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1 Abstract

Salinity is one of the main abiotic stress factors reducing the crop productivity. Salinity
affects all dicotyledonous crops and among them tomato (Solanum lycopersicum L.) is a
nominated model to investigate salt stress. Tomato is moderately sensitive to salinity, thus
we were able to study the effects of both sublethal- and lethal salt stress. Salt stress includes
ionic-, osmotic- and oxidative stress, whereas lethal salt stress induces programmed cell
death (PCD).

PCD is a well-defined, genetically controlled process. PCD has essential role in
developmental processes and mediates plant responses to environmental stresses including
salinity (Shabala 2009). Ordered series of events have been detected during salt stress-
induced PCD. Excess of Na" results ion imbalance, reduced water potential and induces
ROS burst. Disruption of ion homeostasis and ROS production collectively induces the
activity of proteases and together resulting PCD.

Protein degradation is a key consequence of salt stress-induced PCD. We applied
activity-based protein profiling (ABPP) to investigate the two main protein degradation
pathways (protease-based and proteasome-based degradation pathways) in tomato under
different salt conditions. Cys proteases are considered to participate in the regulation of
PCD. In animals different stress conditions trigger the activation of caspases (Cys containing
Asp-specific proteases). Although, their homologs have not been found in plant genomes,
some plant proteases have caspase-like activity including Cys proteases and proteasome
catalytic subunits (Han et al., 2012).

The stress proteasome in the animal kingdom facilitates faster conversion of oxidized
proteins during stress conditions by incorporating different catalytic B subunits. Plants deal
with similar kinds of stresses and also carry multiple paralogous genes encoding for each of
the three catalytic 8 subunits. In contrast to Arabidopsis thaliana, tomato has a simplified
proteasome gene set with single genes encoding each B subunit except for two genes
encoding B2. Using proteasome activity profiling on tomato roots during salt stress we
discovered a transient modification of the catalytic subunits of the proteasome coinciding with
a loss of viability. This stress-induced active proteasome disappears at later time points and
coincides with the need to degrade oxidized proteins during salt stress. This stress-induced
proteasome may play an important role in PCD during abiotic stress.

Finally, we investigated the response of an abscisic acid (ABA)-defective, sitiens
mutant of tomato exposed to sublethal- and lethal salt stress. The mutant is deficient in
functional abscisic aldehyde oxidase activity catalysing the final step in ABA biosynthesis,

thus the tissues accumulate about 10% ABA compared to wild type. ABA is produced under
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water-deficit conditions and under salt stress and regulates plant water balance and osmotic
stress tolerance. Importantly, ABA deficiency highly increased susceptibility to salt stress in
sitiens roots. Little is known about the role of ABA in protein degradation. rpn10, a mutant in
regulatory particle of 26S proteasome, was highly sensitive to ABA by the selective
stabilization of the short-lived ABA-signaling protein ABI5 (abscisic acid insensitive) in
Arabidopsis (Smalle et al., 2003). However, maturation process of cystein proteases was
delayed and accumulation of their inactive pro-protease form was prolonged by ABA in
tomato endosperm (Trobacher et al., 2013).

Interestingely, activity of certain Cys proteases increased in the absence of ABA
indicating that ABA might promote survive via suppress proteolytic activity under high

salinity.
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2 Introduction

2.1 Plant stress in general

Plants perceive and respond rapidly to environmental changes. They have evolved
complex physiological, biochemical and molecular mechanisms to adapt to a variety of
stresses. To maintain their internal steady-state constant throughput of energy is required.
Maintenance of such a steady-state but non-equilibrium condition is called homeostasis
(Hopkins and Hunner, 2004). Multiple factors can affect on homeostasis and disrupt it. These
unfavourable environmental changes can be defined as environmental stress resulting in
reduced yield and decreased ability of plants to develop and grow. Plant stress can be
divided into two groups depending on the origin. Abiotic stress is a physical (e.g. light,
temperature and water) or chemical (e.g. salinity, heavy metals) insult in contrast to biotic
stress, which is caused by living organisms (e.g. bacteria, fungus and insects) (Sharma et
al., 2013). Plant stress responses are dynamic and complex, they may depend on the origin,
intensity, duration of the stress and on the plant tissue, organ and species affected by the
stress factors (Cramer et al., 2011; Rejeb et al. 2014).

2.2 Abiotic stresses

Plants are mostly exposed to combination of various abiotic stressors such as salinity,
drought and excessive light which reduces plant growth, development and productivity
(Hoque et al., 2016). Exposure of one type of stress can often have the same effect as
another stress and responses to these factors may share common molecular and
biochemical signalling. Therefore it is difficult to make a difference between underlying
mechanisms because there are overlaps and crosstalk between the major regulatory
pathways responding to abiotic stresses (Knight and Knight 2001; Sewelam et al., 2016).
Moreover, it is becoming clear that perception of a stress factor is completed by more than
one sensor (Fig.1).

After the perception of primary signal by multiple primary sensors, secondary signals
initiate cascade of signalling events (Sewelam et al., 2016). The early signalling events
include among others alteration of cytoplasmic free Ca** concentration, production of
secondary signalling molecules such as reactive oxygen species (ROS), reactive nitrogen
forms (RNF), inositol triphosphates or abscisic acid (ABA). They activate MAPK cascade,
calcium dependent protein kinases (CDPKSs), calcium/calmodulin dependent protein kinases

(CCaMKs) and phosphatases that in turn can phosphorylate/dephosphorylate specific
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proteins and finally they initiate activation of different transcription factors (Knight et al., 2001;
Gill et al., 2016; Veram et al., 2016).These early events can be activated within seconds and
minutes. Later stages of plant stress responses include activation of stress-responsive genes
or the adjustment of regulatory/signalling proteins by the initiation of their synthesis or
degradation and activate other defence mechanisms (e.g. antioxidant system) (Baxter et al.,
2013).

Stress A Stress B

Receptors s

Interaction Interaction
between between
different different
pathways pathways

Final response Final response to
to stress A stress B

Figure 1 Different stresses or stimuli activate overlapping sensors or receptors and
generate distinct responses specifically to the stress type (Sewelam et al., 2016).

2.3 Salt stress

High salinity is one of the major environmental stress factors globally that reduces
growth and significantly limits crop productivity and it can develop either in the soil itself or by
the use of irrigation water (Acosta-Motos et al., 2015; Kunert et al., 2015). A saline soil is
generally defined as one in which the electrical conductivity (EC) of the saturation extract in
the root zone exceeds 4 dSm™ at 25 -C and has an exchangeable sodium percentage of 15
% (Foolad et al., 2004). Saline soils contain excessive soluble salts, mainly sodium chloride
(NaCl) and sodium sulphate (Na,SO,4) or other neutral salts. These salts increase osmotic
pressure, reduce water potential and inhibit plant growth. 20 square kilometre of land in arid
and semi-arid parts of the world is lost as a consequence of salinization every day. According
to the FAO database 800 million hectares of land was affected by salt in 2008. In seven
years this number has increased to 1 billion hectares of salt-affected soils (FAO, 2015).
Therefore, it is a global and urgent problem to improve our knowledge about salt stress-

induced plant responses.
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2.3.1 Sensitivity to salt stress

Plant responses to salt stress depend not only on the salt concentration but also on
the sensitivity of the plant species and on other environmental conditions (e.g. further stress
impact, altered field conditions (slight increase in pH, soil aggregation etc.)) (Rejeb et al.
2014; Shrivastava and Kumar 2015). There can be dramatic differences between plant
species (Munns 2002). In salt sensitive plants a certain salt concentration causes strong
toxicity, or even cell death, while salt tolerant plants, especially the halophytes, are growing
at their optimum rate at the same salt concentration (Munns 2002; Poér et al., 2014).
Halophytes are usually inhabit a wide variety of saline environments and have evolved a
range of strategies to tolerate and grow in concentration of NaCl higher than 400 mM. Many
dicotyledonous halophytes require 100-200 mM salt concentration to their optimum growth
(Flowers et al., 1977; Munns and Tester 2008). Naturally, most crop plants are not able to
grow in high concentration of salt (Flowers et al., 2004). The cultivated tomato, S.
lycopersicum, is a widely-grown crop plant and its production is concentrated in warm and
dry areas including the area of the Mediterranean Sea, southern and western part of US and
Mexico (Flowers et al., 2004). Unfortunately, high level of salinity appeared in the soil or in
irrigation water of such areas causes serious damages in tomato production therefore more
attention to salinity is required in the production of tomato (Flowers et al., 2004). To maintain
the productivity of tomato, breeding of new cultivars with enhanced salt tolerance is needed.
Tomato is moderately sensitive to salt stress, however, several salt-tolerant accessions
within tomato wild species were investigated (Foolad and Lin 1997; Singh et al., 2012).
Amongst the cereals, rice proved to be the most sensitive and barley is the most tolerant
species, whereas bread wheat similarly to tomato is moderately tolerant to high salinity. From
halophytes, Chenopodium quinoa Willd. belonging to Chenopodiaceae, is one of the most
promising grain-like crop species and Chenopodiaceae is the most dominant halophyte
family for agricultural utilization (Shabala 2003). These specific traits improve external and
internal Na* sequestration by the formation of trichome shape and regulation of tonoplast

Na’/H" exchangers completed with greater cytosolic K* retention (Flowers and Colmer 2015).
2.3.2 Response to salt stress

Response to salt stress is a complex phenomenon and involves morphological and
physiological changes. Salinity has two major effects: an early osmotic stress caused by the
high salt concentration in soil solution and ionic stress caused by high salt concentration
within the cytoplasm of plants cells which is expressed after a longer period (Munns and

Tester, 2008). The first, osmotic phase starts when salt concentration around the roots
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reaches the threshold level (around 40 mM). Curiously, the shoot growth is more sensitive to
salt stress than root growth. The rate of shoot growth decreases significantly which results in
reduced blades of leaves and slowly emerged new leaves. Smaller leaf area would reduce
the water use by the plants (Munns and Tester 2008). The second, ionic phase occurs when
salt concentration increases to toxic level in the old leaves and they die. If this process is
faster than the formation of new leaves, the photosynthetic capacity would decrease and the
plant will not be able to produce sufficient amount of carbohydrates for maintaining the
growth rate of plants (Munns and Tester 2008).

2.3.2.1 lon homeostasis

First intracellular response to increased Na* level around the roots is the elevated
cytosolic free Ca?". Na'-induced cytosolic Ca®* spike generated in the cytoplasm of root cells
activates the SOS signal transduction cascade (Golldack et al., 2014). Ca?*, triggered by
excess Na', is perceived by a myristyolated calcium-binding protein, SOS3 (Salt
OverlySensitive3) acting as a calcium-sensor (Ji et al., 2013). After binding Ca?, SOS3
interact with active SOS2 which belongs to the SnRK3 family of protein kinases (sucrose
non-fermenting-1-related protein kinase-3). SOS3-SOS2 interaction leads SOS2 to the
plasma membrane to activate SOS1, which is a Na*/H" antiporter via phosphorylation (Ji et
al.,, 2013). SOS pathway has a crucial role in the maintenance and regulation of ion
homeostasis under salt stress.

If salt stress reaches toxic level, plant loses the ability to maintain or quickly re-
establish the ion imbalance to avoid both ionic and osmotic stress (Munns and Tester 2008).
Disruption of the Na'/K'/Ca®* balance can dramatically increase the production of ROS,
damaging cell structures, leading to cytochrome c release along with other proteins from
mitochondria into the cytosol (Giannattasio et al., 2008; Shabala, 2009).

2.3.2.2 ROS and RNF

Plants exposed to stress have to face with an intensive ROS and RNF production.
ROS have dual role, since generally, in low concentration they serve as signalling molecules
in the cells, however, if their level is rapidly enhanced by salt stress, defined as an “oxidative
burst”, they become toxic. ROS molecules that mediate signalling functions are hydrogen
peroxide (H,0,), singlet oxygen (*O,), hydroxyl radical (*OH) and superoxide radical (O,*)
(Gadjev et al., 2006). To utilize ROS as signalling molecules their level must be maintained
by a fine balance between ROS production and ROS-scavenging pathways (Baxter et al.,
2013). Primarily among the ROS, H,O, received more attention in the past decades as a

signalling molecule. Since H,0, is relatively stable compared to other ROS, this allows its
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transport through the membranes via aquaporins (homologues of tonoplast- or plasma
membrane (PM) intrinsic protein) or even by diffusion to other cell compartments due to its
neutral characteristic, which supports its signalling function. Increased H,O; level can be
perceived either by various transcription factors (TFs) such as heat shock factors or
alternatively by the oxidation of certain amino acid residues that may affect phosphorylation
of the protein depending on their localization (Hardin et al., 2009). Namely, methionin
oxidized by H,O, to methionin sulfoxide can be coupled with oxidative signals and altered
protein phosphorylation. It was found that oxidation of Met residues in nitrate reductase,
which is a kinase substrate can inhibit the phosphorylation of nearby Ser residues (Hardin et
al., 2009).

After perception, H,O, affects downstream signalling components through the
activation of MAPkinases (e.g. MEK2 pathway), TFs (e.g. NAC, WRKY TFs) or miRNAs
(Petrov and van Breusegem 2012). Major plant transcription factors are key players in
response to salinity. Several members of AREB/ABF (ABA-responsive element binding
proteinfABRE (ABA-responsive cis element)-binding factor) family have been discovered to
participate in stress signalling. For instance, role of DREB/CBF (dehydration-responsive
element-binding/C-repeat binding factors) was early proved in increased tolerance to salt,
drought and cold stress in Arabidopsis (Kasuga et al., 1999). In addition, the Arabidopsis
bzZIP-type AREB/ABF, bZIP24 controls reprogramming of a broad array of salinity gene
expression. NAC-type AREB/ABF TFs in tomato were responsive to multiple stress
responses (Ma et al., 2013) including leaf senescence in hyperosmotic salinity and H,O,
signalling (Wu et al., 2012). It has been discovered that AP2 (APETALA 2) and WRKY-type
TFs are dependent on NAC (Jeong et al., 2010) indicating a hub role of NAC in stress
signalling. The maintenance of membrane integrity is an essential point in salt tolerance.
Overexpression of AtMYB41, belongs to R2R3-MYB TFs, increased drought tolerance by
modulating lipid metabolism, cell wall expansion and cuticle deposition (Golldack et al., 2014)

High level of ROS causes severe cellular damage by peroxidation and de-
esterification of membrane-lipids and can lead to protein degradation and cell death. Lower
levels are mostly responsible for the regulation of plant stress responses (Choudhury et al.,
2013).

It was reported that ROS and nitric oxid (NO) are produced concomitantly under
various stresses (Sewelam et al., 2016). NO has dual role, it could be protective or toxic
depending on its concentration, localization and other ROS compounds (Correa-Aragunde et
al., 2015). NO can act as an antioxidant and protects cells from oxidative damages e.g. by
activating antioxidant enzymes via NADPH regulation in red kidney bean roots under salinity
(Liu et al., 2007). In addition, NO also mitigates ionic and osmotic stress (Podr et al., 2014)

because it serves as a signal via increased Na'/K" ratio in the activation of PM Na'/H"
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antiporter, PM and vacuolar H*-ATPase and H'-pyrophosphatase (Zhang et al., 2006; Liu et
al., 2007). Several studies proved the cooperation between NO and hormonal signalling. For
instance, NO-mediated modulation of ion homeostasis via PM H*-ATPase activity is
supported by ethylene. Additionally, NO generation is proposed for normal stomatal function
and it is H,O, dependent in the context of ABA-related stomatal closure under salinity-
induced water deficit (Bright et al., 2006; Yu et al., 2014). NO is also supposed to activate
MAPKs which may be related to stomatal closure (Zhang et al., 2007). NO reaches the
maximum level in the first minutes and hours after salt exposure and NO was usually
detected only in the limited time interval (Poor et al., 2014). Interestingly, NO can express its
biological function via chemical reaction with highly reactive Cys residues. Most of these
post-translational modifications are S-nitrosylations, the addition of an NO moiety to a
reactive Cys thiols to form S-nitrosothiols (SNO) (Yu et al. 2014). Stress-induced NO
contributes to SNO accumulation while salinity also increased total SNO (Camejo et al.,
2013). Although, NO can induce programmed cell death (PCD) but only with the contribution
of H,O, (Bright et al., 2006). NO and S-nitrosylation are pivotal mediators of leaf cell death in
rice (Lin et al., 2012). Moreover, it can react with superoxide generating toxic ONOO"
(Delledonne et al. 2001), which at high concentration initiates cell death (Gupta and
Igamberdiev 2011; Podr et al., 2014).

2.3.2.3 Consequences of salt stress

Other typical hallmarks of plant PCD are DNA degradation and lipid peroxidation.
Oxidative degradation of lipids may induce elektrolyte leakage which is related to membrane
damage causing cell death (Demidchik et al., 2014). It is mainly caused by the efflux of K*
and so-called counterions (CI", HPO,*, NO3", citrate*”, malate®) that move to balance the
efflux of positively charged K*. Oxidative stress induces further K*-efflux via the activation of
nonselective cation channels (NSCCs), which may lead increased protease activity.

To summarize, all of the above mentioned processes, including decreased water
potential, disruption of ion homeostasis, ROS burst, DNA laddering, lipid peroxidation and

increased protease activity, can induce PCD upon salinity.
2.3.3 Ability to survive salinity

There are several defence pathways to prevent cellular dehydration and ion imbalance
in the early phase of salt stress. In order to survive a saline environment plants have activate
defence mechanisms i.e. to alter ion transport and compartmentation, to activate osmotic
adjustment and the protein turnover, respectively. Steady state protein turnover requires high

K*/Na" ratio because it is inhibited by Na* concentration above 100 mM and not by CI
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accumulation (Leigh and Wyn Jones 1984). Interestingly, the cytosolic enzymes of
halophytes are not adapted to high salt concentrations and show the same susceptibility to
NaCl as enzymes from glycophytes. Thus, plants respond to elevated Na* concentrations by
maintaining high cytoplasmic K*/Na" ratio (Blumwald 2000). There are different types of plant
adaptation to survive high salinity. The capacity of salt tolerance depends on the ability of
salt exclusion from the cells or tolerate high salt concentration in the leaf e.g. by vacuolar
sequestration of Na* (Munns and Tester 2008).

2.3.3.1 Strategies to avoid Na" toxicity

First, to avoid salt toxicity, Na* has to be removed from the cells in a nonspontaneous,
energy-dependent manner. It has been well established that Na* can enter the plants through
different ion channels and carryers including glutamate like receptors, cyclic nucleotide gated
channels or non-identified NSCCs (Maathuis et al., 2014). Removal of Na* from cytoplasm to
the apoplast can be mediated by Na*/H" antiporters (NHA). This is the main mechanism for
Na® exclusion (Blumwald et al., 2000). SOS1 is well-characterized NHA prominently
expressed in root tips and xylem parenchyma cells (Wu et al., 1996). Although such tissues
complete exclusion of cytoplasmic Na* mediated by SOS1, most of the plant tissues do not
show SOS1 expression and it is still not clear which antiporter is responsible for this process
(Maathuis et al., 2014). Cation/H" exchange family at the vacuolar membrane might be an
alternative solution of Na" exclusion from the cytoplasm into the vacuoles, which is probably
compatible with both K" and Na* (Evans et al., 2012).

Second, compartmentalisation of Na" in vacuole is a crucial point of survival and
allows the plant to use NaCl as an osmoticum, to maintain its water potential and to prevent
water loss, respectively (Blumwald et al., 2000; Maathuis et al., 2014). Na*/H" exchanger 1
(NHX1) is the major participant in the vacuolar cation transport. Several studies have been
revealed that NHX1 has a fundamental role in salt tolerance including Arabidopsis (Apse et
al., 1999), tomato (Zhang and Blumwald, 2001) and rice (Fukuda et al., 2004). However,
recently it was discovered that NHX1 can transport both K* and Na" and it contributes
probably rather maintaining of K* homeostasis than Na* compartmentalisation (Maathuis et
al., 2014).

Third strategy is the long distance Na* transport meaning the translocation of Na* from
root to shoot. The first two mechanisms were typical to glycophytes classified as excluders
because they always force to maintain Na* and CI" concentration below the toxic level
(Munns 2002). Halophytes are able to perform exclusion strategy with higher salt stress than
glycophytes (Munns and Tester 2008). For example, wheat can survive with 25% reduction
of growth on 120 mM NacCl with internal 20 mM Na* and high K* while saltbush maintained
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normal ion homeostasis on 400 mM NaCl (Munns 2002). But the third strategy is individual
for halophytes classified as includers and Na" is actively transported within the plant (Flowers
et al., 1977; Volkov, 2015).

2.3.3.2 Polyamines and osmolytes

Previously, it was revealed that polyamines (PAs) (spermidine (Spd), spermin (Spm),
thermospermine (tSpm) and their obligate precursor putrescine (Put)) have special
importance in salt stress. Arginine decarboxylase (ADC) is the key enzyme in PA synthesis.
Oat ADC with stress-inducible promoter was transformed into rice. The second generation
had increased Put accumulation and biomass suggesting that the accumulation of Put can
improve salt tolerance (Roy and Wu, 2000). The effect of PAs is achieved by nuclear DNA
stabilization in eukaryotic organisms and mitochondrial and chloroplastic DNA in plants,
respectively (Sairam and Tyagi 2004). PAs have pivotal role in membrane protection since
they are polycationic compounds therefore they are able to interact with anionic membrane
compounds reducing the possibility of aggregate formation (Schuber 1989; Podr et al.,
2015). It was also revealed that Put effectively reduces lipid peroxidation and also ROS level
with Spd and Spm (Papadakis and Roubelakis-Angelakis 2005; Tang and Newton 2005).

Several studies have investigated salt tolerant genotypes carrying a specific enzyme,
producing more osmolytes (e.g. proline, sugars, sugar alcohols, glycine-betaine etc.) and
accumulating them to protect membranes and proteins from aggregation (Kidric et al., 2014).
Although the most important role of the accumulation of compatible solutes is to maintain the
osmotic potential between the soil solution and cell compartments; they also protect tissues
through scavenging of ROS, which is strengthened by non-enzymatic and enzymatic

antioxidant systems (Poér et al., 2015).
2.3.3.3 Antioxidant mechanisms

ROS accumulation during stress greatly depends on the balance between ROS
production and ROS scavenging and an imbalance leads to oxidative stress (Mittler et al.,
2004). Major sources of ROS are electron transport chains of chloroplasts and mitochondria
and they are directly produced in peroxisomes and glyoxisomes (Cheeseman 2007). In order
to defend against oxidative burst, antioxidant machineries are able to eliminate ROS from the
tissues. This antioxidant defense system can regulate the uncontrolled oxidation processes
by scavenging ROS. Enzymatic antioxidants are superoxide dismutase (SOD) which
catalyzes the dismutation of O,* and generates H,O,. The most important enzymes
participating in H,O, destruction are catalase and different peroxidases, especially

ascorbate- or glutathione peroxidase (APX, GPX). APX together with glutathione reductase

19



(GR) are essential enzymes in ASH-GSH cycle which can effectively scavenge H,O,.
Basically, Fe SODs are located in the chloroplast, Mn-SOD is localized in mitochondria and
peroxisomes, and CuzZn-SOD can be found on the external, “stromal” membrane surface of
chloroplast, in the cytosol and possibly in the extracellular space (Gill and Tuteja 2010).
Components of ASH-GSH cycle have been shown to be present in cytosol, mitochondria,
and peroxisomes as well as in the chloroplast (Foyer and Noctor 2011).

The other essential scavengers are non-enzymatic antioxidants such as ascorbic acid
(ASC), glutathione (GSH), tocopherol, phenolic compounds, alkaloids and flavonoids (Fig.2;
Gill and Tuteja 2000).
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Figure 2 ROS and antioxidants defense mechanism (superoxide dismutase, SOD;
catalase, CAT; glutathione peroxidase, GPX; ascorbate peroxidase, APX;
monodehydroascorbate reductase, MDHAR; dehydroascorbate reductase, DHAR,;
glutathione reductase, GR; monodehydroascorbate, MDHA,; ascorbic acid, AA; glutathione,
GSH; oxidized glutathione, GSSG) (Gill and Tuteja et al., 2000).

2.3.3.4 Protein turnover

Denaturing condition is a serious threat to proteins because they might loose their
active form and turn to their inactive form. Afterwards they must undergo regulated protein
degradation by 20S or 26S proteasomes or by proteases and replaced by active form to be
able to recover and establish the normal homeostatic environment (Vaseva et al., 2012).
Controlled protein turnover is supported by chaperones and especially Hsp70 family is
engaged in refolding misfolded and aggregated proteins, facilitating proteolytic degradation
of unstable proteins by targeting them to the ubiquitin-proteasome system (UPS) and

controlling the activity of regulatory proteins (Vaseva et al., 2012). Furthermore, salt-induced
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water deficit affects the expression and post-translational modification (PTM) of proteins,
especially of those which are involved in avoiding stress, in repairing damage and in
protecting cell homeostasis (Vaseva et al., 2012).

2.3.3.5 Root growth versus leaf growth

Interestingly, there are differences between recoveries of different organs. Root
growth recovered remarkably better compared to leaf growth (Hsiao and Xu 2000), since Na*
concentration, in newly-developing cells, is low and below the toxic level (Jeschke 1984,
Jeschke et al., 1986) which can reduce the speed of salt accumulation overall. It is supported
by the observation in cashew plants that organ responses were much more pronounced in
the leaf than in the root focused on imbalance of K and nitrogen metabolism and enhanced
proteolytic activity. Nitrogen imbalance in the leaves is presumably caused by the increased
proteolysis and reduced protein synthesis (Silveira et al., 2003; Shabala 2009, Demidchik et
al. 2010). The root is the primary organ recognizing salt stress and initiating signalling
pathways. Additionally, a few studies have described PCD in the roots upon abiotic stress.
Mild salinity can also induce PCD in root tips as a defensive developmental response to
maintain the integrity of the root system (Hasegawa and Bressan, 2000; Huh et al., 2002;
Gémes et al.,, 2011). There is also a possibility that ROS have a role in systemic signalling
from roots to leaves, allowing leaves to activate their defense mechanisms or to initiate
biosynthesis of several hormones e.g. ethylene and abscisic acid for better protection against
salt stress.

By contrast, lethal salt stress leads to elimination of the susceptible root system and
plants can sustain this by creating new roots (Huh et al., 2002; Bagniewska-Zadworna et al.,
2016). However, when lethal salt exposure is prolonged, it leads to death not only at the
cellular level but also at the level of tissues or organs (Bagniewska-Zadworna et al., 2016).

2.3.4 Hormonal crosstalk upon salt stress

Plant hormones are central integrators of the growth and development and they are
able to control the interaction between plants and environments, including plant responses to
salt stress. Auxin, gibberellin (GA), cytokinin (CK) and ethylene (ET) are hormones that are
predominantly defined as regulating growth and development, while ABA, salicylic acid (SA),
jasmonates (JA) and brassinosteroids (BS) are traditionally involved in the response to
abiotic and biotic stresses. However, recent studies have provided substantial evidence for
the role of ABA, SA, JA and ET with auxins, GAs and CKs in regulating plant defense
response in salt stress besides their general issues depending on their ratio (Berkowitz et al.,

2016; Deb et al., 2016; Verma et al., 2016). Besides senesce promoting hormones (ABA and
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ET), it was demonstrated that CKs can be important inhibitors of leaf senescence, a special
type of PCD, since senescence is delayed after exogenous application or overproduction of
CKs in transgenic plants (Rivero et al., 2007; Havlova et al., 2008). However, the CK content
is really low in the salinized leaves that could contribute to the senescence under abiotic
stress and the decreased transport from the roots could be responsible for the decrease of
CKs in the leaves (Ghanem et al., 2008).

Previously, we investigated SA- and ET signalling in stress responses. Salicylic acid,
a phenolic compound, plays an important role in the defense response of plants to abiotic
and biotic stressors (Hayat et al., 2010) by controlling gene expression, such as the
expression of the cysteine protease gene (SAG12) or the PR1a gene encoding a protein with
antifungal activity (Lu et al., 2013; Morris et al., 2000). High (10°3-10% M) exogenous SA
treatment can induce cell death by various signalling pathways, including ROS. Increased
activity of cysteine proteases was a consequence of SA-induced ROS accumulation (Poor
et al., 2013). For instance, LeMCA1 and yVPE genes were up-regulated during PCD and
SA treatments (Hoeberichts et al., 2003; Yamada et al., 2004, Kovacs et al., 2016).
However, the sublethal (10“-107 M) concentrations of SA could generate pre-adaptation
responses which led to salinity tolerance. Moreover, it could improve acclimation to high
salinity by enhancing the net photosynthetic rate in a salt-tolerant wheat genotype (Arfan
et al., 2007) or in tomato (Poor et al.,, 2011) and by stimulating ABA and polyamine
accumulation (Szepesi et al., 2009).

ET is a gaseous plant stress-hormone and indispensable for tolerance to salinity (Tao
et al., 2015). Salinity obviously induces ET production and the synthesis of its precursor,
ACC in several plant species both in leaves and roots (Morgan et al., 1997). Both ET and JA
are related to stress responses and involved in the signalling pathway controlling the
progression of PCD triggered by ROS. For instance, under salt stress ET signalling is
necessary for ROS production in tomato cells, however, SA-induced ROS production was
independent from ET (Podr et al., 2012; Podr et al.,, 2013). Although ET and JA have
opposite function in ROS-triggered plant cell death, cooperatively regulating a set of defense
responses against biotic and abiotic stresses (McGrath et al., 2005). Under salt stress, ERF1
(ethylene response factor 1) is induced by ET, JA and ABA in tomato, supporting the idea
that several genes might act as a nodal point between different hormonal signalling pathways
responding to salt stress (Zhang et al., 2004; Miller et al., 2010; Ellouzi et al., 2014). ABA, JA
and ET can interact positively or negatively through DREB (dehydration responsive element
binding protein) transcription factor depending on the stress conditions, whether they
promote or impede stress responses. ABA is known to be antagonistic to SA and suppresses

disease resistance but promotes abiotic stress tolerance (Deb et al., 2016). Furthermore,
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ABA delayed both of the ET-induced and GA-promoted cell death in rice (Steffens and
Sauter 2005).

This complex hormone signalling response to different stress conditions may be
controlled by common transcription regulators (Deb et al., 2016). Control of hormon
singalling-related gene expression is brought about by CREs (cis-regulatory elements),
located in promoter regions of the target genes. Investigation of hormone biosynthesis-
associated gene promoters clarifies a lot of questions. For instance, CK response elements
and ABA response element are enriched in promoters of BR biosynthesis associated genes.
BR response element is located in promoters of CK biosynthesis associated genes.
Therefore, CK and ABA both may interact directly with BR hormon biosynthesis loci likewise
BR may also interact directly with CK hormon biosynthesis loci (Deb et al., 2016).

The present study would focus only on the role of ABA in salt-induced PCD.
2.3.4.1 Role of ABA under salt stress

The phytohormone, ABA plays vital role in alleviating salt stress in different ways
(Javid et al., 2011; Soon et al., 2012). ABA is produced under water-deficit conditions and it
regulates plant water balance and osmotic stress tolerance accompanied by a major change
in gene expression and physiological responses (Zhu 2002; Raghavendra et al., 2010). In
order to study ABA-dependent transcriptional regulation, one solution is to analyse cis-
regulatory elements in the promoter regions of target genes (Bitrian et al., 2012). For
instance, three PA biosynthesis genes (ADC2, SPDS1 and SPMS) were highly up-regulated
upon drought stress and the analysis of ABA-deficient (aba2-3) and ABA-insensitive (abil-1)
mutants revealed clear evidence of ABA regulation. ABRE- (ABA-responsive elements)
related motifs were also found in their promoters (Alcazar et al., 2006).

ABA signalling is starting to be more clarified with ongoing efforts to highlighted
remaining parts. The main core of ABA signalling consists of the receptors (e.g.
PYR/PYL/RCAR (PYLs)), of the positive- (e.g. Snfl (Sucrose-non-fermentation 1)-related
kinases subfamily 2 (SnRK2)) and the negative regulators (e.g. protein phosphatases type-
2C (PP2C)) and of the downstream substrates to regulate long- (gene expression), or short-
term (stomatal closure) ABA effects (Zhang et al., 2015). ABA is bound and sensed by
nucleocytoplasmic RCAR1/PYR1/PYL receptor (Fig.3; Shen et al., 2006; Pandey et al.,
2009; Park et al., 2009; Zhang et al., 2015). SnRK2 is inactivated by PP2Cs e.g. ABI1, ABI2
(abscisic acid insensitive) and HAB1 (hypersensitive to ABA), a negative regulator
phosphatase of ABA signalling, through direct interaction and dephosphorylation of a key
serine residue in the kinase activation loop (Yoshida et al., 2006; Boudsocq et al., 2007).

Upon ABA binding, dimeric PYLs undergo conformational changes leading inhibition of
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PP2Cs (Park et al., 2009). Then, the activated SnRK2 targets ABRE binding factors (such as
bZIP) to regulate gene expression in the nucleus and the cation channel (SLAC1) and
potassium channel (KAT1) to cause stomatal closure (Fig.3; Zhang et al.,, 2015).
Interestingely, RCARs expression level is decreased but PP2Cs are up-regulated under
stress condition leading to ABA desensitisation which might cause strongly increased ABA
accumulation for adjustment of ABA signalling (Raghavendra et al., 2010).
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Figure 3 Summary of ABA signalling. In the absence of ABA, negative regulators, such
as PP2Cs inactivate the positive regulators of ABA-signalling, SnRKs through physical
interaction and dephosphorylation. In the presence of ABA, ABA receptors (GPCRs, PYLs,
CHLH) bind ABA and inactivate PP2Cs. Thus, SnRKs are activated through
autophosphorylation and initiate ABA signalling. (ABA, abscisic acid; GPCRs, G protein-
coupled receptors; PYLs, PYR1 (Pyrabactin Resistance 1)-related homologous of
Arabidopsis; PP2C, protein phosphatases type-2C; SnRKs, Snfl (Sucrose-non-fermentation
1)-related kinases subfamily 2; CDPKs, cyclin-dependent protein kinases; KAT1, potassium
channel in Arabidopsis thaliana 1; SLAC1, slow anion channel-associated 1 (Zhang et al.,
2015).

Salt stress-triggered ABA accumulation was more significant in the roots than in the
leaf tissues in maize (Jia et al. 2002) and tomato (Szepesi et al. 2009). Salinity-induced ABA
in the roots was transported to the shoots causing stomatal closure by active (ABA-
mediated), e.g. ABA-triggered changes of ion fluxes in guard cells, and/or passive (hydraulic-
mediated) mechanisms, respectively (Raghavendra et al., 2010). Furthermore, ABA can be
produced in leaf vascular parenchyma cells and after entering xylem sap it may diffuse out to
the leaf apopoplast restricting cellular growth and leaf expansion (Fricke et al., 2004; Cabot
et al., 2009; Dodd 2013; Kholi et al., 2013). Therefore, salinity induced ABA can directly
affect photosynthesis due to the decreased CO, availability via stomatal closure, and/or from
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alteration of carbon metabolism (Li et al., 2015). These ABA mediated effects in stressed
plants are well defined, but little is known about the direct role of ABA on photosynthesis,
especially on the activity of photosytem Il (PSIl) and its cooperation with PSI under salt
stress. Short- and long-term ABA treatments had no effects on PSIl photochemistry and
carboxylation efficiency but it decreased CO, assimilation and stomatal conductance in
maize (Jia and Lu 2003). However, 10 uM of ABA did not modify the water potential in citrus
under lethal salt stress but improved the photosynthetic rate and stomatal conductance and
decreased the sublehtal salt stress-induced CI" accumulation (Gomez-Cadenas et al., 2003).

Moreover little is known about the relation between ABA and cysteine proteases which
can mediate the proteolysis of photosynthetic proteins, such as RUBISCO. However,
molecular and biochemical data confirmed that ABA suppressed GA-induced PCD inhibition

via suppression of cysteine protease, SICysEP (Trobacher et al., 2013).
2.3.5 Salinity-induced programmed cell death (PCD)

PCD is a well-defined, genetically controlled process and it plays a critical role in
response to changing environments. Some typical PCD events have been detected during
salt stress-induced PCD, which are common with animal cell death. Oxidative burst, DNA
fragmentation and nuclear chromatin condensation can also occur during salt stress-induced
PCD in plants (Andronis et al., 2010). If salt stress is persistent, PCD is induced (Podr et al.,
2014).

DNA laddering was visible as soon as one hour after NaCl exposure. Importantly,
DNA laddering did not occurr in sorbitol-treated cells, which means that only ionic stress and
not osmotic stress activates endonucleases resulting in PCD (Huh et al., 2002; Affenzeller et
al., 2009).

High electrolyte leakage (EL) is also a typical hallmark of PCD in intact plant cells and
it is widely used to reveal plant stress tolerance (Levitt 1972; Whitlow et al., 1992; Demidchik
et al., 2014). It is mainly caused by the efflux of K" and persists from the first minutes of
stress exposure to several hours. As a result of salt stress, K" content can dramatically and
irreversibly fall in the roots. This reaction is accompanied by Ca** and H* efflux, by ROS
generation and protease activation (Demidchik et al., 2014). NaCl-induced K* release
through the outward-rectifying K* channels (GORK and SKOR) has been demonstrated in
Arabidopsis root epidermis and leaf mesophyll cells (Shabala et al., 2006; Demidchik et al.,
2010) as well as in barley root cells (Chen et al., 2007; Zepeda-Jazo et al., 2008).

Interestingly, Ca** elevation, ROS generation, reduction of cytoplasmic K*/Na* ratio
and activation of proteases together establish a clear system resulting in PCD. It was

demonstrated that salt stress-induced Ca** elevation activates ROS production via activating
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PM-localized NADPH oxidase as a positive feedback mechanism (Shabala 2009).
Furthermore, OH" activates K" efflux channels in intact root epidermis of wild-type tomato
upon salt stress (Demidchik et al., 2010), in pea root epidermis (Zepeda-Jazo et al., 2011)
and in barley root cells (Velarde-Buendia et al., 2012). Finally, in animals, PCD-specific
hydrolytic enzymes are blocked by K*. To support this hypothesis during plant cell death it
was discovered that both K* channel blockers and the lack of a functional K* efflux channel
(GORK) inhibit the NaCl- and oxidative stress-induced activation of PCD proteases and
endonucleases (Fig.4).
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Figure 4 The proposed model of the hypothetical mechanism of ion specific signalling

at the PM of plant cells (Demidchik et al., 2014).

PCD often includes protein degradation, mediated by protease- or proteasome-based
degradation pathways (Gadjev et al., 2008). Processing cascades facilitate proteases to
reach their mature form and degrade misfolded and damaged proteins. They consequently
degrade the cytosolic components during cell death (Kinoshita et al., 1999; Yamada et al.,
2005). PCD might be regulated by a specific subset of proteases that change the abundance

of signal molecules modulating stress signaling (Tornero et al., 1996; Coffeen et al., 2004).
2.3.5.1 Proteolysis — Protein degradation pathways

Degradation of a protein occurs by proteolysis ruled by hydrolytic enzymes called
proteases. There are two major systems for intracellular protein degradation: (a) protease

pathway or (b) proteasome-based degradation pathway (Turk et al., 2012).
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There are several major roles of proteolysis. First, it re-localizes nutrients from old or
stressed organs to newly growing or sink organs, e.g. during senescence (Diaz-Mendoza et
al., 2016). Nutrient recycling, especially, that of nitrogen has an essential role in leaf
senescence that associate not only with reprogramming of expression of thousands of genes
but also with the maintenance of basic metabolic activities which are essential to process
high molecular weight (MW) molecules and to mobilize the hydrolyzed products to the
phloem (Diaz-Mendoza et al., 2016). Second, in woody tissues organelles of tracheary
elements are degraded after vacuole disruption very rapidly by the activation of cysteine
proteases and proteasome in contrast to leaf PCD where the nucleus and the vacuole
degrade after complete degeneration of chloroplast (Moreau et al., 2005). Third, selective
destruction of misfolded or damaged proteins is an essential mechanism to ensure the
guality of intracellular proteins and to protect cells from potentially toxic proteins in order to
maintain cell viability (Goldberg 2003).

The first evidence that the cells are able to degrade abnormally folded proteins was
first revealed in the 1970’s years (Goldberg 1972). Afterwards, protein degradation was
intensively studied in the past decades and nowadays powerful tools are available to
broaden our knowledge, especially under high salinity since salt stress-induced protein

degradation is still less explored.

2.3.5.1.1 Proteases

Proteases are key regulators controlling different developmental processes and
response to diverse environmental stimuli by maintaining strict protein quality control and
degrading specific sets of proteins. However, they are involved in most cellular processes,
still very little is known about their substrate specificity, physiological roles or cellular location
of many of putative proteases (Garzia-Lorenzo 2007). Proteases catalyze the hydrolysis of
peptide bonds that can be internal- (endopeptidases) or external (exopeptidases).
Exopeptidases can either cleave at the C-terminal (carboxipeptidases) or N-terminal
(aminopeptidases) of proteins. Based on their active site residues they are categorized into
four classes: cysteine-, serine-, metallo-, and aspartic proteases (van der Hoorn 2008).
According to their common evolutionary origins protease classes are subdivided into several
families and clans. They have natural and synthetic inhibitors; these data are collected in
MEROPS database (Hauske et al., 2008; van der Hoorn 2008).

Proteases are usually synthesized as a pre-protein and contain an autoinhibitory
domain that has to be removed during the activation of the enzyme (van der Hoorn et al.,
2004). Activity of proteases are strictly regulated in a number of ways, most importantly by

protease inhibitors, by maturation processes that could be autocatalytic lactivation like in the
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case of vacuolar processing enzymes (VPE) (Misas-Villamil et al.,, 2013) or allosteric
regulation by small molecules (Hauske et al., 2008). Their regulation is really important
because their proteolytic activity is potentially harmful for unspecific substrates and they play
critical roles in a broad range of biological processes essential for the plant’s life including
hormone signalling, embryogenesis, photomorphogenesis, flower development and defense
responses etc. (Habib and Fazili 2007).

Serine protease family is the largest class of proteases in plant kingdom and is
divided into 14 subfamilies. From biochemical point of view they are well described, however,
biological functions were discovered only for few members of the subfamilies — for subtilases,
carboxypeptidases and plastid-localized members (van der Hoorn 2008). It seems that they
have crucial role not only in developmental processes but also in stress responses. For
instance, two subtilases, SDD1 (Stomatal density and distribution 1) is involved in the
regulation of the stomata development (Berger and Altmann 2000). The other serine
protease, ALE1 (abnormal leaf shape 1) has a major role in appropriate cuticle development
during embryogenesis (Tanaka et al., 2001). EP3, a subtilisin-like protease of S8A serine
protease family, is remarkably increased in dark-induced and naturally senescing wheat
leaves (Wang et al., 2013). Deg proteases, ATP-independent serine hydrolases are localized
mainly in chloroplast and probably in mitochondria. It appeared that chloroplastic Deg
proteases have vital role in the degradation of photodamaged photosynthetic proteins.
Especially, lumenal Degl, Deg5 and Deg8 have pivotal importance in the repair of damaged
PSIl by removal of photodamaged D1 proteins (Schuhmann and Adamska 2012).
Furthermore, increased activity of serine hydrolases, including Hsr203 and P69B in the
apoplast precedes tissue collapse during hypersensitive response (HR) (Sueldo et al., 2014)
or P69 is required for resistance of tomato against Cladosporium fulvum (Song et al., 2009).

Metalloproteases are involved in nodulation, plastid differentiation, thermotolerance,
regulation of root and shoot meristem size, sensitivity to auxin conjugates and meiosis (van
der Hoorn 2008). It has been revealed that tomato L2 encodes an ortholog of Arabidopsis
EGY1, which is a membrane-bound, chloroplast-targeted protease and a member of zinc-
dependent M50 metalloprotease family, required for normal plastid development since it
mediates chlorophyll accumulation (Chen et al.,, 2005). These evidences suggest that
L2/EGY1 homologs may have a role in mediating chloroplast responses such as proteolysis
of thylakoid membrane proteins during photosystem assembly or in response to
environmental changes (Barry et al., 2012). Simirarly to role of Deg proteases, FtsH
protease, an ATP-dependent zinc metalloprotease, play a role in light-induced turnover of D1
protein in thylakoid membranes maintaining PSII reaction centre integrity (Lindhal et al.,
2000). Matrix metalloproteinases (MMPs), based on their expression level, may have a role

in remodelling of extracellular matrix during developmental processes, such as leaf
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expansion in soybean (Pak et al., 1997) or senescence and cell death in cotyledon
development of cucumber (Delorme et al., 2010). Moreover, At-MMP2 insertion mutant was
characterized by late flowering and early senescence in Arabidopsis (Golldack et al., 2002).
Interestingly, expression of several MMPs is induced upon pathogen infection, e.g. Gm2-
MMP in soybean (Liu et al., 2001) or Nt1-MMP in tobacco after Pseudomonas syringae
infection (Schiermeyer et al., 2009). So far there are only a few studies that verify MMP’s role
in abiotic stress responses. Golldack et al., (2002) revealed transcriptional activation of At2-
MMP by cadmium in the leaves and by salt stress in the roots of 4-week old Arabidopsis
plants and tightly controlled in a organ-specific way.

Aspartic proteases are divided into 14 subfamilies and assembled into six clans based
on their evolutionary relationship and tertiary structure. The majority of aspartic poteases
belongs to the Al family (Simoes and Faro 2004). Their functions are still unclear but there
are already a few precedents suggesting their involvement in protein turnover of different
developmental processes, e.g. PROMOTION OF CELL SURVIVAL1 (PCS1) gene is
involved in PCD as an anti-cell-death component during embryogenesis and gametogenesis
(Ge et al.,, 2005) or CONSTITUTIVE DISEASE RESISTANCE 1 (CDR1) gene is
overexpressed under different stress conditions and triggers resistance to Pseudomonas
syringae (Simoes and Faro 2004). Their role in abiotic stress is still poorly understood but
there are some exceptions. Overexpression of ASPARTIC PROTEASE IN GUARD CELL 1
(ASPG1) gene could contribute to drought avoidance via ABA-dependent signalling in
Arabidopsis (Yao et al., 2012). Importantly, Li et al. (2016) revealed that ASPARTYL
PROTEASE CLEAVING BAG1 (Bcl-2-associated athanogene) (PCB1) promotes autophagic
cell death and resistance againts B. cinerea by cleaving BAG6, a central mediator of fungal

pathogen-associated molecular pattern perception and signaling.
2.3.5.1.1.1Cysteine proteases

Cysteine (Cys) protease family is the largest protease family besides serine
hydrolases (Beers et al., 2004). Cys proteases contain Cys residues in their active site and
acts as a nucleophile in the first step of proteolysis (van der Hoorn et al., 2004). They are
very stable enzymes and are often found in a proteolytically active, slightly acidic
environment such as the apoplast or vacuole. Cys proteases are considered to co-regulate
PCD and have been intensively studied in the past decades. Most of these studies focus on
their roles in biotic stress whereas little is known about their activity during abiotic stress
especially in case of salinity (Beers et al., 2000; Bonneau et al., 2008).

Some types of PCD are regulated by vacuolar processing enzymes (VPESs), and by

papain-like Cys proteases (PLCPs). PLCPs are the most abundant among Cys proteases
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and form a large protease family, encoded by ~30 genes/plant and classified into nine
subfamilies (RD21A-, CEP1-, XCP2-, XBCP3-, THI1-, SAG12-, RD19A-, AALP- and CTB3-
like proteases) based on their conserved functional and structural features (Turk et al., 1997;
Richau et al., 2012). They typically have the MW ranging from ~20- to 40 kDa (van der Hoorn
et al., 2004). The global protein structure of PLCPs is a papain-like fold of two domains, an a-
helix and a B-sheet domain. There are two domains linked to each other and between them a
deep cleft is formed that acts as the substrate-binding groove containing the catalytic triad of
Cys-His-Asn. Besides substrate-binding groove substrate specificity is accomplished by the
substrate-binding pockets that bind amino acid side chains at positions 2 and 3 before the
cleavage site. PLCPs of all subfamilies carry two pairs of highly conserved Cys residues that
make disulfide bridges 1 and 2 in the a-helix domain (Fig.5; Turk et al., 2001; Richau et al.,
2012).

Papain

N-term

Figure 5 a-helix and a B-sheet conserved structural features in PLCP subfamilies.
Positions of catalytic triad, disulfide bridges (red lines) and putative N-glycosylation sites
(PGS; green lines) mapped onto the crystal structure of papain and cathepsin (Richau et al.,
2012).

However, there are some exceptions carrying only one- (CTB3-like proteases) or an
additional, altogether two Cys residues (RD19A-like proteases, SAG12-like proteases)
(Richau et al., 2012). Although they belong to Cys proteases, they can be found in different
compartments. To target their location, PLCPs are synthesized as a pre-proprotein and carry
different domains such as signal peptide to enter e.g. the endomembrane system or
endoplasmic reticulum (ER) with C-terminal KDEL-tail ({K/H}DEL) or N-terminal NPIR motif
for vacuolar targeting and autoinhibitory domain to prevent premature activation (Fig.6;
Ahmed et al.,, 2000; Than et al., 2004). During maturation processes the prodomain is
proteolytically removed either in cis or in trans conformations and they reach their active
form. Finally, some PLCP subfamilies typically carry an additional granulin domain
(CX5CxX5CCCx7Cx4CCx6CCx5CCx6Cx6C). Granulin domain fusion with PLCP is unique in
plant kingdom and granuling-containing PLCPs are specific to RD21A-like proteases and
XBCP3-like proteases (Richau et al., 2012).
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Figure 6 Conserved functional motifs in PLCP subfamilies. Positions and frequencies of
functional motifs in each PLCP subfamily. SP, N-terminal signal peptide, predicted by
SignalP; NPIR, vacuolar targeting signal at the N terminus of the prodomain; ERFNIN,
structural motif in the prodomain (ExxXRxxXXFXxNxxx{l/V}xxxN; allows one mismatch); Triad,
the catalytic triad: Cys-His-Asn; KDEL, C-terminal retrieval signal for localization to the ER
({K/H}DEL); Granulin, C-terminal granulin domain containing the Cys pattern
Cx5Cx5CCCx7Cx4CCx6CCx5CCx6Cx6C (Richau et al., 2012).

The structure and regulation of PLCPs are well-defined but their biological functions
are mostly unknown. Stress-induced protein processing is highly investigated in animals.
Different stress conditions trigger the activation of caspases (Cys containing Asp-specific
proteases) in animal cells which is the first step in stress signalling. Caspase-3 is the main
effector in the processing cascade (Tawa et al., 2004). Caspase homologues have not been
found in plant genomes but plants exhibit caspase-like-protease activity (cleaving after Asp
residues) (Han et al., 2012). For example, VPE has caspase-1 activity and is required for
virus-induced PCD in tobacco (Hatsugai et al., 2004), whereas the 1 catalytic subunit of the
20S proteasome has caspase-3 activity that is required for PCD triggered by Pseudomonas
syringae pv. tomato DC3000 (Hatsugai et al., 2009).

Benzothiadiazole (BTH, benzothiadiazole; an SA analogue) treatment induces PLCP
activity in the apoplast of tomato (Shabab et al., 2008), which was predominantly caused by
the accumulation of the PIP1 protease (Tian et al., 2007; Shabab et al., 2008). Many PLCPs
are up-regulated during abiotic stress (Evers et al., 2012). Transcript levels of two PLCPs,
RD19 and RD21, are up-regulated during cold- or heat-stress and are strongly induced after
10 hours upon 250 mM NaCl in Arabidopsis (Koizumi et al., 1993). In addition, transcription
of many PLCPs is induced upon developmental senescence in Arabidopsis leaves
(Buchanan-Wollaston et al., 2005), in autumn leaves in poplar trees (Guo et al., 2004) and in

response to ozone exposure in maize leaves (Ahmad et al., 2014).
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2.3.5.1.2 Ubiquitin proteasome system

Ubiquitin proteasome system (UPS) is a principal mechanism for protein degradation
therefore is essential for normal plant development, for effective and efficient perception and
response to environmental stress (Stone et al., 2014). Ubiquitin (Ub) is a small, highly
conserved peptide that contains seven lysine residues, which all can form covalent Ub-Ub
bond. According to the ubiquitin modification, this process can be divided into three types:
mono- or multimonoubiquitination when Ub can be attached to either one or multiple lysine
residues within one target, or polyubiquitination when a chain of Ubs attached to a lysine
residue within the substrate (Stone et al., 2014). Basically, UPS is built up by successive
steps starting with ubiquitination where ubiquitin molecules are covalently attached to the
protein targets through the action of three enzymes, called E1, E2 and E3, second, followed
by Ub-protein recognition and finally by degradation by 26S proteasome complex (Vierstra
2003). In the initial step, E1 (Ub-activating enzyme) activates Ub in an ATP-dependent
manner and forms a thiolester bond with the C-terminal glycine of Ub then activated Ub is
transferred to E2 (Ub-conjugating enzyme) forming a thioester linked E2-Ub intermediate
(Vierstra 2003; Moon et al., 2004).

@ DUBs

26S
proteasome

TRENDS in Plant Science

Figure 7 Ub and ATP-dependent UPS pathway. Ubiquitin conjugation cascade requires
E1l, E2 and E3 for activation, conjugation and ligation. Once Ub attached to the target protein
and polyUb-chain assembled, it is either recognized and degraded by 26S proteasome
complex or polyUb is disassembled by deubiquitination enzymes (DUBs) (Vierstra et al.,
2003).
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The third enzyme is E3 (ubiquitin ligase), the central component of ubiquitination
pathway, interacts with E2-Ub complex and transfers Ub to the recruiting substrate and
finally, initiate the conjugation (Fig.7; Stone 2014).

This process can be repeated several times to assemble a Ub-chain, since
polyubiquitination is necessary for degradation by 26S proteasome (Wilkinson 2000).
Interestingly, besides protein degradation, ubiquitination may have a role in cell signalling
e.g. in intracellular trafficking or in the activation of transcription by displacing a histone
H2A/H2B dimer from the nucleosome, respectively (Chen and Sun 2009). The Ub-substrate
conjugation process is reversible. DUBs specifically remove covalently bound Ubs from the
substrate and generate free Ubs which can be recycled (Fig.7).

Importantly, it has been discovered that there is another Ub-, and ATP-independent
protein degradation pathway required either 20S proteasome complex or 26S proteasome
complex (Fig.8). Proteins having partially or fully unstructured regions due to oxidation,
mutation or aging are susceptible to 20S degradation (Ben-Nissan and Sharon 2014).
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Figure 8 Possible degradation pathways mediated by proteasome. Target protein

degradation can occur either by (A) ATP- and Ub-dependent pathway requireing
polyubiquitination and then the target is degraded by 26S proteasome or (B) ATP- and Ub-
independent pathway without Ub tagging and ATP and then the target is degraded by 20S
proteasome core complex or 26 S proteasome (Garzia-Lorenz 2007).
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2.3.5.1.2.1 Proteasome

The 26S proteasome is a highly conserved protein complex which has a crucial role
in selective protein degradation during cell death and development. The proteasome
participates in cell cycle progression and in signalling pathways e.g. by removing propeptides
presenting antigens during immune response (Cascio et al., 2001; Ferrington et al., 2012).
The 26S proteasome consists of a catalytic 20S core particle and a 19S regulatory particle
(Coux et al., 1996). The core particle is composed of four heptameric rings; two outer a-rings
and two inner B-rings, each of them composed of seven different a- and 8 subunits (Léwe et
al., 1995). These four heptameric rings are arranged as a cylinder with three large internal
chambers. The active sites are in the central chamber, residing in three catalytic subunits:
B1, B2 and B5 which cleave after acidic, basic and hydrophobic residues, respectively, (Léwe
et al, 1995, Murata et al, 2009), and representing caspase-like, trypsin-like and
chymotrypsin-like activity, respectively (Gu et al., 2010).

In addition to the standard 31, 82 and B5 subunits, animals have additional “immune”-
subunits (B1i, P2i, B5i) and a thymus-specific subunit (B5t) which can replace the
conventional catalytic subunits in different combinations (Klare et al., 2007; Murata et al.,
2007; Ben-Nissan and Sharon 2014). Replacement of standard subunits by the “immune”-
subunits creates the immunoproteasome (i-20S) (Aki et al., 1994). These immune-subunits
can also co-exist with standard subunits within the same proteasome complex, creating an
intermediate-type proteasome (Klare et al., 2007). Intermediate- and immuneproteasomes
play roles in the degradation of damaged and misfolded proteins during cell death, especially
in oxidizing conditions in animals. Their level depends on the status of disease (Zheng et al.,
2012; Grigoreva et al., 2015).

Interestingly, there are indications of the existence of an alternative proteasome in
plants. A defense-induced a3, a6 and 1 subunits (a3din, a6din and B1din) in tobacco
suggest for the presence of a “defense proteasome” in plants (Suty et al., 2003). Transcripts
of a3din, a6din and B1din were upregulated by cryptogein, a fungal elicitor in tobacco (Dahan
et al., 2001; Lequeu et al., 2005). “Defense proteasome” was also revealed to be tightly
correlated with systemic acquired resistance (SAR) in different model systems (Suty et al.,
2003). Further evidence suggests that proteasome regulates biotic stress responses, e.g.
26S proteasome was required for SA accumulation againts fungi (Yao et al.,, 2012).
Nevertheless proteasome-dependent defense response to Pseudomonas syringae infection
involved vacuolar membrane and PM fusion resulting vacuolar proteases and antibacterial
proteins release to the apoplastic fluid where bacteria proliferate (Hatsugai et al., 2009).

Furthermore, the 20S proteasome activity declines in sunflower leaves after treatment

with certain heavy metals (Pena et al., 2008). But little is known about the modification and
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activation of specific proteasome subunits in plants. 26S proteasome regulatory particle
mutants have increased oxidative stress tolerance (Kurepa et al., 2008), salt hypersensitivity
of the rpnla mutants also confirms a recent discovery on the importance of optimal 26S
proteasome function for maintaining plant drought stress tolerance (Cho et al., 2008; Yee
and Goring 2009; Wang et al., 2009).

2.3.5.1.3 Activity-based protein profiling (ABPP)

In the context of gene expression studies it would be important to highlight that
change in gene expression level does not necessarily mean the same alteration in activity of
the corresponding enzyme proteins with proteolytic activity (Vaseva et al., 2012). To solve
this problem we applied activity-based protein profiling (ABPP), a simple and robust tool that
is suitable to detect and visualize the functional state of subsets of enzymes.

ABPP was originally developed for medical biochemistry, e.g. to show the selectivity
of drugs or as a diagnostic tool for cancer therapy (Daneri-Castro et al., 2016), but has been
successfully translated into plant science and it is increasingly used in the past decade on
plant field (Morimoto and van der Hoorn 2016). ABPP takes advantage of small bioreactive
molecules, called activity-based probes (ABPs) that react with the active site of the enzyme
in an activity-dependent manner, creating an irreversible covalent bond (Fig.9B; Morimoto
and Van der Hoorn, 2016). ABP consists of three regions: warhead-, linker- and reporter
region (Fig.9A; Kolodziejek et al., 2010).

There are four types of chemical probes (Cravatt et al., 2008; Kovacs and van der
Hoorn 2016; Morimoto and Van der Hoorn 2016). i) Mechanism-based probes are often
inspired on a covalent, mechanism-based inhibitor (e.g. DCG-04 is biotinylated version of
protease inhibitor E-64 (Greenbaum et al., 2000)). ii). Photoaffinity probes are reversible
inhibitors equipped with a photoreactive group that facilitates crosslinking upon UV irradiation
(e.g. JLO1 for metalloproteases (Lenger et al., 2012)). iii). Suicide probes become reactive
upon activation by the enzyme and usually react when still in the substrate binding pocket
(e.g. ethynylnapthalene for cytochrome P450s (Wright et al., 2007)). iv). Reactivity probes
lack a binding group and preferentially react with hyper-reactive residues that are often active
site residues (e.g. iodoacetamide probes for hyper-reactive Cys residues (Weerapana et al.,
2010)) (Fig.9A; Kovacs and van der Hoorn 2016).
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Figure 9 Principle of ABPP. (A) Four types of probes and reporter tags. Mechanism-
based probes are based on irreversible inhibitors that mimic a substrate by locking the
enzymatic mechanism in the covalent intermediate state. Photoaffinity probes are based on
reversible inhibitors equipped with a photoreactive group that cross-links within the inhibitor-
binding site. Suicide substrate probes are based on suicide inhibitors that become reactive
upon enzymatic activity and often react within the substrate-binding site. Unbiased reactive
probes consist of a tuned reactive chemical warhead that preferentially reacts with hyper-
reactive residues. (B) Concept of proteome labeling with chemical probes (Morimoto and Van
der Hoorn, 2016).

Comparative ABPP is one of the major applications of ABPP that displays changes in
the activity level of the enzymes upon different treatments (Fig.10A), for instance, in the
activity of PLCPs upon biotic stress, or VPEs and proteasome during PCD (Shabab et al.,
2008; Kaschani et al., 2009; Gu et al., 2012; van der Linde et al., 2012; Misas-Villamil et al.,
2013ab; Sueldo et al., 2014).

(a) comparative ABPP (b) competitive ABPP
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Figure 10 Principle of comparative and competitive ABPP. (a) Comparative ABPP
compares protein activities of proteomes of different samples. (b) Competitive ABPP
uncovers inhibitors. Putative inhibitors are preincubated with the proteome and the probe is
added to label the remaining active proteins. The absence of a signal indicates that molecule
2 inhibits protein Z (Kotodziejek and van der Hoorn et al., 2010).
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Another basic application of ABPP is competitive ABPP that is used for confirming
whether the sighal caused by the certain enzyme (Fig.10B; Kotodziejek and van der Hoorn
et al., 2010).

ABPs are often derived from a corresponding inhibitor and are linked to a reporter tag
such as biotin or fluorophore. The detection method depends on the reporter tag. Detection
of fluorophore probes is simple separation on protein gel and scan for fluorescence.
Biotinylated probes are detected with western blot and proteome labeled with biotinylated
probe can be purified and identified by in-gel or by on-bead digestion and MS analysis.
Alternatively, whole labeled proteomes are digested in-solution and biotinylated peptides are
purified and identified by MS (Fig.11, TableS1; Kovacs and van der Hoorn 2016; Morimoto
and Van der Hoorn 2016).
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3 Objectives

Our aim was to investigate the main differences between the effects of sublethal (100
mM NaCl) and lethal (250 mM NaCl) salt stress on tomato plants. We were interested in the
physiological and molecular changes depending on whether the plants survive or or the
stress induces PCD. In addition, contribution of ABA deficiency to salt stress sensitivity was
studied in sitiens mutants deficient in ABA biosynthesis and thus in ABA content focusing on

the early events of PCD.

We focused on the following questions:

1. What are the common and distinct features in the response of tomato upon 100- and
250 mM salt treatments? How do different organs react to salt stress? What are the

differences between responses of roots and leaves upon early stages of salt stress?

2. Is it possible to determine at the early stages of salinity that the plant will turn into
survival or PCD according to the stress responses? Do ROS burst and NO peak occur at the
same time upon salt-induced PCD and do they disappear upon sublethal treatment? Can we
consider the alteration of ROS burst and NO level as a hallmark of salt-induced PCD in

tomato?

3. Are there any effects of salt treatment on the protease activity in tomato? How does

protein turnover and protease activity change upon the two different salt treatments?

4. It is well known that triggered activity of caspases is amongst the first step in stress
signalling in animals. Caspase-like activity was also observed in plants including Cys
proteases. Is there any possibility that Cys proteases have similar importance in plants? Is
there any organ specificity in the activity of Cys proteases? Is there any correlation between

the alteration of Cys proteases at gene expression level and at protein level?

5. VPEs are the other subfamily belonging to Cys proteases which have caspase 1-like
activity. Previously, it has been discovered that they have pivotal role in response to biotic
stress. Is there any role of VPEs in salt stress-induced PCD or defense mechanisms in

tomato? If yes, is it a universal or a organ-specific alteration?

6. Two main protein degradation pathways exist in plants, the above mentioned protease-

based and the proteasome-based pathways. Does the activity of proteasome catalytic
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subunits alter upon the sublethal- and lethal salt stress? Does it contribute to defense against

salt stress or does it support PCD?

7. How does ABA deficiency modify the sensitivity of tomato roots to salt stress, specifically
to sublethal salt stress? What kind of physiological or molecular responses will change in
sitiens roots under control and different salt stress conditions? Does ABA have role in the
decrease in cell viability or in membrane integrity of root cells?

8. How do ROS burst and NO production change in tomato roots with reduced ABA

content? Does ABA deficiency affect total protease activity? Does protein level significantly

decrease or increase in sitiens roots?
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4 Materials and methods

4.1 Plant Material-and Growth Conditions

Tomato (Solanum lycopersicum L. cv. “Rio Fuego”) and sitiens mutant (Solanum
lycopersicum cv. “Rheinland”) plants were germinated at 26 °C for 3 days in the dark, and the
seedlings were subsequently transferred to perlite for 2 weeks. Plants were grown
hydroponically in a controlled environment in a greenhouse (300 pmol m? s photon flux
density with 12/12 light/dark photoperiod, 25°C, and 55-60% relative humidity) for 3 weeks
(Podr et al., 2011). Tomato plants were treated with 0-, 100- and 250 mM NacCl in the nutrient
solution (2 mM Ca(NOs3),, 1ImM MgSO,, 0.5 mM KCI, 0.5 mM, KH,PO,4, 0.5 mM Na,HPO,,
0.001 mM MnSO,, 0.005 mM ZnSQO,, 0.0001 mM (NH,)sM070,4, 0.01 mM H3BO,4, 0.02 mM
Fe(ll)-EDTA). Treatments were performed at 9 a.m. and samples were taken in triplicate at
1, 6 and 24 hours after salt exposure.

4.2 FDA Staining

Fluorescein diacetate (FDA; Sigma-Aldrich, St. Louis, MO) was used to determine cell
viability according to Gémes et al. (2011). Root tip segments were stained for 10 min at room
temperature in the dark with 10 mM FDA dissolved in 3 ml 10 mM 2-(N-
morpholino)ethanesulfonic acid (MES)/potassium chloride (KCI) buffer (pH 6.15). After
staining, the samples were washed two times in 10 min with MES/KCI buffer (pH 6.15).
Fluorescence intensity was detected with Zeiss Axiowert 200M type fluorescent microscope
(Carl Zeiss Inc., Jena, Germany) equipped with an 5X objective. Digital photographs were
taken from the samples with a high-resolution digital camera (Axiocam HR, HQ CCD camera,;
Carl Zeiss Inc., Jena, Germany) using a filter set 10 (excitation 450-495 nm, emission 515-
565 nm) or filter set 20HE (excitation: 535-585 nm, emission: 600-655 nm). The
fluorescence emission (pixel intensity) was measured on digital images with AXIOVISION

REL. 4.8 software (Carl Zeiss Inc., Munich, Germany).

4.3 Electrolyte leakage and elemental analysis

Cell death was determined with the measurement of electrolyte leakage (EL) by the
method of Podr et al. (2014). One g of root segments was transferred to 15 mL of double
distilled water. After 2 h of incubation at 25 °C, the conductivity of the bathing solution was
determined (C1) with conductivity meter (OK-102/1 Radelkis, Budapest, Hungary). Samples

were then heated at 95 °C for 40 min and the total conductivity (C2) was measured. Relative
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electrolyte leakage (EL) was expressed as a percentage of total conductivity: EL(%) =
100X(C1/C2).

Plant samples (root tissues and apical root segments) were collected on filter paper,
washed twice with 50 mL double distilled water, one g were put into glass tubes (Packard,
Groningen, Netherlands) and dried (80 °C, 24 h). After measuring the dry weight (DW), 6 mL
HNO; (Reanal, Budapest, Hungary) and 2 mL 30 % H,O, (Reanal, Budapest, Hungary) were
added to 100 mg plant material for 20 h. The samples were digested in microwave destructor
(MarsXpress CEM, Matthews NC, USA) at 200 °C for 25 min and after cooling they were
diluted with 12 mL double distilled water. Potassium and sodium contents of the root cells
were determined by AAS (Hitachi Z-8200, Tokyo, Japan) (Podr et al., 2014).

4.4 Detection of ROS and NO

ROS was visualized by using 10 pM 2',7'-dichlorodihydrofluorescein diacetate
(H.DCFDA) for 20 min in 10 mM MES-TRIS/KCI buffer (pH 5.8) in the dark at 37 °C and
rinsed once with 10 mM MES-TRIS/KCI buffer (pH 5.8) (Gémes et al. 2011). NO production
was visualized using 10 yM 4,5 diaminofluorescein-diacetate (DAF-2 DA) for 20 min in 10
mM MES-TRIS/KCI buffer (pH 5.8) in the dark at room temperature and rinsed once with 10
mM MES-TRIS/KCI buffer (pH 5.8) (Gémes et al. 2011). Fluorescence intensity was detected
with Zeiss Axiowert 200 M-type fluorescent microscope (Carl Zeiss Inc., Jena, Germany)
equipped with an objective x10. Digital photographs were taken from the samples with a
high-resolution digital camera (Axiocam HR, HQ CCD camera; Carl Zeiss Inc., Jena,
Germany) with a filter set 10 (excitation 450—-495 nm, emission 515-565 nm). Fluorescence
intensities (pixel intensity) were measured on digital images within circular areas of 45 Im
radii using Axiovision Rel. 4.8 software. The radii of circles were not modified during the

experiments.

4.5 Determination of the H,O, level

The H,0O, level was measured spectrophotometrically as described by Horvath et al.
(2015) with some modifications. After homogenisation of 200 mg of tissues with ice-cold 1
mL of 0.1% trichloroacetic acid (TCA), the samples were centrifuged at 10.000 g for 20 min
at 4 °C. The reaction mixture contained 0.25 mL of a 10-mM phosphate buffer (pH 7.0), 0.5
mL of 1-M potassium iodide (KI) and 0.25 mL of the supernatant. The absorbance of the
samples was measured after 10 min at 390 nm. The amount of H,O, was calculated using a

standard curve prepared from the dilution of H,O, stock solution.
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4.6 Determination of protein concentration

For the analysis of the soluble protein concentration was determined according to

Bradford (1976) using bovine serum albumin as a standard.

4.7 Determination of proteolytic activity

4.7.1 Azocasein assay

Azocasein (SigmaeAldrich, St. Louis, MO) was applied as a nonspecific substrate to
measure the total proteolytic activity. 50 pl of tissue extract, 300 ul 1% azocasein (w/v) and
650 pl potassium phosphate buffer (pH 5.5) were incubated at 37 °C for 2 h. The reaction
was stopped by the addition of 300 ul 10% (w/v) trichloroacetic acid (TCA) at 4 °C for 20 min.
After 20 min on ice, the samples were centrifuged (10 min at 4 °C, 11300 g) and the yellow
color of the supernatant was measured at 440 nm. One unit of total proteolytic activity (U)
was defined as the amount of enzyme yielding 0.01 unit of absorbance per min under the

assay conditions.
4.7.2 Gelatin-SDS PAGE

20 pg/ml protein extract was loaded in each lane on 12,5% SDS PAGE containing
0,1% gelatin substrate with a 5% stacking gel overlaid. The proteins were run under
denaturing conditions at 90 V for 20 min, then at 70 V for 120 min (Grudkowska and
Zagdanska 2010; Rossano et al., 2011). The gels were then renatured in 2.5% Triton X-100
twice for 40 min (40 rpm, 25 °C) and developed in incubation buffer (50 mM Tris-HCI, 5 mM
CaCl,, 2 mM MgCl,, pH 5,5) overnight at 37 °C. Gels were stained in 250 ml of 0,1%
Coomassie R-250 containing 40% methanol and 10% acetic acid for 30 min and destained in
40% methanol and 10% acetic acid solution twice for 30 min. Gels were stored in distilled
water till development. Areas of protease activity were revealed as cleared bands on a blue

background (Wagstaff et al., 2002). The images were quantified using ImageJ 1.48V.

4.8 Small-Scale Labelling Reaction

4.8.1 Sample preparation

Root tissue was homogenized in 50 mM Tris buffer at pH 7.5 containing 5 mM DTT for
labelling of the proteasome. The extract was mixed and centrifuged at 10000 g for 10 min at

4 °C to remove cell debris and the supernatant was collected and used for labelling.

42



4.8.2 Labelling of PLCPs

Protein extract of 100 ug/ml was incubated with 0.3 yM MV201 for 4 hours at room
temperature in the dark in 200 ul of total volume. Equal volumes of dimethyl
sulfoxide (DMSO) were added for the no-probe-control. For inhibition assays, protein
extracts were pre-incubated with 50 yM E64 or DMSO for 30 min at room temperature and
these extracts were labelled with 0.3 yM MV201. The labelling reaction was stopped by
precipitation using the chloroform/methanol precipitation protocol (Friedman 2007). 1 X
SDS-PAGE loading buffer containing -mercaptoethanol was added to the pellet and it was
heated for 10 min at 95°C. The reaction mixture was separated on 12% SDS gel at 200 V for
1 h. Labelled proteins were visualized by in-gel fluorescence scanning using a Typhoon 9400

Imager (GE Healthcare, http://www.gelifesciences.com) at 532/580 nm excitation and

emission wavelengths, respectively. Signals were quantified using ImageJ 1.48V.
4.8.3 Labelling of proteasome subunits

Protein extract of 100 ug/ml was labelled with 2 yM MV151 for 3 h or 0.2 yM MVB072
or co-labelled with 0.8 yM LW124/MVB127 for 2 h at room temperature in the dark in 60 pl
total volume. Equal volumes of DMSO were added for the no-probe-control. For inhibition
assays, extracts were pre-incubated with 50 or 100 uM epoxomicin or with one of 50 yM
N3B1, N3B5 or DMSO and these extracts were labelled with the suitable probe. The labelling
reactions were stopped by adding gel loading buffer containing B-mercaptoethanol and they
were heated at 95 °C for 10 min. The reaction mixture was separated on 15% SDS gel at
200 V for 75 min. Labelled proteins were visualized by in-gel fluorescence scanning using a
Typhoon 9400 Imager (GE Healthcare, http://www.gelifesciences.com) using excitation and
emission wavelengths of 532/580 nm for MV151, MVB072 and MVB127 or of 470/530 nm for
LW124. 532/580 nm and 470/530 were overlaid and signhals were quantified using ImageJ

1.48V by multiplication of the fluorescence intensity and the area of each of the spots (n=3).

4.9 Large-Scale Labeling and Affinity Purification

4.9.1 Sample preparation for PLCPs

Root tissue was homogenized in 50 mM NaOAc buffer at pH 6.0 containing 5 mM DTT.
The extract was mixed and centrifuged at 10000 g for 10 min at 4 °C to remove cell debris.
Supernatant was collected and preincubated with 50 pl of high-capacity streptavidin agarose

resin (Thermo Scientific, www.thermoscientific.com) for 30 min at 4 °C. The mixture was
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centrifuged twice at 1400 g for 10 min at 4 °C. Protein extract was cleaned by passing

through a 0.22 um filter attached to a syringe.
4.9.2 Affinity purification

Protein extracts were separated to 500 pl aliquots containing 0.5 mg/ml protein.
Labelling reaction was performed by incubating 5uM DCG-04 at room temperature for 6 h.
Aliquots were collected and the reaction was stopped by precipitating the total proteins via
the chloroform/methanol precipitation method (Friedman 2007). The pellet was dissolved in
1.2% SDS-PBS by sonication, then it was heated at 95°C for 10 min and diluted to 0.2%
SDS-PBS by adding 1 X PBS. The resulting solution was incubated with 100 ul of pre-
equilibrated high-capacity streptavidin beads (Sigma-A9207) for 2 h at room temperature.
The beads were collected by centrifuging at 1400 g for 5 min. Beads were washed
successively three times with 5 ml of 1.2% SDS/PBS solution, three times with 5 ml of 1.0%
SDS/PBS solution, and three times with 10 ml of 1 X PBS buffer. The final wash occurred
with 10 ml of distilled water. The captured proteins were eluted by boiling the beads at 95 °C
in 20 ul of 6 X gel loading buffer. The eluted proteins were separated on 12% protein gels at
200 V for 1 h, and the protein gels were stained overnight with SYPRO Ruby (Invitrogen). To
detect the proteins, we scanned the gels at an excitation wavelength of 473 nm with an LPG
filter using a Typhoon 9400 Imager (GE Healthcare Life Sciences). Specific bands were

excised from the gel and subjected to in-gel tryptic digestion and subsequent MS analysis.

4.10 RNA extraction and expression analyses with qRT-PCR

The expression rates of the selected genes from tomato leaves were determined by
guantitative real-time reverse transcription-PCR (Piko Real-Time gPCR System, Thermo
Scientific) using SYBR green dye after the extraction of RNA from 100 mg of plant material
according to Chomczynsky and Sacchi (1987) as described in Horvath et al. (2015). Tomato
genes were mined from Sol Genomics Network (SGN; http://solgenomics.net/; Bombarely et
al.  2011) and National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/) databases. Primers were designed using NCBI and Primer 3
software (http://frodo.wi.mit.edu/). The specific primers used for gRT-PCR are listed in Table
S1. The PCR reaction consisted of 5 uyL of Maxima SYBR Green qPCR Master Mix (2X)
(Thermo Scientific), 400-400 nM of forward and reverse primers, 10 ng of cDNA template,
and nuclease-free water in a total volume of 10 yL. The PCR protocol was as follows:
denaturation at 95 °C for 7 min, followed by 40 cycles of denaturation at 95 °C for 15 s and

annealing extension at 60 °C for 59 s. To determine the specificity of the reaction, a melting
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curve analysis of the product was performed immediately after the final PCR cycle by
increasing the temperature from 55 to 90 oC (0.2 oC s-1). Data analysis was performed
using PikoReal Software 2.2 (Thermo Scientific). Tomato 18S rRNA and elongation factor-1a
subunit (EF1a) genes were used as reference genes. Data from the RT-gPCR were
calculated using 2(-AACt) formula (Livak and Schmittgen, 2001). Each reaction was repeated
at least three times as three independent cDNA extracted from at least two independent

biological replicate.

4.11 |IEF 2D SDS PAGE

Labelled and precipitated proteins were resuspended in UTC buffer (8M urea, 2M
thiourea, 4% (w/v) 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate
(CHAPS), 1 g AG 501-X8 Resin) containing 1% (v/v) ampholyte and 65 mM DTT. Samples
were isoelectrically focused on 7 cm immobilized pH gradient (IPG) 3—-10 pH strips (BioRad-
ReadyStrip™ IPG Strips) using BioRad PROTEAN i12 IEF system with the following
focusing conditions: 12 h passive rehydration; 250 V, 15 min, rapid ramp; 4000 V, 1 h, slow
ramp; 4000 V, 30000 V hr, rapid ramp; 500 V hold. After focusing, IPG strips were
equilibrated in IEF equilibration buffer (6 M urea, 5 % SDS (w/v), 30 % glycerol (v/v))
containing 1 % (w/v) DTT, then in IEF equilibration buffer containing 2.5 % iodoacetamide
(w/v). The second dimension electrophoresis was run on a 15 % SDS gel. Gels were imaged
using a Typhoon 9400 Imager (GE Healthcare) using excitation and emission wavelengths of

532/580 nm. Images were quantified using ImageJ 1.48V.

4.12 In-gel digestion and MS

Bands were excised by hand and treated with trypsin as described elsewhere
(Shevchenko et al., 2006). Tryptic digests were desalted on home-made C18 StageTips as
described by Rappsilber et al. (2007). After elution from the StageTips samples were dried
using a vacuum concentrator (Eppendorf) and the peptides were taken up in 10 uL of 0.1 %
formic acid solution.

LC-MS/MS experiments were performed on an Orbitrap Elite instrument (Thermo,
Michalski et al., 2012) that was coupled to an EASY-nLC 1000 liquid chromatography (LC)
system (Thermo). The LC was operated in the two-column mode. The home-made fused
silica column equipped with a glass fiber frit (Maiolica et al., 2005) was packed with Reprosil-
Pur 120 C18-AQ 3 pm resin (Dr. Maisch) and connected to the analytical column via an
UHPLC union (Upchurch; UH-432). The analytical column was a fused silica capillary (75 pm

x 25 cm) with integrated PicoFrit emitter (New Objective) packed in-house with Reprosil-Pur
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120 C18-AQ 3 ym resin (Dr. Maisch). The analytical column was attached to a nanospray
flex ion source (Thermo). The LC was equipped with two mobile phases: solvent A (0.1%
formic acid, FA, in UPLC grade water) and solvent B (0.1% FA in acetonitrile, ACN).
Peptides were delivered to the pre-column via the integrated autosampler at a flow rate of 2
— 3 pl/min in 100% solvent A. Peptides were subsequently separated on the analytical
column by running a 70 min gradient of solvent A and solvent B (start with 7% B; gradient 7%
to 35% B for 60 min; gradient 35% to 100% B for 5 min and 100% B for 5 min) at a flow rate
of 300 nl/min. The mass spectrometer was operated using Xcalibur software (version 2.2
SP1.48) and was set in the positive ion mode. Precursor ion scanning was performed in the
Orbitrap analyzer (FTMS) in the scan range of m/z 300-1,500 and at a resolution of 120,000
with the internal lock mass option turned on (lock mass was 445.120025 m/z, polysiloxane)
(Olsen et al., 2005). Product ion spectra were recorded in a data dependent fashion in the
ion trap (ITMS) in a variable scan range and at a rapid scan rate. The ionization potential
(spray voltage) was set to 1.6 — 2.0 kV. Peptides were analyzed using a repeating cycle
consisting of a full precursor ion scan (1.0 x 10° ions) followed by 15 product ion scans (1.0 x
10* ions) where peptides are isolated based on their intensity in the full survey scan
(threshold of 500 counts) for tandem mass spectrum (MS2) generation that permits peptide
sequencing and identification. CID collision energy was set to 35% for the generation of MS2
spectra. During MS2 data acquisition dynamic ion exclusion was set to 120 seconds with a
maximum list of excluded ions consisting of 500 members and a repeat count of one. lon
injection time prediction, preview mode for the FTMS, monoisotopic precursor selection and
charge state screening were enabled. Only charge states bigger than 1 were considered for

fragmentation.

4.13 Peptide and Protein Identification

The recorded RAW files were processed in ProteomDiscoverer 1.4 (PD14, Thermo).
MS2 spectra were extracted using the Spectrum Selector node. Precursor selection was set
to “use MS1 precursor’. The mass range was set between 350 — 5,000 Da with a minimum
peak count of 1. Mass analyzer was set to “any” and MS order to “MS2”. Activation type was
set to “is CID” and Scan type was defined as “full” with ionization source set to “is
nanospray”. Selected spectra were submitted to the in house MASCOT server (version 2.4.1
(Perkins et al., 1999)) using the PD14 MASCOT node. Alternatively, RAW spectra were
submitted to an Andromeda (Cox et al., 2011) search in MaxQuant (version 1.5.0.25) using
the default settings (Cox et al., 2005). Label-free quantification and match-between-runs was

activated (Cox et al., 2014).
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MS2 spectra data were searched against the tomato ITAG.fasta database
(solgenomics.net; version 2.3; 34725 entries). All searches included a contaminants
database (as implemented in MASCOT and MaxQuant, 263 sequences). The contaminants
database contains known MS contaminants and was included to estimate the level of
contamination. Mascot and Andromeda searches allowed for oxidation of methionine
residues (16 Da) and a static modification on cysteine (57 Da, alkylation with iodoacetamide).
Enzyme specificity was set to Trypsin/P. The instrument type in MASCOT searches was set
to ESI-TRAP and the mass tolerance was set to £10 ppm for precursor mass and +0.35 Da
for product ion masses. MS2 spectra matches were then evaluated using the peptide
validation node of PD14 with the standard settings (search against decoy database, target
false discovery rate (FDR, strict): 0.01 and target FDR (released): 0.05). The reported results
were further filtered. On peptide level only peptides with a minimum confidence ‘medium’
were reported and on protein level only proteins with a minimum of at least two peptide hits
were reported. For the Andromeda searches the default MaxQuant settings were used.
Briefly, the precursor peptide tolerance for the first search was 20 ppm and for the main
search 4.5 ppm. The ion trap MS/MS match tolerance was 0.5 Da. Label-free quantification
and match-between-runs was switched on. All other settings were comparable to the
MASCOT search.

4.14 PNGaseF Treatment of Labeled Proteins

9 ul of MVBO72-labelled tomato root extract and Bovine Fetuin (Promega) were treated
with 1 pl of 10X glycoprotein denaturing buffer (New England BioLabs) and heated at 95°C
for 5 minutes. The denatured proteins were chilled on ice. 2 uyl 10X GlycoBuffer (New
England BioLabs), 2 pl 10% NP40 (Promega) and 6 pl H,O was added to the reaction. The
mixture was treated with 1 yl PNGase F (New England BioLabs) or with 1 yl H,O and
incubated at 37 °C for 1 h. Samples were analyzed on 16% SDS-PAGE.

4.15 Protein Deglycosylation of Labeled Proteins

18 ul of MVBO072-labelled sample and Bovine Fetuin (Promega) were treated with 2 pl
of 10X denaturing solution (Promega) and heated at 95°C for 10 minutes. The denatured
proteins were chilled on ice for 5 min. To the denatured samples 5ul of 10X Deglycosylation
Reaction Buffer (Promega), 5ul of 10% NP40 (Promega) and 15ul of water were added.
Samples were treated with 5pl of Protein Deglycosylation Mix (Promega - PNGase F, O-
Glycosidase, Neuraminidase, p1-4 Galactosidase, [-N-Acetylglucosaminidase) and
incubated at 37 °C for 8 h. Samples were analyzed on 16% SDS-PAGE.
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4.16 Protein Phosphatase treatment

60 pl of MVBO072-labelled sample containing 1M NacCl, 25 mM MgCl, 10 mM DTT and
12.5X protease inhibitor cocktail (Sigma) were treated with 1 or 5 ul of alkaline phosphatase
(Sigma P0114) and incubated at 37 °C for 1 h. Samples were analyzed on 16% SDS-PAGE,
whereas the remainder of the sample were separated on 10% SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membrane for detection of phosphorylated MAPK using
primary antibody, Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody (CST, #9101)
and secondary Goat anti-Rabbit 1gG (Thermo, #31466) and visualized using
chemiluminescent substrates (SuperSignal West/Pico Chemiluminescent substrates, Thermo
scientific).

4.17 Bioinformatics

Genes encoding the B subunits of tomato were identified by BLASTp searches of the
predicted proteome (ITAG release 2.40) for homologs of the seven Arabidopsis B subunits at

the SolGenomics website (www.solgenomics.net). The B2a protein sequence was modeled

onto polypeptide H of the structure of the yeast proteasome (2zcy, Groll et al., 2008) using
Swiss Model (swissmodel.expasy.org, Biasini et al., 2014). This f2a model was used in
PyMol to replace the B2 in the structure of the yeast proteasome. Only the surface of one
ring of B subunits was visualized and the various parts and residues were colored using
PyMol. Further annotations were added using CoreIDRAW. Transcript levels were extracted
from published RNA sequencing experiments on different organs (The Tomato Genome
Consortium, 2012).

4.18. Statistics

Results are expressed as mean = SE. Statistical analysis was performed with GraphPad
using Student’s t-test (*P B 0.05, **P B 0.01, ***P B 0.001).
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5 Results

To investigate the activities of proteases in salt stress-induced PCD in tomato, plants
were treated with sublethal- (100 mM) and lethal (250 mM) concentrations of NaCl (Fig.11).

2250-| mM NaCl

harvest root tips 8( 8< 8<

1=+ (1 hour after medium change)

61 6.hour after hedium chéngel
5 H : :

Figure 11 Experimental design to study the effects of salt stress in tomato roots. Tomato
(Solanum lycopersicum) plants were grown in a hydroponic system. 5-week-old plants were
treated with 0, 100 and 250 mM NacCl in the nutrient solution and root tips were collected at
1, 6 and 24 h. Black triangle indicates the intensity of salinity effect.

Timeline (hrs)

5.1 Detection of cell viability

5.1.1 FDA staining

We studied the early stages of PCD by collecting samples at 1, 6 and 24 hours after
salt exposure. Root tips were stained with fluorescein diacetate (FDA) to detect and quantify
viable cells. Low FDA staining after 6 hours upon 250 mM NaCl treatment indicates a
massive and quick loss of viability and a possible initiation of PCD that is completed within 24
hours (Fig.12AB). By contrast, treatment with 100 mM NaCl causes a slower loss of viability,

where decreased viability is detected only at 24 hours.
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Figure 12 Representative images in cell viability of 0, 100 and 250 mM NaCl treated
roots. Root tips were stained with FDA to detect the viable cells. Scale bar is 0.5 mm. (B)
Fluorescent intensities of FDA fluorescence levels compared to the control. Error bars
represent SEM of n=3 biological replicates. (Means are significant at P< 0.5 (*); 0.01 (**) or
0.001 (***) level as determined by Student’s t-test).

5.1.2 Electrolyte leakage and elemental analysis

Alteration of membrane integrity was monitored both in tomato leaves and roots upon
sublethal- and lethal salt treatment after 1, 6 and 24 hours (Fig.13AB). High electrolyte
leakage (EL) after 1 hour from the samples treated with 250 mM NaCl indicates a massive
ion efflux which after 24 hours becomes irreversible in the roots. Lethal salt stress
significantly increases EL in the leaves, however, it remains reversible. Sublethal salt
treatment does not significantly affect the ion efflux when compared to the control.

Since ion contents, especially those of K* and Na* characterize the severity of salt
stress as well as the decrease of K" refers to the putative activation of cysteine proteases,

we also determined the ion content of organs (Table 1).
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Treatments

Elements
(umol gDW* Control 100 mM NacCl 250 mM NacCl

) Leaves Roots Leaves Roots Leaves Roots
K* 725.70+0.14  1205.48+12.26 714.94+2.eg:: 664.24+2.95*:* 652.82+1.66:: 266.91+1.02*:;
Na* 14.98+0.06 341.89+4.14  5251+020  1085.40+7.20° 987.24+4.40 1471.23+2.23'
K*/Na* 48.42+0.22 3.52+0.0° 13.60+0.03 0.61+0.01 0.66+0.01 0.18+0.01
Table 1 Changes in the intracellular K* and Na* contents and the K*/Na" ratio in the

leaves and roots of tomato plants after exposure to 100 or 250 mM NacCl for 24 hours.
(Means £ SD, n=6). *, **, *** indicate significance levels compared to the untreated control at
P < 0.05, 0.01, 0.001.

K" dramatically drops, especially in roots causes 5-fold change upon lethal salt stress
whereas Na* enters to the cells which clearly reduce the K*/Na" ratio in both organs after 24
hours. In contrast, sublethal salt treatment does not have significant effect on K content in

leaf tissue and Na" slowly increases which indicates a reduced K*/Na" ratio (Table 1).
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Figure 13 Alteration of membrane integrity in tomato leaves (A) and roots (B) upon 0,
100 and 250 mM NacCl treatment after 1, 6 and 24 hours. Error bars represent SEM of n=3
biological replicates. (Means are significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as
determined by Student’s t-test).

The result of EL shows that at 250 mM NacCl the disintegration of root cell membranes
begins after one our of the stress and reaches irreversible (70-80%) level. This suggests that

the cell death is initiated very quickly after salt exposure in these organs.

5.1.3 Detection of ROS and NO

5.1.3.1 Total ROS content

We detected excessive level of ROS after 1 hour upon 250 mM NacCl treatment and
significantly increased ROS after 6 hours upon both 100- and 250 mM NacCl treatment but
after 24 hours ROS levels remain similar to the control in tomato leaves (Fig.14A). Dramatic
increment is detected after 1 hour upon both salt treatments in root tips that is significantly

decreased after 24 hours upon lethal salt stress compared to the control condition (Fig.14B).
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Figure 14 ROS generation in tomato leaves (A) and roots (B) upon 0, 100 and 250 mM
NaCl after 1, 6 and 24 hours. Error bars represent SEM of n=3 biological replicates. (Means
are significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

5.1.3.2 H,0O, content

Significantly increased H,O, content is detected after 6 hours in leaves (Fig.15A), by
contrast, it decreases after 24 hours in root tips upon lethal salt stress (Fig.15B). Sublethal
salt treatment has no significant effect on H,O; level. Although, its content increases after 24
hours both upon control and stressed conditions probably due to the circadian effect and
endogen H,0, alteration. But it could be affected by the circumstance of the way of the
treatment as the roots are oxigenated for a certain time.
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Figure 15 H,O, content in tomato leaves (A) and roots (B) upon 0, 100 and 250 mM
NaCl after 1, 6 and 24 hours. Error bars represent SEM of n=3 biological replicates. (Means
are significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).
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5.1.3.3 NO content

Elevated NO production is found after 6 hours upon 250 mM NacCl treatment and after
24 hours upon both 100 and 250 mM NacCl treatments in the leaves (Fig.16A). Importantly,
NO level increases earlier in the root tips, after 1 hour upon high salt treatment and after 6
hours upon both 100- and 250 mM NaCl treatment which decreases after 24 hours
(Fig.16B). Sublethal salt stress has delayed effect in both organs.
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Figure 16 Kinetics of nitric oxide (NO) production in tomato leaves (A) and roots (B) upon 0,
100 and 250 mM NacCl after 1, 6 and 24 hours. Error bars represent SEM of n=3 biological

replicates. (Means are significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by
Student’s t-test).

5.1.4 Investigation of protein degradation
5.1.4.1 Total protein content

Total protein content is 2-fold less in the roots compared to the leaves (Fig.17). High
salinity-induced decreasing tendency is observed after 6 hours in root tips and significant

decrease is observed after 24 hours in both leaves and roots at 250 mM concentration.

53



10 (=3) 40 (n=3)
9 T 9

_ 8 p=0.0095 _ 8

=7 I =T

=68 i %6 p=0.0383

= £ 5 =

2 [ | 2

o S 4-

s I -

& = =

| - 0-
NaCl:_0 100250 _0 100250 _0 100 250 [mM] NaCl:_0 100250 _0 100250 _0 100 250 [mM]
1hr 6hrs 24hrs 1hr 6hrs 24hrs
Figure 17 Total protein content in tomato leaves (A) and roots (B) upon 0, 100 and 250
mM NaCl treatment after 1, 6 and 24 hours. Error bars represent SEM of n=3 biological

replicates. (Means are significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by
Student’s t-test).

5.1.4.2 Proteolytic activity
5.1.4.2.1 Azocaseinolytic assay

To investigate proteolytic activity we utilized two different protease substrates,
azocasein and gelatine, respectively. Azocaseinolytic assay revealed two- or three-fold
higher proteolytic activity in the root tips compared to the leaves both in untreated and
treated samples (Fig.18). High salt stress induces proteolysis after 6 hours in both organs

which is accomplished after 24 hours. Sublethal salt treatment does not influence the
azocaseinolytic activity.
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Figure 18 Azocaseinolytic activity in tomato leaves (A) and roots (B) extracts upon O,
100 and 250 mM NacCl treatment after 1, 6 and 24 hours. Error bars represent SEM of n=3

biological replicates. (Means are significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as
determined by Student’s t-test).
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5.1.4.2.2 Zymography

Proteases from the same samples were extracted and separated and their activities
were quantified by gelatine-SDS-PAGE. Gelatine was added to SDS-PAGE, as protease
substrate. After reactivation of different subsets of proteases and incubation in coomassie
brilliant blue (CBB), white bands appeared on the gel by degrading gelatine (Fig.19A).
Increasing tendency is noticed after 6 hour upon both sublethal and lethal salt treatments,

moreover, signal intensity increased further upon lethal salt treatment by 24 hours (Fig.19B).
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Figure 19 Protease activity on gelatine-SDS PAGE. (A) Protease activity in tomato roots
upon 0, 100 and 250 mM NacCl treatment after 1, 6 and 24 hours on gelatine-SDS PAGE. (B)
All white bands including all protease-like activity were quantified and summarized together
over n=3 biological replicates.

Focusing on the bands around 28- and 48 kDa appear under control and sublethal salt
conditions at the earlier stages and they are only detectable upon lethal salt treatment after
24 hours.

However, zymography is not sensitive enough to make differences between the
protease subfamilies therefore we used activity-based protein profiling that is specific for

several subsets of enzyme families.

5.1.5 Investigation of Cys proteases and proteasome catalytic

subunits using ABPP

We applied activity-based protein profiing (ABPP) to investigate the alteration of
activity profiles of several protease subfamilies during salt induced PCD, such as papain-like
cysteine proteases (PLCPs), vacuolar processing enzymes (VPES) and proteasome catalytic
subunits (B1, p2, B5).
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5.1.5.1 Cys proteases
5.1.5.1.1 Papain-like cysteine proteases (PLCPSs)

Activity of papain-like cysteine proteases (PLCPs) was monitored with ABPP using
MV201, a fluorescent derivative of PLCP inhibitor, E-64 (Richau et al., 2012). To identify
activated PLCPs after salt treatment, tissue extracts were labelled with DCG-04, a
biotinylated version of MV201 (Greenbaum et al., 2000; Richau et al., 2012). Labelled
proteins were purified on avidin beads, separated on 12% SDS gel and the ~28 kDa region
was excised. We identified by mass spectrometry (MS) members of different PLCP
subfamilies which could be activated upon salt stress. Furthermore, one set of identified
PLCPs shows organ specificity, the other set is overlapping between the two studied, leaf
and root.

To generate support that MV201 labels PLCPs, competition assay was performed
using E-64. Signals were absent upon preincubation with an excess of E-64 as expected
(Fig.20A, Fig.21B).

MV201 labeling profile uncovers three signals at different MW. There are double bands
at ~43-, and ~34 kDa and single band at ~28 kDa in leaves (Fig.20A). Signals with higher
MW are significantly reduced upon both salt treatments after 6 hours which are completed
after 24 hours upon lethal salt stress in the leaves (Fig.20B).

By contrast, the lower, 28 kDa signal is significantly increased upon lethal salt stress at
6 hours both in leaves and roots (Fig.20, Fig.21). In addition, the lower signal also appears
at 24 hours upon sublethal treatment but signals at higher MW are not significantly altered

upon salt treatment in the roots.
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Figure 20 Salt stress in tomato leaves activates PLCPs. (A) Activation of PLCPs upon
salt treatment after 1 h, 6 h and 24 h. The black arrowheads indicate the three signals ~43-,
~34- and ~ 28 kDa upon 250 mM NacCl treatments. (B) Quantification of the 43-, 34- and 28
kDa signals; over n=3 biological replicates. (Means are significant at P< 0.5 (*); 0.01 (**) or
0.001 (***) level as determined by Student’s t-test).

Labeling of root extracts generated at 1 and 24 hours upon salt treatment
demonstrates that the activation does not begin in the first hour, however, it can be detected
from 6 hours and is sustained to 24 hours in roots (Fig.21A). The observed decreased
activity upon control condition can be due to the normal circadian clock of PLCPs or their
inhibitors.

To identify activated PLCPs after salt treatment, extracts were labelled with DCG-04, a
biotinylated version of MV201 (Fig.22B, Fig.23B; Greenbaum et al., 2000; Richau et al.,
2012). Labelled proteins were purified on avidin beads, separated on 12% SDS gel and the
~28 kDa region was excised. MS results revealed five PLCPs in leaves (Fig.22AC) and four
PLCPs in roots (Fig.23AC). There are some overlaps between Solyc12g088670.1.1 (C14),
an RD21A-like protease, Solyc04g080880.2.1, a XBCP3-like protease and
Solyc07g041900.2.1 (CYP3), an aleurain-like protease were identified in both leaves and
roots.
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Figure 21 Salt stress in tomato roots activates papain-like Cys proteases. (A)
Quantification of the 28 kDa signal at different time points and salt treatments. Error bars
represent SEM of n=3 biological replicates. (B) Differential MV201 labeling in samples from
plants treated with various salt concentrations. Tomato roots were treated for 6 hours with 0,
100 and 250 mM NacCl. Root extracts were preincubated with or without E-64 and labeled
with or without MV201. Consistent differential activity is highlighted (arrowhead). (Means are
significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

However, we revealed some organ-specific induction. Lethal salt stress specifically
induced Solyc04g080960.2.1 belonging to RD19A-like protease and Solyc02g077040.2.1
belonging to SAG12-like proteases in the leaves and Solyc04g078540.2.1, an RD21A-like
protease in the roots, respectively.

. 5 3¢ 3¢
Solyc12g088670.1.1 (C14)  (EEED——CNNPD) -~ CENEEEESED - — CIGRANID

Solyc04g080880.2.1 .  pp - :
Solyc07g041900.2.1 (CYP3) (D CNFD) —— CENGEHEsED |
Solyc04g080060.2.1  QEEEE-— NP -— QNS |

Solyc02g077040.2.1

expected MW

B
NaCl: 250 mM
- +

Solyc12g088670.1.1 RD21A 7 9 16,74 139,46 51,10
Solyc04g080880.2.1 XBCP3 4 7 6,27 302 95,70
Solyc07g041900.2.1 AALP 4 5 13,48 175,61 38,9
— Solyc04g080960.2.1 RD19A 2 3 4,13 54,86 40,2
SyproRuby Solyc02g077040.2.1 SAG12 2 2 12,46 57,08 38,20
Figure 22 Identified proteins were classified into five different PLCP subclasses in

tomato leaves (Richau et al. 2012). (A) Domain structure of identified PLCPs in tomato
leaves. Signal peptide (SP), prodomain (PD) and granulin (GRAN) domain. (B) Purification of
DCGO04-labelled proteins from 250 mM NaCl treated samples and no-probe-control. Signal at
~28 kDa was excised and analyzed by MS. (C) MS data of identified proteins summarized
are: number of detected unique peptides (UP); peptide spectral count (> # PSMs); sequence
coverage; protein score; and molecular weight (MW).
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PLCPs are synthesized as preproproteases that consist of a signal peptide (SP),
autoinhibitory prodomain (PD) and the mature protease domain. The RD21A- and XBCP3-
like proteases carry an additional granulin-domain (GRAN) which can be removed during the
maturation causing calculated signals at ~30 kDa (Fig.22A, Fig.23A; Yamada et al., 2001,
Gu et al., 2013; Niemer et al., 2015).

Proteolysis has been well documented that is activated during PCD and is induced
upon high salinity. Based on the domain structure and predicted MW of identified proteins in
roots we anticipated that lethal salt stress might activate an aleurain-like protease, such as
CYP3. To confirm the differential activity of aleurain-like proteases, we used an aleurain-
specific fluorescent probe, FYOl (Lu et al., 2015). We only observed a faintly, but
significantly up-regulated signal at ~28 kDa upon salt stress (Fig.S1). This is unlikely to
represent greatly increased signal at ~28 kDa (Lu et al. 2015), raising the question whether a
different PLCP might be the key role.

A
Solyc12g088670.1.1 (C14)
Solyc04g078540.2.1
Solyc04g080880.2.1
Solyc07g041900.2.1 (CYP3)
expected MW
B C
NaCl: 250 mM
DCGOo4:_- s Scorel |Scorell [ Scorell
43 Solyc12g088670.1.1 (C14) | RD21A-like protease| 5 9 1524 | 1148 | 469 0 161.7 | 51.1 35.37
Solyc04g078540.2.1 RD21A-like protease| 3 4 7.84 0 0 1074 | 1074 | 513 35.15
1 | Solyc04g080880.2.1 XBCP3-like protease | 2 3 343 | 61.16 0 0 61.1 95.7 | 3448
26 ”I] Solyc07g041900.2.1 (CYP3) | AALP-like protease | 2 4 7.02 | 76.7 0 989 | 1756 | 389 | 23.34
SyproRuby
Figure 23 Identified proteins were classified into three different PLCP subclasses in

tomato roots (Richau et al. 2012). (A) Domain structure of identified PLCPs in tomato roots.
Signal peptide (SP), prodomain (PD) and granulin (GRAN) domain. (B) Purification of DCG-
04-labelled proteins from 250 mM NaCl treated samples and no-probe-control. Three framed
areas at ~28 kDa were excised and analyzed by MS. (C) MS data of identified proteins
summarized are: number of detected unique peptides (UP); peptide spectral count (PSM);
sequence coverage (Cov%); protein scores in samples (I, Il, 1ll) and molecular weight (MW)
of preproteins and mature (mat) proteins.

5.1.5.1.2 Expression level of papain-like cysteine proteases (PLCPSs)

We monitored the gene expression level of the identified PLCPs both in leaves and roots.
PLCPs from subfamily of AALP-like, XBCP3-like and RD21A-like proteases (called as C14)
were identified in both leaves and roots and PLCPs from RD19A-like and SAG12-like
protease subfamily were specific to leaves and a second PLCP from RD21A-like subfamily

was specific to roots. AALP, C14, RD19A and SAG12 were overexpressed in leaves upon
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250 mM NacCl treatment after 24 hours (Fig.24). Amongs them AALP and RD19A are already
upregulated at 6 hours upon lethal salt treatment in leaves. Although, C14 and SAG12 show
overexpression upon lower salt treatment but they have got high standard deviation.

In roots, expression of RD21A-like PLCP is highly increased after 24 hours. C14 is
slightly overexpressed after 1 hour in both salt treatments which decreased only upon
sublethal condition and remained elevated upon lethal salt stress after 6 hours, too.
Expression of root-specific RD21 increased upon 250 mM NaCl treatment only after 24 hours
(Fig.24).
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Figure 24 Relative expression level of the genes encoding the identified PLCPs in the
leaves and root tissues of tomato. Tomato roots were treated with 0, 100 and 250 mM NacCl.
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5.1.5.2 Vacuolar processing enzymes (VPES)

To investigate the alteration of VPE profile, ABPP was applied using a bodipy version
of the PD-AOMK probe, JOPD1. To improve and verify probe specificity different conditions
were performed (Fig.25). Labelling of VPEs required reducing agent (e.g. DTT) since
labelling did not occur in the absence of DTT and it is also absent at neutral pH. Signals
show an optimum intensity at acidic pH therefore pH 5.5 was chosen for subsequent
competition assay (Kuroyanagi et al., 2002; Sueldo et al.,, 2014). Pre-incubation with
iodoacetamide (IAcAm), YVAD-CMK (tyrosyl-valylalanyl-aspartyl-chloromethylketone) which
is a caspase-1 inhibitor and 1440 prevented labeling, but not with E-64. Taken together these
data show strong evidence that JOPD labels only VPE indeed. Activity profile displays three
signals similar to PLCPs at ~26-, ~34 and ~43 kDa.

pH5.5 pH7.5 -DTT +IAA +E64 +YVAD +1440
JOPD1: - + + + + + + +

347

267
Fluorescence

551” - . ‘ . . . SyproRuby

Figure 25 Characterization of JOPD labeling in tomato leaves treated with 250 mM NacCl
in different labeling conditions: at pH 5.5 and pH 7.5, without DTT; with IcCAmMA,; with E-64;
with YVAD; with 1440.

Consistently, stronger VPE signals were detected upon high salt treatment after 6

hours in the leaves but not in the roots (Fig.26, Fig.27).
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Figure 26 Lethal salt stress in tomato leaves activates VPE. (A) Quantification of the
VPE signals at different time points and salt treatments. Error bars represent SEM of n=3
biological replicates. (B) Differential JOPD labeling in samples from plant leaf tissues treated
with or without 250 mM NaCl for 6 hours. Consistent differential activity is highlighted
(arrowhead). Error bars represent SEM of n=3 biological replicates. (Means are significant at
P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

By contrast, in roots signals are consistently weaker already after 1 hour upon 250 mM
NaCl treatment and persist until 24 hours. Low salt treatment increase the activity of VPEs

afterwards display similar effect to control at 6 hours but it slightly decreases the enzyme
activity after 24 hours (Fig.27B).
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Figure 27 Salt stress in tomato roots deactivates VPE. (A) Labeling profile of VPE upon
different salt treatments after 1 h, 6 h and 24 h. The black arrowhead indicates a 34 kDa
signal treatment which is significantly weaker upon 250 mM NaCl compared to the control
sample. (B) Quantification of the 34 kDa signals at different time points and salt treatments.
Error bars represent SEM of n=3 biological replicates. (Means are significant at P< 0.5 (*);
0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

5.1.5.3 Proteasome
5.1.5.3.1 Phylogenetic and structural analysis of 8 subunits

Besides VPEs, B1 catalytic subunit of the proteasome has caspase-3 activity, however,
VPEs resemble the activity of caspase-1.

To investigate proteasome of tomato, we performed BLAST searches with the
Arabidopsis B subunits on the predicted tomato proteome (www.solgenomics.org) and
identified eight genes encoding B subunits. Phylogenetic analysis of the tomato and
Arabidopsis B subunits revealed that tomato genome has one gene for each of the six B
subunits (B1, B3, B4, B5, B6 and B7), and two genes encoding B2 (Fig.28A). The two 32
proteins in tomato (B2a and B2b) are more closely related to each other when compared to
the two B2 proteins of Arabidopsis (PBB1 and PBBZ2), indicating that gene duplication
occurred in each lineage, after the divergence. Alignment with the Arabidopsis orthologs
indicates that each of the eight tomato genes encodes a putative functional subunit, including
an N-terminal prodomain for all subunits and a catalytic Thr for 1, 2 and B5 (Fig.S2).
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Figure 28 Phylogeny and variation of beta proteasome subunits of tomato. (A)
Phylogenetic tree of beta subunit genes of tomato and Arabidopsis. Neighbour-joining tree of
protein sequences was build using ClustalW?2. (B) Summary of the variant amino acid
residues that differ between B2a and (2b. e, putative solvent-exposed. (C) Location of
variant residues in 32, modelled on the yeast proteasome. The tomato 32a protein was
modelled using the 32 of yeast (2zcy) as a template. Residues that differ between (2a and
B2b are highlighted in red in the topview (top) and sideview (bottom) of the B ring of the
proteasome and summarized in the table. The proteolytic chamber is highlighted with a
dashed orange line and catalytic sites are indicated with orange arrows.

The branch lengths indicate that the two B2 subunits are substantially different
(Fig.28A). Indeed, we counted 18 amino acid residues that differ between the mature ($2a
and B2b subunits (Fig.28B). Most amino acid substitutions are biochemically dissimilar. To
estimate if these variant residues can affect the proteolytic chamber, we generated a
structural model of the tomato (2 protein using the yeast proteasome (2zcy, Groll et al.,
2008) as a template. Mapping the residues that vary between (2a and (2b onto the
structural model revealed that none of the variant residues are exposed to the proteolytic
chamber (Fig.28C). Interestingly, nearly all the variant residues reside on the outer surface
and are likely solvent-exposed (Fig.28C).
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5.1.5.3.2 Investigation of gene expression analysis of [§ subunits upon other

stress conditions

To determine which of the B subunit-encoding genes are expressed and if gene
expression is stress responsive, we mined RNAseq datasets for the transcript levels of each
of these genes. For this we exploited RNAseq data for different organs (Tomato Genome
Consortium, 2012); treatment with the flg28 elicitor (Rosli et al., 2013); challenge with the
fungal pathogen Cladosporium fulvum (llyas et al., 2015); and infection with the bacterial
pathogen Pseudomonas syringae pv. tomato DC3000 (PtoDC3000, Rosli et al., 2013). As
expected for subunits that assemble in stoichiometric complexes, transcript levels of each of
the B subunit genes are very similar, with the exception of f2a transcripts, which accumulate
5-10-fold lower when compared to 32b and the other $ subunit-encoding transcripts (Fig.29).
The ratio between B2a and B2b transcript levels does not significantly change in different
organs (Fig.29A), suggesting that proteasome assembly might be similar for f2a and B2b
subunits in different organs.

Analysis of stress conditions demonstrates that all f subunit-encoding genes are
transcriptionally upregulated upon flg28 treatment, which activates PAMP-triggered immunity
(PTI, Fig.29B). We also detect significant transcript upregulation upon challenge with
avirulent Cladosporium fulvum, which activates effector-triggered immunity (ETI, Fig.29C).
Infection with PtoDC3000, however, does not lead to differential transcript levels (Fig.29D).
Taken together, this indicates that transcript levels are induced by PTI and ETI but not during
compatible plant-pathogen interactions. The ratio between 2a and p2b transcript levels
does not significantly change upon different stress treatments, suggesting that any stress-

induced proteasome is unlikely to be caused by differential B2 subunit assembly.
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Figure 29 Transcript levels of beta subunit genes of tomato are induced by stress. (A)
Transcript levels of B subunit-encoding genes in various tomato organs. These data were
extracted from The Tomato Genome Consortium (2012). Reads per kilobase of transcripts
per million mapped reads (RPKM) values were extracted from the database and plotted for
each gene. (B) Transcript levels of B subunit-encoding genes in tomato leaves upon
treatment with and without flg28. These data were extracted from Rosli et al., (2013). 4-week
old tomato plants were infiltrated with and without 1 pM flg28 and RNA was extracted from
infected leaves six hours later. The transcriptome was sequenced and the RPKM values
were extracted from the database and plotted for each gene. The error bars represent the
standard error of three biological replicates. (C) Transcript levels of B subunit-encoding
genes in leaves of resistant tomato plants upon challenge with and without Cladosporium
fulvum. Four-week-old plants were spray-inoculated with 1x106 conidia/ml or mock-
inoculated and RNA was extracted six days later. The transcriptome was sequenced and the
RPKM values were extracted and plotted for each gene. The error bars represent the
standard error of three biological replicates. (D) Transcript levels of B subunit-encoding
genes in tomato leaves upon inoculation with and without Pseudomonas syringae pv. tomato
DC3000. These data were extracted from Rosli et al., (2013). 4-week old tomato plants were
infiltrated with and without 5 x 106 bacteria/mL PtoDC3000 and RNA was extracted from
infected leaves six hours later. The transcriptome was sequenced and the RPKM values
were extracted from the database and plotted for each gene. The error bars represent the
standard error of three biological replicates. (Means are significant at P< 0.5 (*); 0.01 (**) or
0.001 (***) level as determined by Student’s t-test).
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5.1.5.3.3 Activity of proteasome catalytic subunits upon salt stress

5.1.5.3.3.1Proteasome labeling with MV151 revealed altered proteasome

activity profile

To uncover whether activity of proteasome catalytic subunits alters upon salt stress-
induced PCD we tested MV151, which labels both the proteasome and a subset of the
PLCPs (Gu et al., 2010). MV151 labeling causes weak signals at 30-40 kDa which represent
PLCPs and three stronger signals at 26 kDa that may represent the active proteasome
subunits or PLCPs (Fig.30A). Interestingly, we detected a strongly activated band at ~26
kDa with 3-fold higher intensity upon 250 mM salt treatment at 6 hours (Fig.30B). This extra
signal was robustly detected in biological replicates. To determine if this signal is caused by
the proteasome or PLCPs, a competition assay was performed using proteasome inhibitor
epoxomicin and PLCP inhibitor E-64. Pre-incubation with E-64 suppresses labeling at 30-40
kDa (Fig.30D), confirming that these signals are caused by PLCPs. The 26 kDa signals are
not suppressed by E-64 (Fig.30D), indicating that these signals might be from the
proteasome. Indeed, pre-incubation with the selective proteasome inhibitor epoxomicin
suppresses labeling of all 26 kDa signals (Fig.30D), indicating that the significantly activated
band is caused by the proteasome. Thus, although these MV151 labeling experiments did
not display differential activities of PLCPs, it did uncover differential proteasome activity

profiles.
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Figure 30 MV151 labeling profile changes upon salt treatment. (A) Tomato roots were

treated with 0, 100, 250 mM NaCl. Root extracts were generated after 1, 6 and 24 hours and
labeled with 2 yM MV151 at pH 6.0. A mix of all nine samples was preincubated with or
without 50 uM E-64 and labeled with 2 yM MV151. (B) Shorter exposure of the section
highlighted in (A). (C) Quantification of the upper differential MV151 signal over three
biological replicates. Error bars represent SEM. (D) The 6 hours 0- and 250 mM NacCl treated
samples were labeled with 2 yM MV151. A mix of the two samples were preincubated with or
without E-64 or epoxomicin and labeled with or without 2 uM MV151. (Means are significant
at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

5.1.5.3.3.2Confirmation of altered proteasome catalytic subunits activity
labeled by MVB072

To confirm differential proteasome activity, we used a newly re-synthesized
epoxomicin-based MVBO072, which carryies both a bodipy tag for fluorescent detection and a
biotin tag for affinity purification (Kolodziejek et al., 2011). When compared to MV151,
MVBO072 is a much more selective proteasome probe without any known off targets, ideal to
confirm differential proteasome activity in our samples (Kolodziejek et al., 2011). Importantly,
MVBO72 labeling displays the same altered activity profile upon salt treatment as MV151
labeling (Fig.31A). Quantification of fluorescence intensities of the various signals
demonstrate a highly reproducible upregulation of the upper signal at 6 hrs upon 250 mM
NaCl treatment, whilst other signals seem to reduce (Fig.31B).

Three different signals were detected, but the composition of these signals is still
unknown. Therefore, subunit-selective inhibitors were used to identify the upper signal. N331
is an epoxyketone-based inhibitor that specifically inhibits the B1 catalytic subunit of the
proteasome, whereas N3B5 is a vinyl-sulfone-based inhibitor targeting the 5 catalytic
subunit of the proteasome (Verdoes et al., 2010; Misas-Villamil et al., 2017). Pre-incubation

with N3B1 caused reduction in the fluorescence of the middle- and the lower signal in both of
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0-, and 250 mM NacCl treated samples whereas preincubation with N335 reduced the signal
intensity of the upper signal in the 250 mM NacCl treated sample (Fig.31C), suggesting that
the upper differential signal is caused by a 5 subunit.
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Figure 31 Proteasome activity changes upon salt treatment. (A) Tomato roots were
treated with 0 and 250 mM NaCl and root extracts were generated after 6 hours and
preincubated with or without 100 pM epoxomicin and labeled with or without 0.2 uM
MVBO072. (B) Three signals highlighted in (A) were quantified from three biological replicates.
Error bars represent SEM of n=3 biological replicates. (C) Root extracts were preincubated
with or without 50 uM N3(1, N335 or epoxomicin and labeled with 0.2 uM MVB072. (Means
are significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

5.1.5.3.4 Identification of proteasome catalytic subunits

5.1.5.3.4.1Proteasome catalytic subunits separated by IEF 2D gel

To identify the differentially active catalytic subunits of the proteasome, we separated
MVBO072-labeled proteomes of roots treated with and without 250 mM NaCl for 6hrs by

isoelectric focusing (IEF) and SDS gel electrophoresis. Over 14 fluorescent spots were
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robustly detected on 2D gels (Fig.32A). These fluorescent spots do not correlate with
abundant proteins detected upon Sypro Ruby staining of these gels (Fig.S4). The
fluorescence intensity of each of these 14 spots was quantified using ImageJ and plotted in a
histogram over three biological replicates (Fig.32B and Fig.S5). We detect significant
increase of the fluorescence intensities of spots #5 and #13 and a significant decrease of
fluorescence intensities of spots #8, #10, #11, #13 and #14, whilst fluorescence intensities of
spots #7 and #9 were strongly increased upon salt treatment (Fig.32B). These changes in
fluorescence intensities occurs in two regions in the 2D gel (boxed in Fig.32A) and correlates
with the shift in fluorescent intensity on 1D gels, as illustrated in Fig.32C. At the acidic pl
range, five spots (#7-11) showed reduced intensity upon salt stress, whilst one spot (#5) has
increased signal intensity (blue box in Fig.32C). At basic pl range, the bottom signal (#14)
decreases whilst the top signal (#13) intensifies upon salt stress (red box in Fig.32C).

A total of 28 fluorescent spots were excised from both gels and analyzed by MS. 27 of
these spots contain catalytic subunits of the proteasome (Fig.S5-7, TableS1). In total, four
different catalytic subunits were detected: Solyc07g016200.2.1 (1), Solyc049g024420.2.1
(B2a), Solyc05g013820.2.1 (B2b) and Solyc05g056160.2.1 (B5), each with multiple unique
peptides and significant Mascot protein scores (Fig.S6-S7 and TableS2).

B2a was identified in spots #5, #7 and #10 in the control treatment and in spots #4, #5,
and #10 in the salt-treated sample (Fig.32D and Fig.S7). However, the majority of the MS
signal in these spots comes from B2b (Fig.S6). This indicates that f2a is part of the
proteasome, but contributes only a minor fraction, irrespective of the stress condition. These
data do not support the hypothesis that the stress proteasome has a different 2a/B2b ratio.

To assign the fluorescence signal to a particular catalytic subunit, we ranked the
protein scores in Mascot for each spot and highlighted the four detected catalytic subunits.
This analysis shows that we often identified more than one catalytic subunit from several
spots (Fig.32D). The identification of multiple subunits per spot might be caused by
incomplete separation during IEF or by contamination during gel excision. We assigned the
signal to a single catalytic subunit in case a single subunit ranks consistently high in a spot.
This way we assigned 1 to spots #1, #2, #3 and #6; B2 to #4, and #5; 35 to #13 and #14,
and we found stronger signals for multiple subunits in the remaining spots (#8-12) (Fig.32E
and Fig.S7). Taken together, these data indicate that salt stress induces a shift to a higher
apparent MW for both labeled 2 and 85, and a shift to lower pl for labeled $5. To assign the
fluorescence signal to a particular catalytic subunit, we ranked the protein scores in Mascot
for each spot and highlighted the four detected catalytic subunits. This analysis shows that
we often identified more than one catalytic subunit from several spots (Fig.32D). The
identification of multiple subunits per spot might be caused by incomplete separation during

IEF or by contamination during gel excision. We assigned the signal to a single catalytic
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subunit in case a single subunit ranks consistently high in a spot. This way we assigned 1 to
spots #1, #2, #3 and #6; B2 to #4, and #5; 5 to #13 and #14, and we found stronger signals
for multiple subunits in the remaining spots (#8-12) (Fig.32E and Fig.S7). Taken together,
these data indicate that salt stress induces a shift to a higher apparent MW for both labeled
B2 and 35, and a shift to lower pl for labeled (35.
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Figure 32 Two-dimensional gels show MW and pl shifts for catalytic subunits. (A)
Tomato roots were treated with 0 and 250 mM NaCl and root extracts were generated after 6
hours and labeled with 0.2 yM MVBO072. Samples were separated on IEF 2D gel. Spots are
highlighted with different colors: B1 (green); B2 (blue); and B35 (red). Framed sections focus
on B2 (blue) and B5 (red) catalytic subunits. (B) Quantification of the fluorescence signals of
(A). Error bars represent SEM of n=3 biological replicates. (C) Schematic figures of 1D and
2D gel illustrating the effect of high salinity on the intensity of signals of B2 and 5 catalytic
subunits. Closed and open spots indicate up- and down-regulated signals, respectively. (D)
Ranking of detected catalytic subunits based on Mascot protein scores. (E) Assignment of
catalytic subunits to some of the fluorescent spots, based on the detected proteins and their
scores and ranking. (Means are significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as
determined by Student’s t-test).
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5.1.5.3.4.2Alteration of R5 subunits confirmed by subunit-specific ABPs

To confirm the identity of the shifting of the catalytic subunits, the root extract was
labelled with subunit-specific activity-based probes, LW124 and MVB127 (Li et al., 2013;
Misas-Villamil et al., 2017). LW124 is specific for 1 and has an epoxyketone reactive group

and a fluorophore with excitation and emission wavelength at 470 nm and 530 nm,

respectively.
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Figure 33 Subunit-specific labeling confirms modification of 5 but not for 1. (A) Tomato
roots were treated with 0- and 250 mM NaCl and root extracts were generated after 6 hours
and preincubated with or without subunit-specific inhibitors, N331 and N3B5 and co- labeled
with or without subunit-selective probes, LW124 (1) and MVB127 (B5). Samples were
separated on 1D gel. (B) Tomato roots were treated with 0- and 250 mM NaCl and root
extracts were generated after 6 hours and co-labeled with LW124 (1) and MVB127 (35) and
separated on IEF 2D gel.
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By contrast, MVB127 is selective for (5, carries a vinyl-sulfone reactive group and a
fluorophore with excitation and emission wavelength at 532 nm and 580 nm, respectively.

As they have different specifies and their excitation and emission wavelength are
different, LW124 and MVB127 can be used by co-labelling (Misas-Villamil et al., 2017).
LW124 labeling does not display significant differences upon salt treatment (Fig.33A),
consistent with earlier observations that B1 labeling is unaffected. MVB127 labeling,
however, shows a shift upwards, confirming the MW shift of 5. To confirm the composition
of the LW124- or MVB127-labeled signals, we preincubated the samples with selective
inhibitors, N3B1 and N3B5. N3B5 suppressed labeling of MVB127 whereas N3B1 partially
suppressed labeling of LW124, respectively, verifying that the top differential MV151- and
MVBO072 signals are caused mainly by a 5 subunit (Fig.33A).

To confirm the pl shift of the B5 subunit we analyzed LW124/MVB127 co-labeled
samples on 2D gels (Fig.33B). The MVB127-labeled signals increase at lower pl whereas
signals at higher pl disappear upon salt treatment. This finding is consistent with the negative
pl shift of B5. By contrast, LW124-labeled signals are constant in the samples treated with or
without salt (Fig.33), consistent with earlier observations that 31 remains unaltered upon salt

stress. Taken together this data demonstrate a pl/MW shift for B5 upon salt treatment.

5.1.5.3.4.3Investigation of potential reason of 32 MW- and R5 pl/MW
shifts

5.1.5.3.4.3.1 Investigation of two PTMs — phosphorylation and glycosylation

We next tested if the MW shifts are caused by phosphorylation. Treatment of
MVBO072-labeled sample with alkaline phosphatase did not affect the shifted signal, but
removed the signal of phosphorylated MAP kinases detected by a phosphospecific antibody
(Fig.34AB). We next studied whether the active subunits are differentially glycosylated by
incubating the MVBO072-labeled sample with PNGase F to remove N-glycans or with
deglycosylation mix to remove both N- and O-glycans. None of these treatments affected the
labeling profile (Fig.34C). By contrast, Bovine Fetuin, a standard glycoprotein did shift upon
both treatments (Fig.34D). We conclude that the pl/MW shifts are not caused by

phosphorylation or glycosylation of the catalytic subunits.
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Figure 34 Phosphatase and deglycosylation treatments do not affect altered proteasome
activity profile. (A) 250 mM treated-samples labeled by MVBO072 were treated with alkaline
phosphatase at different conditions. (B) MAPK was used as a positive control detected by a
phosphospecific antibody. (C) 250 mM treated-samples labeled by MVB072 were treated
with and without PNGase F or Deglycosylation mix. (D) Enzymatic deglycosylation of Bovine
Fetuin was used as a positive control.

5.2 Investigation of the role of ABA in salt stress responses of tomato

ABA is an essential phytohormon, referred as a stress hormon to survive abiotic stress
and a central regulator that plays important role on the acclimation proccess to salinity. We
applied ABA-deficient mutant, sitiens (sit) that is defective in the gene coding for ABA-
aldehyde oxidase necessary for conversion of ABA-aldehyde to ABA (Audenaert et al.,
2002). We investigated several physiological responses of sitiens tomato mutants compared
to the wild type (wt) after 100 mM- and 250 mM NacCl treatments. One of the most important

guestion is whether ABA-deficient plants show altered proteolysis under salt stress.
5.2.1 Detection of cell viability

5.2.1.1 FDA staining

We studied the effect of sublethal- (100 mM NacCl) and lethal (250 mM NaCl) salt stress
on ABA mutant (sitiens) tomato roots after 6 hours. Root tips were stained with FDA to detect
and quantify the viable cells. Sublethal salt treatment was already sufficient to significantly
decrease cell viability in sitiens (sit ) and lethal salt stress further reduced FDA staining
compared to the wild type (wt) where 100 mM NaCl did not have any effect on cell viability
and 250 mM NacCl only slightly decreased FDA staining (Fig.35).
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Figure 35 Fluorescence intensities of FDA in the roots of wild type and in sitiens mutant
of tomato upon 0, 100, 250 mM NacCl treatment after 6 h. (Means are significant at P< 0.5 (*);
0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

5.2.1.2 Electrolyte leakage

Detection of electrolyte leakage (EL) revealed massive increment upon lethal salt
treatment both in sitiens and wt, however, alteration of membrane integrity was more
significant in sitiens compare to the wt. EL was similar to the control condition upon 100 mM
NaCl treatment (Fig.36).
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Figure 36 Alteration of membrane integrity in the roots of wild type and in sitiens mutant
of tomato upon 0, 100 and 250 mM NaCl treatment after 6 hours. (Means are significant at
P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

5.2.2 Detection of oxidative burst

5.2.2.1 Total ROS content

To analyse ROS burst, ROS production was detected upon sublethal-, and lethal salt
treatments after 6 hours. Under control condition and at 100 mM NacCl significantly higher
ROS production was detected in sitiens mutants after sublethal salt treatment. Interestingly,
ROS production significantly decreased upon 250 mM NaCl treatment after 6 hours (Fig.37).
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Figure 37 ROS generation in the roots of wild type and sitiens mutants of tomato upon O,
100 and 250 mM NacCl treatment after 6 hours. (Means are significant at P< 0.5 (*); 0.01 (**)
or 0.001 (***) level as determined by Student’s t-test).

5.2.2.2 H,O, content

H,O, content showed opposite alteration in the roots of wild type and sitiens mutants.
While in wild type H,O, content increased upon both treatments, in sitiens it was decreased
similar to changes in NO production upon sublethal salt treatments, however alteration of

H,0, is not significant. By contrast, increasing tendency was detected in wild type upon 250
mM NacCl treatment (Fig.38).

(n=3)
8
|
2
Z 6 T
5 4 1
5 3 -
o
i
T 1+ -
0

wt sit  wt sit  _wt_ sit
NaCl: o 100 250 [mM]
Figure 38 H,O, production in the roots of wild type and sitiens mutants of tomato upon 0,
100 and 250 mM NaCl treatment after 6 hours. Mean + SE, n=3. (Means are significant at P<
0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

5.2.2.3 NO content

NO production exhibits also an opposite change to total ROS, while NO production
slightly increases in the wild type, it decreases in sitiens upon sublethal salt treatment
compared to the control condition. However, NO production relapses into control level in the

wild type, it remains unchanged compared to 100 mM NacCl in sitiens upon 250 mM NaCl
treatment (Fig.39).
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Figure 39 Kinetics of nitric oxide (NO) production in the roots of wild type and sitiens
mutants of tomato upon 0, 100 and 250 mM NaCl treatment after 6 hours. Mean + SE, n=3.

(Means are significant at P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s
t-test).

5.2.3 DNA fragmentation

We investigated PCD by DNA fragmentation which was more advanced in sitiens
mutants compared to the wild type upon lethal salt stress after 6 hours (Fig.40).

NaCl: 0 250 [mM]
L wt wt  sit

Figure 40 DNA fragmentation in the roots of wild type and sitiens mutant of tomato upon
250 mM NacCl treatment after 6 hours.

5.2.4 Investigation of protein degradation
5.2.4.1 Total protein content

To investigate protein degradation under different salt treatments we measured protein
content with Bradford method. Interestingly, sitiens is already sensitive to 100 mM NacCl
treatment and its protein content significantly decreases compared to the wild type under low
salt stress. Interestingly, protein content slightly decreases upon 250 mM salt treatment
compared to the untreated control and sublethal salt stress after 6 hours and there is no

difference in total protein level between wild type and sitiens mutants (Fig.41).
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Figure 41 Total protein content in the roots of wild type and sitiens mutants of tomato
upon 0, 100 and 250 mM NacCl treatment after 1, 6 and 24 hours. (Means are significant at
P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

5.2.5 Proteolytic activity
5.2.5.1 Azocaseinolytic activity

To study the reason of protein decrease we measured proteolytic activity by
azocaseinolytic assay. Proteolytic activity clearly increases in sitiens mutants while protein
content decreases upon 100 mM NacCl treatment. However, it does not increase further upon
lethal salt stress parallel with alteration of protein content. In addition, proteolysis in the wild
type increases only after 250 mM NacCl treatment which is consistent with the earlier
observation protein measurement altered after lethal salt treatment (Fig.42). The tendency in

the proteolytic activity correlates well with the changes in total protein contents.
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Figure 42 Azocaseinolytic activity in the roots of wild type and sitiens mutants of tomato
upon 0, 100 and 250 mM NacCl treatment after 1, 6 and 24 hours. (Means are significant at
P< 0.5 (*); 0.01 (**) or 0.001 (***) level as determined by Student’s t-test).

5.2.5.2 Zymography

Different methods were applied to investigate proteolytic activity in sitiens mutant, as
well. We used zymography, gelatin-SDS PAGE that provides a common view of proteolytic

activity. However, if we focus only to the signals derived from treated samples protease
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activity is higher in sitiens mutant upon sublethal salt stress in contrast to lethal salt stress

where protease activity is significantly higher in the wild type than in the mutant (Fig.43).
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Figure 43 Protease activity in the roots of wild type and sitiens mutants of tomato upon 0O,
100 and 250 mM NacCl treatment after 1, 6 and 24 hours.

5.2.5.3 Alteration of papain-like cysteine proteases (PLCPS) in sitiens mutants

It is difficult to specifically detect Cys proteases by using zymogram. Thus, we applied
the more sensitive ABPP to label PLCPs with PLCP-specific fluorescent probe, MV201.
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Figure 44 Salt stress in tomato wild type and sitiens roots differentially alters activity of
PLCPs. Activation of PLCPs upon 0, 100 and 250 mM NaCl treatment after 6 hours in wild
type (A) and in sitiens roots (B).

This shows that sitiens mutants have higher basal PLCP activity at 34 and 43 kDa
upon control condition. In contrast to the wild type, intensities of 34 and 28 kDa bands
increase after exposure to sublethal and lethal salt stress in sitiens mutants, while the bands
at 43 kDa exhibits decreased activity in the mutants under salt stress (Fig. 44).

80



5.2.5.3.1 Expression level of papain-like cysteine proteases (PLCPSs)

We examined the expression of previously identified PLCPs. RD19A and SAG12
showed the same expression level in wild type and sitiens, RD21A and AALP are
downregulated and XBCP3 is upregulated in sitiens under control condition. Expression of
AALP does not change in ABA deficient mutant either upon sublethal or lethal salt stress
compared to the control condition, furthermore, it is downregulated in wild type. SAG12 is
overexpressed both in wild type and in sitiens mutants upon 100 mM NaCl and its expression
is further increased in wild type upon 250 mM NaCl. RD19A is only overexpressed in sitiens
mutants upon 100 mM NaCl treatment but its expression is not effected upon lethal salt
stress (Fig. 45).
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Figure 45 Gene expression of Cys proteases in root upon 0-, 100- and 250 mM NaCl
treatment after 6 hours.

The increase in Cys protease activity in ABA biosynthesis mutant occurs in parallel with
the expression RD19A in sitiens roots , while the expression of other Cys proteases were
similar (RD21A, XBCP3) or more reduced (AALP and SAG12) to those of wild type under
salt stress.
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6 Discussion

Here we have compared the effects of sublethal- (100 mM NacCl) and lethal (250 mM
NaCl) salt stress on ionic stress, ROS and NO production and on the induction of proteolysis
with special emphasis on Cys proteases and proteasome in tomato plants. We detected a
robust and quick PCD upon high salinity caused by 250 mM NaCl where robust alteration of
membrane integrity, quick ROS- and NO burst and increased proteolysis were revealed in
tomato. The changes were specific for different plant organs, therefore, leaf- and root tissues

of tomato were studied separately.

6.1 PCD events

Salt stress has rapid and stronger effect on the viability of the root tips compared to the
leaf tissue (Leshem et al., 2007). DNA laddering has been observed already at one hour
upon salt exposure in the roots (Affenzeller et al., 2008). We observed suppression of the
viability of the roots also after one hour, which develops further after six hours upon high salt
treatment and delayed, slight decrease of viable cells was detected upon sublethal salt
treatment after 24 hours (Fig.12AB). Imbalance of ionic homeostasis, especially cytosolic K,
is a critical point of salinity-induced PCD in plant cells (Zepeda-Jazo et al., 2008; Demidchik
et al., 2010; Kim et al., 2014). Moreover, K" efflux was reliable indicator of salinity tolerance
and showed significant alterations between the functionally different root zones in barley
already after one hour 80 mM salt exposure (Chen et al., 2005). In the case of tomato, roots
appears to be more susceptible to salinity regarding both K* efflux and Na" influx even if it
was treated by sublethal salt treatment after 24 hours. 250 mM salt treatment dramatically
alters the Na* content of leaf tissue probably by transportation of excess Na* ions to the
shoot. Imbalance of ionic homeostasis nicely correlates with the reduction of K*/Na* over the
increments of salt concentration (Table 1).

Electrolyte leakage, a typical method to monitor ion imbalance, showed extreme
increments already after one hour that turned into irreversible at six hours in tomato root tips
exposed to 250 mM NaCl. Overall, leaves showed slightly delayed and milder response in
the aspect of membrane integrity (Fig. 13), ROS and NO accumulation (Fig.14 and Fig.16),
total proteolytic activity (Fig.18) and consequently decreased protein content (Fig.17). Only
H,O, level was significantly higher and increased in leaves compared to the decreased H,0,
content of roots supporting the hypothesis that H,O, can have a systemic signalling role in
response to high salinity and contributes to the acclimation of leaf tissues (Baxter et al.,
2013; Fig. 15). Moreover, the simultaneous alteration of ROS and NO content as a function

of time can also be a crucial point in the context of organ-specified survive or salinity-induced
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PCD (Brigth et al., 2006). We revealed a decreased NO production at 24 hours in roots
which might be due to a decreased nitrate reductase activity or NO can react with O,
forming peroxinitrite another possible explanation of the highly decreased NO production in
roots (Vandelle and Delledonne 2011). ROS and NO have several roles, first, as signal
molecules, second as PCD inducers depending on their concentration (Choudhury et al.,
2013).

High salinity induced massive increase in both ROS and NO level in root tips already
after one hour. By contrast, simultaneous ROS and NO accumulation was slightly delayed
and was detected only at six hour in leaves. Each of the phenomenon can be recognized
such as ROS burst and K" efflux leading to increased proteolysis (Demidchik et al., 2014).
Importantly, tomato proved to be tolerant to 100 mM NacCl treatment as we did not detect
parallel increase in both ROS and NO and membrane destruction either in leaves or roots.

Roots have an enhanced energy demand at this early stage of salt stress (Ghosh et al.,
2014). Therefore, proteolytic enzymes may have essential roles in regulating protein
spectrum, protein turnover and protein content of tissues (Yoshimura et al., 2008). Protease
inhibitors are also an integral part of PCD regulation. Protease inhibitors may regulate the
activity of PLCPs and prevent PCD upon sublethal salt stress (Pernas et al., 2000; van Wyk

et al., 2014), whereas Cys proteases may participate int he initiation or execution of PCD.

6.2 Cys poteases

6.2.1 PLCPs

We detected four PLCPs in the roots and five PLCPs in the leaves that might be
activated during salt stress-induced PCD. They are classified as C14 proteases,
Solyc04g078540.2.1 belongs to RD21A-like protease subfamily, Solyc049080960.2.1
belongs to RD19A-like protease, Solyc02g077040.2.1 belongs to SAG12-like proteases and
CYP3 is an aleurain-like protease whereas Solyc04g080880.2 belongs to XBCP3-like
protease subfamily. Interestingely, we detected PLCPs which were identified only either in
roots or leaves and which were detected in both organs. Most of the identified PLCPs
originally carry a granulin domain (Fig.21A and Fig.23A). Granulin-containing proteases
have been implicated in abiotic stress in the leaves (Koizumi et al., 1993) and in salt stress
response in the roots (Hayashi et al., 2001). There are several studies which suggest the
roles of aleurains and granulin-containing proteases in early processes of PCD. Arabidopsis
RD21 provides immunity against pathogen attack (Shindo et al., 2012) and emerged as a
pro-death protease during PCD (Lamp et al.,, 2013). RD21 is located in pre-vacuole

endoplasmic reticulum (ER) bodies and in the vacuole (Hatsugai et al., 2009). Furthermore
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aleurains in leaf and flower tissue, and a XBCP3-like protease in the root tissue play critical
roles at early stages of cell death (Funk et al., 2002; Asp et al., 2004, Eason et al., 2005;
Avci et al., 2008; Han et al. 2012).

Expression level of the identified proteases increased after 24 hours. At the early
stages of PCD probably those proteases are activated which are basically stored as
proproteases and they quickly reach their active form due to the salt stress. It is important to
note that ABPP gives information only about the activated form of proteases not about their
exact protein level. It might be that synthesis of more subsets of Cys proteases is needed to
accomplish proteolysis during PCD, therefore, we might have detected overexpression of
several genes (CYP3, C14, RD19A and RD21A) at 24 hours (Fig.24).

6.2.2 VPEs

We confirmed with several tests that VPESs are exclusively targeted by JOPD in tomato.
VPE labeling was performed at different pHs, which demonstrated that VPEs only active at
acidic pH and the presence of alkylating agent (IACAm) or the absence of reducing agent
(DTT) inhibited JOPD-labeling (Misas-Villamil et al., 2013). Labeling was competed with
YVAD and 1440, two VPE specific inhibitors, but not with E-64 (Sueldo et al., 2014) (Fig.25).

VPEs are responsible for maturation and activation of vacuolar enzymes and are
involved in PCD during plant immune response e.g. in tobacco upon bacterial infection or in
Arabidopsis during infection with the oomycete pathogen (del Pozo and Lam, 1998; Misas-
Villamil et al., 2013; Hatsugai et al., 2015). Several abiotic stresses, such as NaCl- or H,O,
stress, induce expression of certain VPEs (Deng et al., 2011). Importantly, overexpression of
anti-apoptosis genes in tobacco or in rice, such as Bcl-2, Ced-9 and BI-1, suppresses NaCl-
induced PCD and negatively affects the expression level of OsVPE2 and OsVPE3 resulting
an increase in tolerance to salt stress in transgenic rice (Deng et al., 2011; Kim et al., 2014).
SIBI-1 was downregulated after six hour upon lethal salinity in tomato root tips in contrast to
the sublethal salt conditions where it remained slightly upregulated. We found also a
transient overexpression of SIBI-1 in the root tips of tomato exposed to sublethal salicylic
acid treatment (Kovacs et al., 2016). Activity of VPEs was revealed as an opposite response
in different organs. VPEs are activated in leaves while their activity decreased in roots upon

lethal salt stress (Fig.26).

6.3 Proteasome modification during salt stress

Unexpectedly, while studying the activity of different subsets of PLCPs, we discovered

robust alteration in the activity profile of proteasome catalytic subunits. Both catalytic 2 and
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B5 subunits shifted to a higher MW and B5 also has a negative pl shift upon salt stress. The
recurrence of a normal proteasome profile at 24 hours upon treatment with 250 mM NaCl
indicates that this change is reversible and occurs concomitantly with PCD (Fig.30B).

The reason for proteasome modification could be an altered preference for substrates.
Salt stress induces protein oxidation and an altered proteasome might be required to
degrade these oxidized proteins. The three catalytic subunits have different peptidase activity
and their modification may cause changes in their activity and specificity.

There are several molecular mechanisms that might underpin MW/pl shifts of catalytic
subunits. In animals, standard proteasome subunits are replaced in nascent proteasome
complexes by highly homologous (1i, B2i, and 35i subunits, which more efficiently produce
antigenic peptides in response to infection (Tanaka and Kasahara, 1998) and more efficiently
degrade oxidized proteins (Seifert et al., 2010). Replacements by the i-20S proteasome
subunits open the central chamber to allow access of more proteins to the catalytic core
(Groettrup et al.,, 2010). Also, the immunoproteasome has reduced caspase-like activity
(Ferrington et al., 2012). In tobacco B1, a3 and a6 subunits have different isoforms (Suty et
al., 2003). We can, however, exclude the mechanism of subunit replacement because the 2
and 5 proteins with altered MW/pl are the same proteins before and after salt stress.

Second, although different genes encoding the different 35 isoforms can be excluded,
alternative splicing could still result in different 85 isoforms from the same gene. In animals,
for instance, alternative splicing of transcripts encoding proteasome subunits can alter the

activity and substrate specificity of 20S proteasome (Kawahara et al., 2000).
6.3.1 Post-translational regulation of the proteasome

Post-translational modification (PTM) might also be a possible molecular mechanism
causing the shift in MW and pl of catalytic subunits. In animals, multiple PTMs have been
described for proteasome subunits such as phosphorylation, glycosylation, oxidation,
nitrosylation, and ubiquitination (Bose et al., 2004; Ventadour et al., 2007; Zong et al., 2008;
Scruggs et al., 2012; Cui et al., 2014). PTMs can regulate the stability of the proteasome,
alter the assembly of different subunits and change the degradation pattern of proteasome or
activity profile of catalytic subunits (Bose et al., 2004).

First, protein phosphorylation can cause both MW and pl changes (Zong et al., 2008).
In plants, phosphorylation is one of the best known and major covalent modifications
involved in the regulation of proteins. Phosphorylation of a serine residue in the proteasome
a6 subunit has already been studied in rice root tips (Umeda et al., 1997) and
phosphorylation likely causes a mass increment of $1din during the induction of defense in

tobacco (Suty et al., 2003). There are several predicted phosphorylation sites in catalytic
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subunits. The B2 subunit contains 8 Ser, 5 Thr, 4 Tyr residues, whereas the B5 subunit
contains 10 Ser, 1 Thr and 3 Tyr residues. However, phosphatase treatment did not affect
the MVBO072 activity profile in tomato roots upon 250 mM NaCl treatment (Fig.34A)
suggesting that phosphorylation is not the underlying mechanism of the altered proteasome
upon salt stress.

Second, proteasome subunits can be regulated by glycosylation. For instance O-
Glycosylation reversibly inhibits proteasome function via modification of Rpt2 ATPase in the
19S regulatory particle of the proteasome in animals (Zhang et al., 2003). Likewise, N-
Glycosylation is a key PTM of specific proteins during osmotic stress adaptation in plants
(Koiwa et al. 2003). However, deglycosylation by PNGase or deglycosidase mix had no
effect on the MW shift of 35 (Fig.34C) indicating that also glycosylation is not the underlying
mechanism.

Third, ubiquitination is common on proteasome subunits. Both 2 and B5 catalytic
subunits are ubiquitinated at Lys residues (Ventadour et al., 2007; Kim et al.,, 2013).
However, the predicted MW shift of mono- or polyubiquitinated B2 and 5 is too large (>8.5
kDa) to explain the observed ~2 kDa MW shift in the altered proteasome.

Fourth, ROS production leads to accumulation of oxidatively modified proteins (e.g.
carbonyl compounds) that alter the function of enzymes (Basset et al., 2002). There is
evidence of carbonylation of the 20S proteasome in response to carbon starvation in maize
root tips (Basset et al., 2002). We carefully analyzed the MS data but could only uncover Met
oxidation which is probably generated ex vivo (Table S1).

Last, RNF could leads to nitrosothiol formation that might target the thiol side chain of
Cys residues and generate S-nitrosylation as a possible PTM (Hess et al., 2005). 2 has four
and B5 has two Cys residues which may explain a 2 kDa upon S-nitrosylation. Many
additional PTMs are known and they can also be combined in several ways. Also a
combination of PTMs might result in the observed MW/pl shifts in the activity profile of p2

and 35 catalytic subunits.

6.4 Investigation of the role of ABA in response to high salinity

6.4.1 Detection of cell viability

ABA is a key endogenous messenger in plants participating in responses to salinity. Salt
stress causes massive transient increments in ABA level resulting in physiological changes
in plants (Raghavendra et al., 2010). Tomato mutant with reduced ABA level (sitiens, sit)
was investigated upon low (100 mM NaCl)- and high (250 mM NacCl) salt stress. It is well

known that sitiens is not able to withstand salt stress even if it is a sublethal NaCl
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concentration for tomato due to their defective ABA production (Flors et al., 2007). It was
revealed that severe damages are caused by ABA deficiency and ABA-mutant plants dye
within 48 hours already upon 150 mM NaCl salt exposition (Dunlap and Binzel, 1996).

Importantly, significantly decreased cell viability was observed in sitiens roots upon low
salt treatment already after 6 hours. The viability of the wild type roots decreased to 50%
upon 250 mM NacCl treatment while the viability of sitiens roots was further decreased to 10%
(Fig.35).

ABA controls several mechanism in response to salt stress. Besides regulation of
stomatal closure it regulates water flow, specifically by having effects on aquaporins (Parent
et al., 2009), induces accumulation of osmoprotectants or activates detoxifying mechanisms
(Finkelstein et al., 2013). Indeed, ABA deficiency provokes many cellular damages already at
the early stage of salt stress in roots leading to PCD such as oxidative burst or disruption of
membrane integrity (Filkenstein and Rock 2002). Salt stress causes a strong electrolyte
leakage, especially that of K* from tissues as a consequence of lipid peroxidation (Flors et
al., 2007). Increased EL was revealed in roots of both wild type and sitiens mutants upon 250
mM NacCl treatment (Fig.36).

6.4.2 Detection of oxidative burst

First, we observed highly increased ROS production without salt treatment and ROS
level massively increased in sitiens roots while it slightly decreased in wild type roots upon
100 mM salt treatment, however, it significantly decreased upon lethal salt treatment in both
genotypes at 6 hours. As basic strong ROS signal was detected in sitiens roots under normal
condition and increased ROS level under low salt stress, we suggest that ABA has a crucial
role in control of ROS scavenging mechanisms by regulating non-enzymatic and enzymatic
antioxidant mechanisms. ABA induces the activity of SOD, CAT, APX and GR in rice (Ye et
al., 2011; Zhang et al., 2012; You and Chan 2015) and the production of active oxygen
species via PM NADPH-oxidase resulting in the induction of these antioxidant enzymes in
maize (Jiang and Zhang 2002) and in cotton under salt stress (Bellaire et al., 2000; Jiang
and Zhang 2002). Reduced ABA level can ruin this balance and a low salt stress can induce
oxidative damages.

Second, both of H,O, content and NO production decreased in the root tips of sitiens
mutants compared to the wild type (Fig.38 and Fig.39). Recently, it was demonstrated that
H,O, and ABA are important signals for increasing Na" efflux and water uptake in Gossypium
hirsutum L. roots (Kong et al., 2016). Decreased H,O, content might be a crucial point in salt
susceptibility of sitiens mutants. Interaction between ABA and reactive oxigen and nitrogen

species including H,O, and NO is intensively studied. Although, it is already known that H,O,
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and NO are essential components of ABA-regulated stomatal closure in a number of species
such as Arabidopsis, bean, or in tomato (Garcia-Mata and Lamattina, 2001; Desikan et al.,
2002; Desikan et al., 2004; Neill et al., 2002; Bright et al., 2006), it is becoming more
apparent that NO might act downstream of ABA mediated by H,O, in some cases (Lu et al.,
2009; Zhang et al., 2009; Hancock and Wilson 2011). Overall, their signalling pathways are
complex and it is likely that ABA has a crucial role in regulation of H,O, and NO level in this
early stage of PCD in sitiens roots.

6.4.3 Investigation of protein degradation in sitiens

Proteolysis is essential part of stress responses and increased proteolytic activity is a
main phenomenon of PCD (Trobacher et al., 2006). ABA mutant tomato is more susceptible
to salt stress therefore we hypotesized that ABA deficiency could result in increased
proteolytic activity in this early stage of PCD. Little is known about the link between ABA
deficiency and proteolysis, although there are some previous results that can reinforce our
assumption. For instance, ABA plays a regulatory role in maturation and germination of
seeds and total proteolytic activity was inhibited by ABA in maize seedlings (Petkova et al.,
2003). However, ABA displays different effects on various proteolytic activities, probably
depending on its signalling pathway. ABI5 (ABSISIC ACID-INSENSITIVE 5), a bZIP TF,
plays an important role in germination and post-germinative growth. ABI5 protein degradation
was slowed down in the presence of high level of ABA through proteasome degradation
pathway (Lopez-Molina et al., 2001). Trobacher et al. (2013) showed that ABA delayed the
accumulation and maturation of SICysEP, a cysteine endopeptidase, which is an indicator of
PCD in tomato endosperm. In agreement with previous reports we revealed increased total
protease activity in the absence of ABA (Fig.42), importantly, the difference between wild
type and sitiens was detected only upon 100 mM NaCl treatment. Low salt stress reduced
protein content (Fig.41) and simultanously, increased proteolytic activity in sitiens roots
whereas proteolytic activity was increased in wild type and in the mutants at the same
degree under lethal salt condition (Fig.42).

Gelatin-SDS PAGE zymography revealed very remarkable differences in the activity of
high MW proteases between wild type and mutant plants. Some of them exhibited increased
activity during lethal salt stress in the wild type, whereas reduced activity in sitiens mutants.
Others displayed higher basal activity in the mutants, which increased upon 100 mM NacCl
exposure and declined again at 250 mM NacCl (e.g. MW 70 kDa protein). These data suggest
that Cys proteases play minor role in bulk protein degradation in this early phase of salt
stress. Howvere, ABPP revealed substantial differences between Cys protease activities of

the roots at 34 and 28 kDa in the wild type and mutant plants. These proteases were much
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more active in sitiens mutants under salt stress which suggests that ABA accumulating under
salt stress may suppress the activity of specific Cys proteases in the roots of tomato which
might be a crucial point in plant defense to survive lower salt stress.

We could demonstrate that there are differences not only in the activity of protease
proteins but also in the gene expression level. RD19A was overexpressed in sitiens under
100 mM NacCl treatment while the xpression of SAG12 increased more significantly upon
lethal salt stress in the wild type (Fig.44).
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7/ Summary

High salinity is one of the major environmental stress factor that reduces growth and
limits crop productivity. Depending on the salt concentration, plants can acclimate to high
salinity or they can die. If salt stress exceeds a limit and it is persistent, PCD is induced.
Thus, it is very important to increase our knowledge about the physiological and molecular
background of salt stress. In this study we compared sublethal and lethal salt stress-induced
events during the first 24 hours of the salinity stress.

To summarize our results we listed our findings:

1. Overall, the leaves showed delayed response to salt stress in contrast to the roots.
Since roots are the primary site of perception of high salt concentrations in the
environment, their responses and adaptive behaviour form the first line of defense
against stress damage. Decreased viability at six hours upon lethal salt treatment
indicates a massive and quick cell death, irreversible loss of membrane integrity, high
electrolyte leakage, low K*/Na" ratio and DNA degradation that is completed within 24
hours compared to sublethal salt treatment that caused a slower loss of viability of root
cells.

2. According to ROS burst and NO peaks we are able to clarify if the process turns into
cell survival or cell death. Lethal salt stress induced parallel ROS and NO peaks at the
beginning of salt exposure in roots in contrast to leaves where NO peak appeared only
after six hours together with increased ROS level. High level of ROS causes severe
cellular damage and can lead to protein degradation and cell death. Although NO can
induce PCD but only with contribution of ROS. Simultaneous alteration of ROS and NO
content as a function of time is a crucial point in of organ-specific survival or salinity-
induced PCD.

3. High salinity-induced reduction in total protein content appeared only after 24 hours
both in leaves and roots, however, it was already slightly reduced earlier in the roots. In
parallel with protein degradation increased activity of proteases appears that are
implicated in most cellular processes linked with PCD including nutrient re-cycling and
selective destruction of misfolded or damaged proteins. Increased protease activity
was universal and typical both in the roots and the leaves from six hours under salt

stress.
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We focused further on the investigation of Cys proteases because they are considered
to play a role in the regulation of PCD. Most of the studies focus on their roles in biotic
stress whereas little is known about their activity during abiotic stress. Cys proteases
might have important role on regulating defense mechanisms or salt-induced PCD
which is unrevealed, yet. We discovered increased PLCPs activity from three different
subclasses. Four PLCPs in the roots and five PLCPs in the leaves were identified that
might have a role during salt stress-induced PCD. Interestingely, we detected PLCPs
which were organ-specific and were identified only either in the roots or in the leaves
and which were presented in both organs. Interestingly, we revealed organ-specific
overexpression of C14, AALP-like, RD19-like proteases that were overexpressed
specifically in the leaves. The root-specific RD21A-like protease was overexpressed
during salt stress-induced PCD. However, the overexpression of PLCPs occurred
typically after 24 hours which can indicate that further protease synthesis is required for

PCD execution.

We also investigated VPESs, which belong to Cys proteases. VPE is one of the protease
subfamilies carrying caspase-like activity. We verified with different labeling conditions
that only VPEs were labeled by JOPD1 probe. We were able to detect by ABPP that
activity of VPEs are organ-specific in tomato. Significantly increased activity of VPEs
was revealed in the leaves after six hours, by contrast, reduced activity of VPEs was
revealed in the roots after 24 hours. Previous studies focused only on their role in biotic
stress. Here, we demostrated that their activity increased only upon lethal salt stress,
thus it can be assumed that they might have a role in salt stress-induced bulk protein

degradation and they can also support the maturation of other vacuolar proteases.

High salinity altered the proteasome catalytic subunits in the roots while in the leaves it
was unaltered. 32 and 35 subunits were activated upon salt stress-induced PCD which
caused a shifted band in the labeling profile. Notably, the activated band shifted to
higher MW which could possibly be due to structural modification. Since 5 has an
acidic pl shift, too, it could be due to phosphorylation or other PTMs. However, the role
of phosphorylation and glycosylation in MW changes could not be proved. As the
changes of activity profile of PLCPs, VPEs and proteasome catalytic subunits were not
detected at sublethal (100 mM) salt concentration, the identified PLCPs and the altered
B2, B5 catalytic subunits might be involved in PCD at the early stages of high salt
stress. Reoccurence of normal proteasome profile at 24 hours upon lethal salt
treatment indicates that this change is reversible and confirms that it occurs

concomitantly with PCD.
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Most prominent alteration between wild type and ABA deficient, sitiens mutant under
salt stress is that 100 mM, sublethal salt treatment seems to induce PCD in sitiens.
ABA deficiency clearly induces sensitivity of tomato against salinity. Basic profile of
almost all of the physiological responses was changed including cell viability, ROS
content, NO production and protein degradation. Cell viability of the root cells in the
mutants significantly declined not only upon 250 mM NacCl treatment but also upon 100
mM NacCl treatment compared to the wild type. Surprisingly, membrane integrity still

remained stable upon sublethal treatment in sitiens.

Importantly, under normal condition total ROS content was already increased and it
became higher upon sublethal salt stress while H,O, and NO content decreased in
sitiens compared to wild type. There is a clear correlation between ROS burst,
disruption of membrane integrity and protease activation. Interestingly, increased
electrolyte leakage is not needed to increase activity of proteases and simultaneously

for degradation of proteins induced upon sublethal salt treatment in sitiens roots.

It is suggested that while a number of proteases are differentially activated in wild type
and sitiens roots, the activities of certain Cys proteases (at ~34 and 28 kDa) increases
to much higher extent in the mutant under salt stress indicating that ABA may suppress
specific proteolytic activities under salinity. Similar tendencies can be found in the case
of certain proteases of higher MW, which suggests that ABA plays a crucial role in the
inhibition of proteolitic activity under salt stress, especially under low salt
concentrations. This might indicate that ABA can have a role in defense mechanism via

suppression of special Cys proteases under low salt stress.
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8 Osszefoglalas

A mezbgazdasagban az egyik legnagyobb terméskiesést okozd stresszfajta a
séstressz. Egyre tobb kutatas foglalkozik kilonbdzé fajok sotlirésének vizsgalataval, a
stressztolerans fajok szelektalasaval, valamint a sostresszel szembeni rezisztencia
fokozasaval. Sokoncentraciotol fuggéen a novények képesek védekezni, sikeres
akklimatizaciot kévetben tulélni a kérnyezetikben kialakuld stresszt. Ellenben, ha sostressz
idében elhuzodik, illetve a sotartalom atlép egy bizonyos koncentraciot, a ndvényben
programozott sejthalal (PCD) indukalédhat.

Munkank soran 6sszehasonlitottuk, hogy milyen fiziolégiai, biokémiai és molekularis
biolégiai valtozasok figyelhetéek meg a paradicsom ndvények levelében, illetve gydkerében
a szubletalis, 100 mM NacCl- és a letalis, PCD-t indukald, 250 mM NaCl kezelés hatasara.

Munkank soran az alabbi f6 eredményeket kaptuk:

1. A vizsgalatok soran soéstressz hatasara levélben mindig késleltetett valtozast
tapasztaltunk a gydkérben kapott valaszreakciokhoz képest. Mivel a gydkér az
elsédleges pont, ahol a ndvény talalkozik és érzékelni képes a kialakult kdrnyezeti
valtozast, jelen esetben a sostresszt, ezért az itt keletkezett valaszok nagymértékben
befolyasoljak a ndvény késdbbi adaptacidjat. A gyokér életképességét vizsgalva
elmondhatjuk, hogy a 250 mM-os NaCl koncentracional mar 6 o6ra elteltével egy
massziv, gyors PCD-t figyelhetlink meg, ami 24 éran belll kiteljesedik, 6sszehasonlitva
a szubletdlis soéstressz hatasaival, mely csak 24 o6ra elteltével csOkkentette

szignifikdnsan a gyokércsucsok életképességét.

2. A reaktiv oxigén formak akkumulacidja (ROS robbanas) és NO produkcio
maximumainak idébeli 6sszehasonlitasaval egyértelmien el tudjuk kuloniteni, hogy a
paradicsomban stressz hatasara végbe fog-e menni a PCD, vagy sikeres lesz-e az
akklimatizacié. Ugyanis letalis sostressz hatasara mar az elsé éraban egyideji ROS és
NO csucsot figyeltink meg gydkérben, ellentétben a levéllel, ahol az egyideji ROS és
NO ndvekedést csak 6 Oora utan detektaltuk. Magas ROS szint sejtszintl
karosodasokat okoz, amely fehérje karbonilaciohoz, a karosodott fehérjék
lebontasahoz illetve sejthalalhoz vezethet. Habar az NO is képes PCD-t indukalni, ez,
in vivo altaldaban csak a ROS egyideji kdzremikodésével valosul meg. Feltehetéen a
magas ROS és NO szint egyidejli megjelenésének fontos szerepe van a soéstressz-

indukalta PCD indukciéjaban szévet-specifikus modon.
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Letalis sostressz hatasara csak 24 6ra utan imegfigyelheté volt az 6sszfehérje szint
csOkkenése mind levélben, mind gydkérben, habar a gydkérben enyhe csdkkenés mar
korabban észlelhet§ volt. Parhuzamosan a fehérje lebontassal, Osszes proteaz
aktivitas novekedés volt megfigyelhet, ami a legtobb PCD alatt lejatsz6dd sejtszinti
folyamattal 6sszekottetésbe hozhatd. Fontos szerepe van ennek a N-korforgasban, a
nem megdfeleld térszerkezetli, misfolded vagy karosodott fehériek szelektiv
lebontasaban. Altalanosan megfigyelhets volt, hogy mind levélben, mind gydkérben 6

oranal fokozodik a proteazok aktivitasa sostressz alatt.

A proteaz aktivitas ndvekedés hatterének mélyebb megismerése érdekében ABPP
modszer segitségével tanulmanyoztuk a cisztein proteazokat. A legtdbb kutatas a Cys
proteazok biotikus stresszben betdltott szerepével foglalkozik és emiatt keveset tudunk
az abiotikus, ezen belll is a séstresszben betoltott szerepukrél. A papain-szerli Cys
proteazok (PLCP) mind a soéstressz elleni védekezésben, mind a sejthalal
indukcidjaban és végrehajtasaban fontos szerepet télthetnek be. Megnévekedett PLCP
aktivitast figyeltink meg letalis sostressz alatt 6 o6ranal. Azonostas utan
megallapitottuk, hogy az aktivalodott cisztein proteazok harom kulénb6zé PLCP
alosztalyybdl szarmaznak. Négy PLCP-t gyOkérben, 6tot levélben azonositottunk,
melyek kdzul volt amelyik szdvetspecifikusan jelent meg. Génexpresszios vizsgalatok
kimutattak, hogy a C14, egy AALP-szeri és egy RD19-szerl cisztein proteaz
specifikusan levélben, mig az eredetileg is gydkérspecifikussagot mutaté egyik RD21A-
szer(i proteaz gyokérben felllexpresszalodott letalis séstressz hatasara 24 éra utan.
Kései felllexpresszalddast okozhat a ndévény tovabbi proteaz szilkséglete. A korai
orakban valdszinlleg a jelenlévé, inaktivalt formaban jelenlévé ,készenléti” protazok
elérik aktivalt formajukat és igy képesek kifejteni hatasukat. Masodlagos, avagy
késleltetett mechanizmusként jelentkezhet a tovabbi cisztein proteazok szintéziséhez

szukséges génexpresszié fokozddas.

Cisztein proteazokon belll kulén vizsgaltuk VPE alcsaladot, melyek caspase-1 szerl
aktivitassal rendelkeznek. Bizonyitottuk a proteaz megjelolésének kilonbozo
bedllitasaival, hogy az alkalmazott proba valoban VPE-ket jelol. ABPP segitségével
kimutattuk, hogy a VPE-k szodvetspecifikus aktivitdsvaltozast mutatnak. 6 oranal
szignifikdnsan megnétt az aktivitasuk levélben, mig 24 6ranal szignifikdns csokkenést
figyeltink meg gyodkérben. Korabbi kutatasok a VPE-k biotikus stresszben betdltott
szerepére fokuszaltak. Jelen munkaban kimutattuk, hogy sostressz alatt aktivitasuk

csak letdlis sékoncentracio hatasara indukalodik, igy feltételezhetd, hogy szerepik van
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a sosterssz-indukalta protein degradacioban, illetve egyéb vakuolaris enzimek

aktivalédasaban.

A letdlis séstressz megvaltoztatta a proteaszéma katalitikus alegységek aktivitasat is 6
oranal gyokérben, levélben nem tapasztaltunk valtozast. 2 és (5 Kkatalitikus
alegységek aktivitalédtak a sostressz-indualta PCD alatt, amely mind az alegységek
molekulasulya, mind izoelektromos pontja (pl) eltolédasaban jelentkezett a vizsgalatok
alatt. Valdészini, hogy a molekulasulyban és pl értékben tortént valtozas a
proteaszéma szerkezetében tortént valtozassal egyuttesen jelentkezik. Mivel a PLCP-
kben és proteaszoma aktivitasaban megfigyelt valtozasok nem jelentkeztek szubletalis
sostressz alatt, ezért feltételezhetjik, hogy valamiféle szerepet tolthetnek be a
sostressz-indukalta PCD korai szakaszaban. A proteaszéma aktivitasanak valtozasa
24 ¢dra elteltével mar nem volt tapasztalhatd, ezért feltételezhetéen egy reverzibilis

folyamatot fedeztiink fel.

A legfontosabb valtozas az ABA deficiens, sitiens mutansban a vadtipushoz képest,
hogy a szubletalis, 100 mM NaCl kezelés is tobb olyan folyamatot indukal, melyek
PCD-hez vezethetnek. Egyértelmien érzékenyebbé vélik a sitiens mutans
alacsonyabb mértékl sostresszre is. A gyokércsucsi szdvetek életképessege, a ROS
tartalom, az NO termelédés és a fehérje lebontas alapvetéen mas profilt mutattak
sitiens gyokérben:. A gyokércsucs életképessége szignifikansan lecsdkkent nemcsak
letalis sOstressz, hanem szubletalis sdstressz hatasara is. Viszont érdekes jelenséget
tapasztaltunk a membranok ateresztéképességét vizsgalva, 100 mM NaCl hatasara
kontrollhoz hasonlé eredményt mutatott a sitiens gydkérszdvetek elektrolit

kieresztésének (EL) mértéke.

Fontos megjegyezni, hogy a mutansok gydkerében normal kértlmények kdzott is mar
megemelkedett ROS szintet mértiink, ami tovabb nétt 100 mM sodkezelés hatasara,
mialatt a NO tartalom csodkkent sitiens gydkérben. Korabban egyértelml kapcsolatot
fedeztek fel ROS robbanas, a plazmamembran ateresztGképességének megvaltozasa
és a proteazok aktivalodasa kozott. Meglep6 modon, ABA hiany esetén a
megnovekedett EL nem szukséges a proteazok aktivitasahoz. Ugyanis vadtipushoz
képest sitiens gyokérben szubletalis sokoncentracio alatt az EL nem valtozott, viszont
szignifikdnsan csokkent a fehérjetartalom és megndvekedett az Osszes proteaz

aktivitast.

95



Szamos proteaz kuldénboz6képpen aktivalodik mind a vadtipus, mind a sitiens
gyokérben. Fontos megjegyezni, hogy sostressz hatasara bizonyos cisztein proteazok
(~34 és 28 kDa-nal) aktivitasa nagymértékben megndvekszik sitiens gyokerében, ami
utalhat arra, hogy letalis sostressz hatasara az ABS specifikusan gatolhatja bizonyos
cisztein proteazok aktivitasat, ezaltal a fehérje degradalédast. Hasonlé tendencidk
figyelhet6k meg magasabb molekulatémegl protedzok esetében is, ami tovabb erdsiti
azon feltételezéstinket, miszerint az ABS-nak jelentés szerepe lehet a proteolizis
gatlasaban, kulonosképpen szubletalis séstressz hatasara ezzel el6segitve a névény

tulélését alacsony séstressz alatt.
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10 Supplementary data

Probe Specificity Warhead Tag
MV201 PLCPs, proteasome catalytic subunits epoxide Bodipy-
(B1, B2, BS) N3
DCG04 PLCPs epoxide Biotin
JOPD1 VPE AOMK Bodipy
MVBO072 proteasome catalytic subunits (31, 2, Epoxyketone Bodipy-
B5) Biotin
Lw124 proteasome catalytic subunit (1) Epoxyketone Bodipy
MVB127 proteasome catalytic subunit (85) Vinyl sulphone Bodipy
FYO1 aleurain-like proteases Vinyl sulphone Bodipy

Table S1 Features of ABPs were used in this study. Listed by names, specificity, warhead
and tag.
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Figure S1 Profiling of aleurain-like proteases upon 0- and 250 mM NacCl treatment at 6 h

with FYO1. The quantified 28 kDa signal is plotted on the right. Error bars indicate SEM of
n=3 samples.
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Figure S2 Alignment of Arabidopsis and tomato (3 subunit protein sequences per subfamily.
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Experiment 2
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Experiment 3
NacCl: 0 mM 100 mM 250 mM
Time: mix 1 6 24 1 6 24 1 6 24 [hr]
MV151: - + + + + + + + + + +  [2uM]
E-64:_- + ] - -l - - . [50puM]
205 T e e — e — !
Fluorescence

Figure S3 Two additional experimental replicates of MV151 labeling. Tomato roots were
treated with 0-, 100- and 250 mM NacCl and root extracts were generated after 1, 6 and 24
hours and labeled with 2 yM MV151. A mix of all nine samples was pre-incubated with or
without 50 uM E-64 and labeled with 2 yM MV151.
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Figure S4 Sypro Ruby-stained 2D gels, shown in Figure 5A. The regions that are shown in
Figure 5A are highlighted with the red box.
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Experiment 2 Experiment 3

0 mM NaCl

Non-annotated

250 mM NaCl

0 mM NaCl

Annotated

250 mM NaCl

Figure S5 Two additional biological replicates of fluorescent 2D gels. Tomato roots were
treated with 0- and 250 mM NaCl and root extracts were generated after 6 hours and labeled
with 0.2 yM MVB072. Samples were separated on IEF 2D gel. Spots are highlighted with
different colors: B1 (green); B2 (blue); and B5 (red).
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uprssrvEor sl TIGYTYNGGYYLGADS
ADSQUVSDYVRYFLHOHTIOLGQPATVKVAASL IROTSYNNKANLOTGMIVGGHDKYEGGK =
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MASNATIDVPSKGGFSFDLCRRNEMLLKKGLRSPSFLKTGITIVGLIFQDGVILGADTRATEGP

IVADKNCEKTHYMAHNIYCCGAGTAADTEAVTDMVSSQLKLHRYHTGHESR RS H L FSYQG
HVSAALVLGGVDVSGPHLHTIYPHGSTDTLPYATMGSGSLAAMATIFESKYREGLSKNEGIKLVAEATL
SGVFNDLGSGSNVDICVITKGHTEYLRNHMSPYPRTDPQKGYSFPKKTEVILTKI I PLR NN

>Solyc05g013820.2.1 B2b
MLVSKGLRSPSFLKTGITIVGLIFKDGVILGADTRATEGPIVADKNCEKIHYMAPNIYCCGAGT

AADTEAVTDMVSSQLKLHRYHTGRES R SER S H L F SYOGHVSAALVLGGVDVTGPHLHTIYPH
GSTDTLPYATMGSGSLAAMAMFESKYREGMSKDEGIKLVADAILSGVFNDLGSGSNVDICVITK SN

RN >0 S SKKTEVLLTK 1 7oL

>Solyc059056160.2.1 B5
MMKIDFSGLEPSAPLRGESSELFDGISNSPSFHLPNTANFDGFQKEAIQMVKPAKGTTLAFIF

K eSO < 1 1= INPYMLGTMAGGAADCQFWHRNLGIKCRLHELANKRRISV
14+ LLANT LY SYRGMGLSVGTMIAGHDEKGPGLYYVDSEGGR ' FSVGSGSPYAYGVLDNGYR

BN <~ 1 YHATFRDGASGGVASVYHVGPNGWKKLSGDDVGELHYHYYPVEVAAVEQEMA
EVPVA

BRS8N d ambiguous peptides

Figure S6 Position of identified peptides on proteasome sequences. Unique peptides are
highlighted in red, ambiguous peptides are highlighted in yellow, peptides that overlap with a
larger peptide are underlined. Catalytic Thr is highlighted in blue. The prodomain is printed in

grey.
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Figure S7 Mascot scores of identified proteasome catalytic subunits after separation with
IEF 2D PAGE. Mascot scores are show for each of the four detected catalytic subunits. The
assigned subunit composition is shown on the bottom.
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Table S2 Identified peptides of catalytic subunits.

Peptide sequence u/a PSM Subunit  Accesion

ITQLTDNVYVCR u 29 B1 Solyc07g016200.2.1
LVVTAVSLAIAR u 32 B1 Solyc07g016200.2.1
AM*LQTGM* IVGGWDK u 8 B1 Solyc07g016200.2.1
DGASGGVVR u 19 B1 Solyc07¢g016200.2.1
VAASLIR u 21 B1 Solyc07¢g016200.2.1
TSTGM*YVANR u 18 B1 Solyc07g016200.2.1
EGMSHEEAEK u 5 B1 Solyc07g016200.2.1
SGSAADSQVVSDYVR u 20 B1 Solyc07g016200.2.1
ASDKITQLTDNVYVCR u 12 B1 Solyc07g016200.2.1
AM*LQTGM* IVGGWDKYEGGK u 17 B1 Solyc07g016200.2.1
TITINKDGVK u 7 B1 Solyc07g016200.2.1
YFLHQHTIQLGQPATVK u 9 B1 Solyc07g016200.2.1
TSTGMYVANR u 2 B1 Solyc07g016200.2.1
AM*LQTGMIVGGWDK u 3 B1 Solyc07g016200.2.1
AMLQTGMIVGGWDK u 1 B1 Solyc07g016200.2.1
QISYNNK u 1 B1 Solyc07g016200.2.1
ATEGPIVADK a 16 B2a Solyc04g024420.2.1
ATEGPIVADKNCEK a 6 B2a Solyc04g024420.2.1
TEVILTK a 5 B2a Solyc04g024420.2.1
KTEVILTK a 10 B2a Solyc04g024420.2.1
VVTALTLLK u 4 B2a Solyc04g024420.2.1
EM*VEVIEGGDAMEE u 1 B2a Solyc04g024420.2.1
EMVEVIEGGDAMEE u 1 B2a Solyc04g024420.2.1
DGVILGADTR a 3 B2b Solyc05g013820.2.1
VVTSLTLLK u 18 B2b Solyc05g013820.2.1
ATEGPIVADK a 16 B2b Solyc05g013820.2.1
EIVQVIEGGDAM*EE u 11 B2b Solyc05g013820.2.1
GNTEYLR u 20 B2b Solyc05g013820.2.1
KTEVLLTK a 21 B2b Solyc05g013820.2.1
NHLSPNPR u 1 B2b Solyc05g013820.2.1
EIVQVIEGGDAMEE u 9 B2b Solyc05g013820.2.1
ATEGPIVADKNCEK a 6 B2b Solyc05g013820.2.1
TEVLLTK a 6 B2b Solyc05g013820.2.1
YDLSVEEAAELAR u 30 B5 Solyc05g056160.2.1
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GPGLYYVDSEGGR u 21 B5 Solyc05g056160.2.1
LLANILYSYR u 22 B5 Solyc05g056160.2.1
GGVMVAADSR u 15 B5 Solyc05g056160.2.1
GGVM*VAADSR u 21 B5 Solyc05g056160.2.1
ASMGGYISSQSVK u 13 B5 Solyc05g056160.2.1
ASM*GGYISSQSVK u 12 B5 Solyc05g056160.2.1
GM*GLSVGTM* IAGWDEK u 5 B5 Solyc05g056160.2.1
GMGLSVGTM* IAGWDEK u 5 B5 Solyc05g056160.2.1
FSVGSGSPYAYGVLDNGYR u 6 B5 Solyc05g056160.2.1
GMGLSVGTMIAGWDEK u 1 B5 Solyc05g056160.2.1

(u) unigue peptide; (a) ambiguous peptide; (PSM) peptide spectral count; M*, oxidized
methionine
These data are a summary of all the detected peptides from all the analyzed spots

taken from both 2D gels, extracted from MaxQuant.
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Table S3 Renamed samples from 2D gels
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