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Scope and objectives

SCOPE AND OBJECTIVES

In their natural environment plants are continuously confronted with a multitude of factors
that can negatively affect their growth and development. Drought, fluctuating temperature, extreme
light intensities, high salinity, air/soil pollution and pathogen attacks are commonly referred to as
environmental stress conditions and are major factors limiting yield of crop species worldwide.
To compensate for their sessile lifestyle, plants evolved sophisticated mechanisms for perception and
transduction of external stimuli that result in enormous potential for acclimation towards these factors.
Due to its economic significance, research towards understanding and improving plant stress

resistance has become a major objective of plant biotechnology.

Most of suboptimal growth conditions disturb the equilibrium between production and
scavenging of reactive oxygen species (ROS). Accumulation of these molecules serves as an early
hallmark for stress conditions and is rapidly perceived and transduced at the cellular and whole
organism level. Based on this information, plants are able to tune the gene expression pattern that
ultimately leads to a finely tailored response. The main objective of this thesis was to identify proteins
that are involved in ROS signaling pathways in plants. Efforts aiming at understanding these processes
that were used throughout this work can be generally divided into forward (Chapter 2 & 3) and reverse

(Chapter 4) approaches.

A recently emerging concept of redox signaling established a site-specific, covalent
modification of proteins as a prominent molecular mechanism for transforming an oxidant signal into
a biological response (reviewed in Chapter 1). The forward proteomics strategy described in
Chapter 2 aimed at identifying proteins that could be directly modified on a post-translational level
by reactive oxygen species thus potentially serving as sensors of cellular redox status. We focused
on hydrogen peroxide-dependent oxidation of cysteine thiols (-SH) that under oxidative stress
conditions are oxidized to a sulfenic acid (-SOH). Our approach implemented a unique combination
of in vivo Cys-SOH trapping with genetically encoded probe and tandem affinity purification.

Additionally, we explored a possibility for adaptation of our strategy to field conditions.

In a forward genetic approach, described in Chapter 3, we focused on the discovery of genes
modulating oxidative stress tolerance. For this, we made use of CATALASE2-deficient plants as
a model system for non-invasive regulation of hydrogen peroxide level. An extensive screen for 2™
site mutations that revert the cell death phenotype exhibited by cat2 mutant line under
photorespiratory conditions was performed. Within this thesis, we identified the causative mutation

of two mutant lines and aimed at revealing the molecular background of observed phenotypes.

Before the beginning of this Ph. D. project a significant progress has been made

in understanding transcriptomic responses evoked by oxidative stress conditions. Chapter 4 describes
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Scope and objectives

the use of this knowledge in a reverse genetic approach focused at functional characterization of early
hydrogen peroxide responsive genes. We aimed at identifying loss-of-function mutant lines that, upon
exposure to oxidative stress-promoting conditions, exhibit phenotypical differences when compared
to wild-type plants. This genetic screen was followed-up with a functional characterization of a single

mutant line that exhibited the most prominent phenotype.

We believe that results presented in this thesis will contribute to a better understanding
of mechanisms governing plant adaptation to stress conditions. In a long term, this knowledge will

serve to enhance plant productivity for the benefit of society.
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Oxidative Cys PTMs in plant signaling

ABSTRACT

Reactive oxygen species (ROS) are unavoidably linked to aerobic metabolism. Hydrogen peroxide
(H.0Oy), the two-electron reduction product of oxygen can reversibly as well as irreversibly modify
proteins and other bio-molecules. Depending on concentration, these modifications can lead
to oxidative damage or trigger signaling events through structural alterations of metabolic enzymes
and protein redox sensors that act at initial stages of various signaling cascades. These modifications
are largely related to oxidation of cysteine residues (R-SH) that via sulfenic acid intermediate
(R-SOH) lead to further modifications affecting protein structure and function. The ability to cross
membranes and multiple sites of generation make hydrogen peroxide a versatile signaling molecule
able to interact with multiple signaling pathways. In this chapter we focus on oxidative modifications
of proteins known to participate in signaling cascades initiated by plant stress hormones such
as abscisic acid, ethylene, salicylic acid and jasmonates, as well as developmental cues. We discuss
the functional consequences caused by the oxidation of these proteins and investigate the mechanistic
aspects of these regulation. Finally, we provide a perspective for future directions of the plant redox

signaling research.
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Chapter 1

INTRODUCTION

Being sessile organisms, plants need to adapt their developmental strategies towards challenging
environmental conditions in order to ensure the production of numerous progeny. Such adaptations
require mechanisms that are constantly monitoring, sensing and transducing the information about
adiverse array of stimuli. Signaling via production of reactive oxygen species (ROS) such
as hydrogen peroxide (H,0,), superoxide anion (O,”) or hydroxyl radical (OH-) as well as reactive
nitrogen species (RNS) very often serves as an initial step towards efficient adaptation
of transcriptomic response both at the cellular and whole organism level (Gadjev et al., 2006; Mittler
et al., 2011). For the most recent reviews on RNS signaling we refer to (Astier et al., 2012; Yu et al.,
2012; Lounifi et al., 2013). The accumulation of ROS was demonstrated for multiple stress conditions
like wounding (Orozco-Cardenas and Ryan, 1999), chilling in the light (Wise and Naylor, 1987),
excess light (Fryer et al., 2003), pathogen infection (Apostol et al., 1989; Levine et al., 1994), low CO,
availability (Noctor et al., 2002) but also during developmental processes like root growth (Foreman et
al., 2003), gravitropism (Joo et al., 2001), extracellular ATP signaling (Song et al., 2006), pollen tube
growth (Potocky et al., 2007; Kaya et al.,, 2014) and rupture (Duan et al., 2014). Finally,
the production of ROS is an intrinsic feature of multiple cellular processes like mitochondrial
respiration, photosynthesis, photorespiration and B-fatty acid oxidation (Petrov and Van Breusegem,
2012). In agreement with their role as signaling molecules the levels of ROS are tightly controlled
by multiple enzymatic and non-enzymatic systems (Fig. 1A). The non-enzymatic antioxidants include
glutathione (GSH) and ascorbate (Asc) that are the major cellular redox buffers, as well as other
compounds such as tocopherol, flavonoids, alkaloids, and carotenoids (Apel and Hirt, 2004). Although
GSH and Asc are often listed as antioxidants, they are preferentially used as cofactors of glutathione
peroxidases (GPX) and ascorbate peroxidases (APX) respectively, that together with catalases (CAT),
superoxide dismutases (SOD) and peroxiredoxins (Prx) constitute the major enzymatic pathways
of ROS scavenging (Mittler et al., 2004). Due to its high pKa (9.2, Jung et al., 1972) glutathione is
fully protonated at physiological pH range which limits its reactivity towards disulfides, however,
the maintenance of reduced glutathione pool is of major importance for cellular redox balance as it is
used to regenerate oxidized ascorbate in a process termed glutathione-ascorbate cycle (Fig. 1A, Foyer
and Halliwell, 1976; Foyer and Halliwell, 1977).

In plants, ROS have an established role in direct post-translational modifications of enzymes of which
the best studied examples are those involved in Calvin cycle (Schirmann and Buchanan, 2008), sulfur
metabolism and glutathione synthesis (Kopriva et al., 2012) and starch metabolism (Glaring et al.,
2012). Next to the well described regulation of redox-sensitive enzymes, ROS emerge as potent
regulators of multiple signal transduction proteins such as transcription factors, kinases, phosphatases,
RNA-binding proteins etc. These examples (discussed in detail later) provide support for an emerging

field of plant “thiol-based redox signaling” well established in animal, yeast and prokaryotic systems
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Fig. 1. The impact of H,O, on plant cells. A) Production and enzymatic scavenging of H,O,. SOD, superoxide dismutase;

Prx, peroxiredoxin; CAT, catalase; GR, glutathione reductase; GPX, glutathione peroxidise; APX, ascorbate peroxidase;
MDAR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase, Srx, sulfiredoxin. Adapted from (Mittler et
al., 2004; Dietz, 2011) B) Oxidative post-translational modifications of cysteine residues, adapted from (Roos and Messens,
2011). C) Light dependent reduction of Trx, adapted from (Schirmann and Buchanan, 2008). Fdx, ferrodoxin; FTR,
ferrodoxin-thioredoxin reductase; NTR, NADPH-dependent thioredoxin reductase, FNR, ferrodoxin-NADP reductase.
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Chapter 1

(Roos and Messens, 2011; Wouters et al.,, 2011). The majority of oxidative post-translational
modifications of proteins occurs via oxidation of cysteine residues. This is due to the presence
of sulfur centers (R-SH) that make Cys residues the major sites of oxidative modifications within
proteins (Davies, 2005). Between individual cysteines, the reactivity towards ROS can be largely
different. This is strongly correlated with their pK, — i.e. the ability to form the anionic form of sulfur
called thiolate (R-S") at physiological pH values. While free cysteine has a pK, of 8.3-8.5 (Tajc et al.,
2004; Luo et al., 2005) the most reactive Cys residues described thus far have a pK, < 3.5 (Gan et al.,
1990; Nelson and Creighton, 1994). The pK, of Cys residues is largely determined by the local
electrostatic environment i.e. presence of proximal charged residues or dipoles and the hydrogen
bonding between thiols/thiolates and neighboring residues (Harris and Turner, 2002). Another
important factor that controls the reactivity of Cys residues is their steric accessibility on the protein
3D structure (Marino and Gladyshev, 2010).

The first step in ROS dependent signaling involves reversible oxidation of reactive Cys residues
to sulfenic acid (R-SOH; Fig 1 B). Unless stabilized within protein environment this modification
is highly unstable and leads to further modifications (Claiborne et al., 1993). An excess concentration
of oxidant can lead to further oxidation to sulfinic- (R-SO,H), and irreversible sulphonic acid
(R-SO3H; Roos and Messens, 2011). The reversibility of the sulfinic acid modification has been
debated, but was demonstrated by the presence of an ATP-dependent sulfiredoxin enzyme (Srx),
capable of reducing sulfinic acids in plant cells (Rey et al., 2007). Thus far the only known substrates
of AtSrx are chloroplast 2-Cys Peroxiredoxins (2-Cys Prx; Rey et al., 2007; Iglesias-Baena et al.,
2010) and mitochondrial PrxIIF (Iglesias-Baena et al., 2011), therefore the reduction of sulfinic acids
can not be regarded as a general rule. Another fate of sulfenic acid might be the reaction with free
protein thiols to form intra- or intermolecular disulfide bonds (Fig. 1 B). Alternatively sulfenic acids
can be modified by low molecular weight thiols (e.g. glutathione [GSH]) leading to cysteine
S-glutathionylation (Fig 1 B). The formation of intermolecular bonds and S-glutathionylation were
long believed to serve as a mechanism protecting the active site Cys residues from overoxidation and
permanent protein damage. Only recently the S-glutathionylation gains recognition for its role in redox
signaling (Zaffagnini et al., 2012b; Zaffagnini et al., 2012c). Both, S-glutathionylation and formation
of intra-/intermolecular disulfides are readily reversible and the status of these modifications is under
control of glutaredoxins (Grx) and thioredoxins (Trx) respectively. Compared to prokaryotes and
animals, plants are equipped with a much more complex network of Trx/Grx systems. Arabidopsis
genome encodes for 44 Trx and 50 Grx proteins (Meyer et al., 2012). Depending on the subcellular
localization thioredoxins utilize multiple sources of reducing equivalents to perform the reduction
of disulfide bonds (Fig 1C). In chloroplasts light reactions reduce ferredoxin (Fdx) that in turn reduces
ferredoxin-thioredoxin reductase (FTR) which ultimately regenerates the Trx sulfhydryl groups

(Schirmann and Buchanan, 2008). Another source of reducing equivalents common for Trx and Grx
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systems is NADPH reduced by Fdx:NADP reductase (FNR) within chloroplast stroma as well as
produced during oxidative pentose phosphate pathway (Meyer et al., 2012). While Trxs are directly
reduced by NADPH-dependent thioreodoxin reductases (NTR), Grxs utilize a two step reaction
involving GSH and NADPH-dependent glutathione reductases (GR; Fig. 1B, C).

With the current knowledge on redox regulated metabolic enzymes covered in multiple excellent
reviews (Schirmann and Buchanan, 2008; Glaring et al., 2012; Kopriva et al., 2012; Balsera et al.,
2014), in this chapter we will explore the H,O,-mediated oxidative post-translational modifications
of proteins that are involved in signal transductions events rather than metabolic pathways.
We especially focused on proteins that mediate the crosstalk between ROS and signaling pathways
initiated by plant stress hormones such as abscisic acid, salicylic acid, ethylene and jasmonates.
Further, we explore the link between hydrogen peroxide and signaling via mitogen-activated protein
kinases and list known examples of transcription factors and RNA-binding proteins directly regulated
by ROS. We provide an insight into their redox regulation and its implication into the hormone and

developmental signaling pathways.
ROS HORMONAL CROSS-TALK IN PLANT SIGNAL TRANSDUCTION
Abscisic acid signaling

The plant hormone abscisic acid (ABA) plays a key role in plant defense responses, growth and
development (Finkelstein, 2013; Nakashima and Yamaguchi-Shinozaki, 2013). Numerous studies
describe the tight association of reactive oxygen species and the ABA signaling pathways. Thus far,
the best described case of such crosstalk is the control of guard cell movement (Pei et al., 2000; Kwak
et al., 2003). In response to drought stress plants produce ABA that triggers a signaling cascade which
ultimately results in stomata closure and reduction of water loss (Fig. 2). Upon perception of ABA by
PYRABACTIN RESISTANCE/PYR1 LIKE/REGULATORY COMPONENT OF ABA RECEPTOR
(PYR/PYL/RCAR) proteins (Ma et al., 2009; Park et al., 2009) a signaling cascade involving members
of PROTEIN PHOSPHATASE 2C (PP2C) family (Leung et al., 1997; Merlot et al., 2001) and OPEN
STOMATA 1 (OST1) kinase (Mustilli et al., 2002), activates the production of ROS by plasma
membrane bound NADPH oxidases RbohD/F (Kwak et al., 2003). This oxidative burst is necessary
for activation of Ca*" permeable channels (discussed later in this paragraph) that mediate influx
of Ca”" into the cytoplasm of guard cells (Pei et al., 2000). In parallel, OST1 phosphorylates and
activate anion channel SLOW ANION CHANNEL-ASSOCIATED 1 (SLACI1; Lee et al., 2009b;
Vahisalu et al., 2010). The rise in cytoplasmic Ca®" concentration activates CALCIUM-DEPENDENT
PROTEIN KINASE 21 (CPK21) that next to regulation of SLAC1 (Geiger et al., 2010) activates
the SLAC1 homolog 3 (SLAH3; Geiger et al., 2011; Demir et al., 2013). Together, these signaling

steps lead to coordinated action of membrane channels that control the levels of osmotically active
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ions within guard cells, described in detail by Song et al., (2014). A number of proteins involved in

this complex signaling network are regulated via direct redox modifications (Fig. 2).

ABA
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\
2

Ca®"channel
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downstream
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Fig. 2. Schematic and simplified representation of ROS function in guard cell signaling. For abbreviations and description

of respective regulatory events see the main text.

Two members of the PP2C family ABA INSENSITIVE1 (ABI1) and ABI2 that act as negative
regulators of ABA signaling (Merlot et al., 2001) were shown to undergo H,O, dependent inhibition
(Fig 2). In both cases oxidizing conditions lead to inactivation of their phosphatase activity in vitro,
presumably via formation of intra-molecular disulfide bond (Meinhard and Grill, 2001; Meinhard et
al., 2002). The inactivation of both phosphatases serves as a mechanism that amplifies the ABA
signaling in guard cells. In planta, the oxidation of these enzymes is mediated by GLUTATHIONE
PEROXIDASE 3 (GPX3). GPX3 acts as a sensor protein that upon perception of ROS signal relays
the oxidizing equivalents to ABI2 via thiol-disulfide exchange (Miao et al., 2006). The interaction
of GPX3 with ABI2 (and with a much lower affinity with ABI1) inhibits its PP2C activity (Miao et al.,
2006). A similar scenario was described in yeast (Saccharomyces cerevisiae) cells exposed
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to oxidative stress. Under these conditions the oxidation of H,O, sensor Oxidant receptor protein 1
(ORP1/Gpx3) triggers athiol-disulfide relay mechanism that ultimately leads to nuclear import
of Yeast AP-1 (YAP1) transcription factor (Delaunay et al., 2000; Delaunay et al., 2002). Upon import
to the nucleus YAP1 controls transcription of H,O, responsive genes (Lee et al., 1999; Gasch et al.,
2000). Analogous thiol-disulfide relays initiated by oxidation of thiol peroxidases were recently
demonstrated also in mammalian cells (Gutscher et al., 2009) suggesting that thiol peroxidases might
act as universal redox sensors. This notion is further strengthened by their cross kingdom sequence
similarity indicating that these mechanisms are evolutionary conserved (Fomenko and Gladyshev,
2012).

Next to the GPX3-mediated inhibition of ABI1/2, redox conditions govern the activity of CPK21
(Fig. 2), initially identified in a screen for plasma membrane-associated Trx hl targets
(Ueoka-Nakanishi et al., 2013). CPK21 undergoes hydrogen peroxide-dependent inhibition of its
kinase activity both in vitro and in vivo. This inactivation is linked with formation of intra-molecular
disulfide bond (Cys97-Cys108) and is effectively restored by Trx h1l (Ueoka-Nakanishi et al., 2013).

Recent evidence suggests that the ROS-dependent Ca®* fluxes in Arabidopsis roots and presumably
also in guard cells are mediated by ANNEXIN1 (AtANN1; Konopka-Postupolska et al., 2009;
Laohavisit et al., 2010; Laohavisit et al., 2012). Annexins (AtANN1-8) are a multigene family with
eight members in Arabidopsis (Cantero et al., 2006). These multifunctional proteins are characterized
by Ca*" dependent binding to lipid membranes (Laohavisit and Davies, 2011). Thus far, the best
characterized member of the family, ANNEXIN1, stimulates the Ca** influx in a hydroxyl radical
(HO") and peroxide-dependent manner (Laohavisit et al., 2012; Richards et al., 2013). Mutants lacking
AtANNT1 are impaired in ROS mediated increase in cytoplasmic Ca?* concentration (Laohavisit et al.,
2012). This process is of particular importance for root growth as it largely relies on cell expansion
that is dependent on activation of Ca** channels that function downstream of NADPH oxidase RbohC
serving as a source of ROS (Foreman et al., 2003). As a consequence, annl mutants exhibit impaired
root development. Furthermore, annl plants are hypersensitive to drought (Konopka-Postupolska et
al., 2009) suggesting they might be impaired in Ca?*-dependent guard cell signaling and ultimately
stomata closure. ANNEXIN1 was demonstrated to undergo S-glutathionylation on both of its cysteine
residues (Cys111 and Cys239) resulting in 50% decrease in Ca”" affinity (Konopka-Postupolska et al.,
2009). Most probably, this mechanism serves to restrict the AtANN1 membrane association and
inhibit ROS-mediated Ca?* fluxes in a negative feedback loop (Fig. 2). Furthermore, AtANN1 was
also found to undergo S-nitrosylation (Lindermayr et al., 2005) although the consequences of this
modification remain unexplored. It might be speculated that this modification disturbs the AtANN1

function as it was demonstrated for mammalian ANNEXIN Il (Liu et al., 2002).
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Ethylene signaling

Guard cells exhibit a broad competence towards signaling molecules. Next to ABA-dependent signals
also ethylene (ET) is able to exert the closure of stomata (Desikan et al., 2006). Ethylene is a gaseous
plant hormone that despite of its chemical simplicity, regulates multiple aspects of plant growth,
development and stress responses (Schaller, 2012; Wang et al., 2013). The ethylene signaling pathway
starts with binding of ET to a family of ER membrane-localized receptor proteins. In Arabidopsis, this
family of receptors consists of five members among which the best described is ETHYLENE
RESPONSE 1 (ETR1). Upon ethylene binding, ETR1 inactivates CONSTITUTIVE TRIPLE
RESPONSE 1 (CTR1) serine/threonine kinase that acts as a repressor of downstream signaling
components. For a detailed view on ET signal transduction we refer to Shakeel et al., (2013). ETR1
acts as a disulfide-linked homodimer. As indicated by site directed mutagenesis, at least one of the
N-terminal cysteines (Cys4, Cys6) is necessary for the dimerization (Schaller et al., 1995). However, it
is yet not clear whether these residues are subject to redox regulation in vivo. In the context of guard
cell signaling, perception of ethylene by ETR1 triggers accumulation of hydrogen peroxide that
is pivotal for ethylene-induced stomatal closure (Fig. 2; Desikan et al., 2006). In contrast to ABA
signaling that activates both guard cell NADPH oxidases RbohD and RbohF, the ET mediated
pathway requires only the latter isoform (Desikan et al., 2006). The two hormones appear to act
independently as etrl mutants exhibit normal ABA sensitivity in terms of stomatal closure and H,0,
synthesis (Desikan et al., 2006). Next to the ethylene mediated oxidative burst ETR1 is also necessary
for stomatal closure in response to H,O, (Desikan et al., 2005). Interestingly Cys65 of ETR1 is crucial
for both pathways i.e. ABA and ET-signaling, but the reasons for this requirement are unrelated
(Desikan et al., 2005; Desikan et al., 2006). The ethylene perception requires a copper co-factor that
is stabilized by Cys65 and His69. Consequently, mutation of Cys65 results in abolished Cu and
ethylene binding (Rodriguez, 1999). Conversely, the ETR1-mediated hydrogen peroxide induced
stomatal closure does not require the Cu co-factor as plants treated with copper chelator
diethyldithiocarbamate (DDC) that disrupts the ETR1 ethylene binding exhibit a wild type response
towards H,O, (Desikan et al., 2006). Similarly, the ranl-1 (RESPONSIVE TO ANTAGONIST1)
mutant deficient in incorporation of copper into ETR1 (Hirayama et al., 1999; Binder et al., 2010)
exhibits wild-type like stomatal closure in response to hydrogen peroxide but fails to accumulate H,O,
in response to ethylene (Desikan et al., 2006). These data demonstrate a crucial role for the Cys65
of ETR1 in hydrogen peroxide mediated stomatal closure that is independent of ethylene perception.
It is tempting to speculate that Cys65 serves as a site for oxidative PTM, however, further research

is needed to corroborate this theory.
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Salicylic acid — plant immunity

Salicylic acid (SA) is a phenolic compound that acts as a potent signaling molecule to control plant-
pathogen interactions (Vlot et al., 2009) and various developmental processes (Rivas-San Vicente and
Plasencia, 2011). This hormone is best known for its role in regulation of both local and systemic
acquired resistance (SAR) that serve to limit the progress of pathogen infection. The transcriptional
responses triggered by SA are largely governed by coordinated action of NONEXPRESSER OF PR
GENES 1 (NPR1) transcriptional co-activator and its interacting transcription factors from TGA
family, both regulated by changes in cellular redox status that occur upon pathogen infection (Fig.3)
(Mou et al., 2003; Tada et al., 2008). Under control conditions, NPR1 localizes to the cytoplasm in
a form of oligomers. This oligomerization is achieved via intra-molecular disulfide bonds involving
cysteine residues Cys82 and Cys216 (Mou et al., 2003). SA triggers fluctuations in cellular redox
status that lead to Trxh3/h5-dependent reduction of disulfides, monomerization of NPR1 and
subsequent nuclear import (Mou et al., 2003; Tada et al., 2008). This process is in direct competition
with oligomerization promoted by S-nitrosylation of Cys156 and the interplay between these two
modifications provides a tight control for NPR1-dependent signaling (Tada et al., 2008). Upon import
to nucleus NPR1 interacts with TGA basic leucine-zipper transcription factors to promote transcription
of pathogenesis related (PR) genes. Clade 2 TGA transcription factors (TGA2/5/6) act as constitutive

repressors of PR transcription.

—

—
-

/ @
/ target genes
‘ |
/ !

SA
NPR1
/ TGA2/5/6 —
/ target genes
Trx h3ts @SH ‘ E ......... > HS SH
== @ @ =@t

\ f}‘/ GSNO

ONS S-SG
\ GS-8 SNO
\ SA I
NPR1
\ TGA1/4 ’_>
target genes

g

CYTOPLASM \ NUCLEUS

~
~—

-

mm—————

Fig. 3. Schematic representation of NPR1-based plant immune signaling. For abbreviations and description of respective

regulatory events see the main text.
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Binding of NPR1 to TGA2 results in co-activation of transcription and depends on NPR1 Cys521 and
Cysb529 required for activation of NPR1 trans-activation domain (Rochon et al., 2006). Recently it was
demonstrated that NPR1 is a SA receptor and these two residues are involved in stabilization of copper
atoms necessary for binding of SA (Wu et al., 2012). Furthermore, TGA2/6 interact with glutaredoxin
GRX480 (ROXY 19) suggesting that GRX480 might control their redox status. This complex might
also involve NPR1 which implies the role of GRX480 in regulation of interaction between TGA and
NPR1 (Ndamukong et al., 2007).

The interaction of NPR1 with clade 1 TGA transcription factors (TGAL/4) relies on their redox status.
When oxidized, TGA1 and/or TGA4 form an intra-molecular disulfide bridge (Cys260-Cys266) that
hinders interaction with NPR1. Reduction of this disulfide stimulates formation of complex with
NPR1, and subsequent binding to the as-1 element for activation of PR genes (Després et al., 2003).
Recent data indicate that the two remaining TGA1 cysteine residues Cys172 and Cys287 are also
involved in regulatory disulfide (Lindermayr et al., 2010). Furthermore, all four residues were found
to undergo S-nitrosylation/S-glutathionylation upon treatment with S-Nitrosoglutathione (GSNO).
These modifications serve to protect the Cys residues from oxidation and consequently lead to an
increase in the DNA binding activity of TGAL (Lindermayr et al., 2010).

Jasmonate signaling

Next to SA signaling plant defense responses are controlled by jasmonic acid (JA) and its derivatives
collectively known as jasmonates (JAs), although the SA- and JA-signaling pathways are believed
to act antagonistically (Van der Does et al., 2013). Thus far jasmonates were implemented in control
of plant development and accumulation of flavonoids and a plethora of other secondary metabolites
(Kazan and Manners, 2008) in response to abiotic and biotic (wounding, herbivore attack) stresses.
The biologically active form of JA, JA-lle conjugate, triggers 26 proteasome-mediated proteolysis
of JASMONATE ZIM-domain (JAZ) transcriptional repressors by mediating their interaction with
F-box protein CORONATINE INSENSITIVEL (COI1), part of the Skp1/Cullin/F-box“°" ubiquitin E3
ligase complex. Proteolysis of JAZ proteins de-represses multiple transcription factors (i.e. MYC2)
and leads to global changes in gene expression. For a detailed view on JA signaling we refer
to Pauwels and Goossens (2011). Apart from JA derivatives also JA precursors, such
as 12-oxo-phytodienoic acid (OPDA) are able to exert transcriptional responses (Taki et al., 2005).
A recent study by Park et al., (2013) extended our knowledge about OPDA signaling by identification
of its chloroplastic receptor CYCLOPHYLIN 20-3 (CYP20-3). Cyclophilins are characterized by
a highly conserved peptidyl-prolyl isomerase (PPlase) domain that, if functional, assists proper folding
of their target proteins (Trivedi et al., 2012). CYP20-3 is targeted by Trx m (Motohashi et al., 2001)
and was demonstrated to undergo oxidative inhibition mediated by formation of two intra-molecular
disulfide bonds (Cys53-Cys170; Cys128-Cys175) (Motohashi et al., 2003). Thus far, in Arabidopsis,
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the only identified target of CYP20-3 is chloroplast SERINE ACETYL-TRANSFERASEL (SAT1)
which catalyzes the rate limiting step in cysteine synthesis. The physical interaction of CYP20-3 with
SAT1 is crucial for optimal synthesis of cysteine. Consequently, cyp20-3 mutant plants exhibit low
thiol content and are impaired in light dependent stress responses (Dominguez-Solis et al., 2008).
Direct binding of OPDA to CYP20-3 was shown to stimulate this interaction and ultimately promote
the production of cellular antioxidants (Park et al., 2013). Therefore, CYP20-3 is a redox sensitive
crosstalk point linking OPDA signaling with maintenance of cellular redox balance. To our best

knowledge, there are no reports on cysteine PTMs for proteins involved in JA-signaling.

Redox control of protein tyrosine phosphatases and mitogen-activated protein kinases

Mitogen-activated protein kinases (MAPKS) constitute a large family of signaling proteins involved
in regulation of almost every aspect of plant growth, development and stress responses. Numerous
studies describe the involvement of MAPK signaling cascades in control of pathogen signaling
(Petersen et al., 2000; Déczi et al., 2007; Suarez-Rodriguez et al., 2007), ROS signaling (Pitzschke et
al., 2009), nitric oxide biosynthesis (Wang et al., 2010), jasmonate signaling (Takahashi et al., 2007),
priming of stress responses (Beckers et al., 2009), as well as multiple developmental processes such as
cytokinesis (Kosetsu et al., 2010), homeostasis of shoot apical meristem (Betsuyaku et al., 2011) and
development of stomata (Wang et al., 2007; Khan et al., 2013). The three component MAPK signaling
cascades are initiated by stimulus-triggered activation of MAPK kinase kinases (MAPKKKS) that
in turn phosphorylate MAPK kinases (MAPKKS) which phosphorylate specific MAPKs. Arabidopsis
genome encodes for more than 60 MAPKKKSs, 10 MAPKKSs and 20 MAPKSs (Ichimura et al., 2002)
that depending on the environmental and developmental stimuli regulate respective cellular processes.
Several examples of MAPK signaling cascades could fall within other paragraphs of this chapter,
however, the potential complexity of signaling combinations that could arise from numerous members
of MAPKKK/MAPKK/MAPK families suggests that these proteins might function as convergence
points linking multiple rather than single hormonal pathway. While MAPK-dependent cascades and
their interactions with multiple hormonal signaling pathways were covered in multiple reviews
(Colcombet and Hirt, 2008; Hahn and Harter, 2009; Pitzschke and Hirt, 2009; Rasmussen et al., 2012;
Danquah et al., 2014) we focus here on mechanistic interactions linking ROS to regulation of MAPK

activity.

MAPKSs are well established examples of signaling proteins that undergo oxidative PTMs (Corcoran
and Cotter, 2013; Truong and Carroll, 2013) although this kind of regulation was explored mainly
in yeast (Day and Veal, 2010) and mammals (Cross and Templeton, 2004; Templeton et al., 2010).
Thus far there are no reports describing direct oxidative post-translational modifications of plant
MAPKSs. However, a number of studies indicates that MAPKSs are activated in response to oxidative
stress. The ABA-dependent stomata closure is positively regulated by MAPK9 and MAPK12 that
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function downstream of ROS in the signaling cascade (Jammes et al., 2009; Fig 2). The kinase activity
of MPK12 is stimulated by both ABA and H,O, (Jammes et al., 2009), however the exact mechanism
of this regulation needs further investigation. Similarly, hydrogen peroxide was demonstrated to
induce MAPKKK1 (ANP-1) which in turn activates MAPK3 and MAPK6 (Kovtun et al., 2000)
however the redox sensing capabilities of MAPKKKL1 are yet to be demonstrated. The redox
regulation mechanisms of MAPK signaling cascades are likely to be evolutionary conserved as tomato
(Solanum lycopersicum) MAPK2, which is an orthologue of Arabidopsis MAPK®G, also undergoes
oxidative activation (Zhou et al., 2014). Direct oxidative PTMs of plant MAPKs need further
investigation, however, a growing evidence suggests that such modifications can take place
(Chapter 2).

Thus far, in plants, the only well-established link between the redox status and MAPK activity
is the oxidative stress-related negative regulation of MAPKSs repressors. The activity of MAPKSs
depends on phosphorylation status of threonine and tyrosine of the conserved TXY motif present
within the activation loop. The phosphorylation of both residues is required for optimal kinase activity
(Kiegerl et al., 2000). ROS mediate inactivation of protein tyrosine phosphatases (PTPs; Xu et al.,
1998) and double specificity PTPs (DsPTPs) that act on both phosphotyrosine and phosphothreonine
residues and repress MAPKs (Gupta et al., 1998). As such, the PTPs were implemented in control
of various processes that involve MAPK signaling component such as guard cell signaling
(MacRobbie, 2002), oxidative stress tolerance (Lee and Ellis, 2007), SA homeostasis (Bartels et al.,
2009), disease responses (Lumbreras et al., 2010) as well as auxin signaling (Strader et al., 2008; Lee
et al., 2009a) and cortical microtubule functions (Walia et al., 2009). The activity of PTPs and
DsPTPs, that apart from their active site motif do not share any sequence similarity, requires a highly
conserved Cys residue, Cys265 in AtPTP1 (Xu et al., 1998) and Cys135 in AtDsPTP1 (Gupta et al.,
1998). Alike their mammalian counterparts (Ostman et al., 2011; Meng and Zhang, 2013) Arabidopsis
PTPs are inhibited by oxidative stress conditions. The activity of AtPTP1 is negatively influenced
by hydrogen peroxide treatment both in vitro and in vivo. Furthermore, this inactivation is positively
correlated to MAPKG6 activation by H,0,, indicating that AtPTP1 acts as redox sensor linking
oxidative stress with MAPKSs activity (Gupta and Luan, 2003).

In contrast to Arabidopsis and mammalian PTPs, soybean (Glycine max) GmPTP is characterized by
a low sensitivity to inhibition with hydrogen peroxide and hypersensitivity towards GSSG-induced
S-glutathionylation (Dixon et al., 2005a). The activity of GmPTP is governed by two redox active
cysteine residues (Cys78 and Cys176) that control the catalytic Cys266 which itself is not a primary
target for oxidation. The sequential S-glutathionylation of Cys176 and Cys78 leads to rapid inhibition
of GmPTP activity and formation of Cys78-Cys266 that is believed to protect the Cys266 from
oxidation (Dixon et al., 2005a).
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The general paradigm of oxidative inactivation of PTPs was recently challenged by the discovery
of reductant inhibited PTP from maize (Zea mays) ZmRIP (Li et al., 2012). The activity of this enzyme
is insensitive to a common inhibitor H,O, and irreversibly decreases upon reduction with DTT.
This regulation of activity depends on Cys181 that when mutated changed the effect of reductant
on PTP activity from inactivation to activation (Li et al., 2012). Authors suggest that Cys181 might
be involved in disulfide bonds however the exact mechanism of this redox regulation needs further
research. Interestingly, upon H,O, treatment ZmRIP1 undergoes chloroplast-to-nucleus translocation
indicative of arole in signal transduction (De Clercq et al., 2013; Ng et al., 2013). The target proteins

of ZmRIP1 are currently not known.

REDOX CONTROL OF TRANSCRIPTION FACTORS
Redox control of flavonoid biosynthesis in maize

The first described example of redox regulated plant transcription factor is maize R2R3 MYB P1
that regulates flavonoid biosynthesis (Williams and Grotewold, 1997; Heine et al., 2004).
P1 transcription factor binds to the promoter and activates expression of the Al gene required
for 3-deoxy flavonoid and phlobaphene biosynthesis (Grotewold et al., 1994). Under oxidizing
conditions the disulfide bond between Cys49 and Cys53 located within the MYB DNA-binding
domain inhibits binding of the P1 to the APB1 cis-regulatory element of the A1 promoter (Heine et al.,
2004).

Redox control of HD-ZIP transcription factors

The plant specific homeodomain-leucine zipper (HD-ZIP) transcription factors control a wide range
of developmental processes (Ariel et al., 2007). This super class consists of 48 proteins composed
of DNA-binding homeodomain and a leucine zipper that mediates dimerization necessary for DNA
binding. Based on evolutionary sequence analysis they can be classified into four classes
(HD-ZIP 1-1V), according to their intron — exon structure, presence of common motifs and
physiological functions (Mukherjee et al., 2009). Thus far, a redox regulation was demonstrated for
members of HD-ZIP class Il, 11l and 1V (Tron et al., 2002; Comelli and Gonzalez, 2007). Among the
distinct features of class Il HD-ZIPs, implemented in control of apical embryo development and
meristem function (Turchi et al., 2013), is the presence of highly conserved CPSCE motif. The two
cysteine residues present in this motif were demonstrated to exert the redox regulatory function in the
sunflower Hahb-10 transcription factor. Oxidation and subsequent formation of intermolecular
disulfide bonds, presumably occurring between the Cys residues between adjacent monomers, were
shown to inhibit the DNA binding activity (Tron et al., 2002). A similar regulation was demonstrated
for HD-ZIP class IV sunflower HAHRL1 transcription factor, a homologue of Arabidopsis GLABRA2
protein controlling epidermal cell fate (Rerie et al., 1994; Masucci et al., 1996). A high conservation

of CXXCG motif within this class of TFs suggests that this kind of redox regulation might be
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evolutionary conserved (Tron et al., 2002). Within HD-ZIP 11l family that is involved in embryo
development, organ polarity and meristem function (Prigge et al., 2005) a redox regulation was
demonstrated for Arabidopsis PHAVOLUTA (PHV, AtHB9) transcription factor. Also there,
oxidation of conserved cysteine residues resulting in formation of intermolecular disulfides that
inhibits the DNA binding activity (Comelli and Gonzalez, 2007). The activity of all three HD-ZIP
transcription factors discussed here, Hahb-10, HAHR1 and AtHB9 is positively influenced
by Trx/NTR reduction system providing a mechanism for redox-dependent activation (Tron et al.,
2002; Comelli and Gonzalez, 2007).

Expression of 2-CYS PEROXIREDOXIN A is governed be the redox regulation of Rap2.4 DNA
binding activity

The APETALAZ2-related transcription factor Rap2.4a controls expression of 2-CYS
PEROXIREDOXIN A (2CPA), by redox-dependent binding to the CE3-like cis-regulatory element
present within its promoter (Shaikhali et al., 2008). Under reducing conditions (1 mM DTT/ASC), this
transcription factor is found in its inactive monomeric form. Mildly oxidizing conditions (1 mM H,0,)
promote formation of dimers that bind to the 2CPA promoter and activate the expression. Under
conditions of severe oxidative stress (H,O, conc. > 3 mM) transcriptionally inactive oligomers are
formed (Shaikhali et al., 2008). It is not clear which of the three cysteine residues present in the

Rap2.4a control the formation of dimers/oligomers.
TGA transcription factors — more than control of plant immunity

Apart from their role in plant immune responses TGA transcription factors are involved in the control
of plant developmental processes. The PERIANTHIA (PAN/TGA8) member of TGA family has
an established role in control of floral development (Running and Meyerowitz, 1996; Chuang et al.,
1999). Lack of this transcription factor results in formation of atypical pentamerous flowers (Running
and Meyerowitz, 1996). PAN, together with three other TGA transcriptions factors (TGAZ2/3/7)
directly interact with ROXY1 (Li et al., 2009) a floral monothiol glutaredoxin required for petal
development (Xing et al., 2005). Mutagenesis of PAN Cys residues indicates that only Cys-340
(equivalent to Cys-266 in TGAL) is crucial for its function which supports the monothiol mechanism
of its regulation. Genetic analysis indicate that PAN is epistatic to ROXY1, suggesting that ROXY1
might directly act on PAN protein to negatively regulate its activity (Li et al., 2009). TGA9 and 10 are
another members of TGA family that next to PAN are involved in floral organogenesis. These two
proteins are redundantly required for anther development (Murmu et al., 2010). Alike other members
of the TGA family, these TFs are most likely under redox control since both TGA9 and TGA10
interact with ROXY1 and its closest homologue ROXY2 (Murmu et al., 2010). The exact mechanism

and significance of this interaction is not yet understood.
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Redox control of group G bZIP transcription factors

Using a high light responsive promoter fragment of LIGHT-HARVESTING CHLOROPHYLL
B-BINDING 2 (LHCB2.4) in a DNA affinity trapping approach, Shaikhali et al., (2012) identified
a redox-dependent DNA-binding properties of the G-group basic leucine-zipper (bZIP) transcription
factor bZIP16. The DNA-binding activity of this transcriptional regulator is stimulated by reducing
conditions. Oxidation leads to formation of high molecular weight oligomers that were shown
todepend on intermolecular disulfides involving Cys330. Furthermore, two closely related
transcription factors belonging to the same family, bZIP68 and G-BOX BINDING FACTOR 1
(GBF1) also exhibit a similar mode of redox regulation relying on redox status of Cys320 and Cys247
respectively. Interestingly, analysis of gain- and loss-of-function transgenics indicated that the three
transcription factors have opposite function in LHCB2.4 gene expression. bZIP16 acts as a repressor,
while bZIP68 and GBFL1 positively influence the transcript level (Shaikhali et al., 2012). Apart from
positive regulation of LHCB2.4, GBFL1 binds to CATALASE2 (discussed in chapter 3) promoter and
represses its expression. This mechanism serves to transiently elevate the H,O, concentration which
is necessary for developmental transition to flowering (Smykowski et al., 2010). It is tempting
to speculate that after reaching necessary threshold concentration, hydrogen peroxide could de-repress
the CAT2 expression by inhibiting GBF1 function in a negative feedback loop. Alike GBF1
the bZIP16 also plays a role in regulation of developmental processes. A recent work by Hsieh et al.,
(2012) highlights its role in negative regulation of light-mediated inhibition of cell elongation and
positive regulation of light-regulated seed germination thereby establishing bZIP16 as a key player

in early seedling development.
Redox control of TCP family transcription factors

A recent work by Viola et al. (2013) has established a redox modulation for yet another family of plant
transcription factors, named TCP after its best characterized members TEOSINTE BRANCHED]1,
CYCLOIDEA, and PROLIFERATING CELL FACTORL. Thus far, these transcriptional regulators
were implemented in control of various developmental processes (Martin-Trillo and Cubas, 2010).
Members of class | of the TCP family are characterized by the presence of highly (94%) conserved
cysteine residue within their DNA-binding/dimerization domain (Viola et al., 2013). This residue,
located at position 20 of the TCP domain, mediates the oxidative inhibition of DNA-binding via
formation of intra-molecular disulfide bonds. Using TCP15 as a model family member, Viola et al.,
(2013) demonstrated inhibition of DNA-binding activity upon treatment with hydrogen peroxide both
in vitro and in vivo. Moreover, treatment with oxidized glutathione (GSSG) or nitric oxide (NO)
donors also led to inhibition of activity indicating that the Cys20 might be subjected
to S-glutathionylation and/or S-nitrosylation (Viola et al., 2013).
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REDOX CONTROL OF PROTEIN TRANSLATION

Next to regulation of transcription, the control of mMRNA translation by trans-acting factors is crucial
for fine tuned protein expression. Thus far, the best studied case of redox-regulated control of mMRNA
translation occurs during expression of Chlamydomonas reinhardtii photosystem Il reaction center
protein D1 that is encoded by the chloroplast psbA gene (Kim and Mayfield, 1997; Yohn et al., 1998;
Alergand et al., 2006). This two-component system involves the polyadenylation-binding protein
RB47 and the protein disulfide isomerase RB60. RB60 regulates binding of the RB47 to the
5’-untranslated region of the psbA mRNA in a light-dependent manner. Binding of RB47
tothe 5 UTR of the psbA mRNA is required for translation (Yohn et al., 1998). During
the photosynthetic light reactions a reducing environment is generated by PSIl. The reducing
equivalents are passed through Fdx/FTR/Trx system to the chloroplast RB60 (Kim and Mayfield,
1997). RB60 contains two Trx-like —CGHC- sites that serve to interact with Cys143 or Cys259
of RB47. This interaction results in reduction of RB47 regulatory disulfides (Cys259 — Cys143
or Cys259 — Cysb5) and activates the binding of RB47 to the psbA mRNA (Alergand et al., 2006).
Upon translation the D1 protein is incorporated into PSII complexes. Importantly, under oxidizing
conditions, RB60 facilitates the conversion of reduced RB47 to its inactive oxidized form (Kim and
Mayfield, 1997). Evidence exists, that an analogous system could control the psbA mRNA translation
in Arabidopsis as two yet unidentified RNA-binding proteins were found to interact with psbA mRNA
in a redox dependent manner (Shen et al., 2001). Next to the control of mRNA translation also the
mRNA stability might be subjected to redox control. The best characterized evidence of such
regulation is the H,O, induced mRNA stability of SALT OVERLY SENSITIVE 1 (SOS1) which
encodes for plasma membrane Na’/H" antiporter crucial for the maintenance of ion homeostasis
in saline stress conditions (Chung et al., 2008). Under normal conditions SOS1 mRNA is highly
unstable, via yet unknown mechanisms stress induced production of H,O, positively influences

its stability and promotes salt stress tolerance (Chung et al., 2008).

RNA-binding proteins (RBPs) gain recognition in the field of plant stress adaptation and development
(Lorkovi¢, 2009) however in higher plants the knowledge about their redox regulation limited.

Examples of RBPs potentially undergoing oxidative PTMs are described in Chapter 2.

CONCLUSIONS AND PERSPECTIVES

Since the advent of proteomics numerous studies aimed at identification of proteins undergoing
oxidative post-translational modifications. Among the most explored approaches towards
identification of such proteins are numerous attempts to identify thioredoxin (Montrichard et al., 2009)
and glutaredoxin (Rouhier et al., 2005) targets as well as proteins subjected to S-glutathionylation
(Dixon et al., 2005b; Zaffagnini et al., 2012a) and S-nitrosylation (Lindermayr et al., 2005). Portfolio

of techniques able of identifying common precursors of these PTMs, cysteine sulfenic acids, is now
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expanding (Qian et al., 2012; Paulsen and Carroll, 2013). Among the new approaches the non-invasive
in vivo Cys-SOH trapping genetically encoded probe based on YAP1 transcription factor gains

recognition as an excellent tool for sulfenome mining purposes (see Chapter 2).

It is now clear that next to cysteine residues also methionine and tyrosine side chains are susceptible
to oxidative modifications. Formation of methionine sulfoxide and tyrosine nitration are emerging
redox PTMs that affect protein structure and function (Jacques et al., 2013). We expect, that
in the near future the exploration of this relatively new field will result in identification of new

proteins undergoing oxidative PTMs of methionine and tyrosine residues.

Thanks to the efforts of numerous research groups the amount of proteins potentially undergoing
oxidative PTMs is continuously growing. However, a close look at the results of these investigations
reveals an apparent gap between the number of identified proteins and the number of proteins
for which the occurrence of oxidative PTMs has been confirmed. The validation of proteomic results
requires a dedicated effort that in most cases focuses on a single protein at a time. This is caused by
the difficulty to express recombinant proteins, lack of suitable activity assays, the absence of mutant
phenotypes hampering the complementation studies, and finally, the scarce information about the role
and function of identified proteins. We anticipate that future efforts towards deciphering the ROS
signal transduction events will focus on functional characterization of already identified proteins,

therefore exploring the sets of non validated proteomic findings.

Finally, we expect that the growing knowledge about ROS signal transduction events will stimulate
efforts towards manipulation of plant stress tolerance and future translation of this knowledge into

Ccrop species.
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ABSTRACT

Reactive oxygen species (ROS) have been shown to be potent signaling molecules. Nowadays,
oxidation of cysteine residues is a well-recognized posttranslational protein modification (PTM), but
the signaling processes steered by such oxidations are poorly understood. To get insight into
the cysteine thiol-dependent ROS signaling in Arabidopsis thaliana, we identified the hydrogen
peroxide (H,O,)-dependent sulfenome, i.e., proteins with at least one cysteine thiol oxidized
to a sulfenic acid. By means of a genetic construct consisting of a fusion between the C-terminal
domain of the yeast (Saccharomyces cerevisiae) APl (YAP1) transcription factor and a tandem
affinity purification tag, we detected ~100 sulfenylated proteins in Arabidopsis cell suspensions
exposed to H,0, stress. The in vivo YAP1-based trapping of sulfenylated proteins was validated by
atargeted in vitro analysis of DEHYDROASCORBATE REDUCTASE 2 (DHAR2). In DHAR?2,
the active site nucleophilic cysteine is regulated through a sulfenic acid-dependent switch, leading

to S-glutathionylation, a PTM that protects the protein against oxidative damage.
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INTRODUCTION

Numerous posttranslational modifications (PTMs) have been discovered within proteomes, creating
a complex landscape of protein diversity and function (Garavelli, 2004). One of the recognized
reversible redox-based PTMs is the oxidation of a cysteine thiol group to a sulfenic acid (Cys-SOH)
(Roos and Messens, 2011) that acts as regulatory switch in several oxidative stress signal transduction
pathways (Ma et al., 2007). Unless stabilized into the protein environment, sulfenic acids can react
rapidly with other protein thiols or with low-molecular weight thiols to form intramolecular and/or
intermolecular disulfides. These mechanisms protect the sulfenic acids against overoxidation
to sulfinic (SO,H) or sulfonic (SOsH) acid and allow sulfur oxygen signaling (Roos and Messens,
2011). In plants, the best-known redox regulation mechanisms are the light-dependent thiol-disulfide
exchange switches in chloroplast proteins (Balsera et al., 2014). Examples of other redox-regulated
proteins are the vacuolar H'-ATPase (Tavakoli et al., 2001), the transcriptional co-activator
NONEXPRESSER OF PR GENES 1 (Mou et al., 2003), and several transcription factors (TF)
including the REDOX-SENSITIVE APETALA2-TYPE Rap2.4a (Shaikhali et al., 2008), the G-group
of BASIC LEUCINE ZIPPER TFs (Shaikhali et al., 2012), and the class I of TFs from
TEOSINTE-BRANCHED1/CYLOIDEA/PROLIFERATING CELL FACTOR family (Viola et al.,
2013). The redox relay mechanisms that bridge the signal perception to the final oxidative stress
response are largely unknown. Some thiol peroxidases have an H,O,-dependent signaling function and
can act as receptor and transducer (Fomenko et al., 2011). In yeast, the H,O, sensor Oxidant receptor
proteinl (ORP1/Glutathione peroxidase 3) controls, together with the transcription factor YAP1,
aredox regulon via a sulfenic acid thiol-disulfide relay mechanism (Delaunay et al., 2002). Upon
reaction with H,O,, the peroxidatic cysteine of ORPL1 is oxidized to a sulfenic acid that reacts with the
YAP1 C-terminal cysteine-rich domain (cCRD) and forms a disulfide. This specific mixed disulfide
formation has prompted us to develop a YAP1-based probe for trapping plant sulfenylated proteins
in vivo (Takanishi et al., 2007). To categorize the sulfenome, which is the set of proteins with at least
one sulfenic acid, and its dynamics at the proteome level in Arabidopsis thaliana cells upon oxidative
stress, we implemented the YAP1-based sulfenic acid trapping method coupled to a tandem affinity
purification (TAP) tag (Van Leene et al., 2008). We identified approximately 100 sulfenylated
proteins during the early and late oxidative stress responses, of which 68 had previously not been
recognized to undergo oxidative PTMs. Validation of sulfenylation on DEHYDROASCORBATE
REDUCTASE 2 (DHAR2) demonstrates the importance of a glutathione (GSH)-dependent redox

switch on its sulfenylated nucleophilic cysteine that reversibly regulates the DHAR activity.
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RESULTS AND DISCUSSION

H,0O, triggers the formation of YAP1C heterocomplexes in a time- and dose-dependent manner

To apply the YAP1-TAP approach, we synthesized a YAP1-cCRD construct with adapted codons
for expression in plants and mutated Cys620 and Cys629 to alanine and threonine (Table S1; Fig. 1A),
retaining only the redox-active cysteine Cys598. Then, we fused this construct at its N-terminus
toa GS tag that combines two immunoglobulin G (IgG)-binding domains of protein G with
a streptavidin-binding peptide (SBP), separated by a tobacco etch virus (TEV) protease cleavage site
(Van Leene et al., 2008). The Cys598 of YAP1C-GS is essential for the formation of mixed disulfides
with sulfenylated proteins (Takanishi et al., 2007). In addition, we constructed a similar control
version, YAP1A-GS, in which all cysteines are mutated (Table S1; Fig. 1A). The cauliflower mosaic
virus (CaMV) 35S promoter-driven constructs were transformed in Arabidopsis cell suspensions.
Western blot analysis with a specific antibody conjugate to detect the G moiety of the tag
(peroxidases-anti-peroxidase [PAP] antibody conjugate) revealed that the yield of the two fusion
proteins YAP1C-GS and YAP1A-GS is comparable and that they migrate as a single band at 35 kDa
(Fig. 1B). Previously, a 20-mM H,O, treatment of Arabidopsis cells had been found to provoke
oxidative stress signaling (Desikan et al., 2001) and oxidative stress induced cell death, while the H,0,

concentrations <5 mM had little effect on cell survival (Desikan et al., 1998).
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Fig. 1. Recombinant YAP1 probes used in this study. (A) Schematic representation of YAP1-cCRD and YAP1A/C mutants.
The yeast sequence corresponding to YAP1-cCRD was codon optimized for expression in Arabidopsis. For YAP1C, Cys598
was retained that is necessary for heterodimer formation, whereas in the YAP1A-negative control probe, all cysteines were
mutated. (B) CaMV 35S promoter-driven production of recombinant YAP1-GS fusion proteins in transformed Arabidopsis
cell cultures. Proteins were extracted and probes were visualized on immunoblot with the PAP antibody complex. Under
reducing conditions, probes migrate as a single band at ~35 kDa. Asterisk indicates that, due to a presence of additional

c-Myc tag, the C-terminal fusion is 0.7 kDa heavier.
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We treated the transformed Arabidopsis cell suspension cultures with 0, 0.1, 1, 5, 10 and 20 mM H.,0O,
at the mid-log phase for 1 h. To block all free thiols, we extracted the soluble protein in the presence
of iodoacetamide (IAM)and N-Ethylmaleimide (NEM) (Fig. 2) and analyzed the disulfide bond
formation on a nonreducing Western blot with the PAP antibody conjugate. In untreated cells and in
cells treated with 0.1 mM H,0,, YAP1C-GS migrates at 35 kDa. H,O, treatments ranging between
1 and 20 mM resulted in a proportional increase in the number of high-molecular weight YAP1C-GS
complexes (Fig. 3A). The disulfide nature of the interactions has been proven by the disappearance
of most of the high molecular weight bands on a reducing Western blot (Fig. 3A). In cells producing
YAP1A-GS, only the 35-kDa monomer is detected, even after a 20-mM H,0O, treatment, strengthening
that Cys598 is essential for the YAP1-disulfide formation in plant cells under stress. It is noteworthy
that exogenous H,0; is rapidly metabolized by Arabidopsis cell cultures with 20 mM being dissipated
to the limits of detection within 5 min (Desikan et al., 1998). Therefore, it is likely that the high
amount of interactions present after 1 h of treatment results from active generation of ROS
by Arabidopsis cells after the initial H,O, trigger. Previous data, indicate that the H,O, from oxidative
burst is required for initiation of cell death program as addition of catalase to the growth media as late
as 1 h after initial treatment inhibits cell death (Desikan et al., 1998). Next, we checked the transient
dynamic character of the intermolecular disulfide bond formation by YAP1C in a time course
experiment. Cell cultures were pulse-treated with 1 mM H,O, and harvested 5, 10, 30, 60, and
120 min after treatment. The YAP1C complexes were most abundant after 10 min. (Fig. 3B), but were
almost undetectable after 2 h, possibly due to the decreased number of mixed disulfide bonds by either
the activation of the reducing systems in the cell or a rapid proteolytic degradation. Taken together,
these results indicate that a YAP1-based sulfenic acid trapping methodology is a solid tool to study

time- and dose-dependent H,O, stress responses in plant cells.
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Unique sulfenylated proteins are selectively trapped with YAP1C-GS

To evaluate the early signaling events in the presence of 1 mM H,0,, we decided to focus on cysteine
oxidation 10 min after stress. Protein extracts of cells containing YAP1C-GS and YAP1A-GS were
purified by TAP (Fig. 4). Briefly, first, YAP1-GS complexes were captured on lgG-sepharose.
Second, with a TEV protease cleavage step, the YAP1 fused to the SBP tag together with several
mixed disulfide complexes and all possible interacting proteins was eluted. In a following SBP
purification step, the mixed disulfide YAP1 complexes were enriched. The sulfenylated proteins were
released by selective elution of the disulfide-bonded proteins with 5 mM dithiothreitol (DTT) followed
by a 20 mM desthiobiotin elution. The majority of interactors (41/46) elute with DTT (Table S2).
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Fig. 3. Dose- and time-dependent formation of YAP1C-involving complexes. (A) Cell cultures overproducing
the GS-YAP1C/A probe treated with 0, 0.1, 1, 5, 10, and 20 mM H,0O, for 1 h. Complexes (marked with an arrow)
are visualized with the PAP antibody complex. The H,O, concentration and the amount of signal clearly correlate. Treatment
of protein samples with 50 mM Tris(2-carboxyethyl)phosphine (TCEP) led to reduction of the complexes. (B) Cell cultures
treated with 1 mM H,0O,. The time course was taken after 0, 5, 10, 30, 60, and 120 min. The initial signal intensity peak
returns to a near basal level after 120 min of treatment. The asterisk denotes an unknown protein recognized by
the antiserum. (C and D) Schematic comparison of datasets identified after treatment of cultures with 0, 1, and 20 mM H,0,
for 1 h (C) and 1 mM H,0, for 10 min (early response) and 1 h (late response) (D).
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To guarantee a complete interactor recovery, we decided to use desthiobiotin for all the TAP
purifications. In a following experiment, we focused on the late-response sulfenome observed 1 h after
an oxidative stress pulse with 0, 1 (sublethal dose), and 20 mM (lethal dose) H,O,. In agreement with
the increased mixed-disulfide complex formation that positively correlates with the H,O, dose (Fig.
3A), we identified 4, 11, and 70 YAP1C-specific interactors (Fig. 3C; Table S2 & S3). The majority
(8/11) of the interactors detected after treatment with 1 mM H,O, were also present in the set of 70
proteins identified with 20 mM H,0O, (Fig. 3C). Nine out of the 11 interactors derived from cells
treated with 1 mM H,0O, for 1 h were also present in the early time point of 10 min (Fig. 3D),
emphasizing their sensitivity toward oxidation and suggesting an important function in oxidative stress

sensing.
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[Prot G SBP(YAP1C)-S-S [Prot G SBP(YAP1A) HOS-

TEV protease l TEV protease

IgG  ]Prot G SBP(YAP1C)}S-S

C o ®
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elution DTT elution elution DTT elution

EEpe®  OEE
D |
=-Ol@g = =0

unique YAP1C
interactome

Fig. 4. Experimental setup for in vivo identification of the Arabidopsis sulfenome. (A) Cell cultures overproducing
the YAP1C/A probes treated with H,O, as described (see text). (B and C) Proteins isolated and subjected to a two-step
purification procedure based on IgG-protein G and streptavidin—streptavidin binding peptide (SBP) affinity. Numbers
indicate the sequence of elution steps. (D) LC-MS/MS analysis of proteins after elution. Comparison of interactors between
the negative control probes of YAP1C and YAP1A potentially undergoing cysteine sulfenic acid (-SOH) formation under

oxidative stress.
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Functional categorization of the Arabidopsis H,O,-dependent sulfenome

In the Arabidopsis sulfenome, we detected 67 proteins that, until now, had not been classified
as H,0,-sensitive. In addition, we found 30 proteins that had previously been reported to have
oxidative modifications, such as disulfides, S-glutathiolynation, S-nitrosylation, and sulfenic acids,
and some to be Trx/Grx substrates (see Table S3 for references). Within the identified set of proteins,
great majority (68/97) localizes to cytoplasm (http://suba3.plantenergy.uwa.edu.au/). This is
in agreement with the presumed cytoplasmic localization of YAP1C-GS probe that was not equipped
with any signal peptide. For the schematic representation of subcellular localization see Fig. S2.
In the identified sulfenome, proteins could be functionally categorized: 13 into signal perception and
transduction, 19 into protein degradation, 7 into redox related enzymes, 7 into RNA-binding and
translation, 6 into primary metabolism, 4 into hormone homeostasis, 5 into protein transport, 5 into
amino acid metabolism and 31 into miscellaneous and unknown functions. For the complete list
of YAPLC interactors, see Table S3. When concentrating on the 46 proteins sulfenylated within
the first 10 min after the oxidative stress trigger (Table S3), we found several signal perception and
transduction proteins. In addition, almost one fourth of them is involved in proteasomal activities and
several redox-related enzymes were identified, of which some present at an early (10 min) as well as
alate (1 h) oxidative stress response, whereas additional members of these functional classes are

present within the late response (Table S3).

Signal perception and transduction. Three different mitogen-activated protein kinases (MAPKS)
have been found to be sulfenylated: MAPK2, MAPK4, and MAPK?7. The MAPK signaling cascades
are integrate parts of plant biotic and abiotic stress signaling pathways and are activated by H,0,
(Kovtun et al., 2000; Zhou et al., 2014). In yeast and human model systems, MAPKSs are redox
regulated through upstream regulators and through direct cysteine oxidation events (Truong and
Carroll, 2013). A cysteine oxidation event in the human p38 MAPK had been shown to act
as a functional regulatory switch (Templeton et al., 2010), whereas, in plant MAPK modules, such
thiol modification has not been reported yet. The fast sulfenylation after an oxidative stress stimulus
suggests that MAPK2, MAPK4, and MAPK7 could function as redox sensors downstream
of a ROS-producing event. The MAPK activity is also controlled through dephosphorylation
by redox-sensitive phosphatases (Truong and Carroll, 2013). Sulfenylation of the catalytic
nucleophilic cysteine leads to the inhibition of protein tyrosine phosphatases (PTPs) (Tanner et al.,
2011). The identified Arabidopsis AtPTP1 undergoes cysteine-dependent inhibition by H,0,
and negatively regulates the MAPKSs (Gupta and Luan, 2003), suggesting that the oxidation-dependent
AtPTP1 inhibition might be a primary step in the oxidative stress response leading to MAPK signaling
de-repression (Bartels et al., 2009). Furthermore, at least two members of the plant-specific
SNF 1-RELATED PROTEIN KINASE 2 (SnRK2) protein kinase family are rapidly sulfenylated.

The plant stress response SnRK2 pathways are regulated by direct phosphorylation of various
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downstream targets, including the RESPIRATORY BURST OXIDASE HOMOLOG F (AtRbohF)
and transcription factors, and are required for the expression of numerous stress response genes (Kulik
etal., 2011). Only recently, a redox-regulated rapeseed (Brassica napus) SnRK2 had been shown to be

involved in guard cell signaling (Zhu et al., 2014).

PROTEIN PHOSPHATASE 2A (PP2A) is a holoenzyme consisting of a catalytic subunit C,
a structural subunit A, and a highly variable regulatory subunit B that determines its target specificity.
We identified two B subunits PP2A-b550 and PP2A-b'y as potential redox sensitive proteins.
Both subunits were found to have opposite effect on regulation of flowering time (Heidari et al.,
2013). Moreover, PP2A-b'y was suggested to control premature senescence and basal repression
of defense responses in Arabidopsis (Trotta et al., 2011). PP2A-b’y knockout plants were reported
to exhibit disintegration of chloroplasts, constitutive expression of disease resistance genes and
accumulation of ROS. In agreement with previous results a recent study by Li et al., (2014)
consolidated the function of PP2A-b'y in SA-dependent defense responses. It would be of interest

to investigate the influence of the cellular redox balance on substrate specificity of these B subunits.

Protein degradation. Approximately 20% of the YAP1C-GS interactors are involved in proteolysis,
with a clear enrichment for proteins participating in proteasome-mediated degradation, among which
five control ubiquitination, such as the UBIQUITIN-CONJUGATING ENZYME27 (UBC27), two
subunits of the SKP/CULLIN/F-BOX (SCF) E3-ubiquitin ligase complex (ASK1 and ASK2), and
the 3 and 5A subunits of the CONSTITUTE PHOTOMORPHOGENIC9 (COP9) signalosome (Table
S3). In the 26S proteasome, we identified the REGULATORY PARTICLE NON-ATPASE 12A
(RPN12A) as a potentially H,O,-modified protein. Interestingly, RPN12A has been established
as a cytoplasmic thioredoxin h (Trxh) target protein (Yamazaki et al., 2004), acting as a potential
crosstalk point between ROS and cytokinin signaling (Ryu et al., 2009). The removal of oxidatively
damaged proteins is an important event in the stress responses (Jung and Grune, 2013), but oxidative
modifications of the proteasome and the ubiquitin-proteasome system itself trigger changes
in activities in such a manner that it manages both the removal of oxidized proteins and the adaptation
of the cellular metabolism to the stress situation (H6hn and Grune, 2014). In maize (Zea mays), sugar
starvation-triggered oxidative stress leads to oxidative modifications of the 20S proteasome,
modulating its proteolytic activity (Basset etal., 2002). In addition, our dataset includes a number
of de-ubiquitinating enzymes (DUBSs), such as UBIQUITIN C-TERMINAL HYDROLASE 3 (UCH3)
and the ubiquitin-specific proteases, UBP12, UBP13, and UBP24. Redox regulation of multiple
ovarian tumor DUBs had been reported to occur via reversible sulfenylation of a catalytic cysteine
residue (Kulathu et al., 2013), but until now, this inhibition mode has not been described for plant
DUBs.
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RNA binding proteins, translational machinery, post-transcriptional regulation events. Synthesis
of certain proteins is activated in redox dependent manner in response to light exposure without
an increase in the corresponding mRNA levels and therefore relays on post-transcriptional regulation.
Such mechanisms of redox-dependent translational activation were studied mostly in the context
of psbA mRNA translation in algae (Kim and Mayfield, 1997; Alergand et al., 2006) and higher plants
(Shen et al., 2001). In Chlamydomonas, this two-component system involves the POLY(A) BINDING
PROTEIN RB47 and PROTEIN DISULFIDE ISOMERASE RB60. RB60 regulates the binding
of RB47 to the 5’-UTR of psbhA mRNA through redox equivalents thereby providing a mechanism
for its redox-dependent translation (Kim and Mayfield, 1997; Alergand et al., 2006). In this study,
we identified seven proteins involved in control of protein translation mechanisms including RNA
BINDING PROTEIN 45C, POLY(A) BINDING PROTEIN 8 (PAB8) and PROTEIN ARGININE
METHYLTRANSFERASE 5 (PRMT5) that was shown to link the circadian clock to the control
of alternative splicing in plants (Sanchez et al., 2010). Ample evidence supports the role of RNA
binding proteins in control of plant development and stress responses (Lorkovié¢, 2009) however
further studies are necessary to investigate the potential redox dependent RNA-binding properties

of proteins identified here.

Primary metabolism and energy homeostasis. Next to well established redox regulated proteins
including CYTOSOLIC-NAD-DEPENDENT MALATE DEHYDROGENASE 1 (Hara et al., 2006),
VACUOLAR ATP SYNTHASE SUBUNIT A (Seidel et al., 2012) and cytosolic FRUCTOSE-
BISPHOSPHATE ALDOLASE 4 (van der Linde et al., 2011); we identified a number of new
potential redox regulated enzymes involved in primary metabolism and energy homeostasis.
The properties of maize chloroplastic NADP-MALIC ENZYME (ZmC,;-NADP-ME) involved in Cy4
photosynthesis have been explored recently (Alvarez et al., 2012). In this enzyme, the oxidation
of cysteine residues induces conformational change that limits the catalytic process.
Yet, the information about similar regulation of cytosolic enzymes such as NADP-ME2 identified
in this study is lacking. In agreement with our results NADP-ME2 was reported earlier to undergo
stress induced S-glutathionylation (Dixon et al., 2005) and identified as a Trx y2 target protein
(Marchand et al., 2010). However, a recent study (Li et al., 2013) indicates that this enzyme is not
essential for oxidative stress response. ATP-CITRATE LYASE (ACL) is a cytosolic enzyme
catalyzing ATP-dependent conversion of citrate and CoA to acetyl-CoA and oxaloacetate.
This heteromeric enzyme composed of two distinct subunits, ACLA and B is of crucial importance
for plant metabolism as acetyl-CoA serves as an initial metabolite for a plethora of natural products
(Fatland et al., 2002; Fatland et al., 2005). ACL is of particular interest in modern medicine as recent
studies highlight its role in metabolism of cancer cells (Zaidi et al., 2012; Hanai et al., 2013). So far,

the redox-dependent modulation of ACL activity was demonstrated for rat liver enzyme (Wells and
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Saxty, 1992), however a similar observation for plant isoforms is still missing. Our results demonstrate

a possibility for direct regulation of Arabidopsis ACL activity via redox modification of B subunit(s).

Hormone homeostasis. ROS-hormonal interplay was shown to affect abscisic acid (Suzuki et al.,
2013; Song et al., 2014) and auxin (Tognetti et al., 2010; Tognetti et al., 2012) signaling pathways.
Here, we identified four proteins tightly associated with hormonal homeostasis including ABA
DEFICIENT 2 (ABA2) and NITRILASE 1 & 2 (NIT1, NIT2) involved in synthesis of abscisic acid
(ABA; Léon-Kloosterziel et al., 1996) and 3-indoleacetic acid (IAA; Bartel and Fink, 1994)
respectively. Hydrogen peroxide was shown before to be involved in the ABA signaling pathway
via direct post-translational modifications of ABA INSENSITIVE 1 (ABI1) and ABI2. Oxidizing
conditions promote inactivation of both phosphatases that act as negative regulators of ABA signaling
(Meinhard and Grill, 2001; Meinhard et al., 2002) thereby providing a positive feedback loop. NIT1
and NIT2 identified in this study were reported earlier as potential targets for Cys PTM (Dixon et al.,
2005; Wang et al., 2012). Together, our results provide a new perspective towards further

investigation of ROS hormonal crosstalk with a main scope on ABA- and auxin-regulated pathways.

Redox proteins. At least four redox-related proteins have been detected: MONOTHIOL
GLUTAREDOXIN17 (GRXS17), THIOREDOXIN-DEPENDENT PEROXIDASE1l (TPX1),
GLUTAREDOXIN C2 (GRXC2), and a DEHYDROASCORBATE REDUCTASE 2 (DHAR2).
TPX1 had been identified as a target of cytosolic Trxh3 (Marchand et al., 2006) and also in a subset
of early-responsive redox-sensitive proteins (Wang et al., 2012). GRXC2 and GRXS17 function
inearly plant development during embryonic (Riondet et al., 2012) and temperature-dependent
postembryonic (Cheng et al., 2011) growth, respectively, but their specific substrate proteins are
unknown. DHAR2 was sulfenylated in both the early and late oxidative stress responses (Table S3).
Dehydroascorbate reductase plays an important role in counterbalancing oxidative stress by catalyzing
the regeneration of ascorbate, a major antioxidant in plants. In Arabidopsis, three isoforms are present:
the mitochondrial DHARL, the cytosolic DHAR2, and a chloroplastic DHARS. In planta it had been
shown that perturbation of DHAR limits ascorbate recycling, as a consequence, influences the rate

of plant growth and leaf aging due to ROS-mediated damage (Chen and Gallie, 2006).
DHAR?2 kinetics are affected by H,O, treatment

Next, we aimed to confirm our findings by in vitro validation of sulfenic acid formation on proteins
present within the identified set of YAP1C-GS interactors. Among candidates selected for
the validation experiments we obtained the highest yield of soluble protein for DHAR2. DHAR2
catalyzes the reduction of oxidized ascorbate with a concomitant oxidation of GSH to GSSG;
therefore, it is one of the core enzymes of the GSH/ascorbate cycle that maintains ascorbate pools
reduced (Foyer and Halliwell, 1977). We recombinantly produced and purified His-tagged DHAR2.

Recombinant DHAR? eluted as a monomer from the Ni**-immobilized metal-affinity column and
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migrated as a single band at 30 kDa on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel. Its molecular weight was confirmed by mass spectrometry (MS) with a total mass
of 26,748 Da after loss of the N-terminal methionine (Fig. S1). We analyzed the activity
of recombinant DHAR2 by following the ascorbate formation in progress curves in function of time
at 265 nm. The initial velocities were measured at varying dehydroascorbate (DHA) concentrations
ina5-mM excess of GSH. Plots of the initial velocities versus the DHA concentrations revealed
asigmoidal curve with a Hill factor of 2.65, indicative for positive cooperativity and hinting
at the positive influence of the GSH binding at increasing DHA concentrations. We determined for
DHAR?2 a kex/Kos value of 9.3x10° M's™ with Ko5 of 23.8 + 1.2 puM, whereas for DHAR1 and
DHAR3, Ky values of 260 uM and 500 uM had been reported (Dixon et al., 2002). To understand
the possible role of the cysteine thiols of DHAR?2 in its catalytic cycle, we modified the free thiols
with 1 mM IAM and oxidized DHAR2 with increasing concentrations of H,O, (Fig. 5A). In both
cases, the activity is affected, indicating that reduced cysteines are essential for catalytic DHAR2

activity, as observed previously for DHAR1 (Dixon et al., 2002).
DHAR?2 is sulfenylated and S-glutathionylated on its nucleophilic cysteine

DHAR?2 contains two cysteines (Cys6 and Cys20). To prove the sulfenylation of DHAR2 by H,0,,
we used 5,5-dimethyl-1,3-cyclohexadione (dimedone), a chemical compound that forms a thioether
bond with the electrophilic sulfur atom of sulfenylated proteins (Benitez and Allison, 1974).
Previously, dimedone and its derivatives have successfully been applied to study sulfenylation
in many important physiological pathways in various organisms and in recombinant proteins (Paulsen
and Carroll, 2009; Paulsen et al., 2011).We analyzed the H,0,-induced DHAR? sulfenylation in the
presence and absence of GSH on Western blots with antibodies that specifically recognize
dimedone-tagged sulfenic acids (Fig. 5B). After a 30-min treatment with 100 uM H,O; in the presence
of dimedone, DHAR2 was sulfenylated. Remarkably, sulfenylation was lower in H,0O,-treated samples
than in nontreated samples, possibly due to overoxidation to sulfinic or sulfonic acids,
or to the formation of a disulfide bond (Roos and Messens, 2011). Dimedone signal present
in untreated protein sample indicates that DHAR2 undergoes oxidation with atmospheric oxygen.
In the presence of 1 mM GSH, the sulfenylation signal did not depend on the H,O, treatment,
suggesting that the majority of the formed sulfenic acid is unavailable for dimedone because a mixed
disulfide is formed with GSH. To confirm this observation, we analyzed H,0,-treated DHAR?2 in the
presence of dimedone or GSH by liquid chromatography-tandem MS (Table 1). After treatment with
100 uM H,0, in the presence of dimedone, we blocked all free thiols. A tryptic digest revealed a
dimedone adduct on the Cys20 peptide, resulting in a 138-Da mass increase of this peptide when
compared to the parent peptide (Fig. 5C), confirming that Cys20 is sulfenylated. Cys20 is also

partially overoxidized to sulfonic acid (48 Da larger than the parent peptides).
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Fig. 5. Requirement of DHAR2 cysteines and GSH protection against overoxidation. (A) The average initial velocities (n=3)
of DHAR2 under different conditions were determined on progress curves. DTT-reduced DHAR?2 was treated with 100 pM,
1 mM and 5 mM H,0, in the presence or absence of 1 mM GSH incubated for 30 min at room temperature. IAM-blocked
DHAR2 was prepared by 10 mM 1AM treated 30 min in the dark at room temperature. Excess of H,0,, IAM, and GSH was
removed on a Micro Bio-Spin™ P-6 gel column (Bio-Rad) equilibrated with 50 mM potassium phosphate (pH 7.0) assay
buffer. The reaction was started under Vmax conditions by adding 100 uM DHA to a final concentration of 30 nM DHAR2
in the presence of 5 mM GSH. (B) Dimedone labeling of DHAR2-SOH in vitro. DHAR2 (20 uM) nontreated or treated with
1 mM GSH was either not or incubated with 100 uM H,O, in the presence or absence of dimedone (1 mM). DHAR2-SOH
formation was analyzed by immunoblot with an anti-cysteine sulfenic acid antibody. (C) Identification of the dimedone
modification Cys20 of DHAR2. The LC-MS/MS spectrum shows data obtained from a +2 parent ion with m/z 935.5.
The cysteine residue corresponds to a dimedone-modified sulfenic acid, which produces a +138-Da mass increment.
The y- and b-series of ions allow the modified cysteine to be localized exactly. (D) Identification of S-glutathionylation
on Cys20 of DHAR2. The LC-MS/MS spectrum shows data obtained from a +2 parent ion with m/z 1019.0. The spectrum
displays a major fragment ion at m/z 954.0, corresponding to the neutral loss of glutamic acid (130 Da) after fragmentation
at a peptide bond within GSH. The mixed disulfide between GSH and the cysteine residue is located precisely by means

of the y- and b-series of ions. lons that were generated from loss of glutamic acid are marked ($).
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Reduced | Sulfenic - .
Samples (CIAM) | Dimedone Sulfinic | Sulfonic | GSH S-S
*
DHAR?2 + H,0, 5260((7182) nd nd nd nd  [*Ce-Cao
. C6 (24) Ce-Cs
DHAR2 + dimedone + H,0, C20 (22) C20 (1) nd C20(2) nd Co-Cao
C6 (6)
DHAR2 + GSH + H,0, C20 (18) nd nd nd C20(13)| nd

Table 1. Detection of redox PTMs of DHAR2 by mass spectrometry. Recombinant DHAR2 was treated with H,0,
in presence of dimedone or GSH. Free thiols were blocked with excess of CIAM. The peptides were analyzed
by LC-MS/MS. Two tryptic peptides were detectable: AGFEVLFQGPMALDICsVK and VAVGAPDVLGDC,,PFSQR.
(*) numbers in brackets indicate the number of peptide spectral matches; (%) indicates the disulfide with the highest score

in Dbond; nd, not detectable.

In contrast, in the absence of dimedone, but inthe presence of GSH, MS data clearly show
S-glutathionylation at Cys20 (Fig. 5D). To test the 1-mM GSH protection on the DHAR?2 activity, we
added increasing concentrations of H,O, to DHAR2 in the presence of 1 mM GSH and determined
the initial velocities (Vi) of the progress curves (Fig. 5A). The Vi of GSH-pretreated DHAR2 sample
is even higher than that of the nontreated sample, which is, at least, partially sulfenylated after
purification (Fig. 5B). Furthermore, is it clear that GSH (1 mM) rescues the 1-mM H,O, sulfenylation
of DHAR2. At 5 mM H,0O,, however, the DHAR2 activity was only partially rescued by GSH
(Fig. 5A), possibly because the overoxidation rate to sulfinic or sulfonic acids seems too fast for 1 mM
GSH to react with the sulfenic acid and to recover all activity (Fig. 5A). Thus, in the absence
of substrate, S-glutathionylation occurs after sulfenylation of Cys20 as a reversible protection
mechanism, recovering DHAR?2 activity, which results in increased initial velocities. All together,
the nucleophilic Cys20 in DHAR?2 is vulnerable to oxidation and becomes sulfenylated under H,O,
stress. The formation of a Cys20-Cys6 disulfide bond or the Cys20 S-glutathionylation might protect

DHAR?2 against irreversible overoxidation.
Generation of transgenic A. thaliana plants overexpressing YAP1-GS probes

Plants exhibit unique capabilities of adaptation to adverse environmental conditions. Generally,
the cellular response to oxidative stress differs among tissues or organs and might be influenced
by factors such as plant growth stage, nutritional status or internal developmental programs all
coordinated at the whole organism level. Moreover, it is now well established that phenotypes
observed in tightly controlled laboratory conditions cannot be related to those observed in the field
(Wituszynska et al., 2013a; Wituszynska et al., 2013b). In order to get a more holistic view into
oxidative stress signal perception at the whole organism level we set out to apply the YAP1TAP

technology to field conditions.
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As an initial step towards proof-of-concept experiments we generated transgenic A. thaliana lines
overexpressing YAP1-GS probes used throughout this study. Formation of YAP1C-GS-involving
complexes is in direct competition with reaction catalyzed by antioxidant system, therefore next to
Col-0 wild type also CATALASE 2 deficient line cat2-2 (Queval et al., 2007; see Chapter 3) was
transformed with vectors used before to obtain transgenic cell cultures (see Materials & methods). For
each construct and within each parent line at least three independent transformation events were
selected on basis of recombinant protein yield. In a view of future optimization experiments the
selection included lines with high, medium and low yield of recombinant protein. An exemplary
immunoblot summarizing portfolio of cat2-2 background lines expressing YAP1-GS probes is shown
on Fig. 6. Among the most important advantages supporting the use of plants instead of cell cultures is
the possibility for application of physiological stress treatments and exploration of tissue specificity
with the use of tissue specific promoters driving the expression of YAP1C-GS probe. Transgenic lines
generated in this study pave the way towards exploration of organ- and stimuli-specific sulfenomes
in field conditions.
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Fig. 6. Compendium of transgenic cat2-2 mutant lines overexpressing YAP1-GS probes. Proteins were isolated and

visualized as described in “Materials and methods’. Prior to SDS-PAGE samples were reduced with 50 mM TCEP.

CONCLUSIONS AND PERSPECTIVES

This work describes the first successful application of YAP1-based sulfenome mining strategy
inplants. By a unique combination of Cys-SOH trapping with tandem affinity purification
we identified a set of 97 proteins potentially involved in redox-regulated cellular processes.
Next to the well established players in oxidative stress response a number of regulatory proteins with

previously unreported mode of oxidative regulation were identified. Exploration of these findings will
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lead to a better understanding of signaling events that govern adaptation of plants to environmental
stimuli. As a first step towards transfer of YAPL1TAP technology to field conditions, we generated
aset of transgenic A. thaliana lines overexpressing YAPL probes. Further research implementing
various target peptides and tissue specific promoters will focus on identification of subcellular, tissue-
and organ-specific sulfenomes. Furthermore, studies at the whole plant level open a possibility

for application of broad range of stress treatments related to needs dictated by modern agriculture.

MATERIALS AND METHODS
Arabidopsis suspension cultures

The Saccharomyces cerevisiae YAP1-coding region fragment corresponding to Asn®® to Asn®* was
codon optimized for expression in Arabidopsis thaliana, synthesized, and cloned by Integrated DNA
Technologies into the pIDTSmart vector with introduction of mutations to create YAP1C and YAP1A
probes: YAPIC — C*®A, C*®T: YAP1A - C*®A, C*°A, C®”T according to strategy described
(Takanishi et al., 2007). The sequences of these synthetic fragments can be found in Table S1. Both
synthetic DNA sequences were amplified with specific primers (Table S4) to introduce the attB sites
and START or STOP codon for expression of C- and N-terminal GS tag fusions, respectively.
The PCR reactions were carried out in two steps; in a second step, the initial amplicons were amplified
with attB1 and attB2 primers (Table S4) to complete the attB sites. Both PCR reactions were run with
Pfu proofreading polymerase (Promega). Subsequently, sequences were inserted into pDONR221
vector by means of the Gateway TM technology (Life Technologies) according to the manufacturer’s
instructions. Vectors were sequenced with M13 primers (Table S4) to verify the accuracy of the gene
synthesis and PCR amplifications. Expression clones were generated as previously described
(Van Leene et al., 2007). The Arabidopsis cell suspension cultures (NASC stock no. CCL84840) were

transformed and maintained as described (Van Leene et al., 2007).

Stress treatments

Mid-log phase cell cultures (dark grown, 3 day old, approximately 10 mg fresh weight ml™)
expressing the YAP1C/YAP1A N-terminal GS-tag fusions were treated with 0.1, 1, 5, 10, and 20 mM
H,0,. Cells were harvested after 1 h. For the time-dependent experiments, 1 mM H,0O, was added

to mid-log phase cell cultures and cells were sampled after 5, 10, 30, 60, and 120 min.

Protein extractions and Western blot analysis.

Plant material was ground on ice in the presence of sand and TAP extraction buffer (Van Leene et al.,
2007) without DTT and supplemented with 10 mM NEM and 10 mM 1AM (unless otherwise
specified) to prevent de novo oxidation of cysteine residues. For the Western blot analysis, soluble
proteins were separated on SDS-PAGE gradient gel (Bio-Rad), blotted, and hybridized with a 1:5000
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dilution of PAP-soluble complex (Sigma-Aldrich) to detect the GS tag. Sulfenic acid residues were

visualized with a 1:10000 dilution of polyclonal rabbit anti-cysteine sulfenic acid antibody (Millipore).

Tandem affinity purification

Tandem affinity purification of protein complexes was performed using the GS tag strategy (Van
Leene et al., 2008) according to GS protocol described previously (Van Leene et al., 2011) adapted
herein for use with redox active bait proteins. In short, 10g of cells were ground at 4 °C in a presence
of extraction buffer supplemented with 10mM NEM and 10mM IAM to prevent de novo oxidation of
cysteine residues. Protein extracts were cleared by two subsequent centrifugation steps at 36,900 x g
for 20 min. In the first purification step, a protein input of 25 mg was incubated with 25 ul of IgG-
Sepharose 6 Fast Flow beads (GE Healthcare), the complexes were released from the column by
cleavage with AcTEV™ Protease (Invitrogen). In a second affinity step 25 pl of Streptavidin
Sepharose High Performance (Amersham) was used. For specified experiments the final elution step
was preceded by incubation of beads with elution buffer containing 5 mM DTT for 30 min at room
temperature. Finally, proteins were eluted by incubation of beads for 5 minutes with 40 pl 1 x
NuPAGE sample buffer containing 20 mM Desthiobiotin. Beads were separated from eluate in a 1-ml

Mobicol column (MoBiTec, Gottingen, Germany).
LC-MS/MS analysis

Eluted proteins were separated in a short run of 7 min on a 4-12% gradient NuPAGE gel (Invitrogen)
and visualized with colloidal Coomassie Brilliant Blue staining. The protein gel was washed for 2 h in
water, polypeptide disulfide bridges were reduced for 40 min with 6,66 mM DTT in 50 mM
NH;HCO; and sequentially the thiol groups were alkylated for 30 min with 55 mM IAM in 50 mM
NH,HCO;. After washing with water, broad zones containing the proteins were excised from
the protein gel and sliced. Gel plugs were washed with water, this was followed by two steps
of dehydration with 95% acetonitrile (v/v) separated by rehydration with water. Dehydrated gel
particles were rehydrated in 60 pL digest buffer containing 750 ng trypsin (MS Gold; Promega,
Madison, WI), 50 mM NH4HCO; and 10% acetonitrile (v/v) for 30 min at 4° C. Proteins were
digested at 37° C for 3.5 hours. Peptide mixtures were introduced into LC-MS/MS system consisting
of the UltiMate 3000 RSLCnano (Dionex, Amsterdam, The Netherlands) coupled to LTQ Orbitrap
Velos (Thermo Fisher Scientific, Bremen, Germany). The sample mixture was loaded on an in-house
made trapping column (100 um x 20 mm) filled with 5 um C18 Reprosil-HD beads (Dr. Maisch
GmbH, Ammerbuch-Entringen, Germany). After back-flushing from the trapping column, the sample
was loaded on an in-house made reverse-phase column (75 pm. x 150 mm, 5 um C18 Reprosil-HD
beads). Peptides were loaded with solvent A (0.1% trifluoroacetic acid, 2% acetonitrile), and separated
with a linear gradient from 2% solvent A’ (0.1% formic acid) to 50% solvent B’ (0.1% formic acid

and 80% acetonitrile) at a flow rate of 300 nl/min, followed by a wash step reaching 100% solvent B’.
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The mass spectrometer was operated in data-dependent mode, automatically switching between MS
and MS/MS acquisition for the ten most abundant peaks in a given MS spectrum. In the LTQ Orbitrap
Velos, full scan MS spectra were acquired in the Orbitrap at a target value of 1E6 with a resolution
of 60,000. The ten most intense ions were then isolated for fragmentation in the linear ion trap, with
a dynamic exclusion of 20 seconds. Peptides were fragmented after filling the ion trap at a target value
of 1E4 ion counts. From the MS/MS data in each LC run, Mascot Generic Files were created using the
Mascot Distiller software v2.4.1.0 (Matrix Science). Grouping of spectra was allowed with
a maximum intermediate retention time of 30 seconds and a maximum intermediate scan count of 5
was used where possible. Grouping was done with 0.005 Da precursor tolerance. A peak list was only
generated when the MS/MS spectrum contained more than 10 peaks. There was no de-isotoping and
the relative signal-to-noise limit was set to 2. Peak lists were then searched with the Mascot search
engine v2.3 (MatrixScience) using the Mascot Daemon interface (Matrix Science). Spectra were
searched against the TAIR10 database containing 35386 sequence entries extended with cRAP
sequences (http://www.thegpm.org/crap/). Variable modifications were set to methionine oxidation
and methylation of aspartic acid and glutamic acid. Fixed modifications were set
to carbamidomethylation of cysteines. Mass tolerance on MS was set to 10 ppm (with Mascot’s C13
option set to 1) and the MS/MS tolerance at 0.5 Da. The peptide charge was set to 1+, 2+ and 3+ and
the instrument setting was set to ESI-TRAP. Trypsin was set as the protease used, allowing for
1 missed cleavage, and cleavage when arginine or lysine was followed by proline. Only high confident
peptides, ranked one and with scores above the threshold score, set at 99% confidence, were withheld.
Proteins identified by at least one (for YAP1A identifications) or two (for YAPL1C identifications)
high-confident peptides were retained (Table S5).

Cloning and purification of recombinant DHAR?2

The DHAR2-coding sequence was amplified by PCR (Table S4) from the Arabidopsis Biological
Resource Center clone (stock No U25352, Yamada et al., 2003). The sequence was inserted into
the pPDONR221 vector and subcloned in the pDEST17 expression vector by means of the Gateway
technology (Life Technologies). Escherichia coli C41 (DE3) strain was transformed and grown
aerobically overnight at 37°C in Luria-Bertani Broth (LB) supplemented with 100 pg/ml ampicillin.
Subsequently, 1-liter LB cultures were inoculated with this overnight culture. After the culture had
reached the exponential growth phase, it was cooled down to 16°C, supplemented with 0.2 mM
isopropyl B-D-1-thiogalactopyranoside, and further grown overnight. Cells were pelleted and
resuspended in lysis buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes),
pH7.5, 1 M NaCl, 1 mM DTT, 5 mM imidazole, 1 pg/ml leupeptine, 0.1 mg/ml 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride, 50 pg/ml DNasel, and 20 mM MgCl,). The cells were
homogenized by cell cracker at 20 kilopound per square inches and then centrifuged at 40,000xg

for 30 min, 4°C to remove cell debris. The supernatant was passed through a 0.45-um filter, and
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loaded onto a Ni2+—Sepharose column equilibrated with 20 mM Hepes, pH 7.5, 1 M NaCl, 1 mM DTT,
5 mM imidazole. Protein peaks under the imidazole elution were pooled, concentrated by 10 kDa
molecular weight cutoff (Millipore), and injected on a size exclusion Superdex75 column equilibrated
with 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA) and 1 mM
DTT. Protein samples analyzed by SDS-PAGE were flash-frozen for storage at -80°C.

DHAR?2 activity/inhibition assay and in vitro sulfenic acid labeling.

DHAR2 activity was monitored by GSH-dependent reduction of DHA to ascorbate
(e = 14,000 M™ cm™) by following the associated absorption increase at 265 nm (Hossain and Asada,
1984). The assay was done for 2 min at 30°C in a buffer containing 50 mM potassium phosphate
(pH 7.0), 150 mM NaCl, and 1 mM EDTA. The buffer was incubated for 1 min at 30°C and the
reaction was started by adding DHAR2 followed by the premix of DHA and GSH. In this assay,
freshly prepared DHA, reduced GSH, and DTT-reduced DHAR2 were used (1 h incubation at room
temperature). Excess DTT was removed by a size exclusion chromatography in a Superdex75 column
equilibrated with the assay buffer. The initial velocity of the ascorbate production was measured
at increasing concentrations of DHA (1, 3, 5, 10, 15, 20, 30, 40, 50, 100, 150, 200, and 500 pM),
whereas GSH was fixed at 5 mM. Non-enzymatic DHA conversion by GSH was subtracted from
the corresponding enzymatic assay. To understand the role of the cysteine residue on the DHAR2
activity, the reduced enzyme was incubated 30 min in the dark with 10 mM IAM or oxidized
in the presence or absence of 1 mM reduced GSH with 100 puM, 1 mM, and 5 mM H,0, at room
temperature. We removed excess IAM, GSH, and H,O, with Micro Bio-SpinTM P-6 gel column
(Bio-Rad) equilibrated with the assay buffer. The reaction was started under Vmax conditions
by adding 100 uM DHA at a final concentration of 30 nM DHAR?2 in the presence of 5 mM GSH.
Initial rates of the progress curves were determined with the Cary 100 Bio UV-Visible
Spectrophotometer (Agilent). For dimedone-based in vitro sulfenic acid labeling, DHAR2 (1 mg/ml)
was reduced by 1 mM DTT and excess DTT was removed by the Micro Bio-SpinTM P-6 gel column
(Bio-Rad) equilibrated with phosphate buffered saline (pH 7.4). Reduced DHAR2 (20 uM) was
incubated for 30 min at room temperature with 1 mM dimedone, in the presence or absence of 100 pM
H,0, (dimedone stocks in dimethoxy sulfoxide: 100 mM Bis-Tris-HCI, pH 7.4 [1:1]). When GSH was

added to the samples, DHAR2 was mixed with 1 mM GSH before oxidation and dimedone treatment.

MS on DHAR?2

The intact mass was measured by direct infusion in a microelectrospray ionization ion trap mass
spectrometer (LTQ XL; ThermoFisher Scientific). The mass spectra were deconvoluted with
the ProMass Deconvolution software (ThermoFisher Scientific). To identify redox-active cysteine
residues, DHAR?2 was oxidized with H,O, in the presence of dimedone or GSH as for the dimedone

labeling experiment. All the free thiols were blocked with excess of iodoacetamide for 10 min before
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tryptic digestion. The peptides were analyzed by LC-MS/MS as described (Pyr Dit Ruys et al., 2012).
The resulting peak lists were searched with SEQUEST against an Arabidopsis protein database
containing the recombinant DHAR?2 sequence (Uniprot Q9FRLS8) and the introduced polyhistidine tag.
Peptide matches were filtered by means of the PERCOLATOR program within the Proteome
Discoverer software (ThermoFischer Scientific) and manually validated. The considered dynamic
modifications on the cysteine residues were +138.0 Da for sulfenic dimedone, +32.0 Da for sulfinic
acid, +48.0 Da for sulfonic acid, +305.1 Da for GSH, and +57.0 Da for CIAM modifications.
The mixed disulfide peptide between C6 and C20 of DHAR2 was identified by means of the DBond
software (Choi et al., 2010) and manually validated.

Generation of transgenic A. thaliana lines

To generate A. thaliana lines overexpressing YAP1C/A N- and C-terminal TAP tag fusion proteins
Col-0 wild type and cat2-2 mutant plants (Queval et al., 2007) were transformed by means of floral
dip transformation (Clough and Bent, 1998) with Agrobacterium tumefaciens strain C58C1 carrying
expression vectors used before to transform the cell suspensions. Primary transformants were selected
through resistance to kanamycin. For every construct and genotype 12 T1 plants were transferred to
soil to set T2 generation seeds. Each T1 plant was screened for expression of fusion protein by means
of western blot analysis. In order to determine the number of T-DNA insertion loci 70 T2 seeds
harvested from respective T1 plants were grown on selective 1 x MS medium (35 mg/L kanamycin).
Only T2 populations exhibiting segregation ratio close to theoretical 3:1 characteristic for single T-

DNA insertion locus were used to generate homozygous T3 plants.
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SUPPLEMENTARY INFORMATION

Table S1. YAP1 probes used for Arabidopsis thaliana

Probe YAP1-cCRD DNA sequences: codon optimized for Arabidopsis thaliana

YAPIC N G S S L Q N A D K I N N G N D N D N D N
AAC GGT TCT TCG CTT CAA AAC GCC GAT AAG ATA AAT AAT GGT AAC GAT AAT GAT AAC GAT AAT
D V V P S K E GG S L L R C S E I W D R 1 T
GAC GTT GTT CCG AGC AAA GAG GGC TCC CTT TTG AGG TGT AGC GAG ATA TGG GAT CGT ATA ACC
T H P K Y S D 1 D V D G L A S E L M A K A
ACC CAC CCC AAG TAC TCT GAT ATA GAT GTC GAT GGG CTC GCC TCA GAA TTA ATG GCT AAA GCT
K T s E R 6 V V I N A E D V Q L A L N K H
AAG ACG TCT GAA AGG GGT GTA GTG ATC AAT GCT GAA GAT GTG CAG CTT GCA CTT AAT AAA CAT
M N
ATG AAT

YAP1A N G S S L Q N A D K I N N G N D N D N D N
AAT GGG TCG AGT CTC CAG AAT GCA GAC AAA ATT AAT AAT GGT AAT GAC AAC GAC AAT GAT AAT
D V V P S K E GG S L L R A S E I W D R 1 T
GAC GTC GTC CCT TCA AAA GAA GGC TCA CTA TTG CGA GCG TCA GAG ATC TGG GAT CGT ATA ACG
T H P K Y S D 1 D V D G L A S E L M A K A
ACT CAT CCT AAG TAC TCA GAT ATA GAT GTC GAT GGA TTG GCA TCA GAA CTT ATG GCG AAG GCC
K T S E R 6 V V 1 N A E D V Q L A L N K H
AAG ACC AGT GAA AGA GGA GTT GTT ATC AAC GCT GAA GAT GTT CAA CTC GCG CTA AAT AAG CAT
M N
ATG AAT

Table S2. [Enclosed on a CD attached to this thesis] Database of all Y AP1C/A interacting proteins identified in this study.
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Chapter 2

Table S4. Primers used for cloning

Primer Sequence (5’- 3’)

Cloning — 1st PCR (YAP1(C/A)-cCRD)

YAP1IC_N_LP AAAAAGCAGGCTTCAACGGTTCTTCGCTTCAAAACG
YAP1C_N_RP AGAAAGCTGGGTCTTAATTCATATGTTTATTAAGT
YAP1A_N_LP AAAAAGCAGGCTTCAATGGGTCGAGTCTCCAGAATGC
YAP1A_N_RP AGAAAGCTGGGTCTTAATTCATATGCTTATTTAGCG

YAP1A C_LP AAAAAGCAGGCTCCACCATGAATGGGTCGAGTCTCCAGAATG
YAP1A_C_RP AGAAAGCTGGGTCATTCATATGCTTATTTAGCGCGAG

Cloning — 1st PCR (DHAR2)

DHAR2_LP AAAAAGCAGGCTTCGAAGTGCTGTTTCAGGGCCCGATGGCTCTAGATATCTGCGTGAAG
DHAR2_RP AGAAAGCTGGGTCTCACGCATTCACCTTCGAT

Cloning — 2nd PCR

attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT

attB2 GGGGACCACTTTGTACAAGAAAGCTGGGT

Sequencing

GWM13-LP GTAAAACGACGGCCAGTCTTA

GWM13-RP CCAGGAAACAGCTATGACCAT

Table S5. [Enclosed on a CD attached to this thesis]. Protein identification details.
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Fig. S1. Recombinant DHAR?2 identity confirmed by MS. Total mass equals 26,748 Da after loss of the N-terminal

methionine.
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M cytosol (68)
B cytosol, nucleus (4)
= endoplasmic reticulum (1)
® mitochondrion (4)
. ® nucleus (10)

¥ peroxisome (2)

¥ plasma membrane (3)
m plastid (2)
vacuole, golgi (2)

¥ vacuole, plasma membrane (1)

Fig. S2. Schematic representation of subcellular localizations for 97 YAP1C-GS interacting proteins. Numbers in brackets
indicate amount of proteins predicted to localize within respective subcellular compartment. Localization data obtained from
the subcellular localization database for Arabidopsis proteins (http://suba3.plantenergy.uwa.edu.au/).
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ABSTRACT

Initially recognized solely as a wasteful process leading to losses in photosynthetic carbon fixation,
photorespiration is now recognized to play a role in multiple plant metabolic pathways. However,
the knowledge about the signaling events linking photorespiratory metabolism with transcriptional
responses is fragmentary. Our previous results indicated that photorespiratory hydrogen peroxide
serves as a signaling molecule that controls nuclear gene expression. To explore the possibilities
for tuning of photorespiratory metabolism, we conducted a forward genetics screen and identified
13 second-site mutations that alleviate the negative effects of photorespiration in Arabidopsis thaliana
mutants lacking peroxisomal CATALASE 2 (cat2). Among the polymorphisms that could rescue
the photorespiratory phenotype of cat2 were mutations in SHORT-ROOT (SHR), encoding for
a transcription factor that is involved in controlling the developmental processes, and GLYCOLATE
OXIDASE1 (GOX1), encoding acore photorespiratory enzyme that catalyzes the oxidation
of glycolate to glyoxylate. Both rescue phenotypes were confirmed in genetic crosses of cat2 plants
with independent loss-of-function lines of SHR and GOX1. The analysis of mutants lacking different
glycolate oxidase isoforms established a central role for GOX1 in the photorespiratory metabolism.
A detailed functional characterization of shr mutants by transcriptome and metabolome profiling

indicated an effect of early developmental processes on oxidative stress tolerance.
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INTRODUCTION

In C3 plants the biochemical process of carbon fixation starts with the carboxylation
of ribulose-1,5-biphosphate (RuBP) by ribulose-1,5-biphosphate carboxylase/oxygenase (RuBisCO).
This reaction vyields two molecules of 3-phosphoglycerate (3-PGA), the entry metabolite
of the Calvin-Benson cycle. However, in ambient air, approximately 25% of the catalytic RuBisCO
activity corresponds to oxygenation rather than carboxylation of RuBP and results in the formation
of equimolar amounts of 3-PGA and 2-phosphoglycolate (2-PG; Peterhansel and Maurino, 2011).
The balance between these two reactions depends on the CO,/O, ratio in the chloroplast and
the CO,/O, specificity factor (the relative rates of the two reactions at any given CO, and O,
concentrations) of RubisCO (Maurino and Peterhansel, 2010). Due to the high toxicity of 2-PG
(Anderson, 1971), the level of this metabolite has to be tightly regulated by the process
of photorespiration which central function is to recycle the 2-PG into 3-PGA that can be utilized
in the Calvin-Benson cycle (Figure 1). In higher plants, this complex pathway of reactions involves
at least eight core enzymes distributed among the chloroplast, the peroxisome and the mitochondrion
(Bauwe et al., 2012) and is complemented by a cytosolic bypass (Timm et al., 2008). Over the last
30 years, abroad collection of photorespiratory mutants has been isolated. The majority of them
corresponds to core photorespiratory enzymes, metabolite transporters or regulators of associated
processes and are characterized by lethal/sub-lethal phenotypes exhibited under ambient air that can be
readily reverted by growth in high CO, atmosphere (Timm and Bauwe, 2012). Detailed investigation
of photorespiratory mutants revealed a tight interplay between photorespiration and plant metabolism.
Glycolate, the direct metabolite of 2-PG was shown to negatively influence RubisCO activity
(Gonzalez-Moro et al., 1997). Photorespiratory flux serves as the main source of glycine that is used
in glutathione (GSH) (Noctor et al., 1999) and serine (Somerville and Ogren, 1981) synthesis.
Hydrogen peroxide (H,O;) produced during oxidation of glycolate to glyoxylate catalyzed
by glycolate oxidase (GOX) had been shown to participate in hypersensitive response in plant
pathogen interactions (Rojas et al., 2012). Importantly, hydrogen peroxide serves as a potent signaling
molecule (Levine et al., 1994) that interacts with multiple hormonal pathways (Petrov and Van
Breusegem, 2012). Over the last decade, mutant plants defective in peroxisomal CATALASE 2,
amajor scavenger of photorespiratory H,O,, were instrumental in deciphering the transcriptional
responses towards hydrogen peroxide accumulation (Vandenabeele et al., 2004; Vanderauwera et al.,
2005; Queval et al., 2007; Queval et al., 2012). Increased H,O, levels observed in cat2 mutants have
a direct impact on the cellular redox balance as demonstrated by enhanced glutathione synthesis and
low GSH/GSSG ratio (Queval et al., 2007). Under ambient air, CATALASE2-deficient plants exhibit
stunted growth accompanied with the formation of cell death lesions (Queval et al., 2007). Next to the
CO, concentration, the occurrence of these phenotypes is governed by light intensity and photoperiod
(Queval et al., 2007; Queval et al., 2012), and depends on SA accumulation (Chaouch et al., 2010).
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Figure 1. Schematic and simplified representation of photorespiratory metabolism, adapted from Bauwe et al., (2012).

RuBisCo, ribulose-1,5-biphosphate carboxylase/oxygenase; PGLP, 2-phosphoglycolate phosphatase; GOX, glycolate
oxidase; GR, glyoxylate reductase; CAT, catalase; GGT, glutamate-glyoxylate aminotransferase; GDC, glycine
decarboxylase; SHMT, serine hydroxymethyltransferase; SGT serine-glyoxylate aminotransferase; HPR, hydroxypyruvate
reductase; GLYK, glycerate kinase; GS, glutamine synthase; GOGAT, glutamine:2-oxoglutarate amidotransferase; RuBP,
ribulose 1,5-biphosphate; 2-PG, 2-phosphoglycolate; 20G, 2-oxoglutarate; 3-PGA, 3-phosphoglycerate; G3P,
glyceraldehyde 3-phosphate.

Due to the losses in carbon fixation associated with photorespiratory metabolism this pathway has
attracted multiple efforts aiming at reducing its rate. Next to yet unsuccessful efforts towards

modification of RuBisCO oxygenase activity (Parry et al., 2013), three independent strategies
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targeting downstream photorespiratory reactions were described (Kebeish et al., 2007; Carvalho et al.,
2011; Maier et al., 2012). The first approach (Kebeish et al., 2007) is based on heterologous
overexpression of E. coli enzymes constituting the glycolate catabolic pathway. In this strategy,
glycolate is converted to glycerate directly in the chloroplast, which significantly reduces
the photorespiratory flux through peroxisomes and mitochondria. Plants that utilize this
photorespiratory bypass exhibited improved biomass production and increased sugar content (Kebeish
et al., 2007). The next attempt (Carvalho et al., 2011) aimed at reducing the release of ammonia that
is produced during conversion of glycine into serine at the mitochondrial stage of the photorespiration.
In this peroxisomal bypass glycolate is decarboxylated to tartronic semialdehyde that is directed back
into photorespiration by the hydroxypyruvate isomerase. However, despite reducing the necessity
of ammonia recycling the application of this approach did not lead to increased biomass accumulation
(Carvalho et al.,, 2011). Similarly to the first approach, the third strategy (Maier et al., 2012)
introduced a complete glycolate catabolic cycle in chloroplasts. The pathway comprised of glycolate
oxidase, malate synthase and catalase, and was designed to metabolise glycolate into malate that
is catalyzed by endogenous enzymes into pyruvate with the release of CO, (Maier et al., 2012).
This approach remains controversial since no 3-PGA is recycled and therefore the reaction depletes
the Calvin cycle from intermediates (Peterhansel et al., 2013). Nevertheless, a growth improvement

was reported for transgenics generated in this study (Maier et al., 2012).

Next to the efforts towards avoiding negative consequences of photorespiratory metabolism, numerous
studies performed in the past aimed at identifying mutants with elevated tolerance to oxidative stress
triggered by other forms of ROS that are often associated with formation of hydrogen peroxide.
Methyl viologen (MV), a herbicide that triggers formation of superoxide anions O)"
at the photosystem | (PSI), was often used as a selection factor for these mutant screening purposes
(Chen et al., 2009; Fujita et al., 2012; Xi et al., 2012; Li et al., 2013). However, the majority
of mutants identified so far corresponds to proteins that are responsible for the uptake of MV such
as PLEIOTROPIC DRUG RESISTANCE 11 (Xi et al.,, 2012) and RESISTANT TO METHYL
VIOLOGEN 1 (Fujita et al., 2012) or transport of this compound from cytoplasm to chloroplast (Li et
al., 2013) and therefore present avoidance mechanisms rather than genuine oxidative stress tolerance.
This is in contrast to the mutation in the highly conserved S-nitrosoglutathione reductase GSNOR1
that acts downstream of superoxide to regulate cell death (Chen et al., 2009). Additionally, it has been
demonstrated that the resistance to MV is positively correlated to a late flowering phenotype such
as the one observed in gi-3 (gigantea) mutants (Kurepa et al., 1998) Another treatment used to identify
mutants that have altered oxidative stress tolerance was exposure to elevated ozone (Os)
concentrations (Overmyer et al., 2000; Saji et al., 2008; Vahisalu et al., 2008). These efforts lead to the
characterization of two genes that upon mutation decrease resistance to oxidative stress namely
RADICAL INDUCED CELL DEATH1 (RCD1; Overmyer et al., 2000) and SLOW ANION CHANNEL-
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ASSOCIATED1 (SLACL1); the latter being impaired in Oz induced stomatal closure which explains
its decreased performance under ozone enriched atmosphere (Saji et al., 2008; Vahisalu et al., 2008).
On the other hand, the RCD1 was shown to be involved in control of programmed cell death events
(Overmyer et al., 2005). Apart from the effort of Gechev et al., (2013), who described forward genetic
screen for mutants with elevated tolerance towards 3-aminotriazole, a potent catalase inhibitor, so far
and to the best of our knowledge, there are no reports describing genetic screens to identify mutants

with enhanced resistance towards photorespiratory hydrogen peroxide.

When challenged with photorespiratory conditions, CATALASE2-deficient plants exhibit a decline
in photosynthetic efficiency and cell death (Queval et al., 2007; Fig. 2). To identify modulators
of photorespiratory H,O,-induced cell death, we used an EMS-mutagenesis approach to identify
mutations that revert this phenotype. We designed a novel high-throughput photorespiratory stress
assay and screened approximately 113,000 M2 cat2-2 seeds for mutations that alleviate the negative
effects of enhanced photorespiratory fluxes. We identified 13 mutant lines that demonstrated increased
viability under conditions promoting photorespiration. Two of these mutations are mapped in this
study and found to reside in genes encoding SHORT-ROOT (SHR) transcription factor and
GLYCOLATE OXIDASE 1 (GOX1). We demonstrate that SHR-deficiency induces metabolite
rearrangements that via the induction of heterotrophic growth promote survival during
photorespiratory stress. Additionally, we highlight GOX1 as the major GOX isoform in the shoot and

discuss its potential for engineering oxidative stress tolerance.

RESULTS

ISOLATION OF MUTANTS THAT SUPPRESS PHOTORESPIRATORY H,0,-INDUCED
CELL DEATH CONDITIONED BY CAT2 DEFICIENCY

A high throughput in vitro photorespiratory stress assay

A prerequisite for a successful forward genetics screen is a robust assay to screen large populations
of mutant plants for a particular phenotype. Here we developed a high throughput in vitro
photorespiratory stress bioassay that promotes the production of photorespiratory hydrogen peroxide
(Vanderauwera et al., 2012; Kerchev et al., 2014). Wild-type and cat2-2 mutant plants (Queval et al.,
2007) were grown in vitro under long day conditions (16h light/ 8 h dark) at 100 pmol-m2-s™* light
intensity, 21°C, on 1 x MS medium supplemented with 1% sucrose. After 3 weeks, the gas exchange
in the Petri dishes was blocked by replacement of the surgical tape that sealed the dishes with multiple
layers of parafilm (Parafilm M®, Bemis) and subsequently plants were transferred to continuous light
and hence the name of the assay, Restricted Gas Continuous Light (RGCL). This treatment resulted in
a rapid decrease of CO; levels inside the plates demonstrated by direct measurement with Drager CO,

diffusion tubes (Kerchev et al., 2014). Low CO, availability promotes oxygenase activity of RuBisCO,
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and consequently enhances production of photorespiratory H,O, which cannot be scavenged
efficiently in cat2-2 mutant plants. Increased H,O, levels were evidenced by DAB staining (Fig 2E)

and the induction of H,O; responsive genes (described later in the text).
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Figure 2. Induction of photorespiratory stress in RGCL assay. Three-week old Col-0 and cat2-2 plants grown in vitro under
control conditions were subjected to photorespiratory stress by mechanical restriction of gas exchange and transfer
to continuous light. A) PSII maximum efficiency (Fv'/Fm®) after 24 hours of treatment. B) Changes of Fv/Fm' during RGCL
assay, bars represent means of three biological replicates = SE. C) Cell death progression visualized by trypan blue staining
3 days after the onset of photorespiratory stress. Staining visible in the apex of Col-0 plant corresponds to vasculature
D) Phenotype of Col-0 and cat2-2 plants after 7 days of RGCL treatment. E) Accumulation of H,O, visualised
by 3,3'-Diaminobenzidine staining after 3 days of treatment.

Maximum efficiency of the photosystem Il (PSII) photochemistry (Fv’/Fm’) was used as an indicator
for plant stress (Baker, 2008). After 24 hours of stress treatment the Fv’/Fm’ parameter decreased
by approximately 50 % in case of cat2-2 mutant and 15 % in Col-0 wild type plants (Fig. 2 A, B).
The progressive decrease in efficiency of PSII photochemistry was followed by the appearance of cell
death lesions in CATALASE2-deficient plants after 3 days of treatment as evidenced by trypan blue
staining that detects dead plant cells (Fig. 2C). After 7 days, all catalase-deficient plants were dead
in contrast to Col-0 wild-type plants, which did not exhibit any visible lesions (Fig. 2D).
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Identification of second-site mutations that revert the cell death phenotype of CAT2-deficient

plants under oxidative stress conditions

To identify second site mutations capable of reverting the cat2-2 cell death phenotype within the
RGCL bioassay, approximately 12,000 cat2-2 seeds were subjected to EMS-induced mutagenesis and
a total number of 113,000 M2 seedlings were screened with the RGCL assay for improved survival.
The selection of mutants was based on their attenuated cell death phenotype and decreased drop
of Fv’/Fm’. In a first round, 216 (~0.2%) revertants were rescued from the screen. M3 seeds of 142
plants were retested in the RGCL assay and confirmed the cell death reversion phenotype for 47
mutants (33%). All lines tested showed similar catalase activity levels (approx. 5-7 % of wild-type
plants; data not shown) to the original cat2-2 knockout plants. A total of 13 mutants with most
prominent phenotypes were retained for further characterization. Here, two mutants (238.3 and 378.3)
were characterized in more detail. Figure 3 shows the oxidative stress related phenotypes of these
mutants. Upon RGCL treatment line 238.3 retained higher maximum efficiency of PSlI
photochemistry and exhibited a one-day delay in formation of lesions when compared to cat2-2
knockout line. After 7 days of RGCL treatment, a 50% survival rate (47 survivors /93 plants) was
observed for line 238.3 and 84% (86 survivors / 102 plants) for line 378.3 while cat2-2 control plants
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Figure 3. Oxidative stress related phenotypes of 378.3 and 238.3 mutant lines. Three-week old plants grown in vitro under
control conditions were subjected to photorespiratory stress by mechanical restriction of gas exchange and transfer
to continuous light. A) PSII maximum efficiency (Fv'/Fm®) after 24 hours of treatment. B) Changes of Fv/Fm' during RGCL
assay, bars represent means of three biological replicates + SE. C) Representative images of Col-0, cat2-2, 378.3 and 238.3
line before (upper row) and after 7 days (bottom row) of RGCL treatment. D) Short root phenotype of line 378.3, plants were
grown vertically for two weeks on 1 x MS medium supplemented with 1% sucrose under long day conditions

at 100 pmol-m 2.5,
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exhibited 100% mortality. In 378.3, lesion formation was delayed by three days and the decrease
in Fv’/Fm’ was significantly lower compared to CAT2-deficient plants (Fig 3A, B, C). In order
to understand the genetic basis of the observed phenotypes we sought to reveal the causative mutations

in both mutant lines.

Isolation and characterization of CATALASE 2 mutant in Ler-0 ecotype

Map-based identification of causative mutations requires an introduction of high-density genetic
markers that can be achieved by outcrossing the mutant line with a highly divergent ecotype. The most
commonly used combination for such positional mapping purposes is Landsberg erecta x Columbia-0
(Lukowitz et al., 2000). It was proven useful for simultaneous mapping and mutation identification
with a SHOREmap strategy based on analysis of deep sequencing data from a large pool of F2
recombinants (Schneeberger et al., 2009). To avoid the necessity for pre-screening large numbers
of F2 individuals for CAT2 deficiency (as only 25% of obtained F2 individuals would be homozygous
for the mutated CAT2 allele when outcrossing to wild-type Ler-0), we first isolated a CAT2 knockout

line in Ler-0 ecotype to be used as maternal line in the development of mapping populations.
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Figure 4. Characterisation of CAT2-deficient Ler-0 mutant (cat2-20). Plants were grown in vitro for two weeks on 1 x MS
medium supplemented with 1% sucrose under long day conditions at 100 ymol-m2-s™*. A) Relative CAT2 transcript levels
were analyzed by gRT-PCR. Bars represent means from 3 biological replicates + SE. Asterisks indicate significant
differences to respective control lines (One-way ANOVA followed by Tukey’s multiple comparison test, p-value < 0.05).
B) Immunoblot detection of CATALASE 2 with a-CAT2 antibody. C) Measurement of extractable catalase activity. Bars
represent percentage of activity related to wild type (Col-0) averaged from 3 biological replicates + SE. Asterisks indicate
significant differences to respective control lines (One-way ANOVA followed by Tukey’s multiple comparison test).
D) Phenotype of cat2-2 and cat2-20, and respective control lines after 7 days of RGCL treatment. Three-week old plants
grown in vitro under control conditions were subjected to photorespiratory stress by mechanical restriction of gas exchange
and transfer to continuous light.

82



Forward genetic screen

The enhancer trap line ET8347 carrying a transposable DSE T-DNA insertion in the genomic region
corresponding to CATALASE2 was identified in the TRAPPER collection (http://genetrap.cshl.edu;
Sundaresan et al., 1995). The presence and exact location of the DsE element were verified by PCR
with genomic DNA and sequencing of PCR products. The genomic sequence was disrupted
4 bp upstream of the CATALASE 2 start codon (data not shown). The absence of CAT2 transcript
and protein was confirmed by Q-PCR and Western blot analysis (Fig. 4A, B) with a-CAT2 antiserum
developed herein (for details, see Materials and Methods). In a spectrophotometric catalase activity
assay line ET8347 was shown to exhibit 7% residual activity when compared to Ler-0 WT plants
(Fig. 4 C). Finally, the phenotypic response towards RGCL conditions closely resembled that
of cat2-2 plants (Fig 4 D). We concluded that CATALASE 2 is equally important for maintenance
of cellular redox balance in Col-0 and Ler-0 accessions and therefore a novel CAT2 knockout line

(hereafter named cat2-20) could be used in our mapping strategy.
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SECTION I - CHARACTERISATION OF MUTANT 378.3

RESULTS

Identification of the causative mutation 378.3

For the identification of the causative mutation in mutant 378.3, we combined deep sequencing-based
discovery of EMS-induced polymorphisms with a positional mapping approach. First, we prepared
anuclear DNA sample from a pool of approximately 200 M3 individuals to construct an Illumina
library, which was sequenced to an average 83-fold genome coverage. In total 548 EMS specific
polymorphisms (G — A, C — T) were identified of which 210 were located within coding sequences.
Within these 210 mutations 159 resulted in nonsynonymous changes causing an amino acid change
(149) or leading to the introduction of a premature stop codon (10).

In a complementary approach, we analyzed an F2 mapping population derived from a cross between
line cat2-20 and 378.3 mutant. A total of 1235 F2 individuals were subjected to the RGCL assay and
about 25% of plants (289) exhibited reversion of cell death phenotype which fitted the Mendelian 1:3
ratio (x> = 2.698, p > 0.05) indicating that the trait was determined by a single recessive mutation.
Interestingly, the improved survival perfectly co-segregated with a short-root phenotype, decreased
rosette area and increased anthocyanin content (Fig. 3C, D). We then examined the inventory of 378.3
EMS-induced mutations in order to identify candidate mutations for the observed phenotypes.
As a result, a mutation introducing a premature STOP codon in a coding sequence of SHORT-ROOT
transcription factor (W417X; Fig. S1) was identified as a potential causative factor. SHORT-ROOT
(SHR) belongs to a GRAS family of transcription factors and is involved in control of root radial
patterning, root growth and leaf development. Null shr mutants exhibit terminate root growth resulting
from disorganisation of quiescent centre (QC) and consequent loss of stem cell activity (Benfey et al.,
1993; Helariutta et al., 2000). Besides strong reduction in primary root growth, shr mutants display
a severely dwarfed shoot phenotype with a 6.1 fold reduction of rosette size independent from root
development (Dhondt et al., 2010). We therefore considered a mutation in SHR gene being either
the 378.3 causative mutation or tightly linked with the causative factor. To verify our hypothesis,
we genotyped 177 F2 individuals that exhibited the revertant phenotype with a CAPS marker detecting
the mutation in the SHR gene. In addition, we assessed the prevalence of the nonsynonymous
mutation (A311V) in UDP-GLUCOSYL TRANSFERASE 73B1 (UGT73B1), an early salicylic
acid-responsive gene (Uquillas et al., 2004), that is localized in the proximity (1.34 Mbp) of SHR.
All plants tested were positive for SHR mutation while the SNP in UGT73B1 co-segregated with
the observed phenotypes incompletely (94% of F2 plants). Next we sought to examine whether
the introduction of the shr-6 null allele (Dhondt et al., 2010) into cat2-2 background would mimic

the oxidative stress related phenotype of 378.3 mutant. In agreement with our genetic analysis
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Figure 5. SHORT-ROOT deficiency influences oxidative stress tolerance. Three-week old plants grown under long day

conditions at 100 pmol-m 2.5

on 1 x MS medium supplemented with 1% sucrose were subjected to photorespiratory stress
by mechanical restriction of gas exchange and transfer to continuous light. A) Introduction of shr-6 mutation into cat2-2
background reverts oxidative stress related phenotypes in RGCL conditions, PSII maximum efficiency after 2 days
of treatment. B) Representative image of Col-0, cat2-2, shr-6 and shr-6/cat2-2 line after 7 days of RGCL treatment.
C) shr mutants outperform wild type plants in RGCL conditions, PSII maximum efficiency after 7 days of treatment.

D) Changes of Fv'/Fm' during RGCL assay, bars represent means of three biological replicates + SE.

cat2-2/shr-6 double knockout line exhibited reversion of cell death when subjected to RGCL assay
(Fig. 5 A, B). Strikingly, independent shr mutant lines shr-6 and shr-2 perform significantly better
in photorespiratory promoting conditions when compared to respective wild type plants (Fig. 5 C, D).
However, after the onset of the treatment both shr mutants and shr-6/cat2-2 plants exhibited
progressive yellowing of the leaves, most probably due to the loss of chlorophyll (Fig. 5B).We
concluded that a missense mutation in SHR coding sequence is responsible for the reversion of cell
death phenotype in mutant 378.3. Interestingly, when tested in a WT background independent
shr mutant lines shr-6 and shr-2 exhibited increased resistance to photorespiratory stress when
compared to respective control plants (Fig. 5 C, D). Interestingly, after the onset of the treatment both
shr mutants as well as shr-6/cat2-2 plants displayed progressive yellowing of the leaves, most
probably due to the loss of chlorophyll (Fig. 5 B). All together, our genetic and physiological studies
provide evidence for the modulation of oxidative stress response by the SHORT-ROOT transcription

factor.
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SHORT-ROOT modulates oxidative stress tolerance independently of root size

SHORT-ROOT is a key player in the determination of radial patterning and indeterminacy of primary
root growth (Benfey et al., 1993; Helariutta et al., 2000). We therefore set out to elucidate whether
the oxidative stress related phenotype of shr plants could be explained by compromised root growth.
We compared the oxidative stress tolerance of cat2-2 and Col-0 WT plants in which the root length
was reduced to the same extent as in shr-6 mutant line. For this, roots of vertically grown plants were
cut to the length of ~ 2 cm every 3 DAS, during the 12-days growth period. Subsequently, plants were
subjected to the RGCL assay. Truncating of roots did not enhance the oxidative stress tolerance
of cat2-2 and Col-0 plants as evidenced by a decrease in Fv’/Fm’ comparable to that of intact plants
(Fig. S2). Therefore, it is unlikely that the observed phenotypes might be related to a reduced root size.
It had been demonstrated that decreased levels of SHR protein observed in hybrid poplar P. tremula
x P. tremuloides (RNAi knockdown, 20 - 80 % res. transcript level) and A. thaliana (heterozygous
for shr-2 allele), positively influence growth and fresh weight (Wang et al., 2011; Koizumi et al.,
2012). Therefore, we investigated whether there is a link between oxidative stress tolerance and
growth promoting effects of moderate SHR levels. For this, we have examined the oxidative stress
performance of F1 seedlings from crosses Col-0 x shr-6 and cat2-2 x cat2-2/shr-6. Both F1
populations developed at an accelerated rate as demonstrated by a 23 % and 27 % increase in projected
rosette area for plants heterozygous for shr-6 mutation in Col-0 and cat2-2 background respectively
(Fig. S3A). However, the oxidative stress performance of F1 plants closely resembles that of parental
lines (Fig. S3B). In the light of these observations we concluded that dose-dependent
growth-promoting effects of SHR do not enhance oxidative stress tolerance. Together, our
physiological and genetic experiments provide evidence that the oxidative stress tolerance of shr

plants is due to the complete, rather than partial, loss of the SHR function in the shoot.
SHORT-ROOT deficiency leads to sugar-dependent oxidative stress tolerance

To evaluate the impact of SHORT-ROOT deficiency on oxidative stress performance in more
physiologically relevant conditions we tested whether the reversion of cell death phenotype conferred
by lack of SHR function also occurs in soil grown plants. For this, 378.3 BC4 and cat2-2/shr-6 plants
were grown together with respective control plants for 21 days under a long day (16 h light/8 h dark)
photoperiod at elevated CO, concentration (3000 ppm). These conditions were shown to limit
photorespiration and consequently hamper the induction of cell death lesions and H,O, responsive
transcripts in cat2-2 mutant (Queval et al., 2007). Next, plants were transferred to ambient air
(300-400 ppm CO,) and exposed to continuous excess light irradiation (1100-1200 pmol-m2-s?)
for 24 hours. This resulted in a dramatic reduction of maximum efficiency of PSII and the formation
of cell death lesions in the cat2-2 line, with both symptoms generally limited to mature tissues.

The progression of cell death was most pronounced at the tips of mature rosette leaves, while
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the young emerging leaves were protected. Similarly, the highest decrease in Fv’/Fm’ parameter was
observed for old leaves (Fig. 6). Strikingly, the lack of SHR function did not revert these phenotypes
as both cat2-2/shr-6 and 378.3 BC4 mutant lines displayed cell death symptoms similar to those
of cat2-2 (Fig 6). These results are in contrast to those observed in RGCL assay, and hence indicate
that SHR deficiency does not lead to enhanced oxidative stress tolerance in soil conditions.

The application of exogenous sugars had been shown to induce tolerance towards atrazine-induced
oxidative stress injury, and similarly, the pre-stress carbohydrate status is linked to oxidative stress
tolerance (Ramel et al., 2009a; Ramel et al., 2009b). Therefore, we set out to investigate whether lack
of SHR enhances oxidative stress tolerance in RGCL conditions when grown on a sugar-free medium.
Interestingly, the shr-6 mutant line exhibited abnormal development when grown on medium with
no sucrose. Plants were chlorotic with necrotic lesions and the growth rate was significantly reduced
when compared to the growth on sucrose supplemented medium. Additionally, a fraction of seedlings
exhibited growth arrest at the early post-embryonic growth stage (Fig. S4). Inorder to avoid
the influence of pre-stress conditions, plants were first grown on nylon mesh membranes placed over
medium supplemented with 1% sucrose and transferred to a sugar-free medium three days before
the RGCL treatment. In these conditions the cat2-2/shr-6 double mutant exhibited decreased oxidative
stress tolerance compared to cat2-2 line. Furthermore the shr-6 mutant line displayed a significant
drop in Fv’/Fm’ parameter followed by appearance of cell death lesions similar to that of cat2-2
mutant after five days of RGCL assay (Fig. 7 A - D). Our results indicate that exogenous sugar
supplementation is a pivotal factor that determines the tolerance of shr-6/cat2-2 double mutants
towards photorespiratory stress. The lack of SHORT-ROOT negatively influences oxidative stress
tolerance under autotrophic growth conditions, which clearly indicates a novel function for this

transcription factor.

Lack of SCARECROW does not lead to sugar-dependent oxidative stress tolerance

To better understand the mechanism of SHR-sucrose interaction we sought to investigate the oxidative
stress tolerance mediated by downstream targets of SHR. The SCARECROW (SCR) transcription
factor acts directly downstream of SHR as SHR binds to the SCR promoter positively regulating
its expression (Levesque et al., 2006; Cui et al., 2007). Furthermore, the scr mutants exhibit a similar
phenotype to that of shr plants as demonstrated by reduced root length and rosette size (Di Laurenzio
et al., 1996; Dhondt et al., 2010). SCR expression is reduced in shr background both in root and shoot
tissues (Helariutta et al., 2000; Dhondt et al., 2010) and a great majority of transcripts differentially
expressed in shr are also affected in scr (Dhondt et al., 2010). We therefore tested the oxidative stress
performance of scr-3/cat2-2 double mutants. Surprisingly, the introduction of scr-3 mutation into
cat2-2 background not only did not revert the cell death phenotype, but further decreased the oxidative
stress tolerance of cat2-2 line in RGCL conditions (Fig 8A, C). The reversion was also not observed in
soil after high light treatment (Fig. S5).

87



Chapter 3

Fv'/Fm' high se—
Figure 6. SHORT-ROOT deficiency does not lead to enhanced oxidative stress tolerance in soil conditions. Plants were
grown for three weeks under long day photoperiod (120-130 pmol-m2.s™!) at elevated CO, concentration (3000 ppm)
and subsequently exposed to 24 hours of continuous excess light irradiation (1100-1200 pmol-m2-s™) in ambient air.

Representative images demonstrate formation of cell death lesions and reduction of PSII maximum efficiency.
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Figure 7. Exogenous sucrose supplementation determines tolerance of shr mutants towards oxidative stress. Plants were
grown under long day conditions at 100 pmol-m 2-s"1 on nylon mesh membranes placed over medium supplemented with
1% sucrose and transferred to 1% sucrose (A, C) or 0% sucrose (B, D) medium three days before the RGCL treatment.
A, B) Images illustrating cell death lesions after 7 days of RGCL treatment. C, D) Changes of Fv/Fm' during RGCL assay,
bars represent means of three biological replicates + SE.

Additionally, mutant lines scr-3 and scr-1 exhibited significantly reduced oxidative stress tolerance
in RGCL assay when compared to respective control lines Col-0 and Ws-0 respectively (Fig. 8B, D).
These data indicate that SHR acts independently from SCR in modulating sugar-related oxidative
stress tolerance.

Transcript profiling reveals distinct responses of SHR-deficient plants to oxidative stress

Next, we set out to investigate the molecular basis of the observed phenotypes. Affymetrix ATH1
microarrays were used to perform a genome-wide transcriptome analysis on shoot tissue of cat2-2
and shr-6/cat2-2 plants that were grown in vitro for three weeks and subsequently subjected
to the RGCL assay for 24 hours. Principal component analysis demonstrated high consistency between
biological replicates (Fig. 9A). Using a false discovery rate of 0.05 and a 2-fold expression level
cut-off we identified 438 and 1328 genotype- and treatment-responsive genes (Table S1). 63 genes

responded to RGCL treatment in a genotype specific manner (Table S2).
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Figure 8. Lack of SCARECROW negatively influences oxidative stress tolerance. Three-week old plants grown under long

scr-1

day conditions at 100 pmol-m 2.5 on 1 x MS medium supplemented with 1% sucrose were subjected to photorespiratory
stress by mechanical restriction of gas exchange and transfer to continuous light. A, B) Comparison of changes in PSII
maximum efficiency during RGCL assay for (A) Col-0, scr-3, cat2-2, scr-3/cat2-2 (B) scr-3, scr-1 and respective control
lines. Bars represent means of three biological replicates + SE. C, D) Images illustrating cell death lesions after (C) 7 days
and (D) 13 days of RGCL treatment.

Comparison of genes affected by SHR deficiency in a genotype specific manner with gene expression
pattern identified in similar study performed on shr-6 shoot tissue in wild-type genetic background
(Dhondt et al., 2010) exhibited an overlap between the two signatures (33% of up-regulated and 27%
of down-regulated genes; Fig. 9B). To identify mutations or treatments that most closely resemble the
transcriptomic response to SHR deficiency, a comparative data analysis was performed between
highly significant transcripts (p-value < 0.001; log2 ratio >1.5, 106 transcripts up- and
34 down-regulated) and all publicly available Affymetrix microarray data sets using the Signature tool
in Genevestigator (Hruz et al.,, 2008). Top 10 most similar microarray experiments are listed
in Table S3. The highest similarity was revealed between SHR-deficiency and microarray experiment
investigating transcriptome of Arabidopsis cytokinin receptor HISTIDINE KINASE 2, 3, 4 triple
mutant ahk2/ahk3/ahk4 (ArrayExpress accession no. E-MEXP-1262) as well as SET DOMAIN
GROUP 2 (sdg2-1) mutant (Gene Expression Omnibus accession no. GSE23208; Guo et al., 2010).
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Figure 9. Lack of SHORT-ROOT affects transcriptomic response to oxidative stress conditions. A) Principal component
analysis of transcriptomic profiles of cat2-2 and shr-6/cat2-2 lines before and after oxidative stress treatment. B) Comparison
of shr responsive genes identified herein with previous data (Dhondt et al., 2010). C) Hierarchical clustering of 63 genes
that responded to RGCL treatment in a genotype-specific manner with a distance threshold set to 3.7. See Table S2 for gene

annotation.

Strikingly, five mutants transcriptionally resembling SHR-deficiency were shown to exhibit
developmental abnormalities leading to a dwarf phenotype and altered root morphologies:
ahk2/ahk3/ahk4 (Nishimura et al., 2004), sdg2 (Guo et al., 2010), OBERON1/2 double mutant
obel/obe2 (Saiga et al., 2008; Thomas et al., 2009), Arabidopsis RESPONSE REGULATOR 20
(ARR20) overexpression line (Kiba et al., 2004) and double mutant of plastidial
GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (gapcpl/gapcp2) (Mufioz-Bertomeu et
al., 2009). Next to these perturbations a significant similarity was found for studies dealing with
Pi starvation (Misson et al., 2005), cold treatment of INDUCER OF CBF EXPRESSION 1 (icel)
mutant (Lee et al., 2005) as well as transcriptomic profiling of IMMUTANS (im) green sectors (Aluru
et al.,, 2009). Together, our comparative study suggests that transcriptomic patterns evoked
by the introduction of shr-6 mutation into cat2-2 background are similar to mutations leading

to abnormal development and bears signatures of impaired cytokinin signaling. Next, we sought
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to identify physiological or genetic conditions that most closely resemble the transcriptomic signature
provoked by the RGCL assay. Due to the limitations of Gevestigator Signature tool (max. input = 400
genes) a stringent gene selection was applied (p-value < 0.001; log2 ratio > 2; 144 transcripts up- and
63 down-regulated) and resulting subset was subjected to comparative data analysis as described
before. The highest similarity was revealed between RGCL and nine microarray experiments dealing
with late (53 — 93 hours) responses to nicotinamide supplementation in the context of disturbed
circadian clock regulation (GEO acc. no. GSE19271; Dalchau et al., 2010). The genetic perturbation
that most closely resembled the RGCL signature was a mutation in SPEECHLESS (spch) a bHLH
transcription factor necessary for stomata differentiation. The RGCL transcriptomic pattern was also
significantly similar to responses evoked by treatment with clothianidin and imidacloprid
two neonicotinoid insecticides that induce salicylate-associated plant defense responses (GEO acc. no.
GSE20188; Ford et al., 2010). Surprisingly, among the significantly similar gene expression patterns
we did not identify “classical” experiments dealing with oxidative stress (Gadjev et al., 2006) which
might suggest that a large fraction of differentially regulated genes responds to a change
in the photoperiod conditions (long day — continuous light).

In a next step, we focused on transcripts that respond to RGCL treatment in a genotype specific
manner. Hierarchical clustering of 63 differentially responsive genes (Table S2) revealed distinct
responses that are clustered into 10 groups based on their expression profiles (Fig. 9C). The largest
cluster (no. 6) containing almost one-third of identified genes (20) comprises of genes up-regulated
in response to RGCL treatment in cat2-2 line, but not induced in shr-6/cat2-2 double knockout.
The biggest gene ontology (GO) group within this cluster was “response to heat” (p = 7.3e®)
represented by 5 heat shock proteins. Interestingly, another significant GO group was “transcription”
(p = 3.6e™) represented by JASMONATE-ZIM-DOMAIN (JAZ) 5 & 7 and DEHYDRATION
RESPONSE ELEMENT-BINDING PROTEIN 19 (DREB19). The opposite direction of transcriptional
regulation was observed for cluster 8 comprising of SUCROSE-PROTON SYMPORTER 7
and AT1G70080 encoding for terpenoid cyclase class superfamily protein. Similarly to cluster no. 6,
genes grouped in cluster 5 (15 genes) were highly up-regulated in cat2-2 line by RGCL treatment with
a moderate response in shr-6/cat2-2 line. Interestingly, this cluster is also significantly enriched
in genes related to jasmonate signaling with “response to jasmonic acid stimulus” group (p = 7.1e%)
represented by ETHYLENE RESPONSE FACTOR 2 & 59 and JASMONATE INSENSITIVE 1 (JIN1,
MYC2). Together, our transcriptomic study indicates that a large fraction of transcriptomic response
present in cat2-2 line (of which a significant part is involved in JA signaling) is abolished

or diminished by introduction of shr-6 mutation (discussed later in the text).
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Lack of SHR results in hyperaccumulation of glycolate and phosphate deficiency

We performed a metabolite analysis on Col-0 and cat2-2, shr-6, cat2-2/shr-6 mutant lines under
control and oxidative stress conditions. Plants were grown in conditions identical to those applied
in the transcriptomic study. For each genotype, shoot tissue was harvested before, and after 24 h
of oxidative stress treatment. Analysis of polar metabolites was performed with gas chromatography-
mass spectrometry (GC-MS). Interestingly, we found that the levels of photorespiratory metabolites
such as glycolate, glycine and serine were significantly affected by SHR depletion (Fig. 10 A-C).
Under control conditions, cat2-2/shr-6 double mutant accumulated glycolate at a level 9-fold higher
than that of Col-0. Single knockouts cat2-2 and shr-6 also exhibited elevated levels (albeit not
statistically significant). Application of RGCL treatment did not affect the glycolate level in Col-0
plants in sharp contrast to cat2-2, shr-6 and cat2-2/shr-6 lines in which glycolate levels were 3.3-, 5.5-
and 70-fold higher when compared to Col-0O line respectively. An opposite trend was observed
for glycine. Under control conditions both shr-6 and shr-6/cat2-2 mutants exhibited levels of Gly that
were ~3 times lower than that of Col-0 and cat2-2 lines. RGCL treatment led to ~7 fold increase
of Gly levels in the Col-0 line in contrast to the cat2-2 mutant that exhibited no increase. SHR
deficiency in both Col-0 and cat2-2 background had a negative impact on Gly accumulation reaching
33% and 42% of the levels in respective control lines. In contrary to glycolate and glycine, serine
levels were largely unaffected by oxidative stress treatment. However under both control and stress
conditions CAT2-deficient lines exhibited significantly higher levels of this intermediate although
markedly lower in shr-6/cat2-2 double mutant. It is noteworthy that serine biosynthesis occurs also via
non-photorespiratory routes i.e. glycerate pathway and phophorylated pathway (Ros et al., 2012) that
might possibly compensate for the loss of serine generated in photorespiratory pathway. RGCL
treatment influenced levels of branched-chain amino acids (BCAA) and phenylalanine (Fig. 10 D-G).
Under control conditions all four amino acids (Val, Leu, Ile, Phe) were slightly increased in cat2-2,
shr-6 and shr-6/cat2-2 line when compared to Col-0 line. Oxidative stress led to a significant increase
in levels of these AA in Col-0 and to a much higher extent in cat2-2 line. SHR deficiency impaired
this induction completely. The opposite situation could be observed in case of metabolites commonly
associated with responses to environmental stress such as proline (Szabados and Savouré, 2010) and
putrescine (Cuevas et al., 2008; Alet et al., 2011). Both SHR-deficient lines accumulated these
metabolites to a much higher extent than respective control lines (Fig. 10 H, 1) although their content
was generally not responsive to oxidative stress treatment. Another metabolite affected by SHR-
deficiency was myo-inositol (Fig. 10 J). Low levels of this compound in cat2-2 line were previously
correlated with cell death (Chaouch and Noctor, 2010) and mutants defective in myo-inositol
biosynthesis display spontaneous lesion formation (Donahue et al., 2010). Interestingly, the
introduction of shr-6 mutation into cat2-2 background completely reverted the myo-inositol deficiency

raising its level to ~ 125% of the wild type value. In agreement with our microarray analysis that
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Figure 10. SHORT-ROOT deficiency affects metabolite rearrangements in cat2-2 mutant plants during photorespiratory
stress (continued on next page).
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identified transcriptomic response to phosphate starvation in shr-6/cat2-2 double mutant line
the metabolic analysis demonstrated that SHR deficiency results in a severely reduced shoot phosphate
content (Fig. 10 K).Under both control and stress conditions phosphate levels in shr-6 and
shr-6/cat2-2 line were reduced by approximately 10 fold when compared to Col-0 and cat2-2 control
lines. Moreover, as indicated earlier (Cui et al., 2012), we found that lack of SHORT-ROOT
influences carbohydrate metabolism (Fig. 10 L-N). Under control conditions sucrose content was
slightly elevated in SHR-deficient lines and remained at nearly the same level after RGCL treatment
while dropping significantly in both Col-0 and cat2-2 line. On the contrary, RGCL treatment had
positive influence on fructose and glucose levels in SHR-deficient lines (Fig. 10 M-N). Under control
conditions, shr-6/cat2-2 double mutant line accumulated these sugars to a significantly higher level
than the remaining lines. Oxidative stress induced accumulation of Glu and Fru in shr-6 line and
a slight decrease in Col-0 and cat2-2 line. At present we are not able to explain these remarkably high
levels of Glu and Fru observed in shr-6/cat2-2 line under control and stress conditions. Considering
the fact that this mutant is not capable of in vitro autotrophic growth it is plausible that these sugars
originate from the growth medium. Additionally, we observed significant alterations in the levels
of TCA cycle intermediates as demonstrated by highly increased content of citrate and malate in
SHR-deficient lines (Fig. S6).

Accumulation of glutathione serves as a well-established hallmark of oxidative stress and has been
documented before for cat2-2 mutants (Queval et al., 2007). In order to estimate the influence of SHR
deficiency on cellular antioxidant potential, we complemented our metabolomic survey with
measurements of glutathione content (Queval and Noctor, 2007). As expected, the total level of this
antioxidant was markedly higher in cat2-2 line already in control conditions and exhibited positive
correlation with RGCL treatment. Surprisingly, the shr-6 line was impaired in stress-related
glutathione accumulation (Fig. 10 O). Furthermore, the introduction of shr-6 mutation into cat2-2
background significantly diminished glutathione content. Taken together, our metabolome analysis
indicates that lack of SHORT-ROQOT leads to pleiotropic effects demonstrated by changes in multiple

metabolic pathways.

Figure 10. (continued) Three-week-old Col-0, cat2-2, shr-6 and shr-6/cat2-2 mutant plants grown on 1 x MS medium
supplemented with 1% sucrose were sealed with parafilm and moved to continuous light. Rosettes were harvested before and
after 24 hours of treatment. Values represent means of 5 biological replicates + SE. Data were analyzed with two-way
ANOVA using photorespiratory stress (photorespiratory conditions vs control conditions) and genotype as main factors, and
followed by Bonferroni multiple comparisons post-hoc test (p<0.05). Black asterisks (*) show significant differences to Col-
0, red asterisks (*) mark significant differences between cat2-2 and shr-6/cat2-2 line within respective conditions. A-N) GC-
MS profiling of polar metabolites. O) Quantification of total glutathione level (GSH + GSSG) performed according to
(Queval and Noctor, 2007).
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SHORT-ROOT deficiency influences the photorespiratory pathway and CO, assimilation

We have shown that under both control and stress conditions, plants lacking SHR hyperaccumulate
glycolate. High levels of this metabolite were previously shown to inhibit the RuBisCO activity and
to decrease CO, fixation (Gonzalez-Moro et al., 1997).Therefore we sought to investigate CO,
photoassimilation in shr-6 and cat2-2/shr-6 double mutant line. As reversion of cat2-2 phenotype
by SHORT-ROOT deficiency is sugar dependent we decided to perform gas exchange measurements
on plants grown on sucrose-supplemented medium. For this, three-week-old in vitro grown seedlings
were subjected to analysis of CO, fixation (see Materials & Methods). The photosynthetic
performance of shr-6 and cat2-2/shr-6 lines was significantly lower compared to Col-0 plants,
reaching only 63% and 45% of wild type level respectively while a cat2-2 line exhibited only slight
decrease in CO; assimilation (Fig. 11 A). Given that SHR deficiency leads to reduced photosynthetic
performance and decreased levels of intermediate photorespiratory metabolites such as serine and
glycine we set out to investigate levels of glycolate oxidase (GOX) and catalase, two enzymes
participating in the peroxisomal phase of the photorespiratory pathway. Strikingly, activities of both
enzymes were significantly reduced in shr-6 line with a 60% and 40% decrease for GOX and CAT
activity respectively (Fig. 11 B, C; the low activity of GOX in cat2-2 line is discussed in the 238.3
result section). In support of our metabolome profiling data, both physiological and biochemical
experiments conducted herein indicate that SHR deficiency leads to the deregulation
of the photorespiratory pathway, which might affect the rate of photosynthesis. Accumulation
of glycolate and low abundance of downstream photorespiratory metabolites together with partial

requirement for exogenous sucrose supplementation to support post-embryonic growth
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Figure 11. SHR deficiency affects photosynthesis and activity of photorespiratory enzymes. A) Lack of SHR reduces CO,
assymilation. Plants were grown in vitro on 1 x MS medium 1% sucrose for three weeks. Whole plates were used for gas
exchange measurements and resulting values were divided by rosettes’ fresh weight. Values represent means of 8 biological
replicates + SE. Data were analyzed with one-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test
(p < 0.05). Asterisks show significant differences to Col-0. B-C) SHR deficiency decreases shoot (B) glycolate oxidase and
(C) catalase activity. Plants were grown in vitro on 1 x MS medium 1% sucrose for two weeks. Enzymatic assays were
performed as described before (Rojas et al., 2012) and (Clare et al., 1984) respectively. Values represent percentage means
of 3 biological replicates + SE related to Col-0 (100%). Data were analyzed with one-way ANOVA followed by Dunnett’s

multiple comparisons test (p < 0.05). Asterisks show significant differences to Col-0.
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are characteristic of peroxisome biogenesis mutants (pex; Nito et al., 2007). This indicates that shr
mutants might be deficient in general peroxisome function. The majority of pex mutants exhibit
indole-3-butyric acid (IBA) and 2,4-dichlorophenoxybutyric acid (2,4-DB) insensitive germination as
conversion of these compounds to the active indole-3-acetic acid (IAA) and
2,4-dichlorophenoxyacetic acid (2,4-D) respectively requires glyoxysomal/peroxisomal B-oxidation
(Hayashi et al., 1998; Zolman and Bartel, 2004; Strader et al., 2010). To test this hypothesis, we have
investigated the germination of shr-6 line on media supplemented with these auxin precursors.
Interestingly, IBA and 2,4-DB inhibited germination of shr-6 mutant to the same extent as in the Col-0
line (data not shown) indicating that the peroxisomal B-oxidation pathway functions properly. Next,
we crossed the shr-6 mutant with a peroxisomal marker line (35S:PTS1:GFP; Zolman and Bartel,
2004) in order to investigate the peroxisome number and dynamics. However, the F2 GFP-positive
shr-6 plants did not exhibit any apparent phenotypes related to peroxisome development (data not
shown). All together, our results indicate that phenotypes associated to SHR deficiency described in

this chapter are independent from peroxisome biogenesis.

DISCUSSION

THE ROLE OF SHORT-ROOT IN OXIDATIVE STRESS TOLERANCE

In higher plants exposure to environmental stresses lead to disruption of the balance between
production and scavenging of reactive oxygen species (Mittler et al., 2011). Among multiple forms
of ROS, hydrogen peroxide has the highest potential for acting as a signaling molecule due to its
relative stability, participation in numerous post-translational modifications of proteins (discussed
in Chapter 1) and ability to cross membranes (Bienert et al., 2006). CATALASE 2 serves as a major
hydrogen peroxide scavenger in peroxisomes, hence mutants lacking this enzyme were used
in the past as a model to study oxidative stress responses (Mhamdi et al., 2010). In this study we have
used an EMS-mutagenesis approach to identify modulators of photorespiratory H,O,-induced cell
death. We describe the identification and functional characterization of two novel mutations that
suppress the oxidative stress related phenotypes of cat2 plants. Thus far, only two such mutations have
been described (Chaouch et al., 2010; Vanderauwera et al., 2011). Lesion formation triggered
by peroxisomal H,0O, was abolished in cat2/sid2 double mutants lacking ISOCHORISMATE
SYNTHASE 1 (ICS1), a key enzyme within the salicylic acid synthesis pathway, demonstrating that
the formation of cell death lesions results from an active process dependent on SA signaling rather
than random oxidative damage of cell components (Chaouch et al., 2010). Another mechanism
of suppression was observed in case of apxl/cat2 double mutant lacking cytosolic ASCORBATE
PEROXIDASE 1 (Vanderauwera et al., 2011). In this line, a DNA damage response was constitutively
activated, suppressing growth via a WEEL kinase-dependent cell-cycle checkpoint. This adaptation

correlated positively with oxidative stress tolerance (Vanderauwera et al., 2011). A novel mutation
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that reverts the cat2 phenotype under oxidative stress identified herein resides in the SHORT-ROOT

transcription factor involved in regulation of root radial patterning.
Control of early development by SHORT-ROOT is necessary for oxidative stress tolerance

The development of higher plants relies on the coordinated control of cell divisions leading to proper
patterning and organ formation. In this study we identified a role for SHR transcription factor
in determination of oxidative stress tolerance. SHR has an established role in the control of root and
leaf development. In roots, the SHR protein is expressed in the vascular tissue and migrates outwards
to the adjacent cell layers, where it is sequestered to the nucleus via formation of a complex with
SCARECROW (Nakajima et al., 2001; Cui et al., 2007). This interaction is necessary for proper root
radial patterning. Plants lacking SHR develop, instead of an endodermis and a cortex, a single cell
layer lacking endodermal differentiation markers (Casparian strip; arabinogalactan proteins) (Benfey
et al., 1993). Apart from their function in root development, recently both genes were also shown
to control leaf growth (Dhondt et al., 2010) and SCR was implemented in the development
of Kranz-type morphology in maize leaves (Slewinski et al., 2012) and bundle sheath cells
in Arabidopsis (Cui et al., 2014).

Although initially isolated as a mutation that reverts the hydrogen peroxide dependent cell
death in cat2-2 mutant, the lack of SHR cannot be directly considered as a feature that increases
oxidative stress tolerance. This is because oxidative stress related phenotypes observed in shr plants
are fully dependent on exogenous sucrose supplementation. The transfer experiments (Fig. 7) clearly
indicate that the addition of sucrose is a major factor contributing to the suppression of the cell death
phenotype observed in this assay. Furthermore, when deprived of external sucrose sources shr mutants
exhibit formation of cell death lesions that could be compared to those observed in cat2-2 line.
The combination of these mutations in shr-6/cat2-2 double mutant further reduces plant survival
as compared to single shr-6 and cat2-2 lines. In line with these observations, lack of SHR does not
lead to increased oxidative stress tolerance in soil conditions. The expression of SHR in the leaves
correlates with the developmental stages. While abundant in proliferating leaves, it becomes confined
to the vascular tissue at the end of cell proliferation (Dhondt et al., 2010). At the onset of RGCL
treatment (21DAS) the expression of SHR is limited to the vascular bundle (xylem) and does not occur
in the mesophyll cells (Cui et al., 2014) that are especially affected by photorespiratory hydrogen
peroxide. In transcriptomic studies with the use of CATALASE2-deficient plants we did not observe
the oxidative stress related up-regulation of SHR transcript levels (Vanderauwera et al., 2005;
this study). Therefore, it is likely that the oxidative stress related phenotypes observed in this study
result from the early developmental defects observed in shr mutants or are an indirect result of SHR

deficiency in leaf vascular tissue (lack of bundle sheath layer).
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Lack of SHORT-ROOT affects photorespiratory metabolism

Our metabolome profiling indicates that SHR-deficiency impairs the conversion of glycolate
to glycine through the photorespiratory flux. Upon shift to photorespiratory conditions shr plants
accumulate glycolate while Gly synthesis is impaired. These results are in line with the reduced
glutathione content in shr background as photorespiratory glycine was shown to be required
for maximal GSH synthesis (Noctor et al., 1999). A plausible explanation for the accumulation
of glycolate could be the low activity of downstream photorespiratory enzymes. Indeed, the activity
of glycolate oxidase catalyzing the oxidation of glycolate to glyoxylate, and catalase were markedly
decreased in shr-6 mutant. The low activity of these enzymes cannot be explained by a transcriptional
repression as genes encoding for CATALASEL, 2 & 3 are not differentially transcribed in shr-6
background while among five genes encoding glycolate oxidase isoforms only GOX3 was
differentially regulated (Log2 FC = 1.25; Dhondt et al., 2010). The deficiency in activity of catalase
and glycolate oxidase suggested that the SHR mutants could be deficient in general peroxisome
function. The development of peroxisomes, relies on coordinated import of nuclear-encoded
peroxisomal proteins through the peroxisome membrane into the matrix (Hu et al., 2012).
We therefore speculated that low GOX and CAT activities might be related to impaired import
of these enzymes (and others using the same import machinery) into peroxisomes. However we were
not able to find evidence to support this notion as shr-6 line exhibited normal peroxisome morphology
and B-fatty acid oxidation (data not shown). A much more detailed discussion on phenotypic effects
of GOX deficiency is enclosed in section Il of this chapter. Another explanation for the
hyperaccumulation of glycolate could be its impaired export from the chloroplasts. However, the
recently identified chloroplastic glycolate/glycerate transporter PLGG1 (Pick et al., 2013) is not
affected by SHR deficiency at the transcriptomic level (Dhondt et al., 2010). An alternative
explanation for impaired glycolate metabolism arose from the discovery of extremely low phosphate
(Pi) levels inshr plants. The phosphate deficiency phenotype observed on metabolome
and transcriptome level might lead to altered composition of plant membrane structures, that in turn
may hamper diffusion/transport of metabolites. It has been demonstrated that under Pi limiting
conditions (Essigmann et al., 1998) plants replace phosphatidylglycerol, the major component
of photosynthetic membranes, with the sulfolipid sulfoquinovosyl diacylglycerol. This exchange
results in altered organization of thylakoid membrane as observed in phol mutant (Héartel et al., 1998).
Therefore, it can be hypothesized that altered composition of membranes could hamper the transport
of glycolate. Additionally, the increased consumption of sulfur that is necessary to produce sulfolipids
might be another factor contributing to the impaired glutathione synthesis in shr mutants.
The impaired GSH production might explain reduced abundance of transcripts linked to jasmonate

(JA) signaling observed in shr-6/cat2-2 double mutant as low levels of GSH are known to repress

99



Chapter 3

the induction of JA signaling (Han et al., 2013). In a view of our results, it would be of interest
to assess the ratio of reduced to oxidized glutathione (GSH/GSSG).

It is noteworthy that SCR and most likely SHR are crucial for a proper development of the Kranz-type
anatomy in C4 plants by participating in the development of bundle sheath chloroplasts. Therefore
their role in the development of chloroplasts in C3 plants might be speculated. One line of evidence
supporting this theory is a significant similarity between transcript signatures of shr-6/cat2-2 and
immutans mutant exhibiting a variegated phenotype linked to chloroplast development (Carol et al.,
1999). Furthermore, our metabolome profiling data show the SHR deficiency impairs synthesis
of BCAA (Val, Leu, lle) and Phe that are synthesized in the chloroplast (Rippert et al., 2009; Binder,
2010) suggesting a general decrease in chloroplast function. Further research efforts with the use

of electron microscopy are necessary to investigate the ultrastructure of shr chloroplasts.

Phosphate deficiency might explain other phenotypes related to shr deficiency such as the impaired
starch degradation observed in shr (Cui et al., 2014), as the phosphorylation of transitory starch
is crucial for its mobilization (Yu et al., 2001; Ritte et al., 2004). Another shr phenotype that might
be attributed to Pi starvation is anthocyanin accumulation, which occurs under low Pi levels (Rubio et
al., 2001; Yin et al., 2012). Multiple studies had demonstrated the link between phosphate starvation
and sucrose accumulation (Hammond and White, 2008). A more recent study (Lei et al., 2011)
indicates that elevated sucrose levels are able to exert a transcriptomic response that largely resembles
transcriptomic footprints of Pi starvation establishing sucrose as global regulator of plant response
to Pi deficiency. In agreement with these findings, we observed largely increased levels of sucrose,
fructose and glucose in shr shoots. It seems most likely that the elevated concentration of these sugars
results from enhanced uptake from the growth medium. This notion is supported by significant
overexpression of SUCROSE-PROTON SYMPORTER 7 that might create a sink force in shr shoot.
It is also noteworthy that development of shr mutants is impaired on medium with no sucrose (Cui et
al., 2012; this work) which suggests that their photosynthetic capacity is not sufficient to sustain
proper growth. Itwould be of interest to investigate at which stage Pi transport is inhibited
in SHR-deficient plants. Measurement of phosphate level in the SHR root could indicate whether

the uptake or long distance Pi transport is impaired in shr mutants.
The impact of the carbohydrate nutritional status on oxidative stress tolerance

Our results clearly indicate that exogenous sucrose supplementation is a crucial factor controlling
oxidative stress related phenotype of shr mutants. Gas exchange measurements performed in this study
demonstrate a significant decrease in net CO, assimilation related to SHR deficiency. This, together
with the exogenous sucrose-dependent growth of shr mutants implicates that SHR-deficient plants
are at least partially heterotrophic. It was demonstrated earlier that exogenous sucrose supplementation

increases oxidative stress tolerance (Ramel et al.,, 2009a; Ramel et al., 2009b). Similarly,
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in Chapter IV of this thesis we demonstrated that cat2 plants grown on media with elevated sucrose
levels exhibit significant increase in survival in RGCL assay. The heterotrophic lifestyle of shr
mutants appears to be linked with altered mitochondrial metabolism as levels of TCA cycle

metabolites (especially citrate and malate) were greatly increased in shr background.

In line with the previous observations (Chaouch and Noctor, 2010) we observed significantly lower
content of myo-inositol (MI) in cat2-2 line. It has been shown that exogenous application
of Ml blocked lesion formation and SA accumulation in cat2 plants, and closely resembled the effects
of genetic perturbation of SA synthesis observed in cat2/sid2 double mutant (Chaouch et al., 2010;
Chaouch and Noctor, 2010). Strikingly, we found that introduction of shr-6 mutation into cat2-2
background raised the myo-inositol level well above that of Col-0 value. It would be of interest
to investigate whether the sugar dependent reversion of lesion formation observed in shr-6/cat2-2 line

occurs on growth medium deprived of myo-inositol.

101



Chapter 3

SECTION Il - CHARACTERISATION OF MUTANT 238.3

RESULTS

Identification of causative mutation 238.3

In order to identify the causative mutation of line 238.3 we applied the SHOREmap pipeline
(Schneeberger et al., 2009; Hartwig et al., 2012). For this, we analyzed an F2 mapping population
derived from a cross between cat2-2 and 238.3 mutant line, as the oxidative stress-related phenotype
was not present in F2 progeny of cat2-20 x 238.3 (data not shown). In total, 1794 F2 individuals were
subjected to RGCL conditions and about 13% of plants (234) exhibited reversion of cell death
phenotype. This segregation did not fit the Mendelian 1:3 ratio (x> = 137.319, p < 0.0001) presumably
due to the limited penetrance of the revertant phenotype (described earlier in the text).

Surviving plants were harvested and used for preparation of nuclear DNA. This sample was used
to prepare an Illumina library, which was sequenced to an average 53.6-fold genome coverage.
Backcrossing of a mutant to its parent line does not introduce pre-specified markers into the mapping
population. Therefore, we have applied a SHOREmap backcross strategy (Hartwig et al., 2012) that
uses EMS-induced markers as novel markers in order to determine the mapping interval. Using
a concordance threshold set to 0.8 we identified 10 EMS-specific SNPs (Table S4) significantly
enriched in plants displaying a revertant phenotype. All polymorphisms localised to the upper arm
of chromosome 11l within 3.3 — 7.4Mb physical interval (Fig. S7). The most frequent SNP was
localized within GLYCOLATE OXIDASE 1 (GOX1, AT3G14420) coding sequence at position
1 of third exon. Analysis of GOX1 mutant sequence performed with NetGene2 software
(http://www.cbs.dtu.dk/services/NetGene2/) indicated that this G — A substitution could potentially
disrupt the splicing site between second intron and third exon. To validate whether the identified
mutation led to a decrease in total glycolate oxidase activity we analyzed GOX activity in the 238.3
mutant line. Shoots of two-week-old seedlings grown under LD conditions on MS medium
supplemented with 1% sucrose were used to determine glycolate oxidase activity. In agreement with
our mapping results, we observed only 4.5% of wild-type GOX activity in the 238.3 line (Fig. 12A).
Unexpectedly, this activity was reduced to 23% of wild-type level also in cat2-2 mutant, (Fig. 12A).
These results provide evidence for alterations of the photorespiratory pathway in the cat2-2 mutant.
Furthermore, disruption of GOX1 coding sequence combined with CATALASE 2 deficiency in line
238.3 led to almost complete lack of glycolate oxidase activity, which is the major source of H,O,

in the peroxisomes.
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Photorespiratory H,O, decreases GLYCOLATE OXIDASE activity by a negative feedback loop

A plausible explanation for the observation that CATALASE 2 deficiency leads to a significant
reduction in glycolate oxidase activity is that GOX transcript levels are down-regulated in a cat2-2
background. However, we did not observe this kind of regulation in plants subjected to 24 h of RGCL
treatment (Table S1). Similarly, a down-regulation of the GOX transcript levels from all five isoforms
was not observed in earlier microarray experiments (Vanderauwera et al., 2005) describing
transcriptomic responses of CATALASE2-deficient plants to high light. As an alternative hypothesis,
we assumed that the enzymatic activity of glycolate oxidase could be inhibited at the protein level
hereby providing much faster mechanism of its regulation. As first step towards investigation of these
possibilities we followed the dynamics of changes in GOX activity upon oxidative stress challenge
in both Col-0 and cat2-2 lines. Plants were grown in soil for three weeks under conditions limiting
photorespiration, and transferred to a photorespiration promoting environment as described before.

Tissue samples were harvested after 0, 3, 8 and 24 h of HL treatment at ambient CO, atmosphere.
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in vitro on 1 x MS medium 1% sucrose for two weeks. Enzymatic assays were performed as described before (Rojas et al.,
2012). Values represent percentage means of 3 biological replicates + SE related to Col-0 (100%). Data were analyzed with
one-way ANOVA followed by Bonferroni’s multiple comparisons test (p < 0.05). Asterisks show significant differences
between indicated genotypes. B) Oxidative stress decreases glycolate oxidase activity. Plants were grown for 21 days in soil
at conditions limiting photorespiration and exposed to continuous HL 1100-1200 pmol-m2-s* illumination at ambient CO,
concentration. Rosettes were harvested in the course of experiment and used for GOX activity assay. Values represent
percentage means of 3 biological replicates + SE related to initial Col-0 GOX activity (100%). Data were analyzed with
two-way ANOVA followed by Bonferroni’s multiple comparisons test (p < 0.05). Asterisks show significant differences

at indicated time points.

In contrast to previous experiments performed on ambient air grown plants, enzyme activity assays
revealed a wild-type levels of GOX activity in cat2-2 line (t = 0 h). Transfer to photorespiratory
conditions resulted in gradual decrease of cat2-2 GOX activity reaching ~10% of initial value after
24 h of stress treatment (Fig 12 B). Remarkably, in the same conditions wild type plants retained
~90% of initial GOX activity. Together, our results provide evidence for existence of negative

feedback loop that leads to inhibition of GOX activity by photorespiratory hydrogen peroxide.
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Decrease in GOX activity modulates the photorespiratory pathway

To further confirm that the decrease in glycolate oxidase activity leads to reversion of cell death
phenotype in the cat2-2 line under oxidative stress conditions the following double and triple mutant
lines were generated and subjected to RGCL assay: gox1-1/cat2-2, gox2-1/cat2-2, gox3-1/cat2-2,
haoxl-1/cat2-2 (HAOX - a-HYDROXY ACID OXIDASE (Rojas et al., 2012)), haox2-1/cat2-2 and
gox1-1/gox3-1/cat2-2. In agreement with our mapping results, introduction of gox1-1 mutation into
cat2-2 background resulted in a delay of cell death to a degree observed in the 238.3 mutant line
as demonstrated by chlorophyll fluorescence parameters and delayed progression of lesions
in gox1-1/cat2-2 double and gox1-1/gox3-1/cat2-2 triple mutant (Fig 13 A-C). Interestingly,
introduction of gox2-1 mutation also resulted in a delayed progression of cell death although to a much
lower extent (Fig 13 C). Mutations in GOX3, HAOX1 or HAOX2 did not affect the phenotype
of cat2-2 line. Interestingly, when tested in wild-type background, none of the mutant lines exhibited
altered oxidative stress tolerance in RGCL assay (data not shown). Next, we tested whether
the reversion of cell death phenotype occurs in soil conditions. For this, plants were grown for three
weeks in high CO, atmosphere and subsequently exposed to continuous high light intensities
at ambient CO; as described before. In agreement with results of RGCL assay, the lesion formation
was significantly reduced in gox1-1/cat2-2 double mutant when compared with cat2-2 line (Fig 14 A).
Mutations in the four other isoforms of glycolate oxidase in Col-0 and cat2-2 background did not lead

to any related phenotypes in soil conditions.
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Figure 13. Lack of GLYCOLATE OXIDASE 1 delays symptoms of CATALASE 2 deficiency under oxidative stress

conditions. Three-week old plants grown under long day conditions at 100 pmol-m2.s*

on 1 x MS medium supplemented
with 1% sucrose were subjected to photorespiratory stress by mechanical restriction of gas exchange and transfer
to continuous light. A) PSII maximum efficiency after 2 days of treatment. B) Representative image of cat2-2
and gox1-1/cat2-2 line after 6 days of RGCL treatment. C) Changes of Fv/Fm' in the course of RGCL assay, bars represent

means of three biological replicates + SE.
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Lack of GOX1 enhances biomass accumulation under moderate light intensities

In a next step, we sought to investigate whether introduction of GOX/HAOX mutations into cat2-2
background could revert the long-term effects of growth under low and moderate light intensities such
as decreased biomass accumulation (Queval et al., 2007). In a pilot experiment, plants were grown

at light intensities of 100 and 300 pmol-m %.s™*

under LD photoperiod for four and three weeks
respectively. Measurement of rosette fresh weight demonstrated that plants grown at irradiance
of 100 pmol-m 2.5 * were not significantly different in terms of biomass accumulation when compared
to Col-0 reference (Fig. 14 B). In agreement with a previous report (Queval et al., 2007), growth under
higher irradiance (300 umol-m%.s*) lead to a 75% decrease in biomass accumulation in the cat2-2
line. This effect was significantly attenuated in goxl-1/cat2-2 and gox1-1/gox3-1/cat2-2 line
(~43% of WT value, Fig. 14 C), but not for other double mutants tested. Together, our results indicate
that lack of GOX1 alleviates reduction in biomass accumulation observed for cat2 plants under

conditions promoting photorespiration.

GOX 1 is responsible for the majority of GOX activity in the shoot

From our previous results it can be inferred that GOX1 is the major isoform of glycolate oxidase in the
shoot tissues at the rosette stage. In order to evaluate this hypothesis we measured the total GOX
activity in all single and multiple mutant lines generated throughout this study (Fig 14 D). Results
of enzymatic assays indicated that lack of GOX1 or GOX2 reduces shoot glycolate oxidase activity
to 33 and 40 % respectively when compared with Col-0 control line. Introduction of gox1-1 or gox2-1
mutations into cat2-2 background had similar effects and reduced the residual activity to ~7%. Lack
of remaining glycolate oxidase isoforms had no significant influence on total GOX activity in both
backgrounds. These data demonstrate that GOX1, followed by GOX2, is the major glycolate oxidase

isoform in the shoot.
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DISCUSSION

ROLE OF GLYCOLATE OXIDASE IN MODULATION OF THE PHOTORESPIRATORY
PATHWAY

GOX1 is the major photorespiratory glycolate oxidase

The glycolate oxidase (GOX) is a peroxisomal flavoenzyme (FMN - dependent) that converts
glycolate to glyoxylate with the formation of H,0,. Arabidopsis contains five genes encoding
for GOX isoforms GOX1 (At3gl4420), GOX2 (At3gl4415), GOX3 (At4g18360), HAOX1
(Atlg14130) and HAOX2 (At3g14150). Comparison of expression profiles indicates that GOX1 & 2
are 60-fold more expressed in Arabidopsis rosette leaves than the three other GOX with GOX3
expressed mainly in roots and HAOX1 & 2 in seed tissues (Rojas et al., 2012; Hodges et al., 2013).
Considering the fact that peroxisomal H,O, triggers formation of cell death lesions in cat2 plants,
itisnot surprising that reduction of foliar GOX activity observed in the 238.3 mutant and
subsequently in gox1-1/cat2-2 and gox2-1/cat2-2 double mutants alleviated this phenotype. Glycolate
oxidase activity measurements performed on mutant lines of all five GOX isoforms clearly indicate
the major contribution of GOX1 and 2 to total foliar glycolate oxidase activity. These results are
in line with their transcript levels and explain why the mutations GOX3, HAOX1and HAOX2 are not
able to reduce the formation of cell death lesions in cat2-2 background. Results of enzymatic assays
performed in this study are in direct contradiction to those obtained by Rojas et al. (2012), describing
similar residual GOX activities (~80%) in all five mutant lines. These differences might be explained
by different age of plants used for analysis (6 weeks vs 2 weeks used herein) or different growth
conditions (soil vs MS medium). Despite similar reduction of residual GOX activity observed in both
mutant lines, the lack of GOX1 had a more pronounced effect demonstrated by a delay of lesion
formation observed both in soil and in vitro conditions. The gox2-1/cat2-2 double mutant exhibited

only slight increase in survival under RGCL conditions and had no cell death inhibitory effects when

Fig. 14 (previous page) GOX1 influences oxidative stress performance in soil. A) Lack of GOX1 activity confers increased
resistance towards photorespiratory conditions. Plants were grown for three weeks under conditions limiting photorespiration
and subsequently exposed to 24 hours of continuous excess light irradiation (1100-1200 pmol-m2.s%) in ambient air.
Representative images demonstrate formation of cell death lesions and reduction of PSII maximum efficiency after 24 hours
of exposure. B, C) GOX1 deficiency promotes growth under photorespiratory conditions. Plants were grown in soil in LD
at (B) 100 umol-m2-s* and (C) 300 umol-m2.s™* for four and three weeks respectively. Ten rosettes/line were collected
for fresh weight determination. Bars represent means of 10 biological replicates + SE. Asterisk indicates significant
difference to respective control lines according to one-way ANOVA followed by Dunnet’s multiple comparison test
(p < 0.05). D) GOX1 and GOX2 are major shoot glycolate oxidases isoforms. Plants were grown in vitro on 1 x MS medium
1% sucrose for two weeks. Enzymatic assays were performed as described before (Rojas et al., 2012). Values represent
percentage means of 3 biological replicates + SE related to Col-0 (100%). Data were analyzed with one-way ANOVA
followed by Dunnett’s multiple comparisons test (p < 0.05). Asterisks show significant differences to respective control lines
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tested in soil. This difference might be attributed to a slightly lower residual GOX activity
in gox1-1/cat2-2 double knockout and indicates the existence of a threshold concentration
of photorespiratory H,O, that is necessary for induction of cell death. Taken together, our results
demonstrate that GOXL1 is the major shoot glycolate oxidase isoform with a role in photorespiratory
metabolism.

Normal development of gox/cat2 plants suggests alternative pathways for glycolate metabolism

The functional redundancy between GOX1 and GOX2 identified in this study might explain why thus
far no glycolate oxidase mutant exhibiting a photorespiratory phenotype has been identified (Timm
and Bauwe, 2012). In agreement with this hypothesis, we did not identify any oxidative stress related
phenotypes for single gox1-1 and gox2-1 mutants both harboring 33 - 40% of residual GOX activity,
respectively. Interestingly, we showed that under control conditions in cat2-2 plants the glycolate
oxidase activity is constitutively reduced to approx. 23% when compared to the WT value (discussed
in next paragraph). In goxl-1/cat2-2 and gox2-1/cat2-2 this activity is further reduced to ~7%.
This phenomenon raises a question about the metabolic fate of photorespiratory glycolate in these
mutant lines. In maize, a similar decrease in residual GOX activity (5 - 10% of WT activity) observed
for gol mutant line, conditions a lethal phenotype which supports the importance of photorespiration
in maintaining low levels of glycolate in C4 plants (Zelitch et al., 2009). This phenotype was
attributed to the inhibitory effect of glycolate accumulation on photosynthesis and supported
the earlier study (Gonzalez-Moro et al., 1997) that demonstrated the negative influence of glycolate
on RuBisCO activity. A similar phenotype was observed for rice lines with inducible antisense
suppression of glycolate oxidase (Xu et al., 2009). Upon induction, the GOX activity in transgenic rice
plants was decreased by > 90% and resulted in a severely stunted phenotype related to the inhibition
of photosynthesis (Xu et al., 2009). Interestingly, in both cases the levels of downstream
photorespiratory metabolites, glyoxylate, glycine and serine were not affected suggesting the existence
of an alternative pathway for glyoxylate synthesis (Xu et al., 2009; Zelitch et al., 2009). Surprisingly,
in a recent follow-up study using rice lines with constitutively suppressed glycolate oxidase activity
Lu et al., (2013) demonstrated that the decrease in GOX activity leads to accumulation of glyoxylate,
and that glyoxylate rather than glycolate acts as an inhibitory factor of photosynthesis. This notion was
supported by earlier work (Chastain and Ogren, 1989; Campbell and Ogren, 1990) indicating
the indirect inhibitory effect of glyoxylate on RUBISCO activation. Evidently, the literature data about
the inhibitory effects of glycolate/glyoxylate on photosynthetic CO, assimilation remain equivocal and
further research is needed to elucidate which of the two metabolites leads to inhibition of this process.
Interestingly, none of these inhibitory effects seem to occur for goxl/cat2 and gox2/cat2 double
mutants described in this study. In contrast, the introduction of gox1 mutation into cat2-2 background
positively influenced the accumulation of biomass under conditions promoting photorespiration.

A plausible explanation for the observed phenomenon is the existence of an alternative pathway that
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is constitutively activated in these double mutants and enables efficient removal of photorespiratory
glycolate/glyoxylate. Indeed, Goyal and Tolbert (1996) reported the light dependent oxidation
of glycolate by isolated chloroplast thylakoids from spinach leaves. The oxidation of glyoxylate
by envelope-free spinach chloroplast resulting in release of CO, was reported earlier by Zelitch
(1972). These data were recently corroborated by Kebeish et al. (2007) who demonstrated that
the chloroplast overexpression of bacterial glycolate dehydrogenase alone is sufficient to enhance
photosynthesis and correlates with an increased chloroplastic CO, concentration. These findings were
recently complemented by demonstration that the release of CO, originating from metabolism
of glycolate and glyoxylate can be inhibited by pyruvate (Blume et al., 2013). In this study, authors
provide ample evidence for the possible role of the chloroplast pyruvate dehydrogenase complex
in glyoxylate decarboxylation, however the enzymatic activity catalysing the oxidation of glycolate
to glyoxylate in the chloroplast awaits characterisation. We anticipate that further investigation
of photorespiratory metabolism in the gox/cat2 double mutants generated in this study will lead

to a better understanding of alternative chloroplast photorespiratory pathways.
Loss of GOX activity under oxidative stress conditions

We observed a constitutive decrease of GOX activity in cat2 plants grown under low light intensities
in a long day photoperiod. This phenotype could be fully reverted by growth in atmosphere enriched
with CO, indicating the link with photorespiratory metabolism. Upon transfer to photorespiratory
conditions gradual decrease of GOX activity was observed for cat2-2 but not in Col-0 plants
indicating that the capability for H,O, scavenging regulates the activity of glycolate oxidase. A similar
decline in activity was reported for pea glycoate oxidase upon in vivo inhibition of catalase activity
with 3-amino-1,2,4-triazole (Schéfer and Feierabend, 2000). These results are in line with our
metabolome profiling data demonstrating increased steady state level of glycolate in cat2-2 plants that
is further increased upon RGCL treatment. Our observations indicate the existence of a feedback
regulatory mechanism that adjusts the production of hydrogen peroxide towards the peroxisomal redox
status. This adaptation might involve triggering of alternative pathways of glycolate metabolism.
However, the fact that cat2 plants develop cell death lesions upon rapid changes in CO, availability
combined with exposure to continuous excess light clearly indicates that reduction of GOX activity
observed in this conditions is not sufficient or not rapid enough to inhibit formation
of photorespiratory H,O,. Therefore, this mechanism likely participates in a long term acclimation
towards mild increases in photorespiratory flux. In agreement with results obtained in this work,
earlier study conducted in our group (Vanderauwera et al., 2005) did not identify changes in transcript
levels for the GOX genes therefore it can be suggested that the regulation of GOX activity occurs
at the posttranslational level. Among multiple ways by which the redox status can regulate enzyme
activities the most profound are oxidative modifications of Cys residues (discussed in Chapter 1 and

2). A well described example of redox-dependent core photorespiratory enzyme is maize glycerate
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kinase, that becomes inhibited by formation of regulatory disulfide bond (Bartsch et al., 2010).
Both GOX1 and GOX2 possess a single highly conserved Cys residue
(http://bioinformatics.psb.ugent.be/plaza; Proost et al., 2009) that could potentially serve as a site for
redox PTM. Indeed, an inhibitory effect of hydrogen peroxide on pea glycolate oxidase activity was
demonstrated (Schafer and Feierabend, 2000). Furthermore, glycolate oxidase was photoinactivated
in leaves when the endogenous GSH was depleted by the application of buthionine sulfoximine
(Schéfer and Feierabend, 2000) indicating the role for S-glutathionylation in protection of GOX from
over-oxidation. This hypothesis was corroborated later by Rouhier et al. (2005) who isolated AtGOX1
using an affinity chromatography column made with poplar GLUTAREDOXIN C4 mutated
on the second active-site cysteine indicating that the protein could be subjected to S-glutathionylation.
Another possibility of oxidative regulation of GOX activity arose from recent studies in the CAM
plant Kalanchoe pinnata (Abat et al., 2008) and pea (Ortega-Galisteo et al., 2012) both describing
GOX as a target for S-nitrosylation. Furthermore, in the latter study, a direct inhibitory effect of nitric
oxide (NO) on glycolate oxidase activity was demonstrated. These results are in line with the recent
discovery of a potent peroxisomal nitric oxide synthase (NOS) activity in that is required
for NO accumulation in cytoplasm under stress conditions (Corpas et al., 2009). Another PTM
potentially regulating GOX activity is phosphorylation (Hodges et al., 2013). The Arabidopsis Protein
Phosphorylation Site Database (PhosPhAt, Heazlewood et al., 2008; Durek et al., 2010) contains
information about two phospho-peptides that could be associated to both GOX1 or GOX2 however

the significance of this modification needs further investigation.

Together with previous literature data, our results strongly suggest the role for glycolate oxidase
in regulation of photorespiratory pathway. Further research efforts with the use of purified enzyme are
necessary to elucidate the exact mechanism that leads to inhibition of its activity under oxidative stress
conditions. In vivo validation of these data might implement complementation of respective mutant

lines of GOX lacking potential regulatory residues.
GOX1 - a potential target in amelioration of oxidative stress tolerance in crop species

Our results indicate that a decrease in glycolate oxidase activity conferred by lack of GOX1 might
contribute to increased biomass accumulation under conditions promoting photorespiration.
Demonstrated by 60% increase in fresh weight, these beneficial effects were most evident in cat2-2
background. This phenotype is likely linked with an existence of intrinsic adaptations
of photorespiratory pathway in the goxl1-1/cat2-2 double knockout. These kind of adaptations
are clearly species-specific as GOX-deficient maize and rice both require elevated CO, atmosphere
for normal growth (Xu et al., 2009; Zelitch et al., 2009). Previous efforts towards chemical inhibition
of glycolate oxidase activity conducted on soybean leaf cells demonstrated similar effects (Servaites

and Ogren, 1977). However, during interpretation of these data it is necessary to consider
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the difference between inducible and constitutive lack of enzyme activity that might force metabolic
rearrangement early in the plant development. Although statistically significant, our findings need
to be repeated in multiple independent experiments performed on much larger amount of individuals
before launching similar efforts in crop species. Nonetheless, we propose the modulation of glycolate

oxidase activity as a potential target in amelioration of oxidative stress tolerance in crop species.

MATERIALS AND METHODS

Plant material

The following mutant lines used in this study were described before: cat2-2 (Queval et al., 2007);
shr-6 (Dhondt et al., 2010; Yu et al., 2010); shr-2 (Fukaki et al., 1998); scr-1 (Di Laurenzio et al.,
1996); scr-3 (Fukaki et al.,, 1996); gox1-1, gox2-1, gox3-1, haox1-1, haox2-1, gox1l-1/haox1-1,
gox1-1/gox3-1 (Rojas et al., 2012). Line ET8347 was obtained from Cold Spring Harbour Laboratory
(CSHL) TRAPPER collection http://genetrap.cshl.edu (Sundaresan et al., 1995). Plants homozygous
for the DsE insertion were selected by PCR, the DsE-gene junctions were sequenced with primers
used for their amplification (Table S5) in order to map the insertion site. scr-3/cat2-2, shr-6/cat2-2,
gox1-1/cat2-2, gox2-1/cat2-2, gox3-1/cat2-2, haox1-1/cat2-2, haox2-1/cat2-2 and
gox1-1/gox3-1/cat2-2 double knockout lines were generated by crossing cat2-2 plants (pollen
acceptors) with respective mutant lines (pollen donors). Double mutant plants were identified in F2
segregating populations by root length phenotype and PCR/CAPS genotyping with respective
primers/restriction enzymes (Table S5). dCAPS markers were designed with dCAPS Finder 2.0 (Neff
et al., 2002). shr-6 mutants were crossed with Col-0 plants and shr-6/cat2-2 double mutant line was
crossed with cat2-2 plants to obtain F1 individuals heterozygous in SHR locus in Col-0 and cat2-2

background respectively.
Mutagenesis and screening for revertants of cat2-2 photorespiratory phenotype

Seeds of cat2-2 T-DNA mutant line (Queval et al., 2007) were treated with 0.3 % EMS solution
for 7.5 h, washed extensively with water and sown in vinyl pots. M1 plants were grown at 21°C under
short day 8h light (100 pmol-m 2.5 %)/16h dark regime. Before harvesting of M2 seeds the number
of M1 plants per each pot was determined. Recessive mutants segregate in a ratio of 7:1 in an M2
population therefore 10 M2 plants per each M1 plant were analysed. Mutagenised M2 plants were
grown in Petri dishes (150 x 25 mm, Becton-Dickinson, USA) on full-strength Murashige and Skoog
agar solidified medium supplemented with 1% sucrose, 100 mg/L myo-inositol, nicotinic acid
0.5mg/L, pyridoxine 0.5 mg/L, thiamine 1 mg/L at 21°C and long day 16h light
(100 umol-m 2.5 1)/8h dark conditions. Each plate contained approximately 60 M2 plants and
6 wild-type Col-0 seedlings. After 21 days of growth the surgical tape that sealed the plates

(Micropore) was replaced by two layers of parafilm M (Bemis) to restrict gas exchange, then plants
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were transferred to a continuous light regime. Changes in maximum efficiency of the PSII
photochemistry (Fv’/Fm’) were determined using a PAM-2000 chlorophyll fluorometer and
ImagingWin software (Walz). The putative mutants that showed decreased formation of lesions and
reduced drop in Fv’/Fm’ ratio were transplanted to soil to obtain M3 seeds. The M3 plants were
subjected to RGCL test to determine whether they exhibited the parental phenotype.
Confirmed mutants were rescued in order to produce M4 seeds. In a next step the absence of wild type
CATALASE?2 allele was determined by means of PCR genotyping with respective primers (Table S5).

Development of anti-CATALASE? rabbit polyclonal antibodies.

CATALASE 2 coding sequence was amplified from Arabidopsis thaliana Col-0 cDNA with Phusion®
High-Fidelity DNA Polymerase (Finnzymes) with primers cat2_F_attB1 and cat2_R_attB2 (Table S5)
according to manufacturer’s instructions. The PCR product was cloned by recombination into
pDONR221 plasmid (Invitrogen). After sequence verification coding sequence was subcloned into
pDESTL17 Expression Vector (Invitrogen). The expression vector was transformed into Escherichia
coli BL21(DE3)pLysS strain. A 5 mL volume of Luria-Bertani broth with 100 mg/mL ampicillin and
25mg/mL chloramphenicol was inoculated and grown overnight at 37°C and 220 rpm. This culture
was diluted to 500 mL, grown for 2 h at 37°C and 220 rpm, and induced with 0.2 mM IPTG.
After 24 h of induction at 20°C and 220 rpm, cells were harvested by centrifugation at 4000 x g for
10 minutes and resuspended in 100 mL of lysis buffer (20 mM AMPSO pH 8.5; 0.3 M NaCl,
1 mM PMSF, 2U/ml DNase |). Bacterial cells were disrupted by sonication and centrifuged
at 16,100 x g for 20 min at 4°C. Insoluble protein fraction was denatured at 96°C in loading buffer
supplemented with 5 mM B-Mercaptoethanol and examined by SDS-PAGE. Protein band
corresponding to CATALASE 2 protein was excised from gel and submitted for generation

of polyclonal rabbit antibodies (Eurogentec).
Enzyme activity measurements, western blot analysis

For catalase activity measurements tissue was ground with ball mill (Retsch, Germany) and mixed
with extraction buffer (60 mM Tris pH = 6.9, 10 mM DTT, 20 % glycerol, 1 mM PMSF) at a 1:1 ratio
(v/v). The homogenate was centrifuged at 16,100 g for 15 minutes at 4°C. The supernatant was used
in spectrophotometric catalase activity assay and for SDS-PAGE protein separation. Catalase activity
was assayed by monitoring the decomposition of H,0, (e = 43.6 M™* cm™) to H,O and O, by following
the associated absorbtion decrease at 240 nm (Clare et al., 1984).

For Western blot analysis 10 pg of leaf proteins were separated on a 12.5% SDS-PAGE gel, blotted
onto a PVDF membrane (Millipore) and hybridized with a 1:3500 dilution of rabbit antiserum against
A. thaliana CATALASE?2 developed herein.

The glycolate oxidase activity measurements were performed according to a protocol described before

(Rojas et al., 2012) downscaled for 200 mg of ground tissue. Briefly, shoot tissue was collected,

112



Forward genetic screen

frozen in liguid nitrogen and ground with ball mill (Retsch, Germany). Subsequently, material was
mixed with 1 ml of extraction buffer by vortexing and centrifuged at 16,100 g for 30 minutes at 4°C.
Protein concentration in soluble phase was determined with Bradford Assay (Bio-Rad). Next, 10 pl
of supernatant was used in spectrophotometric glycolate oxidase activity assay conducted
in VersaMax microplate reader (Molecular Devices) at room temperature for 1 hour. The activity
of glycolate oxidase was measured by monitoring two coupled reactions. In this assay, GOX converts
glycolate to glyoxylate with the concomitant release of H,O, that in turn (in the presence of HRP)
oxidizes O-dianisidine into a colored O-dianisidine radical cation (¢ = 11.6 M cm™) that can
be quantified spectrophotometrically by following associated absorbtion increase at 440 nm. Specific
activity was calculated by dividing AA by time and amount of soluble protein present in the sample,
and expressed as percentage of control.

All enzymatic assays were performed on three biological replicates with at least three technical

repeats.
Real-time PCR

For the quantification of transcript levels total RNA was prepared with RNeasy Plant Mini Kit
(Qiagen). First strand cDNA synthesis was performed with iScript cDNA Synthesis Kit with 1 ug
of total RNA used as input material. Five microliters of the 1:8 diluted first strand cDNA was used
as a template in subsequent PCR performed on the iCycler iQ (Bio-Rad) with respective gene specific
primers (Table S5). Reactions were performed in three technical repeats with the SYBR Green |
Master Kit according to manufacturer’s instructions. Expression analysis was performed with
gBASEPIus  software  (Biogazelle) with  ACTIN-RELATED PROTEIN 7 (ARP7)
and SERINE/THREONINE PROTEIN PHOSPHATASE 2A (PP2A) used for data normalisation.
All experiments were performed with three biological replicates. Statistical analysis was carried out

with one-way ANOVA followed by the Tukey-Kramer post-hoc test.
Next generation sequencing and SHORE mapping

For identification of EMS-induced mutations in mutants 238.3 and 378.3 M3 plants were grown for 21
-2 1
S

days in long day conditions 16h light (100 umol-m )/8h dark on agar solidified MS medium
supplemented with 1% sucrose. For identification of 238.3 causative mutation revertant plants were
selected in RGCL assay according to the procedures used in the mutant screen. Bulked shoot tissue
was ground in liquid nitrogen and 2g of powder were used as starting material for extraction of nuclear
DNA according to a protocol described before (Schneeberger et al., 2009). The gradual enrichment
of nuclear DNA was confirmed by performing a quantitative PCR analysis with primers described

before (Schneeberger et al., 2009).
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For sequencing of 378.3 mutant the library preparation, sequencing and annotation of SNP/InDel was
performed by Fasteris SA (Geneva, Switzerland). Paired-end libraries were sequenced with Illumina
Hi-Seq 2000 sequencing system with a TruSeq SBS Kit v5 (Illumina, San Diego, USA), the number
of sequencing cycles was 2 x 100. The reads were mapped to Arabidopsis thaliana reference genome
(TAIR10) using the Burrows-Wheeler Alignment Tool v 0.5.9 (Li and Durbin, 2009). The SNP/InDels
were prefiltered with the coverage threshold set to 10 and only those supported by at least 3 reads
in forward and 3 reads in reverse direction were retained. Further SNP/InDel calling was performed
with SAMtools software (v 0.1.17, http://samtools.sourceforge.net/).

For determination of the 238.3 causative mutation the library preparation and sequencing were
performed by VIB Nucleomics Core (www.nucleomics.be). Paired-end libraries were sequenced with
Illumina Hi-Seq 2000 sequencing system with 2 x 100 sequencing cycles. The reads were mapped
to Arabidopsis thaliana reference genome (v TAIR10) with SHORE 0.7.1 software (Ossowski et al.,
2008). Annotation of SNPs, generation of prioritized SNP list and visualisation of results was
performed with SHOREmap 2.0 (Schneeberger et al., 2009) according to SHOREmap backcross
strategy described before (Hartwig et al., 2012).

Analysis of all NGS results generated in this study implemented subtraction of inherent cat2-2

polymorphisms (Denecker et al., unpublished data).

Stress treatments

The RGCL oxidative stress assay was conducted according to the procedures used in the cat2-2
revertant screen. For stress experiments including media change, seeds were grown on nylon mesh
(@ = 20 uM, Prosep) and transferred to specified media 3 days before the treatment. For a high light
(HL) treatment in soil, plants were grown in a controlled climate chamber (V6tsch Industrietechnik)
at 3000ppm CO,, 21°C, 50% relative humidity and 16h light (120-130 pmol-m2-s *)/8h dark regime.
After 21 days of growth plants were exposed to continuous HL 1100-1200 umol-m™2-s™* illumination
(Sanyo Fitotron plant growth chamber) at ambient CO, concentration, 21°C and 50% relative humidity
for a specified time period. Before transfer plants were well watered to exclude to possible influence

of drought.
Microarray transcript profiling

Three-week-old cat2-2 and shr-6/cat2-2 plants were subjected to RGCL assay as described earlier.
Shoot tissue from both genotypes was sampled in three biological replicates before (T = 0) and after
24 hours (T = 24H) of RGCL treatment. Each replicate consisted of at least 15 rosettes. RNA was
extracted with Spectrum Plant Total RNA Kit (Sigma). Arabidopsis ATH1 microarrays (Affymetrix)
were hybridized at the VIB Nucleomics Core (www.nucleomics.be) according to manufacturer’s
instructions. Expression data were analyzed with FlexArray software

(http://genomequebec.mcgill.ca/FlexArray; Blazejczyk et al., 2007). First, background correction,
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normalisation and calculation of expression values were performed with Robust Multi-array Average
method (Irizarry et al., 2003). Next, expression data were subjected to a two-way ANOVA analysis
using the false discovery rate method (Benjamini and Hochberg, 1995). The corrected p-value
threshold was set to 0.05. Searches for similarities between expression profiles were conducted with
Genevestigator Signature tool implementing Euclidean distance method (http://genevestigator.com).
Hierarchical clustering of the normalized expression values was performed with the MultiExperiment
Viewer v4.9.0 (www.tm4.org). The analysis implemented Euclidean distance metric and average
linkage cluctering method with distance threshold set to 3.7. Gene ontology analysis was performed
with Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7
(http://david.abcc.ncifcrf.gov/; Huang et al., 2009).

GCMS metabolite profiling, glutathione assay

For analysis of primary metabolites plants were subjected to RGCL assay according to the procedures
described before. Tissue samples were collected after 0 and 24 hours of oxidative stress treatment.
At each time point 5 samples (57 — 64 mg) of shoot tissue per genotype were harvested, frozen
immediately in liquid nitrogen and homogenised with ball mill (Retsch, Germany). Powdered tissue
was extracted with 300 pl methanol and 30 pl of internal standard (ribitol 0.1 mg/ml) for 15 min
at 70°C. Then, 200 ul of chloroform was added and samples were incubated in a rotating shaker
for 5 min at 37°C, next 400 pl of water was added and samples were vortexed and centrifuged
for 15 min at 16,100 x g. Aliquots of polar phase (160 pl) were dried in the speed-vac. The dried
residue was redissolved and derivatized for 90 min at 30°C in 40 pl of 20 mg/ml
O-Methylhydroxyamine hydrochloride in pyridine. Next 70 pul of MSTFA and 10 pl of retention time
standard mixture (C12, C15, C19, C22, C28, C32, C36 n-alkane mix) were added and samples were
incubated for 30 min at 37°C in rotating shaker. GC-MS analyses were carried out with a quadrupole
mass-selective detector (model 5973, Hewlett-Packard), coupled to a GC system (6890 series,
Hewlett-Packard) equipped with an automated sample injector and an VF-5ms capillary column
(30m x 0.25mm). The sample volume was 1 ul. The injector operated in a splitless mode at 230°C
with a constant helium flow of 1 ml/min. The oven temperature was held at 70°C for 5 min post
injection, then raised to 325°C at a rate of 5°C/min, maintained at 325°C for 1 min and cooled down
to a final temperature of 70°C at 50°C/min. The MS transfer line was set to 250°C, the MS ion source
to 230°C and the detector to 150°C, throughout the analysis. A full mass spectra were recorded
by scanning the m/z range of 60-600 with a solvent delay of 7.8 min. Peak alignment and integration
was performed with xcms package (Smith et al, 2006) implemented in Bioconductor
(www.bioconductor.org). Normalisation and statistical analysis was performed with MetaboAnalyst
2.0 (www.metaboanalyst.ca, Xia et al., 2012). Custom mass spectra library from the Golm
Metabolome Database (Q_MSRI_ID) was imported in AMDIS software (Stein, 1999) in order

to annotate peaks of interest.
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Measurement of total glutathione level was performed according to a protocol described before
(Queval and Noctor, 2007).

Gas exchange

For gas exchange measurements plants were grown in 55 mm square Petri dishes as described for
RGCL assay at a density of 5 plants per plate. After three-weeks growth lids were removed and whole
plates were analysed with LI-6400XT Portable Photosynthesis System equipped with tightly sealed
Licor 6400-17 Whole Plant Arabidopsis Chamber and the Licor 6400-18 RGB Light Source.
Parameters used for the measurement were as follows: light intensity, 100 umol-m %5 *; CO, level,
400 pmol-M™; ambient temperature, 23°C; flow 400 pmol-s* and stomatal ratio set to 1.

After the measurement, for each plate, fresh weight of rosettes was determined with analytical balance.
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SUPPLEMENTARY INFORMATION
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Figure S1. SHORT-ROOT mutant alleles used in this study.
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Figure S2. Mechanical restriction of root size does not affect oxidative stress performance. Plants were grown vertically
on 1 x MS medium 1% sucrose in LD conditions. Roots were cut to the length of ~ 2cm every 3 DAS, during the 12-days
growth period. Subsequently plants were subjected to RGCL assay. Bars demonstrate Fv’/Fm’ value after 7 days of RGCL
treatment averaged from 4 biological replicates. Data analyzed with one-way ANOVA followed by Bonferroni’s multiple

comparison test (p < 0.05).
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Figure S3. Heterozygous shr mutants exhibit enhanced growth but not oxidative stress tolerance. A) Projected rosette area
for plants heterozygous for shr-6 mutation in Col-0 and cat2-2 background. Plants were grown two weeks on 1 x MS
medium 1% sucrose. Projected rosette areas were determined with ImageJ software. Bars represent means for approx.
55 plants per line + SE. Asterisks indicate significant differences to respective control lines according to one-way ANOVA
followed by Bonferroni’s multiple comparison test (p < 0.05). B) Changes of Fv'/Fm' during RGCL assay. Three-week old

plants grown under long day conditions at 100 pmol-m2.s™

on 1 x MS medium supplemented with 1% sucrose were
subjected to photorespiratory stress by mechanical restriction of gas exchange and transfer to continuous light. Data points

represent means of three biological replicates + SE.
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Figure S4. SHORT-ROOT-deficient plants require exogenous sucrose supplementation for normal growth in vitro.

-1

A, B) Three-week old plants grown under long day conditions (16h light / 8h dark) at 100 pmol-m2-s™ on 1 x MS medium

supplemented with 1% sucrose (A) or without sucrose (B).
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T =24H

Fv'/Fm'
Figure S5. Lack of SCARECROW does not lead to enhanced oxidative stress tolerance in soil conditions. Plants were grown

for three weeks under long day photoperiod (120-130 pmol-m2s™) at elevated CO2 concentration (3000 ppm) and
subsequently exposed to 24 hours of continuous excess light irradiation (1100-1200 pmol-m2.s%) in ambient air.

Representative images demonstrate formation of cell death lesions and reduction of PSII maximum efficiency.
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Figure S6. SHORT-ROOT deficiency affects levels of TCA cycle metabolites. A-D) GC-MS profiling of polar TCA cycle
metabolites. Three-week-old Col-0, cat2-2, shr-6 and shr-6/cat2-2 mutant plants grown on 1 x MS medium supplemented
with 1% sucrose were sealed with parafilm and moved to continuous light. Rosettes were harvested before and after 24 hours
of treatment. Values represent means of 5 biological replicates + SE. Data were analyzed with two-way ANOVA using
photorespiratory stress (photorespiratory conditions vs control conditions) and genotype as main factors, and followed
by Bonferroni multiple comparisons post-hoc test (p<0.05). Black asterisks (*) show significant differences to Col-0,

red asterisks (*) mark significant differences between cat2-2 and shr-6/cat2-2 line within respective conditions.
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Figure S7. Visual output of SHOREmap analysis performed on 238.3 mutant line. Dots represent polymorphisms, color
of the dots corresponds to the SHORE score.
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Table S3. List of microarray experiments significantly resembling transcriptomic patterns evoked by
SHORT-ROOQT deficiency.

. . Relative Repository ID / Reference
No. | Experiment description .
similarity
1 Cytokinin receptor triple mutant ahk2/ahk3/ahk4 vs Col-0 1.748 E-MEXP-1262 / -
2 SET DOMAIN GROUP 2-deficient mutant sdg2-1 vs Col-0 1.491 GSE23208 / (Guo et al., 2010)
3 Arabidopsis line overexpressing rice full lenght cDNA 1397 GSE14646 / (Albinsky et al.,
of LBD37 (Os-LBD37) vs empty vector control line ' 2010)
. NASCARRAYS-343 / (Aluru et
4 Immutans (im) green sectors vs Col-1 1.380
al., 2009)
5 RNAI line with silenced OBERON1 and OBERON2 vs Col-0 1.376 GSE19341 /-
6 Cold treatment, icel mutant vs ctrl line (p)CBF3::LUC) 1.333 GSE3326 / (Lee et al., 2005)
. Arabidopsis line overexpressing RESPONSE REGULATOR 1.332 GSE5698 / (Goda et al., 2008)
22 (ARR22) vs Col-0
8 Double mutant of chloroplast GAPDH isoforms 1.331 GSE14765 / (Mufioz-Bertomeu
gapcpl/gapcp2 vs Col-0 et al., 2009)
) . ] . 1.282 E-MEXP-791 / (Misson et al.,
9 Col-0 seedlings exposed to low vs high Pi concentration
2005)
10 ABSCISIC ACID INSENSITIVE 4 / VITAMIN C 1.275 GSE23329 / (Kerchev et al.,
DEFECTIVE 2 double mutant abi4/vtc2 vs Col-0 2011)

Table S4. Summary of EMS-specific polimorphisms significantly enriched in 238.3 mutant plants.
Polymorphisms were filtered with frequency threshold set to 0.8.

o 3 _ 2| 8¢
= g - g |8 |¢
3 4822263 | G A 65 | 0.9 CDS AT3G14420 | 263 2 G |E
3 7636562 G A 40 | 0.89 intergenic

3 6290758 G A 60 | 0.86 intergenic

3 3807077 G A 54 | 0.84 | intergenic

3 6145283 | G A |43 | 083 | five prime_UTR AT3G17940

4 8981113 G A 5 0.83 intronic/noncoding AT4G15780

3 6021032 | G A 50 | 0.82 | CDS AT3G17600 |9 3

3 436295 C T 60 0.8 CDS AT3G02260 11022 | 3 E E
3 3397230 G A 37 |08 intronic/noncoding AT3G10845

3 6031593 | G A 51 |08 CDS AT3G17630 | 2223 |3 K | K
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Table S5. List of primers used in this study

Primer Sequence (5’ - 3%) RE

CAT2_LP CCCAGAGGTACCTCTTCTTCTCCCATG

CAT2_RP TCAGGGAACTTCATCCCATCGC

SALK_NewLB1 TGGACCGCTTGCTGCAACTCTC

ET8347_LP GTTCTCGGGAACCTAAATTCG

ET8347_RP TCATGGAGGAGTTGTTGTTCC

DS3.2 CGATTACCGTATTTATCCCGTTC

DS5.1 GAAACGGTCGGGAAACTAGCTCTAC

cat2_F_attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC-
ATGGATCCTTACAAGTATCGTCCAG

cat2_R_attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTC-
TTAGATGCTTGGTCTCACGTTCAGACGGCTTGCC

SHR_Ncol_F GAGGGTTTGGAGAATGTTTACCAT Ncol

SHR_dCAPS_R CCGCTCCAAACCCACTATTCCT

UGT73B1_Hpall_F ATCATGTCCTGACATATCTAAACCG Hpall

UGT73B1_dCAPS_R AAAAGAGCGTGGCATATCGG

cat2 gRT_LP GCTGGCAAGCCGTCTGAAC

cat2_gRT_RP AGCACAGAAGATCCACATGATGAAG

ARP7_QRT_LP AACTTGTGCTCATCTGCCATTAGG

ARP7_qRT_RP TGATTCTGCGGAAACACCACTTTAG

PP2A_gRT_LP GACCGGAGCCAACTAGGAC

PP2A_gRT_RP AAAACTTGGTAACTTTTCCAGCA
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ABSTRACT

In order to survive in constantly changing environments plants developed efficient systems that allow
adaptation towards multiple stress conditions. The interactions with environment are associated with
tailored expression of nuclear genes that ultimately lead to changes in cellular metabolism and
at the whole organism level. Previously, we identified photorespiratory hydrogen peroxide
as a signaling molecule that provokes changes in expression of over 700 genes (H,O,-induced genes;
HIGs). To gain insight into the oxidative stress-related functions of these HIGs we took a reverse
genetic approach and screened the corresponding T-DNA insertion mutants for ~ 200 of these genes
for altered oxidative stress tolerance. A loss-of-function mutation in SUGAR TRANSPORT PROTEIN
13 (stp13-1) which encodes for a high affinity H*/D-hexose symporter, had a significant impact
on oxidative stress resistance. Under stress conditions, plants lacking STP13 exhibited early decrease
in PSII maximum efficiency that was associated with enhanced survival. Overexpression of STP13 led
to opposite phenotypes and resulted in early progress of chlorosis. The analysis of loss- and
gain-of-function STP13 transgenics indicated an important role for sugar availability in the oxidative
stress response. Further experiments provided a link between energy signaling and plant stress
responses with a major role of SNF1-RELATED PROTEIN KINASE 1.
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INTRODUCTION

Dynamic reactions towards changing environmental conditions are crucial for survival of all living
organisms. Plants, due to their sessile lifestyle, are among organisms that exhibit the highest metabolic
plasticity and a unique potential towards survival in harsh conditions. These adaptations are largely
dependent on reprogramming of nuclear transcription. Upon perception of stress stimulus, various
signaling cascades convey the signal towards the nucleus, where respective transcription regulators
activate/repress expression of a stimulus-specific subset of genes. These transcriptomic responses are
later fine-tuned via posttranscriptional control of translation and post-translational control of protein
activity/stability and ultimately result in changes at the metabolome level. Reactive oxygen species
such as singlet oxygen (‘0.), hydrogen peroxide (H,0,), superoxide anion (O,") and hydroxyl radical
(HO"), collectively termed as ROS, are potent signaling molecules that trigger plant adaptation
responses (Petrov and Van Breusegem, 2012). Thus far, the ROS signal was shown to be transmitted
via i) direct posttranslational modifications of redox-sensitive transcription factors (reviewed
in Chapter 1) ii) activation of multi-component signaling cascades such as those involving MAPKs
(reviewed in Chapter 1) iii) oxidation products of various cellular metabolites or structures that serve
as site specific signaling molecules. Thus far, the best described case of such metabolite
is B-cyclocitral, a carotenoid oxidation product able to exert transcriptomic reprogramming (Ramel et
al., 2012). A meta-analysis of ROS transcript signatures indicates that next to the core transcriptomic
response towards ROS signal specific sets of marker genes are regulated in response to H,0,, ‘O,
HO-, O,and depend on the site of the ROS production (Gadjev et al., 2006). Our previous efforts
aimed at exploration of transcriptomic responses towards H,O, produced during peroxisomal phase
of photorespiration and made use of CATALASE2-deficient plants as a model system for conditional
elevation of photorespiratory H,O, concentrations (Vandenabeele et al., 2004; Vanderauwera et al.,
2005; Vanderauwera et al., 2011; Hoeberichts et al., unpublished; Chapter 3 of this thesis). Thus far,
this detailed information about the transcriptomic responses towards photorespiratory hydrogen
peroxide led to discovery of new genes controlling anthocyanin production (Vanderauwera et al.,
2005) and indicted a link between ROS and auxin signaling (Tognetti et al., 2010; Tognetti et al.,
2012). The latter case serves as a good proof that transcriptomic data can aid the discovery of genes
controlling traits of agricultural importance. The overexpression of UDP-glucosyltransferase
UGT74E2, which is among the top most responsive genes controlled by photorespiratory hydrogen
peroxide, results in significantly improved survival during drought and salt stress (Tognetti et al.,
2010;. Patent no. PCT/EP2008/005213).

Next to signaling via reactive oxygen species, plant growth and development depends on availability
and distribution of nutrients, of which sugars play the major role in plant energy signaling. In contrast
to animals that perceive changes in AMP/ATP ratio via AMP-activated protein kinase [AMPK;

Hardie, (2011) and references therein] regulating nearly all aspects of cellular metabolism, plants
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sense the level of sugars via at least three major pathways to ensure the proper energy perception (Jang
et al., 1997; Moore et al., 2003; Baena-Gonzalez et al., 2007; Xiong et al., 2013). Glucose sensing
via HEXOKINASEL1 (HXK1) which is the first enzyme in hexose assimilation pathway, coordinates
the glucose availability signal with expansion of roots, leaves and inflorescence, and repression
of photosynthesis genes (Moore et al., 2003). The pathways involving SNF1-RELATED PROTEIN
KINASE 1 are largely responsible for control of stress-related sugar starvation responses that promote
utilization of alternative energy sources (Baena-Gonzélez et al., 2007). Finally, the most recent
discovery of sugar sensing mechanism involving TARGET OF RAPAMYCIN (TOR) provided
an evidence for photosynthetic/sugar control of root meristem activity (Xiong et al., 2013). The three
described sugar sensing mechanisms regulate and depend on source-sink relationships between
the respective plant organs. There is a growing evidence that stress conditions and associated
hormonal signaling are able to exert changes in distribution of nutrients (Lemoine et al., 2013).
The development and strength of the sink-force, characterized as the availability to effectively lower
the concentration of photo-assimilates (transported in the form of sucrose) in the sieve elements
(Wardlaw, 1990) largely depends on localized expression of cell-wall invertases (that convert sucrose

to hexoses) and hexose transporters (importing hexoses into the cells) (Lemoine et al., 2013).

The results of this study contribute to a better understanding of interactions between oxidative stress,
nutrient distribution and energy signaling. Under photorespiratory conditions, CATALASE 2-deficient
plants trigger mechanisms that reprogram the transcriptome with over 700 genes undergoing rapid
transcriptional induction (Inzé et al., 2012). To identify novel determinants of oxidative stress
tolerance, we employed a reverse genetics approach and investigated the oxidative stress tolerance
of T-DNA insertion lines for ~200 of these genes. We designed a novel high-throughput oxidative
stress assay and screened these mutant lines for altered oxidative stress tolerance. Our efforts led
to identification of SUGAR TRANSPORT PROTEIN (STP13) as a key player controlling survival
under oxidative stress induced sugar starvation conditions. Furthermore, we demonstrated that
phenotypes conditioned by lack/overexpression of STP13 are largely dependent on levels
of trehalose-6-phosphate and activity of SNF1-RELATED PROTEIN KINASE 1. Our results
highlight the importance of sugar signaling as a novel factor that controls the oxidative stress

tolerance.
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RESULTS AND DISCUSSION
An inventory of photorespiratory hydrogen peroxide responsive genes

A first step towards a successful reverse genetic screen is the identification of a set of genes that are
of particular interest for the biological process of choice (Alonso and Ecker, 2006). In this study we
focused on genes that are responsive towards accumulation of photorespiratory hydrogen peroxide.
To build a robust inventory of H,O, responsive genes a meta-analysis of three independent microarray
experiments that describe transcriptomic responses of CATALASE2-deficient plants towards
photorespiration-promoting conditions (exposure to excess light intensities) has been performed (Inzé
et al., 2012). Brief characterization of experimental design of respective microarray studies

is presented in Table 1.

Transgenic | Residual CAT | Light intensity Timepoints
Platform ) o 5o CO, conc. Reference
line activity [umol-m™-s77] [h]
ATH1 GeneChip ) (Vanderauwera
. CAT2HP1 20% 2000 ambient 0,38
(Affymetrix) et al., 2005)
Arabidopsis V3 ) (Vanderauwera
. CAT2HP2 7% 1000 ambient 0,1
(Agilent) etal., 2011)
3000 ppm (Hoebrichts et
CATMA V2.3 CAT2HP1 20% 2000 . 0,18
— ambient al., unpub.)

Table 1. Summary of experimental design of microarray-based transcript profiling experiments used for the meta-analysis.

From the Affymetrix ATH1 data set (Vanderauwera et al., 2005), genes showing at least a threefold
induction in CAT2HP1 plants (vs Col-0 control) after 3 h of HL exposure were selected, whereas from
the Agilent Arabidopsis V3 data set (Vanderauwera et al.,, 2011), genes showing a significant
induction [interaction significance + genotype and treatment significance (P < 0.001; Q < 0.05),
and threefold in CAT2HP2 plants after
From the CATMA (v2.3, A-MEXP-120) experiment, we have chosen genes showing a significant

induction] 1 h of HL exposure were retained.
induction [mixed model according to Wolfinger et al., (2001): interaction significance (P < 0.001)]
in CAT2HP1 plants after 8 hours of HL irradiation. The assembly of genes differentially expressed
in these transcript profiling experiments led to the formation of a database of 783 H,O, induced genes
(HIGs; Inzé et al.,, 2012). For detailed information on oxidative stress-triggered transcriptomic
inducibility of these genes we refer to Inzé et al., (2012). In order to elucidate the function of identified
HIGs we set out to analyze the performance of their T-DNA mutant lines under oxidative stress
promoting conditions. For this we identified and up-scaled 198 T-DNA-insertion lines (corresponding
to 197 genes; Table S1) obtained from the ABRC stock collection to fuel a reverse genetics-based
phenomics screen. We did not investigate whether the T-DNA insertions present within each line lead
to a loss-of-function of a respective gene/protein, therefore lines used in this study can be described

as putative mutants.
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A high throughput in vitro 96-well plate-based photorespiratory stress assay

The in vitro oxidative stress assay employed in this study was inspired by the existing RGCL assay
(Vanderauwera et al., 2011; Kerchev et al., 2014) described in detail in Chapter 3. To obtain a higher
throughput, the experimental format was tuned into a 96-well plate. Approximately 7 plants per well
were grown in liquid half-strength Murashige and Skoog medium supplemented with 0.2 % sucrose.
After 10 days of growth, plants were transferred to continuous light conditions. The exposure
to continuous light combined with restriction of gas exchange were shown earlier to induce
photorespiration (Kerchev et al., 2014; Chapter 3). After the treatment, PSII maximum efficiency
(Fv’/Fm’) was monitored on a daily basis and served as a proxy for stress sensitivity (see materials
and methods for detailed experimental procedure). Figure 1A illustrates the progressive decrease
of the Fv’/Fm’ in both wild-type (Col-0) and a CATALASE2-deficient mutant (cat2-2; Queval et al.,
2007). Significantly lower (t-test p-value = 0.0044) PSII maximum efficiency in the cat2-2 plants
(95 % of control value) was observed already under control conditions. Following the treatment,
the decline of the Fv'/Fm' parameter was much more pronounced in cat2-2 than in wild-type plants,
reaching respectively 73% and 85% of initial values after 2 days (Fig. 1A). After 3-4 days of treatment
progressive chlorosis of leaves was observed in cat2-2 plants while the Col-0 control line retained
its chlorophyll content (Fig. 1B).

The optimization of RGCL assay for the 96-well plate format created the necessity for the use
of liquid medium. We therefore closely followed the growth of wild-type and cat2 plants in the assay
conditions with no shift to CL to investigate the long-term effects of such conditions. Interestingly,
we observed that after 13 days of growth in liquid medium under long-day (LD) conditions cat2
mutants develop phenotypes similar to that of plants shifted to continuous light (Fig. 1 C, D). In cat2
plants, the long-term growth in liquid medium is associated with a decrease in PSIl maximum
efficiency (Fig. 1C) and formation of chlorosis (Fig. 1 D). Submergence is often associated with
limited oxygen availability leading to hypoxia/anoxia (Crawford and Braendle, 1996; Fukao and
Bailey-Serres, 2004). Paradoxically, anoxic conditions promote formation of ROS (Blokhina et al.,
2001; Baxter-Burrell et al., 2002; Vergara et al., 2012) that are important signaling molecules
controlling adaptation to low oxygen concentration (Baxter-Burrell et al., 2002; Gibbs et al., 2011;
Licausi et al., 2011; Chang et al., 2012). Therefore, we can not exclude the possibility that phenotypes
of cat2 plants exhibited in liquid-based RGCL assay are partially related to hypoxia/anoxia-induced
ROS production.

Plants develop a number of adaptations that allow efficient photosynthesis in submergence conditions
i.e. epidermal orientation of chloroplasts, reduced cell wall and cuticle thickness (Mommer et al.,
2005; Mommer and Visser, 2005). However, Arabidopsis plants grown in a sucrose-free medium

under LD conditions applied for the screening purposes in this work, failed to develop beyond
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the cotyledon stage (Fig. 1 E) indicating that exogenous sucrose supplementation is necessary
for seedling establishment in tested conditions. The availability of nutrients is a key factor controlling
the post-embryonic meristem activities (Xiong et al., 2013). The requirement for exogenous sucrose
supplementation indicates that the photosynthesis efficiency in underwater grown Arabidopsis
seedlings described herein is not sufficient to sustain the proper growth. Consequently, our data
indicate that plants subjected to the assay conditions applied in this study rely at least to a certain

extent on the growth medium as nutrient (sugar) source.
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Fig. 1 Induction of oxidative stress in a 96-well plate-based RGCL assay. Ten-days old Col-0 and cat2-2 plants grown
in half-strength MS liquid medium (0.2 % sucrose) under LD conditions were subjected to oxidative stress by transfer
to continuous light (CL). A) Changes of PSII maximum efficiency (Fv'/Fm’) observed after transfer to CL conditions, data
points represent means of 8 biological replicates (separate wells) + SE. B) Progression of cell death observed after the onset
of treatment C) Growth in liquid medium negatively influences PSII maximum efficiency of cat2 plants. Ten-days-old liquid
grown plants were transferred to CL or left in LD conditions. Data points represent means of 4 biological replicates (separate
wells) £ SE. D) Phenotype and Fv’/Fm’ of Ler-0 and cat2-20 (see Chapter 3) plants grown in liquid medium for 20 days
E) Phenotype of Col-0 plants grown for 10 days in liquid half-strength MS medium with/without sucrose supplementation

Lack of SUGAR TRANSPORT PROTEIN 13 leads to a decrease in PSII maximum efficiency

and promotes survival in submerged conditions

A suite of 198 T-DNA insertion lines (putative mutants) was screened for altered PSII maximum

efficiency (Fv’/Fm’) curves and the occurrence of cell death following the exposure to 96-well RGCL
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assay. Among the tested mutant lines, SALK 045494 (stp13-1) deficient in SUGAR TRANSPORT
PROTEIN 13 (STP13; Norholm et al., 2006; Yamada et al., 2011) exhibited the most pronounced
phenotype (Fig. 2). Upon stress treatment the values of Fv’/Fm’ ratio observed in line stp13-1 were
lower when compared to Col-0 control but still higher than those of cat2-2 line (Fig. 2 A, B).

The typical progress of leaf chlorosis characteristic for cat2-2 knockout was not observed (Fig. 2D).
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Fig. 2 Oxidative stress related phenotypes conferred by lack of STP13. Ten-days old plants grown in half-strength MS liquid
medium (0.2 % sucrose) under LD conditions were subjected to photorespiratory stress by transfer to continuous light (CL).
A) Changes of PSII maximum efficiency (Fv'/Fm') observed after transfer to CL conditions, data points represent means
of 8 biological replicates (separate wells) £ SE. B) PSIl maximum efficiency (Fv/Fm') after 2 days of treatment.
C) Both stp13 mutants exhibit increased Fv’/Fm’ drop when exposed to photorespiratory stress conditions D) Lack of STP13
promotes survival under submergence conditions. Plants were grown for 10 days in liquid half-strength MS medium

in 24-well plate under LD light regime and subsequently transferred to CL. Photo taken 15 days after the transfer.

The Agrobacterium mediated T-DNA insertion mutagenesis often results in presence of multiple
T-DNA insertion sites within a single mutant line (Feldmann, 1991; McElver et al., 2001).
This creates the necessity for investigation of at least two independent mutant lines for the respective
phenotype (Ulker et al., 2008). To verify whether the phenotype observed in line stp13-1 is not caused

by secondary T-DNA insertions we investigated the oxidative stress-related phenotype of independent
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STP13 mutant line — stp13-2 (SALK 021204; Norholm et al., 2006). Both T-DNA insertion lines
i.e. SALK 045494 and SALK 021204 where shown before to be null stp13 mutants (Norholm et al.,
2006; Yamada et al., 2011) which is in agreement with gene expression analysis and insert localization
studies performed in this work (data not shown). When tested in the assay conditions, both mutant
lines exhibited similar stress sensitivity (Fig. 2C) which confirms that the lack of STP13 leads to the
observed phenotypes. A close examination of the mutant lines carried out in 24-well plate format,
revealed that despite the low Fv’/Fm’ values observed in the early stages of the assay the lack of
STP13 promotes long-term survival (Fig. 2 D). After 10-15 days of treatment both mutant lines
retained higher chlorophyll content when compared to Col-0 control line that exhibited progressing

chlorosis of leaves (Fig. 2 D).

STP13 belongs to a family of SUGAR TRANSPORT PROTEINS that has 14 members in Arabidopsis
thaliana (STP1-STP14; Bittner, 2007). AtSTPs are plasma membrane transporters that mediate
the uptake of hexoses from the apoplastic space into the cell. The expression profiles of STP genes
suggest an important role during the establishment of source-sink relations (Blittner, 2007). STP13
was initially identified as a glucose transporter in a screen of cDNA library of Arabidopsis transporters
in Xenopus oocytes with a *C-glucose uptake assay (Nour-Eldin et al., 2006). Further biochemical
analysis indicated that alike other members of the family, STP13 acts as a high affinity H*/D-hexose
symporter with a broad substrate activity. Interestingly, the expression of STP13 positively correlates
with programmed cell death (Norholm et al., 2006) and is promoted by a variety of environmental

stresses (Yamada et al., 2011).

The expression of STP13 is strongly induced under oxidative stress conditions

Next, we performed an in-depth expression analysis of the all 14 members of the Arabidopsis STP
family under oxidative stress conditions. For this, we assembled a portfolio of both publicly and
in-house available oxidative stress-related microarray-based transcript profiling experiments in which
stress conditions were triggered by genetic perturbations of particular components of the cellular
antioxidant system [cat2 (Vanderauwera et al., 2005; Queval et al., 2012; Chapter 3), vtel, vte2
(Sattler et al., 2006), vtc2 (Kerchev et al., 2011)], exposure to oxidative stress promoting conditions
[low CO; (unpublished), UV-B radiation (AtGenExpress acc. no. ME00329), ozone fumigation (Short
et al., 2012)] or chemical compounds such as antimycin A (Ng et al., 2013), rotenone and oligomycin
(Clifton et al., 2005), lincomycin (GEO acc. no. GSE5770) and methyl viologen (AtGenExpres
acc. no. MEQ0340; Scarpeci et al., 2008). For descriptions of the microarray experiments see
Table S2. We found that among the STP family, STP13 is the most responsive under a broad array
of oxidative stress-promoting conditions (Fig. 3A). This is in agreement with previous study (Yamada
et al., 2011) that described similar properties of STP13 in the context of multiple stress conditions.

In order to gain insight into the spatiotemporal expression of STP13 we have used the transgenic
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Arabidopsis line expressing B-glucuronidase (GUS) under the control of STP13 promoter
(pSTP13:GUS; Schofield et al., 2009). The activity of STP13 promoter was observed in a time-scale

experiment following the exposure to severe oxidative stress conditions. For this, pSTP13:GUS plants

were grown in soil under a long day photoperiod at elevated CO, concentration (3000 ppm).

A Log2 fold change
-3 0

'W

STP1
STP2
STP3
STP4
STPS
STP6
STP7
STPS
STPY
STP10
STPI11
STPI2
STPI3
STP14

3h HL

8h HL

S| 48hlow CO,

“ 96h low CO,

24h RGCL

cat2 vs WT (expl)

cat2 vs WT (exp2)

8h low vs high CO,
12h 10 pM MV

24h 10 pM MV

2h 50 pM MV

220 pM Lincomycin
vtel

vte2

3h 50 pM Antimycin A
3h 40 pM Rotenone

3h 0.125 pM Oligomycin
3h 1.25 pM Oligomycin
6h 500 ppb O,

3h UV-B

vtc2

Fig. 3 Expression of STP13 is highly induced under
oxidative stress conditions. A) Meta-analysis of STP
family transcript profiles under conditions promoting
oxidative stress (for description of experiments see Table
S2) B-G) Spatiotemporal localization of STP13
expression. pSTP13:GUS plants were grown in soil
long day [16 h light
(100pmol-m2-s™1)/8 h dark] photoperiod at elevated CO,

for21 days under a

concentration (3000 ppm). After this period, plants were
transferred to ambient air (300-400 ppm CO,) and

exposed to continuous excess light irradiation

(1100-1200 pmol-m2-sY) for indicated time period.

Detection of reporter  p-glucuronidase  activity

was assayed as described in materials and methods.
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Next, plants were transferred to ambient air and exposed to continuous excess light irradiation
for 24 hours. This treatment promotes production of photorespiratory hydrogen peroxide
as demonstrated by a dramatic reduction of maximum efficiency of PSII and the formation of cell
death lesions in the cat2-2 line (described in Chapter 3). In order to observe the tissue specificity
and dynamics of pSTP13 activity the whole rosettes were sampled after 0, 1, 3, 5, 8, and 24 hours
of treatment. The pSTP13 driven expression of pB-glucuronidase following the oxidative stress
treatment as demonstrated by the histochemical detection of its activity (Fig. 3 B — G). Under control
conditions the staining was limited to the shoot apical meristem, young developing leaves
and enriched in vascular tissue and hydatodes (Fig. 3B). The photorespiratory stress treatment induced
gradual spreading of the signal towards the middle-age leaves (Fig. 3 C-G) with a weak signal
appearing in rosette leaves 1 and 2. However, even after the 24 h treatment time the staining was not
observed in cotyledons (Fig. 3 G). Together our results suggest that under control conditions STP13

might be involved in establishing a sink force in the young developing tissue.
Overexpression of STP13 leads to sugar-dependent phenotypes

After finding that multiple oxidative stress promoting conditions greatly induce the activity of STP13
promoter, we set out to investigate the effect of increased STP13 levels on oxidative stress tolerance.
For this, we used two independent transgenic lines expressing STP13 under constitutive CaMV 35S
promoter (STP130E-12 and OE-16; Schofield et al., 2009). The oxidative stress performance of both
lines was tested in liquid medium-based RGCL assay adapted for 24-well plates to allow a closer
examination of plant phenotypes. While the lack of STP13 leads to a rapid decrease in PSII maximum
efficiency under stress conditions (Fig. 2) the STP13OE lines behaved in an opposite manner.
Upon stress treatment both overexpressor lines retained higher maximum efficiency of PSII
photochemistry when compared to Col-0 control line (Fig. 4A). Surprisingly, this was associated with
the onset of chlorosis 6 days after start of the treatment (Fig. 4B). Next, we tested whether STP13
mutant and OE lines exhibit oxidative stress related phenotypes in solid medium-based RGCL assay
(see Chapter 3). The overexpression of STP13 results in increased uptake of sugars from the growth
media and sugar dependent growth promoting effects (Schofield et al., 2009), therefore the RGCL was
conducted on sucrose supplemented (1%) and sucrose-free media. After RGCL treatment
the STP13-deficient lines did not exhibit any visible phenotypes with no regard to the presence
of sucrose in the growth media. In contrary, the phenotypes (described later in this paragraph)
of STP130E lines were linked with the availability of exogenous sucrose. In agreement with
aprevious report (Schofield et al., 2009), we observed for both OE lines exhibited
a sucrose-dependent improvement of growth (Fig. 4C, data not shown). After two days of stress
treatment on growth medium supplemented with 1% sucrose the decrease in Fv’/Fm’ parameter was

more pronounced for STP130E lines when compared to Col-0 wild type plants (Fig. 4 C).
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Fig. 4 The overexpression of STP13 leads to sugar-dependent phenotypes. Ten-days old plants grown in half-strength MS
liquid medium (0.2 % sucrose) under LD conditions were subjected to photorespiratory stress by transfer to continuous light
(CL). A) Changes of PSII maximum efficiency (Fv/Fm') observed after transfer to CL conditions, data points represent
means of 24 biological replicates (separate wells) + SE. B) Overexpression of STP13 negatively influences survival under
submergence conditions. Plants were grown for 10 days in liquid half-strength MS medium in 24-well plate under LD light
regime and subsequently transferred to CL. Photo taken 9 days after the transfer. C) PSII maximum efficiency (Fv/Fm’) after
two days of RGCL treatment. Three-week old Col-0 and cat2-2 plants grown under control in vitro conditions on growth
medium supplemented with 1% sucrose were subjected to photorespiratory stress by mechanical restriction of gas exchange
and transfer to continuous light D) Phenotype of STP130E and Col-0 control line after 11 days of RGCL treatment.
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The progressive decrease in efficiency of PSIl photochemistry was followed by the appearance
of lesions after 9-11 days of treatment in contrast to Col-0 wild-type plants, which exhibited visible
lesions at day 14 (Fig. 4 D). This phenotype might be related to an increased sugar concentration
described earlier for STP130E plants (Schofield et al., 2009) or the different developmental stage
of STP130E plants at the onset of the stress treatment. The growth improvement of STP13 OE lines,
as well as early decrease in Fv’/Fm’ and development of lesions were not observed on medium with
no sucrose (data not shown). Next, we tested whether the level of STP13 influences oxidative stress
tolerance in soil environment. For this, the STP13 mutant and OE lines were grown for three weeks
in CO,-enriched atmosphere and subjected to the excess light treatment combined with decrease
in CO; availability as described before. Upon this stress treatment we did not observe any significant
differences in decrease of PSII maximum efficiency and formation of lesions for the STP130E and
mutant lines when compared to Col-0 line. Similarly, Norholm et al., (2006) did not observe any effect
of STP13 deficiency on cell death-progression in accelerated cell death 11 (acdll) mutant.
Furthermore, we did not observe any visual phenotypes conditioned by STP13 deficiency under
standard growth conditions in soil which might indicate its functional redundancy with other sugar
transporters. Together, our data demonstrate that exogenous sucrose supplementation is a crucial

factor determining the phenotypes of STP13 transgenics.

Lack of STP13 delays the formation of oxidative stress-related lesions in CATALASE2-deficient

plants grown in liquid medium

As a next step towards deciphering the role of STP13 under oxidative stress conditions we set out
to investigate whether the lack of STP13 can revert the formation of cell death lesions observed under
RGCL conditions in a CATALASE 2-deficient background. For this, the stp13-2 null allele was
introduced into cat2-2 genetic background by means of crossing and double stpl13-2/cat2-2 plants
were identified in F2 population by means of PCR genotyping. The resulting double mutant line
exhibited a significant reduction in formation of cell death lesions when tested in 24-well liquid
medium-based RGCL assay (Fig. 5) indicating that lack of STP13 has beneficial effects on oxidative
stress tolerance of cat2-2 line under submergence conditions. Conversely, the introduction of stp13-2
allele into cat2-2 background had no effect on its survival in solid medium-based RGCL assay or after
high light treatment in soil (data not shown) suggesting that phenotypes exhibited by stp13 mutants

are related to survival in submergence conditions.
Exogenous sugar supplementation positively influences oxidative stress tolerance

In order to explore the link between exogenous sucrose supplementation and oxidative stress tolerance
observed for STP13 transgenics, and SHORT-ROOT-deficient plants (see Chapter 3) we performed

the RGCL assay on plants grown on media supplemented with various concentrations
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of sugars (Fig. 6). For this, Col-0 and cat2-2 plants were grown in a liquid medium (0.2 % sucrose)
ina 96-well plate format as described before. After 10 days, growth media were supplemented with
sucrose to a final concentration ranging from 0.2 % (mock treatment) to 0.6 % (+0.4 %) and subjected
to RGCL assay. Following the treatment, a positive correlation between sucrose concentration and

PSII maximum efficiency was observed for both the Col-0 and cat2-2 line (Fig. 6 A, B).

stpl3-2 car2-2 stpl3-2/cat2-2

Fig. 5. Lack of STP13 confers delayed formation of cell death lesion in cat2-2 plants. Plants were grown for 10 days in liquid
half-strength MS medium (0.2% sucrose) in 24-well plate under LD light regime and subsequently transferred to CL.
Photo taken 10 days after the stress treatment. The size of photos for stp13-2, cat2-2 and stp13-2/cat2-2 lines was enlarged
for better visualization of the phenotypes.

Strikingly, the addition of sucrose at concentrations between 0.2 - 0.4 % completely attenuated
the drop in Fv’/Fm’ ratio observed in mock treated cat2-2 line (Fig. 6 B). Moreover, this phenotype
was associated with delayed progression of chlorosis (Fig. 6 A). Next, we investigated whether
the same effect could be observed for plants grown on solid media. For this, the standard plate-based
RGCL assay was performed on Col-0 and cat2-2 plants grown on media supplemented with rising
concentrations (25 — 150 mM) of sucrose, glucose, and mannitol as a control osmolite. As observed
before for plants grown in liquid media, increasing concentration of sugars were positively correlated
with Fv’/Fm’ values in both Col-0 and cat2-2 plants (Fig. 6C). Furthermore, cat2-2 plants grown
on medium supplemented with 150 mM glucose or sucrose did not exhibit any cell death lesions after

7 days of treatment. This was in contrast to plants grown on media with supplemented with
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25 - 50 mM of these sugars (Fig. 6C). Plants grown on media supplemented with mannitol exhibited
symptoms of osmotic stress as demonstrated by dramatic reduction in plant size (Fig. 6C) that were
observed also for sugar fed plants albeit to a much lower extent. Together, in agreement with previous
studies (Couée et al., 2006; Ramel et al., 2007; Sulmon et al., 2011), our results demonstrated
a positive effect of exogenous sugars on plant oxidative stress tolerance. Notably, exogenous sugar
supplementation strongly enhances tolerance to anoxia (Germain et al., 1997; Loreti et al., 2005).
Therefore, phenotypes evoked by sucrose supplementation in liquid-based RGCL assay might be

related to alleviated influence of hypoxia/anoxia.
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Fig. 6 The effect of exogenous sugar supplementation on oxidative stress tolerance. A, B) Exogenous sucrose
supplementation positively influences survival in 96-well-based RGCL assay. Ten-days old Col-0 and cat2-2 plants grown
in half-strength MS liquid medium (0.2 % sucrose) under LD conditions were supplemented with additional sucrose dose
of 0.1 — 0.4 % and subjected to photorespiratory stress by transfer to continuous light (continued on next page).
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STP13 links photorespiratory stress with energy signaling

Multiple lines of evidence indicate that plant oxidative stress tolerance is related to energy signaling:
i) exogenously applied sucrose leads to dose-dependent rescue of cat2-2 plants in RGCL conditions;
ii) the level of STP13 (presumably linked to endogenous sugar concentration) is positively correlated
with the post-stress Fv’/Fm’ values but inversely correlated with plant senescence; iii) previous studies
correlate the positive effect of sucrose supplementation on resistance towards atrazine (induces
generation of singlet oxygen (*O,) at PSII) treatment (Ramel et al., 2007; Ramel et al., 2009a)
iv) and positively correlate pre-stress carbohydrate status with oxidative stress resistance (Ramel et al.,
2009b).

Stress conditions often lead to inhibition of photosynthesis and result in sugar starvation responses
that are largely regulated by SNF-1 RELATED KINASEL (SnRKZ1; Baena-Gonzalez et al., 2007).
Under sugar starvation conditions, SnRK1 promotes autophagy and degradation of various cellular
components and that are utilized as alternative sources of energy (Baena-Gonzélez et al., 2007).
Consequently, plants overexpressing the SnRK1 catalytic subunit SNF1 KINASE HOMOLOG 10
(KINZ10) exhibit prolonged lifespan under starvation conditions (Baena-Gonzalez et al., 2007). SnRK1
activity is controlled by cellular concentration of trehalose 6-phosphate (T6P; Zhang et al., 2009;
Delatte et al., 2011). T6P is considered as a signaling molecule that indicates the intracellular
carbohydrate availability status (Schluepmann et al., 2003; Lunn et al., 2006). The increase
in intracellular sugar levels promotes accumulation of T6P (Lunn et al., 2006) which in turn
inactivates SNRK1 (Zhang et al., 2009). Remarkably, the behavior of STP130E plants [demonstrated
before by Schofield et al., (2009) to have increased rates of sugar uptake from the growth media]
in the liquid-based RGCL assay appeared opposite (accelerated chlorosis vs prolonged survival)
to the phenotype exhibited by KIN10 overexpressors subjected to sugar starvation under similar
submergence conditions (Baena-Gonzalez et al., 2007). In contrast, the stp13 lines exhibited prolonged
survival which suggested elevated SnRK1 activity in these plants. To validate this hypothesis
we investigated the oxidative stress performance of plants with altered SnRK1 activity and T6P levels.
For this, we have utilized RNAI and OE lines of SnRK1 catalytic subunit (KIN10; Baena-Gonzélez et
al., 2007) and plants expressing E. coli otsA (osmoregulatory trehalose synthesis) gene encoding for
trehalose-6-phosphate synthase (TPS, increased T6P levels) or otsB gene encoding for trehalose-6-
phosphate phosphatase (TPP, decreased T6P levels) described before (Schluepmann et al., 2003;
Wingler et al., 2012). In agreement with our hypothesis, when tested in 24-well RGCL assay plants

Fig. 6 (continued from previous page) A) PSII maximum efficiency (Fv/Fm’) and phenotype of Col-0 and cat2-2 plants after
4 days in CL conditions. B) Changes in Fv’/Fm’ observed in the course of experiment, data points represent means of 4
biological replicates (separate wells) + SE. For clarity reasons, Col-0 and cat2-2 line were visualized on separate graphs C)
PSII maximum efficiency (Fv/Fm') and phenotype of plants subjected to RGCL assay on solid media supplemented with

various sugar concentrations. Pictures taken 7 days after the treatment.
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overexpressing otsA exhibited phenotypes similar to those observed in STP130E plants (Fig 7 A, B).
Throughout the time of the treatment the PSII maximum efficiency was higher in otsA plants when
compared to Col-0 control line (Fig. 7B), this was also associated with early progress of chlorosis
(Fig. 7 B). Interestingly, we did not observe an opposite phenotype for plants overexpressing otsB.
Next, we investigated the performance of KIN10 RNAIi and OE plants in the same conditions.
As expected, plants overexpressing KIN10 exhibited more pronounced initial decrease in PSII
maximum efficiency and enhanced survival within the 24-well RGCL assay as compared to Col-0 line
(Fig. 7 C, D). In contrast, the KIN10 RNAI line exhibited higher initial Fv’/Fm’ values and faster
progression of chlorosis (Fig. 7 C, D). Together, our results clearly demonstrate that modulation
of SNRK1 activity either by altering the T6P levels or by overexpression/silencing of the KIN10
subunit influenced the survival of plants in our experimental conditions. This prompted us to test
whether increase in SNRK1 activity could rescue the phenotype of CATALASE2-deficient plants as
observed earlier for stp13-2/cat2-2 knockouts. For this, KIN10 transgenic lines OE 5.7 and RNAI 7.8
(negative control) were crossed with cat2-20 knockout line as both lines were in Ler-0 genetic
background. Double homozygous KIN10RNAI-7.8/cat2-20 and KIN10OES5.7/cat2-20 were isolated in
F3 generation by means of PCR genotyping and growth on selective media. The double mutant lines
were tested in 24-well liquid medium based RGCL assay as described before. Following the stress
treatment KIN1ORNAI-7.8/cat2-20 plants exhibited earlier onset of leaf chlorosis when compared
to control cat2-20 line (Fig. 7E), this is in contrast to KIN10OE-5.7/cat2-20 plants which alike
stp13-2/cat2-2 line exhibited enhanced survival (Fig. 7E). Together, our results suggest that within our
experimental conditions the lack of STP13 might lead to decreased sugar availability which promotes
activation of SnRK1. In view of these results it would be very interesting to investigate the levels

of sugars, T6P and the transcript levels of KIN10 marker genes in liquid grown STP13 transgenics.
T6P controls oxidative stress-induced anthocyanin accumulation

Among other processes, SNRK1 activity controls anthocyanin accumulation, with overexpression
of KIN10, leading to inhibition of production of these pigments associated with growth on high
sucrose media (Baena-Gonzalez et al., 2007). Conversely, the overexpression of otsA (resulting
inincreased T6P levels and subsequent SnRK1 inactivation), promotes constitutive accumulation
of these metabolites (Wingler et al., 2012). Interestingly, the overexpression of otsB inhibits
accumulation of anthocyanins promoted by low nitrogen and high sugar availability (Wingler et al.,
2012) while in a similar conditions STP130E plants exhibit opposite behavior (Schofield et al., 2009)
further strengthening the notion that the phenotypes of STP13 transgenics might be related to altered
T6P levels. Accumulation of anthocyanins is one of the key adaptations towards oxidative stress
conditions (Steyn et al., 2002; Hoch et al., 2003). Our previous results demonstrate that the high-light

triggered up-regulation of a transcriptional cluster of genes [including transcription factors
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PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1/MYB75) and PAP2/MYB90] involved

in biosynthesis of these pigments is delayed in cat2 plants (Vanderauwera et al., 2005).
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Fig. 7 Modulation of SnrK1 activity influences survival in liquid-based RGCL assay. Ten-days old plants grown
in half-strength MS liquid medium (0.2 % sucrose) under LD conditions were exposed to continuous light for a specified
time period. A) Changes in Fv’/Fm’ observed for WT and plants with altered T6P levels in the course of experiment, data
points represent means of 4 biological replicates (separate wells) + SE. B) Progress of chlorosis observed 7 days after
the treatment. C) Quantification of PSII maximum efficiency and (D) phenotype of plants with altered SnRK1 activity.
Photo taken 8 days after the treatment. E) Progression of chlorosis observed for KIN10 OE/RNAi lines in cat2-20
background.
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Fig. 8 The level of T6P determines oxidative stress-related accumulation of athocyanin pigments. Three-weeks-old plants

Relative anthocyanin content [%]

grown in soil under a long day photoperiod at elevated CO, concentration (3000 ppm) were transferred to ambient air
and exposed to continuous excess light irradiation for 48 hours. A) Phenotype and PSII maximum efficiency of Col-0, otsA
and otsB plants before and after 24 hours of stress treatment. B) Phenotype and relative anthocyanin content after 48 hours
of treatment. Bars indicate means of 10 biological replicates £SE. Asterisk denotes significant difference to Col-0 control line
(One-way ANOVA followed by Dunnett’s multiple comparison test)
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Consequently, cat2 mutants fail to accumulate anthocyanins in response to HL treatment
(Vanderauwera et al., 2005). To investigate whether the level of T6P might affect the oxidative stress
induced anthocyanin accumulation we subjected plants expressing otsA (TPS), otsB (TPP) and Col-0
control line to HL treatment combined with transfer from high to ambient CO, atmosphere
as described before. After 24 hours of HL plants overexpressing otsB exhibited a markedly higher
decrease in PSIl maximum efficiency than Col-0 and otsA plants (Fig. 8 A). Furthermore, after
48 hours of HL treatment, the accumulation of anthocyanin pigments was significantly lower in otsB
plants reaching only 32% of Col-0 value while the anthocyanin content in otsA plants was comparable
to that of wild-type (Fig. 8B). These results suggest that signaling pathway(s) that regulate
the oxidative stress dependent accumulation of anthocyanin pigments are at least in part controlled
by the abundance of T6P and presumably also the activity of SnRK1. In support of this notion,
the expression of PAP1 transcription factor (which transcriptional up-regulation is delayed in cat2
plants under photorespiratory conditions) was identified earlier to be negatively regulated by KIN10
overexpression (Baena-Gonzdélez et al., 2007) suggesting that photorespiratory hydrogen peroxide
might directly or indirectly activate SnRK1 activity. We further suggest that SnRK1 is the previously
hypothesized (Vanderauwera et al., 2005) oxidative stress-controlled master regulator of anthocyanin
production. The working hypothesis drawn from publicly available data and results obtained in this

chapter is schematically presented on Fig. 10.
Overexpression of KIN10 in cat2 background is sublethal

To further investigate the relation between oxidative stress performance and SnRK1 activity we tested
whether the modulation of KIN10 levels within WT and cat2 background could have an influence
on plant performance under low and moderate light intensities. In a pilot experiment, Ler-0, cat2-20
and KIN10 transgenics (in Ler-0 and cat2-20 background) were grown at light intensities of 100 and

2,671

300 pmol-m under LD photoperiod for three weeks. Measurement of rosette fresh weight
demonstrated that when grown at irradiance of 100 pumol-m %.s* plants overexpressing KIN10
(OE-5.7) accumulated significantly less (One-way ANOVA followed by Bonferroni’s post-hoc test
p-value < 0.05) biomass (64%) compared to Ler-0 reference (Fig. 9A). Under higher irradiance
(300 umol-m %s%), lines cat2-20 and KIN10 OE-5.7 accumulated significantly less (One-way
ANOVA followed by Bonferroni’s post-hoc test p-value < 0.05) biomass that Ler-0, reaching 51%,
and 25% of Ler-0 control value respectively. This data indicate that, in comparison to Ler-0 control,
KIN10 OES5.7 line failed to utilize increased light intensity to intensify biomass production.
Interestingly, the decreased biomass accumulation observed for KIN10 OE line was associated with
the development of lesions on rosette leaves (Fig. 9 B). Moreover, the overexpression of KIN10 in
cat2-20 background resulted in 35% mortality (9 dead plants per 24) and a dramatic decrease in fresh

weight (Fig. 9 A, B). At present, we are not able to provide a clear explanation for the phenotypes
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observed in KIN10OE-5.7/cat2-20 line grown under photorespiratory conditions. A plausible
hypothesis might relate the oxidative stress induced inhibition of glycolate oxidase, accumulation of
glycolate and reduction of CO, assimilation observed in cat2 plants (see Chapter 3) with sugar
starvation response and constitutive activation of SnRK1 kinase. Under these conditions, additional
increase in SnRK1 activity provoked by KINL10 overexpression could lead to excessive
autophagy/degradation of cell components and result in ~ 35% mortality observed within our
experimental group of KIN10OE-5.7/cat2-20 plants. An alternative hypothesis might link the
decreased oxidative stress susceptibility of these plants to constitutive repression of anthocyanin
accumulation that exhibit photoprotective functions. Future experiments will aim at investigating the

level of anthocyanins in the soil-grown KIN10/cat2-20 transgenics generated in this study.
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MATERIALS AND METHODS
Plant material and growth conditions

STP13 T-DNA insertion mutant lines stp13-1 (SALK _045494) and stpl3-2 (SALK_021204) were
obtained from SALK T-DNA collection (Alonso et al., 2003) and PCR genotyped with respective
gene specific primers (Table S3) according to T-DNA Express Arabidopsis Gene Mapping Tool
(http://signal.salk.edu/cgi-bin/tdnaexpress). Independent STP13 overexpression lines
35S:STP130E-12, 35S:STP130E-16 and pSTP13:GUS reporter line (Col-0 background) were
described before (Schofield et al., 2009). Line stp13-2 was crossed with cat2-2 line (Queval et al.,
2007) and double mutant plants were identified in F2 population by means of PCR genotyping
(Table S3). Lines with altered KIN10 levels (Ler-0 genetic background) 35S:KIN10-5.7 and KIN10
RNAI-7.8 were reported previously (Baena-Gonzalez et al., 2007). Both lines were crossed with
CATALASE2-deficient Ler-0 line (cat2-20, characterized in Chapter 3). Double mutant plants were
identified in F2 population by means of PCR genotyping (Table S3) and growth on selective media
containing 35 pg/ml kanamycin (selection for cat2-20 alleles) and 6 pg/ml DL-phosphinotricin
(for inserts altering KIN10 levels). Plants expressing the Escherichia coli TPS gene otsA or TPP gene
otsB were described earlier (Schluepmann et al., 2003; Wingler et al., 2012). Plants were grown
in Jiffy-7 soil pellets (Jiffy Products, Norway) in a controlled growth chamber at 21°C, 16 h light
(80-90 pmol-m2-s71)/8 h dark regime and 70% relative humidity or in vitro on full-strenght Murashige
and Skoog agar solidified medium supplemented with 1% sucrose at 21°C and long day 16 h light
(100 pmol-m 25 %)/8 h dark conditions.
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Fig. 9 Light intensity controls the influence of SnRK1 on biomass accumulation in soil. A, B) Plants were grown in soil
in LD conditions at light intensity of 100 pmol-m2-s™* and 300 pmol-m 2.5 * for four and three weeks respectively. Twenty
three rosettes/line were collected for fresh weight determination. Bars represent means of 23 biological replicates + SE.
Asterisks indicate significant differences to respective control lines according to one-way ANOVA followed by Bonferroni’s
multiple comparison test (p < 0.05).
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Fig. 10 Schematic representation of the working hypothesis linking photorespiratory hydrogen peroxide, STP13 and SnRK1,
adapted from Baena-Gonzalez et al., (2007). Stress induced expression of STP13 leads to increased sugar uptake by creating
a sink force. Depending on the growth conditions sugars are transported from source organs or, when grown in vitro, the
growth medium. Lack of CATALASE? leads to accumulation of photorespiratory hydrogen peroxide that, most likely, via
altered glycolate metabolism (see Chapter 3) leads to inhibition of photosynthesis. Low rate of photoassimilation leads
to adrop in cellular energy level that via altered concentration of trehalose-6-phosphate (T6P) is perceived by SnRK1.
We postulate (red arrows) that photorespiratory H,O, activates SnRK1 directly, or via its upstream regulators. Upon
oxidative stress-mediated activation, SnRK1 triggers defense mechanisms (including autophagy) aiming at mobilization
of alternative energy sources necessary to restore the cellular redox balance. To increase the clarity of the figure multiple well

established relationships e. g. photosynthetic production of NADPH, were not included. TFs, transcription factors.

Stress treatments

For a 96-well plate-based RGCL assay seeds were surface sterilized by means of chlorine gas
sterilization and vernalized at 4°C for 72 hours; subsequently ~7 seeds per well were sowed
into Microtest 3072 (Becton Dickinson) plates in 250 pl of liquid half strength Murashige and Skoog
medium supplemented with 0.2% sucrose and 100 mg-L™ myo-inositol. Each T-DNA insertion line
was planted in four wells and each experimental plate contained Col-0 and cat2-2 control lines and

plates were sealed with parafilm (Parafilm M®, Bemis). After 10 days of growth at 21°C in 16 h light
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(~100 umol-m?2s™/8 h dark photoperiod, plants were transferred to continuous light
(~100 umol-m %5 %) conditions. PSII maximum efficiency (Fv’/Fm’) was monitored at a daily basis.
Changes in PSII maximum efficiency (Fv’/Fm”) were followed with the use of PAM-2000 chlorophyll
fluorometer and ImagingWin software (Walz, Germany). For a 24-well based RGCL assay plants were
grown in parafilm sealed Falcon™ 24-well tissue culture plates (BD Biosciences, USA) with
approximately 20 seedlings per well filled with 2 ml of liquid medium. The composition of medium,

growth conditions and stress treatment were the same as for 96-well assay.

The solid medium-based RGCL assay, high light treatments in soil and analysis of biomass

accumulation under various light intensities were performed as described in Chapter 3.

Histochemical analysis and anthocyanin measurement

Detection of B-glucuronidase activity was performed on whole rosettes of pSTP13:GUS plants (Col-0
WT background) subjected to HL/ambient CO, treatment in soil for 0, 1, 3, 5, 8, 24 hours.
Five rosettes per timepoint were analyzed. Immediately after harvesting tissue was de-stained for
8 hours in ice-cold 90% acetone, washed with assay solution (50 mM NaCl, 100 mM Tris pH 7.0,
0.1% v/v Triton X-100) and stored at 4°C. To avoid the influence of technical conditions precautions
were taken to limit the destaining time to 8 h for samples from each time point. Samples from all time
points were stained in parallel by incubating in assay solution supplemented with 2 mM X-Gluc

for 3 h at 37°C in darkness and subsequently cleared in 80 % lactic acid.

Anthocyanin measurements were performed according to a procedure described previously
(Vanderauwera et al., 2005, and references therein) adapted for the use of whole Arabidopsis rosettes.

Ten rosettes per line were analyzed and the results were expressed as % of Col-0 value.
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SUPPLEMENTARY METERIAL

Table S1. [Enclosed on a CD attached to this thesis] List of T-DNA insertion mutant lines screened with 96-well liquid-
based RGCL assay.

Table S2. [Enclosed on a CD attached to this thesis] Description of microarray experiments used for meta-analysis

of the STP family transcriptional regulation.

Table S3. List of primer sequences used for genotyping.

Primer Sequence 5’ — 3’

Genotyping - stp13-1, stp13-2

SALK_045494 L P CACGACTAGAATTGCGAAACC
SALK_045494 RP AAAATTTTCTCCGGCATTGAC
SALK_021204_LP TTATTGCAGGCAGGATATTGC
SALK_021204_RP CTGAGGACGGTTTCTACGTTG

LBb1.3 ATTTTGCCGATTTCGGAAC

Genotyping - cat2-2 Queval et al., 2007)

sensCAT?2 CCCAGAGGTACCTCTTCTTCTCCCATG
revbisCAT2 TCAGGGAACTTCATCCCATCGC
LB1_new TGGACCGCTTGCTGCAACTCTC

Genotyping - cat2-20

ET8347_LP GTTCTCGGGAACCTAAATTCG
ET8347_RP TCATGGAGGAGTTGTTGTTCC

DS3.2 CGATTACCGTATTTATCCCGTTC
DS5.1 GAAACGGTCGGGAAACTAGCTCTAC
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CONCLUSIONS AND PERSPECTIVES

In this study we applied forward and reverse genetic approaches in order to gain better understanding
of plant adaptation to adverse environmental conditions. Despite being relatively diverse
in experimental techniques all three research chapters of this thesis are oriented towards exploration
of mechanisms that are potentially able to alleviate the negative influence of oxidative stress on plant

growth and productivity.
Mining of A. thaliana sulfenome

Ample evidence indicates that reactive oxygen species (ROS) accumulate under various stress
conditions and are often used by plant cells as stress signaling molecules (Petrov and Van Breusegem,
2012). This signaling function largely depends on the ability of ROS to oxidize redox sensor proteins
which result in oxidative modifications that are often associated with changes in conformation and
activity of these proteins. Depending on the nature of the protein signal perception might lead to direct
changes in enzymatic activity i.e. in case of metabolic enzymes, or trigger signaling pathways that
deliver the signal to the nucleus. While the information on redox modifications of metabolic enzymes
is abundant (Schirmann and Buchanan, 2008) relatively little is known about the perception of redox
status by signal tranducers (reviewed in Chapter 1). Within Chapter 2 of this thesis we describe the
novel strategy for identification of proteins (collectively termed as sulfenome) able to perceive
changes in redox status by oxidation on specific cysteine residues. The pioneering character of this
work was the combination of Cys-SOH trapping with tandem affinity purification (TAP) approach.
Our efforts led to identification of 97 proteins that are potentially involved in redox regulated cellular

processes.

The TAP technology used in this work serves to isolate protein complexes (Van Leene et al., 2007).
Despite obvious advantages i.e. ability to express probes in defined subcellular compartments or
tissues, the use of protein tags requires the use of native conditions for protein purification. This
technical feature is of crucial importance for identification of protein complexes based on
e.g. hydrophobic interactions, however in case of our study (aimed at identification of complexes
based on covalent bonds) creates uncertainty about the order of interactions. Despite of multiple wash
steps included in the protocol most likely not all of the YAP1GS interactors identified in this study are
direct binders, e.g. some of them could co-purify with their non-redox active interacting partners.
Future efforts including the use of TAPtag compatible with more stringent washes could facilitate
enrichment of the YAPL interactome with primary interactors. Consequently, this would facilitate
the subsequent validation experiments by narrowing the list of pray proteins to disulfide bonded
interactors. On the other hand, the information about the secondary interactors might be useful

for further genetic analysis and therefore can not be underestimated.
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Validation of results obtained in this study will be crucial for future exploration of ROS signaling
pathways as multiple proteins identified herein as potentially undergoing oxidative post-translational
modifications belong to protein families known to participate in signaling cascades
e.g. mitogen-activated protein kinases. Next to in vitro validation of oxidative modification, among
the most informative experiments is the complementation of plants lacking respective proteins with
their mutant forms deprived of cysteine residues crucial for signal perception. Another piece
of information could be obtained from analogical experiment using mutations that are able to mimic
sulfenic acid residues. In this regard, mutation of redox-active cysteine(s) to aspartate that due to its
charged side-chain is able to mimic —SOH group (Wang et al., 2012). Phenotypical observation
of mutant lines could indicate whether and which cysteine residues are necessary for the redox

properties of protein of choice.

As indicated earlier among the most important advantages associated with the use of genetically
encoded protein probes is the ability to target the protein into various subcellular compartments.
The YAP1GS probe used in this work was not equipped with any signal peptide, consequently a great
majority of identified proteins are known to reside in cytosol which also confirms the cytosolic
localization of the probe. Future experiments could aim at tagging the YAPL probes with signal
peptides targeting the protein to various subcellular compartments to complete the landscape

of A. thaliana sulfenome.

Finally, we believe that this technology could be applied to plants growing in physiologically relevant
conditions. Studies at the whole plant level enable application of multiple stress treatments and

therefore open a possibility for identification of proteins responsive to particular set of treatments.

Early plant development and metabolism of photorespiratory glycolate

Efforts described in Chapter 3 of this work were devoted to identification of 2™ site mutations able
torevert the cell death symptoms exhibited under photorespiratory conditions by plants lacking
photorespiratory CATALASE2. We performed a broad forward genetic screen and identified 13
mutants that exhibited significantly better performance under photorespiration-promoting conditions.
Two of these mutation were mapped in this thesis and found to localize within coding sequence
of SHORT-ROOT (SHR) transcription factor known mostly for its role in determination of root radial
patterning (Cui et al., 2007) and GLYCOLATE OXIDASE1 (GOX1) a photorespiratory enzyme
involved in conversion of glycolate to glyoxylate. The molecular functions of two genes are highly
different however both mutant lines share a common theme related to metabolism of glycolate.
We shown that plants lacking SHR exhibit a broad range of phenotypes related to photorespiratory
metabolism, including decreased levels of GOX and CAT activity and accumulation of glycolate.
Intriguingly, we also found that shr plants are Pi-deficiency mutants which explains some
of the phenotypes described earlier for this mutants such as anthocyanin accumulation or inability

to mobilize starch. As levels of phosphate are of crucial importance for proper function of biological
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membranes including the transmembrane transport particularly important for the proper
photorespiratory fluxes it is tempting to relate the Pi deficiency with glycolate hyperaccumulation
phenotype. Future experiments that could address this questions could investigate the ultrastructure
of chloroplasts and composition of chloroplast membranes. It would be also interesting to check
whether cat2 plants grown on Pi deprived medium mimic the phenotypes exhibited by shr/cat2 plants,
a similar information could also be obtained by introduction of Pi transport mutants into cat2
background e.g. phol (Poirier et al., 1991). Finally, it would be of interest to investigate to which
extent phenotypes exhibited by shr plants could be explained by Pi deficiency. Experiment that could
help to answer this question could involve genetic introduction of low phosphate resistant (Ipr)
mutations into shr background (L6pez-Bucio et al., 2005). Alternative approaches could explore
the possibilites for Pi supplementation via alternative uptake channels e.i. leaves. Foliar phosphate
fertilisation or growth in phosphate-enriched liquid medium could help to understand

the consequences of Pi deficiency in shr mutant.

The discovery of GOX1 as enzyme controling the survival of cat2 plants under photorespiratory
conditions could be explained by its enzymatic activity. Reaction catalyzed by this enzyme is
the major source of hydrogen peroxide in peroxisomes. Intriguingly, we also found that the activity
of this enzyme is constitutively repressed in cat2 plants most likely at the post-translational level.
These observation raises a question about the metabolic fates of glycolate in cat2 and goxl/cat2
mutant lines. Numerous publications hypothesized the existence of alternative routes for glycolate
scavenging, of which the most recent one indicates that this pathway might involve chloroplast
pyruvate dehydrogenase complex (Blume et al., 2013). We anticipate that targeted metabolic analysis
of gox1/cat2 double knockouts could help to understand alternative routes in glycolate metabolism.
Even more informative, would be the investigation of gox1/gox2/cat2 triple mutant that according to
our results should not exhibit any foliar GOX activity. However, the generation of such line by means
of genetic crossing is practically impossible as GOX1 and GOX2 occupy adjacent positions on
chromosome 11. GOX1 and GOX2 exhibit 92 %  sequence  similarity
(https://www.arabidopsis.org/Blast/), therefore an alternative strategy could implement the artificial

microRNA (amiRNA) technology that enables silencing of closely related genes.

Notably, we observed a significant growth improvement for goxl/cat2 double knockouts. However
the potential of modification of GOX1 activity to increase plant productivity is questionable.
This is largely caused by i) lack of beneficiary effects of decreased GOX activity in maize and rice —
indicating that phenotypes observed for Arabidopsis might be species specific or delimited
to e. g. Brassicaceae family ii) recent data indicate that hydrogen peroxide produced by GOXs is
crucial for establishing efficient hypersensitive response (Rojas et al., 2012) and plants lacking any

of the five isoforms of GOX are severely impaired in resistance towards pathogen infections.
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The role of SNRK1 in oxidative stress responses.

In the last chapter of this thesis we describe the use of reverse genetic approach to identify genes
important for oxidative stress response. We performed a meta-analysis of microarray-based transcript
profiling experiments dealing with responses towards increased levels of photorespiratory hydrogen
peroxide (Inzé et al., 2012). Analysis of mutant lines corresponding to genes highly responsive
towards H,O, accumulation revealed a function for SUGAR TRANSPORT PROTEIN 13 in oxidative
stress response. Soon after the phenotype was discovered we realized that plants
lacking/overexpressing STP13 exhibit altered sugar levels and therefore we shifted our attention to
amajor player controlling stress-related energy signaling SNF1-RELATED PROTEIN KINASE
(SnRK1) (Baena-Gonzalez et al., 2007). Our results suggest its major function in control of oxidative
stress-triggered anthocyanin accumulation and energy deprivation. We expect that future efforts

towards engineering oxidative stress tolerance will involve the aspect of energy (sugar) signaling.
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SUMMARY

Photosynthesis drives nearly all food webs on our planet. The importance of this process, largely
associated with CO, incorporation into organic molecules as well as production of O, is difficult
to overestimate. Therefore, the efficiency of photosynthesis is crucial for the survival of nearly all
organisms. Adverse environmental conditions collectively termed as abiotic/biotic stresses are among
the key factors limiting plant productivity. Consequently, research towards understanding and
improving plant stress tolerance has become a major objective of plant biotechnology.
The disequilibrium between production and scavenging of reactive oxygen species (ROS) is
the common theme for nearly all environmental stresses. However, it is now clear that plants are able
to sense the early fluctuations in ROS levels and utilize them as stress signals that ultimately trigger
adequate responses at cellular and whole-organism level. This thesis aimed at i) exploration
of signaling pathways that are able to sense and transduce the ROS information into the nucleus where
it can be translated into fine-tuned transcriptomic responses and, ii) identification of genes that are
able to alleviate the negative effects of oxidative stress on plant growth and productivity. While
the scope and objectives for each of the three approaches undertaken in frames of this thesis were

similar, strategies that were used in the respective parts of this work are largely unrelated.

In Chapter 2 of this thesis we focused on discovery of proteins that are able to sense changes
in cellular redox balance and therefore could potentially serve as sensors that initiate the ROS
signaling cascades. Perception of ROS signal is largely achieved via oxidation of cysteine sulfhydryl
groups (R-SH) to sulfenic acid, R-SOH (reviewed in Chapter 1). All proteins that undergo sulfenic
acid modification constitute the cellular sulfenome. In order to identify members of A. thaliana
sulfenome we joined the expertise of four research groups and devised a novel approach for discovery
of sulfenic acid-forming proteins. Our strategy made use of natural R-SOH affinity of the C-terminal
domain of the yeast (Saccharomyces cerevisiae) AP1 (YAP1) transcription factor and benefited from
the use of tandem affinity purification (TAP) which is an excellent technique for identification
of protein-protein interactions. Efforts described in this chapter led to identification of 97 proteins with
potential redox sensing capabilities. As a proof-of-concept, within our subset we identified 30 proteins
that had previously been reported to undergo oxidative modifications. To further confirm our results
we investigated the redox properties of DEHYDROASCORBATE REDUCTASE 2 (DHAR2) present
within the set of proteins undergoing early H,O, dependent modification. Detailed biochemical
analysis indicated that the DHAR2 active site cysteine (Cys20), is subjected to oxidation under
oxidative stress conditions. The initial formation of sulfenic acid quickly results in reaction with
reduced glutathione leading to S-glutathionylation, a PTM that protects the protein against oxidative

damage. In the final stage of this project we generated a portfolio of A. thaliana plants expressing

163



Summary

YAPL probes used in the proteomic studies. These transgenic lines will be used in the near future to

in vivo mine the A. thaliana sulfenomes under various environmental stresses.

Chapter 3 describes the use of forward genetics approach, aiming at discovery of proteins able
to modulate the photorespiratory metabolism which serves as the main source of hydrogen peroxide
within photosynthetic plant cells. In this strategy we utilized CATALASE2-deficient plants as a model
system for non-invasive regulation of hydrogen peroxide level. We used an EMS-mutagenesis
approach and performed a broad screen for 2™ site mutations able to alleviate the negative effects
of photorespiration incat2 plants (progression of cell death). The genetic screen covered
approximately 113,000 M2 cat2-2 seeds and yielded 13 second-site mutations, two of them were
mapped in this thesis. Polymorphisms that could rescue the photorespiratory phenotype of cat2 were
localized within coding sequences of SHORT-ROOT (SHR) transcription factor that is involved in
control of the developmental processes, and GLYCOLATE OXIDASE 1 (GOX1), acore
photorespiratory enzyme catalyzing the oxidation of glycolate to glyoxylate with concomitant
production of hydrogen peroxide. We demonstrate that reversion of cell death phenotype conditioned
by SHR-deficiency depends on exogenous sucrose supplementation. We found that due to metabolic
defects, already under control conditions, shr plants rely to a significant extent on growth media as the
source of nutrients. This phenotype is most likely associated with early developmental defects
observed in shr plants such as development of root endodermis and bundle sheath cells surrounding
the leaf vasculature. In contrast, plants lacking GOX1 exhibit authentic tolerance towards oxidative
stress conditions. Experiments performed in vitro and in natural growth conditions indicate the major
role of GOX1 among the five GOX isoforms and provide potential for the manipulation of glycolate

metabolism leading to growth improvements.

In the last part of this thesis (Chapter 4), we took a reverse genetic approach and screened the T-DNA
insertion mutants of ~200 hydrogen peroxide responsive genes for altered oxidative stress tolerance.
This screening effort implemented a new high-throughput oxidative stress test optimized in this work.
Within the screened mutant lines we identified the most prominent phenotype for plants lacking
SUGAR TRANSPORT PROTEIN 13 (stp13-1) which encodes for ahigh affinity H'/D-hexose
symporter. Intriguingly, plants lacking STP13 exhibited early sensitivity towards applied stress
conditions that was associated with enhanced survival in late stages of the test. Further
characterization of gain- and loss-of-function STP13 transgenics provided a link between sucrose
availability, levels of trehalose-6-phosphate and activity of SNF1-RELATED PROTEIN KINASE 1.
Finally, we hypothesize that sugar signaling controls a significant part of metabolic adaptations

towards oxidative stress conditions.
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SAMENVATTING

Fotosynthese is de drijvende kracht van deze planeet en ligt aan de basis van alle voedselketens.
Tijdens dit proces wordt CO, opgenomen en O, geproduceerd en vormt zo de cruciale basis van alle
leven op aarde. De efficiéntie waarmee fotosynthese plaatsvindt, mede onder suboptimale condities, is
dan ook alles bepalend. Zowel biotische als abiotische factoren kunnen een sterke invloed hebben op
de productiviteit van de plant en worden aanzien als belangrijke limiterende stress condities. Bijgevolg
vormt het ontwikkelen van verbeterde stress tolerante gewassen via onderzoek een belangrijk
onderdeel van plantenbiotechnologie. De link tussen de verschillende stress condities is dat ze gepaard
gaan met een stijging in reactieve zuurstofsoorten. Planten zijn echter zodanig geévolueerd dat ze deze
fluctuaties in reactieve zuurstofsoorten kunnen waarnemen, zodanig zelfs dat ze in een vroeg stadium
in staat zijn om deze te benutten als signalisatie moleculen. Dit maakt dat planten een gepaste respons
kunnen opwekken, gaande van bescherming van een cel tot de volledige plant, afhankelijk van de
stress factor. Deze thesis had als doel om i) de signalisatie pathways te ontwarren die in staat zijn om
een onbalans van reactieve zuurstofsoorten waar te nemen en deze te vertalen naar de kern van de cel
waar het kan omgezet worden tot een precieze respons op transcriptieniveau. ii) Ook genen die in staat
zijn om de negatieve gevolgen van oxidatieve stress op plantengroei te verminderen werden
geidentificeerd. De thesis is opgebouwd uit drie hoofdstukken die focussen op het verrichtte
onderzoek en hoewel ze alle drie eenzelfde doel hadden zijn de gebruikte methodes toch grotendeels

ongerelateerd.

In hoofdstuk 2 lag de focus op eiwitten die als mogelijke stress sensoren een redox onbalans konden
vertalen in een gepaste respons door het aanschakelen van signalisatie cascades. Oxidatie van de
thiolgroep van cysteine (R-SH) tot sulfeenzuur (R-SOH) is een belangrijke strategie om reactieve
zuurstofsoorten waar te nemen (zoals besproken in Hoofdstuk 1). Alle eiwitten die deze modificatie
ondergaan vormen samen het sulfenome van de cel. Om zulke eiwitten in A. thaliana te identificeren
werd, dankzij de expertise van vier verschillende onderzoeksgroepen, een nieuwe methode ontwikkelt.
Onze strategie maakte gebruik van een in de natuur voorkomend gist eiwit, namelijk YAP1, hetgeen
een R-SOH groep bevat in zijn C-terminaal domein wat kon worden benut om te isoleren via tandem-
affiniteits opzuivering (TAP). Deze laatste methode is bovendien een uitstekende techniek om eiwit-
eiwit interacties op te pikken. Deze methode resulteerde in de identificatie van 97 eiwitten die als
potentiéle stress sensoren fungeerden. Bovendien werden 30 van deze eiwitten reeds in de literatuur
gerapporteerd als zijnde eiwitten met oxidatieve modificaties. Om onze resultaten te bevestigen,
onderzochten we het eiwit DEHYDROASCORBATE REDUCTASE 2 (DHAR2) verder in detail
aangezien het in de dataset waterstofperoxide afhankelijke oxidatie onderging. Biochemische analyse
wees uit dat het cysteine van het actieve centrum (Cys20) oxidatie onderging bij blootstelling aan

stress condities. Na oxidatie tot sulfeenzuur vindt er snel reactie plaats met gereduceerd glutathion wat
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leidt tot glutathionylatie, hetgeen een gekende modificatie is ter bescherming van het eiwit tegen
oxidatieve schade. Tot slot werd een portfolio gegenereerd van A. thaliana planten die YAP1
expresseren, welke opnieuw kunnen gebruikt worden om in vivo te vissen naar eiwitten behorende tot

het sulfenome onder verschillende stress condities.

Hoofdstuk 3 beschrijft een forward genetics screen die als doel had om eiwitten te identificeren die
het fotorespiratorisch metabolisme kunnen moduleren. Fotorespiratie is de belangrijkste bron van
waterstofperoxide in fotosynthetisch plantenweefsel. Als model werd een CATALASE2-deficiente
plantenlijn gebruikt waarin de concentratie van waterstofperoxide op een niet invasieve manier
gereguleerd kan worden. Een EMS-mutagenese screen werd op deze plantenlijn uitgevoerd om
secondaire mutaties te vinden die het fotorespiratorisch fenotype van de cat2 planten verbeterde
(inductie van celdood). In deze screen werden 113000 EMS gemutageneerde planten getest waarin
uiteindelijk 13 secundaire mutaties werden geidentificeerd die aanleiding gaven een verminderde
progressie van celdood. In deze thesis werden twee van deze mutaties geidentificeerd. Een mutatie
werd gelokaliseerd in de coderende sequentie van de transcriptie factor SHORT-ROOT (SHR) welke
een regulatorische functie heeft in de ontwikkeling. De tweede mutatie werd gevonden in de
coderende sequentie van GLYCOLATE OXIDASE 1 (GOX1), een enzyme van de fotorespiratorische
pathway die glycolaat oxideert tot glyoxylaat waarbij waterstofperoxide vrijkomt. We hebben
aangetoond dat de verminderding van celdood door SHR deficientie afhankelijk is van een exogene
toediening van sucrose. We toonden aan dat shr planten reeds onder standaard groeicondities sterk
afhankelijk zijn van het groeimedium als bron van nutriénten. Dit fenotype is geassocieerd met
ontwikkelingsproblemen van shr planten reeds vroeg in de ontwikkeling. Voorbeeld hiervan zijn de
endodermis van de wortel en bundelschedecellen die de vaatbundels omgeven. GOX1 daarentegen
vertoont een ‘echte’ tolerantie tegen oxidatieve stress. Zowel in vitro als in vivo experimenten wezen
erop dat GOX1 de belangrijkste is van de vijf GOX isovormen. Verder werd het potentieel

aangetoond om het glycolaat metabolisme te moduleren met het oog op verbeterde groei.

In het laatste deel van deze thesis (hoofstuk 4) wordt een reverse genetics strategie beschreven. In
deze screen werden ~200 waterstof peroxide responsieve genen getest op hun tolerantie voor
oxidatieve stress. Hiervoor werd een high-throughput oxidatieve stress assay toegepast die in dit werk
werd geoptimaliseerd. Het meest opvallende fenotype werd gevonden bij planten die deficient zijn in
SUGAR TRANSPORT PROTEIN 13 (stp13-1). Dit eiwit is een H'/D-hexose symporter met een hoge
affiniteit. Opmerkelijk aan STP13 deficiénte planten was hun vroege sensitiviteit voor oxidatieve
stress wat in latere fases leidde tot een verhoogde overleving onder dezelfde stresscondities. Verder
karakterisatie van gain- en loss-of-function STP13 transgene planten toonde een verband tussen de

beschikbaarheid van sucrose, de concentratie van trehalose-6-phosphate en de activiteit van SNF1-
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RELATED PROTEIN KINASE 1. Tot slot werd de hypothese gesteld dat signalisatie door suikers een

belangrijke rol heeft in de metabolische adaptatie aan oxidatieve stress condities.
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Guixols, Spain.
Poster presentation: Reverse genetic screens to identify ROS signal transducers
in Arabidopsis thaliana.

7/2011 10" International Conference on Reactive Oxygen and Nitrogen Species in Plants,

Budapest Hungary.
Poster presentation: Reverse genetic screens to identify ROS signal transducers
in Arabidopsis thaliana.

11/2009 EPSO Workshop on Plant Phenotyping, Jilich, Germany

11/2008 1% Brussels Center for Redox Biology Fall Symposium, Brussels, Belgium

Oral presentation: ROS signal transduction in plants.

Publications

Waszczak C.*, Akter M.S.*, Jacques S., Gevaert K., Messens J., and Van Breusegem F., (2014)
Oxidative post-translational modifications of cysteine residues in plant signal
transduction. (in preparation)

Waszczak C., Kerchev P., Denecker J., Mihlenbock P., Hoeberichts, F. A., Van Der Kelen K.,
van de Cotte B., Vandorpe M., Messens J., Van Breusegem F. (2014) SHORT-ROOT deficiency
alleviates photorespiratory H,O,-dependent cell death in Arabidopsis leaves. (in preparation)

Kerchev PL*, De Smet B.*, Waszczak C., Messens J., Van Breusegem F., (2014) Redox
solutions for crop improvement and food security. (Submitted to ARS)

Waszczak C.*, Akter M.S.*, Wahni K., Van Molle I., Vertommen D., Gevaert K., De Jaeger G.,
Van Montagu M., Messens J., Van Breusegem F., (2014) Sulfenome mining in Arabidopsis
thaliana under oxidative stress. (Accepted for publication in PNAS)

* equal contribution

Gobron N., Waszczak C., Simon M., Hiard S., Boivin S, Charif D., Ducamp A., Wenes E., Budar
F., (2013) A cryptic cytoplasmic male sterility unveils a possible gynodioecious past for
Arabidopsis thaliana. PLoS ONE 8(4) : €62450

Bartoszewski G., Waszczak C., Gawronski P., Stepien I, Bolibok-Bragoszewska H., Palloix A.,
Lefebvre V., Korzeniewska A., Niemirowicz-Szczytt K. (2012) Mapping of the ms8 male
sterility gene in sweet pepper (Capsicum annuum L.) on the chromosome P4 using
PCR-based markers useful for breeding programmes. Euphytica 186:453-461

* equal contribution
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