRKY53 has any consequences for
the function of the antioxidative enzymes, we analyzed the activity of the different isoforms
of CATs, APXs and SODs using zymograms in the presence of WRKY53 protein. Tagged
versions of WRKY53, as well as of WRKY18 and WRKY25, were expressed in E. coli cells
and purified via the 8xhis tag. The WRKY53 highly enriched protein factions (Supplemental
Figure 52) were added in increasing amounts to the crude plant protein extracts isolated
from wild-type Col-0 and wrky53 mutant plants, and myelin basic protein (MBP) was used
as control protein. After incubation, the influence of WRKY53 and MBP on the activity of the
different isoforms of the antioxidative enzymes was tested by enzyme-specific zymograms.
Addition of WRKYS53 protein had a clear inhibiting effect on the activity of the CAT2 and
CAT3 homotetramers, as well as the activity of the heterotetramers (Figure 1A), The catalase
isoforms can be dearly differentiated by their different reactions towards 3amino 1,24
triazole, or by using catalase single and double mutants [21,30]. Inhibition appears to be
concentration-dependent, and the active protein complexes appear to be slightly shifted
upwards with increasing amounts of added proteins. In contrast, MBP had no effect on
the activity of CAT2, CAT3 or the heterotetrameres. Moreover, the addition of WRKY18
highly enriched protein factions, as well as of WRKY25 highly enriched protein factions,
had also no effect on CAT activities, indicating a WRKY53 specific inhibition (Figure 1A).
As expected, CAT2 activity is higher in leaf tissue compared to CAT3; however, the protein
amount appears to be more equal according to Western blotling of a native protein gel and
subsequent immune detection with anti-rye catalase antibodies (Supplemental Figure S3),

Even though eight genes and several isoforms of ascorbate peroxidase exist, it is
diffsicult to see their activities on the zymograms of crude extracts. The most prominent
visible isoform is the cytosolic APX1, which can only be visualized if high amounts of
ascorbate are present during the extraction and electrophoresis procedure to stabilize the
enzyme. Again, the addition of WRKY33 to the crude protein extracts inhibits enzyme
activity of APX1 in a concentration-dependent manner (Figure 1B). As for the CATS, the
addition of MBP, as well as of WRKY18, had no effect. In this case, the addition of
WRKY25 could slightly inhibit APX1 activity, Furthermore, SOD activities were inhibited
by WRKY353; however, here the different isoforms were inhibited to different extents. The
Cu/ZnSOD activities declined most prominently, followed by the FeSOD, while the Mn-
SOD appeared to be insensitive (Figure 1C). As for APX1, the addition of MBP, as well as of
WRKY18, had no effect and, again, addition of WRKY25 protein could slightly inhibit the
Cu/ZnSODs.

In summary, the presence of WRKY53 sclectively inhibits the activity of specific
isoforms of the antioxidative enzymes, and WRKYS53 is more effective than other WRKYs.
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Figure 1. Zymograms of crude protein extracts isolated from leaf tissue of wild-type Arabudopsis
plants. Staining for (A) CAT activity, (B) APX activity, (C) SOD activity. Visible isoforms are indicated
by the arrows. Increasing amounts of highly enriched protein factions of WRKYS3 (0,54 ug) or
WRKY18 (4, 8 pug), WRKY25 (4, 8 i), were added to the extracts before loading, MBP (4, 8 pg) was
used as control protein, as indicated on each gel and lane.

3.2. Protein-Protein Interaction betiveen WRKYS53 and Different Antioxidative Enzymes

To confirm that the interaction between WRKY53 and CAT2, CAT3, APX1 and CuZn-
SOD1 can also be observed in living cells, we used Bimolecular Fluorescence Complemen-
tation (BiFC) assays in transiently transformed Arabidopsis protoplasts and N. benthamiana
leaves. Therefore, WRKY33 was fused with the C-terminal half of YFT', while the poten-
tial interaction partners were combined with the N-terminal half of YFF, or vice versa.
If interaction takes place, the two halves of the YFP? come into close proximity and are
able to emit a yellow fluorescence. In the case of the transiently transformed Arabidopsis
protoplasts, fluorescent cells were sorted in a CytoFLEX cell sorter, in which a portion of the
cells showed a YFP fluorescence, clearly indicating in vivo interaction. These experiments
clearly confirmed that CAT2, CAT3, APX1 and Cu/ZnSOD1 proteins can directly interact
with the transcription factor WRKY53 (Figure 2A, Supplemental Table S3). In addition,
these interactions were analyzed in transiently transformed tobacco leaves using confocal
microscopy. Again, yellow fluorescence can only be emitted if the two proteins interact
and bring the two halves of the fluorescent protein together Not only do the microscopy
pictures confirm the interactions, the intracellular localization of the interaction could also
be observed under the microscope. CAT2 and CAT3 could form a complex with WRKY53
in the peroxisomes, as well as in the nucleus; this means that either WRKY33 is taken to the
peroxisomes via the interaction with the CATs, or CAT enzyme complexes or their subunits
are translocated to the nucleus by the interaction with WRKY53 (Figure 2B). [nteraction
between WRKY5S3 and APX1 or Cu/ZnSOD1 has predominantly been observed in the
nucleus; however, the cytoplasmic signal might have been too low and dispersed to be
detected (Figure 2B). Again, so far, no nuclear localization of APX1 or Cu/ZnSOD1 was
reported, so we can conclude that APX1 and Cu/ZnSODI are also translocated to the
nucleus via the interaction with WRKYS3, as was already described for another protein [14].
Yet, in contrast to catalase subunits (57 kDa), both proteins are small in size (27.5 kDa
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and 16 kD4, respectively), so that, in principle, they could also diffuse freely between the
nucleus and cytoplasm [38]

(A) Cytofiex (B) confocal microscopy

YFP YFPs RFPranstonmation)

CATZ/WRKYS)

I CAT/WhiySy

CATI/ WhxYSs CATY WREYS3
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Figure 2. In planta protein-protein interaction between WRKYS3 and CAT2, CAT3, APX]1 or
Cu/ZnSOD1 using ¥

iFC in transiently transformed Aralidopsis protoplasts or tobacco leaves. (A) Pro
toplasts were analvzed with the CytoFLEX cell sorter: pink framed polygons indicate transtormed
pvnlnpl.v-t\ (RFI" fluorescence, left polygon), purple framed polygons indicate interaction via BiFC

(YFT' fluorescence, right polygon). (B) Transiently transformed N. benthamiana leaves were ana-

Iyzed under the confocal laser scanning microscope: yellow fluorescence (YFP) indicates BiFC, red

fluorescence (RFP) s used as a transformation control. Scale bar indicates 20 um

In addition, the antioxidative capacity of these transiently transformed tobacco leaves
was tested using leaf discs, which were then incubated in 1 mM H;0; solution, We could
again confirm that the presence of WRKY53 lowers the overall antioxidative capacity
towards HzOn, even if CAT2, CAT3, APX1 or SOD1 were co-expressed (Figure 3). The leaf
discs of wild-type N. benthaniana were able to detoxify almost all peroxides ina 1 mM
sofution within 2 h so that only approx. 1 mg/L peroxide was left after the incubation
However, if WRKY53 was expressed in the leal tissue, the antioxidative capacity of the leaf
discs was lower, and still between 3-10 mg /L peroxide were left after 2 h. Moreover, if
CAT2, CAT3 or APX1 were co-expressed, a higher antioxidative capacity towards HyO,
would have been expected, which was not the case. By overexpression of SODI, if at all,
an additional production of H; Oy would have been expected; however, in all cases the
presence of WRKY3S3 appeared to block the function of the antioxidative enzymes
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Figure 3. Leaf discs of wild-type or transiently transformved N. benthamiaira leaves were incubated in
a 1 mM Hy0; solution. At time points () h and 2 b, the concentration of H>O; was determined using
commercially available peroxide stripes. Color scale for peroxide content is provided on the right,
Transformed effector constructs are mentioned above the stripes, As control, HaO;z solution without
leaf discs was measured (Jeft),

3.3, Inhulbution of Antioxtdative Enzymes by WRKYS3 during Plant Development and Onset
of Senescence

WRKY53 was shown to be one important regulatory hub in the complex network
of senescence regulation. WRKY53 gene expression, activity and degradation are tightly
regulated, including even several double bottoms, c.g., WRKY53 is highly expressed at
the onset of monocarpic senescence in approx. 6= to 7-week-old plants while specific
degradation of the WRKY33 protein by the HECT domain E3 ubiquitin ligase protein
UPLS is diminished at the same time by downregulation of UPL5 expression [16,26],
Moreover, WRKY53 gene expression can be induced by hydrogen peroxide, which increases
during bolting and flowering time at the onset of monocarpic senescence [21,26]. The
downregulation of CAT2 expression, combined with an increased sensitivity of APX1
activity against hydrogen peroxide at bolting and flowering time, appear to be responsible
for the production of this peak [21,22,24]. Therefore, we wanted to analyze whether
inhibition of the antioxidative enzymes CAT and APX is possible throughout development
and whether activity profiles change over development in a wrky53 mutant plant, As
already observed before, CAT2 activity decreased while CAT3 activity increased with
age (Figure 1A). When WRKYS53 protein was added to these different extracts, CAT2 and
CAT3 activity could be inhibited, and an upwards-shift of the protein complexes could
be observed in all developmental stages (Figure 4A). APX1 activity was down-regulated
during bolting time but recovered at Jater stages (Figure 4B) [21,24]; this downregulation
coincided with the increase in intracellular hydrogen peroxide and the expression of
WRKY33 (Figure 4C, D). Remarkably, the increase in intracellular hydrogen peroxide was
more pronounced in younger than in older leaves, emphasizing the signaling character of
hydrogen peroxide, Again, the addition of WRKY353 protein to the extracts could inhibit
the activity of APX1 in all stages. For the SODs, we could not detect any obvious activity
changes over development, and so this was not further analyzed.

In wrky53 mutant plants, the down-regulation of CAT2 activity is diminished and/or
delayed while the increase of CAT3 activity is accelerated, indicating that the WRKY53
protein contributes to the regulation of the activity of both catalases during development
(Figure 5A). Still, the addition of WRKYS53 protein to the extracts of urky53 mutants can
inhibit both 1soforms (Figure 5A). For APX, the decrease of APX] activity during bolting
and flowering time is prolonged in uvky53 mutant plants (Figure 5B), which is consistent
with the delayed senescence phenotype of these plants [24,26). Again, the addition of
WRKYS53 protein to these extracts could inhibit APX1 activity severely (Figure 5B).
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Figure 5. Zymograms of crude protein extracts isolated from leat tissuc of wiki-type Arnbidapsis
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(A) CAT activity, (B) APX activity, 4 ug of a highly enniched protein factions of WRKY53 (WS3) were
added to the extracts before loading. Visible isoforms and bolting time are indicated by the black
arrow heads. White arrowheads point to changes m the enzyme activities between Col-0 and wrky53
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34, Influence of the Complex Formation with the Antioxidative Enzymes on WRKY53 Function

As the protein interaction can lead to the inhibition and /or inactivation of the an-
tioxidative enzyme, we wanted to know which influence this protein interaction has
on the function of WRKY53. Therefore, we used reporter gene assays, in which a pro-
moter sequence that can bind WRKY53 is driving the expression of the reporter gene
E-glucuronidase (GUS). In this reporter system, we used the promaoter sequence of WRKY53
itself (a 2,759-bp-sequence upstream of the start codon) and a 355-driven WRKY53 construct
as effector together with 355-driven constructs of CAT2, CAT3, APX1 and Cw/Zn-SODI
as co~effectors. As observed before, WRKY53 regulates its own expression in a negative
feedback loop, which is demonstrated by the lower GUS reporter gene expression and
enzyme activity in transiently transformed Arabidopsis leaves (Figure 6A,B) [26]. One ex-
ample of the histochemical GUS staining of these leaves is presented in Figure 6A, and a
quantification of the stained regions of several transformed leaves is shown in Figure 0B,C.
When we added 355:CAT2 or 355:50D1 effector constructs as co-effector to the 355:WRKY353
and the Pyyriys3:GUS reporter, the negative effect of WRKY53 on the GUS expression was
suppressed, indicating that CAT2 and Cu/Zn-SOD1 interactions with WRKYS3 do not
only inhibit enzyme activities of CAT and SOD but also block WRKYS53 function as tran-
scriptional repressor of its own promoter. APX1 and CAT3 interaction with WRKY53 also
appear to slightly inhibit WRKY53 function, but here the observed differences were not
statistically significant.

(A) Effector constructs
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i dedhch 4
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Figure 6. Histochemical GUS staining of transsently transformed Arabidopss leaves. All leaves were
transformed with a Py s GUS construct. Both 355-driven effector and co-effector constructs are
indicated, while the empty vector was used as control. (A) One examplke of the GUS stained leaves =
presented, (B) Effect of WRKY33 on the expression of its own promoter compared to the empty vector
control, a boxplot of the quantification of the GUS staining is presented. (C) Effect of WRKYS3 in the
presence of different antioxidative enzymes as co-effectors, and a boxplot of the quantification of the
GUS staining Is presented. At least eight transformed leaves were analyzed, respectively. A (-test
was performed for significant differences (1 =8-13), ** p < 0.01, *** p < (.00, ns = not significant.



Antioxidnts 224, 13, 15

12otla

4. Discussion

It has become evident during the last two decades that ROS, espedally hydrogen
peroxide, can have a signaling function in developmental as well as stress-induced senes-
cence. However, the mechanisms by which plants sense this parameter, and how specificity
can be achieved, is still not well understood. So far it has been made clear that the ROS
cancentrations in the cytoplasm and different organelles have a different impact on senes-
cence and are tightly regulated. Consistently, CAT and APX isoforms in particular are
positioned strategically in different cellular compartments to control H;O; levels and to
ensure their function as signaling molecules 9], Interestingly, H;O; from chloroplasts and
peroxisomes modulates the plant transcriptome differentially and has different impacts
on senescence [40,41]. Furthermore, many senescence-associated transcription factors are
upregulated in their own expression by HO; [3,17,26] or influenced in their activity by the
redox conditions in the cytoplasm and nucleus [14,17,19,20] Overall, a very complex regu-
fatory network has to be in place to regulate senescence and, more specifically, intracellular
H,0; concentrations.

Obviously, the complex regulatory network of senescence comprises many regulatory
feedback loops, including the direct binding of CATI, CAT2, and CAT3 promoter elements
by WRKY353, which activates the expression of the catalases, leading to the reduction of the
intracellular hydrogen peroxide levels which, in turn, reduce expression of the WRKY53
gene, Consistently, cart2/3 double mutants with higher intracellular H20; levels showed
increased expression of many WRKYSs, including WRKY53 [42]. In contrast, WRKY75
negatively regulates the expression of CAT2 and SID2, leading to increasing salicylic acid
and HyO; levels, and thereby to a gradual but self-sustained rise of WRKY7S5 expression
during senescence driven by three interlinking positive feedback loops [43], Moreover,
WRKY33 can induce the expression of its family member WRKY25 and, vice versa, WRKY25
can upregulate the expression of the WRKYS53 gene, creating a positive feedback regulation.
At the same time, WRKY 25 expression diminishes intracellular H;O3 contents, which, in
turn, leads to decreased WRKY53 expression. As for WRKY33, expression of WRKY25 can
be induced by HyO;, and WRKY33 is involved in this induction. In addition, WRKY25
negatively regulates its own expression, which might prevent an overshooting of the
reaction to H,O5 [17]. At first glance, these feedback regulations appear to be complex
but contradictory at some points; however, these are only parts of a larger regulatory
network which is likely to contain many more feedback controls. Here, we could add
another feedback mechanism to the arcuit between WRKYs, HaO2 and antioxidative
enzymes. The WRKY53 protein can directly interact with different antioxidative enzymes,
including CATs, APXs and even SODs (Figure 2, Supplemental Tables S2 and S3) and
inhibit their function. This inhibition appears to be selective for specific isoforms, as well
as for specific WRKY factors (Figure 1) in which WRKYS3 is more effective than WRKY25,
whereas WRKY 1S had no effect. On the other hand, WRKY53 expression is upregulated
in a cat2/3 mutant more prominent than WRKY25 or WRKY18 [42), also indicating that
WRKY353 plays a more central role in this feedback regulation. Moreover, the inhibition
of CATs and APXs by WRKYS3 can take place throughout a wide range of different
developmental stages, as the activity profiles differ between Col-0 and wrky53 mutant
plants (Figures 4 and 5). [t was shown before that inhibition of APX activity during bolting
is executed post-transeriptionally [21,44,45]. However, as this inhibition of APX activity
during bolting is still visible in wrky53 mutant plants, WRKYS53 interaction appears to
not be the main responsible mechanism here, even though WRKY53 expression level rises
exactly at this ime point. Moreover, the inhibition of APX1 appears to be prolonged in the
wrky53 mutants, indicating that this prolonged inhibition is due to the delayved senescence
in these plants [26].

Further to WRKY53, CATs can interact with many different non-peroxisomal proteins
including cytoplasmic and nuclear proteins, nicely reviewed in [39]. This is possible,
as CATs are not exclusively located in the peroxisomes and can also be found in the
cytoplasm [46]. It has been shown before that CATs can be retained in the cytosol under
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oxidative stress conditions in which the peroxisomal import receptor PEX5 functions as
a stress sensor [47]. Interaction of CAT3 with a cucumber mosaic virus protein 2b can
translocate CAT3 to the nucleus [45]. Here, we could show that the interaction between
WRKY33 and CAT2 or CAT3 can direct the resulting complexes to the peroxisomes but also
appears to foster the translocation of the CATs to the nucleus (Figure 2), The interaction
inhibits catalase activity, but whether CAT is released again from the WRKY53 interaction
in the nucleus is not yet clear. Moreover, whether the whole catalase complex, which
consists of four subunits and four HEME groups, or only the protein subunits are imported
to the nucleus has still to be analyzed. However, the interaction with the oxidoreductase
NUCLOREDOXIN1 protects CATs from ROS-induced oxidation and is required for their
optimal function under oxidative stress conditions [47], indicating that the interaction with
the nuclear protein NUCLOREDOXINT involves the functional tetramer,

Furthermore, CAT activity can also be regulated by other interactions: CAT3 can inter-
act specifically with CALCIUM-DEPENDENT PROTEIN KINASES and can be phasphory-
lated at Ser-261, which positively influences its activity [46]. In addition, CAT3 can directly
interact with S-nitrosoglutathione reductase (GSNOR) and acts in this case as a transnitrosy -
lase that specifically modifies GSNORT at Cys-10, which CAT2 or CAT1 cannot, indicating
that CAT3 is also involved in NO redox signaling in plants [50], This S-nitrosylation of
GSNOR1 induces a conformational rearrangement and fosters AUTOPHAGYS binding,
which then can promote its degradation via autophagy [51]. Whether WRKY53 can also be
transnitrosylated by CAT3 interaction will be the subject of further investigations.

Taken together, we provide evidence for a new feedback regulation between the
transcription factor WRKYS3 and the antioxidative enzymes, which is illustrated for CAT2
ina model (Supplemental Figure 54).

5. Conclusions

Senescence is an important developmental process that substantially contributes to
the fitness of plants. The aim of senescence is to optimize and efficiently utilize carbon,
nitrogen, and mineral resources. Reallocation of these resources from senescing tissues
to maturing seeds or fruits has also a major impact on yicld quantity and the quality of
crop plants. However, to maximize and guarantee quality and quantity of crop harvests,
the correct timing of onset and progression is essential. In contrast, premature senescence,
which can be induced by abiotic and biotic stresses, is often responsible for crop losses,
Therefore, understanding the regulatory networks coordinating this process will in the
long-run be helpful for tightly controlling senescence and avoiding premature induction.
In contrast to other research groups, which take more systemic approaches, we aim to
decipher the complex regulatory network sround the transcription factor WRKY33 in the
model plant Arabidopsis in more detail. We have already uncovered different regulatory
mechanisms to control expression, activity and protein amount of this transcription factor.
Here, we found a new and additional regulatory cue in which a complex formation between
different antioxidative enzymes and the WRKY53 protein leads to the inactivation of both
partners, However, as H2O; can boost the expression of the WRKY53 gene, this creates a
new positive feedback loop, as inhibition of CAT and APX activity will lead to an increase
in H2O2 content, which further activates WRKY53 expression, However, at least in the
case of the catalases, increasing amounts of WRKY53 will activate the gene expression of
all three catalases, which, in tum, then reduces H,O; contents, again creating a negative
feedback loop. Moreover, the responsiveness of WRKY53 expression to Hp Oy i dependent
on the developmental stage. This indicates that a delicate balance between H,O; WRKY53
protein amount, antioxidative enzyme amount and activity is installed in the leaf cells of
Arabidopss. As catalases in particular have a plethora of different interaction partners, the
antioxidative enzyme might have a role in coordinating many different cellular functions,
In the future, this knowledge will be fed into modelling approaches to achieve better
insights into the functioning of such complex regulatory networks [52], which might enable
us to simulate what happens if specific components of the network are manipulated. In
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this sense, a detailed understanding of senescence regulation in the model plant Arabidopsis
will provide new candidates for the further improvement of agricultural plants,
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immunoprecipitated proteins using anti-WRKY53 antibodies; Table 53: Percentage of BiFC cells in
CytoFLEX analyses,
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Supplemental Figure S1: Workflow to characterize in vivo protein interaction partners of
WRKY53 using pulldown assays of WRKY53 in different developmental stages (4 week, 6 week
and 8 week old plants). (1) Proteins were isolated from leaves of a 355:WRKY?33 overexpressing
plants in an upl5 mutant background. UPL5 encodes a HECT domain E3 ubiquitin ligase which
is involved in the protein degradation of WRKY53, therefore higher protein levels of WRKY53
can be achieved in the upl5 mutant background. (2) Proteins were either used directly or were
treated with formaldehyde or DSS for crosslinking, (3) CO-IP was performed using anti-
WRKY53-Antibodies (4) Subsequently, LC-MS/MS analyses was performed with the pulled-
down proteins as indicated in more detail in Supplemental Table 1, many peptides of
antioxidative enzymes were identified.
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WRKY25, and WRKY18, which were used for the inhibition experiments. These proteins have
been provided by Biomatik (Cambridge, Ontario, Canada).



<4 CAT3

hetero
tetramers

- CAT2

native protein gel
and catalase staining

; : Sw 6w 7w
native protein gel,

Western blotting * «CAT:
and immune - hotero-
detection using tetramers
anti-rye-catalase “
antibodies

- CAT2

Supplemental Figure S3: Catalase activity versus protein amount.

The catalase zymogram shows catalase activities of protein extracts isolated
from leaf maternial of 5-, 6- or 7-week-old plants (top). This native gel has
been blotted and detected with anti-rye-catalase antibodies (bottom)
indicating that CAT3 homotetrames are less active than CAT2
homotetrameres or heterotetrameres, if compared to the amount of proteins
shown by the Wester blot.
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Supplemental Figure S4: Model of the feedback regulation between WRKY53 and
CAT2. H,0O, can increase expression of the CAT2 gene, CAT2 subunits form tetramers
mcluding a HEME group per subunit and enzyme activity can then reduce H,0, content
leading again to reduced gene expression (negative feed-back loop). H,O, can also
increase expression of the WRKY53 gene, the WRKYS53 protein can then reduce again its
own expression as dimer by a direct interaction with its own promoter but also by an
induction of CAT2 gene expression which, in turn, then reduces H,O, content again
(negative feedback loop). However, at the same time WRKY53 protein can directly
interact with either the CAT2 tetrameric complexes or only the protein subunits to
inhibit CAT2 enzyme activity and WRKY353 repressor function on its own gene, both
leading to increased WRKY53 expression. This means, whenever the CAT2/WRKY53
complex is formed, WRKY53 expression is fostered, regardless whether the complex is
located in the peroxisomes or in the nucleus {positive feedback loop).
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e hare Leal senescence Is an integral par of plant development ard is driven by endogenous
Mol 1% ,,,.,' Cues such as leal o plant age. Developmental senescence alms 10 maximize the usage
Univenity of Tidsnger of carbon, nitrogen and maneral resources for growth and/or for the sake of the nex!
f““\'l o ""“I';"""‘l""' " generation, This requires eMcient reallocation of the resources out of the senescing
ey 11550 Into developing parns of the plant such as new leaves, frults and seeds However
premature senescence can be Induced by severe and long-lasting biotic or abiotic
stresy cordditions, 1t serves a5 an exit strategy to guarantee offspring in an unfavorabie
erviranment but 1s aften combined with a trade-off [n seed numbet and quatity. In
order 10 coordinate the very complex process of developmental senescence with envl
ronmental signals, highly arganiaed networks and reguiatory cues have to be in place
Reactive oxygen species, especially hydrogen peroxkde (H,0.), are Involved In senes
cence as well as In stress signaling. Here, we want to -.u!mil.nu".' the ale of 1,0, a5 a
signaling moleculke In leaf senedcence and shad mare kght on how speciiaty in sxnal
Ing) might be achieved. Altered hydrogen peroxide contents In speciic compartrments
revealed a differential impact of 4,0, produced m different compartments, Aabopsis
lines with lower H.O, levels in chloroplists and cytoplasm point 1o the possibility that
not the actual contents but the ratio between the two different compartrments |5
sensed by the plant cells

Keywords: Leal senescence, Free oxygen radicals, ROS, Hydrogen pecoxide, Stromules
Senescence regulation, Intracellular compartrments

Introduction

Senescence Is a phase of plant development and becomes visible by the degreening ot
leaves, In which the photosynthetic apparatus Is dismantled and chlorophyll is broken
down, leading to light green and yellowish leaves [1]. However, when the light green color
becomes apparent, the senescence program hav been initiated long before, and changes
at the molecular and physiological level have aleeady been executed |2], Plant cells must
integrate o myriad of ditferent signals driving onset and progression of senescence (3],
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In the extreme scenano the already started program can be stopped or even reversed
[1]. Even though senescence is often designated as the last step in the plant’s life his-
tory, it may occur from relatively early on throughout development. Older leaves in the
lower canopy which are shaded by newly formed leaves or neighboring plants, or sim-
ply have reached a certain age, are sacrificed for the sake of newly developing organs,
for example new leaves or stems. The aim of the senescence program is the remobiliza-
tion of previously acquired resources such as nitrogen, carbon and mineral compounds
out of the senescing tissues into developing parts of the plant. After remobilization has
been executed, the senescent organs finally die and are shed. Before anthesis, this pro-
cess is called sequential leal senescence and aims at the repartitioning of nutrients from
older leaves to newly developing, non-reproductive organs. In this case, the senescence
program is restricted to a single organ. After anthesis, monocarpic senescence sets in
and nutrients are now reallocated to the newly developing reproductive organs such
as siliques and seeds. After this transition to reproductive growth during monocarpic
senescence, potentially all leaves of a plant can now execute senescence, which finally
leads to the death of the whole plant except for the newly formed seeds [4]. This systemic
onset has to be coordinated between the different organs, However, how the local and
systemic leaf senescence programs are discriminated Is largely unknown. Even though
a master regulator for leaf senescence was intensively searched for, it became clear that
such a regulator does not exist, In contrast, multi-layered complex regulatory networks
are In place to drive onset, progression and, in extreme cases, reversal of leaf senescence
[3, 5]. For example, the transcription factor WRKY53 is just one of more than 4 hundred
transcription factors driving the onset of senescence. Solely this transcription factor is
tightly regulated at several levels. Not only is its expression responsive to ROS, jasmonic
or salicylic acid (JA and SA) and influenced by more than 12 other transcription factors,
also its activity is regulated by different molecular mechanisms, e.g. phosphorylation by
MAPKKK! or by changing interaction partners. On top of that, the degradation of the
WRKY53 protein is controlled though a HECT ubiquitin ligase (UPL5) which exhibits
an opposite expression pattern compared to WRKY53 itself. This ensures that even if

the gene is mis-expressed for whatever r the protein content is still controlled by
degradation and the protein will only be stable in the cells during onset of senescence
[5]. To make the story even more complicated, WKRY53 also has a role in pathogen and
wounding response, The overlap between senescence and pathogen response has been

recognized in many instances due to similar signals which appear to be used in both
processes. Recently, the cross-regulation network between leal senescence and plant
immunity, which is mediated by SA and ROS, has been nicely summarized [6].
Moreover, the senescence program adapts to diverse environmental conditions and
requires very high plasticity. All kinds of stresses, abiotic as well as blotic, are sensed
and constantly integrated into the regulatory networks, in which long-lasting unfavora-
ble conditions have the potential to induce senescence prematurely [6, 71, This serves
as an exit strategy to guarantee viable offspring even under stressful conditions. As a
tradeoff, seed quantity and quality are often diminished and can significantly lower pro-
ductivity of plants. Consequently, in crop plants, stress-induced premature senescence
can have a major negative impact on yield quantity and quality. Even though our knowl-
edge on the physiological changes has increased enormously during the last decades
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and more and more signaling molecules acting in this process have been characterized,
we are still far from understanding how this complex program is coordinated and how
specificity is achieved in signaling. Almost all plant hormones are Involved In regula-
tion of this process as well as smaller signaling molecules such as calcium or ROS. All
these components also have roles in other processes, so the question how specificity is
achieved, especially in the case of ROS signaling, is not yet answered. How does the cell
differentiate between an oxidative burst elicited by pathogen infection and the oxidative
burst coinciding with the induction of senescence? In this review letter, we would like to
shed light on the role of the ROS hydrogen peroxide in senescence signaling with a focus
on the differences in signaling of H,0, produced in different organelles. Even though
hydrogen peroxide appears to be used as a signaling molecule in many different plant
species, we focus on the findings in the model plant Arabidopsis thaliana.

General alterations in different organelles during senescence
In contrast to other cell death reactions, the long lasting and complex regulatory process

to adequately execute leaf ence requires contl control by the nucleus as well
as a constant energy supply. Consequently, not only is the nuclens kept intact until late
stages of senescence, but also the mitochondria need to stay active to deliver the energy
driving the process. Functionality of both organelles has to be guaranteed during onset
and progression of senescence until finally both are also degraded in the terminal phase.
In contrast, chloroplasts are massively restructured during progression of senescence
and lose their photosynthetic function while peroxisomes are converted back to glyox-

ysomes with changed functional propertics.

Chloroplasts

Chloroplasts are converted inte “gerontoplasts” during the progression of leaf senes-
cence. These gerontoplasts are morphologically characterized by an increased number of
enlarged plastoglobuli, disorlentation of the grana stacks and swelling of the thylakoids
|1, 8]. These structural changes are combined with loss of function of the photosynthetic
apparatus, thus allowing chlorophyll loss and photochemical capacity (Fy/Fy) to be used
as parameters to describe senescence. As the majority of assimilated nutrients are stored
in chioroplasts in the form of photosynthetic proteins, the remobilization of chloroplas-
tic components is a centeal feature of senescence. It was estimated in the 1980s that more
than 10 billion tonnes of Rubisco and 1 billion tonnes of chlorophyll are produced and
degraded every year [9]. Even though removal of damaged proteins from chloroplasts
takes place throughout plant development as part of the quality control of chloroplasts,
chloroplast dismantling and degradation of chloroplastic proteins is strongly upregu-
lated during senescence. Besides various types of chloroplastic proteases acting inside
the chloroplasts, diverse extra-plastidic pathways mediate degradation of chloroplastic
proteins. Intensive formation of different vesicles can be observed during senescence
ranging from RCBs (Rubisco-containing bodies) and ATGS-interacting proteinl-plas-
mid associated (ATI-PS) bodies, which depend on the autophagy machinery for further
degradation, to SAVs (senescence-associated vacuoles) and CCVs (chloroplast vesicula-
tion-containing vesicles) acting independently of autophagy [10, 11}. Moreover, whole
chloroplasts can be degraded by “chlorophagy” [12] or by the 26S proteasome mediated
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by a cytosol-localized E3 ubiquitin ligase mainly targeting chloroplasts that over-accu-
mulate singlet oxygen [13]. Degradation processes inside and outside the chloroplasts
have to be coordinated and different pathways are induced at distinct time points during
leaf senescence, e.g- chloroplast number is reduced at the later stages [11].

Peroxisomes

Peroxisomes consist of an amorphous matrix surrounded by a single membrane. Nota-
bly, the term “peroxisomes” originates from their high H,O, content. A significant num-
ber of enzymatic systems capable of generating H,O, are present in the peroxisomes,
eg. acyl CoA oxidase, glycolate oxidase, superoxide dismutase, urate oxidase and many
others. The extensive production of H,O, is counterbalance by the presence of large
amoants of the H,O, scavenging enzyme catalase. Besides being generated as a side
product of various reactions, H,O, itself has a critical role as a signal molecule in the
crosstalk between peroxisomes and other organclles to coordinate cellular functions.
Apart from the peroxisomal metabolism of ROS, reactive nitrogen species and reac-
tive sulfur species with signaling functions are produced in peroxisomes [14]. Moreo-
ver, peroxisomes also have important roles in the biosynthesis of plant hormones, such
as JA, indole-3-acetic acid (IAA) and SA, all of which influence leaf senescence in one
wiay or another. Therefore, peroxisomes are important signal generators in the cell. Not
only do peroxisomes undergo dynamic changes in metabolism and morphology, but also
peroxisome abundance can be adjusted to environmental conditions. Moreover, the pri-
mary functions of plant peroxisomes vary with different developmental stages. Whereas
peroxisomes in green leaves are mainly involved in photorespiration, peroxisomes in
seeds harbor the glyoxylate cycle together with f-oxidation and are therefore called gly-
s. In ent Lissues, peroxisomes are converted into "gerontosomes” which

OXY

resemble glyoxysomes in terms of their metabolic functions [14, 15],

Mitochondria

Even though mitochondria exhibit a driving force in programmed cell death (PCD) in
animal systems, in which the loss of the mitochondrial membrane integrity leads to
the release of PCD elicitors such as cytochrome C, plant mitochondrial membranes
are maintained until very late stages of senescence. Thus, it is unlikely that plant mito-
chondria will trigger plant senescence in a similar way as they do during animal PCD. In
Arabidapsis, functionality of the mitochondria is preserved until the latest stages of leaf
senescence, even though their number drops by 30%, In contrast to structural changes
observed in chloroplasts, the ultrastructure of the cemaining mitochondria appears to be
unchanged, retaining clearly demarcated cristae and membrane boundaries throughout
the process of senescence. Integrity of mitochondria as well as their ability to provide
energy are maintained during leaf senescence to drive the energetically demanding real-
location of nutrients. Transcriptome analysis combined with metabolomic approaches
revealed that mitochondrial metabolism is partially reorganized to support the selective
catabolism of both amino acids and fatty acids. Thereby, mitochondria provide the car-
bon backbone essential for nitrogen remobilization, which is of utmost importance dur-
ing senescence [16]. In parallel, the alternative respiration pathway is activated during
senescence [17]. An important function of the alternative oxidase (AOX) is to prevent
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the formation of excess ROS, Hence, a low reduction status of the ubiquinone pool by
oxidizing ubiquinol is ensured, and thus the edectron flow s guaranteed [18].

The nucleus

The nucleus appears to be the command center for senescence coordination. Therefore,
its overall structure and integrity are maintained to guarantee its function. However,
onset and progression of this developmental process is driven by massive changes in
gene expression; e.g, in Arabidopsis thaliana almost one quarter of all genes are differ-
entially regulated during senescence [2], While genes involved in degradation and mobi-
lization of macromolecules are switched on, genes related to photosynthesis are turned
off. A chronology of events has been determined by high-resolution temporal transcript
profiling covering 22 time points of single leaves of a defined position within Arabidop-
sis rosettes |2]. In this chronology, activation of autophagy and transport as well as the
response to ROS are prominent early events of leaf sencscence. These massive changes
In the transcriptome Imply a central and important role for transcriptional regulators
[19, 20]. Two transeription factor (TF) families, the WRKY and the NAC factors, which
greatly expanded in the plant kingdom, appear to play outstanding roles in senescence
regulation in Arabidopsis but also in other plant species [21, 22|, NAC proteins form one
of the largest plant-specific TF super families, and its members control transcriptional
reprogramming associated with many developmental processes including senescence
[22, 23], Recently, genome-wide dynamic modelling of transcriptional gene regulatory
networks uncovered new and distinet pathways during the onset of Arabidopsis leaf
senescence including miRNA action [24], Besides the expansion in number, the WRKY
family adopted a specific functional strategy of networking. Afmost all Arabidopsis
WRKY transcription factor genes are characterized by one or several binding motifs
for WRKY factors, so called W-boxes, in their promoters, implying a complex WRKY-
driven transcriptional network [25]. Morcover, complexity is increased even more by the
fact that WRKY factors are also able to form homo- and heterodimers with different
functional properties [26-28].

A long-lasting H,0, increase acts as a signal in leaf senescence of Arabidopsis
In the absence of stress, developmental senescence is mainly driven by the actual age
of the individual leaves and the age and developmental stage of the whole plant [29);
however, the mechanisms by which plants sense these parameters is still not well under-
stood, The senescence program s synergistically as well as antagonistically influenced
by almost all plant hormones [3, 20]. Moreover, during the last two decades, it became
cvident that ROS, and especially hydrogen peroxide, can function as signaling molecules
in developmental as well as stress-induced senescence. On the one hand, ROS can have
a direct impact on gene expression by altering the expression as well as the activity of
transcription factors |2, 30-33), thereby modulating regulatory processes. On the other
hand, ROS can oxidize more or less all kinds of macromolecules, influencing a varlety
of physiological changes. Less well-known signaling compounds such as melatonin are
involved in postharvest senescence regulation by modulating the ROS homeostasis {34,
ROS are inevitable by-products of aerobic metabolism in all organisms. They are
formed by energy transfer to or partial reduction of molecular oxygen (O,) producing
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either free radicals such as superoxide (O ;) and hydroxyl radicals (OH’) or non-radi-
cal but highly reactive molecules such as hydrogen peroxide (H,0,) and singlet oxygen
{'0,), of which the latter is generated exclusively in the chloroplasts. Here, excess light
energy results in an electron spin shift in the molecular orbitals, which renders 'O, very
unstable and highly reactive. Except H,0,, which has a half-life of milliseconds to sec-
onds [35] and can traverse longer distances, including across plant cell membranes via
aguaporins [36], all ROS have very short half-lives and relatively high oxidation poten-
tials, and thus act close to their site of production. All ROS can act as signaling mol-
ecules but, when present in excess, are toxic for the cell. Therefore, a delicate balance
between ROS production and scavenging needs to be established in all cellular compart-
ments. OH’ is the most reactive and thus most toxic ROS. Despite the apparent lack of
an established system for the tight control of hydroxyl radicals, its function in mult-
ple processes has been documented as e.g. ion flux in roots, germination, stomatal clo-
sure, or post-harvest senescence of fruits [37-40]. Most recently, Hancock and Russel
[41] suggested a H -dependent scavenging mechanism for OH. However, the reactive
and short-lived nature of OH" renders its study challenging. In any case, the cell should
avoid the Fenton reaction between H,O, and O, which produces OH' in the presence
of metal, especially iron, ions [42]. The inherent reactivity of different ROS determines
their reactivity towards specific sites in all kinds of proteins. Whereas due to its high
oxidative potential OH does not pick and choose, the superoxide anion (O ,) predomi-
nately attacks ron-sulfur ([Fe-S]) clusters while H,0, targets Cys residues. Therefore,
the subcellular colocalization of short-lived ROS and thelr respective targets might con-
tribute to the ROS signaling specificity [43].

Similar to piant hormones, ROS participate in a wide range of developmental and
stress-related signaling processes, leaving the question largely open, how specificity can
be achieved, how the plant cells can differentiate signaling cues and elicit an appropriate
response. So far, no clear signature, e.g. the amplitude, frequency or duration of Ca*'
spikes [44], can be linked to ROS or more specifically to H, 0, signaling, In contrast to
calcium signaling, which is executed by storage and release of Ca™* [45]. ROS signaling
is controlled by production and scavenging. In Arabidopsis, a network of at least 152
genes s involved in managing the ROS levels [46]. However, In contrast to e.g. the oxi-
dative burst after pathogen Infection or wounding lasting for minutes to hours [42], we
observed a clear difference in the duration of the senescence-related H,0, signal, lasting
for more than a week during induction of monocarpic senescence, at least in Arabidopsis
or oll-seed rape [47, 48]). Measurement of intracellular H,0, contents in different leaves
of a single Arabidopsis rosette indicated that the increase during onset of monocarpic
senescence can be observed more prominently in the younger leaves (Fig. 1) [48], sug-
gesting that sequential senescence might use different signals.

This long-term intracellular H,0, increase at the onset of monocarpic senescence in
Arabidopsis and oilseed rape is predominately due to sophisticated regulation of the
activities of the H,O. scavenging enzymes catalase {CAT) and ascorbate peroxidase
{APX) [48, 49]. All subcellular compartments are equipped with thelr own enzymatic
and non-enzymatic scavenging systems. While catalases are predominantly located
in the peroxisomes, different APX isoforms are found in chloroplasts, mitochondria,
the cytosol and the outer membrane of the peroxisomes. Catalases have a very low
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affinity for H,0,, with a K_, of approx. 43 mM, but have a high reaction rate and are
highly abundant, which compensates for this low affinity [50]. Under oxidative stress
conditions, CAT can be retained In the cytosol to protect this compartment against
H,0,-mediated redox changes and intensify defenses against oxidative damage [51]. In
Arabidopsis, APX3 and 5 isoforms are associated with the outer peroxisomal membrane,
This localizaton and the much higher affinity of APXs to H,O, as compared to CAT
(100 pM), could be responsible for the tight control of H,0, leakage from peroxisomes
to the cytosol [52-55], Furthermore, APX1, 2 and 6 are | t in the cytopl and
two additional APX Isoforms are assoclated with the stroma (sAPX) and the thylakotd
membranes (tAPX) of the chloroplasts. Therefore, CAT and APX are positioned strate-
gically to tightly control H,0, concentrations and to ensure that H,O, can act as a sign-
aling molecule [56].

To allow for a long-term intracellular H,0, increase at the onset of monocarpic senes-
cence, in the first place CAT2 gene expression starts to decline at bolting time through
inhibition of transcription by the bZIP transcription factor G-Box binding factor |
(GBF1). This factor is most likely activated by phosphorylation through casein kinase 1
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and translocation to the nucleus [48, 57-59). As CAT2 protein has a high turn-over rate
and accounts for approximately 80% of the total CAT activity in leaves [60], this rapidly
leads to a decline in CAT2 enzyme activity and an Increase in H,0, concentration. In
addition, APX1 activity also declines at the same time during bolting and flowering, but
its activity is restored at later time points. In this case, gene expression is not downregu-
lated but inhibition of activity appears to be carried out post-transcriptionally [61]. All in
all, this leads to low protection against H,0, in the cytosol as well as in the peroxisomes.
Miyake and Asada [62] found that under low concentrations of ascorbate, hydrogen per-
oxide damages compound | of ascorbate peroxidase and inactivates enzyme activity. Fur-
thermore, an experiment with suspension culture cells also showed that, paradoxically,
APX activity can be inhibited by its own substrate H,0,. H,O, treatment of whole plants
revealed that this inhibition can only be induced during the time window of bolting and
flowering, and exogenous application of H,0, is only effective during this period (48],
Moreover, removal of the stem leads to restoration of APX activity, and subsequent re-
bolting induces a second perlod of APX inactivation [63], clearly indicating a connection
of the inhibitory mechanism to the bolting and flowering state. This means that APX
is rendered sensitive towards hydrogen peroxide by a so far unknown mechanism dur-
ing this specific period. Thus, at this time point, H,O, concentrations further increase
and create a positive feedback loop. After a certain time interval, inhibition of APX is
released again and, in addition, CAT3 expression and enzyme activity start to increase,
This regulatory cue results in a long-term hydrogen peroxide elevation as illustrated In
Fig 1. If downregulation of CAT2 expression and activity is abolished in ghf knock-out
plants, APX activity is not inhibited by increasing H,0, amounts, no long-term H,0,
increase is created and the onset of senescence is delayed [57]. This clearly indicates that
this long-lasting H,O, elevation acts as a signal to induce arpic senescence

Furthermore, so far only scant attention has been dedicated to the fact that the cir-
cadian clock also triggers transcriptional regulation of ROS-responsive genes, ROS
homeostasis, tolerance to oxidative stress [64-66] as well as senescence [67). Not only
do hydrogen peroxide production and scavenging display time-ol-day phases but also
mutations in the core-clock regulator, CIRCADIAN CLOCK ASSOCIATED 1, as well
as mis-expression of components of the evening complex, EARLY FLOWERING 3, LUX
ARRHYTHMO, and TIMING OF CAB EXPRESSION, affect ROS production [67]. This
clearly indicates a global effect of the clock on the ROS network, and hence Sanchez and
Kay [68] have suggested calling the circadian clock the “mastermind” of plant life. Inter-
estingly, the period of the diurnal rhythm also changes during senescence, decreasing
from 24 h in young plants to 22-23 h in old plants [69]. Therefore, time of the day should
always be considered in future research.

Impact of H,0, generated in different subcellular compartments in Arabidopsis
leaves

In the last two decades it has become clear that the ROS concentrations in the cyto-
plasm and in different organelles have a different impact on senescence. Changing the
H,0, levels in different subcellular compartments has different effects on the senes-
cence program ([49, 70], unpublished observations). Increasing H,0, production in per-
oxisomes or in chloroplasts induced two different types of responses, one of which is



Zentgraf et al Celular & Molecular Bioiogy Letters Q022) 274 Pagedof 19

independent and the other is dependent on the site of H,0, production. While the inde-
pendent response comprised the activation of moce general oxidative stress response
genes, an H,O, Increase in chloroplasts specifically induced early senescence signaling
components, including transcription factors and biosynthetic genes involved in produc-
tion of secondary signaling molecules [70]. In 2013, Rosenwasser et al. established a bio-
informatic tool called "ROSMETER" for the identification of transcriptomic signatures
related o ROS type and production site [71]. Interestingly, an unexpected but highly
significant ROS transcriptome signature of mitochondrial stress was detected during the
early stages of leaf senescence by the ROSMETER when the high-resolution transerip-
tome dataset of leaf senescence in Arabidopsis of Breeze et al. [2] was analyzed. This
signature was defined by different reference plants: (i) rotenone treated plants and (i)
AOXI-T-DNA insertion lines under mild drought and light stress and (ili) antisense
AOX1a plants. Rotenone treatment inhibits complex I of the respiratory electron trans-
port chain and leads to induction of the AOX pathway and thereby to the reduction of
ROS production [72, 73], while AOXI-T-DNA insertion as well as antisense AOX1a
expression abolishes the alternative respiration pathway and would therefore increase
mitochondrial ROS production, at least under stress conditions. However, there was
a strong positive correlation of the carly senescence expression profiles with rotenone
treatment starting at 23 days after sowing and almost at the same time, from day 25 on,
a negative correlation with AOXI-T-DNA insertion. This would mean that the transcrip-
tome signature at early stages of leaf senescence would point to low mitochondrial ROS
production. However, long-term antimycin A treatment which inhibits complex 111 of
the respiratory chain and induces the AOX pathway or overexpression of AOX Ia dimin-
ished ROS production but did not significantly alter senescence [74], Therefore, the role
of mitochondrial ROS in leafl senescence is still debatable. However, antimycin A also
has effects on the cyclic electron flow in the chloroplasts [75].

Peroxisomes appear to be the most oxidized cellular organclles, with a redox potential
of approximately ~ 360 mV [76]. Peroxisomes are one of the main sources of intracel-
lular ROS generation. In photosynthetic tissue, photorespiration is the main source of
H,0, production in peroxisomes, contributing up to 70% to the total H,0, production
in plant cells [42]. In addition, photorespiration needs coordination of the chloroplasts,
peroxisomes, and mitochondria in the cytosol, and often close contacts of these orga-
netles can be observed, most likely to directly exchange substrates, Interestingly, at these
contact sites H,0, accumulation was observed inside the peroxisomes, also pointing to
a role of MO, in organelle communication [77], Using In vivo imaging with fluorescent
proteins targeted to peroxisomes, rapid formation of tubular extensions called peroxules
was observed in response to changes in ROS levels, Not only could these peroxules par-
ticipate in the transfer of metabolites to mitochondria and chloropiasts, they could also
be involved in ROS flux between these compartments, even though so far there is no
direct evidence for this assumption |56), In contrast, similar dynamic structures in chlo-
roplasts called stromules can transfer H,O, from chloroplasts to nuclel [78, 79]; how-
ever, to date no contact of peroxules to nuclel has been described. To counterbalance
the large amounts of H,0, generated in peroxisomes, 10-25% of the total peroxisomal
proteins are catalases [80], in which CAT2 accounts for approximately 80% of the total
catalase activity. As already mentioned above, CAT2 regulation & a central element of



Zentgraf et al Celular & Molecular Bioiogy Letters Q022) 274 Page 100f 19

creating the long-lasting increase of intracellular H,0, at bolting and flowering time,
which is used as a senescence signal [48, 57]. Altering peroxisomal H,O, by different
means Induces changes in gene expression |65, 66, 81, 82] that differ from those Induced
by chloroplast-derived H,0O, [70]. Thus, peroxisomal H,0, clearly participates in ret-
rograde signaling to the nucleus. However, the underlying molecular mechanisms and
crosstalk with ROS from other compartments still have to be elucidated [56, B3]. How
this specificity is produced downstream of the production is unclear. Thiol-based antiox-
idants such as peroxiredoxins, thioredoxins, and glutaredoxins are likely to be involved
in ROS signaling cascades [84]. However, H,0, can leak out of all compartments to the
eytosol, so the cytosol most likely acts as a key site of redox signal integration, Thus,
MAPK pathways in the cytoplasm are proposed to integrate ROS signals from different
organelles to regulate the gene expression in the nucleus [85].

Like peroxisomes, plastids form stroma-filled tubular extensions surrounded by the
envelope membrane called stromules. Stromules are dynamic structures that extend
along actin microfilaments and the ER. In chloroplasts, stromule frequency Increases
during the day or in response to light-sensitive redox signals [86]. Interestingly, stromules
can still torm on isolated chloroplasts after extraction from the cytoplasm, pointing to
the fact that stromule formation is plastid autonomous, In addition, plastid-derived vesi-
cles are suggested to bud from stromules through tip shedding or simple breakage, either
to recycle plastid content during nutrient stress, to remove toxic molecules, or for intra-
cellular communication [87]. These stromules allow the plastid compartment to make
direct contacts to other subcellular compartments such as other plastids, mitochondrka
or nuclei, Metabolites as well as proteins can flow through these connective tunnels,
Morcover, using a nuclear-targeted H,O, sensor protein (HyPER) [88], the translocation
of ROS generated in chloroplasts into adjacent nuclei could be observed [89]. This sug-
gests that stromules have a function in retrograde signaling in channeling and speeding
up signal transduction directly to the nucleus, avoiding the scavenging systems of the
cytoplasm [89]. Additionally, organellar H,O, can oxidize thiol groups of specific pro-
teins, thereby converting the ROS signal into thiol redox signals [90, 91).

In addition, changes in the apoplastic space appear to be involved in signaling and
molecular trafficking during senescence [92]. Along with variations in the volume and
pH of the apoplastic fluid, leaf senescence-related changes in the secretome included
many proteins involved in stress responses and ROS metabolism, indicating that leaves
of different ages control stress responses differentially to balance growth or survival at
the whaole plant level [93]. Moreover, production of apoplastic ROS can influence ROS
generation in the chloroplast and both together can have an impact on gene expression
in the nucleus [94].

On top of that, all these forms of retrograde signaling between the different organelles
and the nucleus have to be integrated to finetune the final outcome of gene expression,
We are far from understanding which molecular mechanisms underly this crosstalk,
Recently, the protein RADICAL-INDUCED CELL DEATH1 (RCD1) has been charac-
terized as a molecular component that allows a dialog between the retrograde signals of
both mitochondria and chloroplasts. On one hand, RCDI1 directly interacts and inhibits
ANACO013 and ANACO17, two regulatory proteins that usually activate a set of genes
involved in repair of mitochondria. On the other hand, the nuclear-localized RCD1
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changes abundance, redox state and oligomerization in response to ROS generated in
the chloroplasts. Interestingly, the Interaction domain with the NAC factors was also
necessary for the sensitivity to chloroplastic ROS [95].

The search for ROS receptors is far from complete and still has to be continued. 1t
can be speculated that a plethora of ROS sensors is likely to exist in numerous compart-
ments including the apoplast, cytosol, and organelles. In addition, the respective down-
stream signaling components are yet to be identified. Plant cells may be able to decode
specific ROS-dependent signatures by monitoring the relative intensity of redox stim-
uli at different locations. Such signatures could be part of the activation of appropriate
responses {85].

In vivo imaging using fluorescent dyes and sensor proteins

Colorimetric methods using nitro blue tetrazolium (NBT) and/or diaminobenzidine
{DAB) were Initially used to detect ROS in cells, tissues, and organs. However, these
methods were not suitable to analyze dynamic ROS levels in vivo. To solve this prob-
lem, a collection of different fluorescent dyes was established, in which different dyes
exhibit different properties with regard to specificity and cell permeability, allowing
invivo imaging in real ime. From among different fluorescent probes which were tested
tor in vivo imaging (DHE, H2ZDCFDA, H2ZHFF-OxyBURST, Amplex red, SOSG, and
PO1), H2DCEDA displayed the highest signal-to-noise ratio [96]. One of the drawbacks
of these dyes is that often the reactions between ROS and dye are not reversible and
the dyes have to be reapplicd. In parallel, transgenic approaches were developed using
ROS-responsive p ters coupled to reporter genes [97, 98], which also allow one to
measure ROS contents at the whole plant level and to follow up systemic ROS signaling,
Morcover, protein-based fluorescent sensors have been developed and by now a vari-
cty of genetically encoded fluorescent redox probes are available [99]. For example, the
redox-sensitive roGFP [100] or the H,0, sensitive HyPER [88] can image more precisely
the in vivo redox conditions and/or ROS concentrations in cells utilizing ratiometric
measurements with two different wavelengths of the excitation laser light. These pro-
tein-based approaches also opened up the possibility to direct the protelnaceous sensors
to different subcellular compartments via signal peptides or other localization signals,

In vivo imaging using these sensor proteins can now be employed to resolve the spa-
tiotemporal dynamics inside the cells and even In different subcellular compartments,
Very recently the application of this technique could demonstrate that ROS locally gen-
erated in chloroplasts of intact Arabidopsis seedlings by methyl viologen treatment cause
changes in H,0, and glutathione redox potential in other subcellular compartments
such as the cytosol and mitochondria [101]. However, given the nature of these sensors,
one has to keep in mind that the expression of such sensor proteins cannot only be used
to measure in vivo ROS concentrations but at the same time scavenge ROS and thereby
also influence intracellular ROS concentrations. When using these sensor lines for long-
term studies of ROS levels during senescence, we observed differences in production in
different compartments but encountered the problem that all these lines showed altered
senescence phenotypes compared to non-transgenic lines ([49], unpublished observa-
tions), Therefore, the use of these sensor proteins for in vivo imaging during senescence
has its limitations.
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However, these lines were still useful to characterize the role of ROS, especially H,0,
during senescence. For sensing especially H,O, the fluorescent protein HyPER was
constructed which combines the regulatory domain of the Escherichia coli OxyR tran-
scription factor for sensing H,0, in bacteria with a circular permutated YFP [88]. The
E. coli OxyR transcription factor contains an H,O-sensitive regulatory domain (amino
acids 80-310, OxyR-RD), and a DNA-binding domain (amino acids 1-79), The reduced
form of OxyR-RD is oxidized preferentially by H,0, [102]. Aslund et al suggested that
OxyR acts as a peroxidase as OxyR returned to its reduced form in a time course experi-
ment and a significant amount of NADPH was consumed in in vitro experiments [103],
Moreover, ¢ ical H,0, measurements using H2DCFDA [49] as well as H,0; treat-
ments of HyPER expressing leaf material in a perfusion chamber directly under the
confocal LSM revealed that these sensor proteins scavenge H,O, (unpublished observa-
tions). This means that even though the reaction is reversible, so these proteins ¢an func-
tion as sensors, HyPER expression in plants will change the amplitude of intracellular
H,0, signals by consuming H,0O,. This is exactly what has been observed during onset of
monocarple senescence; the H,0, signal in the HyPER expressing lines was dampened
and senescence was affected [49]. Having shown this, we now used thesc lines no longer
as sensor lines but as lines with altered intracellular ROS levels as described in the next
paragraph.

Lowering H,0, contents specifically in different subcellular compartments

Costa and coworkers created transgenic lines which express this sensor protein in
defined cellular compartments [104]. Yet, by directing HyPER to different compartments
and thereby scavenging H,O, specifically in these compartments, we could observe
that the senescence process is differentially affected in these transgenic lines: While a
reduction in peroxisomal and cytosolic H,O, levels led to a delay in the onset of leaf
senescence, low chloroplastic H,0, retarded progression of leaf senescence (Fig. 2) ({49],
unpublished observations). Moreover, genome wide gene expression analyses of these
plants uncovered severe differences in gene expression, which were also dependent on
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the developmental stage. Here, plants with low chloroplastic H,0, show more severe
and often even opposite changes in gene expression compared to plants with lower cyto-
plasmic H,0,, which appear to be more similar In gene expression to wild type plants
Strikingly, higher expression of CAT and APX genes in plants with low chloroplastic
H,0; was observed. Moreover, expression of defensin genes is increased under low chlo

roplastic H,0, but dec reased under low ¢ ytoplasmic H,O, {unpublished observation),
In wild type plants, the expression of the pathogen-related defensin genes and genes
encoding H,O, scavenging proteins CAT and APX is triggered by oxidative stress but
not by low H,0.. In the same chain of evidence, formation of stromules clearly increased
under low chloroplastic H,0, (Fig. 3; unpublished observation), which, again, should be
opposite and rise after SA or H,0, treatment [80]. These opposing expression patterns
together with the unexpected increase in stromule formation prompted us to speculate
that not the actual H,0O, concentration is sensed by the plants but more likely the ratio
between the cytoplasmic and the chloroplastic H,O,. This would mean that low chloro

plastic H,0, resembles “cytoplasmic™ oxidative stress (Fig. 4). If our hypothesis of sens-
ing the H,0, ratio Is correct, crossings between the two HyPer transgenic lines should
be similar to wild type plants as now H,O, would be low in both compartments. Pre

sumably, defensin and CAT/APX gene expression, stromule formation, and senescence

Highest number of stromulesichlioroplast
during developmant:
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onset and progression will then be more reminiscent of wild type plants, However, how
this ratio is sensed by the plants still has to be elucidated.

Future perspectives

Reactive oxygen species (ROS) are inevitable by-products of many reactions of acro-
bic organisms, are produced in all subcellular compartments and play pivotal roles in
the communication between all plant organelles [35, 105-107], However, how speci-
ficity is achieved in H,0, or ROS signaling in general is still an open question. Direct
connections between different compartments such as stromules or peroxules enable
small signaling molecules as well proteins or metabolites to be directly exchanged
without passing through the cytoplasm. ROS, especially H;O,, can also pass through
these tunnels to avold the scavenging system of the cytoplasm imposing directionality
in signafing. However, how the cells differentiate between stress-induced ROS signals
and developmental ROS signals, e.g. the senescence-inducing H,0O, increase, is still
not well understood. Localization of ROS production, especially for short-lived ROS,
as well as duration of the production, might be part of this differentiation. However,
as no “master receptors” for ROS are known so far, and a plethora of possible targets
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for each ROS is available, the complex sensing process still has to be elucidated,
Improvement of the sensor proteins [108] as well as of the microscopic technologies,
¢.g. single molecule or super resolution microscopy, will Increase resolution and will
help to understand the signaling processes in more detail. Single cell transcriptom-
ics and metabolomics will also contribute to & more holistic view of the outcome of
ROS signaling. In addition, artificial intelligence highly improved our understanding
of protein structures [109] and could help in the future to predict structural changes
under different redox conditions. So far, an enormous experimental effort has been
necessary to unravel the structures of approximately 100,000 unique proteins, which
still is only a tiny fraction of the billions of existing proteins. In contrast to the explo-
sion in available genomic sequences and gene expression data produced by the tech-
nical advances in sequencing methods, a similar expansion in knowledge on available
protein structures has so far been prevented by the intrinsic challenge of experimen-
tal structure determination. AlphaFold2 is a novel machine learning approach that
Incorporates physical and biological knowledge about protein structure which is now
capable of predicting protein structures to near experimental accuracy in a majority
of cases and greatly outperforms other methods [109]. Changes of protein structures
by different redox environments await integration in the next step. Therefore, it can
be expected that these technological advances will foster our understanding of intra-
cellular redox signaling during development and stress and will help to determine
how specificity in signaling is achieved.

Abbreviations

BO% Aeactive orygen speaes TR, Photachermeeal capacny; ACHs Aubico-contarning bodies, AT-PS bodies: ATGS
Ireeracting-peoten] platad-anodaed bodies SAN Senesterce-aisodated vaouoles: COVS: Tionplad vesiculation:
COManing veddes TF Trunsa pion factorn APX: Ascorbate pemaitiase CAT Oadase, GBF 1 G-Bon bindhng factor 1; 40K
Altrmranve ocodase; ByFER Hydrogen peromce seomar protein, GH. Redoosensitive green fuamescent prosesry ACD1
PACACALANDUCED CELL DEATH) protssry MBT: Nitrotshos tetraschurms DAR: Dlarrnobienadine, H2OCOFDA 277 Oichla -
fuorescin diacetate, Onf-RD OoR tanwription factor mgulatory doman of Exchenchig col

Acknowledgements

We apclogam for not bong able wo are dl relevans work W thank Pof. Or. Chiistop her Grefen, Unvworsity of Bochurn,
Gonmany for prowiding the plant Ine expmssing GFP in ciloropasts 10 measire sironule formation n the wid typa
backoyound This artcle was spechily invited by the editoss and represenss work by lmding ssseachen

Authors” contributions
UZ wiote the frst draft, SB provided the confocal prctures, SB and AA-G have comected and edited the text and the
fgures # authors comrbutad 10 the fral maouscnpt, Al sshors read sod appioved the fral manuscrpt

Funding

Qper Actess Aundeg enbled and organited by Propeia TEAL We ucknowdadge spensorstip by Opén Access Putiishing
Fund of Univeruty of Tibingen This werk was supponed by the Deutsche Forchungagermemachafh ([DFGL CRC110Y,
a0

Avallability of data and matenals
Not s phcatie

Declarations
Ethics approval and fo partic)
Not pppkcatie

Consent for publication
Not appkcatie

Competing interests
The mnhors declare that they have no campeting interests.

L



Zentgraf et al Celular & Molecular Biology Letters  2022) 274

Recelved: 4 October 2021 Accepted 17 December 2021
Published anline: 06 Janaary 2022

References

|
2

WS

Boo R B

2 B

£ 1]

o

Noodén LD Lecpaid AL Senescence and aging in plants San Diegax Acadermic Press 1668

Breexe £ Harrison E McHamme 5, Hughes L Homan B Hl C, atal High-resolution tempordl profilng of tran-

sergns durng Arabadopss Jeaf semcence reveals a distiner chionology of p and regulanion Plant Cell

01 Z3873-M

Ahirad 5. Guo ¥ Segnal Densduction n leif serescence: proguess and perspactive, Plants. 20198415

Thomas H Seroscence: aguing and death of the whole plart. New Phytol 201336701696 711

Zenegrof U, Dol 1 Avdévdopein WHKYS 3, a node of mult-nee tegulation in the netwerk of serescence Plants,

AIBI DS

2hang ¥, Wang HL, LI 2. Guo H Genet: nemwork Between loaf senescance and plact immunty: crucd regulascey

nodes and rev reighes Mants 20205495

Sade N, Del Mar BW Urnnajkkikom K Bumwakl £ Soessaduced senesoence and plant olerance 1o ablon

stress | Exp fiot. 20186484551,

Biswal UC, Saval & Rxval MK Trandformanion of chicroplest to georecplnt. it Ciomplest Bogeness. Spring

DCordfecin; 2003 p 155-242,

Hendry GAS, Houghton ), Brown S8, The degradistion of chiorophyl-a bickigical erigme. New Paytol

1887,107:255-302

Doeninguez i, Cqudou Chiorophst dismantiing in ke serescence J Bp Bor. 202T7216}5%05-18.

Turd M, Naw S CHomplas protein the infl of meraphisticic processes. including autophagy,

Ine ) Mol S0 2018193528,

MX sang L. Chioroplist degradation multiple soutes into the vacucle. Fron Man 5, 20131039
Woaodsor K Joens WS, Simon A, Gllcmnl!dunﬂ,%gd&«althmlhhdhmaw‘wcm

Pty that daraged o lsts Scence 0153504504,

CapuucmuluﬁudosDahumMp'mmuﬁnaydmmmHmﬂnw

202011853

Pari R, Reurmann §, Losk ¥ Tiete § Ol LI M ). P arabysh of p from dark-tented senascent

Acaichopsis aws | Integr Aant Biol zcnm:mm-so.

Chmbdnuwﬂl" B Lindén P, Zickowska A, Lishsch D, ot A Dissecting the metabole ke of meochon-
unrg developmersd bt senescence, mnmzmz,wmzuz—ss

WDNM&WWL' \der: d - in the trarduction of sonsds raquired

for the induction of gene assotated with pethogen atack and Mant ), 20027926673

Mabervi 7T, mnmumawmnmmammnnwmsus

Bengoa Luory S Astigueta FH, Nicorda $, Moschen &, Fermandez P Herz R T ption factors d with

leaf senescence in crops. Phnts 20098411,

Guo Y, fen G Zhang K LI Z ManY, GuoH Lea senescence progression fegulition, snd appleaton Mol Home

202518,

GuoY, Cat Z Gen S Transcriptorne of Annbadopys fe! senescence Plart Cel Ernviron. 20042752148,

Balazadeh & Kwawiewsh M, Cakdara C, Mebmia M Zancr ML, Xue GE MuelerRorber 8 ORS), an KO mspormve

NAC Transcrigrion factor controk senescence In Amatadopss thalana Mol Mlart, 20114 34660,

Kirn M2 Blam MG, Lim PO Regulatory network of NAC transcnption facion in leaf senescence. Cury Opin Flant Bol

2016334856,

Mishea 8 San 'Y, Howson T, ¥umar NM, Mukhtar S Dynamic modeling of transorpticnal gerse guiatory network

uncovers datrct pathways durng the onset dwusmmnqm.dWMlMB

Dong . Chen €, Chen 2 Exprzssion proftes of 1he Arabidopss WRKY gene superfanily duing plare deterse
Hant Mol Hcl X003,58:21-17.

¥u X, Chen CFan B Chen 2 Physical and funcoonal irescnons besween pathogen-nduced Aabidopss

WRKY! B, WRKYH. 30d WRKYED transcription factoes Plan Celt 2006:18155:1 310-26.

Patschin M, Schienger § Bieker & Zentgraf U Senescence netwoding WK B Iy an ugstrem regul ator, a dovn

SUNSHT LAet gene. anvd & protein inberaction partnes of WRKYS3, J Plant Growsh Regul 20143310616,

Uora CIA Posschin M, Ze: U bAPy and WRKYs: two lage transoriprian factor famalies evecuting two different

funcnonal wategies Frore Mant Sa. 2145 169,

Zuntgd U Jobst J Kolts O Rentsch S pressicn profles of rsstte s of Anivdopsi

thatona leaf age venis plant age. ant Biol zommvma

X Y, Mo K, Brandt B, Porschin M, Blekey S, Strisudy O, Dot | Drechrler T, Zentgraf U, Werke S REVOLUTA ind

WIS 3 conmect early and late bal development in Arabidopds Developrment. 2914 141.4772-81

MAMMRMLW&MJ chmeifu Aralvdaos's shollana WEKYZS rangrigstion factoe

stress tol ad g n a redxe-dependent manner. fone Mant Sa
22010773,

Dbz K2 Sedox reguianion of rarscription faaons in plare stess acdimation and devwdopement. Anticelt Redos
Sgral 1421135672

LY. LuW, 2nang H. Zhang HL % ¥ Fedos-senstive LZIPGE playy 4 rok In bafanding stress toléyance with growsh
in Arabsdopeis Plant 4 2018, 300268-83.

Tan XL, Phao YT Shan W, Kuang JF, Lu'W1 Su X5, Tao NG Lakeh N Chen JY Mel etz leaf e
of postharvest Chinese fowering cabbage through ROS homeostasis. Food Res . 2020138:106790

Page 160619



Zenagrof et al Celular & Molecular Blology Letters  2022) 274 Page 17019

35

37
38
EL]
a0
a1
a2
43

A&E

a7

a8

w
=

¥ O®w vy ¥

5

B B

61

2]

s =

SSQS

me#C.C;moarMijmu Beactive aeygen spacies In plnt sgraling Aanu Ry e ol

HR65-209-

Blemert GF, Schioerming I, Jahn TP Mernbvane trarspon of iydiogen perodiok, BRA, 2006;1758(8) 994- 1003

Duarn X, Zhang . Zhang B, Sheng 1 Lin M Sang ¥ Adle of hydrowyd radizal in modécation of cell wall polysac:

charickes and aril breakdown during senescence of harvested longan frut. Food Chem 2011,128(01203-7,

Pottogn |, Zepec-laze L Bose 1, Shabala 5. An anjon conductance the essential component of the hydiu-

racdkcatinduced ion current n plant roces. int ) Mol Scl 2018 19(31:897

Richaeds S Witkins KA, Swarbeeck SI, Anderson AA Habib N, Smith A5, Mcainah M, Davees M The hydrmnyl

13GCiF in prares from seed 10 seed ) Bxp Bat 201566133744

Demedciai v, Cun TA, Sstunenka 0, Smih SL Miller AL Shabala §, Sckobk A, Yunn V. Arabdopss root K+

elflux conductance activated by hydronyl radicals: srgle-channel properie, genstic basis and involvement In

sressnaduced coll death, ) Cell Sci 2000,123(Pt 91 146879

Hanoadk J1, Russell G Downstream signaling from molecular hydrogen. Manas, 2001,1002) 367

Fayer O, Boom AL Queval G, Nector G Photorespaatory metabdlisme geres, mutants, snengenics and redox
ing Arvn S Plant Bicl, 0096045554

DAutsfscx B, Toledano M. ROS a3 signaling molecules: mechanams that geretate spechioty in ROS homes

stasis. Nat Sev Mol Cel Bicl. 20078813-24.

Sathyanacianan PV Poovalh B, Decodng G+ sigrals i plants CRC Trit Rey Mare Sol 20082301k 1-11

Schankrecht G Calaum signals from the vacudie. Planty 20032441 389-614.

Mittler R Vandeguweara 5, Gollery M Yan Bressegem T Rasctive caygen gena netwaork of plants Trends P

5. 200494908,

Zandaliras S, Motier A Vanscular and o lon of systermic reactive coygen signals dunog
wounding and heat stress. Plant Physiol 2021, 186551721-33.
Zimenermann P, Henlem C, Orendi G, Zentgread U S oo specific regul of catalases in Arabidops’

thationa (L) Heyrh Mant Cel Environ. G 14G-60.

Bleker S REestr L Stahl M, Franzaring ), Zentgad U Senescence <pedfc altériion of Nydogen perovide
levels bt Arabidops s thalna and olkeed rape spring vanety frassoa nopes | ov, Mozan, | lntege Plant Bol,
201200%340-34

Fayes CM, Nocter G, Stresa-triggerd redex skgnalling: whats in pROSpect? Front Pamt Si, 2016,39951-64,
Walron P, Erees €. Liamont £, Apanasets O, Fransen M. The percudsomal mparnt meeptor PEXS funce

Hions s @ steess sensor, refaining catalse in the cytosol m times of axidative stress Sochim Bophys Ata.
2017, 1864183343,

Ol B3 LA, Corpas £ Serdaiio LM Pabma MM Eancso 8. Flant peroxisomes reactive tonen metabolsm and
nitric aode. IUBMB Life. 2003 55:71-81.

Kaur N Feuenann 5, Hu ) Peroxlscrme blogeness and function Arabidopsis Book, 2009:70173

Eaumand 21 MONDOEHYROASCORMMATE REDUCTASES & requited for seed stomae ofl hydrolysi and postger
mirative gowth in Arabidopals. Mlant Cell 2007, 194176-87

Fearrsen M, Lismont C Redox 9gnaling from arnd to p ves: progress, challenges, and prospects. Antiocd
Redax Sgral 20193095112,

Sandaho LA Pelber-Vico MA, Molna-Moyis E, Bormero-Pusrtes MC Perdeisomes as ledor-sgnalng nodes n
intracefluda comenunicatitn and stress resporses Pant Physol 2021,186011:22-35

Stk A, Zimimermann P, Zormgraf U G-Box binding factor ] reduces CATALASED expression and regulates
thes onset of leaf senescence in Arsbidoprsin Pant Physiol 2010153132131

Smrodowdhl A, Hsohet SM, fentgraf U Phosphondation affocts ONA binding of the senescence-mgulating bak
transcription factor GRF1 tares, 201543) 8891709,

Sioenl ¥, Dovesy P Gantet P Plarst bZP G-bow binding factors Modular stucture and acthation mechanisme
Eur ) Biochem 2001.268122) 565566

Feserabend J, Schaan C. Hertwig & Photoractraton of catalase ocours under both Fagh and low temperature
stress conditions and accompanies photarhibiton of photosysiem 1L Plant Pysiol 1992100155%-61
Panchuk I, Zemorat U Vokow RA Expeession of the APX gene family during keaf senescence of Arabldogi
thaligna Plarta 2006222:9%-12.

Mayoke © Asachs K. Inactivition mechirksm of iscobiats peeacidase at low concent rtions of ascottste:
hydeogen p ide decompones d | of ascorbate p dae Mant Cell Prrysol lﬂc!?ﬂ!—)ﬂ
Yo 22 Radnguez R Tran A, NunngelnS:an&mi‘h' AL The devel

10 flowering rEpreases ascoibate peradGase activity and iINduoss en2ymatic uudpamm Yool tiisue h
Argbadopia thatana Mant Sci, 200015811522

L AG Doherty CL Mudler-Roeber B Kay SA Schgpers M Dijwel PP CIRCADIAN CLOCK-ASSOCATED 1
requlntes A05 homeostinn and axidative stress resporass Proc Natl Acad S USA 2012100471 171293,
Chaouch & Queval G Vandorauwera 5 Mhamdi A, Vandorpe M. Langlols- Mowrinee 1, et o Percedsomal hydeo-
gen peraide 3 coopled 1 biotic fefense reaponses by ISOCHORISMATE SYNTHASE! in a deylenath-mised
marvier, Mant Pysiol, 20001531602 705,

Dueval G Keohermans | Vanderauwera 5, Van Brevusegem FNoctor G, Day length 15 & ey requistor of ran-
scriptomic resporses to both €O, and H,0; in Arabdopsis Flan: Cell Environ. 211 235:374-87.
Zrang Y, Warg Y Wei H Li N, Tian W, Chang K, Wang L Crcadian evening comrples represses jismonate-
ncuced leaf senesconce in Anabidopas, Mol Pant. 20183 1(2x326-37.

Sanches SE ay SA The plant circadian clode from a simple tmekeeper 10 a complex developmental man-
ager. Cold Spong Harb Perspect Biol. 201688027749

Kim H, 5m ¥, Yeom M Lim J, Nam HG Age-associated arcadian period changes in Asabidapsis lsavey. 1 Exp
Bot. 2016577 2665-73.



Zerages et al Celular & Molecular Blokogy Letters  2022) 27:4 Page 18.0f 19

wwnmnwnmmnx wwu»mmmmmﬂqa Spanit HO, sgralng
#.0, from plats ard p odulstes the plant tnwnpiome dfferertialy Mol Plars.
2014\7"9‘4!0

Rosersaesser S, Flube R, Joah R Leviatan N, Sele N, Hevrons A, Fredman H ROSVETER 2 boinformeec todl for the
identfication of sarscnptomic imprres relsted to seactive coygen speces type and oo provdes new insights
ne suesmspusesmwwo( MI1XI6IHIN-83.

n M O, ang ¥ Mdntash L. The a awidase kawers meochondnal reactive cxygen prod vin plant

2 3

28 2 8 B BY B R 2 8 B 2 & 4 8@ dJ8 oA

28 2 S® & 2

=

cells Proc Natl Acad S LUSA 19999601418271-5
Sabio K Futarmuna Y, Shimizu T Matsui A Hirano N, Kondoh ¥ et sl Inhibiticn of mitachoneisl complex | by the
noved campound FLOXD enhances high alinfty-stress tlerance in Ambidopis thaliana. Sci Aep. 2001001 8691
Zenwcyof U, Zirmmerrnarn B Strykowesd A, fioke of svracelul hydiogen pesaxide as Sansbing molecule for plart
senescence iy 1. edroc Smescence i foch Open Acoess Publishing, 2012 1580 978.963.51,01444
hetps//douonp 571 345
Labrs M, it T Leister . The antirmycin A-sensitive pathway of cydic dectron fiow: from 1963 1 2015 Photo-
syt Res. JT62016(1 20 231-8
Senirnctf N Amaid D, Hydrogen peronice metaboien and functions in plints New Pyt 20182211 157-214,
fiomeso-Puertas MC, Rodriguez-Sevrane M, Corpes £, Gomes M, det Ris LA, Sandalio LM Cadmunvinduced
subceliular scoumutation of O mnpnpummcmnnmmnn-u
Caplan A, Xurmar AS, Park E, Padmanabhan M5 Habon K, Modia €, et af Chicmgt sunng
nrate immunity, Dev Cell 20715:3445-57
WA&MEMAW:\IAMLW&&& Sromuke exvension akng meootubules cocednated
with actiry g gudes p plas movernent daringirmae (mmunity. dlde.
2087:1-3%
Feurrann § Ma C Lermke & Babujee | AraPerox. A database of pueative Arabidopres proteins. Plan Physiol
20041 34 58T 4B
Viedenabeste 5 Van Der Kelen K Dot 1, Gadjey ), Boonetaes T Mona § etal A compeshanive analyse of hydio-
qenp deing, -uqem P in robavca Moc Natf Acad Scl LSA, 2005100:161 1 3-8
Virdengbede 5 Von a 5 Vuylswke M Ronbaues 5 Langebartels C. Seidiitz MY, et o Catalase dehioency
wvmwwmww@wmmmmvhmm«-s&
Su T LW, Wang 72 Ma C. Dynarics of porcsisome homeostash and &S rok n siress responw and sgnaling n
plarts. Frant Plart Sei. 201220706,
Déotz KL Hed 7 Thiol switches in redos reguiarion of chiosoplaws: balincing redos state, inebolem and e dative
stess Blol Chem 2075.:395483-M,
Noctoe G Foyer O+ intracedhular rediox compiar jon and ROS1elaed comenunication in reguation and
sknang PLant Pysiol 2076171:1581-92
Bruriaed X3 Surks AW, Zambrysh PC Chiormplass exsend stromules ndependeraly and s respo nal
recio mgnals. froc Natl Acad Sa USA. 201511202 1008<-2
Harson M, Hines KM Stromudes: probing formason and funczion Plan: Physiol, 20 18:176011125-37
Belouwaov W, Frackov AF, Lukyanow KA, Staroverav D€, Shakchbazow KS, Terskikh A, Lukyanoy S Genencaly
encoded fuonescent rdcacs for intraceiule hydrogen prmadde Mt Methods 2006 3281-6
Expoute-Rodnigues M, Laissue PR Yon-Durocher G Smimnaff R Muline s P Protoemthesdependent 14,0,
transder from chioroplests 1o nudel provides a bigh fight sgralling mochaniym Nat Commun 20178 1246
Masller IV, Kristensen BX Pratein cxidation in plant imtochondna as « stress indiciton Photochem Photobiol Sd.
200437303
Nietzel T, Mostetz | Hochar e F; Schward M. Redos mgulatian of meochonadal proeeins and proseomes by
cysteine thizl switches Mrochondrion X017.3372-18.
Bomiego ME, Maling MC, Guimés 11, Martinez DE Physiclogical ang protecmric changes in the apophist accom.
pary lesf senescerce in Arsbidopan Frort Plant Sci: 020101635,
umwwohumsumsmglummamaaumowvadeoasbmeenuatwau-
o0C stress sxponses thiough keaf ags-cependsnt valation o siss hormone cros-tak Poc Natl Acd Sd UBA.
2019.114652364-73

A NAnooe) B zacak M Kangas|a | ROS-Tak—how the apoplist, the chicroplast, and the
rucheus gt the message thiough. Front Flang S0 20122145202

A Vainoren i# Hunter K, Tossreainen H, Tiwari A, lirv § etal Arabdopss RCD1 coardrates chloro
plast and mochondrial functions thiough Wterse Son whh ANAC transa poion factors. oLife 20195643204
Fchwran ¥, Milet G Mittfer B Wholeplana fve imacgpng of raactive oaygon spaces. Mal Fant, 201912130330,
Dervletowas S Schlswch K, Coutu £, Mittler R The 2inc-fnaer emzauﬂayummdvdehmmuygm
d ot stress vianaling in Arabedopiis. Pl Pysicl 2005:139(2) 847
wuvﬁ.mmmuommumw\mwamunmmmmwu
systernic sgnaling in response 1o diverse stimull 52 Signal 2009284 1ad5
Ran'¥W Al HW Geneticaly encoded fluorescent redox puobes. Senson, 2013,130111:15422-33
Maryer AL Bach T, Matty L, Kreye 5, Rouhikee N Zacquot P Hll R Redas-sensitive GFF I Arobssiopds ialona is 3
Guantitstive bosensor for the redax potenaal of the ciulsr ghutathione redo buffer. Mant | 2007,52-973-86.
Ugalde 1M Fuchs 2 Niewel T, Cutclo EA, Homage M, Vothknecht UC. et al, Chioroplast-dethved phaofo-osidative
strezs causes changes rw\dmmlnwashchhmmnmﬂmmml 1860112541
Zherg M Ashund £, Storz G Activatioe: of the Quyit tramoiption faczor by reverible daulfide hond formation.
Science 19982701 11821,
Asdundd £, Zneng M, Bedomth |, Storz G Regulation of the QR trsenprion factoe by byskogen perodde and the
cedhilar thol-disulficke status Proc Netl Acad 5¢) USA. 19999666 1-3.
Costa A, Drago [Behed S, Zoaini M Pzzo P, Scheoeder 1, & al FIOT 1 plint pevoxiimes: ian o vive anahods
uncovers a Caj2 1 depndent scavengng systom #ant | 20106276072




Zerages et al Celular & Molecular Blokogy Letters  2022) 27:4 Page 190f 19

105 Zimerearann 1 Zenayat L) The canelation btween codathve simss and lef simescence during plant divelop-
ment. Cell Mol Bl Leet. 20051151534

106 Dherz KL Surkan |, Kieger-Listhay A Redow- and feactive ouyQen spacies-dependent sgrabng nmia and out of the
photosyrithesizing chioroplant. Plint Phicd. 2016171035154 1-50.

107 Nector G Reichheid I, Foper CH. ROS-telsted rediox regulation and signaling in planss. Sermin Call Dey Bl
2MER3-12

108 Schaaezisnder M, Dvck TP, Meyer AL Morgan 8 Ossecting medox bidlogy usng fuorescent protewn sensors. Anti-
coted fedhon Signal J01624(13r680-712,

109 Jurrgese |, Evars AL Prras A Green T, Figumoy M, Ronneterger O, et al Mighly accusate paotein stucoume predic:
tioe with AfphaFoid Mature. MU 3 59604720 583-5,

Publisher’s Note
Springer Natune remans rewtral with regerd to junsdictiona daims in pubiished maps and institutsonal ffations

Ready 10 whet your research? Choome BMC sed beoeft from

o FI CIrwersers I waTIELOn

© N0 Eh Dot TV Ly o e 'O resiars s ) o flend

o vt UMD DN s et o

o Rpport Sor reser iy sbeta, wciuoweg Wrge a1 cormpiiee e Ypes

@ gy OnenAcms whint fusters wety colstmrmin ayf semmesc ctum

O FANITLEN IRy 1 yOar Tk T Ouer ) DA WO W (N e

AL BMC, research Is abways in progress.

LEarn mMore Seormendoart Ll LI ser s . BMC




Review 2: Editorial for Special Issue “Leaf Senescence” in Plants

Zentgraf, U., Andrade, A. G., & Doll, J. Editorial for Special Issue “Leaf Senescence”
in Plants. Plants, 10(8), 1490. 2021. https://doi.org/10.3390/plants10081490



- plants

by

Editorial

Editorial for Special Issue “Leaf Senescence” in Plants

Ulrike Zentgral *, Ana G. Andrade and Jasmin Doll

~ check for

~ updates
Citation: Zevagrat, U
Arctrade, A G AL | Felitoetal for
Spocial Tsue “Losf Senisamar” in
oty Monte 2020, 10, 1AW, Wbt //
dolongs 10090/ plasts ] (081 441

Kooeived: 12 fuly 2021

Acceptedd; 20 July 21
Published: 21 July 2021

Publisher’s Note: MDE'T stays neutial
with regaed 10 pnsdicoimal daems in
published muaps ad | adfil-
latons

Copyright: © 2021 by #w asthorn
Licvnee MEWPEL Basel, Swrtovrbind
This article 1s an open access article
distribused  wides  the lemes
conditoes of the Croatne Commonn
Attribugion (CC BY) Teense (hetps./ /
enatnecoommuons ong/ beormes fby ¢
oy

Centre for Molecular Biology of Flamts, University of Tuetringen, Aof der Morgensielle 32, 72076 Tuebingen,
Carmany; anaandeadeitznbp uni-tuebingen. de (AGA); jasmin dolbezmbp uni-tuebingen de (.0
* Correspondence: ulribe sentgrfizmbp uni-tuebingen. de

Senescence in plants is often described as the last step in the life history of a plant.
However, senescence takes place from early on throughout development and a plant can
sacrifice older leaves for the sake of the whole plant. Leaf senescence aims at remobilizing
previously acquired nitrogen, carbon and mineral resources out of the senescing tissue into
developing parts of the plant, before the leaf eventually dies and is shed. Before anthests,
sequential leaf senescence leads to the repartitioning of nutrients from older leaves to newly
developing non-reproductive organs. After anthesis, monocarpic leaf senescence governs
nutrient reallocation to the now developing reproductive organs and, therefore, has a very
critical impact on vield. During monocarpic senescence, potentially all the leaves of a plant
can undergo senescence, leading to the death of the whole plant (Figure 1),
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Figure 1. Leaf senwscence in the model plant Arabédopsis Nalionr, Leaf senescence takes place all over
development. At the transition from the growth to reproduction phase, senescence is switched from
sequential o monocarpic senescence,

In the last two decades, it became obvious that no “master regulator” for senescence
exists but an extremely complex regulatory network controls all aspects of senescence. Leaf
and plant age are the predominant parameters controlling the onset and the progression of
developmental senescence; however, we still do not understand exactly how these parame-
ters are sensed by the plants. Moreover, incoming environmental signals are constantly
integrated and long-lasting unfavaorable conditions have the potential to induce senescence
prematurely, Premature senescence serves as an exit-strategy to produce offspring when
biotic or abiotic stresses are encountered over longer periods and produce severe damages.
As a tradeolf, seed quantity and quality are often diminished and can significantly lower
the productivity of plants. In crop plants, stress-induced premature senescence can have a
major impact on yield, referring to quantity and quality. Moreovey, post-harvest senescence
can change nutrient contents and the profile of volatile organic compounds, which relate,
for example, to the aroma of vegetables or salads. As well in this case, stress conditions
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during harvest, storage and transportation can influence the onset and progression of
post-harvest senescence with a high impact on shelf life performance [1].

Transcriptional regulation was discovered to be one of the main drivers of senescence
processes, implying a central role for transcription factors of many different transcription
factor families in model plants as well as in crop plants [2—]. However, in most cases,
no simple signal transduction pathways are realized, but complex multi-layer regulatory
cues including many feedback loops are in place to control senescence. Even for a single
transcription factor gene, transcriptional, post-transcriptional, as well as post-translational
regulatory mechanisms can act in concert [4]. In addition, the turn-over of specific regula-
tors can also be tightly controlled with the degradation of damaged proteins by the 205
proteasome playing an important role [5). Moreover, we are just beginning to understand
the dynamic changes in chromatin structure and nuclear architecture during senescence.
Alternative splicing and polyadenylation events have rarely been analyzed.

As signaling components, almost all plant hormones are involved in senescence
regulation, which also pinpoints the high cross regulation to many other processes [6].
There is a large overlap and crosstalk between senescence-related processes and pathogen
responses [7]. Reactive oxvgen species have also been characterized as participating,
especially in the early signaling events of leaf senescence and acting in concert with salicylic
acid. In addition, less well-known signaling molecules such as melatonin are engaged in
the control of the scavenging systems for reactive oxygen species in grape leaves and, by
that, influence the expression of senescence-associated genes [5]. On this note, the role of
chloroplasts was revisited in the recent years and it became clear that the redox balance in
chloroplasts significantly contributes to senescence timing and progression [4].

Essential for the efficient remobilization of carbon- and nitrogen-containing com-
pounds is not only the systematic degradation of macromolecules but also the conversion
of their degradation products into transport forms and the activation of transport processes
per se. Specific amino acids such as aspartate are enriched during the onset of leaf senes-
cence and are part of the leaf curing process in tobacco leaves, For this purpose, specific
enzymes have to be activated to increase the levels of specific amino acids [10]. Moreover,
the expression of specific members of transporter families are activated during senescence
to guarantee the increasing demand and correct the directionality of the transport of sugars
and amino acids out of the senescing tissue to pods and seeds [11].

This Special Issue combines a wide range of senescence topics in five articles and six
reviews on plant senescence processes. Work from all over the world including Europe
(UK, Germany, Switzerland), Asia (China, Pakistan), South America (Argentina) and New
Zealand was brought together, indicating that this is an important and “hot” topic in all
parts of the world. Changing climate conditions will most likely produce long lasting
unfavorable conditions and will lead to premature senescence induction and yield losses
in many crop plants, Therefore, understanding senescence processes, their regulation
and the impact of stress conditions in model and crop plants will be one of our future
challenges. Increasing knowledge in this field will hopefully contribute to new transgenic
lines and breeding strategies for plants with improved stress tolerance and optimized
SENESCENCe Programs.
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