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1. Introduction 

The production of reactive oxygen species (ROS) is an unavoidable process in 

living systems. They have multiple signalling roles and are master regulators of plant 

stress response and development. ROS levels are controlled by antioxidant defense 

mechanisms, keeping their homeostasis in order to facilitate their signalling roles. 

Under harmful conditions, ROS may exceed the antioxidative defense resulting in 

damaging consequences on lipids, proteins and nucleic acids. Therefore, antioxidant 

defense must be strictly controlled via mechanisms which work in concert with the 

ROS production.  

In this thesis, I discuss and summarize current knowledge about enzymatic 

antioxidant defense, its regulation and functions in plants. I focus on the roles of 

enzymatic antioxidants controlling ROS during plant development and I present new 

data about ROS regulation by mitogen activated protein kinase (MAPK)- and 

phosphatidylinositol kinase signalling. For better understanding of these signalling 

pathways, I summarize the outputs of shot-gun proteomic analyses performed on 

MAPK mutants and inhibitor-treated Arabidopsis seedlings. In the final section, I 

present recent achievements in cytoskeletal function and regulation. As described 

previously, both actin and microtubule cytoskeletons are sensitive to the oxidative 

stress and are required for the expression of stress related genes. 
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2. Regulation of ROS during plant response to adverse external conditions 

and developmental processes 

2.1. State of the art 

ROS as unavoidable byproducts of metabolism have important signalling roles 

in living organisms under both optimal and adverse environmental conditions (Takáč 

et al, 2003; Takáč, 2004; Apel and Hirt, 2004; Baxter et al, 2014). Currently, an 

attention is devoted to the roles of ROS in developmental processes of plants. ROS 

are produced from atmospheric oxygen by its monovalent (partial) reduction, which 

occurs in the presence of electron donors. Plant ROS are generated mainly by 

electron transport chains in chloroplasts (Kale et al, 2017) and mitochondria (Gleason 

et al, 2011), and during photorespiration in peroxisomes (del Rio, 2006). Apoplastic 

ROS are produced by plasma membrane localized NADPH oxidase (Sagi, 2006), 

oxalate oxidase (Voothuluru and Sharp, 2013) or by degradation of spermidine by 

polyamine oxidase (Geilfus et al, 2015). Apoplastic peroxidases showed ROS 

generating capacity as well (Bindschedler et al, 2006). Among all ROS, only four 

show higher abundance and stability: singlet oxygen (1O2), superoxide (O2·-), 

hydrogen peroxide (H2O2), and hydroxyl radical (OH·). They quickly interconvert, thus 

providing a high level of flexibility. However, they differ in their stability, reactivity and 

ability to be transported across membranes. H2O2 is the most stabile ROS and is 

transported actively across membranes by aquaporins (Miller et al, 2010). 

Generation of O2·- is closely connected with intracellular vesicular transport. 

Endocytosis, a process of fundamental importance for plant development, is a 

prerequisite for intracellular accumulation of ROS upon salt stress in Arabidopsis. 

Pharmacological suppression of endocytosis leads to the reduction of intracellular 

ROS levels (Leshem et al, 2007). This occurs as a consequence of decreased 

activity and expression of NADPH oxidase (Leshem et al, 2007; Lee et al, 2008), an 

enzyme responsible for the generation of O2·-. Moreover, NADPH oxidase named 

Respiratory burst oxidase homolog D (RbohD) forms clusters at the plasma 

membrane and internalizes to the cytosol during salt stress (Hao et al, 2014). 
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Although ROS have important signalling roles, their reactivity may cause 

damaging oxidative effects on lipids, nucleic acids and proteins eventually resulting in 

the cell death. On the other hand, they are also involved in strictly regulated 

programmed cell death (Petrov et al, 2015). Very important feature of the ROS 

signalling is that it can be propagated from cell to cell and transduce signal for long 

distances in a process called “ROS wave” (Miller et al, 2009). This is mediated by 

interplay between NADPH oxidase, calcium (Ca2+) channels and oxidative stress-

induced Ca2+ fluxes (Gilroy et al, 2016). 

ROS modulate signalling through their capability to affect protein redox status 

via oxidation of methionine residues and thiol groups of cysteines. This oxidation 

activates, inactivates, or alters the function and the structure of proteins (Waszczak 

et al, 2015). Moreover, H2O2 can modulate carbonylation, which alters protein 

stability and might increase the susceptibility to proteolysis (Dalle-Donne et al, 2003). 

ROS interact with nitric oxide (NO) in a wide range of cellular processes involved in 

biotic stress and abiotic stresses or plant development (Piterková et al, 2015; Niu and 

Liao, 2016). ROS are well known inducers of NO production while NO inhibits 

NADPH oxidase and modulates the antioxidant capacity of the cell (del Río, 2015). 

On the other hand oxidative stress inhibits S-nitrosoglutathione reductase (GSNOR) 

activity. This enzyme controls level of S-nitrosoglutathione, a compound serving as 

cellular NO reservoir (Tichá et al, 2017).  

In order to maintain the ROS levels under damaging concentrations, plants 

have evolved multiple adaptation and scavenging mechanisms. ROS scavenging is 

performed via enzymatic or nonenzymatic antioxidant defense mechanisms, which by 

strict compartmentalization provide controlled regulation of ROS levels (Figure 1; 

Foyer and Noctor, 2005; Mignolet-Spruyt et al, 2016). Major enzymatic antioxidants 

are superoxide dismutases (cytosolic, plastidial and mitochondrial; SOD), which 

decompose O2
·- to H2O2 (Kliebenstein et al, 1998). H2O2 is detoxified by catalase 

(CAT) in peroxisomes as well as by peroxidases and enzymes of the ascorbate-

glutathione cycle in the cytosol and chloroplasts (Apel and Hirt, 2004; Foyer and 

Noctor, 2005; Mhamdi et al, 2010). Moreover, thioredoxins, glutaredoxins and 

peroxiredoxins (PRX) are potent ROS scavengers (Meyer et al, 2009). Nonenzymatic 
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antioxidant defense is mainly mediated by low molecular metabolites such as 

ascorbate, glutathione, α-tocopherol, carotenoids and flavonoids (Foyer and Noctor, 

2005). 

Very important feature of ROS is their capability to activate mitogen activated 

protein kinases (MAPK) a key signalling proteins transducing signals triggered by 

many environmental and developmental factors (Colcombet and Hirt, 2008; 

Šamajová et al, 2013a; Smékalová et al, 2014a), see chapter 3.1 for more details. 

ROS have been shown to activate Arabidopsis homologues of nucleus- and 

Figure 1 Principal players of plant antioxidative systems and its 
compartmentalisation. APX, ascorbate peroxidase; CAT, catalase; DHAR, 
dehydroascorbate reductase; GR, glutathione reductase; GRX, glutaredoxin;
MDAR, monodehydroascorbate reductase; NTR, NADPH-thioredoxin reductase;
PRX, peroxiredoxin; SOD, superoxide dismutase; TRX, thioredoxin (Noctor et al, 
2017). 
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phragmoplast localized kinases (ANPs), and this activation is required for the plant 

immune response (Kovtun et al, 2000; Savatin et al, 2014). Such ROS triggered 

signal is further transduced via MPK3 and MPK6 (Kovtun et al, 2000). Another MAPK 

cascade activated by ROS is composed of MEKK1-MKK1/2-MPK4 (Pitzschke et al, 

2009). ROS induced MAPK signalling results in transcriptional remodelling of 

oxidative stress related genes. So far, the only known MAPK substrate which is 

phosphorylated in the response to ROS is APETALA2/ethylene-responsive element 

binding factor 6 (ERF6), which is phosphorylated by MPK6 (Wang et al, 2013b). 

MAPKs modulate also abundances and activities of antioxidant enzymes (Xing et al, 

2007, 2013), albeit the mechanism of this regulation is unknown. 

In addition to the plant stress responses, ROS are widely involved in 

developmental processes (Xia et al, 2015). Thus, ROS can control cell cycle (Fehér 

et al, 2008), cell elongation (Liszkay et al, 2003), root hair formation (Foreman et al, 

2003), lateral and adventitious root formation (Pasternak et al, 2005), root elongation 

(Schopfer et al, 2002), gravitropism (Joo et al, 2001) and embryogenesis (Obert et al, 

2005; Rodríguez-Serrano et al, 2012). Moreover, ROS regulate these processes in 

the close interplay with plant phytohormones, such as auxin and cytokinins (Černý et 

al, 2011; Baldrianová et al, 2015; Xia et al, 2015). Phytohormones auxin and abscisic 

acid (ABA) are capable to promote ROS production by activating NADPH oxidase 

(Joo et al, 2001; Schopfer et al, 2002; Pasternak et al, 2007). Oppositely, ROS may 

induce perturbations in the auxin homeostasis leading to altered shoot branching and 

leaf rosette shape (Tognetti et al, 2010). 

A little is known about the regulation of ROS levels by antioxidants during 

developmental processes. So far, a limited number of studies was devoted to the role 

of redox homeostasis and active antioxidant defense during cellular mitotic activity 

(Pasternak et al, 2007; Tsukagoshi, 2012), androgenesis (Żur et al, 2014), somatic 

embryogenesis (Libik et al, 2004) and root growth (Morgan et al, 2008). It is also 

known, that specific redox homeostasis mediated by glutathione is required for cell 

division (Diaz-Vivancos et al, 2015). 
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2.2. Role of antioxidant defense in the plant development 

ROS interplay with auxin is required for cell cycle activation (G0-to-G1 

transition) of plant cells (Fehér et al, 2008). By this mechanism, ROS may activate 

lateral and adventitious root formation (Orman-Ligeza et al, 2016). Moreover, MAPKs 

can link the signal from auxin and ROS to the initiation of lateral root primordia 

through NO production (Wang et al, 2010). This is also supported by involvement of 

MPK6 in the cell division of Arabidopsis root cells (Müller et al, 2010).  

I investigated the auxin-ROS interplay in flax (Linum usitatissimum) hypocotyl 

segments (Takáč et al, 2016a; Supplementary material 1). Flax is an important crop 

for the production of oil and fiber and important target species of plant biotechnology 

(Millam et al, 2005). In vitro culture is an essential tool of flax genetic improvement 

and breeding. It is generally accepted that flax hypocotyl segments possess an 

outstanding morphogenetic capacity, thus providing a useful model for investigation 

of flax development (Salaj et al, 2005). 

I have used two concentrations of external auxin (1-naphthaleneacetic acid; 

NAA) to induce adventitious root formation from the hypocotyl segments. The effect 

of external H2O2 on the adventitious root formation induced by NAA was also 

monitored. Histochemical analyses of H2O2, O2·- and peroxidase activities were 

performed on treated hypocotyl segments prior to the appearance of adventitious 

roots. Simultaneously, internal Indole-3-acetic acid (IAA) concentrations were 

examined using ultra-high performance liquid chromatography (UPLC) coupled with 

mass spectrometry. These data were correlated with the activities of SOD, CAT and 

guaiacol peroxidase in the hypocotyl segments analyzed by spectrophotometric 

methods (Takáč et al, 2016a, Supplementary material 1).  

In this experimental system, low dose of external auxin combined with H2O2 

positively stimulated formation of adventitious roots from flax hypocotyl segments 

(Takáč et al, 2016a, Supplementary material 1). They grew exclusively from the 

apical end of the segments. Considering the basipetal auxin flow in hypocotyls, it was 

assumed that adventitious roots appeared in hypocotyl areas accumulating 

endogenous auxin. Histochemical and fluorescent staining of hypocotyl segments 

revealed that H2O2 abundance and peroxidase activity positively correlated with root 
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formation. Detection of O2·- accumulation using nitrobluetetrazolium chloride (NBT) 

did not correlate with the adventitious root formation pattern (Figure 2). I found that 

the positive effect of H2O2 depends strongly on the concentration of external auxin. 

By using higher external auxin concentrations, H2O2 inhibited formation of 

adventitious roots. Biochemical examinations of antioxidant enzyme activities showed 

positive correlation of peroxidases (using guaiacol as a substrate) with adventitious 

root formation, supporting histochemical observations. Moreover, SOD was 

negatively affected by external auxin and in opposite, CAT activity increased in the 

response to auxin. Next, external H2O2 showed an ability to enhance IAA 

accumulation in hypocotyl segments. This is consistent with well-known perturbations 

of auxin homeostasis in the response to ROS (Tognetti et al, 2010). 

My results contributed to the evidence that ROS and antioxidant enzymes, 

Figure 2 Histochemical localization of ROS and peroxidases in flax hypocotyl 
segments treated with (a, e, i) 0.5 mg.l-1 1-naphthaleneacetic acid (NAA), (b, f, j) 
0.5 mg.l-1 NAA and 100 µM H2O2, (c, g, k) 1 mg.l-1 NAA and (d, h, l) 1 mg.l-1 NAA 
and 100 µM H2O2 for 2 days. (a-d) Histochemical staining of superoxide in flax 
hypocotyl segments using nitroblue tetrazolium chloride, (e-h) fluorescent staining 
of ROS in hypocotyl segments using using 2',7'-dichlorodihydrofluorescein 
diacetate (H2DCFDA), (i-l) histochemical staining of peroxidases in flax hypocotyl 
segments using o-dianisidine. Bar represents 2mm (Takáč et al, 2016a, 
Supplementary material 1). 
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mainly peroxidases, are important modulators of adventitious root formation and they 

might be exploited in biotechnological crop improvement. 

The formation of plant embryo is accompanied by multiple regular and irregular 

cell divisions regulated by various molecules including ROS (Libik et al, 2004; ten 

Hove et al, 2015; Winkelmann et al, 2015). Logically, contribution of ROS might be 

also expected during androgenesis, where microspores and young pollen grains can 

develop into embryos (Islam and Tuteja, 2012). Androgenesis is an important tool in 

genetic and breeding programs because androgenic embryos may produce 

homozygous double haploid plants. Switch from the gametophytic to the sporophytic 

development of microspores requires profound cytoplasmic and nuclear 

rearrangements as well as change of gene expression in order to suppress the 

gametophytic developmental program and induce the embryogenic one (Seguí-

Simarro and Nuez, 2008). Androgenesis induction is preconditioned by appropriate 

developmental stage of microspores and exposure of microspores (or anthers) to 

abiotic stress conditions. Mostly cold and osmotic stresses are used for androgenesis 

induction (Maraschin et al, 2005). The molecular basis of the androgenic switch is not 

well understood. Therefore, we attempted to monitor changes in the maize anther 

proteome during cold pretreatment and after their transfer to the androgenesis-

inducing media (Uváčková et al, 2012, Supplementary material 2). Anthers were 

collected at different stages of the experiment (together 6 samples) and proteins 

were extracted using phenol extraction coupled to ammonium acetate precipitation 

(Hurkman and Tanaka, 1986; Takáč et al, 2011; Supplementary material 3) Extracted 

proteins were resolved using two-dimensional (2-D) electrophoresis in three 

biological replicates. Gels were documented using calibrated densitometer and 

differences in spot densities were evaluated computationally. Spots showing 

statistically significant differences were cut from the gel and subjected to “in gel 

protein digestion” using trypsin. Proteins were identified using matrix assisted laser 

desorption/ionization (MALDI)-TOF/TOF mass spectrometry (using an Ultraflex II 

mass spectrometer, Bruker Daltonics) followed by data matching against Swissprot 

and TrEMBL databases. Differentially abundant proteins were classified according 

their functions (Figure 3) while proteins involved in the metabolism were categorized 
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using Mapman application (Thimm et al, 2004). This proteomic analysis was 

supplemented with 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI) staining of 

cultured microspores to monitor individual stages of androgenesis. Abundance 

changes of antioxidant enzymes were validated by specific activity staining on native 

polyacrylamide gels. Detailed description of the experimental procedures is in 

Uváčková et al, 2012 (Supplementary material 2). 

Three days after incubation of microspores on the induction media we 

observed the onset of first sporophytic division of microspores. Therefore, we mainly 

focused on proteins showing increased abundance at this stage. In general, proteins 

involved in metabolism and energy, stress response, cell structure, intracellular 

transport, protein synthesis and the storage proteins have been upregulated (Figure 

3.  

The androgenic switch is associated with multiple divisions of microspores 

leading to callus formation. Consistently, GTP binding nuclear protein Ran-2, a 

protein important for cell division, was threefold more abundant during the androgenic 

switch. Ran GTPases play important roles in mitotic spindle assembly and nuclear 

envelope formation (Clarke and Zhang, 2001). Thus, one can suggest that identified 

Figure 3 Functional classification of upregulated proteins identified in maize 
anthers during androgenic induction. The pie chart shows percent distribution of 
the proteins belonging to different functional classes (Uváčková et al, 2012, 
Supplementary material 2). 
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Ran GTPase is involved in the cell division control in induced microspores. Such cell 

division acceleration during androgenesis must be also linked to cytoskeletal 

rearrangements and vesicular transport. Of note, an increased abundance of actin 1 

was detected, likely indicating increase in demand for actin monomers. Maize 

androgenesis is also accompanied by increased abundance of V-type proton ATPase 

catalytic subunit A, a protein required for membrane fusion and transport (Dettmer et 

al, 2006). This might suggest a new role of endomembrane transport during induction 

of androgenesis.  

NADPH oxidase internalizes to the cytosol upon salt stress (Hao et al, 2014) 

and the pharmacological suppression of endocytosis by phosphatidylinositol 3 kinase 

(PI3K) inhibitor 2-(4-morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one (LY294002) 

leads to the failure of intracellular ROS accumulation (Leshem et al, 2007). This must 

have consequences also in antioxidant defense. Therefore we focused on changes in 

abundances and activities of antioxidant enzymes in Arabidopsis roots treated with 

LY294002, a synthetic chemical compound targeting PI3K and causing inhibition of 

endocytosis and vacuolar transport (Takáč et al, 2013; Supplementary material 4). 

The experimental approach and overall proteome-wide effects of this compound on 

Arabidopsis roots are described in chapter 4.2.  

LY294002 caused downregulation of two SOD isoforms (Cu/ZnSOD2, 

FeSOD1) and thioredoxin reductase and upregulation of H2O2 decomposing CAT 2 

and peroxidases in Arabidopsis roots (Table 1; Takáč et al, 2013; Supplementary 

material 4). Further biochemical examinations showed that SOD activities dropped 

consistently with their abundance. This might be a consequence of altered ROS 

production upon inhibited endocytosis (Leshem et al, 2007). On the other hand, PI3K 

may directly affect the abundance and activities of Cu/ZnSODs via I glutamine 

amidotransferase domain-containing protein, also named AtDj1a, which was also 

downregulated in the proteomic survey. This protein is localized to the cytoplasm and 

the nucleus. It interacts with and activates Cu/Zn SOD in Arabidopsis (Xu and Møller, 

2010). Thus, PI3K probably couples the NADPH oxidase activity with DJ1A-mediated 

downregulation of Cu/ZnSOD. Interestingly, antioxidant enzyme machinery behaves 

differently upon simultaneous inhibition of both PI3K and phosphatidylinositol 4 
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kinase (PI4K) by wortmannin treatment in Arabidopsis (Takáč et al, 2012; 

Supplementary material 5). This suggests that PI4K may affect the PI3K mediated 

control of antioxidant defense.  
 
Table 1 List of oxidative stress related proteins differentially abundant in LY294002 
treated Arabidopsis roots (Takáč et al, 2013; Supplementary material 4) 
 

NCBI accession code Protein name fold 
change P Value 

NP_565666.1 copper/zinc superoxide dismutase 2 0.46 9.02E-3 

NP_001031710.1 Fe superoxide dismutase 1 0.34 3.50E-2 

NP_001031791.1 catalase 2 1.43 1.31E-2 
NP_192868.1 peroxidase, putative 1.36 1.77E-2 
NP_192897.2 glutathione peroxidase 6 4.10 1.01E-2 
NP_172018.1 rare cold inducible gene 3 (peroxidase) 1.15 2.95E-2 

NP_001030698.1 class I glutamine amidotransferase 
domain-containing protein (AtDJ1A) 0.61 2.41E-2 

NP_195271.2 NADPH-dependent thioredoxin 
reductase 1 0.52 2.45E-2 

2.3. Regulation of enzymatic antioxidant defense by MAPKs 

Two MAPK cascades are activated by ROS in Arabidopsis (Kovtun et al, 2000; 

Pitzschke et al, 2009) while members of MAPK cascades are important mediators of 

antioxidant defense in plants. This was shown for MKK5 in high-light induced 

oxidative stress and Cu/Zn SOD (Xing et al, 2013) or salinity induced FeSOD (Xing et 

al, 2015) as well as for MKK1 and MPK6 in the regulation of CAT1 (Xing et al, 2008). 

One MAPK cascade activated by ROS consists of ANPs (mitogen activated 

protein kinases kinases kinases) phosphorylating MKK4/MKK5, which leads to the 

subsequent phosphorylation of MPK3 and MPK6 (Kovtun et al, 2000). ANPs are 

required for elicitor-triggered oxidative burst as a prerequisite for efficient defense 

responses and elicitor-induced immunity (Savatin et al, 2014). To dissect 

downstream processes affected by ANP2 and ANP3 impairment, we performed a 

comparative shot-gun proteomic analysis on the whole seedlings of Arabidopsis 

anp2anp3 double mutants (Takáč et al, 2014; Supplementary material 6). Details of 

experimental settings are described in Takáč et al, 2014; Supplementary material 6). 

Briefly, fourteen days old seedlings of these double mutants and wild type were 

homogenized and proteins were extracted using phenol extraction followed by 
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methanol/ammonium acetate precipitation. Cleaned pellets were dissolved in 6M 

urea and they were digested “in solution” by trypsin. Peptides were pre-cleaned on 

C18 gravity cartridges and separated by 2-D LC comprised of a strong cation 

exchange (SCX) column, followed by a C18 reverse phase column. The LCQ Deca 

XP Plus – electrospray ionization (ESI) ion trap mass spectrometer was programmed 

to operate in the data dependent mode. Triplicate raw files containing MS and 

MS/MS data for each biological sample were matched against both target and decoy 

databases. The NCBI (www.ncbi.nlm.nih.gov) Arabidopsis genus taxonomy 

referenced protein database served as the target database, while a reversed copy 

served as a decoy database. The unfiltered TurboSEQUEST result (.srf) files were 

subjected to statistical and label-free quantitative analysis using two independent 

software packages (Takáč et al, 2014; Supplementary material 6). Only proteins 

identified with at least three peptide hits (spectral count) for particular biological 

sample were considered. The representation of protein-protein interaction networks 

by STRING web-based application (Jensen et al, 2009) was used for proteomic data 

evaluation. The selected differentially abundant enzymes were validated by 

immunoblotting using specific primary antibodies, specific staining of enzymatic 

activity on native gels or spectrophotometric estimation of specific enzymatic activity. 

Additionally, total ascorbate, H2O2 and O2·- levels were measured 

spectrophotometrically. Histochemical staining of O2·- and H2O2 was conducted using 

NBT and 3,3'-diaminobenzidine, respectively.  

Interestingly, anp2anp3 mutant exhibits overabundances of several proteins 

important for antioxidative defense. Using biochemical examinations, we confirmed 

an increased abundance and also activity of FeSOD 1 and MnSOD in the double 

mutant. Enzymes of the ascorbate-glutathione cycle including ascorbate peroxidase 

and dehydroascorbate reductase showed higher abundances and activities. The 

elevated abundance of GDP-D-mannose 3′,5′-epimerase (ascorbate biosynthetic 

enzyme; GME) was consistent with increased ascorbate content in the double 

mutant. As expected, histochemical staining revealed decreased levels of H2O2 in the 

leaves of this mutant. On the other hand, O2·- accumulated there. This accumulation 

was a result of elevated NADPH oxidase activity and not of lower photosynthetic 
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efficiency.  Such accumulation of O2·- in the anp2anp3 double mutant is in contrast to 

the elevated abundances and levels of FeSOD1, an enzyme decomposing this 

radical.  

These data indicate possible developmental signalling role of O2·- which is 

negatively regulated by ANPs. Finally, the elevated antioxidant defense suggested 

that the double mutant might be more resistant to the oxidative stress which was 

confirmed by paraquat (inducer of O2·- production) treatment. It might be therefore 

concluded, that ANPs are activated by oxidative stress and negatively regulate 

tolerance of Arabidopsis to this stress (Figure 4); Takáč et al, 2014; Supplementary 

material 6). On the other hand, the same MAPKs confer resistance of Arabidopsis to 

Botrytis cinerea (Savatin et al, 2014), which is a clear sign of their functional 

divergence in Arabidopsis.  

Figure 4 Functional network of proteins/enzymes, reactive oxygen species and 
redox-active compounds modified in the anp2anp3 mutant. Red arrow shows 
activation, dashed arrow means metabolic pathway. Small arrows in boxes 
indicate upregulation or downregulation of individual components. Abbreviations: 
Asc - ascorbate, APX - ascorbate peroxidase, CPN20 - Chaperonin 20, DHAR 1 -
dehydroascorbate reductase, GME - GDP-D-mannose 3',5'-epimerase, FeSOD -
Fe-superoxide dismutase 1, MDHA - monodehydroascorbate, MnSOD - Mn-
superoxide dismutase (Takáč et al, 2014; Supplementary material 6). 
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Next shot-gun proteomic analyses showed that MPK4, unlike MPK6, has 

potential to control enzymatic antioxidative defense in Arabidopsis roots. Such 

suggestion was made on the base of differential abundance of several proteins 

implicated in antioxidative defense of mpk4 mutant, and in contrast to mpk6-2 

mutant, where only minor changes were obtained (Takáč et al, 2016b, 

Supplementary material 7). CAT enzymatic activity (decomposing H2O2) was lower in 

the mpk4 mutant, while no pronounced changes were found in the mpk6-2 mutant. 

After H2O2 treatment, CAT activity increased in the mpk4 mutant, but not in the 

mpk6-2 mutant. This suggests a negative control of CAT by MPK4. Surprisingly, 

although MPK6 participates on the oxidative stress signalling (Wang et al, 2010) the 

mpk6-2 mutant exhibits only negligible changes in the abundance of proteins 

involved in the oxidative stress response of roots. On the other hand, our recent 

results (Smékalová et al, unpublished) indicate that MPK3, which works often 

redundantly to MPK6 under oxidative stress (Kovtun et al, 2000) might play a role in 

the oxidative stress by modulating the antioxidant proteins. Thus, although MPK3, 

MPK4 and MPK6 are activated by oxidative stress, they most likely play different 

roles in the regulation of enzymatic antioxidant response.  

2.4. Conclusion and future prospects 

ROS and antioxidants have undisputable roles in the plant development. Our 

studies confirmed that the control of ROS levels has crucial importance for plant 

developmental processes such as root organogenesis or androgenesis. Diverse 

developmental processes require different antioxidant enzymes. This indicates that 

there are specific control mechanisms, regulating their expression, abundance and 

activation as well as subcellular and tissue-specific localization. We have found that 

antioxidant defense responds specifically to PI3K inhibition which is accompanied by 

impaired endocytosis and vacuolar transport. 

In general, current research relies on the knowledge that antioxidant enzymes 

are regulated by posttranslational modifications, redox regulation, miRNA and MAPK 

signalling pathways (Xing et al, 2007; Yamasaki et al, 2009; de Pinto et al, 2013). 

Further proteomic, genetic, cell biology and molecular biology investigations are 



19 
 

necessary to uncover precise regulations of individual antioxidant enzymes. Effort 

should be focused on the regulation of homeostasis and subcellular 

compartmentalization. Developmental light-sheet microscopic imaging of 

fluorescently tagged antioxidant enzymes expressed under native promoter is highly 

feasible for uncovering tissue and organ specific functions.   

 Proteomic, phosphoproteomic and redox-proteomic approaches might 

uncover new MAPK targets modulating antioxidant defense during oxidative stress. 

Employment of these techniques on transgenic plant lines with modified abundances 

of certain antioxidant enzymes may significantly contribute to the updated knowledge 

about their functions in plant development and stress response.  
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3. Uncovering processes downstream of MAPK signalling in plants 

3.1. State of the art 

Plants as sessile organisms have evolved multiple mechanisms to sense and 

transduce signals from external environment. MAPKs represent very important 

components of this system, enabling the transformation of signal from the external 

environment into specific responses including either the activation of defense 

mechanisms, or developmental and physiological reprogramming (Rodriguez et al, 

2010; Šamajová et al. 2013a; Šamajová et al. 2013b; Smékalová et al, 2014a). 

Following perception by receptors, signal is transduced via phosphorylation of 

individual MAPK signalling cascade constituents, consisting of MAPK kinases 

kinases (MAPKKK, MAP3K), MAPK kinases (MAPKK, MAP2K) and MAPK. Activated 

MAPKs are then phosphorylating various target proteins (Figure 5; Šamajová et al. 

2013a; Pitzschke, 2015).   

Complete sequencing of the Arabidopsis genome provided identification of 20 

MAPKs, 10 MAP2Ks and 80 MAP3Ks (MAPK Group, 2002). Thus, there is a 

significant degree of complexity while certain 

upstream MAP3K (or MAP2Ks) may phosphorylate 

more MAP2Ks (or MAPKs), respectively (Andreasson 

and Ellis, 2010). 

Scaffold proteins ensure the control of signal 

specificity and duration. The first example of plant 

scaffold protein for MAPK cascades was identified 

only recently. Under immune response, the activation 

of MAPK cascade requires the presence of scaffold 

protein RACK1A (Receptor for Activated C Kinase 1), 

which binds all constituents of the cascade. In 

response to pathogen derived proteases, the 

phosphorylation of MAPK cascade constituents is 

followed by their dissociation from RACK1 and 

subsequent relocation (Cheng et al, 2015).  

Figure 5 Simplified depiction 
of MAPK cascades. 
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MAPKs phosphorylate transcription factors regulating the expression of genes 

responsible for stress response/resistance (Kim and Zhang, 2004; Meng and Zhang, 

2013). For example, upon inoculation with Botrytis cinerea, ERF6 transcription factor 

is phosphorylated by MPK3 in Arabidopsis and this phosphorylation confers 

enhanced resistance to this pathogen (Meng et al, 2013). Transcription factor MYB44 

regulates osmotic stress tolerance when it is phosphorylated by MPK3 and MKK4 

(Persak and Pitzschke, 2013). MAPKs may also phosphorylate cytoskeletal proteins 

with crucial impact on microtubule organization and dynamics, which is important for 

cell division and elongation. Such phosphorylation was identified for MAP65-1 

(Smertenko et al, 2006; Beck et al, 2010; Müller et al, 2010) or EB1c (Kohoutová et 

al, 2015) in Arabidopsis.  

MAPKs phosphorylate also other proteins or enzymes, for example 1-

aminocyclopropane-1-carboxylic acid synthase (ACS), which is responsible for 

ethylene biosynthesis. Phosphorylation of ACS by MPK6 triggers accumulation of 

ethylene in Arabidopsis (Liu and Zhang, 2004). Arabidopsis MAPK phosphatase 1 is 

phosphorylated by MPK6, which is a substrate of this phosphatase (Park et al, 2011). 

MAPKs phosphorylate their targets at serine (S) or threonine (T) residues 

adjacent to a proline (P) and dock to their substrates on MAPK-specific docking site, 

so called kinase interaction motif (Pitzschke, 2015). MAPK dephosphorylation is 

controlled by dual-specific phosphatases. For example, PP2C-type phosphatase 

AP2C1 negatively regulates MPK4 and MPK6, and it is modulating innate immunity, 

jasmonic acid and ethylene levels in Arabidopsis (Schweighofer et al, 2007). Similar 

regulation was found in the case of Arabidopsis MAPK phosphatase 1 (MKP1), which 

negatively affects the PAMP responses and resistance against bacteria by 

dephosphorylation of MPK6 (Anderson et al, 2011).  

MAPK signalling is fine-tuned by crosstalk with NO, Ca2+, lipid and hormone 

signalling (Smékalová et al, 2014a), and it is also regulated by oxidation status of 

cysteine thiols (Liu and He, 2017).  MAPK expression and MAPK-induced immune 

responses are also controlled by miRNA as it was recently shown in cotton (Wang et 

al, 2017). 
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The identification of new MAPK targets relies partly on biochemical and 

genetic studies including the detection of target protein phosphorylation by respective 

MAPK and protein-protein interactions using various approaches (Ishihama et al, 

2014; Komis et al, 2014; Schweighofer et al, 2014). New OMICs technologies bring 

great progress in the identification of kinase targets. Phosphoproteomics on 

transgenic plants with changed expression of MAPKs provides high-throughput 

detection of putative MAPK target candidates in vivo (Hoehenwarter et al, 2013; 

Lassowskat et al, 2014). These studies reveal new information about 

phosphoproteome changes in plants with modified MAPKs expression, and uncover 

downstream effects of MAPKs on their target proteins. To prove the specificity of 

such putative MAPK phosphorylation targets they have to be validated by both 

bioinformatic and independent analytical methods.  

Nevertheless, quantitative shot-gun proteomics performed on MAPK mutants 

provides also powerful tool in broadening the knowledge about MAPK signalling roles 

(Takáč and Šamaj, 2015; Supplementary material 8). Thorough bioinformatic tools 

are effective for uncovering various biochemical or physiological consequences of 

MAPK deficiency. Compared to phosphoproteomics, shot-gun proteomics on MAPK 

mutants can identify mid- and long-term complex protein profiles and networks 

associated with the transcriptional changes caused by deregulation of MAPK 

pathways, as this seems to be often the case in the mutant and overexpressor plant 

lines (e.g, Krysan et al. 2002). We consider this point quite important because 

changed complex protein profiles revealed by shot-gun proteomics might be closely 

linked to phenotypes of respective mutant and transgenic lines, including their 

characteristics such as modified stress responses or developmental defects (Takáč 

and Šamaj, 2015; Supplementary material 8). In our research, we conducted several 

shot-gun proteomic analyses of MAP3K and MAPK mutants and gained new 

important regulatory functions of MAPK-dependent signaling. 
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3.2. Proteomic analyses of Arabidopsis mutants deficient in MAPKKKs and 

MAPKKs 

ANPs are MAP3Ks which are activated upon ROS accumulation (Kovtun et al, 

2000; Krysan et al, 2002). They are required for elicitor-triggered oxidative burst 

which is a prerequisite of efficient defense responses and elicitor-induced immunity 

(Savatin et al, 2014). Furthermore, ANPs have multiple developmental roles. They 

regulate cytokinesis and cell expansion through microtubule organization of dividing 

or growing plant cells (Krysan et al, 2002; Beck et al, 2010; Takahashi et al, 2010; 

Beck et al. 2011). This has serious consequences for overall plant habitus exhibiting 

dwarf phenotype (Beck et al, 2010). Presumably, ANPs deficiency causes 

remodelling of the transcriptome (Krysan et al, 2002) but, according to our results, 

also proteome (Takáč et al, 2014; Supplementary material 6). ANPs together with 

downstream MKK6 and MPK4 are essential for cytokinesis in Arabidopsis. This 

pathway is activated by HINKEL/ NACK1 kinesin-like protein (Takahashi et al, 2010). 

During oxidative stress response ANPs act together with MKK4/MKK5 and MPK6 

(Kovtun et al, 2000). Thus ANP signalling diverges at least into two different 

cascades controlling oxidative stress and immune response as well as plant 

cytokinesis. 

In addition to the above mentioned regulation of antioxidant enzymes, our 

comparative shot-gun proteomic analysis of anp2anp3 double mutant uncovered 

several new putative processes and proteins which are controlled by ANPs (Takáč et 

al, 2014; Supplementary material 6). We encountered robust changes in metabolic 

enzymes and proteins of photosynthetic apparatus, which is consistent with the dwarf 

phenotype of the seedlings (Krysan et al, 2002). ANPs negatively control the 

jasmonic acid biosynthetic enzyme lipoxygenase 2, concluding from dramatically 

increased abundance of this enzyme in the anp2anp3 double mutant (Takáč et al, 

2014; Supplementary material 6). MAPKs have the capability to regulate hormonal 

biosynthesis. Tobacco wound-induced protein kinase (WIPK) and salicylic acid (SA)-

induced protein kinase (SIPK) positively control jasmonic acid biosynthesis (Seo et 

al, 2007). Moreover, MPK3 phosphorylates ACS6 and thus induces ethylene 

accumulation (Liu and Zhang, 2004). Our results provide the first evidence about 
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MAP3K likely modulating jasmonic acid biosynthesis. This is at least partially 

consistent with the previously published increased transcript levels of pathogenesis 

related genes in anp mutants (Krysan et al, 2002). 

As mentioned above, ANPs are also implicated in the control of cytokinesis 

(Krysan et al, 2002; Beck et al, 2011). Anp2anp3 double mutant exhibits severe 

cytokinetic defects such as incomplete cell plates and cell wall stubs, leading to bi- 

and multinucleate cells. In addition, it shows various abnormalities in mitotic spindle 

and phragmoplast rearrangements, and increased numbers of mitotic figures (Beck 

et al, 2011). ANP deficiency resulted in the upregulation of RabE1b, a small GTPase 

belonging to the RabE family. RabE proteins have function in Golgi-plasma 

membrane transport and are localized to the cell plate in Arabidopsis (Speth et al, 

2009). We assume that RabE1b upregulation contributed to cell plate defects in the 

anp2anp3 double mutant, and that this protein is negatively controlled by ANP 

pathway. We also found downregulation of calmodulin 4. Calmodulins are ubiquitous 

Ca2+-binding proteins that mediate primary intercellular Ca2+ signaling pathways. 

They are required for induction of MAPK signalling upon wounding (Takahashi et al, 

2011) while Ca2+/calmodulin-regulated receptor-like kinase CRLK1 is interacting with 

MEKK1 to confer cold stress tolerance in Arabidopsis (Yang et al, 2010). We found 

possible positive interplay between ANPs and calmodulin 4 in Arabidopsis (Takáč et 

al, 2014; Supplementary material 6). 

MPK3 and MPK6 are directly phosphorylated by MKK4/5, which except ANPs, 

may be activated by alternative MAP3Ks such as MEKK1 or YODA (Colcombet and 

Hirt, 2008). The YODA (MAP3K4) is required for cell fate determination during early 

embryogenesis (Lukowitz et al, 2004). YODA cascade transduces signal to the 

transcription factor SPEECHLESS (SPCH), which controls stomatal initiation and is 

directly suppressed by MPK3/6-mediated phosphorylation (Lampard et al, 2008). On 

the other hand, YODA is negatively transcriptionally regulated by transcription co-

activator ANGUSTIFOLIA3. The repression of YODA leads to the higher drought 

tolerance of Arabidopsis (Meng and Yao, 2015).  

Two classes of mutants in MAP3K4 called yda1 (kinase inactive) and Nyda1 

(a gain of function)  show opposite stomatal phenotypes, with yda1 plants having 
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clustered stomata and Nyda1 plants having no stomata as a consequence of 

repressed stomatal development (Bergmann et al, 2004; Wang et al, 2007). Both 

mutants also exhibit pronounced shoot and root phenotypes (Figure 6; Bergmann et 

al, 2004; Lukowitz et al, 2004; Smékalová et al, 2014b; Supplementary material 9), 

which might be linked to the auxin accumulation and substantial alteration of mitotic 

microtubule arrays (Smékalová et al, 2014b; Supplementary material 9).  

We conducted shot gun proteomic analyses on these mutants with main aim to 

uncover proteomic changes determining the above mentioned phenotypes.  

The experimental approach differed only slightly from that used for the 

proteomic analysis of the anp2anp3 double mutant (chapter 2.3). The preparation of 

plant material and peptide mixture was performed likewise. The 2-D LC-MS/MS 

analysis was conducted on a nanoAcquity 2-D UPLC system directly coupled to Xevo 

G2-S Q-TOF tandem mass spectrometer (Waters). Peptides were first separated on 

Figure 6 Representative pictures of 8 days old Arabidopsis thaliana (Ler ecotype) 
seedlings and seedlings of yda1 and Nyda1 mutants (Smékalová et al, 2014b; 
Supplementary material 9). 
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an XBridge PST C18 NanoEase Column using acetonitrile (ACN) steps of 10.8%, 

20.4% and 65% ACN. Each fraction was eluted onto a Symmetry C18 nanoACQUITY 

Trap Column (Waters) at a flow rate of 2 µl/min. Peptides in each ACN step were 

then separated on an ACQUITY UPLC PST C18 nanoACQUITY Column (Waters) 

with a 70 minutes long gradient from 3% to 40% of ACN at a flow rate of 0.45 µl/min. 

MS and MS/MS data were acquired in MSE mode, with Glu-fibrinopeptide (1 

pmole/µl, flow rate 0.3 µl/min, 785.8425 Da [M+2H]2+) infused every 60s as a lock 

mass. The triplicate data files of each biological sample were processed and 

analyzed with ProteinLynx Global Server (PLGS, version 2.5.2, Waters). The 

processed data were searched against the NCBI Arabidopsis genus taxonomy 

referenced protein database along with the reversed decoy database. Quantitative 

analysis of identified proteins (confidence > 95%) was based on ion peak intensities 

observed at low collision energy mode, carried out with the Expression Analysis 

function in PLGS. Only the proteins with ANOVA p ≤ 0.05 were reported as 

differentially expressed.   

Concluding from the number of differentially abundant proteins and their 

functional classification, YODA appears to control a wider range of functions in 

comparison to ANPs (Takáč et al, 2014; Smékalová et al, 2014b; Supplementary 

materials 6 and 9). This may indicate divergent functions of YODA acting in multiple 

signalling cascades while ANPs might have more specialized functions. We have 

used STRING application (Jensen et al, 2009) to evaluate protein interaction 

networks among the differentially abundant proteins detected in yda1 and Nyda1 

mutants. Both mutations caused alterations in the abundance of proteins involved in 

metabolism, antioxidant defense, methylation, protein synthesis and folding as well 

as pollen development (Figures 7 and 8). We detected an interaction cluster of 

proteins involved in auxin biosynthesis in both mutants (Figures 7 and 8). 

NITRILASE1 overaccumulated in both mutants. Since it localizes to the phragmoplast 

(Doskočilová et al, 2013) it might provide a new link between YODA, auxin and 

microtubular cytoskeleton. Overabundances of nitrilases and tryptophan synthase 

(responsible for biosynthesis of tryptophan as an auxin precursor) might explain 

elevated auxin accumulation, as found in the mutants by LC-MS/MS (Smékalová et 
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al, 2014b; Supplementary material 9). Thus, YODA provides another example of 

MAPK directed regulation of hormonal signalling in Arabidopsis. 

Further, yda1 and Nyda1 mutants exhibit defects in the cell plate formation, 

especially in the proper orientation (Smékalová et al, 2014b; Supplementary material 

9). Such reoriented cell plates might result from decreased levels of patellin 1 and 

patellin 2 in the mutants as compared to wild type. These proteins are involved in the 

cell plate formation (Peterman et al, 2004). Interestingly, patellin 2 was recently found 

as a phosphorylation substrate of MPK4 (Suzuki et al, 2016). Therefore our results 

point to the regulation of patellins by YODA pathway. 

Recently published increased drought tolerance of yda1 (Meng and Yao, 2015) 

is likely a consequence of overabundant proteins involved in drought response and 

having antioxidant activity (Smékalová et al, 2014b; Supplementary material 9). 

Another functional annotation occurring in the differential proteome of both mutants is 

Figure 7 Depiction of protein interaction networks as predicted by STRING 
analysis performed on differentially regulated proteins found in the yda1 mutant. 
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the response to wounding which was not reported for YODA previously. Altogether, 

these data favour YODA as regulator of defense responses.  

In addition, intriguing upregulations of proteins involved in the protein folding 

were found in the yda1 mutant. These were heat shock proteins, luminal binding 

proteins and protein disulfide isomerases, indicating endoplasmic reticulum (ER) 

stress in the yda1 mutant. ER stress is known to activate mammalian MAPK 

pathways and is important for cell fate determination and apoptosis (Cipolla et al, 

2017). Although activation of MAPKs after ER stress has to be experimentally verified 

Figure 8 Depiction of protein interaction networks as predicted by STRING 
analysis performed on differentially regulated proteins found in the Nyda1
mutant. 
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in plants, our findings indicate a possible new link between MAPK signalling and ER 

stress.   

Salt stress activates a MAPK pathway in Medicago sativa composed of SIMKK 

(stress-induced MAPKK) and SIMK (Cardinale et al, 2002). In inactivated states, 

SIMKK and SIMK co-localize in the cytoplasm and in the nucleus. Upon salt stress, 

substantial parts of nuclear pools of both SIMKK and SIMK relocate to cytoplasmic 

compartments. Heterologous expression of chimeric SIMKK–yellow fluorescent 

protein (YFP) in Arabidopsis enhances an activation of Arabidopsis MPK3 and MPK6 

upon salt treatment (Figure 9) and confers high sensitivity of seedlings against salt 

stress (Ovečka et al, 2014; Supplementary material 10). To better characterize 

SIMKK-YFP overexpressor plants at molecular level and to explain their increased 

salt stress sensitivity on the proteome level, we performed a comparative shot-gun 

proteomic analysis using gel free approach (see details of experimental procedures 

in (Ovečka et al, 2014; Supplementary material 10). 

 Briefly, roots of 14 days old transgenic Arabidopsis seedlings (in five 

Figure 9 Salt stress (250mM NaCl, 30 min) induced MPK6 and MPK3 activation in 
stably transformed Arabidopsis line Y4 overexpressing SIMKK–YFP. Root protein 
extracts separated by SDS-PAGE were probed with antibodies against 
mammalian ERK1/2 (phospho-p44/42, pERK), Arabidopsis MPK6, and 
Arabidopsis MPK3. Molecular mass is indicated. Actin was used as a loading 
control (Ovečka et al, 2014, modified; Supplementary material 10). 
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independent biological replicates) and wild types were used for proteomic analysis. 

The preparation of trypsin-digested extracts was performed as described above (see 

chapter 2.2). For the purpose of quantification, each sample was spiked with 

predigested bovine hemoglobin. For sample analysis, protein aliquots were analyzed 

by nanoAcquity UPLC system (Waters) coupled to Premier quadrupole time-of-flight 

(QTOF) mass spectrometer (Waters). The peptide mixture was injected onto a 

reverse-phase column (nanoAcquity UPLC column BEH 130 C18) and an ACN 

gradient (10–50% ACN containing 0.1% formic acid in 60 min) was employed to elute 

the peptides into the Q-TOF. The column was connected to the PicoTip emitters 

(New Objective, USA) mounted into the nanospray source of the Q-TOF Premier. A 

multiplex MSE approach, in which MS data are collected in an alternating, low energy 

(MS) and elevated energy (MSE) mode, was used for protein identification. For MSE 

quantification, the average MS signal response from bovine hemoglobin was used to 

determine the universal signal response factor (USRF, counts/mol of protein). This 

information was then used to determine the concentrations for each of the target 

proteins by dividing the MS by USRF. During data acquisition the quadrupole 

analyzer was not mass selective but operated in the radio-frequency only mode. The 

MSE data were processed using PLGS v. 2.4. Each processed file was searched 

against the non-redundant Arabidopsis thaliana UniProt database with addition of 

internal standard HBA_BOVIN Hemoglobin subunit alpha sequence (Waters: 

186002327; NCBI: P01966) using the search algorithm within the PLGS 2.4. In order 

to determine protein quantities the combined intensity of the multiply charged ions for 

the three most abundant tryptic peptides of a quantitatively added internal standard 

was compared with the observed response for any identified protein in a complex 

mixture. One way Anova statistical analysis was carried out to identify statistically 

significant (p <0.05) differences in protein amount. 

 Ten differentially abundant proteins are involved in stress responses, 

representing the most abundant functional class. Notably, proteins involved in salt-

induced oxidative stress (e.g. in H2O2 detoxification) such as CAT, PRX and 

glutathione S transferase as well as nucleoside diphosphate kinase 1, a signalling 

protein involved in ROS signalling and interacting with CAT (Fukamatsu et al, 2003), 
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were less abundant in transgenic SIMKK-YFP plants (Ovečka et al, 2014; 

Supplementary material 10). Next, two peroxidases, namely peroxidase 69 and 

peroxidase 23, belonging to the class III of peroxidase superfamily, were slightly 

upregulated in the transgenic plants. Aquaporin PIP2, which is involved in water 

transport across the plasma membrane, was more abundant in transgenic SIMKK-

YFP plants, indicating the accelerated water transport followed by increased loss of 

water (Katsuhara et al, 2003). Germin like protein subfamily 2 member 1 

(upregulated 2.6 fold in SIMKK-YFP plants) was described as plasmodesmata-

localized protein, facilitating plasmodesmata permeability when overexpressed in 

Arabidopsis (Ham et al, 2012). In summary, we suggest that SIMKK overexpression 

negatively regulates the key decomposers of H2O2 and facilitates the water loss, 

which were crucial for the changed sensitivity of the transgenic plants to the salt 

stress (Ovečka et al, 2014; Supplementary material 10).   

3.3. Proteomic analyses of Arabidopsis mutants deficient in MAPKs 

MPK4 and MPK6 are commonly activated by cold and salt stresses 

downstream of MEKK1 (MAP3K) and MKK2 (MAP2K) in Arabidopsis (Teige et al, 

2004), while MPK4 also negatively regulates salicylic acid (SA) and ROS production 

via this pathway (Gao et al, 2008). MEKK1 dependent activation of MPK6 (together 

with MPK3) via MKK4/MKK5 was reported also in the response to bacterial elicitor 

flagellin. This signalling cascade affects expression of defense related genes (Asai et 

al, 2002). The MKK4-MPK6 module also phosphorylates and activates ACS2 and 

ACS6 which are key enzymes for ethylene synthesis (Liu and Zhang, 2004). 

Additionally, MPK6 is specifically activated by MKK3 in response to jasmonic acid 

(JA) and negatively regulates the JA signalling pathway (Takahashi et al, 2007). 

MPK6 is also activated by the pathway that includes ANP1 and MKK4/MKK5 upon 

H2O2 treatment (Kovtun et al, 2000). In contrast, MPK4 is activated by MEKK1– 

MKK2 pathway under oxidative stress (Pitzschke et al, 2009). 

Thus, MPK4 and MPK6 are MAPKs converging many signalling cascades. 

Respective mpk4 and mpk6-2 mutants exhibit marked differences in their phenotypes 

(Figure 10). Similarly to other analyzed MAPK mutants, shot-gun differential 
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proteomic analyses revealed changes in proteomes that were correlated with these 

different phenotypes (see also Beck et al. 2010; Mueller et al. 2010).   

Peptide mixtures were prepared from roots of mpk4 and mpk-2 mutants as 

described above (see chapter 2.2). Spectral data were collected using an Orbitrap 

LTQ Velos mass spectrometer (Thermo Fisher Scientific) using Xcalibur version 2.1.0 

united with an UltiMate 3000 nano flow HPLC system (Dionex). Protein tryptic digest 

were separated on reversed phase fused silica C18 column (Thermo Fisher 

Scientific). Peptides were eluted at a constant flow rate of 0.3 μ l.min-1 by a 170-

minute long nonlinear gradient of ACN (in 0.1% formic acid) as follows: 2–55% for 

125 min, 95% for 15 min, 5% for 30 min. Peptides were detected in linear trap mass 

spectrometer operated in a data dependent acquisition (DDA) mode. The spectral 

data were matched against target and decoy databases. The NCBI 

(www.ncbi.nlm.nih.gov) Arabidopsis genus taxonomy referenced protein database 

served as the target database. The relative quantitative analysis was based on sums 

of precursor ion intensities of filtered peptides attributed to given proteins.  

Figure 10 Representative pictures of 14 days old wild type plants Col-0 (A), mpk4
(B) and mpk6-2 short (C) and long root (D) mutants used for proteomic and 
biochemical analyses. Bar: 1 cm. (Takáč et al, 2016b, Supplementary material 7). 
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The numbers of differentially abundant proteins in the mpk4 and mpk6 mutants 

seemingly reflected their phenotypes (Figures 10 and 11) while only a low number of 

proteins was found as differentially abundant in both mutants. 

Impact of MPK4 and MPK6 on antioxidant defense was described above (see 

chapter 2.3). Interestingly, both mpk4 and mpk6-2 mutants possessed a number of 

differentially regulated proteins related to various developmental processes. Most 

importantly, mpk4 mutant is likely affected in actin cytoskeleton organization, 

because of impaired abundances of key regulators of actin polymerization such as 

profilins 1 and 2 (confirmed also by immunoblotting) and actin depolymerizing factor 

3. MAPK-dependent changes of the actin cytoskeleton are not well-described and our 

results indicate that MPK4 might regulate actin cytoskeleton.  

MAPKs represent the last members of the MAPK cascades. Therefore, it is 

reasonable to apply bioinformatic prediction tools to find putative MPK4 and MPK6 

phosphorylation targets among the differentially abundant proteins. The criteria for 

the prediction were the presence of MAPK-specific phosphorylation and docking 

sites, as well as predicted or experimentally-proved common localization of target 

proteins with the respective MAPK.  

This analysis identified several very promising MAPK targets while two 

proteins were previously experimentally approved as MAPK substrates (Takáč et al, 

2016b, Supplementary material 7). We have found phospholipase D alpha 1 (PLDa1) 

as a probable target candidate of MPK6. This indicates that PLDa1 might be 

Figure 11 Venn diagram showing the numbers of differentially abundant proteins 
in mpk6-2 and mpk4 (Takáč et al, 2016b, Supplementary material 7) Arabidopsis 
mutants as compared to the wild type. 
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phosphorylated by MAPKs and modulates microtubule organization. MPK4 possibly 

phosphorylates mRNA decapping protein VARICOSE (VCS). This protein plays a 

crucial role in mRNA directed gene silencing. Since MPK4 negatively controls 

expression of genes involved in the pathogen defense (Kong et al, 2012) we suggest 

a possible mechanism for this negative regulation occurring through the 

phosphorylation of VCS. However, this needs to be experimentally tested and further 

validated. 

We also detected a promising candidate for a new MAPK scaffold protein.  A 

remorin family protein (AtRem1.3) showed decreased abundance in the mpk4 

mutant. AtRem1.3 is differentially phosphorylated upon treatment with bacterial 

elicitors and plays a role as scaffold protein in plant innate immunity (Jarsch and Ott, 

2010). Our data provide a preliminary evidence for possible co-regulation of 

AtRem1.3 and MAPK signalling.   

3.4. Conclusions and future prospects 

Shot gun proteomic analysis of MAPK mutants is feasible for monitoring 

processes downstream of MAPK cascades. It may effectively supplement 

phosphoproteomic surveys. We also showed feasibility of various bioinformatic tools 

for the interpretation of shot-gun proteomic data. We identified new processes likely 

governed by MAP3Ks and MAPKs. Complementary approaches are necessary to 

validate our data. It is also of great interest to examine mutant proteomes under 

environmental stresses since conditional proteomes might differ from those under 

optimal developmental conditions. Furthermore, subcellular proteomics and 

phosphoproteomics might bring a higher proteome resolution and could diversify 

MAPK functions under stress-induced subcellular relocation of signalling 

components. More targeted approaches, such as identification of MAPK interactomes 

would be helpful to understand complex regulation of MAPK cascades and to identify 

new scaffold proteins. 
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4. Proteomic approaches elucidating plant vesicular trafficking 

4.1. State of the art 

 Highly dynamic endomembrane system ensuring intracellular vesicular 

transport of proteins, lipids and other molecules is essential for cell division, growth, 

differentiation and overall physiology of living cells. Such vesicular trafficking system 

is subjected to strict regulation by complex network of proteins and signalling lipids 

(Müller et al, 2007; Blanchoin et al, 2010; Noack and Jaillais, 2017). Generally, 

endomembrane system is composed of membranous organelles including 

endoplasmic reticulum, Golgi apparatus, trans-Golgi network (TGN), multivesicular 

body (MVB) vacuole and endosomes. Most important transport routes in plant cells 

are illustrated on Figure 12. The vesicular transport and exchange of cargo occurs 

Figure 12 Major trafficking routes in Arabidopsis. The secretory pathway include 
the transport of newly synthetized proteins from endoplasmic reticulum to their 
resident compartment. In a process called endocytosis, the plasma membrane  
proteins are internalized into vesicles that are further transported to other 
destinations, including the trans-Golgi network (TGN) and multivesicular bodies 
(MVB) Some proteins go from either the TGN/EE or MVB/PVC back to the PM by 
a recycling route in recycling endosomes (RE) For others, the endocytic pathway 
ends at the vacuole, where they are degraded. Function of the key regulatory 
proteins are also depicted  (Singh and Jürgens, 2017). 
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via vesicle formation, trafficking, maturation and fusion with target compartment. All 

of these processes are under the strict control of diverse proteins and protein 

complexes including ADP-ribosylation factors (ARFs), Rab and Rop (Rho of plants) 

GTPases, superfamily of N-ethylmaleimide-sensitive factor adaptor protein receptors 

(SNAREs), sorting nexins, coating and adaptor proteins, dynamins and tethering 

complexes, and phosphoinositide metabolizing enzymes (Norambuena and Tejos, 

2017). Phospholipids are determinants of organelle identity and regulators of 

membrane trafficking (Noack and Jaillais, 2017). They recruit important vesicular 

trafficking regulators which are executing membrane fusion events.   

Cargo proteins include among others components of signalling (e.g. plasma 

membrane-localized receptors and their ligands), transporters of ions, nutrients and 

hormones, and core components of the membrane fusion machinery such as SNARE 

proteins, integral membrane proteins that are characteristic for specific endomem-

brane compartments. In addition to delivering cargo proteins to their sites of action, 

membrane trafficking is also required to remove proteins from their sites of action and 

target them to a lytic compartment (vacuole or lysosome) for degradation (Singh and 

Jürgens, 2017). 

The movement and morphology of most organelles, including endosomes, is 

depending on actomyosin cytoskeleton in plants (Voigt et al, 2005). Interactions 

between organelles and actin cytoskeleton are mediated by proteins with the 

simultaneous ability to bind membranes and the actin cytoskeleton. Such candidates 

include the NETWORKED protein family (Duckney et al, 2017), small Rop GTPases 

(Gu et al. 2003; Lin et al. 2015), formins and profilins (Takáč et al, 2011, 

Supplementry material 3; Li et al, 2017b) or membranous SYP73 which associates 

with the ER membrane and binds actin directly (Cao et al, 2016b). Very recently, 

membrane-anchored receptors and adaptors binding myosins XI have been identified 

(Kurth et al, 2017). 

Targeted membrane transport is required for sustainable tip growth in root 

hairs and pollen tubes (Ovečka et al, 2012), where it ensures polarized supply of new 

membrane and cell wall material. Vesicular trafficking is essential for cell division, 

namely for cell plate formation (Dhonukshe et al, 2006). Moreover, endocytosis is 
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involved in the internalization of cell surface receptor kinases and their recycling 

(Irani and Russinova, 2009) and also in the internalization of pathogen associated 

molecular patterns during immune response (Gross et al, 2005). Therefore, vesicular 

transport is very important for biotic (Gross et al, 2005; Chinchilla et al, 2007) and 

abiotic stress resistance (Bolte et al, 2000; Ebine et al, 2011). 

Current plant research in this field is focused on the identification of proteins 

regulating vesicular trafficking. Proteomics, as a method capable to identify and 

quantify proteins in a large scale, proved to be a suitable approach for this goal. 

Recent proteomic approaches on vesicular trafficking include for example proteomic 

analyses of affinity purified membranous proteins derived from Arabidopsis cells 

transfected with vesicle-localized protein fused to GFP (Drakakaki et al, 2012; 

Parsons et al, 2012). 

4.2. Applications of chemical inhibitors for proteomic analyses of vesicular 

trafficking 

Endomembrane vesicular trafficking might be selectively targeted by chemical 

compounds (Figure 13). Thus, pharmacological inhibition of certain vesicular 

transport routes related to TGN or endosomes leads to the intracellular accumulation 

of cargo and regulatory proteins transported by these routes. In this manner, the 

proteomic analysis of inhibitor-treated plants provides a great tool to identify new 

proteins involved in the vesicular trafficking. Furthermore, physiological 

consequences of impaired endomembrane transport might be uncovered.  

Effective dissection of proteome-wide effects of small chemical molecules on 

biological systems is determined by the knowledge of their molecular targets and 

function. This allows straightforward interpretation of the obtained data. Further, to 

avoid secondary effects, the chemical of choice should be applicable in low doses 

(preferable in nanomolar or micromolar range). Notably, the output of proteomic 

studies investigating subcellular effects of chemical inhibitors might be substantially 

enriched by further cell biological observations, as recently reviewed by (Takáč et al, 

2017b, Supplemental material 11). These along with other methods such as 
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biochemical analyses and physiological experiments may help to validate proteomic 

data. 

In our research, we applied three inhibitors to target different trafficking routes 

in Arabidopsis roots. Roots were treated with either 50 µM BFA (Takáč et al, 2011; 

Supplementary material 3) or 33 µM wortmannin and 33 µM LY294004 (Takáč et al, 

2012 and 2013; Supplemental materials 4 and 5). Mock controls were used for 

comparative proteomic analysis. To increase the resolution of the proteome, gel 

based and gel free proteomic approaches were applied. Within gel based approach, 

phenol-extracted proteins were separated using 2-D electrophoresis and the proteins 

were identified as described in (Uváčková et al, 2012, Supplementary material 2). 

The gel free analysis relied on 2-D liquid chromatographic separation of peptide 

mixtures, followed by MS/MS mass spectrometry and label-free relative quantification 

of protein abundances, as described in Takáč et al, 2011 (Supplementary material 3). 

Figure 13 Depiction of brefeldin A , wortmannin and LY294002 inhibitory effects 
(Fan et al, 2015, modified). 
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Brefeldin A (BFA) targets selected ARF-guanine nucleotide exchange factor 

(ARF-GEF) proteins. It causes rapid disruption of the secretory and recycling 

vesicular trafficking pathways (Müller et al, 2007). Subcellular responses to BFA 

treatment are manifold, depending on the organism and cell type/tissue under study 

(Robinson et al, 2008). In Arabidopsis root cells, BFA causes an accumulation of 

TGN secretory and recycling vesicles which aggregate together and form so-called 

BFA-compartments (Müller et al, 2007). Proteomic analysis of BFA treated 

Arabidopsis roots may identify proteins accumulating in the BFA compartments.  

Other inhibitors, such as wortmannin and LY294002, may be employed to 

target vacuolar trafficking and dissect proteins taking part in this process (Müller et al, 

2007). Wortmannin is a fungal metabolite which targets PI3K and PI4K in a dose-

dependent manner (Matsuoka et al, 1995). Wortmannin at low concentrations (up to 

1 μM) specifically inhibits PI3K, but at higher concentrations it inhibits both PI3K and 

PI4K. At the subcellular level, wortmannin affects recycling of the plant vacuolar 

sorting receptor BP80 from the prevacuolar compartment (PVC)/MVB to the TGN 

(Tse et al, 2004) thus inhibiting vacuolar trafficking. Wortmannin causes fusion, 

swelling, and vacuolization of MVB in Arabidopsis root cells (Jaillais et al, 2008, 

Takáč et al, 2012; Supplementary material 5). In addition to vacuolar sorting, 

wortmannin inhibits also endocytosis (Emans et al, 2002). It disrupts the spatial 

organization of apical F-actin in the pollen tube tip and inhibits polar targeting of 

tobacco pectin methylesterase NtPME1, which subsequently alters the rigidity and 

pectic composition of the pollen tube cell wall (Wang et al, 2013a).  

LY294002 is a synthetic compound based on quercetin specific for PI3K 

inhibition. Like wortmannin, it competes for ATP binding site of PI3K (Walker et al, 

2000) and binds to Lys-833 residue. It inhibits PI3K with an IC50 value (concentration 

required for 50% inhibition) of 0.43 μg/mL (1.40 μM) irrespective of the 

phosphorylation state of the enzyme (Vlahos et al, 1994). At the subcellular level, 

LY294002 blocks endocytosis and vacuolar trafficking in a similar manner to 

wortmannin.  
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 We detected an increased abundance of RabA1d after BFA treatment (Berson 

et al, 2014; Takáč et al, 2011 Supplementary material 3). RabA1d is a protein 

belonging to the family of small Rab GTPases (Vernoud et al, 2003). Such increased 

abundance indicated that RabA1d protein might be accumulated specifically in the 

BFA compartments. This assumption was strengthened also by the fact that similar 

members of this protein subfamily exhibit such localization under BFA treatment 

(Chow et al, 2008). Indeed, detailed cell biological observations revealed that 

RAbA1d accumulated in the BFA compartments and partially colocalized with TGN 

markers (Berson et al, 2014; Supplementary material 12). Moreover, we have found 

that GFP-RabA1d was enriched in root hair bulges and at the apical dome of growing 

root hairs, indicating its function in root hair elongation. Quantitative live cell 

microscopy revealed that RabA1d participates on the oscillatory pattern of root hair 

growth. In dividing root cells, GFP-RabA1d was localized to developing cell plates, 

consistently with cytokinesis-related vesicular trafficking and membrane recycling. 

Thus, GFP-RabA1d accumulated in disc-like structures of nascent cell plates, which 

progressively evolved to marginal ring-like structures of the growing cell plates 

(Berson et al, 2014; Supplementary material 12). Unlike BFA, wortmannin and 

LY294002 decreased the abundance of TGN-localized Raba1d (Takáč et al, 2012, 

2013; Supplementary materials 4 and 5). This implied previously unknown effect of 

these PI3K and PI4K inhibitors on early endosomes. Using live cell confocal laser 

Figure 14 Subcellular distribution of GFP-RabA1d in Arabidopsis root cells treated 
with 33 μM wortmannin for 2 h as observed by live cell confocal laser scanning 
microscopy. Bars represent 10 μm (A, C) and 5 μm (B, D) (Takáč et al, 2012; 
Supplementary material 5). 
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scanning microscopy we have found that wortmannin caused an accumulation, 

clustering, fusion and swelling of GFP-RabA1D containing compartments (Figure 14) 

as well as other TGN markers (Takáč et al, 2012; Supplementary material 5). 

Detailed electron microscopy (EM) observations showed the significant depletion of 

TGN vesicles suggesting either progressive fusion of TGN with MVBs or heavy 

disintegration of TGN caused by 33 μM wortmannin. Consistently with the first 

alternative, EM analysis revealed mutual attachments and contacts of MVBs and 

TGN vesicles eventually leading to heterotypic fusions of MVBs with post-Golgi TGN 

vesicles (Figure 15; Takáč et al, 2012; Supplementary material 5). 

In addition to these effects, our proteomic analysis revealed several new 

phenomena occurring upon BFA, wortmannin and LY294002 treatments in 

Arabidopsis. Accumulation of ER resident proteins in response to BFA indicated 

possible alterations of ER morphology. EM observations showed BFA-dependent 

swelling and proliferation of ER, which was not reported for Arabidopsis roots so far 

(Takáč et al, 2011; Supplementary material 3). We suggest that this might be caused 

Figure 15 Schematic overview of wortmannin (abbreviated to W) effects on 
vesicular trafficking as revealed by this study. Red arrows indicate heterotypic 
fusions between trans-Golgi network (TGN) and multivesicular bodies (MVB) 
leading to consumption of TGN vesicles by enlarged MVBs. Bipolar red arrow 
indicates homotypic fusions of MVBs. Wortmannin inhibits transport from these 
MVB compartments to the vacuole. The putative roles of phospholipase D alpha 1 
(PLDa1) and SEC14 are suggested for the transport from TGN to MVB. Proteins 
identified by proteomic approaches at diverse subcellular locations (TGN, MVB, 
and vacuole) are depicted in blue. In addition, other TGN localized small GTPases 
as shown by confocal microscopy are depicted in green (Takáč et al, 2012; 
Supplementary material 5) 
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by the accumulation of misfolded proteins, deducing from differential abundance of 

key proteins involved in unfolded protein response (Takáč et al, 2011; Supplementary 

material 3). Importantly, we have also identified profilin 2, a canonical actin 

cytoskeletal regulator, to be involved in the formation of BFA compartments. Profilin 2 

accumulates in BFA compartments and might locally promote actin polymerization 

around and within these compartments. Such hypothesis is consistent with 

observation of local enrichment of actin filaments around BFA compartments (Takáč 

et al, 2011; Supplementary material 3). 

Both wortmannin and LY294002 lowered abundances of vacuolar hydrolases, 

most likely due to the impaired vacuolar transport (Takáč et al, 2012, 2013; 

Supplementary materials 4 and 5). At the same time, we observed a robust 

accumulation of storage proteins in Arabidopsis roots treated with LY294002 (Takáč 

et al, 2013; Supplementary material 4). Whole mount immunolabelling of Arabidopsis 

roots with specific anti-2S albumin antibody confirmed this assumption at the 

subcellular level. Thus, our study provided new information about storage proteins 

and vacuolar hydrolases in vegetative tissues treated by LY294002.  

We also found new proteins involved in regulation of vacuolar transport. 

ARFA1f was upregulated after LY294002 treatment (Takáč et al, 2013; 

Supplementary material 4). In the GTP-bound active states, ARF GTPases recruit 

coat proteins to patches of specific membranes to induce vesicle budding (Vernoud 

et al, 2003). ARFA1c, which is closely related to ARFA1f (differs only in one AA), was 

reported to control vacuolar trafficking and also secretion of proteins carrying 

vacuolar sorting signal (BP80 receptor ligands) (Pimpl et al, 2003). Our proteomic 

analysis suggests that ARFA1f could be involved in vacuolar trafficking in 

Arabidopsis roots, and its upregulation might be related to swelling and aggregation 

of late endosomes/MVBs upon treatment with LY294002 (Takáč et al, 2013; 

Supplementary material 4). We have found that a big portion of wortmannin-affected 

proteins are predicted as anchored in the membrane through a covalently attached 

glycosylphosphatidylinositol moiety (Takáč et al, 2012; Supplementary material 5). 

Previous studies revealed that such proteins might undergo endocytosis (Lakhan et 

al, 2009). Accordingly, we generated a list of candidate proteins for endocytic 
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transport (Takáč et al, 2012; Supplementary material 5). Our proteomic analysis also 

revealed that wortmannin altered proteins involved in nuclear and mitochondrial 

import and export, as unknown consequences of PI3K/PI4K inhibition. The nuclear 

import and export is likely controlled by PI4Ks, which are bearing the nuclear 

localization signal in their protein sequences (Takáč et al, 2012, Supplementary 

material 5).  

4.3. Conclusions and future prospects 

We showed that treatments with inhibitors of vesicular trafficking might have 

also unexpected consequences and should be considered in cell biology studies. 

Moreover, we identified several new cargo and regulatory proteins. Specific functions 

and trafficking routes of these proteins have to be uncovered by additional 

experiments. Indeed, validation by independent experiments is extremely important 

also in the case of proteomic analyses using inhibitor-treated plant tissues. In the 

future, BFA should be tested on various plant tissues, since its effect varies in tissue- 

but also species-dependent manner. Recently, several new inhibitors of subcellular 

vesicular trafficking have been developed, whose effects should be dissected by 

proteomic tools.   
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5. Detecting new cytoskeletal functions 

5.1. State of the art 

Cytoskeleton is a highly dynamic filamentous system composed of actin 

filaments and microtubules, regulated by actin-binding and microtubule-associated 

proteins (ABPs and MAPs). Actin filaments (F-actin) and microtubules are capable of 

rapid elongation or shortening driven by polymerization and depolymerization of the 

basic structural components (G-actin and tubulins). This, together with other 

mechanisms including nucleation, branching, severing and bundling determine the 

spatiotemporal organization of the cytoskeleton, which is crucial for plant growth, 

development and morphogenesis (Blancaflor et al, 2006; Wasteneys and Ambrose, 

2009). 

Microtubules are highly dynamic polymers of α tubulin and β tubulin 

heterodimers. The nucleation of microtubules requires γ-tubulin and GCP (γ-tubulin 

complex proteins) containing complexes. Microtubule organization and dynamics are 

controlled mainly by MAPs, plus-end binding (EB1) proteins, microtubule severing 

protein katanin, microtubule destabilizing protein 25 (MDP25), PLDa1, kinesins 

(motor proteins) and others (Gardiner, 2013). Some of these proteins might be 

regulated by signaling molecules such as MAPKs, Rop GTPases, Ca2+ and 

phosphatidic acid (PA) (Yalovsky et al, 2008; Beck et al, 2010; Zhang et al, 2012). 

Microtubules are under hormonal regulation, as they are reoriented upon diverse 

hormonal treatments (Shibaoka, 1994; Lochmanová et al, 2008). Microtubules are 

also sensitive to ROS. MAP65 is required for ROS signalling and transcriptional 

activation of antioxidative defense (Zhu et al, 2013; Livanos et al, 2014). 

Assembly of actin filaments occurs through nucleation and elongation. The 

formation of F-actin arrays depends on the interactions of actin monomers (G-actin) 

and ABPs such as profilins, actin depolymerizing factors, formins, Rop GTPases, 

Arp2/3 complex and others (Blanchoin et al, 2010; Cao et al, 2016a). Actin is also 

regulated by signalling proteins and secondary messengers such as Ca2+ or PA 

(Staiger and Blanchoin, 2006, Pleskot et al, 2013). Actin itself may play signalling role 

and its polymerization status or reorganization is important for the expression of 
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proteins related to abiotic and biotic stresses (Olson and Nordheim, 2010). F-actin 

has a profound role in the vesicular trafficking, mainly in the endocytosis of receptor 

kinases (Beck et al, 2012). Actin is also affected by redox regulation and ROS 

(Wilson and González-Billault, 2015). After elicitation by diverse microbe or damage-

associated molecular patterns, ROS serves as a common upstream signals 

mediating actin remodelling (Li et al, 2017a). 

Such interactions with signalling molecules and proteins couple actin filaments 

and microtubules with external environment and mediate its developmental or 

conditional rearrangements. 

Actin filaments and microtubules are tightly linked and co-regulated 

(Blancaflor, 2000; Collings, 2008). Reorganization and reassembly of actin filaments 

depend on microtubules (Sampathkumar et al, 2011). This interplay is likely governed 

by proteins which are capable to bind and modulate both microtubules and actin 

filaments. These are for example formins (Rosero et al, 2013), microtubule 

depolymerizing protein 25 (Li et al, 2011) or Rop GTPases (Fu et al, 2009). 

Cytoskeleton plays crucial roles in plant growth and development. Microtubules 

are involved in cell elongation through the control over orientation of cellulose 

microfibrils in cell walls by directing movement and targeting of cellulose synthases 

(McFarlane et al, 2014; Kong et al, 2015;). During mitosis, microtubules form specific 

arrays, such as preprophase band, spindle and phragmoplast which determine cell 

division plane orientation and the partitioning of genetic material between two 

daughter cells (Müller and Jürgens, 2016). Fine F-actin delivers Golgi-derived (post-

Golgi) vesicles (containing cell wall matrix components) to the plasma membrane 

area where exocytosis occurs. In this manner actin is required for root hair and pollen 

tube tip growth (Šamaj et al, 2004; Ovečka et al, 2012). It also controls stomata 

openings and cell elongation (Cao et al, 2016a). Actin remodelling serves as an 

important signalling component during plant immune response (Li et al, 2017a). 

Cytoskeletal functions might be addressed by different approaches including 

genetic manipulations or pharmacological treatments affecting polymerization status 

of actin filaments and microtubules. F-actin may be targeted chemically by inhibitors 

such as cytochalasins, latrunculins and jasplakinolide (Peterson and Mitchison, 2002, 
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Sawitzky et al, 1999). Cytochalasins might inhibit polymerization by capping free 

barbed ends, thus preventing the addition of G-actin to actin filaments, leading to net-

depolymerization (Brown, 1981). Latrunculins are natural cell permeable macrolides, 

which bind specifically to the ATP-binding site of actin monomer (G-actin) by 

hydrogen bond, thus changing its structure and preventing G-actin polymerization. As 

a result, latrunculin B causes shift from F-actin to G-actin (Baluška et al, 2001; 

Morton et al, 2000). Jasplakinolide is a natural cyclodepsipeptide inducing 

stabilization of F-actin (Sawitzky et al, 1999). 

We attempted to study the microtubule and actin cytoskeletons in Arabidopsis 

using proteomics. We applied shot–gun proteomic analysis combined with cell 

biological observations on Arabidopsis mutants defective in the microtubule severing 

protein KATANIN1 (Takáč et al, 2017a; Supplementary material 13). Actin 

cytoskeleton was studied by shot–gun proteomic analysis of latrunculin B-treated 

Arabidopsis roots (Takáč et al, 2017c; Supplementary material 14). 

5.2. Proteomic dissection of KATANIN 1 mutants 

KATANIN 1 is a microtubule severing AAA-ATPase assembled from a catalytic 

subunit of 60 kDa and a structural 80 kDa subunit (Hartman et al, 1998). At the 

cellular level, the severing activity of KATANIN 1 was shown to regulate plant 

microtubule organization (Nakamura, 2015). KATANIN 1 severing activity is induced 

by ROP-GTPase signalling (Lin et al, 2013) and can be modulated by other 

microtubule binding proteins like SPIRAL2 (Wightman et al, 2013).  

KATANIN 1 is required for multiple developmental processes. Therefore, 

KATANIN 1 mutants exhibit reduced root, hypocotyl, stem and leaf growth as well as 

stubby flower organs showing reduced anther length and fertility, defects in ovule and 

anther development, aberrant embryogenesis and seed formation (Bichet et al, 2001; 

Burk et al, 2001; Luptovčiak et al, 2017). It is generally accepted that these 

phenotypes are caused by reduced cell expansion (Bichet et al, 2001; Burk et al, 

2001). Recently, altered cell elongation was linked with specific defects in dynamic 

organization of cortical microtubules in the knt1-2 mutant (Komis et al, 2017). It was 

also proposed that KATANIN 1 mutants exhibit defects in the formation and 
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maturation of preprophase band, rectification of cell division plane, multipolar 

spindles and disorientation of the cell division plane (Panteris et al, 2011; Komis et al, 

2017). KATANIN 1 links hormonal signals with microtubule reorientation, because 

respective mutants displayed altered auxin, gibberellic acid (GA) and ethylene 

responses (Meier et al, 2001; Bouquin et al, 2003; Nakamura, 2015). 

 We performed a differential proteomic analysis comparing two Arabidopsis 

KATANIN 1 mutants (fra2 and ktn1-2) and the wild type Col-0 plants (Figure 16). 

Fra2 is a single nucleotide mutant in the seventh exon of KATANIN 1 (Burk et al, 

2001). Ktn1-2 is a knockout mutant with T-DNA inserted after the 147th nucleotide in 

the 5th exon of KATANIN 1 (Nakamura, 2015). Proteomic analysis was conducted 

according to Takáč et al, (2016b) (Supplementary material 7). Differential proteome 

was evaluated using bioinformatic analyses including GO annotation and STRING. 

The most important findings were validated by immunoblotting, immunolabelling and 

quantification of transcript levels. 

We have found a feedback regulation of microtubule organization by 

deregulation of tubulins and microtubule regulatory proteins such as MDP25 in the 

Figure 16 Representative pictures of whole Col-0 seedlings and KATANIN 
mutants. Note much shorter roots in the mutants (Luptovčiak et al, 2017b). 
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KATANIN 1 mutants (Takáč et al, 2017a; Supplementary material 13). This was 

supported by altered organization of cortical microtubules. Actin cytoskeleton was 

also modulated due to the altered abundances of several ABPs, again leading to 

reorientation and disorganization of the actin cytoskeleton. MDP25 might represent a 

protein linking microtubules with actin filaments.  

In addition to auxin, gibberellic acid and ethylene, KATANIN 1 mutants exhibit 

differential accumulation of proteins involved in ABA biosynthesis. Therefore, 

KATANIN 1 might be a protein integrating multiple hormonal responses in order to 

reorient microtubules. We also observed altered abundances of Tudor staphylococcal 

nuclease proteins (TSN1 and 2) which are responsible for stress-induced mRNA 

decapping in stress granules (Gutierrez-Beltran et al, 2015). KATANIN 1 mutants 

also showed changes in the nuclear shape and size, which is likely mediated by 

tryptophan-proline-proline (WPP)-domain protein WPP2 upregulation. Based on 

qPCR analyses, expression levels of corresponding genes in the mutants were not 

altered (Takáč et al, 2017a; Supplementary material 13). 

5.3. Applications of chemical inhibitors for proteomic dissection of 

cytoskeletal regulation 

Previously reported studies showed that proteomic analyses of plant cells 

treated by cytoskeletal inhibitors provided very valuable information about 

cytoskeletal regulation and physiological processes controlled by cytoskeletal 

organization. Such pharmaco-proteomic approach was used in Picea meyeri pollen 

tubes treated with actin depolymerizing drug latrunculin B (Chen et al, 2006). 

Proteins involved in cytoskeletal regulation, signalling, cell wall expansion and 

carbohydrate metabolism were detected to be connected to the actin 

depolymerization.  

At the subcellular level, latrunculin B perturbs actin distribution and causes 

depletion of F-actin. Complexes of G actin and latrunculin exert diffuse fluorescence 

signal and accumulate in the nuclei of Arabidopsis cells (Baluška et al, 2000). By 

disrupting actin cytoskeleton latrunculin B effectively alters dynamics of vesicular 

trafficking. Thus, latrunculin B can inhibit endosomal movements (Voigt et al, 2005). 
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Close subcellular investigation of growing pollen tubes revealed a dramatic effect of 

latrunculin B on the ultrastructure of the Golgi apparatus, mitochondria and 

amyloplasts (Chen et al, 2006). Finally, latrunculins severely disturb developmental 

processes in plants. 

We aimed to decipher proteome-wide effect of latrunculin B on Arabidopsis 

roots. This approach can reveal differentially abundant proteins after actin 

depolymerization as well as actin-dependent developmental processes and 

downstream signalling targets sensing actin disruption. 

We employed similar experimental approach as for inhibitors of vesicular 

trafficking with small modifications. Both gel based (according to Takáč et al, 2011) 

Figure 17 Schematic overviewof proteins involved in actin regulation,membrane 
transport, mRNA export, translation and ABA response as identified by the present 
proteomic analysis using latrunculin B. Arrows in brackets indicate changes in 
abundances after latrunculin B treatment (Takáč et al, 2017c; Supplementary 
material 14). 
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and gel free (according to Ovečka et al, 2014) proteomic analyses were performed 

on roots of 14 days old Arabidopsis seedlings treated with 0.5µM latrunculin B for 2 h 

and mock controls.  

As expected, our proteomic analysis detected downregulation of actin (isoform 

5) and ABPs (Takáč et al, 2017c; Supplementary material 14). This indicates a 

feedback mechanism regulating abundances of actin 5, profilin 1 and 2 in 

dependence on F-actin levels. Actin depolymerization by latrunculin B affected also 

abundances of proteins involved in vesicular trafficking and mRNA export, as 

suggested by downregulation of three such proteins. This may represent a 

mechanism linking actin to the expression of stress-related genes. Actin 

polymerization seems to be required for the homeostasis of proteins involved in ABA 

responses. 

Thus, the status of the actin polymerization may serve as a sensing 

mechanism for changes in hormonal signalling, translation or gene expression 

(Figure 17; Takáč et al, 2017c; Supplementary material 14). 

5.4. Conclusions and future prospects 

In conclusion, described combination of proteomic and cell biology analyses 

uncovered new important functions of the plant cytoskeleton. We found important 

proteins linking microtubule severing to the actin cytoskeleton, cell plate formation 

and nuclear shape control. We also detected proteins connecting actin 

polymerization in Arabidopsis roots with ABA signalling and vesicular trafficking. We 

identified specific proteins which are sensitive to cytoskeletal changes and control 

gene expression either through mRNA silencing or induction of transcription. Further 

research is required to investigate interactions between these proteins and the 

cytoskeleton. Our results represent an important step in deciphering the gene 

expression regulation by cytoskeletal rearrangements. 

 
  
  



51 
 

6. References 
Anderson JC, Bartels S, Besteiro MAG, Shahollari B, Ulm R, Peck SC (2011) 
Arabidopsis MAP Kinase Phosphatase 1 (AtMKP1) negatively regulates MPK6-
mediated PAMP responses and resistance against bacteria. Plant J. 67, 258–268. 
Andreasson E, Ellis B (2010) Convergence and specificity in the Arabidopsis 
MAPK nexus. Trends Plant Sci. 15, 106–113.  
Apel K, Hirt H (2004) REACTIVE OXYGEN SPECIES: Metabolism, Oxidative 
Stress, and Signal Transduction. Annu. Rev. Plant Biol. 55, 373–399. 
Asai T, Tena G, Plotnikova J, Willmann MR, Chiu WL, Gomez-Gomez L, Boller T, 
Ausubel FM, Sheen J (2002) MAP kinase signalling cascade in Arabidopsis 
innate immunity. Nature 415, 977–983. 
Baldrianová J, Černý M, Novák J, Jedelský PL, Divíšková E, Brzobohatý B (2015) 
Arabidopsis proteome responses to the smoke-derived growth regulator karrikin. 
J. Proteomics 120, 7–20. 
Baluška F, Jásik J, Edelmann HG, Salajová T, Volkmann D (2001) Latrunculin B-
induced plant dwarfism: Plant cell elongation is F-actin-dependent. Dev. Biol. 231, 
113–124. 
Baluška F, Salaj J, Mathur J, Braun M, Jasper F, Šamaj J, Chua NH, Barlow PW, 
Volkmann D (2000) Root hair formation: F-actin-dependent tip growth is initiated 
by local   assembly of profilin-supported F-actin meshworks accumulated within   
expansin-enriched bulges. Dev. Biol. 227, 618–632. 
Baxter A, Mittler R, Suzuki N (2014) ROS as key players in plant stress signalling. 
J. Exp. Bot. 65, 1229–1240. 
Beck M, Komis G, Muller J, Menzel D, Šamaj J (2010) Arabidopsis Homologs of 
Nucleus- and Phragmoplast-Localized Kinase 2 and 3 and Mitogen-activated 
protein kinase 4 are essential for microtubule organization. Plant Cell 22, 755–
771. 
Beck M, Komis G, Ziemann A, Menzel D, Šamaj J (2011) Mitogen-activated 
protein kinase 4 is involved in the regulation of mitotic and cytokinetic microtubule 
transitions in Arabidopsis thaliana. New Phytol. 189, 1069–1083. 
Beck M, Zhou J, Faulkner C, MacLean D, Robatzek S (2012) Spatio-temporal 
cellular dynamics of the Arabidopsis flagellin receptor reveal activation status-
dependent endosomal sorting. Plant Cell 24, 4205–4219. 
Bergmann DC, Lukowitz W Somerville CR (2004) Stomatal Development and 
Pattern Controlled by a MAPKK Kinase. Science 304, 1494–1497. 
Berson T, von Wangenheim D, Takáč T, Šamajová O, Rosero A, Ovečka M, et al. 
(2014) trans-Golgi network localized small GTPase RabA1d is involved in cell 
plate formation and oscillatory root hair growth. BMC Plant Biol. 14, 252. 
Bichet A, Desnos T, Turner S, Grandjean O, Höfte H (2001) BOTERO1 is 
required for normal orientation of cortical microtubules and anisotropic cell 
expansion in Arabidopsis. Plant J. 25, 137–148. 
Bindschedler LV, Dewdney J, Blee KA, Stone JM, Asai T, Plotnikov J, et al. 
(2006) Peroxidase-dependent apoplastic oxidative burst in Arabidopsis required 
for pathogen resistance. Plant J. 47, 851–863. 



52 
 

Blancaflor EB (2000) Cortical actin filaments potentially interact with cortical 
microtubules in regulating polarity of cell expansion in primary roots of maize (Zea 
mays L.) J. Plant Growth Regul. 19, 406–414. 
Blancaflor EB, Wang YS, Motes CM (2006) Organization and function of the actin 
cytoskeleton in developing root cells. Int. Rev. Cytol. 252, 219–264. 
Blanchoin L, Boujemaa-Paterski R, Henty JL, Khurana P, Staiger CJ (2010) Actin 
dynamics in plant cells: a team effort from multiple proteins orchestrates this very 
fast-paced game. Curr. Opin. Plant Biol. 13, 714–723. 
Bolte S, Schiene K, Dietz KJ (2000) Characterization of a small GTP-binding 
protein of the rab 5 family in Mesembryanthemum crystallinum with increased 
level of expression during early salt stress. Plant Mol. Biol. 42, 923–936. 
Bouquin T, Mattsson O, Naested H, Foster R, Mundy J (2003) The Arabidopsis 
lue1 mutant defines a katanin p60 ortholog involved in hormonal control of 
microtubule orientation during cell growth. J. Cell Sci. 116, 791–801. 
Brown SS (1981) Mechanism of action of cytochalasin: evidence that it binds to 
actin filament ends. J. Cell Biol. 88, 487–491. 
Burk DH, Liu B, Zhong R, Morrison WH, Ye ZH (2001) A katanin-like protein 
regulates normal cell wall biosynthesis and cell elongation. Plant Cell 13, 807–
827. 
Cao L, Henty-Ridilla JL, Blanchoin L, Staiger CJ (2016a) Profilin-dependent 
nucleation assembly of actin filaments controls cell elongation in Arabidopsis. 
Plant Physiol. 170, 220–233. 
Cao P, Renna L, Stefano G, Brandizzi F (2016b) SYP73 anchors the ER to the 
actin cytoskeleton for maintenance of er integrity and streaming in Arabidopsis. 
Curr. Biol. 26, 3245–3254. 
Cardinale F, Meskiene I, Ouaked F, Hirt H (2002) Convergence and divergence of 
stress-induced mitogen-activated protein kinase signaling pathways at the level of 
two distinct mitogen-activated protein kinase kinases. Plant Cell 14, 703–711. 
Černý M, Dycka F, Bobál’ová J, Brzobohatý B (2011) Early cytokinin response 
proteins and phosphoproteins of Arabidopsis thaliana identified by proteome and 
phosphoproteome profiling. J. Exp. Bot. 62, 921–937. 
Chen Y, Chen T, Shen S, Zheng M, Guo Y, Lin J, et al. (2006) Differential display 
proteomic analysis of Picea meyeri pollen germination and pollen-tube growth 
after inhibition of actin polymerization by latrunculin B. Plant J. 47, 174–195. 
Cheng Z, Li JF, Niu Y, Zhang XC, Woody OZ, Xiong Y, et al. (2015) Pathogen-
secreted proteases activate a novel plant immune pathway. Nature 521, 213–216. 
Chinchilla D, Boller T, Robatzek S (2007) Flagellin signalling in plant immunity. 
Adv. Exp. Med. Biol. 598, 358–371. 
Chow CM, Neto H, Foucart C, Moore I (2008) Rab-A2 and Rab-A3 GTPases 
define a trans-Golgi endosomal membrane domain in Arabidopsis that contributes 
substantially to the cell plate. Plant Cell 20, 101–123. 
Cipolla GA, Park JK, Lavker RM, Petzl-Erler ML (2017) Crosstalk between 
signaling pathways in pemphigus: a role for endoplasmic reticulum stress in p38 
mitogen-activated protein kinase activation? Front. Immunol. 8, 1022. 



53 
 

Clarke PR, Zhang C (2001) Ran GTPase: a master regulator of nuclear structure 
and function during the eukaryotic cell division cycle? Trends Cell Biol. 11, 366–
371. 
Colcombet J, Hirt H (2008) Arabidopsis MAPKs: a complex signalling network 
involved in multiple biological processes. Biochem. J. 413, 217–226. 
Collings DA (2008) Crossed-Wires: Interactions and Cross-Talk Between the 
Microtubule and Microfilament Networks in Plants. In: Nick P. (eds) Plant 
Microtubules. Plant Cell Monographs, vol 11. Springer, Berlin, Heidelberg. 
Dalle-Donne I, Rossi R, Giustarini D, Milzani A, Colombo R (2003) Protein 
carbonyl groups as biomarkers of oxidative stress. Clin. Chim. Acta Int. J. Clin. 
Chem. 329, 23–38. 
de Pinto MC, Locato V, Sgobba A, Romero-Puertas MDC, Gadaleta C, 
Delledonne M, et al. (2013) S-nitrosylation of ascorbate peroxidase is part of 
programmed cell death signaling in tobacco Bright Yellow-2 cells. Plant Physiol. 
163, 1766–1775. 
del Rio LA (2006) Reactive oxygen species and reactive nitrogen species in 
peroxisomes. Production, scavenging, and role in cell signaling. Plant Physiol. 
141, 330–335. 
del Río LA (2015) ROS and RNS in plant physiology: an overview. J. Exp. Bot. 
66, 2827–2837. 
Dettmer J, Hong-Hermesdorf A, Stierhof YD, Schumacher K (2006) Vacuolar H+-
ATPase activity is required for endocytic and secretory trafficking in Arabidopsis. 
Plant Cell 18, 715–730. 
Dhonukshe P, Baluška F, Schlicht M, Hlavačka A, Šamaj J, Friml J, et al. (2006) 
Endocytosis of cell surface material mediates cell plate formation during plant 
cytokinesis. Dev. Cell 10, 137–150.  
Diaz-Vivancos P, de Simone A, Kiddle G, Foyer CH (2015) Glutathione – linking 
cell proliferation to oxidative stress. Free Radic. Biol. Med. 89, 1154–1164.  
Doskočilová A, Kohoutová L, Volc J, Kourová H, Benada O, Chumová J, et al. 
(2013) NITRILASE1 regulates the exit from proliferation, genome stability and 
plant development. New Phytol. 198, 685–698. 
Drakakaki G, van de Ven W, Pan S, Miao Y, Wang J, Keinath NF, et al. (2012) 
Isolation and proteomic analysis of the SYP61 compartment reveal its   role in 
exocytic trafficking in Arabidopsis. Cell Res. 22, 413–424. 
Duckney P, Deeks MJ, Dixon MR, Kroon J, Hawkins, TJ, Hussey PJ (2017) Actin-
membrane interactions mediated by NETWORKED2 in Arabidopsis pollen tubes 
through associations with Pollen Receptor-Like Kinase 4 5. New Phytol. 216, 
1170–1180. 
Ebine K, Fujimoto M, Okatani Y, Nishiyama T, Goh T, Ito E, et al. (2011) A 
membrane trafficking pathway regulated by the plant-specific RAB GTPase 
ARA6. Nat. Cell Biol. 13, 853–859. 
Emans N, Zimmermann S, Fischer R (2002) Uptake of a fluorescent marker in 
plant cells is sensitive to brefeldin A and wortmannin. Plant Cell 14, 71–86. 



54 
 

Fan L, Li R, Pan J, Ding Z, Lin J (2015) Endocytosis and its regulation in plants. 
Trends Plant Sci. 20, 388-397. 
Fehér A, Otvös K, Pasternak TP, Szandtner AP (2008) The involvement of 
reactive oxygen species (ROS) in the cell cycle activation (G0-to-G1 transition) of 
plant cells. Plant Signal. Behav. 3, 823–826. 
Foreman J, Demidchik V, Bothwell JHF, Mylona P, Miedema H, Torres MA, et al. 
(2003) Reactive oxygen species produced by NADPH oxidase regulate plant cell 
growth. Nature 422, 442–446. 
Foyer CH, Noctor G (2005) Redox homeostasis and antioxidant signaling: a 
metabolic interface between stress perception and physiological responses. Plant 
Cell 17, 1866–1875. 
Fu Y, Xu T, Zhu L, Wen M, Yang Z (2009) A ROP GTPase signaling pathway 
controls cortical microtubule ordering and cell expansion in Arabidopsis. Curr. 
Biol. 19, 1827–1832. 
Gao M, Liu J, Bi D, Zhang Z, Cheng F, Chen S, et al. (2008) MEKK1, 
MKK1/MKK2 and MPK4 function together in a mitogen-activated protein kinase 
cascade to regulate innate immunity in plants. Cell Res. 18, 1190–1198. 
Gardiner J (2013) The evolution and diversification of plant microtubule-
associated proteins. Plant J. 75, 219–229. 
Geilfus CM, Niehaus K, Gödde V, Hasler M, Zörb C, Gorzolka K, et al. (2015) 
Fast responses of metabolites in Vicia faba L. to moderate NaCl stress. Plant 
Physiol. Biochem. 92, 19–29. 
Gilroy S, Białasek M, Suzuki N, Górecka M, Devireddy AR, Karpiński S, et al. 
(2016) ROS, Calcium, and Electric Signals: Key Mediators of Rapid Systemic 
Signaling in Plants. Plant Physiol. 171, 1606–1615. 
Gleason C, Huang S, Thatcher LF, Foley RC, Anderson CR, Carroll AJ, et al. 
(2011) Mitochondrial complex II has a key role in mitochondrial-derived reactive 
oxygen species influence on plant stress gene regulation and defense. Proc. Natl. 
Acad. Sci. USA 108, 10768–10773. 
Gross A, Kapp D, Nielsen T, Niehaus K (2005) Endocytosis of Xanthomonas 
campestris pathovar campestris lipopolysaccharides in non-host plant cells of 
Nicotiana tabacum. New Phytol. 165, 215–226. 
Gutierrez-Beltran E, Moschou PN, Smertenko AP, Bozhkov PV (2015) Tudor 
staphylococcal nuclease links formation of stress granules and processing bodies 
with mRNA catabolism in Arabidopsis. Plant Cell 27, 926–943.  
Hao H, Fan L, Chen T, Li R, Li X, He Q, et al. (2014) Clathrin and Membrane 
Microdomains Cooperatively Regulate RbohD Dynamics and Activity in 
Arabidopsis. Plant Cell 26, 1729–1745. 
Hartman JJ, Mahr J, McNally K, Okawa K, Iwamatsu A, Thomas S, et al. (1998) 
Katanin, a microtubule-severing protein, is a novel AAA ATPase that targets to 
the centrosome using a WD40-containing subunit. Cell 93, 277–287. 
Hoehenwarter W, Thomas M, Nukarinen E, Egelhofer V, Röhrig H, Weckwerth W, 
et al. (2013) Identification of novel in vivo MAP kinase substrates in Arabidopsis 



55 
 

thaliana through use of tandem metal oxide affinity chromatography. Mol. Cell. 
Proteomics 12, 369–380. 
Hurkman WJ, Tanaka CK (1986) Solubilization of plant membrane proteins for 
analysis by two-dimensional gel electrophoresis. Plant Physiol. 81, 802–806. 
Irani NG, Russinova E (2009) Receptor endocytosis and signaling in plants. Curr. 
Opin. Plant Biol. 12, 653–659.  
Ishihama N, Adachi H, Yoshioka M, Yoshioka H (2014) In vivo phosphorylation of 
WRKY transcription factor by MAPK. Methods Mol. Biol. 1171, 171–181. 
Islam SMS, Tuteja N (2012) Enhancement of androgenesis by abiotic stress and 
other pretreatments in major crop species. Plant Sci. 182, 134–144. 
Jaillais Y, Fobis-Loisy I, Miège C, Gaude T (2008) Evidence for a sorting 
endosome in Arabidopsis root cells. Plant J. 53, 237–247.  
Jarsch IK, Ott T (2010) Perspectives on Remorin Proteins, Membrane Rafts, and 
Their Role During Plant–Microbe Interactions. Mol. Plant. Microbe Interact. 24, 7–
12. 
Jensen LJ, Kuhn M, Stark M, Chaffron S, Creevey C, Muller J, et al. (2009) 
STRING 8: a global view on proteins and their functional interactions in 630 
organisms. Nucleic Acids Res. 37, D412-416. 
Joo JH, Bae YS, Lee JS (2001) Role of auxin-induced reactive oxygen species in 
root gravitropism. Plant Physiol. 126, 1055–1060. 
Kale R, Hebert AE, Frankel LK, Sallans L, Bricker TM, Pospíšil P (2017) Amino 
acid oxidation of the D1 and D2 proteins by oxygen radicals during photoinhibition 
of Photosystem II. Proc. Natl. Acad. Sci. USA 114, 2988–2993. 
Kim CY, Zhang S (2004) Activation of a mitogen-activated protein kinase cascade 
induces WRKY family of transcription factors and defense genes in tobacco. Plant 
J. 38, 142–151. 
Kliebenstein DJ, Monde RA, Last RL (1998) Superoxide dismutase in 
Arabidopsis: an eclectic enzyme family with disparate regulation and protein 
localization. Plant Physiol. 118, 637–650. 
Kohoutová L, Kourová H, Nagy SK, Volc J, Halada P, Mészáros T, et al. (2015) 
The Arabidopsis mitogen-activated protein kinase 6 is associated with γ-tubulin on 
microtubules, phosphorylates EB1c and maintains spindle orientation under 
nitrosative stress. New Phytol. 207, 1061–1074. 
Komis G, Luptovčiak I, Ovečka M, Samakovli D, Šamajová O, Šamaj J (2017) 
Katanin effects on dynamics of cortical microtubules and mitotic arrays in 
Arabidopsis thaliana revealed by advanced live-cell imaging. Front. Plant Sci. 8, 
866. 
Komis G, Takáč T, Bekešová S, Vadovič P, Šamaj J (2014) Affinity-based SDS 
PAGE identification of phosphorylated Arabidopsis MAPKs and substrates by 
acrylamide pendant Phos-TagTM. Methods Mol. Biol. 1171, 47–63. 
Kong Q, Qu N, Gao M, Zhang Z, Ding X, Yang F, et al. (2012) The MEKK1-
MKK1/MKK2-MPK4 kinase cascade negatively regulates immunity mediated by a 
mitogen-activated protein kinase kinase kinase in Arabidopsis. Plant Cell 24, 
2225–2236. 



56 
 

Kong Z, Ioki M, Braybrook S, Li S, Ye ZH, Julie Lee YR, et al. (2015) Kinesin-4 
functions in vesicular transport on cortical microtubules and regulates cell wall 
mechanics during cell elongation in plants. Mol. Plant 8, 1011–1023. 
Kovtun Y, Chiu WL, Tena G, Sheen J. (2000) Functional analysis of oxidative 
stress-activated mitogen-activated protein kinase cascade in plants. Proc. Natl. 
Acad. Sci. USA 97, 2940–2945. 
Krysan PJ, Jester PJ, Gottwald JR, Sussman MR (2002) An Arabidopsis mitogen-
activated protein kinase kinase kinase gene family encodes essential positive 
regulators of cytokinesis. Plant Cell 14, 1109–1120. 
Kurth EG, Peremyslov VV, Turner HL, Makarova KS, Iranzo J, Mekhedov SL, et 
al. (2017) Myosin-driven transport network in plants. Proc. Natl. Acad. Sci. USA 
114, E1385–E1394. 
Lakhan SE, Sabharanjak S, De A (2009) Endocytosis of glycosyl 
phosphatidylinositol-anchored proteins. J. Biomed. Sci. 16, 93. 
Lampard GR, MacAlister CA, Bergmann DC (2008) Arabidopsis stomatal initiation 
is controlled by MAPK-mediated regulation of the bHLH SPEECHLESS. Science 
322, 1113–1116. 
Lassowskat I, Böttcher C, Eschen-Lippold L, Scheel D, Lee J (2014) Sustained 
mitogen-activated protein kinase activation reprograms defense metabolism and 
phosphoprotein profile in Arabidopsis thaliana. Front. Plant Sci. 5, 554. 
Leshem Y, Seri L, Levine A (2007) Induction of phosphatidylinositol 3-kinase-
mediated endocytosis by salt stress leads to intracellular production of reactive 
oxygen species and salt tolerance. Plant J. 51, 185–197. 
Li J, Cao L, Staiger CJ (2017a) Capping protein modulates actin remodeling in 
response to reactive oxygen species during plant innate immunity. Plant Physiol. 
173, 1125–1136. 
Li J, Wang X, Qin T, Zhang Y, Liu X, Sun J, et al. (2011) MDP25, a novel calcium 
regulatory protein, mediates hypocotyl cell elongation by destabilizing cortical 
microtubules in Arabidopsis. Plant Cell 23, 4411–4427. 
Li S, Dong H, Pei W, Liu C, Zhang S, Sun T, et al. (2017b) LlFH1-mediated 
interaction between actin fringe and exocytic vesicles is involved in pollen tube tip 
growth. New Phytol. 214, 745–761. 
Libik M, Konieczny R, Pater B, Ślesak I, Miszalski Z (2004) Differences in the 
activities of some antioxidant enzymes and in H2O2 content during rhizogenesis 
and somatic embryogenesis in callus cultures of the ice plant. Plant Cell Rep. 23, 
834–841. 
Lin D, Cao L, Zhou Z, Zhu L, Ehrhardt D, Yang Z, et al. (2013) Rho GTPase 
signaling activates microtubule severing to promote microtubule ordering in 
Arabidopsis. Curr. Biol. 23, 290–297. 
Liszkay A, Kenk B, Schopfer P (2003) Evidence for the involvement of cell wall 
peroxidase in the generation of hydroxyl radicals mediating extension growth. 
Planta 217, 658–667. 
Liu, Y, He C (2017) A review of redox signaling and the control of MAP kinase 
pathway in plants. Redox Biol. 11, 192–204. 



57 
 

Liu Y, Zhang S (2004) Phosphorylation of 1-aminocyclopropane-1-carboxylic acid 
synthase by MPK6, a stress-responsive mitogen-activated protein kinase, induces 
ethylene biosynthesis in Arabidopsis. Plant Cell 16, 3386–3399. 
Livanos P, Galatis B, Apostolakos P (2014) The interplay between ROS and 
tubulin cytoskeleton in plants. Plant Signal. Behav. 9, e28069. 
Lochmanová G, Zdráhal Z, Konecná H, Koukalová S, Malbeck J, Soucek P, et al. 
(2008) Cytokinin-induced photomorphogenesis in dark-grown Arabidopsis: a 
proteomic analysis. J. Exp. Bot. 59, 3705–3719. 
Lukowitz W, Roeder A, Parmenter D, Somerville C (2004) A MAPKK kinase gene 
regulates extra-embryonic cell fate in Arabidopsis. Cell 116, 109–119. 
Luptovčiak I, Samakovli D, Komis G, Šamaj J (2017a) KATANIN 1 is essential for 
embryogenesis and seed formation in Arabidopsis. Front. Plant Sci. 8, 728 
Luptovčiak I, Komis G, Takáč T, Šamaj J (2017b) Katanin: a sword cutting 
microtubules for cellular, developmental and physiological purposes. Front. Plant 
Sci. in press, doi: 10.3389/fpls.2017.01982. 
MAPK Group (2002) Mitogen-activated protein kinase cascades in plants: a new 
nomenclature. Trends Plant Sci. 7, 301–308. 
Maraschin SF, de Priester W, Spaink HP, Wang M (2005) Androgenic switch: an 
example of plant embryogenesis from the male gametophyte perspective. J. Exp. 
Bot. 56, 1711–1726. 
Matsuoka K, Bassham DC, Raikhel NV, Nakamura K (1995) Different sensitivity 
to wortmannin of two vacuolar sorting signals indicates the presence of distinct 
sorting machineries in tobacco cells. J. Cell Biol 130 (6), 1307–1318. 
McFarlane HE, Döring A, Persson S (2014) The cell biology of cellulose 
synthesis. Annu. Rev. Plant Biol. 65, 69–94. 
Meier C, Bouquin T, Nielsen ME, Raventos D, Mattsson O, Rocher A, et al. 
(2001) Gibberellin response mutants identified by luciferase imaging. Plant J. 25, 
509–519. 
Meng LS, Yao SQ (2015) Transcription co-activator Arabidopsis 
ANGUSTIFOLIA3 (AN3) regulates water-use efficiency and drought tolerance by 
modulating stomatal density and improving root architecture by the 
transrepression of YODA (YDA) Plant Biotechnol. J. 13, 893–902. 
Meng X, Xu J, He Y, Yang KY, Mordorski B, Liu Y, et al. (2013) Phosphorylation 
of an ERF transcription factor by Arabidopsis MPK3/MPK6 regulates plant 
defense gene induction and fungal resistance. Plant Cell 25, 1126–1142. 
Meng X, Zhang S (2013) MAPK Cascades in Plant Disease Resistance Signaling. 
Annu. Rev. Phytopathol. 51, 245–266. 
Meyer Y, Buchanan BB, Vignols F, Reichheld JP (2009) Thioredoxins and 
Glutaredoxins: Unifying Elements in Redox Biology. Annu. Rev. Genet. 43, 335–
367. 
Mhamdi A, Queval G, Chaouch S, Vanderauwera S, Van Breusegem F, Noctor G 
(2010) Catalase function in plants: a focus on Arabidopsis mutants as stress-
mimic models. J. Exp. Bot. 61, 4197–4220. 



58 
 

Mignolet-Spruyt L, Xu E, Idänheimo N, Hoeberichts FA, Mühlenbock P, Brosché 
M, et al. (2016) Spreading the news: subcellular and organellar reactive oxygen 
species production and signalling. J. Exp. Bot. 67, 3831–3844. 
Millam S, Obert B, Pret’ová A (2005) Plant cell and biotechnology studies in 
Linum usitatissimum – a review. Plant Cell Tissue Organ Cult. 82, 93–103. 
Miller EW, Dickinson BC, Chang CJ (2010) Aquaporin-3 mediates hydrogen 
peroxide uptake to regulate downstream intracellular signaling. Proc. Natl. Acad. 
Sci. USA 107, 15681–15686. 
Miller G, Schlauch K, Tam R, Cortes D, Torres MA, Shulaev V, et al. (2009) The 
plant NADPH oxidase RBOHD mediates rapid systemic signaling in response to 
diverse stimuli. Sci. Signal. 2, ra45. 
Morgan MJ, Lehmann M, Schwarzländer M, Baxter CJ, Sienkiewicz-Porzucek A, 
Williams TCR, et al. (2008) Decrease in manganese superoxide dismutase leads 
to reduced root growth and affects tricarboxylic acid cycle flux and mitochondrial 
redox homeostasis. Plant Physiol. 147, 101–114. 
Morton WM, Ayscough KR, McLaughlin PJ (2000) Latrunculin alters the actin-
monomer subunit interface to prevent polymerization. Nat. Cell Biol. 2, 376–378. 
Müller J, Beck M, Mettbach U, Komis G, Hause G, Menzel D, et al. (2010) 
Arabidopsis MPK6 is involved in cell division plane control during early root 
development, and localizes to the pre-prophase band, phragmoplast, trans-Golgi 
network and plasma membrane. Plant J. 61, 234–248. 
Müller J, Mettbach U, Menzel D, Šamaj J (2007) Molecular dissection of 
endosomal compartments in plants. Plant Physiol. 145, 293–304. 
Müller S, Jürgens G (2016) Plant cytokinesis—No ring, no constriction but 
centrifugal construction of the partitioning membrane. Semin. Cell Dev. Biol. 53, 
10–18.  
Nakamura M (2015) Microtubule nucleating and severing enzymes for modifying 
microtubule array organization and cell morphogenesis in response to 
environmental cues. New Phytol. 205, 1022–1027. 
Niu L, Liao W (2016) Hydrogen peroxide signaling in plant development and 
abiotic responses: crosstalk with nitric oxide and calcium. Front. Plant Sci. 7, 230. 
Noack, LC, Jaillais, Y (2017) Precision targeting by phosphoinositides: how PIs 
direct endomembrane trafficking in plants. Curr. Opin. Plant Biol. 40, 22–33. 
Noctor G, Reichheld JP, Foyer CH (2017) ROS-related redox regulation and 
signaling in plants. Semin Cell Dev Biol. in press, 10.1016/j.semcdb.2017.07.013. 
Norambuena L, Tejos R (2017) Chemical Genetic Dissection of Membrane 
Trafficking. Annu. Rev. Plant Biol. 68, 197–224. 
Obert B, Szabó L, Mitykó J, Preťová A, Barnabás B (2005) Morphological events 
in cultures of mechanically isolated maize mcirospores. Vitro Cell. Dev. Biol. - 
Plant 41, 775–782. 
Olson EN, Nordheim A (2010) Linking actin dynamics and gene transcription to 
drive cellular motile functions. Nat. Rev. Mol. Cell Biol. 11, 353–365. 



59 
 

Orman-Ligeza B, Parizot B, de Rycke R, Fernandez A, Himschoot E, Van 
Breusegem F, et al. (2016) RBOH-mediated ROS production facilitates lateral 
root emergence in Arabidopsis. Development 143, 3328–3339. 
Ovečka M, Illés P, Lichtscheidl I, Derksen J, Šamaj J (2012) “Endocytosis and 
Vesicular Recycling in Root Hairs and Pollen Tubes,” in Endocytosis in Plants, ed. 
J. Šamaj (Springer Berlin Heidelberg), 81–106. 
Ovečka M, Takáč T, Komis G, Vadovič P, Bekešová S, Doskočilová A, et al. 
(2014) Salt-induced subcellular kinase relocation and seedling susceptibility 
caused by overexpression of Medicago SIMKK in Arabidopsis. J. Exp. Bot. 65, 
2335–2350. 
Panteris E, Adamakis IDS, Voulgari G, Papadopoulou G (2011) A role for katanin 
in plant cell division: microtubule organization in dividing root cells of fra2 and lue1 
Arabidopsis thaliana mutants. Cytoskelet. Hoboken 68, 401–413. 
Park HC, Song EH, Nguyen XC, Lee K, Kim KE, Kim HS, et al. (2011) 
Arabidopsis MAP kinase phosphatase 1 is phosphorylated and activated by its 
substrate AtMPK6. Plant Cell Rep. 30, 1523–1531. 
Parsons HT, Christiansen K, Knierim B, Carroll A, Ito J, Batth TS, et al. (2012) 
Isolation and proteomic characterization of the Arabidopsis Golgi defines 
functional and novel components involved in plant cell wall biosynthesis. Plant 
Physiol. 159, 12–26. 
Pasternak TP, Ötvös K, Domoki M, Fehér A (2007) Linked activation of cell 
division and oxidative stress defense in alfalfa leaf protoplast-derived cells is 
dependent on exogenous auxin. Plant Growth Regul. 51, 109–117. 
Pasternak T, Potters G, Caubergs R, Jansen MAK (2005) Complementary 
interactions between oxidative stress and auxins control plant growth responses 
at plant, organ, and cellular level. J. Exp. Bot. 56, 1991–2001. 
Persak H, Pitzschke A (2013) Tight interconnection and multi-level control of 
Arabidopsis MYB44 in MAPK cascade signalling. PloS One 8, e57547. 
Peterman TK, Ohol YM, McReynolds LJ, Luna EJ (2004) Patellin1, a novel 
Sec14-like protein, localizes to the cell plate and binds phosphoinositides. Plant 
Physiol. 136, 3080-3094. 
Peterson JR, Mitchison TJ (2002) Small Molecules, Big Impact. Chem. Biol. 9, 
1275–1285. 
Petrov V, Hille J, Mueller-Roeber B, Gechev TS (2015) ROS-mediated abiotic 
stress-induced programmed cell death in plants. Front. Plant Sci. 6, 69. 
Pimpl P, Hanton SL, Taylor JP, Pinto-daSilva LL, Denecke J (2003) The GTPase 
ARF1p controls the sequence-specific vacuolar sorting route to the lytic vacuole. 
Plant Cell 15, 1242–1256. 
Piterková J, Luhová L, Navrátilová B, Sedlářová M, Petřivalský M (2015) Early 
and long-term responses of cucumber cells to high cadmium concentration are 
modulated by nitric oxide and reactive oxygen species. Acta Physiol. Plant. 37, 
19. 
Pitzschke A (2015) Modes of MAPK substrate recognition and control. Trends 
Plant Sci. 20, 49–55. 



60 
 

Pitzschke A, Djamei A, Bitton F, Hirt H (2009) A major role of the MEKK1-
MKK1/2-MPK4 pathway in ROS signalling. Mol. Plant 2, 120–137. 
Pleskot R, Li J, Žárský V, Potocký M, Staiger CJ (2013) Regulation of cytoskeletal 
dynamics by phospholipase D and phosphatidic acid. Trends Plant Sci. 18, 496–
504. 
Robinson DG, Langhans M, Saint-Jore-Dupas C, Hawes C (2008) BFA effects 
are tissue and not just plant specific. Trends Plant Sci. 2008, 13, 405–408. 
Rodriguez MCS, Petersen M, Mundy J (2010) Mitogen-activated protein kinase 
signaling in plants. Annu. Rev. Plant Biol. 61, 621–649. 
Rodríguez-Serrano M, Bárány I, Prem D, Coronado M.-J, Risueño MC, Testillano 
PS (2012) NO, ROS, and cell death associated with caspase-like activity increase 
in stress-induced microspore embryogenesis of barley. J. Exp. Bot. 63, 2007–
2024. 
Rosero A, Žárský V, Cvrčková F (2013) AtFH1 formin mutation affects actin 
filament and microtubule dynamics in Arabidopsis thaliana. J. Exp. Bot. 64, 585–
597. 
Sagi M (2006) Production of Reactive Oxygen Species by Plant NADPH 
Oxidases. Plant Physiol. 141, 336–340. 
Salaj J, Petrovská B, Obert B, Pret’ová A (2005) Histological study of embryo-like 
structures initiated from hypocotyl segments of flax (Linum usitatissimum L.) Plant 
Cell Rep. 24, 590–595. 
Šamaj J, Baluška F, Voigt B, Schlicht M, Volkmann D, Menzel D (2004) 
Endocytosis, actin cytoskeleton, and signaling. Plant Physiol. 135, 1150–1161. 
Šamajová O, Plíhal O, Al-Yousif M, Hirt H, Šamaj J (2013a) Improvement of 
stress tolerance in plants by genetic manipulation of mitogen-activated protein 
kinases. Biotechnology Advances 31(1),118-128. 
Šamajová O, Komis G, Šamaj J (2013b) Emerging topics in the cell biology of 
mitogen-activated protein kinases. Trends in Plant Science 18(3), 140-148. 
Sampathkumar A, Lindeboom JJ, Debolt S, Gutierrez R, Ehrhardt DW, Ketelaar 
T, et al. (2011) Live cell imaging reveals structural associations between the actin 
and microtubule cytoskeleton in Arabidopsis. Plant Cell 23, 2302–2313. 
Savatin DV, Bisceglia NG, Marti L, Fabbri C, Cervone F, and Lorenzo GD (2014) 
The Arabidopsis NUCLEUS- AND PHRAGMOPLAST-LOCALIZED KINASE1-
related protein kinases are required for elicitor-induced oxidative burst and 
immunity. Plant Physiol. 165, 1188–1202. 
Sawitzky H, Liebe S, Willingale-Theune J, Menzel D (1999) The anti-proliferative 
agent jasplakinolide rearranges the actin cytoskeleton of plant cells. Eur J Cell 
Biol. 78, 424-33.  
Schopfer P, Liszkay A, Bechtold M, Frahry G, Wagner A (2002) Evidence that 
hydroxyl radicals mediate auxin-induced extension growth. Planta 214, 821–828. 
Schweighofer A, Kazanaviciute V, Scheikl E, Teige M, Doczi R, Hirt H, et al. 
(2007) The PP2C-type phosphatase AP2C1, which negatively regulates MPK4 
and MPK6, modulates innate immunity, jasmonic acid, and ethylene levels in 
Arabidopsis. Plant Cell 19, 2213–2224. 



61 
 

Schweighofer A, Shubchynskyy V, Kazanaviciute V, Djamei A, Meskiene I (2014) 
Bimolecular fluorescent complementation (BiFC) by MAP kinases and MAPK 
phosphatases. Methods Mol. Biol. 1171, 147–158. 
Seguí-Simarro JM, Nuez F (2008) How microspores transform into haploid 
embryos: changes associated with embryogenesis induction and microspore-
derived embryogenesis. Physiol. Plant. 134, 1–12.  
Seo S, Katou S, Seto H, Gomi K, Ohashi Y (2007) The mitogen-activated protein 
kinases WIPK and SIPK regulate the levels of jasmonic and salicylic acids in 
wounded tobacco plants. Plant J. Cell Mol. Biol. 49, 899–909. 
Shibaoka H (1994) plant hormone-induced changes in the orientation of cortical 
microtubules - alterations in the cross-linking between microtubules and the 
plasma-membrane. Annu. Rev. Plant Physiol. Plant Mol. Biol. 45, 527–544. 
Singh MK, Jürgens G (2017) Specificity of plant membrane trafficking - ARFs, 
regulators and coat proteins. Semin. Cell Dev. Biol. in press, doi: 
10.1016/j.semcdb.2017.10.005. 
Smékalová V, Doskočilová A, Komis G, Šamaj J (2014a) Crosstalk between 
secondary messengers, hormones and MAPK modules during abiotic stress 
signalling in plants. Biotechnol. Adv. 32, 2–11. 
Smékalová V, Luptovčiak I, Komis G, Šamajová O, Ovečka M, Doskočilová A, et 
al. (2014b) Involvement of YODA and mitogen activated protein kinase 6 in 
Arabidopsis post-embryogenic root development through auxin up-regulation and 
cell division plane orientation. New Phytol. 203, 1175–1193. 
Smertenko AP, Chang HY, Sonobe S, Fenyk SI, Weingartner M, Bögre L, et al. 
(2006) Control of the AtMAP65-1 interaction with microtubules through the cell 
cycle. J. Cell Sci. 119, 3227–3237. 
Speth EB, Imboden L, Hauck P, He SY (2009) Subcellular localization and 
functional analysis of the Arabidopsis GTPase RabE. Plant Physiol. 149, 1824–
1837. 
Staiger CJ, Blanchoin L (2006) Actin dynamics: old friends with new stories. Curr. 
Opin. Plant Biol. 9, 554–562. 
Suzuki T, Matsushima C, Nishimura S, Higashiyama T, Sasabe M, Machida Y 
(2016) Identification of phosphoinositide-binding protein PATELLIN2 as a 
substrate of arabidopsis MPK4 MAP kinase during septum formation in 
cytokinesis. Plant Cell Physiol. 57, 1744–1755. 
Takáč T (2004) The relationship of antioxidant enzymes and some physiological 
parameters in maize during chilling. Plant Soil Environ. 50, 27–32. 
Takáč T, Bekešová S, Šamaj J (2017c) Actin depolymerization-induced changes 
in proteome of Arabidopsis roots. J. Proteomics 153, 89–99. 
Takáč T, Luxová M, Gašparíková O (2003) Cold induced changes in antioxidant 
enzymes activity in roots and leaves of two maize cultivars. Biol. - Sect. Bot. 58, 
875–880. 
Takáč T, Obert B, Rolčík J, Šamaj J (2016a) Improvement of adventitious root 
formation in flax using hydrogen peroxide. New Biotechnol. 33(5), 728-734. 



62 
 

Takáč T, Pechan T, Richter H, Müller J, Eck C, Böhm N, et al. (2011) Proteomics 
on brefeldin A-treated Arabidopsis roots reveals profilin 2 as a new protein 
involved in the cross-talk between vesicular trafficking and the actin cytoskeleton. 
J. Proteome Res. 10, 488–501.  
Takáč T, Pechan T, Šamajová O, Ovečka M, Richter H, Eck C, et al. (2012) 
Wortmannin treatment induces changes in Arabidopsis root proteome and   post-
Golgi compartments. J. Proteome Res. 11, 3127–3142. 
Takáč T, Pechan T, Šamajová O, Šamaj J (2013) Vesicular trafficking and stress 
response coupled to PI3K inhibition by LY294002 as revealed by proteomic and 
cell biological analysis. J. Proteome Res. 12, 4435–4448. 
Takáč T, Šamaj J (2015) Advantages and limitations of shot-gun proteomic 
analyses on Arabidopsis plants with altered MAPK signaling. Front. Plant Sci. 6, 
107. 
Takáč T, Šamajová O, Pechan T, Luptovčiak I, Šamaj J (2017a) Feedback 
microtubule control and microtubule-actin cross-talk in Arabidopsis revealed by 
integrative proteomic and cell biology analysis of KATANIN 1 mutants. Mol. Cell. 
Proteomics 16, 1591-1609. 
Takáč T, Šamajová O, Šamaj J (2017b) Integrating cell biology and proteomic 
approaches in plants. J. Proteomics 169, 165-175. 
Takáč T, Šamajová O, Vadovič P, Pechan T, Košútová P, Ovečka M, et al. (2014) 
Proteomic and biochemical analyses show functional network of proteins involved 
in antioxidant defense of Arabidopsis anp2anp3 double mutant. J. Proteome Res. 
13, 5347–5361. 
Takáč T, Vadovič P, Pechan T, Luptovčiak I, Šamajová O, Šamaj J (2016b) 
Comparative proteomic study of Arabidopsis mutants mpk4 and mpk6. Sci. Rep. 
6, 28306. 
Takahashi F, Mizoguchi T, Yoshida R, Ichimura K, Shinozaki K (2011) 
Calmodulin-dependent activation of MAP kinase for ROS homeostasis in 
Arabidopsis. Mol. Cell 41, 649–660. 
Takahashi F, Yoshida R, Ichimura K, Mizoguchi T, Seo S, Yonezawa M, et al. 
(2007) The mitogen-activated protein kinase cascade MKK3–MPK6 is an 
important part of the jasmonate signal transduction pathway in Arabidopsis. Plant 
Cell 19, 805–818. 
Takahashi Y, Soyano T, Kosetsu K, Sasabe M, Machida Y (2010) HINKEL 
kinesin, ANP MAPKKKs and MKK6/ANQ MAPKK, which phosphorylates and 
activates MPK4 MAPK, constitute a pathway that is required for cytokinesis in 
Arabidopsis thaliana. Plant Cell Physiol. 51, 1766–1776. 
Teige M, Scheikl E, Eulgem T, Dóczi, R, Ichimura, K, Shinozaki, K, et al. (2004) 
The MKK2 pathway mediates cold and salt stress signaling in Arabidopsis. Mol. 
Cell 15, 141–152. 
ten Hove, CA, Lu KJ, Weijers D (2015) Building a plant: cell fate specification in 
the early Arabidopsis embryo. Development 142, 420–430. 
Thimm O, Bläsing O, Gibon Y, Nagel A, Meyer S, Krüger P, et al. (2004) 
MAPMAN: a user-driven tool to display genomics data sets onto diagrams of 
metabolic pathways and other biological processes. Plant J. 37, 914–939. 



63 
 

Tichá T, Lochman J, Činčalová L, Luhová L, Petřivalský M (2017) Redox 
regulation of plant S-nitrosoglutathione reductase activity through post-
translational modifications of cysteine residues. Biochem. Biophys. Res. 
Commun. 494, 27–33. 
Tognetti VB, Van Aken O, Morreel K, Vandenbroucke K, van de Cotte B, De 
Clercq I, et al. (2010) Perturbation of indole-3-butyric acid homeostasis by the 
UDP-glucosyltransferase UGT74E2 modulates Arabidopsis architecture and 
water stress tolerance. Plant Cell 22, 2660–2679. 
Tse YC, Mo B, Hillmer S, Zhao M, Lo SW, Robinson DG, et al. (2004) 
Identification of multivesicular bodies as prevacuolar compartments in Nicotiana 
tabacum BY-2 cells. Plant Cell 16, 672–693. 
Tsukagoshi H (2012) Defective root growth triggered by oxidative stress is 
controlled through the expression of cell cycle-related genes. Plant Sci. 197, 30–
39. 
Uváčková, L, Škultéty L, Bekešová S, McClain S, Hajduch M (2013) The MSE-
proteomic analysis of gliadins and glutenins in wheat grain identifies and 
quantifies proteins associated with celiac disease and baker’s asthma. J. 
Proteomics 93, 65–73. 
Uváčková Ľ, Takáč T, Boehm N, Obert B, Šamaj J (2012) Proteomic and 
biochemical analysis of maize anthers after cold pretreatment and induction of 
androgenesis reveals an important role of anti-oxidative enzymes. J. Proteomics 
75, 1886–1894. 
Vernoud V, Horton AC, Yang Z, Nielsen E (2003) Analysis of the small GTPase 
gene superfamily of Arabidopsis. Plant Physiol. 131, 1191–1208. 
Vlahos CJ, Matter WF, Hui KY, Brown RF (1994) A specific inhibitor of 
phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one 
(LY294002) J. Biol. Chem. 269, 5241–5248. 
Voigt B, Timmers ACJ, Šamaj J, Hlavačka A, Ueda T, Preuss M, et al. (2005) 
Actin-based motility of endosomes is linked to the polar tip growth of root hairs. 
Eur. J. Cell Biol. 84, 609–621. 
Voothuluru P, Sharp RE (2013) Apoplastic hydrogen peroxide in the growth zone 
of the maize primary root under water stress. I. Increased levels are specific to the 
apical region of growth maintenance. J. Exp. Bot. 64, 1223–1233. 
Walker EH, Pacold ME, Perisic O, Stephens L, Hawkins PT, Wymann MP, et al. 
(2000) Structural determinants of phosphoinositide 3-kinase inhibition by 
wortmannin, LY294002, quercetin, myricetin, and staurosporine. Mol. Cell 6, 909–
919. 
Wang C, He X, Wang X, Zhang S, Guo X, Denby K (2017) ghr-miR5272a-
mediated regulation of GhMKK6 gene transcription contributes to the immune 
response in cotton. J. Exp. Bot. in press, doi: 10.1093/jxb/erx373. 
Wang H, Ngwenyama N, Liu Y, Walker JC, Zhang S (2007) Stomatal 
development and patterning are regulated by environmentally responsive 
mitogen-activated protein kinases in Arabidopsis. Plant Cell 19, 63–73. 



64 
 

Wang H, Zhuang X, Cai Y, Cheung AY, Jiang L (2013a) Apical F-actin-regulated 
exocytic targeting of NtPPME1 is essential for construction and rigidity of the 
pollen tube cell wall. Plant J. 76, 367–379. 
Wang P, Du Y, Li Y, Ren D, Song CP (2010) Hydrogen Peroxide–Mediated 
Activation of MAP Kinase 6 Modulates Nitric Oxide Biosynthesis and Signal 
Transduction in Arabidopsis. Plant Cell 22, 2981–2998. 
Wang P, Du Y, Zhao X, Miao Y, Song CP (2013b) The MPK6-ERF6-ROS-
responsive cis-acting Element7/GCC box complex modulates oxidative gene 
transcription and the oxidative response in Arabidopsis. Plant Physiol. 161, 1392–
1408. 
Wasteneys GO, Ambrose JC (2009) Spatial organization of plant cortical 
microtubules: close encounters of the 2D kind. Trends Cell Biol. 19, 62–71. 
Waszczak C, Akter S, Jacques S, Huang J, Messens J, Van Breusegem F (2015) 
Oxidative post-translational modifications of cysteine residues in plant signal 
transduction. J. Exp. Bot. 66, 2923–2934. 
Wightman R, Chomicki G, Kumar M, Carr P, Turner SR (2013) SPIRAL2 
determines plant microtubule organization by modulating microtubule severing. 
Curr. Biol. 23, 1902–1907. 
Wilson C, González-Billault C (2015) Regulation of cytoskeletal dynamics by 
redox signaling and oxidative stress: implications for neuronal development and 
trafficking. Front. Cell. Neurosci. 9, 381. 
Winkelmann T, Ratjens S, Bartsch M, Rode C, Niehaus K, Bednarz H (2015) 
Metabolite profiling of somatic embryos of Cyclamen persicum in comparison to 
zygotic embryos, endosperm, and testa. Front. Plant Sci. 6, 597. 
Xia XJ, Zhou YH, Shi K, Zhou J, Foyer CH, Yu JQ (2015) Interplay between 
reactive oxygen species and hormones in the control of plant development and 
stress tolerance. J. Exp. Bot. 66, 2839–2856. 
Xing Y, Cao Q, Zhang Q, Qin L, Jia W, Zhang J (2013) MKK5 regulates high light-
induced gene expression of Cu/Zn superoxide dismutase 1 and 2 in Arabidopsis. 
Plant Cell Physiol. 54(7), 1217-27. 
Xing Y, Chen W, Jia W, Zhang J (2015) Mitogen-activated protein kinase kinase 5 
(MKK5)-mediated signalling cascade regulates expression of iron superoxide 
dismutase gene in Arabidopsis under salinity stress. J. Exp. Bot. 66, 5971–5981. 
Xing Y, Jia W, Zhang J (2007) AtMEK1 mediates stress-induced gene expression 
of CAT1 catalase by triggering H2O2 production in Arabidopsis. J. Exp. Bot. 58, 
2969–2981. 
Xing Y, Jia W, Zhang J (2008) AtMKK1 mediates ABA-induced CAT1 expression 
and H2O2 production via AtMPK6-coupled signaling in Arabidopsis. Plant J. 54, 
440–451. 
Xu XM, Møller SG (2010) ROS removal by DJ-1. Plant Signal. Behav. 5, 1034–
1036. 
Yalovsky S, Bloch D, Sorek N, Kost B (2008) Regulation of membrane trafficking, 
cytoskeleton dynamics, and cell polarity by ROP/RAC GTPases. Plant Physiol. 
147, 1527–1543. 



65 
 

Yamasaki H, Hayashi M, Fukazawa M, Kobayashi Y, Shikanai T (2009) 
SQUAMOSA Promoter binding protein-like7 is a central regulator for copper 
homeostasis in Arabidopsis. Plant Cell  21, 347–361.  
Yang T, Shad Ali G, Yang L, Du L, Reddy ASN, Poovaiah BW (2010) 
Calcium/calmodulin-regulated receptor-like kinase CRLK1 interacts with MEKK1 
in plants. Plant Signal. Behav. 5, 991–994.  
Zhang Q, Lin F, Mao T, Nie J, Yan M, Yuan M, et al. (2012) Phosphatidic acid 
regulates microtubule organization by interacting with MAP65-1 in response to 
salt stress in Arabidopsis. Plant Cell 24, 4555–4576.  
Zhu Y, Zuo M, Liang Y, Jiang M, Zhang J, Scheller HV, et al. (2013) MAP65-1a 
positively regulates H2O2 amplification and enhances brassinosteroid-induced 
antioxidant defence in maize. J. Exp. Bot. 64, 3787–3802.  
Żur I, Dubas E, Krzewska M, Janowiak F, Hura K, Pociecha E, et al. (2014) 
Antioxidant activity and ROS tolerance in triticale (×Triticosecale Wittm.) anthers 
affect the efficiency of microspore embryogenesis. Plant Cell Tissue Organ Cult. 
119, 79–94. 

  



66 
 

7. Abbreviations 

ABA - abscisic acid 

ABPs - actin-binding proteins 

ACN - acetonitrile 

ACS - aminocyclopropane-1-carboxylic acid synthase 

ANP - Arabidopsis thaliana homologues of nucleus- and phragmoplast- 

localized kinases 

APX - ascorbate peroxidase 

BFA - brefeldin A  

CAT - catalase 

DAPI - 4',6-Diamidine-2'-phenylindole dihydrochloride 

DHAR - dehydroascorbate reductase 

EM - electron microscopy 

ERF - ethylene-responsive element binding factor 

ESI - electrospray ionization 

GME - GDP-D-mannose 3′,5′-epimerase 

GRX - glutaredoxin 

GSNOR - S-nitrosoglutathione reductase 

GEF - guanine nucleotide exchange factor  

IAA - indole-3-acetic acid 

LC - liquid chromatography 

MALDI - matrix-assisted laser desorption/ionization 

MAPs - microtubule associated proteins 

MAPK - mitogen activated protein kinase 

MDAR - monodehydroascorbate reductase 

MDP25 - microtubule destabilizing protein 25 

MAPKK, MAP2K - mitogen activated protein kinase kinase 

MAPKKK, MAP3K - mitogen activated protein kinase kinase  kinase 

MVB - multivesicular body 

NAA - 1-naphthaleneacetic acid 

NBT - nitroblue tetrazolium chloride 
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NO - nitric oxide 

PA - phosphatidic acid 

PI3K - phosphatidylinositol 3 kinase 

PI4K - phosphatidylinositol 4 kinase 

PLDa1 - phospholipase D alpha 1 

PLGS - ProteinLynx Global Server 

PRX - peroxiredoxin  

PVC - pre-vacuolar compartment 

RbohD - respiratory burst oxidase homolog D 

ROP - Rho of plants 

ROS - reactive oxygen species 

SCX - strong cation exchange 

SIMK - stress induced MAPK 

SIPK - salicylic acid induced protein kinase 

SOD - superoxide dismutase 

SNARE - superfamily of N-ethylmaleimide-sensitive factor adaptor protein 

receptor  

TGN - trans-Golgi network 

TSN - TUDOR staphylococcal nuclease 

USRF - universal signal response factor 

UPLC - ultra performance liquid chromatography 

VCS - VARICOSE 

WIPK - wound-induced protein kinase 

WPP2 - tryptophan-proline-proline (WPP)-domain protein 2 
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