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Abstract

Plants are sensitive organisms that interact iigir environment. They are exposed to many
external stimuli (conditions) that affect theirelifSome stimuli are non-stressful for plants
(e.g. light of low intensity) whereas other (abtotir biotic stresses) can damage plants
organs. Since plants can not escape from the plaeg,should develop the way how to deal
with external stimuli. External stimuli can actigaspecific signaling pathways leading to
plant responses. The progress in discovering signgbathways of plants is very fast,
however, many questions are still unanswered. Thleuhderstanding of plant signaling
pathway could improve for example the yield of egiture production.

Presented work is divided into three parts thausoon the study of the signaling
pathway of plants related to different stimuli (lig abiotic stress and biotic stress). In first
part, the reaction of male steri#B-1 tomato mutant (reported to show specific behavior
under blue light) to light (chloroplasts and stoahanovements) has been explored and
related signaling pathways have been investigatbd. results showed that both avoidance
chloroplast movement and stomatal opening inducedblbe light were impaired i7B-1
mutant. The following investigation points out thée blue light signaling pathways are
affected (possibly in the blue light receptor pant)7B-1 mutant. Besides, both chloroplast
movement and stomatal opening are also most lieéfigcted by increased abscisic acid
(ABA) level in 7B-1 The obtained results contribute to the contemporstate of
understanding the properties#B-1 mutant.

The second part of this thesis focuses on investigaf the signaling pathways leading
to systemic response (in gas exchange) in reatdi@abiotic stress (local burning of the leaf)
for tomato plants. Surface electric potential (SBERJ endogenous phytohormones (ABA and
jasmonic acid (JA)) content has been measuredvialdéhe possibility that they can act as
physical or chemical signals participating on taggg the systemic response. Using ABA
deficient mutansitiensandsitienspre-treated by ABA, the role of endogenous ABAang-
distance signaling has been evaluated. The obtanesdlts indicate that the initial
endogenous ABA content defines the steady-stagm®fexchange parameters and affects the
shape of the gas exchange parameters and SEP shappearing after local burning.
Coordinated action of ABA, JA and SEP is neededriggering the systemic response in gas
exchange parameters to local burning. In respoodecal burning, the shortage of ABA
(which is a signaling molecule triggering the gashange reaction) in th&@tiensmutant is
partly compensated for by a pronounced accumulaifodA. The capability to compensate
for the ABA shortage by higher JA accumulationeagtion to local burning isitiensplants
is maintained even isitiens plants endogenously supplied with ABA. The resutso
suggest that the level of accumulated JA itsekaly affects neither SEP nor gas exchange
parameters.

The third part of presented thesis touches thelg@naditic of biotic stress signaling. One
of the particular problems solved herein is theestigation of the role of cytokinins in plant
response to pathogen infection. For this purpoke, transgenic tobacco plants with
dexametazone-induciblept gene (coding for the enzyme responsible for cytaky
biosynthesis and inserted to genome by certairogatis) were selected. Activation of ipe
gene leads to dramatic increase of endogenous ioitolevel. Increased cytokinin levels

Xiii



cause a hypersensitive-like response in tobacogeseaObtained results lead to suggestion
that increases in chloroplastic hydrogen peroxeels orchestrate the molecular processes
underpinning the hypersensitive-like response. Ahikition of photosynthesis, stomatal
closure as well as increases in stress hormonésland oxidative damage of membranes are
included in the hypersensitive—like response. Adtbgr, the data indicate that plant defense
against pathogen attack can be mediated by cytokini

Further, within the third part of the thesis, tloderof plant resistance/susceptibility and
effect of heat shock (HS) pre-treatment of plantaaction to pathogen infectio®i@dium
neolycopersigi has been investigated in tomato. Leaves of bofiteptible and moderately
resistant tomato genotypes infected®yneolycopersicshowed only negligible decrease in
the photosynthetic functions during 9 days aftexcuiation. This result indicates that the rate
and the extent of the photosynthetic response @g#thogen are not markedly changed by
different degree of resistance/susceptibility cirpé to pathogen. Exposing of moderately
resistant tomato genotype to HS pre-treatment didchange significantly its resistance and
photosynthetic response. However, increased subiigptto O. neolycopersicihas been
observed in HS pre-treated susceptible genotype RAypothesis that this increase of
susceptibility could be caused by the earlier atibn of the cell-wall invertase that results
from a higher demand for carbohydrates in HS-inducdefense reactions has been
pronounced. The consequent accumulation of hexasedd lead to the earlier feed-back
inhibition of photosynthesis. It has been specdlatihat HS-induced changes in
resistance/susceptibility to pathogen could be @stad with heat shock influence on host
photosynthesis.

Altogether, the results presented in this work gbate to contemporary understanding
of the signaling pathways related to three kindstohuli (light, abiotic and biotic stress) in
different levels of plant body (cell, leaf, wholéapt). They show the complexity of plant
signaling in reaction to external stimuli.
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Souhrn

Rostliny jsou citlivé organismy interagujici s okivh prostedim. Jsou vystavovany mnoha
externim stimulm (podminkam), jez ovliwiji jejich Zivot. Nekteré stimuly jsou pro rostliny
nestresujici (napswtlo nizké intenzity), zatimco jiné (abiotické neotické stresy) mohou
posSkodit rostlinné organy. JelikozZ rostliny nemohouknout ze svého stanowsimusely si
vyvinout zpisob, jak se vyp@dat s vijSimi stimuly. VrgjSi stimuly mohou aktivovat
specifické signalni cesty vedouci k reakcim rogtlirokrok ve vyzkumu signélnich cest u
rostlin je velice rychly, avSakehteré otazky staletstavaji nezodpazené. PIné pochopeni
signalnich cest u rostlin by mohlo rtégiad vylepSit vygzek zengdélské produkce.

Predkladana prace je roddna do i ¢asti, jeZz jsou zagiieny na studium signalnich
cest rostlin souvisejici siznymi stimuly (s¥tlo, abioticky stres a bioticky stres). V prvni
casti prace byla studovana reakce mutanBxl (se sterilnimi samfimi ¢astmi Kkw&ta,
vykazujiciho specifické chovani na modréniti) na s¥tlo (pohyb chloroplasta piiduchi)
spolu se souvisejicimi signalnimi cestami. Vysledkgzuji, Ze thybny pohyb chloroplast
otevirdni piduchi zpisobené modrym stlem jsou u7B-1 ovlivnény mutaci. Nasledné
experimenty ukazaly, Ze signélni cesty modréhé&lavjsou u mutanta/B-1 poSkozeny
(nejspiSe asti obsahujici receptory modréh@tss). Krone toho jsou pohyby chloroplast
a piiduchi u mutanta7B-1 také pravépodobr ovlivnény zvySenym obsahem kyseliny
abscisové (ABA). Ziskané vysledkyigpivaji k sodasnému stavu porozwmi vlastnosti
mutanta/B-1

Druhacast této prace se zataje na studium signalnich cest u rostlirces¢ vedoucich
k systémoveé odpadi (v gazometrickych parametrech) v reakci na athkgt stres (lokalni
popéleni listu). Povrchové elektrické signaly (SBR)bsah endogennich fytohornioBA
a jasmonova kyselina (JA)) bylydieny, aby bylo otestovano, zdali nemohaisgbit jako
fyzikélni a chemické signalycastnici se spudti systémoveé odpedi. Role endogenni ABA
pii pienosu signalu na dlouhou vzdalenost byla studosgauzitim mutanta s nedostatkem
ABA (sitieng asitienss endogenhdodanou ABA. Ziskané vysledky nazng, ze p&ateni
endogenni obsah ABA definuje hodnoty ustalenéheustgazometrickych paramétmpied
popalenim a ovlituji podobu zmin v gazometrickych parametrech a v SEP, které mojb
po lokalnim popaleni. Pro spast systémové reakce v gazometrickych parametrech
(odpowdi na lokalni popaleni) je zagebi koordinovana akce ABA, JA a SERL &dpowdi
na lokélni popaleni je nedostatek ABA (kter4 jendigi molekulou spougici reakci
v gazometrickych parametrech) v mutantesitiens c¢ast&né kompenzovan vyraznou
akumulaci JA. Schopnost kompenzovat nedostatek A#Si akumulaci JAip reakci na
lok&lni popaleni v rostlinackitiens je zachovana i vsitiens s endogenh dodanou ABA.
Vysledky také ukazuji, Zze samotna hladina akumuiévdA neovliviuje ani SEP ani
gazometrické parametry.

Treti ¢ast edkladané prace se dotyka problematiky signalizsaceisejici s biotickym
stresem. Jednim z problénteSenych v tétaiasti je zjiSéni role cytokiniri pii reakcich
rostlin na patogenni infekci. Pro tenteelibyly vybrany transgenni rostliny tabaku obsatiuji
genipt (kédujici enzym odpasdny za biosyntézu cytokininu a vloZzeny do genonstliroy
urgitym druhem patogena), jehoz expresi je mozno \gtvpbmoci dexametazonu (aktivace
genu). Aktivace genupt vede k dramatickému ngtu endogenniho obsahu cytokiinin
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ZvySena hladina cytokinin zpisobuje v rostlinach tabdku reakci, ktera je podobna
hypersensitivni reakci. Obdrzené vysledky vedowikEnce, Ze zvySeni hladiny peroxidu
vodiku v chloroplasteckidi molekularni procesy, které jsou podstatou regladobné reakci
hypersenzitivni. Reakce podobna reakci hypersentitiahrnuje inhibici fotosyntézy, zani
praduchi a dale zvySeni obsahu stresovych honiman oxidativni poSkozeni membran.
Ziskané vysledky ukazuji, Ze obrana rostliny prgéatogennimu Otoku @ie byt
zprostedkovana cytokininy.

Ve tieti ¢asti této prace je dale popsana studie role resisteachylnosti rostlin a vliv
tepelného oS&eni rostlin na reakci vyvolanou patogen@idium neolycopersigiinfekci
v rostlinach rajete. Listy nachylného aftstire rezistentniho genotypu tate infikované
patogenemO. neolycopersicivykazovaly pouze zanedbatelné omezeni fotosyntetick
funkci bihem deviti dni po inokulaci patogenem. Vysledkynaaaji, Ze rychlost a rozsah
odpowdi fotosyntézy na potogenni infekci nejsou vyzn&ovlivnény riznym stupgm
rezistence/nachylnosti rostlin k patogenu. Vystavaiedre rezistentniho genotypu tajte
tepelnému os&tni nezminilo vyznammr jeho resistenci ani odpédi fotosyntézy. AvSak u
tepelrt oSetenych nachylnych genotyp byla pozorovana zvySena nachylnost (k
neolycopersici Predpokladdame, Ze tento &t nachylnosti by mohl byt #goben divejsi
aktivaci invertazy bustné sény, ktera je dana vyssi gebou uhlovodik béhem obrannych
reakci zfisobenych tepelnym o$enim. Nasledné hromé&ai hex6z by vedlo kidvejSi
zpétné inhibici fotosyntézy. Domnivame se, Zeémy v rezistenci/nachylnosti k patogenu
vyvolané tepelnym oSignim by mohly souviset s vlivem tepelného t&@t na fotosyntézu
hostitele.

Vysledky prezentované v této pradigpivaji k sodasnému pochopeni signalnich cest
souvisejicich sitemi druhy pod#tia (swtlo, abioticky a bioticky stres) na@iznych Urovnich
rostliny (buika, list, cela rostlina). Tyto vysledky ukazuji Blost signalizace u rostlin v
reakci na viyjSi podrety.
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1. Introduction

Higher plants occur in the most places of the EaBthme of them can survive even in
extreme conditions prevailing in deserts or tundrheir spreading is one of the factors
contributing to expansion and development of hueiaitization. Many of plant species have
been cultivated from everlasting for their impottamtrition value, some of them have got
interesting medicinal use, some have been useddistructions, etc. Although the plants
were exploited by humans for all known history,ytheve been considered not to actively
react to external conditions changes. However,ewveral last decades, the attitude to the
plants has remarkably changed and the reactiotigeqgflants to various conditions have been
broadly investigated.

During their lifetime, the plants are exposed te tommon (non stressful) changes of
environmental condition, mainly light (e.g. diurrddanges of light intensity and direction). In
this case, the light is not only a source of endogyphotosynthesis, but it is, as well, one of
the factors (signal) most important for the plaavelopment and life. The light serves as a
signal that regulates photomorphogenesis, photstrgp photoperiodism and stomatal
aperture.

However, plants are as well exposed to many stressinditions. The stressful
conditions are often divided according to the arigf the stress to biotic (caused by another
living organism or biological structure, e.g. hexe, fungal pathogen or viral infection) and
abiotic (the stress is of physical or chemical iori@.g. changing of seasons, wind, excessive
or low irradiation of plant organs, excessive ow lautrient or water content of soil, air
pollution etc.).

Since the plants can not escape from the placg,stheuld develop a way how to deal
with external stimuli. Both non stressful and sifak conditions can activate specific
signaling pathways leading to responses by whientplcan optimize e.g. the utilization of
light radiation, water or nutrition resources angiach minimize the detrimental consequences
of the stressing conditions for their survival, depment and growth.

In the following, the term “signal” is understoos @very process between the stimulus
(change of conditions) and the reaction of a psantcture (level higher than a molecule, i.e.:
an organelle, cell, tissue, organ, whole plantjsThesis consist of three parts which aims to
cover three important cases of plant signaling:fitst one is focused to the light signaling
within plant cells, the second one to the longatist signaling in reaction to abiotic stress
and third one to the signaling in reaction to lustiress.



2. Present state of knowledge

2.1 Light signaling

Light (especially of lower intensities that do mmuse photosynthesis photoinhibition) is
widely utilized by plants among other as a sigrgafactor which can regulate developmental
processes (e.g. germination, de-etiolation, tramwsito flowering) and function of plant
organs, cells and organelles (e.g. leaf moveménmpata and chloroplasts movement). The
primary step in plant light signaling is an intdrag of photons of incoming light with
specific chromoproteins — photoreceptors. The pladeveloped several groups of
photoreceptors sensitive to different qualitiesigtit such as color, intensity or direction.

2.1.1 Photoreceptors of bluelight

Up to now, several groups of blue-light photoreoegtave been identified in higher plants,
primarily, cryptochromes, phototropins, and thetldpe family (ZTL/FKF1/LKP2). All of
them contain flavins as the chromophore (BaneneeBatschauer 2005).

2.1.1.1 Cryptochromes

Cryptochromes are photoreceptors of blue light (Biat regulate growth, development (e.g.
de-etiolation, phototropism and flowering time) aih@ circadian clock in plants (Banerjee
and Batschauer 2005; Lat al.2011). Three cryptochromes (cryl, cry2, cry3) wdentified

in Arabidopsis thaliand.. (A. thaliang. cryl and cry2 are primarily presented in theleus,
however, cry 3 probably functions in the chloropdasnd mitochondria (Liscumt al. 2003;

Liu et al. 2011). Major part of the cryptochromes is formgdtbe 500 amino acids long
sequence, which is similar to the DNA-photolyaséisTphotolyase-homologous region
(PHR) part binds non-covalently the chromophorevifladeninedinucleotide (FAD)
(Banerjee and Betschauer 2005; Liscetral. 2003). cryl and cry2 possibly bound also the
second chromophore MTHF (methenyltetrahydrofolatePHR, whereas no chromophore
other than FAD has been identified in cry3. Addiabdomain (containing DAS - i.e. three
motifs: DQXVP, acidic, STAES; Lin and Shalitin 2Q0&ith different length and sequence
within cryl and cry2 is presented at the C-termioihe proteins. The C-terminal domain of
cry2 containing a signal for nuclear localizatisrrequired for a nuclear import. cry3 lacks a
C-terminal extension, however, it carries the esitem at the N-terminal end (amino acids 1 —
40) which is required for the import of cry3 inteetchloroplasts and mitochondria (Banerjee
and Betschauer 2005; Liet al. 2011). The scheme of cryl, cry2 and cry3 strustuse
depicted in Fig. 1.

Absorption of BL probably induces photoreduction&D and causes a cyclic electron
transfer through a redox form of flavin. Probaldyy is also autophosphorylated in reaction
to BL absorption. These changes lead to conformatimanges of cry (Liet al. 2011). The
C-terminus of cryl and cry2 than physically intésawith several proteins including COP1
(constitutive photomorphogenic 1), a repressorhaftpmorphogenesis in darkness (Banerjee
and Batschauer 2005; Lin and Shalitin 2003; Lisatral. 2003; Liuet al.2011).
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Fig. 1. The scheme of cryl, cry2 and cry3 structures. Chpdrares are marked by an elliptic shape
(MTFH — methenyltetrahydrofolate, FAD — flavin aden dinucleotide, ? — possible, yet non-

identified chromophore). Proteins are marked byrdaangular shapes of different color connected
together (one color represents one function pangprofein, PHR — photolyase-homologous region,
DAS - three motifs: DQXVP, acidic, STAES). For atlwhal information see text. Aminoacids are

numbered above the protein from N-terminus to Giteus. Adopted from Banerjee and Batschauer
(2005).

2.1.1.2 Phototropins

Phototropins photl and phot2 (Briggt al. 2001) are BL and UV-A (320-500 nm)
photoreceptors, that mediate or regulate photampichloroplast movement and stomatal
opening (Brigs and Christie 2002; Kagawa 2003; Khitaet al. 2001; Sakaet al. 2001). In
addition, the rapid inhibition of dark-grown sternogth by BL (de-etiolation) is probably
mediated by photl (Brigs and Christie 2002; Fottd &palding 2001). Receptor photl also
plays a role in BL-mediated calcium uptake (Baeinal. 1999) and might play a role in BL-
induced membrane depolarization (Folta and Spal@@tii). Phototropins are located mainly
in the cell membranes (Korgg al. 2013; Sakamoto and Briggs 2002). Both photl araiZph
contain more than 900 amino acids and have the slam@in structure with LOV1 (Light-
Oxygen-Voltage 1) and LOV2 domains of about 100remacids long and the Ser/Thr kinase
domain in the C-terminal half (Banerjee and Batseh@005; Briggs and Christie 2002) The
LOV domains bind the FMN (flavinmononucleotide) ahmophore (Briggs and Christie
2002). The scheme of photl and phot2 structurdspgcted in Fig. 2.

In the dark or ground state, the phototropin ishagphorylated and inactive (FMN is in
the ground state) (Christie 2007). It is believdtht an exposition of phototropin FMN
chromophore to BL results in a formation of an &disinglet state, which subsequently
decays into a flavin triplet state. The triplettstan turn decays to form of a covalent bond
between the C(4a) of FMN and a cysteine residukinvihe conserved NCRFL motif of the
LOV2 domain what leads to an activation of the kmalomain (reviewed in: Briggs and
Christie 2002; Celaya and Liscum 2005; Christie 7J00Consequently, it leads to the
autophosphorylation of the photoreceptor and pbsgbosphorylation of a yet-unidentified
protein substrate. In darkness, this process ersed and forms a photocycle (Christie 2007).
Some proteins (e.g. 14-3-3 protein) are associatéle phototropins and are involved in the
phototropin signaling (e.g. Banerjee and Batscha066; Kinoshitaet al. 2003).

3



N-Terminus C-Terminus

Fig. 2. The scheme of photl and phot2 structures. Chromephare marked by an elliptic shape
(FMN - flavinmononucleotide). Proteins are markedtbhe rectangular shapes of different color
connected together (one color represents one amptrt of protein, LOV1 — Light-Oxygen-Voltage
1, LOV2 — Light-Oxygen-Voltage 2). For additionaférmation see text. Aminoacids are numbered
above the protein from N-terminus to C-terminusopid from Banerjee and Batschauer (2005).

2.1.1.3 The Z&itlupe family (ZTL/FK FLULK P2)

Three flavoproteins Zeitlupe (ZTL), flavin-bindingelch repeat F-box protein (FKF1) and
LOV Kelch protein (LKP2) are members of the Zeiguphotoreceptor family iA. thaliana
These photoreceptors take part in controlling iiticib of hypocotyl growth and other de-
etiolation responses, clock function and floweritnge (Banarjee and Batschauer 2005;
Fankhauser and Staiger 2002; Takgisal. 2011). These three proteins structure considtef t
N-terminal LOV domain followed by the F-box pamdathe C-terminal six Kelch repeats. As
in phototropins, the chromophore FMN is bind to @V domain and goes through a
photocycle very similar to that of the LOV domaihtbe phototropins but without the dark
recovery (Banerjee and Batschauer 2005). The sclé@€L, FKF1 and LKP2 structures is
depicted in Fig. 3.

1 _ 609
ZTL [ oV | [Fbox]] Kelch |
1 FMN 619
FKF1 [T LoV | [Fbox]] Kelch |
1 FMN 612
LKP2 | OV | Ebox] | Kelch |
N-Terminus C-Terminus

Fig. 3. The scheme of ZTL, FKF1 and LKP2 structures. Chnoimeoes are marked by an elliptic
shape (FMN — flavinmononucleotide). Proteins areke@ by the rectangular shapes of different color
connected together (one color represents one mptrt of protein, LOV — Light-Oxygen-Voltage,
F-box — F-box part, Kelch — six Kelch repeats). kdditional information see text. Aminoacids are
numbered above the protein from N-terminus to Gieus. Adopted from Banerjee and Batschauer
(2005).



2.1.2 Photoreceptorsof red light

The photoreceptors of Red/Far Red Light (RL/FRILE phytochromes. IA. thaliang there
were find five types of phytochromes (phyA to phyE) et al. 2011). phyA is the primary
photoreceptor responsible for mediating photomogenic responses in FRL, phyB
predominantly regulates de-etiolation response®lin Phytochomes regulate or mediate
mainly seed germination, seedling de-etiolation ahdde avoidance (lat al. 2011). All
phytochromes exist as dimmers that are composetivof 125 kDa polypeptides, each
carrying a covalently linked open-chain tetrapyriciromophore (Gyulaet al. 2003).
Phytochromes are synthesized in the cytosol irdtdr& in their physiologically inactive RL-
absorbing Pr form (Gyulat al. 2003; Liet al. 2011). Absorption of RL photoconvert (lead to
the conformation changes) the Pr form to the phggioally active Pfr form, which absorbs
FRL. The Pfr form can be transformed back into Rindorm by absorption of FRL. The Pfr
form of phyA is light labile, whereas phyB-phyE alight stable (Gyulaet al. 2003;
Fankhauser and Staiger 2002; &fi al. 2011). Beside the conformational change of the
phytochrome molecule, light causes the autophostdimn of phyA and the
phosphorylation of other proteins (Fankhauser 2@®jla et al. 2003). Light also induces
phyA — phyE translocation into the nucleus of tked which modulates their distribution in
the nucleus and cytoplasm (Gywaliaal. 2003).

2.1.3 Signaling pathways of light

There exist several reactions of plant cells oraorgp light. However, complete signaling
pathways for many of them are quite obscure. Thieviing parts describe two signaling
pathways of light: the chloroplast movements andhsittal opening.

2.1.3.1 Chloroplast movement

The chloroplast movement is induced by BL in mdanpspecies (e.g. Wada al. 2003).
The RL-induced chloroplast movement has not bednctid for the majority of higher
plants, although, it has been observed for somesfand lower plants (Augustynowicz and
Gabry 1999; Kadota and Wada 1999; Wada 2005). An acaiionlresponse of chloroplasts
under illumination of low intensity and an avoidanesponse under illumination of high
intensity were observed. The chloroplast accumatiesponse is believed to maximize
photosynthetic efficiency within the cell, wheretige chloroplast avoidance response to
minimize its photodamage (Wada 2005).

Detailed investigation of the phenomenon has bemfopned by Kagawa and Wada
(1999) who irradiated the ferxdiantum capillus-venerik. by the micro beams. They found
that both weak and strong illumination lead to ttldoroplast movement toward the
illumination, however, the movement caused by tleng light is stopped in front of the
illuminated area. When the strong light is switclugfj chloroplasts move into the area that
was formerly irradiated. These results indicaté tha signal for the accumulation movement
can traverse the distance of the cell, but theasifpr the avoidance movement stays inside
the irradiated area. Moreover, the results inditiad the signal for the avoidance movement
is dominant to that one for the accumulation mova@nakeiring the irradiation and the signal



for the accumulation response remains long aftadiation, but that one for the avoidance
response diminishes immediately. It suggests tlesignals for both responses are different,
however, the mechanism of the chloroplast moverseetns to be the same for both the
accumulation and the avoidance responses (Wadg.2005

By the examination of\. thalianalL. mutantnphldeficient in the chloroplast avoidance
movement it was found that BL photoreceptor phet2elated to the chloroplast avoidance
movement (Kagawat al. 2001). However, the chloroplast accumulation mosetmwas
normal in these mutants. The accumulation respanseissing in the mutarphotlphot2
This reveals that both photl and phot2 are involnetthe chloroplast accumulation response
in A. thaliana(Sakaiet al. 2001). Even RL is usually ineffective in triggegithe chloroplast
movement, RL photoreceptors phytochromes are imeblvm the modulation of the light-
induced chloroplast movementAn thaliana(DeBlasioet al. 2003; Luesset al. 2010).

Even though the light receptors for the chloroplastvement have been found, the
guestion how the signal is transmitted to the adptasts is not well known (e.g. Kong and
Wada 2011). A candidate for the signal intermedigytosolic C&" (Harada and Shimazaki
2007; Stoelzleet al. 2003; Tlatka and Fricker 1999). Phototropin adtdaby BL absorption
induces an income of €afrom the extracellular space @ndfrom the inner Ca** stores such
as the endoplasmic reticulum and vacuoles (forese\eee Harada and Shimazaki 2007). It is,
however, still uncertain how the direction of thdazoplast movement is regulated.

The chloroplast movement seems to be mediatedebgeh cytoskeleton (composed of
actin filament and microtubules). Both actin filam (for review see Takagi 2003) as well as
microtubules (Satet al. 2001) can be involved in the light-induced chldasp translocation.
However, most land plant species use the actimélas exclusively (rather than the
microtubules) for the chloroplast movement. Thiswapported by application of anti-actin
drugs which inhibited chloroplast movement in vag@reen plant species, whilst application
of anti-microtubule drugs did not show these adifuetsugu and Wada 2007). Kadettal.
(2009) have identified short actin filaments calleg-actin filaments (chloroplast-actin
filaments) on the chloroplast envelopeAdfthaliana Cp-actin filaments are associated with
the chloroplast photorelocation and anchoring ® glasma membrane. The presence of cp-
actin filaments depends on the actin-binding prote€€HUP1 (chloroplast unusual
positioningl) localized on the chloroplast envelogeitantchupllacked cp-actin filaments
but showed normal cytoplasmic actin filaments. Til@nents of cp-actin showed rapid BL-
induced relocalization to the leading edge of atyasts before and during photorelocation
and are regulated by photl and phot2 (Kaebt. 2009).

2.1.3.2 Stomatal opening

It is well known fact that stomata open under lightl close in darkness. Even both RL and
BL can take part in the stomatal opening, the Bimre effective in the stomatal opening
compared to RL (Sharkey and Raschke 1981). Blud hgts as a signal and RL as both a
signal and an energy source (Shimaztkil. 2007) for the stomatal opening.



Blue-light-induced stomatal opening

Several BL-absorbing pigments have been proposedetd®L receptors in the stomatal
opening. According to Zeiger and Zhu (1998), treeptor of BL is zeaxanthin. Together with
cryptochromes (Li and Yang 2007; Mad al. 2005), zeaxanthin is involved in the BL-
induced stomatal opening. However, phototropingphad phot2 (Briggs and Christie 2002;
Kinoshita et al. 2001) are nowadays considered as BL photorecepssciated with the

plasma membranes of the guard cells (e.g. Sakaamot@riggs 2002) triggering the stomatal
opening.

Following description of stomatal opening is maiblysed on studies with. thaliana
model plants. Absorption of BL activates (autopboghtes) phototropins (photl and phot2)
(Celaya and Liscum 2005). Reverse procesephosphorylation of phot2is catalyzed by
PP2A (protein phosphatase 2) (Inateal. 2010). This fact was confirmed by tAe thaliana
mutantrcnl impaired in dephosphorylation of phot2 which erdeenthe stomatal opening
(Tseng and Briggs 2010). In contrary, the phosgeatahat catalyzes the photl
dephosphorylation is unknown. In guard cells, tinenediate downstream component or the
substrate for the phototropin kinase has not béentified yet (Inouet al. 2010). The signal
might be transmitted to the regulatory subunit BfLRprotein phosphatase 1) and modulates
the catalytic subunit of PP1. The catalytic subwiitPP1 acts as a positive regulator for
stomatal opening on BL iNicia fabalL. (Takemiyaet al. 2006). However, the regulatory
subunit and substrate of PP1 have not been detednjinoueet al. 2010).

Subsequently, the signal activates the plasma nmamebP-type HATPase (Assmann
et al. 1985; Kinoshita and Shimazaki 1999) that transpéft outwards across the plasma
membrane and increases the negative electricalnfmateinside the cell (leading to
hyperpolarization of the plasmatic membrane of duzell) (Schroedeet al. 2001a). The
threonin residue in the C-terminus of th&-AlTPase is fosforylated and subsequently 14-3-3
protein is bound to the MATPase (Shimazakit al. 2007). The guard cell plasma membrane
H*-ATPase can be as well activated by some fungahsoa.g. fusicoccin (FC; Johanssen
al. 1993). In contrary, the function of the"#ATPase activated by BL may be reversibly
blocked by an increase of NO (nitric oxide) ofQd concentration (e.g. caused by elevated
level of abscisic acid (ABA) during water stresBh@nget al. 2007; Zhanget al. 2004). It has
been proposed that the activity of PP1 is inhibited phosphatidic acid (PA, second
messenger of ABA signaling) (Inoe¢ al. 2010).

The hyperpolarization of membrane drivesuptake through the voltage-gated inward-
rectifying K, channels in the guard cell membrane (Assmann aimda&aki 1999; Inouet
al. 2010; Schroedeet al. 2001a). Possibly, there is also an interactionveen actin
cytoskeleton and the guard cell membrarig Khannels in broad beaNi¢ia fabal.). The
K*in channels can be activated by the actin filamepbljenerizing agent cytochalasin D.
This effect enhances the light-induced stomatahmge When the actin filament stabilizer
phalloidin was tested, the K channels were inhibited (Hwargg al. 1997). As the H
ATPase, also the I channels can be inhibited by the increase of N&.» concentration
caused by an interaction of the guard cell with A@#oueet al.2010).

An extrusion of H from cytosol is supposed to participate on the uptake via the
H*/CI" symport (Assmann and Shimazaki 1999) or th@OEl antiport (Schroedeet al.



2001a). The stomatal opening is also promoted bynhamition of S-type (slow-activating
sustained) anion (Glmalaté) channels in the plasma membrane of the guard calised by
the activation of phototropins by BL absorption (k& et al. 2007). The inhibition of the S-
type anion channels can be caused also by an agti@mion channels inhibitors such as
niflumic acid (NIF), anthracene-9-carboxylic acB®AC), and others. It has been shown that
adding an anion channel inhibitor (NIF or 9-AC)the stomata leads to the stomatal opening
(e.g. Forestieet al. 1998; Schwartet al. 1995).

Blue light also stimulates an increase in the wefalar concentrations of maléte
Malaté is produced by fission of chloroplast starch amolsequent glycolysis of its products
in the cytosol of the guard cell. PhosphoenolpyteivPEP) formed by glycolysis is
carboxylated to oxalacetate by the PEP carboxyld$e PEP carboxylase activity is
increased by BL. The oxalacetate is then reducedhbycytosolic nicotinamide adenine
dinucleotide (NAD+)-malate dehydrogenase and/or ¢heoroplast nicotinamide adenine
dinucleotide phosphate (NADPmalate dehydrogenase to mafatBlue light also stimulates
breakdown of starch which produce sucrose. Sua@osemulates in the vacuole of the guard
cell and acts as an osmoticum (Assmann and Shima2aR; Lawson 2009).

There are BATPases in tonoplast of vacuole, which pump prstirom the cytosol
into the vacuole. Concentration gradient is drivihg protons back to cytosol, which can be
used by F/K™ antiport to transfer Kions into the vacuole. The formed cation gradakivtes
the anion (malatéand CI) flow to the vacuole through the channels in tdasp(Roelfsema
et al. 2005). The concentration of Kncreases in the morning and decreases in theaite,
while the concentration of sucrose begins to irsgesith decreasing Kconcentration. Thus,
the mechanism involving Kplays a role during the fast stomatal openinghi@ morning,
however, sucrose maintains the stomata openedtwiiight (Tallbot and Zeiger 1998).

The ions and/or sucrose accumulated in the vaaleteease the osmotic potential of
the guard cells what facilitates water influx irttte guard cells leading to an increase of
turgor pressure in the guard cells and to the dtain@pening (Schroeder et al. 2001a).
Aquaporins probably participate in water influxarthe guard cells (Huang et al. 2002). The
scheme of signaling pathways of the stomatal ogeamBL is depicted in Fig. 4.

Red-light-induced stomatal opening

It was proposed that responses of stomata to Rlofaphotosynthetic origin. Red light is
absorbed by chlorophyll in chloroplasts of guardlsceElectron transport in guard cell
chloroplasts driven by RL produces ATP (adenosiiphidsphate) that is used by{ATPase

to pump H out what leads to the stomatal opening (Lawsor@p0Bixation of CQ in the
guard cells chloroplasts produces osmotically acsicrose under RL (Lawson 2009; Talbott
and Zeiger 1998). However, recent studies showatlttie RL-induced stomatal opening is
independent of the concurrent photosynthetic rdt¢he guard cells and that it involves
phytochrome signaling (Baraodit al. 2008; Talbotet al. 2003; Talbotet al.2002; Wanget al.
2010).



—_—

PYRPYLRCARL (8

Ca?* permeable

channel f,;._ﬂl— "
— -
y Protein kinase
Stype .
anion channels

Cl 2) Protein phosphatase
malate? -
_:' Hyperpolarization
9-AC
NIF 1

) Ki,* channel

Stomatal closure Stomatal opening

Fig. 4. Scheme of blue-light- (BL) induced stomatal openifige processes involved are indicated by
black coloration of lines (arrows indicate an aation and T-bar indicate an inhibition) and
descriptive texts, components involved are of daey coloration. BL percepted by phototropins
photl and phot2 activates the-ATPase and inhibits the S-type anion channels APPJrotein
phosphatase 2A; P — phosphorylated protein; PRteiprphosphatase; PP1 — protein phosphatase 1;
PK — protein kinase; 14-3-3 — 14-3-3 protein). Thanges lead to water flux into the guard cell tand
the stomatal opening. The processes involved inr8luced stomatal opening are described in more
detail in chapter 2.1.3.2. The action of anion ctginhibitors 9-AC and NIF and fusicoccin (FC) is
also shown. The less visible components and lilgst{grey-colored) prevailing in the guard cell on
the left side indicate crosstalk with processaggied by ABA perception (ABA perception causes
stomatal closure, see chapter 2.2.1.1 and FigBl6jnduced stomatal opening can be inhibited or
reversed by action of ABA. Adopted with slight mibcttion from Inoueet al. (2010).

2.2 Stresssignaling

Stress is an environmental factor that affects atnadl aspects of plant life. The variety of
possible plant responses to stress is very broadgever, some processes can be shared
between biotic and abiotic stress responses. Intiosato stress, plants can change the
production or degradation of certain chemical coomus (e.g. stress proteins,
phytohormones, reactive oxygen species) and/orcbange the physical properties of cell
and tissues (e.g. permeability and charge of memelsja Both, chemical and physical
changes act as a signal (chemical and physicdl)ehds to protective response of plants (e.g.



regulation of stomata aperture, specific gene esgioa). A local stimulation (stress action) of
plant can cause responses detected locally (abodetsite of stimulation), even systemically
(far from the site of stimulation). Signals of chieat (e.g. Hlavékové et al. 2006) origin,
hydraulic (Mancuso 1999) and electric (e.g. Kaiaed Grams 2006) physical signals are
supposed to mediate local and systemic reactions.

2.2.1 Chemical signals

Several group of chemical compound can act asrealang factor in plants. The list of these
compounds contains among others phytohormones (paafescisic acid, jasmonates,
cytokinins, salicylic acid and further hormones fsuas auxins, ethylene, gibberellins,
brassinosteroids, etc.; e.g. Acharya and Assmai9)2@eactive oxygen species and stress
proteins. One phytohormone can affect the actiomraither phytohormone, therefore the
reaction of plant can be triggered or affected bg @r several phytohormones. Little is
known about their interaction in response to abioti biotic stress. Following parts briefly
describe some properties of selected chemical cangso

2.2.1.1 Abscisic acid

The phytohormone ABA serves as a regulator of gnoarid development processes (seed
maturation, dormancy, inhibition of germination,opdregulation, inhibition of lateral root
formation, senescence and flowering inhibition; éssrghet al. 2008). It serves as well as
an endogenous messenger in response to bioticAdig.et al. 2007; Raghavendrat al.
2010; Tonet al. 2009) and abiotic stresses of plants (e.g. Ragithaet al. 2010). Abiotic
environmental stresses such as drought, high textyver exposure to salty water or salinated
soil and cold cause water loss and turgor decrefg#ant body. ABA is synthesized in
response to these stresses and is accumulated edistributed within the plant body
(Wilkinson and Davies 2002). ABA can stimulate rgobowth and increase root hydraulic
conductivity that maximize water uptake by roothddget al. 1995). ABA also induces
changes in stress-related gene expression pattenied) lead to various adaptive responses in
the cell and at the whole plant levels (Leung amdu&at 1998; Ramanjulu and Bartels 2002;
Shinozaki and Yamaguchi-Shinozaki 2000). Neverd®leABA plays a crucial role in
reducing water loss by stomatal closing or inhilgitistomatal opening (e.g. Acharya and
Assmann 2009; Schroedest al. 2001a). Stomatal closing induced by ABA reduces
photosynthesis and also pathogen penetration (Medbtl. 2006). Moreover, ABA functions
as an essential signal in plant immunity to some&rateophic pathogens (Adiet al. 2007).
Since ABA-controlled processes are necessary faviveng of plant, ABA-deficient mutant
(e.g. tomato mutarditiens(SIT) impaired in the final step of ABA biosynthgsTayloret al.
1988) are of less viability due to susceptibilbywtater stress (e.g. Leung and Giraudat 1998).

ABA biosynthesis and transport

Abscisic acid biosynthesis begins with its precusssmthoxin that is produced by carotenoide
cleavage in chloroplasts. Cytosolic conversion arfitkoxin to ABA-aldehyde is followed by
the final oxidation step leading to the ABA fornwati(Tayloret al. 2005). ABA biosynthesis
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steps were reviewed in details elsewhere (e.g. dvlilv 2001; Nambara and Marion-Poll
2005; Tayloret al. 2005; Tayloret al. 2000).

The finding of the positioning of the enzyme inwadvin the last step of ABA
biosynthesis- Arabidopsis aldehyde oxidase 3 (AAG3yvithin plant @. thaliang helped to
locate the place of ABA molecule origin. With thelf of transgenic plants &. thaliana
(containing AAO3 with fluorescent mark), the plameABA molecule origin was located in
root tips, vascular bundles of roots, hypocotylfiprescence stems, and along the leaf veins,
phloem companion cells and xylem parenchyma celisia leaf guard cells (Koiwaet al.
2004). The obtained results indicate that ABA sgstbed in vascular system is transported to
various target tissues and cells. The possibtify guard cells are capable to synthesize ABA
was also indicated iNicia fabalL. by Melhornet al. (2008). However, it is possible as well
that ABA synthesized in reaction to stress is fpanted to guard cells from the apoplast.
ABA has been shown to move through the plant phleemylem (Wilkinson and Davies
2002). Therefore it can act as well as a long-dasignal. For instance, mechanical
wounding, electric current application and burnisgused local and systemic ABA
accumulation in tomato and tobacco plants withim @erdeet al. 1996). Hlavékovaet al.
(2006) observed systemic ABA accumulation alredslynin after local burning.

ABA receptor and signaling

Absicic acid binds to the receptor in the plasmanim@ne or in the cytosol (Guet al. 2011;
Sirichandraet al. 2009). Protonated form of ABA penetrates througg plasma membrane
(Pospisilova 2003), although, ABA uptake by guaelli af Commelina communis could be
driven also by carriers (Leung and Giraudat 1988)as proposed that the complex of Mg-
chelatase H subunit (CHLH) and ABA-binding protéiBAR (ABAR/CHLH) is an ABA
receptor inA. thaliana (Shenet al. 2006) located in the chloroplast envelope (Gtal.
2011). Another possible ABA receptor located in gl@asma membrane, GCR2 (G-protein
coupled receptor 2), was identified by Leti al. (2007b) inA. thaliana However, it is not
clear if these two components are actually ABA ptoes. Risket al. (2009) showed that
GCR2 does not bind ABA. Then, Tsuzwhial. (2011) presented evidence that CHLH affects
ABA signaling in the stomatal guard cells but ig nieelf an ABA receptor. Next possible
plasma membrane ABA receptor was proposed to beR3BBprotein coupled receptor)-type
G proteins GTG1 and GTG2 (Pandetal. 2009). Another candidate to ABA receptor is
cytosol/nucleus-localized PYR/PYL/RCAR (pyrabactmesistance/PYR1 like/regulatory
component of ABA receptor) protein family (Gabal.2011; Hubbaret al. 2010; Kimet al.
2010).

ABA perception by its receptor PYR/PYL/RCAR proteimduces formation of ABA
ligand-PYR/PYL/RCAR-PP2C (Protein Phosphatasesc@@)plex (Ben-Ari 2012; Kinet al.
2010). Formation of this complex leads to subsefjudnbition of the PP2C phosphatase
activity (for review see Guet al.2011). Without ABA, PP2C inhibits SnRK2 ((Sucrasma-
fermentation 1)-related kinases subfamily 2) kisasetivity (Ben-Ari 2012; Guet al. 2011;
Hubbardet al. 2010; Kimet al. 2010). Active SnRK2 members phosphorylate dowastre
target proteins (Hubbaret al. 2010) and generate ABA responses (Fig. 5). Se\zanRIK2
targets have been identified both at the plasmalmame and in the nucleus, resulting in the
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control of ion channels (the SLAC1 (slow anion amarassociated 1) anion channel),
secondary messenger production (NADPH oxidasesyevhNADPH is reduced form of
NADP"), and gene expression (ABF (ABA-response elemitihg factor) family proteins)
(Hubbardet al. 2010; Kimet al. 2010).

Activation
(phosphorylation)
of target protein

Fig. 5. Scheme of early ABA signal transduction. In theesitee of ABA, PP2Cs inhibit protein
kinase (SnRK2) activity (bottom left part of theure). ABA is bound by intracellular PYR/PYL
dimers (part of ABA receptor PYR/PYL/RCAR), whichissociate to form ABA ligand-
PYR/PYL/RCAR-PP2C complexes. Complex formation ltsi the activity of the PP2C that allow
activation of SnRK2s (right part of the figure). tdated SnRK2s phosphorylate target proteins (see
text). Black curves terminated by black point irdé&an inhibition. Adopted with slight modificat®n
from Hubbardet al. (2010).

ABA-induced stomatal closing

Abscisic acid percepted by its receptor PYR/PYL/RRCActivates SnRK2 family members.
Active SnRK2 members (e.g. OST1, open stomata Dspitorylate downstream target
proteins (Hubbarekt al. 2010), including NADPH oxidases, the SLAC1 anidrarenel and
the ABF family proteins, and generate ABA respor{8as et al. 2010).

Binding ABA to its receptor and subsequently acddaOST1 directly interacts with
and phosforylates the NADPH oxidases AtRBOHD anBB®HF that leads to an elevation
of reactive oxygen species (ROS) in guard cell. R@8e been proposed to function as
second messengers in ABA signaling in guard c&Nsak et al. 2003). ROS (KO,) activate
lca channels (hyperpolarization-activated “Gpermeable channels) which transport®'Ca
from the extracellular space to the cytosol (€eal. 2000). Furthermore, [éﬁcyt is elevated
by release from the intracellular stores (Schroedex. 2001b). It is proposed that the Ca
channels in the membranes of intracellular compamtsiinvolved in ABA signaling can be
activated by number of second messengers incllR@§, NO, PA (phosphatidic acid), PIP3
(phosphatidyl-inositol-3-phosphate), IP3 (inosiBephosphate), IP6 (inositol-6-phosphate),
and sphingolipids. However, the exact mechanisnearfy ABA signaling needs further
research (Hetherington and Woodward 2003; Kiral. 2010; PospiSilova 2003). [Ef@acyt
elevations may be amplified by CICR (CGinduced C&' release) from the vacuole. [Ehy
increase activates the €alependent Slow Vacuolar (SV) channel (Schroedel. 2001b;
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Wardet al. 1995). Oscillation of [C?é]cyt is necessary for the guard cell closing (Schroeter
al. 2001a; Schroedet al. 2001b).

[Ca"]y: elevation activates Vacuolar' KVK) channels, which are thought to mediate
Ca* induced K release from the vacuole. At resting {Gg:, K" and anion efflux from the
vacuole is mediated through Fast Vacuolar (FV) éannel (Wardet al. 1995). [Cé*]cyt
elevations also inhibit a phototropin mediated piosylation of the plasma membrané-H
ATPase (Assmann and Shimazaki 1999; Zheingl. 2007; Zhanget al. 2004) that transports
H* out of the guard cell and inhibits activity of cmel for K" uptake (Ki,) (Schroedeet al.
2001b). By inhibiting these channels ABA suppre®lesnduced stomatal opening.

The increase of cytosolic [E%leads to activation of S-type (slow-activatingined)
and/or R-type (rapid transient) anion channels ifdss 1993; Kimet al. 2010; Li et al.
2006; Schroedeet al. 2001a; Schroedeet al. 2001b) in the plasma membrane. Anion
(malaté, CI) efflux via anion channels causes membrane depatan, which then
activates K,y channel and leads to*Kefflux (Kim et al. 2010; Schroedeet al. 2001a;
Schroederet al. 2001b). Anions must be released from the vacuoleng the stomatal
closure in response to ABA (Assmann and Shimaza@9). Furthermore, perception of ABA
causes an alkalization of the guard cell cytosdiis Talkalization enhances’¥; channel
activity (Schroedeet al. 2001a; Schroedest al. 2001b). The long-term ion leakage linked
with water efflux from the guard cells contributesloss of guard cells turgor. This change
leads to the stomatal closing (Assmann 1993etLal. 2006; Schroedeet al. 2001a). The
scheme of ABA-induced stomatal closure is depiatdeig. 6.

ABA may also cause cytoskeleton disruption in tlwiarg cell by inactivation of the
small GTPase protein AtRAC1. The function of AtRAGL to block actin cytoskeleton
disruption (Lemichezt al. 2001). Thus, ABA contributes to guard cell actyioskeleton
reorganization that is mediated by increased cios2e’ levels (Hwang and Lee 2001).
Besides, it is known that ABA inhibits PEP carb@sg and malate synthesis and induces
malate breakdown iWicia fabal. (Li et al. 2006). Finally, ABA can regulate the stomatal
opening by influencing the expression of genes (eéagherington 2001).

ABA regulates photosynthesis

Since ABA regulates the stomatal aperture, @ftake into the leaf mesophyll by the stomata
is regulated as well by ABA. For instance, ABA-imgd decrease of transpiration raig (
(caused by the stomatal closure) followed by dessred assimilation rateA] was observed
after direct adding of ABA to the petioles of tomdéaves within 6 h (Herdet al. 1997).
Slower (after 1 d) decrease BfandA was observed after the replacing the root meditim o
tobacco plants by ABA solution (PospiSilosaal. 2009).

However, in some cases, stomatal closing (decr&fastematal conductanag) is not a
single reason for the decreasefosince intercellular C®concentration @) is unchanged
(Hlavakova et al. 2006). ABA causes e.g. changes in photosynthetiognts content
(Agarwal et al. 2005; Pospisilovét al. 2009). The exogenous treatment of barley seedlings
with ABA reduced the rate of photosynthetic £fixation, the carboxylase activity of the
ribulose-1,5-bisphosphate carboxylase/oxygenaseBigR®) (also for the bean plants,
Seemann and Sharkey 1987) and the carbonic ankydnasreased the rate of
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photorespiration and the G@ompensation point (Popowd al. 1996; Popovat al. 1987).
Abscisic acid can also affect the expression ofegezncoding small and large subunits of
RuBisCO (bsSand bsl) or psbAgene encoding the D1 protein aodb genes encoding
proteins of light harvesting pigment protein conxgle (Bray 2002; PospiSilowt al. 2009).
Pea seedlings treated by ABA showed an inhibited @8otosystem 1) activity. Abscisic
acid treatment had direct effect on donor side®i,Fon oxygen evolving complex. Abscisic
acid treatment led to increase of the number ofgR®hters (Maslenkowet al. 1995).

ABA BL

CaZ* permeable
channel /-, gm

Protein kinase

S-type Pase| . e
anion channels !

Ck § 4-3:3""" PP Protein phosphatase

F Depolarization x Hyperpolarization

o 23
9-AC” ., -
NE K Rou® Channel 0%
& ot Channe (N Ki,* channel
H,0

Stomatal closure Stomatal opening

Fig. 6. Scheme of abscisic acid (ABA)-induced stomatal wles The involved processes are
indicated by black coloration of lines (arrows meenactivation and T-bars mean an inhibition) and
descriptive text, involved components are of daskygcoloration. ABA percepted by receptor
PYR/PYL/RCAR activates C‘f*apermeable channél, that causes an accumulation of Qans (star-
shaped object) in cytosol. TheCactivates S-type anion channels that cause affion.eMoreover,
ABA perception leads to accumulation phosphatidicl §PA) that causes an inhibition of catalytic
subunit of PP1 and jKchannels both involved in BL-induced stomatal opgniThe changes
triggered by ABA perception lead to turgor lossgafard cells and guard cells are closing. The
processes involved in the ABA-induced stomatal wlesare described in more detail in chapter
2.2.1.1. The less visible components and line$ttdggey-colored) prevailing in the guard cell oe th
right side indicate crosstalk with processes trnigdey BL perception (BL perception causes stomatal
opening, see chapter 2.1.3.2 and Fig. 4). BL-indwstematal opening can be inhibited or reversed by
action of ABA. Adopted with slight modification fre Inoueet al. (2010).
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2.2.1.2 Jasmonates

Jasmonic acid (JA) and its derivates (Methyl estiés (MeJA), glycosyl esters and
amidelinked amino acid conjugates (JA-lle, JA-LelA-Val and JA-Phe)) known as
jasmonates are lipid-derived phytohormones. Aparinftheir effect in plant growth and
development (inhibition of growth and seed germargtpromoting senescence, abscission,
tuber formation and ripening; PospiSiloed al. 2003), jasmonates are involved also in
defense responses of plants to abiotic and bidgtesses. Jasmonates were, for instance,
reported to accumulate in response to water s{taeelman and Mullet 1995), UV-radiation
(Mackerness et al 1999), ozone treatment and athietic stresses (Wasternack 2007).

JA is one of the main signaling molecules partitigain response to herbivore attack
(or other wounding) and to elicitors of wound resges such as oligogalacturonides and
systemin. JA mediates wound signal transductionhvpays locally and systemically
(Wasternack 2007). For instance, the results ofiélet al. (1999) and Herdet al. (1996)
showed that tomato plants accumulate JA locally systemically in response to mechanical
wounding, electrical current application and toaloburning. Also Hlavékova et al. 2006
observed fast JA accumulation (within an hour)rdfbeal burning in tobacco plants. In this
case, JA (MeJA) induces formation of defense comgsusuch as proteinase inhibitors
(PINs), toxic compounds such as nicotine and epmssif volatiles which attract insect
predators (de Bruxelles and Roberts 2001; Wastkretzal. 2006).

JA has been shown to be a specific signal in defgasticularly to necrotrophic (kill
host tissue and feed on the remains) pathogefstimliana(Glazebrook 2005).

JA biosynthesis and transport

Jasmonic acid metabolic precursor OPDA (12-oxo-tgnoic acid) is derived from
linolenic acid (LA) released from chloroplast memntes via the octadecanoid pathway. It is
believed that the initial steps of JA biosynthgsis. from LA to OPDA) occur in stroma of
the chloroplast. OPDA is transported from the abydaist to peroxisome, where the enzymes
for beta-oxidation producing JA are known to beated (Wasternack 2007; Wasternatial.
2006). Subsequent metabolism of JA (describedir.)/asternaclet al. 2006) can produce
JA derivates. For additional information concerni?®y biosynthesis see e.g. Wasternack
(2007). Certain enzymes which participate on JAsymthesis (AOC (allene oxide cyclase),
AOS (allene oxide synthase), LOX (lipoxygenase))lddoe localized in companion cells as
well as in sieve elements. These compounds andJ&lstan move through plasmodesmata
(Hauseet al. 2003) and phloem (Wasternaek al. 2006). Volatile derivates of JA (e.g.
methyl jasmonate) may be released and spread t@ntisites also through air (Farmer and
Ryan 1990).

It was reported that the accumulation of JA carningleiced by a treatment of tomato
leaves with polypeptide systemin (Pefia-Cogeal. 1995). Systemin is produced after local
wounding from its precursor prosystemin and cairdmesported by phloem (de Bruxelles and
Roberts 2001; Wasternack 2007; Wasternaclal. 2006). The following mechanism was
proposed: systemin perception by its cell membracated receptor SR160 (Scheer and
Ryan 2002) activates JA biosynthetic enzymes sgcA@C and leads to local rise in JA
(Ryan 2000; Wasternack 2007). Since JA-dependergyptemin expression and systemin-
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dependent AOC expression are both located in vastuwindles, it has been suggested, that
JA formation may be amplified (Narvaez-Vasquez Byedn 2004; Stenzet al. 2003).

In addition to systemin, other compounds positiafgct the JA biosynthesis and JA-
induced gene expression in tomato (e.g. ABA (Hextdal. 1996), ethylene (O’'Donnedt al.
1996), oligogalacturonides (Doaresal. 1995), HO, and fatty acid conjugates (Wasternack
et al. 2006)). These compounds together with electriceturplay role in transmitting the
wound signal to jasmonates (Setaal. 1997).

JA receptor and signaling

Even JA-Val, JA-Leu and JA-Ala are bioactive JAidatives, JA-lle is the most active
derivative in causing the response (Acharya andmass 2009). Binding JA-lle to the
receptor COI1 (coronatine insensitive 1) (Yetnal. 2009) leads to an interaction of COIl
with multiple proteins which form the SER'E3 ubiquitin ligase complex. This complex
provides JAZ1 (jasmonate ZIM-domain) proteins fegchdation by the 26S proteasome. The
degradation of JAZ1 (transcriptional repressorspnmites JA signaling (Acharya and
Assmann 2009; Yart al. 2009). Since MeJA does not promote COI1-JAZ1 adeon,
MeJA may not be an active JA derivate. Howeverjsitpossible that MeJA can be
metabolically converted to active form or it mayeiract with another member of JAZ family
(Acharya and Assmann 2009).

JA induced stomatal closing

It was shown that JA/MeJA accumulates in plantseardtought conditions (Creelman and
Mullet 1995) and promotes stomatal closing (e.gnbhaaseet al. 2007). The capability of
JA to close the stomata has been shown in sevguatienents. For instance, JA exogenously
applied to growth medium of seedlings induced tioenatal closure in barley (Popoeaal.
1988; Tsonewet al. 1998). Liuet al. (2002) applied JA exogenously to growth medium of
seedlings of broad beaWi€ia fabal.) and observed the stomatal closure. A declme& i
interpreted as the stomatal closure was observed @f adding JA to the petiole of tomato
leaf (Herdeet al. 1997). As in ABA dependent signaling pathway, mcttbn of ROS (via
AtrbohD/F) and NO was observed in response to M&JiAilarly to ABA, S-type anion
channels, K, channels)c, channels activation and cytoplasmic alkalizaticgravobserved
in A. thalianaguard cells in reaction to MeJA reception (Muneanetsal. 2007). Thus, the
MeJA signaling pathway leading to the stomatal wlesoverlaps with ABA pathways,
however, they differ in receptor parts (Acharya #&ssmann 2009; Munemasa al. 2007,
Suhitaet al. 2004).

Experiments performed with ABA-deficient tomato mie showed that physiological
levels of ABA are required for the proper JA-meddstomatal closure (Her@eal. 1997). It
was reported that only very high (possibly toxiceM concentrations in the transpiration
stream cause the stomatal closure in barley (Hat@i91). These results indicate that JA is
not the only compound which causes stomatal closndethe effect of jasmonates to stomata
is limited.
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JA requlates photosynthesis

Stomatal closure is not the only possibility how daAn regulate photosynthesis. It was
reported that Me-JA inhibits PSII electron trangpamd Q evolving reactions in isolated
thylakoid membranes of pea seedling (Maslenkeival. 1995). Application of JA to barley
seedling increases the rate of photorespiration @@gl compensation point (Popow al.
1988). Similarly to ABA, JA inhibits biosynthesiscactivity of enzymes involved in carbon
fixation (RubisCO; Popova and Valkinova 1988; Rakaad Komatsu 2001). JA action also
leads to a change in thylakoid polypeptide patt€Maslenkovaet al. 1992). It was also
reported that Me-JA reduced the chlorophyll contehtoroplast transcriptional activity and
photosynthetic rate irCucurbita pepoL. (Ananievaet al. 2007). Also the contents of
chlorophyll a and_b, as well as the photosynthesie and the carboxylase activity of
RuBisCO in rice were decreased after JA methylrdéstatment (Wu and Pan 1998).

2.2.1.3 Cytokinins

Cytokinins are a group of phytohormones that atelétivatives of the adenine with either
isoprenoid or aromatic side chains (Frébettal. 2011; Haet al. 2012). Cytokinins with
isoprenoid chain (e.g. isopentenyladenine (iP)angrzeatin (tZ)-, cis-zeatin (cZ)- or
dihydrozeatin-type derivatives) are widespread ighér plants. However, cytokinins with
aromatic side chain, such a$-(sheta-hydroxybenzyl) adenine, are found in platta lower
abundance (Hat al.2012).

Cytokinins have been reported to promote cell divind root and shoot development.
Cytokinins also delay leaf senescence, play ainoséress and pathogen responses. Moreover,
they can serve as important signals for coordigagiowth rates throughout the plant (Eta
al. 2012; Werner and Schmdlling 2009).

Cytokinin biosynthesis and transport

Cytokinin precursor (iP nucleotide) is synthesifean adenosine diphosphate (ADP) or ATP
and izoprenoid side chain donors by enzymes encbygedTP/ADP isopentenyltransferase
(IPT) genesipt. Cytochrome P450 monooxygenases (CYP735A1 and G¥A&Z for A.
thaliang) then catalyze hydroxylation of isopentenyladertype cytokinins. Cytokinin
conversion from an inactive to an active (free ®afrm is catalyzed by enzymes of LOG
(LOnely Guy) family (EI-Showket al. 2013; Fréboret al. 2011). Cytokinin degradation is
mediated by CKXs (cytokinin oxidases) (El-Shoetkal. 2013; Fréboret al. 2011; Werner
and Schmiilling 2009). Genes for cytokinins biosgsth and degradation are expressed and
active in the shoot and the root tissues (El-Shetdl. 2013).

Members of PUP (purine permease) family of trangps(AtPUP1 and AtPUP2) were
identified to have an affinity to cytokinins. AtPURnd AtPUP2 may also play a role in the
loading and unloading of cytokinins for long-distartransport (Burklet al. 2003; Gillissen
et al. 2000). Moreover, nucleoside-type cytokininsAnthalianacan be transported by the
members of ENT (equilibrative nucleoside transpdrfamily like SOI33/AtENT8 and
AtENT3 (Sunet al. 2005). InOryza satival.., there was found that OSENT2 may play a role
in long-distance transport of nucleosides in grgypants (Hiroseet al. 2005). Hiroseet al.
(2008) hypothesizes that AtENT6 could also paréitgpin the cytokinin nucleoside transport
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of nucleoside-type (iP riboside) cytokinins in valse tissues ofA. thaliana (Hiroseet al.
2008).

Cytokinins can be transported for longer distangasxylem and phloem, however, the
way and the direction is dependent on cytokininetygl-Showk et al 2013; PospiSilova
2003).

Cytokinin receptor and signalling

Cytokinin signalling is mediated by phosphorelaysteyns (also called two component
signaling systems). Histidine kinases (in caseAofthaliana named AHK2, AHKS3, and
AHK4/CRE1/WOL) have been identified as cytokiniceptors (EI-Showlet al. 2013; Haet
al. 2012; Hwanget al. 2012). The function of all three receptors oveslap shoot apical
meristems and root cap columella. However, only divthem are specifically localized to the
leaf parenchyma (AHK2 and AHKS3), whereas the tlure (AHK4) is localized to the root
vasculature (Hat al. 2012). Cited cytokinis receptor proteins are badhtb the plasmatic
membrane as well as to the membrane of endoplasnetitulum (EI-Showlet al. 2013).

When cytokinin is bound to the transmembrane CHAGSKclases/Histidine kinases
Associated Sensory Extracellular) domain of hisedikinase, it induces conformational
changes that trigger a phosphorelay (etaal. 2012, Hwanget al. 2012, Werner and
Schmiilling 2009). This comprises the transfer adg@ioryl group from a conserved His (H)
to an Asp (D) within the receptor. The phosphorybup is then transferred to five
Arabidopsis histidine phosphotransferase proteiiBlR1-AHP5). Next member of this
family AHP6 (pseudo-AHP) inhibits cytokinin signadj by competing with AHP1-AHPS5 for
phosphotransfer (EI-Showdt al. 2013). The AHPs (AHP1-AHPS5) continuously transteca
between the cytosol and the nucleus. In the nugcléliPs phosphorylate aspartame of
proteins named Arabidopsis response regulators €\RRhosphorylation of the type A
ARRs stabilizes them. The type A ARR is considetedact as inhibitors of cytokinin
signaling, however, it was shown that ARR4 has gyisged phyB. The phosphorylation of
type B ARR to nucleus leads to their bound to DNch initiates transcription of cytokinin-
responsive genes (including the type A ARRs) (Bl et al. 2013). The scheme of
cytokinin signaling is depicted in Fig. 7. Recentlye cytokinis signaling is largely reviewed
by Hwanget al. (2012).

Cytokins affect stomatal aperture and photosynghesi

Stomatal reaction to cytokinins can differ betweglant species and depends on the
concentration and cytokinin species. For instatioe,stomatal opening of gradsithephora
was enhanced by both natural and synthetic cytokir{Jewer and Incoll 1980). IA.
thaliana cytokinin 6-benzyladenine caused thr opening tdmsta closed by ABA.
Moreover, ABA-induced stomatal closure was inhithiite the cytokinin overexpressing.
thaliana mutantampl-1(Tanakaet al. 2006). ABA-stimulated closure of maize stomata was
reversed by zeatin and kinetin. The reversal ofAB& effect increased with the increasing
cytokinin concentration. Both zeatin and kinetinpligd to Commelina communid..
epidermis or leaf pieces at high concentratiorrictetl the stomatal opening (Blackman and
Davies 1983).
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Mechanism of cytokinins induction of the guard sebpening is not fully clear yet,
however, it has been shown that it can be relatedetrease of ¥D, levels and NO levels
within guard cells (She and Song 2006; Sengl.2006).

Also the photosynthesis can be affected by cytokapplication. For example, it was
showed that cytokinin application inhibits the pgynthesis in lettuce. This change can be
similar to the changes observed during hypersessiteaction caused by downy mildew
infection (Prokopovéet al. 2010). It is possible that photosynthetic genesragulated by
cytokinins as described e.g. by Zudtoal. (2009) for barley.
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Fig. 7. Scheme of cytokinin signaling pathway. Cytokinimds to the receptdkrabidopsishistidine
kinases (AHKSs). Interaction of cytokinin with AHKr@teins induces conformational changes that
trigger a phosphorelay (a phosphoryl group (P)rg& fransferred from conserved His (H) to Asp (D)
residue within the receptor and is then relayediabidopsishistidine phosphotransferase proteins
(AHP1-AHP5)). AHP6 inhibits cytokinin signaling liyompeting with AHP1-5 for phosphotransfer.
AHPs translocate to nucleus, where type A and\fdbidopsisresponse regulators (ARRs) are
phosphorylated. The phosphorylated type B ARRs bemd DNA and initiate transcription of
cytokinin-responsive genes. Type A ARR inhibitsagynin signaling, although ARR4 can upregulate
phy B. Adopted from EI-Showt al. (2013).

%

2.2.1.4 Salicylic acid

Salicylic acid (SA) is a phenolic compound thatsaad a hormone as well as a stress signaling
molecule in plants (Cheet al. 2009). As a plant hormone, it regulates e.g. ggethination,

19



plant growth, flower formation, seed production &3-San Vicente and Plasencia 2011).
Salicylic acid is also involved in defense respenet plants to abiotic and biotic stresses
(Hao et al. 2011). SA mediates plant response to abiotic stesuch as drought, chilling,
heavy metal tolerance, heat or osmotic stress {©eamd Mihailovic 2005; Haet al. 2011,
Rivas-San Vicente and Plasencia 2011).

Endogenous SA accumulation upon pathogen attackirmdmce an expression of
various defense-related genes or lead to the hgpsiteve cell death response. In addition to
the local reactions, SA activates systemic deferesponses (activation of pathogenesis-
related (PR) genes) in uninfected parts of thetpldrat enhance the resistance to subsequent
infections. This effect known as the systemic aagliresistance is long-lasting and active
against a broad range of pathogens, including egubacteria, fungi, and oomycetes (Halim
et al. 2006). However, wounding does not induce the actation of SA and SA-inducible
PR proteins (Hlawkovaet al. 2006; Sect al. 1997).

The possible SA biosynthetic pathways from its precrs cinnamate (produced from
phenylalanine by phenylalanine ammonia lyase) aodhiorismate are reviewed in Chein
al. (2009). The receptors of SA have been found rgcéyt Fu et al. (2012). They showed
that NPR1 paralogues NPR3 and NPR4 are SA recephats bind SA with different
affinities. NPR1 is transcription cofactor (nonexgser of PR genes 1) required by the
systemic acquired resistance An thaliana The degradation of NPR1 acts as a molecular
switch (Fuet al.2012).

Salicylic acid was found to induce stomatal closing/icia fabal., lily or Cucumis
sativusL. (Haoet al. 2011; Lu a Chen 2005; Mos&t al. 2001) The results of Mot al.
(2001) suggest that ROS (Superoxide aniont) arergéed in epidermal peels in response to
SA. Haoet al. (2011) presented a hypothesis that stomatal gasitaused by a change in
the balance of endogenous hormones (SA signifigamtleased endogenous ABA). Salicylic
acid may regulate some other physiological prosgssay. membrane permeability and
photosynthesis (Arfaat al. 2007).

2.2.1.5 Reactive oxygen species

Reactive oxygen species is a group of moleculgsateaoften produced by cells even under
normal growth conditions. Intracellular ROS contentontrolled by antioxidant system (by
enzyme superoxide dismutase, catalase or peroxidadethen by ascorbic acid, glutathione,
tocopherols, carotenoids, anthocyanins etc.) (lkxesli et al. 2012; Minibaeva and Gordon
2003). In the cases when ROS production is toodrand strong to be eliminated by
antioxidant system, an oxidative burst (a rapid &madsient ROS production) occurs. The
oxidative burst is one of the plant responses tb bbiotic and biotic stress. It was reported
that, for instance, stress conditions such as ditpugpunding, salinity, extreme temperatures,
excess light, heavy metals, xenobiotics, ultraetiofadiation, ozone, hypoxia, nutrient
deficiency and pathogen attack can induce oxidabwest (Jaspers and Kangasjarvi 2010;
Minibaeva and Gordon 2003; Torre$ al. 2010). The rapid accumulation of ROS also
precedes hypersensitive response (in which celtsadiately surrounding the site infected by
pathogen die rapidly what deprives the pathogerutrients and prevents its spread)
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During stress, ROS can be produced in chloroplgststosynthetic electron transport
chain), mitochondria (respiratory electron transmdrain) or peroxisomes (reviewed e.g. in
Kreslavski et al. 2012). Moreover, plasma membrane enzymes NADPHage (Rboh),
amino oxidases or cell wall peroxidases (POX) aamrtbute to ROS formation (Torres al.
2010).

Reactive oxygen species are highly reactive moéscudble to damage cellular
components. ROS action is responsible for induabibprocesses such as lipid peroxidation,
protein structural changes and inactivation, andADhbdifications (Kreaslavsket al. 2012;
Torreset al. 2010). ROS also act as important cell signalirgments. ROS are involved in
the regulation of gene expression (e.g. Gadjeal. 2006, Milleret al. 2008). ROS can also
activate MAPK (mitogen-activated protein kinase caake). Crucial component in ROS
signaling is C&. C&* has been shown to activate both RbohC and Rbohibhwiroduce
ROS. These ROS can activdtg channels in plasma membrane (transpoft’ @zo cell)
what increases cytosolic &a content (Jaspers and Kangasjarvi 2010). This* Ca
accumulation is common step of several signalinpvways (e.g. ABA signaling) and was
reported to regulate stomatal opening (among others

2.2.2 Physical signals

2.2.2.1 Hydraulic signals

Hydraulic signals can be defined as self-propagatimnges in water (fluid) pressure. These
pressure changes quickly spread mainly througHiltin continuum in plant xylem (Malone
1993) and can participate on local or systemic aesp. Spreading of hydraulic signal
observed after local wounding by heat or mecharsalulation is manifested by changes of
turgor pressure of cells, changes of a leaf thiskra of a diameter of stem (Malone 1992;
Malone and Stanko&i1991; Mancuso 1999). Malone (1993) pronouncedipmothesis that
a localized wounding initiates hydraulic signals dgstroying the cell membranes which
released water (bounded in cell membranes) intapuplast where it becomes available to
the nearest xylem. The negative pressure in thenxytaused by transpiration draws the
released sap what locally increases the xylem pres$he xylem pressure change propagates
basipetally and acropetally throughout the shootaasydraulic (pressure) signal (surge)
(Malone 1993). The change in xylem pressure casebeed by membrane-located mechano-
sensitive channels or pumps of surrounding liviallscand triggers electric potential response
(e.g. action or variation potential, Malone andn®tvi¢ 1991; Mancuso 1999; Stankoé\et
al. 1997). In reaction to incoming hydraulic signék thange in turgor of epidermal cells can
occur and this may results in hydropassive stonmatalement (Kaiser and Grams 2006).
Beside the hydraulic pressure surge, a mass fldwdfaulic dispersal”’) from the
wounded site is another component of the hydraidinal. In plants, all cells of the shoot are
initially in hydraulic equilibrium with their neasé xylem. Localized wound can lead to a
sudden systemic increase of xylem pressure. Albshells will draw water from their local
xylem to reach the new equilibrium. The water upthl¢ shoot cells will lead to the reduction
of xylem pressure throughout the healthy tissuackvivill further promote the entry of water
from the wounded tissue into the xylem. This camt until all water released at the wound
site is exhausted (Malone 1993). Shortly after vetwg, all leaves still transpire. However,
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the released fluid at the wounded site is moresstiole source of water for the transpiration
than the root medium. The transpiration from thalthg leaves will transiently tend to draw

water also basipetally down the petiole of the wimehleaf, and possibly also down the stem
towards the nodes of more basal leaves. Therdfoedlow can be transiently directed in both

acropetal and basipetal direction in the stem am carry fluid and solutes previously

released to xylem after the wounding (Hlgk@a 2009; Malone 1994; Malone 1993).

According to Malone (1993), the mass flow rate@snin §" and may last for several minutes.

Elicitors carried by the mass flow can be sensedliggnd-modulated ion channels or

receptors in the cell membranes and can participatiee systemic signaling after wounding

(Malone 1994; Malone 1993).

2.2.2.2 Electric signals

Changing of environmental conditions or woundingde to changes in the membrane
potential of plant cells (e.g. Lautnet al. 2005; Malone and Stanka@vi991; Mancuso 1999).
In plants, authors distinguish several kinds ofcteieal signals: action potentials (APS),
variation potentials (VPs), wound potential andteysc potential (Brenneet al. 2006;
Mancuso 1999; Stahlbery al. 2006; Zimmermanet al. 2009). While the wound potential is
only local and stops a few millimeters from the wded region (dying cells), APs, VPs or
systemic potentials are often observed in longadists from wounded site (Brenredral.
2006; Fromm and Lautner 2007 ¢baczet al. 2006; Zimmermanet al. 2009).

Action potentials

Plant APs are self-propagated signals mediatedigitrthe voltage-gated channels (Stankovi
et al. 1998) and evince similar properties to AP obsernvednimals. Along the plant body,
spreading APs have a constant amplitude, a constapagation velocity and a regular shape
and fulfill an all-or-none law (Dziuliskaet al. 2001; Stankowi et al. 1998; Tebaczet al.
2006). APs are evoked by non-damaging stimuli agkwedectrical or mechanical stimuli,
light/dark transitions, pollination, re-irrigatioor temperature shock (Fromm and Fei 1998;
Stankové and Davies 1996; Stahlbeggal. 2006; Wildonet al. 1992).

Generation of AP in plants resemble to its genenatn animals. The plasma membrane
surface exposed to the cytosol of cells of highlants is negatively electrically charged
compared to the plasma membrane surface exposbe &xtracellular medium. This forms
the electric potential difference (the resting meanle potential, usually with values between
-80 mV and -200 mV (Fromm and Lautner 2007).

A stimulus initiates passive €aons influx into the cell. The G4ions accumulated in
cytosol cause an opening of the?Gactivated anion channels which allow the effluxQif
ions. CI ions leave the cell down their electrochemicaldgmat. This event reduces the
membrane potential difference (a local depolamratf the membrane). When the stimulus is
sufficiently strong to depolarize the membrane taceatain threshold, rapid and large
membrane depolarization (AP) is triggered that pgapes through the whole cell
(Hlav&kova 2009; Fromm and Lautner 2007 gHlaczet al. 2006; Zimmermann and Felle
2009).
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The results of Vodeneest al. (2006) provide evidence that the depolarizatioasghof
AP is also associated with €anduced temporary suppression of plasma membrahe H
ATPase. The duration of refractory period (the tiduging which the membrane can not be
excited) after the generation of AP limits the gatien of subsequent AP (Dziuiskaet al.
2001; Fromm and Lautner 2007;¢baczet al. 2006). When Clchannels begin to close and
voltage-gated K channels (allowing passive’kefflux from the cytosol) begin to open, the
repolarization of the membrane occurseflerczet al. 2006). Simultaneously, &aions in
cytoplasm evoke an opening of anion channels Iddatéhe tonoplast and Tk transported
from the vacuole into the cytoplasm. Finally, “Capumps in the plasmatic membrane
translocate the cytosolic €aions back to the apoplast. Thus, the positive gédn the
cytosol is decreased and the membrane potentitdreliice is restored to its initial value
(Hlavatkova 2009).

At the local level (short distances), the fast sraition of APs is mediated by
plasmodesmata which ensure the connection betwelle @romm and Lautner 2007,
Trebaczet al. 2006). This constitutes a network able to tranghiits in different directions
(Trebaczet al. 2006). On the long distances, APs spread via lhgem sieve tubes (Fromm
and Lautner 2007; Mancuso 1999), phloem parenchynpaotoxylem (Lautneet al. 2005;
Mancuso 1999; Rhodexd al. 1996; Tebaczet al. 2006) i.e. through the living cells (Mancuso
1999). Electrical signals can leave the phloem wathat any site via plasmodesmata to
induce particular physiological responses in thighimring tissue (Hlawkova 2009). The
speed of APs propagation depends on the speciglamf For example iVitis vinifera the
speed was reported to be about 10 &nfMancuso 1999).

Variation potentials (VPSs)

Variation (or slow wave) potentials appear in higlpants in response to strong and
damaging stimuli such as wounding (e.g. organ extig~-romm and Lautner 2007; Stahlberg
and Cosgrove 1992) or crushing (Malone and Stakb®91)), localized increase in xylem
pressure (e.g. Malone and Stanko®¥P91; Stahlberg and Cosgrove 1997a). The stimulus
widely used to generate VP is a local burning ahptissue with flame (e.g. Dziuiskaet al.
2001; Hlavékovaet al. 2006; Malone and Stanka@vi991; Stankoviet al1998; Wildonet

al. 1992). In contrary to AP, VP varies with the irgiégy of the stimulus (From and Lautner
2007). The amplitude and propagation velocities/Bt decrease with increasing distance
from the wounded site (Dziutskaet al. 2001; Davieset al. 1997; Stankowi et al. 1998).
VPs do not follow an all-or-nothing law. VPs shanéh APs a refractory period (much longer
compared to AP, Brennet al. 2006; Stahlberg and Cosgrove 1996).

Two hypotheses were proposed for the mechanism Bfpvbpagation. Hydraulic
hypothesis says that the local injury causes are&se in the xylem hydraulic pressure
(spreading of hydraulic wave). The chemical hypsiheéakes into account the diffusion of
some wound-released substance (Ricca factor) fremirjured site along the xylem. The
hydraulic wave or Ricca factor spreads along thdemy and locally activates
mechanosensitive or ligand-operatedf‘Cehannels. Subsequent anflux leads to C&-
dependent activation of Tthannels and inactivation of the-ATPase (Vodeneeet al.
2011). These changes lead to membrane depolanzafitherefore, VPs are local
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consequences of a hydraulic or chemical signalesiing. The propagation rate of VP ranges
from 0.1 to 10 mm-5(Stankové et al. 1997).

In some cases, APs were registered on a backgrolMP (e.g. Hlavékova 2009;
Stahlberg and Cosgrove 1997b; Stankatial. 1998). This AP has been probably caused by
depolarization during VP. In contrary, only dep@ation has never been reported to cause a
VP, which suggesting that APs are unable to triyges.

System potential

Along AP and VP, a new type of systemic electritvety has been recently introduced by
Zimmermannet al. 2009. Addition of a variety of cations to leaves\acia fabalL. and
Hordeum vulgarethat had been before injured by cutting causedagel transients at the
systemic leaf. Electric changes have been detdnyean electrode inserted to substomatal
cavities of open stomata. These voltage transieats characterized by initial
hyperpolarization, they do not follow the all-orrerule and depend on the concentration
and type of added substance. Their propagatiorciggls 5 to 10 cm mitl. Therefore they
differ from AP and VP. Systemic potentials are midstly generated and transmitted by H
pump activation.

Reactions to electric signal

In reactions to electric signal, gene expressitwigsynthetic changes and hormones content
change have been observed. For instance, Wida@h (1992) observed systemic pin2 gene
expression after mechanical wounding and localizedhing that generate electric signals.
Moreover, electric-current application and localizburning (inducing VP) led to the
accumulation of pin2 mRNA in potato and tomato alerdeet al. 1996).

The suggestion that a signal of electric originldaaffect photosynthesis is supported
by an observation that a local heat stimulationMdmosa pudical. plants that caused
changes in membrane potential is followed by asieart decline in PSIl quantum vyield, €O
uptake rate angds (Koziolek et al. 2004; Kaiser and Grams 2006). Then, a systemilineeaf
gas exchange (GE) parameters was observed in wipants after local burning that caused
surface potential changes (Hlgkava et al. 2006). Furthermore, electric changes generated
by changing the root medium led to various respemsahe parametes andE in willow
leaves (Fromm and Eschrich 1993). Also direct elestimulation caused transient local and
systemic responses in GE in tomato plants (Hetdg. 1995).

In addition, it has been described that hormongertditan change in reaction to electric
signal. For example, Pefa-Cortésal. (1995) pointed out the possibility that an electri
signal spreading in tomato plants increased theesys ABA content. Indirect indication that
JA and ABA can accumulate in reaction to electigmals was showed by Heréeal. (1999)
and Herdeet al. (1996). They measured ABA and JA content in tonmatnts 6 h after
electrical (mechanical) stimulation (producing actpotential) and local burning (producing
variation potential), and they detected an accutimaf these hormones. A faster systemic
accumulation of endogenous ABA and JA (detectethdut h after local burning) in tobacco
plants preceded by changes in SEP was observedavgkovaet al. (2006) after the local
burning.
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3. Materials and methods

3.1 Light signaling
3.1.1 Chloroplast movement

3.1.1.1 Growth condition and plant material

Tomato spontaneous mutafB-1 and corresponding wild type (W¥olanum lycopersidi.

cv. Rutgers; Sawhney 1997; Fellnetr al. 2001) were used for the chloroplast movement
measurement. Plants were grown in a greenhousatsn(@0 x 80 x 70 mm, one seed per pot,
10 mm deep) filled by a soil (Potgrond H, Klasm@weilmann GmbH, Geeste, Germany) and
watered daily. To maintain a 16 h photoperiod, fpgbssure sodium lamps PlantaStar
E40/ES 400 W (Osram GmbH, Germany) were used igbtasiource additionally to sunlight.

A temperature was maintained between 15 °C and @7 Three-week-old plants were
transferred to a growth chamber (SGC.170.PFX.Js¥/&allenkamp Ltd., Loughborough,
England). The regime in growth chamber consiste8l bfdark (temperature 18 °C, relative
air humidity 55 %), 14 h light (temperature 25 %€lative air humidity 50 %, 10@mol
photons of photosynthetically active radiation (AAR® s*) with 1 h of linear light rise (sun
rise) and 1 h light decrease (sun set). The plaate watered daily. The measurements were
performed on 8 weeks old plantd"@nd §' leaf computed from the plant base; used notation
is L4" and L9") and 10 weeks old plants (L'I0the plants were before or in the flowering
phase, but it has been supposed that the flowgrinage does not affect the chloroplasts
movement). The plants were taken out of growth d#&an30 min before measurement and
transferred to a dark place in the laboratory toee the face (diastrophe) initial position of
chloroplasts in cells (along cell walls perpendicuio the incident light, Froleet al. 2010;
NausSet al. 2010).

3.1.1.2 Chlorophyll content (paper 1)

The chlorophyll content (Chl(at+b)) was estimated By SPAD-502 (nondestructive
chlorophyll meter, Konica Minolta Sensing, Osakapah), on the leaves selected for the
measurement, see above. The measurement of SPABsvaks performed after 30 min of
dark adaptation of plants before the beginninghaf thloroplast movement measurement
(when chloroplasts were in diastrophe positionyeFieadings were registered on different
places of given leaf and average value was computed

The obtained SPAD values were used to read thesaltiChl(a+b) from a calibration
curve determined by analytical measurement. Thbradibn curve for SPAD values has been
measured for tomato leaves of cultivar other thas wsed in our experiments, however, it is
supposed that the calibration curve for cv. Rutgengery similar. The following procedure
has been executed: discs (14 mm in diameter) hese tut off from the leaf blade at the site
used for the SPAD values measurement. The disce @zen in liquid nitrogen,
homogenized in 80 % acetone with a small amouM@€O; and centrifuged (36009 for 5
min). The Chl(a+b) in the supernatant was deterchinby Dr. Spundova)
spectrophotometrically (Unicam UV550 Thermo SpeuttpCambridge, UK) with spectral
slit width of 1 nm according to Lichtenthaler (198BPAD reading linearly correlated
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(r’=0.955, 0.0001) with leaf Chl(a+b). It holds: Chl(a+h)g cn?] = 5.48 + 1.02 x SPAD
value.

The determination of Chl(a+b) by SPAD-502 can becige enough when measuring
green leaves (this was the case in above mentidesdription of Chl(a+b) measuring).
However, in some cases, especially when the mehsemees are of blue-violet-green color,
the reading of SPAD-502 can be significantly akéelcby the presence of blue-violet pigments
— anthocyanins. This can be caused by overlapposgrption spectra of chlorophyll and
anthocyaninsn vivo. The theoretical evaluation of the problem as wasllthe way how to
correct the SPAD values for anthocyanins contrdouthas been described in detail in the
paper |. The proposed correction for anthocyanimtrioution can be used for
chlorophyllmeters based on measurement of leagnéttance on wavelength around 650 nm.
Furthermore, the paper | describes how to corteetvalues of chlorophylimeters based on
measurement the leaf reflectance around 650 nmtfeege ones computing NDVI value) for
anthocyanins contribution.

3.1.1.3 Chloroplast movement

The sample (first right leaflet (counted from tematileaflet) of attached leaves) was fixed in
a soft clip with an aperture (Naegal. 2008). The movement of chloroplasts from the face
the side (parastrophe) position (along cell wabsaplel to the incident light, Froleet al.
2010; Naus$et al. 2010) was induced by BL. The combination of therse of cold WL
Schott KL 2500 (Schott Glas, Mainz, Germany) whike tight piping (15 mm diameter) and
the glass blue filter (Schott BG 12, thickness rhfs) was used as a source of BL. The leaf
area (4.5 mm in diameter) was illuminated from aalagide for 30 min with BL of high
intensity (340 + 2Qumol photons i sY) for the induction of avoidance movement and for
following 45 min by BL of low intensity (8 + 2mol photons rf s*) for the accumulation
movement induction. The irradiances (PAR) were meskby a quantum radiometer LI-189
(LI-COR, Lincoln, NE, USA). The chloroplast movenmemas detected as changes of leaf
transmittance (e.g. Galsrgt al. 1981).

3.1.1.4 L eaf transmittance

The partly collimated leaf transmittanci: was measured according Froktal. (2010) and
Nauset al. (2008). The light transmitted by the leaf was aartdd by a light pipe (diameter
3.5 mm) to the spectroradiometer LI-1800 (LI-CORpdoln, NE, USA). The distance
between leaf and light pipe was 8 mm. The intensitiransmitted light was detected at 436
nm (absorption maximum of chlorophyll a) every 3Gmally, to obtain the value df, the
intensity of light transmitted through the leaf wdigided by the intensity of light detected in
the same arrangement but without the leaf sample.

BesidesT¢ at single wavelength (436 nm), the spectrd®fvere detected in the same
arrangement. The spectra were measured before efi@ning of chloroplast movement
(chloroplasts were in face position, designation then 30 min later (chloroplasts in side
position, designation B) and in the end of measerdgnfafter 75 min, chloroplasts in face
position, designation C). The WL (5Q0nol photons if s*, the source of cold WL, see
above) illumination of sample was used for meagutire spectra ofc. A typical curve of
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chloroplast movement with marked meaning of usedamaters, times of spectra
measurement and light intensities is depicted an Bi The interval for spectra ofc
detection was restricted to 400-800 nm, becaussigmal in shorter and longer wavelengths
was distorted by significant noise. To obtain thedraTc, the signal measured with inserted
leaf was divided by the signal detected in the samangement without leaf.
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Fig. 8. Partly collimated transmittanc&d) changes corresponding to avoidance movement|(@n b
light of high intensity (340 + 2@mol photons i s%); 0 - 30 min) and accumulation movement (on
blue light of low intensity (8 + Zumol photons i s); 30 — 75 min) of chloroplasts in leaves. The
spectra of partly collimated transmittance were sunead before avoidance movement (A), after
avoidance movement (B) and after accumulation meventC). The initial (maximal and terminal,
respectively) value of partly collimated transmitta Tco (Tcmax and Ty, respectively) and extent of
avoidance (accumulation, respectively) movemeribhh) respectively) are indicated.

3.1.1.5 Statistical analysis

The statistical differences were tested usHest or Mann—Whitney rank sum test depending
on the statistical properties of the data. Mann-tidyi rank sum test was used when the data
did not have normal distributions or did not halke same varianceB-value of the applied
test was compared with the critical value, whichswhosen as 0.05. There was statistically
significant difference between data H < 0.05. Statistical software SigmaStat (Systat,
Chicago, USA) version 3.0 was used for the testing.
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3.1.2 Stomatal movements

3.1.2.1 Plant material

To cultivate a plant material for measurement & gtomatal movement, the seeds of
spontaneous mutamB-1in tomato Solanum lycopersicuin) and its corresponding WT (cv.
Rutgers) (Sawhney 1997; Fellneral. 2001) were sown into soil 10 mm deep. The soil (pH
(H20) 5.5-6.5) was composed of weakly spread bright fi&-Hs) and of deeply chilled dark
peat (H-Hg). Enriched with fertilizer NPK 14:16:18, the seilas then mixed with rough
sand. The dimensions of used pots were 0.1 m ghhaind 0.06 m in width. The pots with
the seeds were placed in a home-made growth chaandewere watered once with a nutrient
solution containing 0.8 mM Ca(Nf, 2 mM KNG;, 60 uM Ko;HPO,, 695uM KHL.PO,, 1.1
uM MgSO,, 20 uM FeSQ, 20 uM NaEDTA, 74 nM (NH;)sM07024, 3.6 uM MnSQ,, 3 uM
ZnSQ,, 9.25uM H3BO3, 785 nM CuSQ® (Herbetteet al. 2006). Only water was used for
subsequent watering of growing seedlings. The obatt conditions in the growth chamber
for plant cultivation include relative air humidit§0 %, temperature 22 °C/20 °C during
day/night (8/16 h). Plants in growth chamber wdtaminated by WL (20Qumol photons of
PAR m? s coming from incandescent light source. The ligtetdiance was measured with
guantum radiometer Li-Cor 185A (LI-COR, Lincoln, NEISA). At the end of the night
period, leaflets of first fully developed leaves3fo 5 weeks-old plants were harvested and
were used for experiments.

3.1.2.2 Epidermal strip experiments

Samples for epidermal strip experiments were pegpas follows: the major veins were
separated from a harvested leaflet and the rebiedeaflet was cut to small pieces (about 5 x
5 mm). Two randomly selected pieces were gluedrtocaoscopic cover glass coated with a
layer of low viscosity glue (Telesis 5, Pacoimalifdeia). The pieces were facing the cover
glass by the abaxial side. The upper cell layene\peeled off with an edge of a microscopic
glass, so the abaxial epidermal cells only wittbl@astomata remained on the cover glass. On
such prepared samples, the stomata were stilltabi@ove due to low viscosity of the glue.
The cover glass with epidermal strips were floabyd“adaxial” side up in Petri dishes
containing 5 ml of the incubation solution (50 mMMCKwith 10 mM MES, pH 6.0 (TRIS)).
The samples in Petri dishes were incubated in @skat 24 °C for 30 min to standardize the
initial state.

In order to study stomatal opening induced by ligihe Petri dishes with samples were
placed to a box (ca. 0.125illuminated by WL (300umol photons 17 s*, incandescent
light) and incubated at 24 °C. Placing the Peshds with samples on the surface of flowing
water reduces a thermal effect of illumination amgles (warming). Covering the Petri
dishes with color Supergel filters (Rosco LabornamrStamford, Connecticut, USA) was the
way how the samples were illuminated by BL and Blue filter no. 65 was used to provide
BL of 60 umol photons nf s*, and red filter no. 26 was selected to provided®I50 pmol
photons it s. To investigate responses of dark-adapted stomeafC, anion channels
blockers 9-AC and NIF, the effectors were addeth&Petri dishes with the samples before
the illumination and the samples were incubated3fér. To investigate the effects on light-
adapted stomata, the effectors (9-AC, NIF or ABA){¢is, trans-ABA]) were added to the
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samples 3 h after beginning of the illuminatione ™ amples were then placed under the same
light for subsequent 2.5 h. The concentration efdghion channels blockers and FC were 100
uM and 10uM, respectively. ABA concentration sufficient toduce full stomatal closure
was 1uM. The dark-adapted samples were kept in the daring all experimental time and
stomatal aperture was measured at the end of expeti

The microscopic cover glass with samples was pulgdrom the Petri dish and placed
on a microscopic slide resulting into a sample tiogewith a drop of the incubating solution
between cover glass and the slide. An optical msmwpe (Nikon, Tokyo, Japan) for stomatal
aperture measurement was fitted with a camera duadd a digitizing table Calcomp
Drawing slate Il (Houston Instrument, Austin, TXSHA) connected with a personal computer
as described in (Leonhardt al. 1997). In microscope, the sample was illuminated/éry
weak WL. During about 5 min, sixty stomatal apextuwere measured on each sample and
each condition. The figures show the mean and &as (corresponding to a standard error
(SE) calculated from several independent measursmerNumber of independent
measurement is stated in the figure legends. Tdteststal differences were tested according
the same procedure as described above (see par63.1

Stomatal density (defined as number of stomatarpef) and stomatal index [defined
as number of stomata / (number of stomata + numwibepidermal cells)] was computed from
microscopic pictures taken with the same microscopbjective magnification, the
dimensions of pictures were estimated using theéastopic measure.

3.2 Abiotic stress signaling

3.2.1 Plant material, growth conditions

To explore systemic response to local burning, tonWdT plants $olanum lycopersicurh.

cv. Moneymaker) and ABA-deficient SIT mutant (Telal. 1966; Tayloret al. 1988) were
cultivated. The seeds were inserted into a poedillvith seed soil substrate. Peat with
dolomitic limestone (pH = 5.5-6.5, 80-1Q@ N/I, 60-100ug P:Os /I, 100-150ug KOl;
AGRO CS,Ceska Skalice, Czech Republic) has been used aihsubstrate. The pot with
sown seed has been covered with transparent pléistiand was placed in a growth chamber
(Microclima 1750, Snijders Scientific, Tilburg, Nhefrlands). The condition in growth
chamber includes temperature 25 °C, relative amitity 50 % and 16 h light (13@mol
photons of PAR i s%)/8 h dark cycles. The soil in pot was watered apeetwo days with
about 250 ml of water per the pot. The seeds grethieg pot for 14 d and after the seedlings
were repotted to the pot filled with common soibswate (pH = 5.5-7.0, Florcom SZ, BB
Com, Letohrad, Czech Republic). The tomato plareveultivated in the growth chamber in
conditions mentioned above. The plants were feetilionce a week with about 250 ml of 1
g/liter Kristalon START fertilizer (NPK (19-6-20)+% MgO+7.5 % S@ME; AGRO CS,
Ceska Skalice, Czech Republic) per pot. WT plantis38-39 d and SIT plants old 43-46 d
(the growth of SIT plants was slower compared to)We€re used for measurement of GE,
detection of surface electric potentials (SEP) fmmndhormones quantification. All used plants
were in the period before branching of a main st€he measurements were performed on
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26-35 cm tall WT or SIT plants with five to six fgldeveloped leaves. Every leaf consisted
of five main leaflets and of zero to four smalleaflets.

Abscisic acid pre-treated SIT plants (SITA) werepared as follows: isolated SIT
mutants were watered with the 70 ml of @ ABA solution (ABA dissolved in ethanol and
then added to water in 1 volume percent conceatraif ethanol) 24 h before the beginning
of measurement. The beginning of measurement wagedeas switching on the data logging
of GE parameters, see below. The cited concentrafithe ABA solution was expected to be
sufficient to induce partial stomata closure (Heedeal. 1997). Actually, three different
concentrations (10, 50 and 80 uM) of the ABA salntwere tested. The result of the test was
that 10uM ABA was sufficient to stimulate a decrease of @fameters of SIT mutants to
levels similar to those of WT plants. To include tbffect of ethanol on tomato plants, one
day (24 h) before the beginning of measurementatsd WT or SIT plants were watered
with 70 ml of 1 % water solution of ethanol. Onauhbefore the beginning of measurement,
250 ml of the tap water was added to the plate wtigepot to prevent a desiccation during
experiment.

3.2.2 Gas exchange and heat stimulation

A dark room with temperature about 25 °C served atace with stable light conditions for
measurement of GE parameters and simultaneousyHEBrmeasurement. The parametgrs
E, A andC; were measured with a LI-6400 open gas exchandemy4Il-COR, Lincoln, NE,
USA). The measurement was performed on the attachedated leaves (terminal leaflet of
the second leaf counted from apex of the plant] usgation is L2; Fig. 9).

Before the beginning of measurement, the plante wark-adapted for 15 min. Leaflets
to be measured were inserted into leaf chamberl-@&400 and equilibrated (about 5 min
before beginning of measurement) there under stdratanditions including the constant leaf
temperature 25 °C, Goncentration 38@mol mol*, and constant relative air humidity 50
%. Data logging of GE parameters with 30 s intebegun 5 min before the measuring light
(LED light source 6400-02B (LI-COR, Lincoln, NE, By providing RL (665 nm) and BL
(470 nm); 320 pmol photons of PARTs") was switched on. Since the measuring light and
leaf chamber form a compact unit, only measuredegaterminal leaflets of L2) were
illuminated by the measuring light. When all measiparameters reached steady-state values
(65 min after the beginning of the measurement @hanin after the measuring light was
switched on), the tip of the terminal leaflet oé tyoungest fully developed leaf (L1; Fig. 9A)
of the plant (except of the control ones) was bdrbg a flame. The flame with temperature
of about 430 °C (measured with a precision thermiemEM-917, Lutron electronic, Taipei,
Taiwan) has been provided by a burning wooden skew80.5 cm length and @ 3 mm. The
wooden skewer was moved back and forth below tpeofi leaflet for 12 s. The GE
measurement then continued for additional 65 mterahe local burning. The light was
switched off 60 min after burning.
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Fig. 9. Scheme of the experimental setup (part A). A tighaf terminal leaflet of the leaf L1 was
burned. The electrodes (E1-E4) for the detectiosuoface electric potential were fixed on the sidie

of the second left leaflet of L1-L4. The refereredectrode (REF) was placed in the root medium
(water). Gas exchange (GE) parameters were measartdte terminal leaflet of L2. A picture of L2
with fixed electrode E2 and gas exchange leaf clear(fpart B). Scheme of one leaf (part C) with
marked placing of the electrode (black spot) andnmmmts (grey color) used for analysis of
endogenous ABA and JA content.

3.2.3 Surface electric potential measur ements

Four-channel home-made device described in detai{sllavakova et al. 2006; llik et al.
2010) was used to record the SEP. The detectiothefSEP has been ensured by four
Ag/AgCI surface electrodes (Scanlab Systems, Pragmech Republic) placed to leaves L1-
L4 (Fig. 9A). The electrodes were placed on lefaal side of the second leaflet (from the
terminal one) on the left side of the main veing\ed from the adaxial leaf side; Fig. 9C).
Fixation of electrodes to leaflet was ensured Ipjaatic clip. Drop of a high-conductive gel
(SONO gel VITA, HELLADA, Prague, Czech Republic)pnove the connection between the
electrode and leaf surface.

Next (fifth) Ag/AgCl electrode inserted into a gtasibe tipped by a glass frit and filled
with 0.3 M KCI (the tip of electrode was dipped time KCI solution) serves as reference
electrode (lliket al. 2010). The tip of glass tube of reference ele&rads immersed into
water in the basin below the pot with the measynadt (Fig. 9A). The reference electrode
was grounded, thus the single-ended setup was U$edcontact between electrodes and
leaflet has been left to reach steady-state ldwelan hour before burning. Signal detected by
electrodes was converted to digital form by A/D wentor and displayed on computer screen.
Two minutes before burning a new measuring proeduas initiated and a signal was
shifted to zero. The SEP measurements continuefbifowving 63 min after the burning. All
measurements (including GE measurement) were pegtbinside a Faraday cage.
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3.2.4 Quantification of endogenous ABA and JA in leaves

The leaves previously used for GE and SEP measatsmeere cut down. Since vascular
bundles might be potential site of ABA synthesi®i(Mai et al. 2004) (what could distort the
results of ABA content determination), the veingl gretioles of the leaves were removed
(Fig. 9C). Resulting leaf segments were weightbéntpacked to an aluminum foil and
finally sunk into liquid nitrogen (77.3 K) for fadreezing. All samples were kept in
refrigerator at -84 °C till the next processing c(uding purification of samples and
guantification of endogenous ABA, JA content omaufterformance liquid chromatography -
mass spectrometry; the process of hormones quaatiiih was performed by co-author(s) of
the paper l1ll). The whole process has been destripeviously (Bergougnougt al. 2009;
Hlavakovaet al. 2006). Results reflect hormone content 85 mirnr ddftening (control plants
were unburned).

3.2.5 Computed parameters and statistical analysis

Initial steady-state values of GE parameters wereputed as the arithmetic mean of values
from last 5 min before the burning. The start o$teynic reaction of GE parameters after
burning was defined as 5 % decrease from the lisitesady-state level. The start of local and
systemic reaction of SEP after burning was defiasd10 % increase from the resting
potential level. The differences between measuegd dere tested according the description
above (see part 3.1.1.5).

3.3 Biotic stress signaling

3.3.1 Theroleof cytokininsin plant-pathogen interaction

3.3.1.1 Plant material and treatments

Experiments were performed on transgenic planth WiEX-inducibleipt gene expression.
Transgenic plant€aMV35S>GR>ipt(pOp6-ipt/LhGR-N, lines 303 and 307; Samaletal.
2005) and the corresponding wild-typlécotiana tabacumSR1 Petit Havana’ was grown in
a growth chamber AR-36L (Percival Scientific, Per&, USA). The conditions in growth
chamber were set up to 16 h light at 24 °C / 8k da21 °C. The plants were illuminated by
the cool white fluorescent lamps (1@Mol photons of PAR i sY). For all experiments, 5-
weeks-old plants were used. A dexamethasone (DBX}ign with a final concentration of
20 mM was prepared by diluting a 20 mM stock soluin 96 % ethanol with tap water. A 50
ml aliquot of the diluted solution was applied e tsoil by watering 3 h before the start of the
dark period. Control plants were watered with 0.9®6thanol in tap water (mock).

The samples were collected from non-damaged tisstiee middle of the light period
at the times after DEX application indicated inufigs legend (from O to 4 day after DEX
treatment - DAT). Collected samples were frozelguid nitrogen and stored at —80 °C.
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3.3.1.2 L eaf gas exchange

The third or fourth leaves (counted from the plaase) of plants adapted to darkness for 30
min were used to measure the leaf GE. Measurenidghedeaf GE was performed on a LI-
6400 open gas exchange system (LI-COR, Lincoln, NEA). To measure light-induced
changes ofA and g, the leaf were inserted into chamber and acclichatedarkness to
chamber conditions (mass flow of air 200 pmd| selative air humidity 50 %, block
temperature 24.5 °C, GQ@oncentration 390 pmol mYl After 5 min, the measuring light
(LED light source 6400-02B (LI-COR, Lincoln, NE, By providing RL (665 nm) and BL
(470 nm); 330 pmol photons of PAR%s?) was switched on.

Furthermore, the C{response of photosynthes& € curve) was measured according
to the method described in detail in paper IV.

3.3.1.3 Chlorophyll fluor escence

Parameters of slow induction kinetic were measorethe adaxial sides of the third or fourth
attached leaves. The measurement was performedawithstrument which can be used to
monitor chlorophyll fluorescence and P700 absorbastnultaneously (Dual-PAM-100
Chlorophyll Fluorescence & P700 Photosynthesis Y&l Heinz Walz GmbH, Effeltrich,
Germany). The measuring protocol is described pepdV. The estimated parameters were:
the non-photochemical chlorophyll fluorescence ghérg (NPQ), the relative rates of
electron transport via photosystem | (PSI) and REHITR(l) and ETR(II), respectively — and
the quantum yield of non-photochemical energy detson due to donor side limitations of
PSI [Y(ND)] at steady-state. The measurement @dcjtarameters was performed by a co-
author of paper IV.

In addition, images of steady-state NPQ were ressbah the adaxial side of the third or
fourth attached leaf with a fluorescence imagingteay FluorCam 700MF (Photon Systems
Instruments, Czech Republic). The leaf sample wasliated for 10 min with actinic light
(100 umol photons of PAR fns®) and the measurement protocol described in Prakppd
al. (2010) was applied.

3.3.1.4 Other methods performed

Endogenous levels of phytohormones (cytokinins, ABRBA and SA) quantification,
determination of leaf dry matter content, spectwpsc determination of chlorophyll content
in the samples, quantification of hydrogen peroxidsualization of hydrogen peroxide and
the extent of lipid peroxidation within samples amethods that have been performed by co-
authors of paper IV and are described in detailain.

Furthermore, quantification of steady-state trapsdéevels of genes coding for bacterial
isopentenyl transferase (IPT), chlorophyll a/b-longd protein (CAB), ferredoxin:NADP
oxidoreductase (FNR1), violaxanthin de-epoxidas®KY, pathogenesis-related protein 1b
(PR-1b) and acidic phosphatase (PR-Q) were perfibring co-author(s) on reverse
transcription followed by quantitative PCR (RT—qPChsing the fluorescent dye SYBR
Green |. For details see paper IV.
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3.3.2 Theroleof plant resistance/susceptibility in reaction to patogen

infection and the effect of heat shock pre-treatment

3.3.2.1 Plant material and pathogen isolate

Two tomato genotypes were used for measuring chlgibfluorescence and GE parameters:
susceptible genotypesélanum lycopersicurh. cv. Amateur) and the moderately resistant
one Solanum chmielewski{Rick, Kesickii, Forbesand Holle) Spooner, Andersand
Jansen). Tomato seeds were sown in plastic pas(ifi diameter) filled by Perlite (PERLIT,
Senov u Nového dina, Czech Republic). Seedlings with fully develbmmtyledons were
transferred to plastic pots (7 cm diameter) filwdh a garden soil/peat (2/1, v/v). The
seedlings were watered twice a day. Once a weekllisgs were fertilized by 50 ml of the
fertilizer solution (5 g/l Cristalon fertilizer (N® (19-6-20) + 3 % Mg; Hydro-Czech
Republic, Prague, Czech Republic)) per pot. Plardee grown in pest-and pathogen-free
glasshouse tempered to 22 °C at day/18 °C at nRjidtoperiod in the glasshouse copied the
ambient outside conditions and the illumination gapported 12 h a day by the artificial
light (100-120 pmol photons fns?). Measurements were performed from February to May
(during 4 months).

Isolate ofOidium neolycopersiqiC-2) was cultivated according description in paye

3.3.2.2 Heatshock pre-treatment

Selected 8-10 weeks-old plants were inserted intoltvation box (SANYO E&E Europe
BV, Etten-Leur, Netherlands) where they were exgase40.5 °C for 2 h and illuminated
with WL (45 pumol photons ihs?). In the case of infected plants the heatshock) (pts-
treatment was applied immediately before the irmtoah. The rest of plants (that was not
exposed to HS pre-treatment and was kept in thsskytaise under conditions described
above) serve as controls.

3.3.2.3 Oidium neolycopersici inoculation

Leaves of tomato cv. Amateur covered (>80 %) bgHreporulating mycelium dDidium
neolycopersic(O. neolycopersici8-10 days old) were used for the inoculation. el and
fourth leaves (counted from the plant base up)edcted plants (8-10 weeks old) were
inoculated on the adaxial side by surface contdast{ng/tapping) with infected leaf. The
group of plants was treated in the same way asulated plats (tapping), however, with
uninfected leaf (mock control of inoculation).

After the inoculation, all plants (inoculated anshrnoculated with or without HS pre-
treatment) were kept in a growth chamber. The teatpee in growth chamber was set up to
22 °C a day /18 °C night with the light conditiof h light (100 pmol photons s?)/12 h
dark. Measurement was performed at 2, 3, 4, 7 atay9 after inoculation (DAI). However,
an infection caused defoliation bf chmielewskileaves and therefore the parameters could
be measured only up to 4 DAI in plants without H&-peatment. The leaves of HS pre-
treated L chmielewskiplants were measurable up to 7 DAI (but only teavies were left on
the plants and could be used for the measurements).
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3.3.2.4 Chlorophyll fluor escence measur ement

Chlorophyll fluorescence was monitored by a co-autif paper V on the adaxial side of the
tip leaflet of the attached third or fourth leafrabm temperature using a FluorCam700MF
imaging system (Photon Systems Instruments, BraeckC Republic). Images of the maximal
quantum yield of photosystem Il (PSIl) photochenyigE,/Fy) and the non-photochemical
chlorophyll fluorescence quenching (NPQ) as welbasrage values ofyA~y, the maximal
fluorescence of the dark-adapted samplg) @nd steady-state NPQ are presented in paper V.
The measuring protocol and calculation of paramnsedes described in details ibidem.

3.3.2.5 L eaf gas exchange

Leaf GE was measured on the tip leaflets of thech#d third or fourth leaves. An open gas
exchange system LCA-4 (ADC BioScientific, HoddesdoiK) was used for measurement.
After finishing the chlorophyll fluorescence measuent, the plant was light-adapted in a
growth chamber for 30 min in following conditior30 pmol photons of PAR fs?, 22 °C
and relative air humidity 45 %. The light-adaptddnp was removed from the chamber and
the tip leaflet (chosen regions without any necrtgsions) was placed into a gasometric leaf
chamber, actinic light (320 umol photon& ', WL) was switched on and these conditions
were kept: leaf temperature 24 °C, mass flow of18® pmol 8, CO, concentration 350
umol mol*, relative air humidity 40 %. The leaflet was etprited in the chamber for 1 h
and GE parameter#\(gs, C;) were measured. The parametawras related to Chl(a+b) in the
measured leaflet areAd,; pmol CQ ug' s?).

3.3.2.6 Content of photosynthetic pigments

The area of the tomato leaflet delimited by theogaestric leaf chamber served as a sample for
spectroscopic determination of the content of dapbyll a, chlorophyll_b and total
carotenoids. More detailed description of the meament can be found in paper V
(measurement has been performed by a co-author).

3.3.2.7 Statistic alanalysis

Samples from four different plants were used fochedareatment. The measured GE
parameters are presented relatively to their vahie8 DAI (= 100 %). The values of the
parameters at 0 DAI are mentioned in figures legdimisome cases the values at 0 DAl were
not same in different variants). Statistical evabraof data is described in paper V.
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4. Aims of thesis

The experimental part of this thesis has been dedigo cover three fields related to plant
signaling: light signaling, abiotic and biotic stsesignaling.

Within the light signaling, the aim was to explatee reaction of7B-1 mutant to light
(chloroplasts and stomata movements) and investigatrelated signaling pathways.

Within the abiotic stress signaling, the aims wavestigate the signaling pathways leading
to systemic response to abiotic stress and theofopdytohormone ABA in these responses

using the ABA-deficient mutarsitiens

Within the biotic stress signaling, the aims were:
—  toinvestigate the role of cytokinins in plant respe to pathogen infection

- to explore the role of plant resistance/suscejgifbdnd effect of heat shock pre-
treatment of plant in reaction to pathogen infattio
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5. Results and discusions

5.1 Light signaling

Plants are very often exposed to non-stressful itond including the light illumination of
lower intensities (not causing the photosynthesigt@nhibition). In this case, the light can
serve as a signaling factor important for triggerior regulation of some important plant
processes. The proper function of signaling patlswkyy the light is essential for plant
survival. An important system for the study of tkaction to light is a mutant affected in light
signaling. If the mutant is, besides, the maleilsteit can be a choice material for plant
breeders for several reasons, including its usmakcrossing, interspecific hybridization, and
in F1 hybrid seed production. This is one of thasoms, why the male-sterile mutant was
selected to be investigated for reactions to tgktliHowever, if the male sterile mutant is
sensitive to abiotic or biotic stresses, its usélieedings programs is limited (Rao al.
1990). In contrast, the resistance of the malelsterutants to various stresses will certainly
improve practical applications, e.g. in the hyls@kd industry.

In tomato Solanum lycopersicum.), a spontaneous recessive single gene mdiauit
(Sawhney 1997) is characterized by reduced deagitbol of hypocotyl growth, tall stature of
adult plant, elevated levels of endogenous ABA ahtbrophyll, and reduced levels of
gibberellins, auxin, ethylene and cytokinins (Bergoouxet al. 2012; Fellneret al. 2005;
Fellner et al. 2001). The mutant shows reduced responsivenesarious abiotic stresses
specifically in BL conditions (Fellner and Sahwri2gg01, 2002). It was further showed that
the 7B-1 mutation confers a BL-specific lower sensitivitp toronatine produced by
Pseudomonas syringgev. tomato (Bergougnouxet al. 2009). Current results revealed that
the mutant has defects in phototropic responseggfBgnouxet al, unpublished data), and
shows changes igy, A and intrinsic water-use efficiency under BL (JeZdet al.2012). The
pleiotropic nature of th&B-1 mutation suggests that a basic element involvea iBL
signaling pathway(s) is affected.

To determine the effect of th&B-1 mutation on BL signaling pathways, both
chloroplast and stomatal movement (known to be exhusy BL) were explored oiB-1
mutant. The WT plant has been used as a refergygtens. The basic elements of light
signaling for these two movements are well desdribe many plant species.

5.1.1 Chloroplast movement

Selected leaves (f4and LY, and L1 of older plants - see part 3.1.1.1) of both WT and
7B-1 plants adapted to darkness conditions were usetetsure the chloroplast movement.
At first, the Chl(atb) of desired leaves was detasd by measuring the SPAD values.
Resulting chlorophyll contents (re-calculated titsifug cni?], see part 3.1.1.2) are shown on
Fig. 10. The results show that there is not stesily significant difference between Chl(a+b)
of WT and7B-1 mutant for L4 and LY. However, there is statistical significant diffece
between Chl(a+b) of WT aritB-1detected on LI
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Fig. 10.Chlorophyll content in leaves (f"4and LY", and L1# of older plants, counted from the plant
base up) of WT (black columns) ai@@-1 (white columns). Significant difference between \&fid
7B-1is marked by an asterisk, arithmetic mean + Sshosvn, n=5-7.

Subsequently, a selected dark-adapted leaf wastadsento the leaf clip and the
measurement ofc was used for monitoring of the chloroplast moveme&he value of initial
Tc (Teo) has been recorded immediately after switchinghenBL (Tcois arithmetic mean of
the first three recordet: values, see Fig. 8). Since chloroplasts previodalk - adapted are
in face position with regard to the incident lighhile absorbing as much light as possible
(maximum), the value of¢o is minimal. Absolute values dfco seem to be correlated with
Chl(a+b) in leaves. The higher Chl(a+b) the lowalue of Tco (compare Chl(a+b) in Fig. 10
andTcoin Fig. 11).

Rapidly after switching on the BL of high intens{840 + 20umol photons 1 s*), the
illuminated chloroplasts begin to move towards st cell walls as much as possible to get
the chloroplasts out from the high intensity ohligAt the same time, the leaf transmittance
for the light increases andlc increased too. This response is governed by phot? is
designed as the avoidance movement. Changé&s aaused by chloroplasts movements are
shown in Fig. 11.

The chloroplasts were illuminated by BL of highansity for 30 min to reach the side
position. After this time, th@c was about the highest (maximiJ; designed a3cmay. Even
the Teo of 7B-1is lower for LY (and L13") compared with WT, the results show that the
chloroplasts o¥B-1leaves move with lower extent compared to thos&/®f(Fig. 11).

Since the values OFco and Tcmax differ between WT andB-1, parameteh; (defined
as:h; = Tcmax- Tco) was evaluated. When it is assumed that the oENST and7B-1 leaves
are of similar size, this parameter reflects theerixof the avoidance chloroplast movement.
The values of parametby are shown in Fig. 12.
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Fig. 11.Changes in collimated transmittancg)( of L4™, L9" and L1¢' of WT and 7B-1 plants
induced by illuminating the sample by the blue fighhigh intensity (340 + 2@mol photons i s™;

0 min - 30 min, the avoidance movement of chlorsiglaand by illuminating the sample by the blue
light of low intensity (8 + 2umol photons i s*; 30 min — 75 min, the accumulation movement of
chloroplasts). The average curves are shown, R &5
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Fig. 12 Values of parametdr, (defined ash; = Temax- Tco) calculated for L%, L9" and L16' of WT
(black columns) andB-1 (white columns) for the avoidance chloroplasts emgnt. Significant
differences between WT af@-1are marked by asterisk, arithmetic means + S3laogn, N =5-7.

The value oh; measured on %of 7B-1is slightly lower compared to WT. However,
significantly lower value oh; in 7B-1 compared to WT was observed on"LSince the
Chl(a+b) of both WT and@B-1is not significantly different for L4 and L9", the significantly
lower value ofh; in 7B-1 compared to WT probably do not reflect difference€hl(a+b) of
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both kinds of plants. It rather reflects the diffieces in BL-induced chloroplasts movement
between7B-1 and WT. The measurement of chloroplasts movemeassrepeated on LT0

of older plants. The extent of the chloroplast nmogat remained in this case similar to"L9
measured before although the Chl(a+b) of T.16f 7B-1 was significantly higher than
chlorophyll content of WT. The obtained results gegf that in the case of avoidance
movement, the chloroplasts oB-1 move less than those of WT.

After 30 min, chloroplasts that reached the sidsitipm were exposed to BL of lower
intensity (8 + 2umol photons nf s*) and began to move back to the initial face positiThis
movement is governed by both photl and phot2 anléssgyned as accumulation movement.
The accumulation movement is also shown in Fig. 11.

Similarly to parameteh;, the parameten, (h, = Tcmax- Ter, WhereTes is terminalTe
computed as arithmetic mean of the last three gathi&- measurement, Fig. 8). The values
of parameteh, are shown in Fig. 13.
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Fig. 13Values of parametet, (defined ash, = Temax - Ter) calculated for L, L9" and L16" of WT
(black columns) andB-1 (white columns) for the accumulation chloroplastvetment. Significant
differences between WT an®-1are marked by asterisk, arithmetic mean + SD langva, n =5 - 7.

Similarly to parameteh;, the values of parametbs of 7B-1 were lower compared to
WT. However, the significant difference between \Afid 7B-1 was detected only for L0
Obtained results seem to show that in the casehef @cumulation movement, the
chloroplasts of7B-1 move less than that of WT. However, it is possthi the lower extent
of the accumulation movemelnt in 7B-1is caused only by the lower extent of the avoiéanc
movement (parametdn;) in 7B-1 To reflect the difference between the extentsthaf
avoidance and accumulation movements, pararhgterhas been calculated (Fig. 14). If the
valuehy/h; is close to 1, the chloroplasts accumulation ma@ns of the same extent as the
avoidance movement. If mutanB-1is impaired in accumulation chloroplast moveméme,
h,/h; of 7B-1would be lower than 1 and significantly differélawer) from theh,/h; value of
WT at the same time. However, the rdtyth; for 7B-1is not significantly different from WT
for L4™, L9"™ and L1d", even the values d&/h; are lower than 1 for 'and L1¢" and about
equal to 1 for LY (Fig. 14).
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Fig. 14 Values of parametdrn/h, calculated for L%, L9"™ and L1#" of WT (black columns) an@B-1
(white columns). Arithmetic means + SD are shows,5- 7.

In previous, it was supposed that BL-induced chargf@ ¢ correspond to chloroplasts
movement. To show that the effect was caused ontyé chloroplast movement and not by
the chloroplast decomposition or other processf (teging, leaf infiltration etc.), thelc
spectra of leaves were detected three times isdhee arrangement as measurement of BL-
induced changes dfc. First Tc spectrum was read before the beginning®Mmeasurement
(A), second at the time wheh: reached maximal value (B) and third after the ehd¢
measurement (C). An example of detecfedpectra is shown in Fig. 15.
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Fig. 15 Examples of spectra of collimated transmittance suesad before the chloroplast movement
(A), after the avoidance chloroplast movement (BJ after the accumulation movement (C) of WT
(left part) and7B-1 (right part) in LY.
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It is clear from the results that all valuesTgfspectra A increased uniformly to values
of Tc spectra B. Thus, the shapeTefspectra did not change. SinEgspectra did not change
the shape, processes like chloroplast decompostioncan be excluded and an increase of
values ofT¢ spectra A to B is assigned to the BL-induced aaai@ chloroplasts movement.
lllumination of chloroplasts in the side positiog BL of low intensity decreased thHe of
spectra B to values dt: spectra C, while the shape of the spectra remapptbximately the
same. The shape and valuesTefspectra A were nearly the same as valuekcafpectra C
indicating that the chloroplasts illuminated by BIf low intensity move back to initial
position and no other process but the accumulatiowement of chloroplast can be seen
during the observation.

Taking together, the obtained results show thatBhenduced avoidance chloroplast
movement is reduced i@B-1 plants. Interestingly, the impairment in the acaotation
chloroplast movement ifB-1 mutants have not been proved properly, howevearinot be
completely excluded. Chloroplast movement in tomasmts can be triggered only by BL,
the RL is ineffective in triggering the chloroplasbvement in tomato (measured, but results
not shown). On the basis of the results, it casumgested that signaling pathway of BL that
leads to the avoidance but not to the accumulatioroplast movement is impaired TB-1
plants. Since the avoidance movements of chlortplasder BL are affected i@B-1 in
comparison to WT and since chloroplast movemennhdsiced by interaction of BL with
phot2, it can be speculated that phot2 (e.g. Kagsveh 2001) could be affected by thi8-1
mutation. If the phot2 is affected #B-1, the accumulation movement of chloroplastZ i1
could be predominantly caused by the activatiophadtl. However, the results do not show
direct evidence thatB-1 mutation affects phototropin.

Chloroplast movement can be sensitive to ABA. Kénigt al. (2010) showed that
chloroplasts in guard cells @&f. thalianahave kept their position in the middle of guartisce
irrespective of light treatment. Thus, the limitatiof chloroplast movement caused by ABA
can be also responsible for the reduced chlorophastement in ABA-overproducingB-1
(Fellneret al.2001).

At the date, it is accepted that, besides chlosbptaovements, also stomatal responses
to BL are dependent on functional BL photorecepfirstl and phot2. Taking into account
the obtained results concerning the chloroplastenmant under BL, the next question to be
solved is whetherB-1 mutant also exhibits different reactions to Blstomatal responses.

5.1.2 Stomatal movement (paper 11)

To explore the BL signaling pathways important &iomatal opening, the microscopic
measurement of stomatal aperture was used for WT B+ leaves. Firstly, the physiological
study of epidermal surface cells was performedghtwed that the stomatal density of WT
was significantly higher than that @B-1 (Fig. 16A), however, the stomatal index (Fig. 16B,;
multiplied by 100 corresponding to percentage foactof stomata among all cells) was
similar in both genotypes. These characteristiesnanifested in a different arrangement and
size of epidermal cells withidB-1and WT. However, stomata of both genotypes wetbef
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similar size and surrounded by similar number aflegnal cells (Fig. 16C). Therefore, the
results of stomatal apertures of WT ati@t1 stated below should be comparable.
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Fig. 16.Stomatal density (A), stomatal index (B) of WT @Xacolumn) and7B-1 (white column)
samples. Arithmetic means + SE are shown, a nurob@&valuated samples was 21. Statistically
significant difference between WT afi@-1 is marked with an asterisk. Microscopic picturg ¢
WT and7B-1 leaves shows the dimensions (white segment is aurgaand arrangement of cells.
Adopted with slight modifications from the paper II

When observing the stomata in the dark, their aperin 7B-1 mutant was similar to
that in WT leaves. lllumination of sample with Bhduced stomatal opening in WT leaves,
whereas th@B-1 stomata were insensitive to BL (Fig. 17A).71B-1 mutant, normal stomatal
opening was induced only by the RL illumination ahé aperture was comparable to that
observed in WT plants (Fig. 17B). lllumination tlsamples by WL opened the mutant
stomata less than the stomata of WT, but a sigmtfidifference was observed only after 5.5
h of WL exposure (Fig. 17C).
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Fig. 17.Time course of stomatal aperture of WT (black sgsiand solid lines) antB-1 (white dots
and dashed lines) mutant in reaction (A) to blgatl(BL), (B) to red light (RL) and (C) to whiteglit
(WL). Arithmetic means = SE of 3 independent experits are shown (60 stomata per condition and
per experiment). Letters A, B indicate significgntifferent groups for WT, letters a, b indicate
significantly different groups forB-1; asterisks indicate significant differences betw®ér and7B-1

in one specific condition. Adopted with slight miicktions from paper II.
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The data are consistent with our previously publisfesults. For instance, it was earlier
reported that 20-day-ol@dB-1 seedlings showed limited transpiration under #soent tube
light (Fellner et al. 2001) corresponding to more closed stomata/Bfl than of WT.
Recently, it was demonstrated in 5-week-old segdlimat parametey; measured under BL
on 7B-1is lower compared to WT (Jezilowd al. 2012). The results could suggest thBt1
mutation impairs an element of phototropin sigralrathways within the guard cells. To get
more information about this defect, we further s#tddhe7B-1 stomatal responses to FC, two
anion channel blockers 9-AC and NIF, and to ABA.

Fusicoccin has been found to activateATPase in plasma membrane of guard cells
(Johanssomet al. 1993), one of the processes involved in the ligdticed stomatal opening.
In order to show whether the extent of activatibgward cell plasma membrané-ATPases
differ between WT andB-1, the responses of dark-adapted stomata of bothtygmes to FC
were compared (Fig. 18). Stomata treated by FCoamdjposed to WL considerably opened
similarly in the WT and/B-1 leaves. The similar stomatal response3®{l and WT to FC
(Fig. 18) point out that the extent of the activatof H-ATPase is probably not impaired by
the 7B-1 mutation. This result also demonstrates thatuhetfon of H-ATPase itself is intact
in 7B-1
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Stomatal aperture [um]

Dark WL FC+WL

Fig. 18 Aperture of the dark-adapted stomata of WT (blackimn) and7B-1 (white column) and
aperture of stomata non-treated or treated by dasio (FC) before 3 h lasting exposition to white
light illumination (WL or FC + WL respectively). Khmetic means + SE of 3 independent
experiments (1 in case of FC + WL) are shown (@fimsta per condition and per experiment).
Adopted with slight modifications from paper Il.

Next tool useful for investigating the stomatalngiting pathways are the ion channel
blockers. For instance, the fact that the aniomobhlblockers regulate stomatal movements
(Schroedeet al. 1993) has been used to support the mechanisrorobsil closure consisting
in opening of the anion channels promoting membdemlarization. It was shown that the
anion channel blockers 9-AC and NIF block curreémtoigh R-type and S-type anion
channels of plasma membrane\b€ia fabal. guard cells (Marteet al. 1993; Marteret al.
1992; Schroedeet al. 1993; Schwartzt al. 1995). According to Marteet al. (1992), NIF
inhibits reversibly the R-type anion channels iagpha membrane of guard cells more than 9-
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AC, whereas the S-type of anion channel is moréitdd by 9-AC than by NIF (White and
Broadley 2001).

In our case, adding the anion channel blocker 9AC0 uM) to dark-adapted
epidermal strips induced stomatal opening in bathogypes (WT andB-1) in a similar
extent (Fig. 19). This result is in accordance witiservation o\. thaliang where the anion
channel blocker 9-AC induces stomatal opening endéirk (Forestieet al. 1998).
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Fig. 19 Reaction of dark-adapted stomata of WT (black colsimand7B-1 (white columns) tomato
mutant to 3 h long action of ion channel blockefr8® (100 uM) and NIF (100 pM) in dark.
Arithmetic means = SE of 8 independent experimanésshown (60 stomata per condition and per
experiment). Letters A, B indicate significantlyffdrent groups for WT, letters a, b indicate
significantly different groups forB-1 Adopted with slight modifications from paper II.

The effect of 9-AC on stomata was also observedh Wwith genotypes pre-exposed
(before 9-AC application) for 3 h to BL (RL or Wlespectively) and afterwards exposed to
BL (RL or WL respectively) for 2.5 h (Fig. 20A-C).

The obtained results indicate that the functio®-&C-sensitive anion channels per se
is not likely impaired in7B-1 stomata. Since the 9-AC blocks the S-type anicanohls
involved in stomatal opening (Schwadt al. 1995) and it was observed that in WT the BL
did not further increases the stomatal aperturenpted by 9-AC (Fig. 20A), it seems that 9-
AC and BL block the similar type of anion channdlbis result is supported by observed
slight 9-AC-induced increase of the stomatal aperwnder RL (Fig. 20B). Interestingly,
although containing blue and red part of spectrd, i/ combination with 9-AC promoted
stomatal opening less than BL (or RL) in combimatiwith 9-AC in both genotypes (Fig.
20C). The explanation of this result is not clddowever, it differs from the result obtained
on Commelina communik., where stomatal opening induced by WL couldebbanced by
9-AC (Schwartzt al. 1995).

The second anion channel blocker NIF (1@B1) acted differently on stomatal
movement as compared to 9-AC, and this was obsémneoth genotypes tested. The stomata
did not respond to NIF in darkness (Fig. 19). Tisisin accordance with the results of
Forestieret al. (1998) onA thalianaplants. It suggests that NIF inhibits anion chdsmne
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plasma membrane that are different from those itgdhby light (S-type). It is also possible
that NIF inhibits the Vcl anion channels in tongt$aof vacuoles (Peit al. 1996). When the
stomata of WT pre-exposed by BL (RL or WL respesyy for 3 h were treated by NIF and
subsequently exposed to BL (RL or WL respectivéty) 2.5 h, the stomatal aperture was
reduced (Fig. 20A-C). Since the stomatal apert@iréBal under BL is low, the effect of NIF
on stomata under BL was not considerable (the dtomemained almost closed, Fig. 20A).
When the stomata afB-1 pre-exposed by RL (or WL respectively) for 3 h evéreated by
NIF and subsequently exposed to RL (or WL respebt)vfor 2.5 h, the stomatal aperture
was reduced (Fig. 20B, C) as in the case of WTsSTNIF prevented stomatal opening in any
light conditions tested in our experiments. Thigde to a hypothesis that NIF inhibits those
anion channels working opposite to the anion chisnnaibited by light (S-type).

4.0
o A C WL
— c [ 1781
E 307 b
= B
o 251 b B b
3
o 2.0
g A
g 1.5 a Ag
E 104 aA,
n
0.5
0.0
& N & F @
FETES
N ey
N4 &K X
X
& <

Fig. 20.Reaction of stomata of WT (black columns) anB-1 (white columns) tomato mutant
illuminated for 3 h with (A) blue light (BL), (B)ed light (RL) or (C) white light (WL) to anion
channels blockers 9-AC and NIF, to ABA and to AB#fgether with the anion channels blockers 9-
AC and NIF. After adding the effectors, the samplage been put back under (A) BL, (B) RL or (C)
WL for subsequent 2.5 h. Arithmetic means + SE ofd&pendent experiments are shown (60 stomata
per condition and per experiment). Letters A, Bin@icate significantly different groups for WT,
letters a, b, ¢ indicate significantly differenbgps for7B-1 Adopted with slight modifications from
paper Il.

Taken together, data presented above contributertbypothesis thatB-1is impaired
in early BL signaling pathway for stomatal open{ng. in signaling component(s) preceding
the inhibition of S-type of anion channel in plasmambrane of guard cell).

It is well known that stomata close in the preseatéABA and that ABA inhibits
stomatal opening (e.g. Schroe@emral. 2001a). It was shown in several reports #tl is an
ABA overproducer (Bergougnougt al. 2009; Fellneret al. 2001; Piterkovéet al. 2012),
while it was demonstrated that ABA amount increasggecially in BL-grown plants and that
BL-induced accumulation of ABA was significantlyghier in7B-1than in WT (Bergougnoux
et al. 2009; Piterkovéet al. 2012). Therefore, stomatal opening @B8-1 in BL may be
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inhibited by the increased endogenous ABA contdotvever, in several systems, it was also
reported thaf7B-1 is less sensitive to BL in various responses, gegd germination and
hypocotyl elongation (Bergougnouet al. 2012; Bergougnowet al. 2009; Fellner and
Sawhney 2002; Piterkow al. 2012). Currently, we also revealed reduced resgsonf/B-1
specific for phototropins, such as phototropisnrlyeatage of BL-induced inhibition of
hypocotyl elongation (unpublished results of FellnBergougnoux, and Jezilova) and
chloroplast movement (see the chapter 5.1.1). Weetbre suggest that reduced stomatal
aperture in7B-1in BL reflects, on the one hand, elevated leveABA in 7B-1 mutant (i.e.
increased stimulation of S-type anion channels), the reduced sensitivity to BL mediated
by phototropin signaling pathway on the other hérel reduced inhibition of S-type anion
channels) (Fig. 21).

ABA ABA
e
S-type
anion anion
channel channel
9-AC 9-AC

WT /B-1

Fig. 21 Model explaining differential responses of WT aft#i1 stomata to ABA and blue light (BL)
and similar responses to anion channel blocker 9@ data suggest that reduced stomatal aperture
in 7B-1 mutant is a consequence of elevated ABA contetitraduced BL signaling iiB-1 mutant.

In addition, similar responses of WT aiiB-1to 9-AC also indicate that ABA, BL and 9-AC take
action likely in the similar type of anion channefsrows and T-bars represent positive and negative
effects, respectively. Adopted from paper Il.

We still do not have direct evidence tif&-1 has a defect in receptor photl or phot2.
But since photl and phot2 functionally cooperat8linresponses (phototropism, chloroplast
movement, stomata opening) (Christie 2007), it esgible that the defect in one of the
phototropin receptors can affect final responsgalegded by the second phototropin receptor.

Further, ABA effect on stomata was investigateds@sic acid was used as a factor
that in contrast to light promotes stomatal closareinhibits stomatal opening. Different
responses to ABA in WT and ABA-overproducirB-1 (Fellneret al. 2001) were expected.
Stomatal opening in WT leaves induced by BL, RLVBL was completely inhibited by
adding 1uM ABA to the samples (Fig. 20A-C). Like in WT, ABAlosed stomata ifiB-1
samples exposed to RL or WL (Fig. 20B, C). Becaakdhe insensitivity to BL, the
sensitivity of7B-1to ABA is not obvious in our experimental proto¢blg. 20A). However,
it was previously reported that tii8-1 mutant shows BL-specific resistance to ABA (Fellne
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and Sawhney 2002). Under WL, the stomata of WT weoge sensitive to endogenously
applied ABA than the stomata ¢B-1 (Fig. 20C).

The degree of reversibility of the ABA-induced stal closing by anion channel
blockers (9-AC and NIF) was tested. It was showet tn WT and at all light conditions
tested, 9-AC restored stomatal opening inhibited ABA (Fig. 20A-C). These results
correspond to the results of Schwaetzal. (1995) and Forestiast al. (1998) obtained with
Comellina communi&. andA. thaliana They confirm that in tomato there is a compaetitio
between a signaling component activated by ABA,clwhtauses an activation of anion
channel (Inoueet al. 2010), and by 9-AC (or light) which causes an hitfon of anion
channel. The full restoration of stomatal openiggPbAC was also observed #B-1 The 9-
AC-induced restoration of stomatal opening in BLtle presence of ABA was of similar
extent in WT andB-1samples.

It indicates that ABA, BL and 9-AC take action imetsimilar type of anion channels
(Fig. 21). Whatever the light conditions were, gtematal closure induced by ABA in WT
and 7B-1 mutant could not be overcome by blocker NIF (RZQA-C). In accordance to
obtained results, minimal effect of NIF on ABA-irmhd stomatal closing was also observed
by Forestieret al. (1998) inA. thalianaplants. It supports our presumption that NIF iitsib
anion channels working opposite to those inhibligd-AC. Since in our experiments NIF
always showed negative effect on stomatal operiing,also possible that the anion channel
blocker NIF in the concentrations used is toxicttonato stomata.

The experiments performed with the stomata gualld cevealed that additionally to
the previously reported BL-specific charactef8-1 is also insensitive to the BL-induced
stomatal opening. Using FC, anion channel bloclkeard ABA suggests that théB-1
mutation affects the signaling functioning in thehibition of anion channels in plasma
membrane of guard cells that is involved in stomatgening. Our data indicate that the
previously reported increased endogenous ABA canteidB-1 along with reduced mutant
responses to BL is likely responsible for the intiin of stomatal opening in BL.

The obtained results lead to a conclusion that betidance chloroplast movement and
stomatal opening under BL are impaired7B-1 This points out that the BL signaling
pathways (possibly in BL-receptor part) are affddig 7B-1 gene. Besides, both chloroplast
movement and stomatal opening are also most likiégcted by the increased ABA #B-1
The results contribute to the contemporary undedstg of 7B-1 mutation. Although, more
work has to be done in order to completely desdhleebehavior o7B-1

The results described in the chapter 5.1.2 have pexsented in paper Il.
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5.2 Abiotic stress signaling (paper [11)

In natural conditions, the plants are as well eeda® many stressful stimuli which activate
the signaling pathways different from the signalgaghways of light examined in chapter 5.1.
The local injury of a plant can lead to effectstthie detectable far from the site of the injury.
This effect is known as a systemic response. Systegaponse to a local injury can include
among others the inhibition of photosynthetic pss&s, limitation of water loss by stomata
closure (Hlavékovaet al. 2006; Kaiser and Grams 2006; Lauteéeal. 2005; Pefia-Cortést

al. 1995; Van Sambeek and Pickard 1976) or accumulaifochemical compounds (JA,
ABA,; e.g. Hlavakovaet al. 2006). It is supposed that the systemic reactiamsbe initiated
by signals of electrical (e.g. Kaiser and Grams&}0Bydraulic (Mancuso 1999), or chemical
(e.g. Hlavékovaet al.2006) origin.

There is little information about the impact of egdnous ABA level (ABA can act as
signaling molecule by itself) on systemic reactitwnabiotic stress and related signaling
pathways. Therefore, the short-term reaction intGHocal burning (chosen as a standard
stimulus inducing both electrical and chemical ges) has been measured together with the
electrical signal (SEP) and the endogenous cormdemthytohormones (ABA and JA; the
measurement performed by co-authors of paper diiIN@ tomato plants, SIT mutants (ABA-
deficient) and SIT mutants pre-treated with ABATS).

First step in exploration the effect of the endagen ABA content on reaction of
tomato plants (WT, SIT mutants and SITA) to locatrbng is to determine the influence of
ABA content on initial state (steady-state) of Gdgmeters before burning. Coming out from
the analysis of endogenous hormones content (THegemous ABA content in WT and
SITA plants was similar and in SIT mutants, theteah of ABA was significantly lower
(about 30% of ABA content in WT, Fig. 24). The ghdlendogenous JA content in WT, SIT
and SITA plants was similar (Fig. 25).), it is soppd that the differences described below
were caused predominantly by the different endoge#®BA content in plants.

The measurement of GE showed that steady-states/aligs, E, A andC; in SIT are
significantly higher compared to WT plants (Tab)e 1

Table 1

Initial steady-state levels of GE parameters (leefocal burning). The results represent the aritlume
means + SD, re 4. Values followed by the same letter are not iigantly different (only in
columns).

Os E A G

[mol (H,0) m?s?] [umol (H,0) m?s"] [umol (CG) m?s? [umol (CG) mol”]
WT 0.22 +0.08 3.06 +0.47 7.92+1.03 304.09 + 6.49
SIT 0.85 + 0.2% 6.75 + 1.4% 10.52 + 0.6% 340.84 + 8.48
SITA 0.20 £+ 0.0% 2.83+0.18 6.27 +0.33 314.98 + 3.60

Since ABA is one of the main components inhibitihg stomatal opening and inducing
the stomatal closure in WT (e.g. Acharya and Assm2009; Schroedegt al. 2001a), the
lower endogenous ABA content in SIT plants couldabeeason for the higher number of
opened stomata in SIT compared to WT plants (Negal. 1994). In addition, higher number
of stomata (one of the morphological features df @utants (Tal 1966, Nagel al. 1994)),
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can also contribute to the observed differencesvdrt SIT and WT. Higher steady-state
value of A andC; in SIT plants (Table 1) is probably a result ofHeggs. The observed
effects of lower ABA content on the steady state @&fameters were suppressed by the
addition of external ABA to SIT plants (SITA). InTA, the values ofgs, E and C; were
restored to the WT level, althoughwas lower. On the basis of obtained results iinsethat
an increase in endogenous ABA content can loweboth directly in chloroplasts and
indirectly by the stomata closure. It was reporbedore that in the long term, ABA is also
able to regulate the photosynthesis by changingogiothetic pigment content (Agarwei

al. 2005; PospiSilovét al. 2009), RuBisCO gene expression and activity (Fispa et al.
2009; Popovat al. 1987; Seemann and Sharkey 1987), or PSIl genessipn and function
(Bray 2002; Maslenkovat al. 1995).

Local burning of the tip of the terminal leaflet tbfe upper leaves (L1, Fig. 9) lead to
fast (starting within 3 min after burning) systerdiecline in GE parameters (firstly observed
in gs, Fig. 22) detected in the terminal leaflet of thearest leaf underneath (L2, Fig. 9) in
WT. This is in agreement with the data publisheskwhere (e.g. Hla&ova et al. 2006;
Kaiser and Grams 2006). However, to our knowledge, systemic GE reaction to local
burning in SIT and SITA plants was detected forftrs time.

There are differences in the shape of GE reactiepending on the endogenous ABA
content. After reaching the minimum, the GE paramsein WT and SITA plants slightly rose
to a new steady-state level, different from thatesled before burning (Fig. 22). However, in
SIT plants, the GE parameters rose only very slofiyn the local minimum and no
subsequent steady-state levels were reached vlithimfter burning (Fig. 22). These results
showed the possible effect of overall endogenoué A8ntent (inhibition of stomata opening
and/or photosynthesis) during later phases of GEtien to local burning.

It seems from our results that the fast systemaredse inA in WT, SIT and SITA
plants after the burning is not only the consegeaeot stomatal closure (which begin to
decline first). If stomatal conductance was theydimhiting factor of A, the parameter& and
Ci would follow the time course @ after local burning. Howeveg,; in SIT plant almost did
not react systemically (Fig. 22H), while the systeneaction ofgs andA was clearly visible.
Therefore, it seems thatdecline after local burning partly independendygd

Since there was observed a fast systemic reactio®GE parameters, some signal
(triggered by local abiotic stress — local burnihg}p to spread from the site of stimulation to
the site of reaction and trigger the reaction in. @Esuggestion that a signal of electrical
origin can affect photosynthesis has been presdijtedany authors. For instance, it has been
shown that a local stimulation dflimosa pudical. plants by a flame causes changes in
membrane potential, followed by a transient dedimBSII quantum yield, CQuptake andjs
(Kaiser and Grams 2006). Besides, electrical sigyglerated by the change of the root
medium has been reported to induce various respoinséhe A and E in willow leaves
(Fromm and Eschrich 1993). Moreover, even diresttelcal stimulation can lead to transient
local and systemic responses in GE in tomato pl@eg8a-Cortést al. 1995). There are even
some evidences that the electrical signal canibgetred or affected by ABA. For exemple,
replacing the root medium (mannitol) by the solatad ABA has been shown to induce fast
changes in root and leaf membrane potential ofowilplants (Fromnet al. 1997; Fromm
and Eschrich 1993). Herds al. (1998) have observed a different shape of eledtsignals
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in SIT mutants compared to WT plants after locahing. Also locally, on the cellular level,
the reception of ABA by stomata guard cells triggarsignaling pathway leading to a change
in the membrane potential of the guard cells (Kdnaad Hedrich 2008; Schroedet al.
2001a). To explore more deeply this phenomenon, nieasurement of SEP aside the
measurement of GE has been performed in reactidaca burning on all three kinds of
tomato plants (WT, SIT and SITA).
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Fig. 22.Systemic response in gas exchange parameeis, (A andC;) detected on leaf L2 (see Fig.
9) of WT, sitiens (SIT) and SIT pre-treated by endogenous ABA (SITéhato plants after local
burning of the leaf L1 (0 min, central dashed ljn€ne hour before burning of the leaf L1, the figh
was switched on (left dotted lines) and 1 h afteining it was switched off (right dotted lines). Me
curves and SD are shownzml. Adopted with slight modifications from papel: 11

Local burning induced both local and systemic cleangf SEP in all measured leaves
(L1-L4) of WT, SIT and SITA plants (Fig. 23). Thenset of SEP changes (begin of the
increase to local maximum) was observed withinr@ib (in local leaves, L1) or within 1.5
min (in systemic leaves, L2-L4) after burning. SERanges in leaves L3 and L4 were
analogous to L2. The local SEP maximum in systdeages was detected significantly later
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after burning than in local leaves (data not showhg maximal amplitudes of SEP decreased
with increasing distance from the burned site (d@tashown).
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Fig. 23.The time course of the surface electric potent(&&P) detected locally (leaf L1) and
systemically (L2-L4) on WTsitiens(SIT) and SIT pre-treated by endogenous ABA (SlTéfjato
plants after local burning of the tip of the teralineaflet of L1 (left dotted line). Representative
curves are shown,n4.

The common feature of the time courses of SEP decbsystemically in WT plants
was a fast increase to a local maximum (depolasizatand a subsequent decrease
(repolarization) continuing through a shallow miom to a new resting potential level (Fig.
23). Interestingly, different systemic SEP time rs&s were observed after local burning in
SIT leaves (Fig. 23). In this case, the increasgt® level to a local maximum was followed
by a decrease to a sharp local minimum and thergrafisant increase combined with
oscillation led to a new resting potential levelg(F23). With SITA plants, the observed
features of SEP time course were remarkably simdawT plants within about 1 h after
burning.
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Detected SEP changes correspond to changes icekitar electrical potential, which
reflects ion imbalances in the apoplast (#tkal. 2010). The wavelike form of the signal (Fig.
23) and the gradual decrease in the amplitude widfeasing distance from the burned leaf
are considered as typical features of variatioemi! (VP, e.g. Stanko¥iet al. 1998).

The SEP time courses observed after local burningmoato WT leaves correspond to
the previously reported ones (llét al. 2010; Vian and Davies 2006). Minor differences in
SEP courses compared to those published by VianDawles (2006) can be caused by
different detection site (petioles) or differemidgh of the stimulus (1.5 s). It has been already
shown that in sunflower, SEP signals can vary deipgnon the site of the measurement
(leaves, petioles) (Dziubskaet al. 2001).

Since the time courses of SEP in SIT plants difdrem those in WT and SITA plants
(Fig. 23), our results indicate that the globakdeas of SEP time courses can be affected by
endogenous ABA content. This is supported by tketfeat the SEP changes observed in WT
and SITA plants were similar (Fig. 23). The effeét ABA on SEP has been described
previously by Herdet al. (1998), who has observed different features intithe courses of
electrical potential in veins of WT and SIT tomatiants. According to the explanation of
Herde et al. (1998), ABA can inhibit the closure of €amembrane channels (possibly
involved in the generation of membrane potentialjrdy the reaction to the heat stimulation.
ABA may also down-regulate 'HATPase and control other ionic channels involvedhe
generation of the membrane potential (Heedleal. 1998). It is also important to take into
account that ABA (JA as well) can be indirectly ahxed in gene expression (emnll gene
(Herdeet al. 1999) or pin mRNA and proteins (Doaetsal. 1995)) and that eventual changes
in the concentration of some membrane transportem® could also affect the detected
electrical signals (Herdet al. 1998). Since VP has been suggested to refledbotia¢ changes
in membrane potential induced by a passage of aabld signal (Malone and Stankévi
1991; Mancuso 1999), ABA can influence SEP alsah®y modulation of plant hydraulic
properties, i.e. via the regulation of aquaporitivéty (Parentet al. 2009).

Our results indicate that, on the contrary to ABA, has relatively small (if any) effect
on SEP. This is based namely on the fact that dllengh SITA plants accumulated
substantially higher amount of JA after burningtNeT (see below, Fig. 25), the SEP signals
observed in SITA and WT were very similar (Fig. .23)

The effect of electrical signal on GE has been iptesly described in tomato, maize,
poplar, mimosa or tobacco plants (Gramehsl. 2009; Hlavékova et al. 2006; Kaiser and
Grams 2006; Lautnest al. 2005; Pefa-Cortést al. 1995). The timing of SEP changes and
changes in GE parameters in distant leaves aft@ingisuggests that SEP might be able to
somehow trigger stomata closure. Namely, the $ystemic SEP changes (0.5 - 1.5 min) and
SEP local maxima were followed by the beginningsgétemic changes in GE parameters
(after about 3 min). Since the stomatal guard dektk plasmodesmata (which ensure an
electrical connection between adjacent cells) stansannot react directly to SEP changes.
However, Kaiser and Grams (2006) have proposed st@mnhata of mimosa can move
hydropassively (by changing turgor of epidermallsjeln reaction to electrical signals
generated after local burning. Stomatal closurddcte affected not only by the electrical
signal (VP) itself, but also by the preceding hwtia signal (heat induced increase in
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hydraulic pressure (Malone and Stanko®¥B91)). Also changes in photosynthesis can be
triggered by the SEP changes as reported in (Graghals2009; Kaiser and Grams 2006).

It is possible that SEP might be able to affecti#iter (after about 15 min) phases of GE
reaction after local burning. Both, the time coucseGE reaction and SEP in SIT differed
from those in WT and SITA plants. This suggests 8P and/or ABA can somehow affect
the later phases of GE reaction.

It has been suggested that ABA and JA are invoimesignaling pathways leading to
GE reaction to local burning (e.g. Herelieal. 1997; Hlavékovaet al. 2006; Hlavékova and
Naus 2007). It was shown that a fast systemic ABéuenulation (during 15 min, followed
by a decrease of ABA concentration) in tobacco tglaccurs together with a decreasgdn
E andA after local burning (Hlawkovéaet al. 2006). Since in our case the ABA accumulation
was observed only locally in the burned tomato Igedf L1; 85 min after burning), ABA
probably participated only in the local stomatasal@ and local decreaseAn The fact that
the increased ABA content can lead to a decrea&Eiparameters can be supported by the
results of Herdet al. (1997). After the addition of ABA to petioles oétdiched tomato leaves
they have observed a local decreask followed by a subsequent decreas@irOur results
showed that stomata in distant leaves began toe clisspite of low ABA systemic
accumulation (see Fig. 22 for L2 and Fig. 24). Tduggests that ABA is not the only one
signal component in systemic signaling leading & ®action and some other components
contribute (e.g. SEP, JA). However, the possibilitst ABA could accumulate systemically
in shorter time (before 85 min) as described fdratwo plant in (Hlawkova et al. 2006)
cannot be excluded and we still consider ABA as @inthe signaling components which can
trigger the GE reaction.

Another signaling component that spreads systelicafter the local burning
throughout the plant is JA, which can also be pabgsnvolved in systemic changes of GE
parameters. Local burning was described beforaedode local and/or systemic accumulation
of JA in tobacco plants (within 60 min (Hlaskvaet al. 2006)) and in WT and SIT tomato
plants (after 6 h (Herdet al. 1999, Herdeet al. 1996)). Here, we report fast local and
systemic JA accumulation (within 85 min) in WT a8l tomato plants (Fig. 25), which
could be related to the observed decrease in Gieders. The fact that the presence of JA
in leaves can lead to the stomata closure was detnabed by exogenous application of JA in
barley (Popovat al. 1988). At the same time, the addition of JA to pledole of WT tomato
leaf led to a primary decreaseln(after 1 h) followed by a decreaseAr{Herdeet al. 1997).
Moreover, JA was found to inhibit PSII electronnsport and @ evolving reactions in
isolated thylakoid membranes (Maslenk@tal. 1995) and to change the polypeptide content
of isolated thylakoid (Maslenkowt al. 1992). JA can also inhibit biosynthesis and atstiof
enzymes involved in carbon fixation (RuBisCO (Pap@nd Valkinova 1988; Rakwal and
Komatsu 2001)). Systemic accumulation of JA obskrier burning can be considered as
one of the factors participating in the GE respdogée local burning.
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Fig. 24 Content of endogenous ABA in the local (L1) andhe systemic (L2, L3, L4) leaves of WT,
sitiens(SIT) and SIT pre-treated by endogenous ABA (SITgkhato control and locally burned plants
at the time corresponding to 85 min after localning. Medians are shown, error bars reflects lower
and upper quartile, n 3. The medians of all leaves of control plantsrapresented by white-colored
columns. Different uppercase letters denote sicgnili differences between one column (L1- L4) of
the burned plants and the same column of contatglwithin the same plant type (WT, SIT or
SITA). Different lowercase letters indicate sigo#fint differences among columns of one plant type of
control or burned plants. Mark + indicates thattiedian of ABA content of all SIT leaves was used
instead of the ABA content of individual leaves €do technical reasons, it was not possible toctlete
the ABA content in individual leaves). Adopted wilight modifications from paper lll.

The JA-mediated GE response in SIT tomato plansshieen studied by Herds al.
(1997). When the petioles of SIT leaves were intedban JA, theE (reflectinggs) decreased
only a little. However, when SIT petioles were meated with ABA, the stomata closed in
response to JA. A decreaseAinwas observed in both cases (Heetlal. 1997). This suggests
that the JA-mediated stomata response requiregrédsence of ABA in tomato plants, which
is present also in SIT mutant although in a lowepant (Fig. 24). Hlaug&kovaet al. (2006)
proposed that coordinated action of ABA and JAniglved in the regulation of short-term
systemic GE responses of tobacco plants. The authimserved a correlation between the
changes of ABA and JA content (ABA accumulation hivit 15 min followed by JA
accumulation within 60 min) and GE parameters dfieal burning. Since the endogenous
levels of JA in their case started to increase wdreiogenous levels of ABA reached the peak
(after 10 min), it supports a view that ABA accuatidn may stimulate JA accumulation
(Pefia-Cortést al. 1995; Set al. 1997).
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Fig. 25.Content of endogenous JA in the local (L1) andhim $ystemic (L2, L3, L4) leaves of WT,
sitiens(SIT) and SIT pre-treated by endogenous ABA (SITgxpato control and locally burned plants
at the time corresponding to 85 min after localning. For details and meaning of letters, see légen
of Fig. 24. Adopted with slight modifications fropaper III.

Our results obtained with the SIT mutant lead tsuggestion that JA can partly
compensate for the shortage of ABA in the GE reacto burning. This is evidenced by a
higher systemic level of JA in SIT after burninggiFR25). The higher systemic accumulation
of JA after burning in SIT compared to WT seembéahe property of SIT mutant (see Fig.
25 for SITA). If it is assumed that ABA is the mastportant hormone regulating dominantly
the JA effect on GE (e.g. Hera al. 1997), then this dominancy was strengthened in our
case in SIT plants (i.e. lower ABA content in SEaves compared to WT leaves leads to an
increased JA effect on GE). This hypothesis is ettpp by the finding that the content of
ABA was similar in SITA and WT but the content & ih SITA was several times higher
than in WT due to the suspected effect of stremgtti@lominancy. It is interesting to note that
the newly described systemic accumulation of JAIRA did not importantly influence the
GE parameters. It can be speculated that the anodul® was well above the concentration
that “saturates” its effect on GE parameters. &td$hme time, the proposed inhibitory effect
of JA on photosynthesis (Maslenkoea al. 1995; Maslenkoveet al. 1992; Popova and
Valkinova 1988; Rakwal and Komatsu 2001) was naeoked in our experiments.

In summary, our results obtained on WT, SIT and AfdA-treated SIT tomato plants
indicate that the endogenous ABA content defines steady-state of GE and affects the
shape of the GE and SEP changes appearing afedrdoming. Coordinated action of ABA,
JA and SEP is needed in triggering the GE resptms$acal burning what has already been
suggested (e.g. Hla¥éovaet al. 2006). The shortage of ABA (which is a signalinglecule
triggering the GE reaction) in the SIT mutant istlyacompensated for by a pronounced
accumulation of JA in response to burning. The baipa to compensate for the ABA
shortage by higher JA accumulation in reactionotal burning in SIT plants is maintained
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even in SIT plants endogenously supplied with ABAe results also suggest that the level of
accumulated JA itself directly affects neither Sk GE parameters. A model of signaling
pathways participating in the induction of the dapas in GE parameters in the response to
local burning is proposed (Fig. 26).

— !
Burning » SEP tg, reaction

JA accumulation

ABA accumulation ----=------------ e :

Fig. 26 Model of proposed signaling pathways (full-headewws) participating in our case in the
reaction of gas exchange parametggadA) after local burning. The effect of low endogen®BA
concentration in SIT mutant on signal pathwayshisas and marked by green white-headed arrows.
Dashed lines describe the hypothetical signalintpvpays (see discussion section). Adopted with
slight modifications from paper ll.

The results described in this section (chapter a2 been presented in paper lll.
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5.3 Biotic stress signaling

5.3.1 Theroleof cytokininsin plant-pathogen interaction (paper 1V)

Pathogen infection is one of the biggest challertigesxplore in contemporary agriculture,
due to the fact that various widespread pathogessaly a big part of plant production. There
is a big effort to clarify the signaling pathwaysatling to plant defense action against
pathogens. One of many processes triggered by hogexts action on plant is the
hypersensitive response. During the hypersengi@isponse, plant cells near the infection site
are rapidly killed by plant, depriving the pathogehnutrients and preventing its spread.
However, the signals participating on the trigggrithe hypersensitive response are still
poorly understood.

Cytokinins ensure a wide range of functions in plpathogen interactions. Some
pathogen infections have been reported to causegeban cytokinin levels in the infected
plants. The change (increase) in cytokinin level t&n facilitate disease development. For
example,Agrobacterium tumefacienshe causal agent of crown gall disease in a nurobe
dicot species (including some important crops)eiitss T-DNA (transfer DNA) from a Ti
(tumour-inducing) plasmid into the plant genomeisTi-DNA carries a gene necessary for
the key cytokinin biosynthetic enzyme IPT (isopegtdransferase), and genes for auxin and
opines biosynthesis. While high cytokinin and auewels convert the transformed cells into
rapidly growing tumours, opines secreted from ttengformed cells serve as a source of
carbon and nitrogen for thgrobacterium(Chilton et al. 1977). On the other hand, there are
several lines of evidence linking cytokinins to thduction of cell death (e.g. Samalaatéal.
2005).

To explore the potential roles of cytokinins in tgpersensitive response to pathogen
attacks, transgenic tobacco plaftaMV35S> GR >ipt (pOp6-ipt/LhGR-N, lines 303 and
307; Samalovét al. 2005) containing genipt and the corresponding WT (SR1) have been
selected. Thépt gene expression in transgenic plants can be indbgeDEX. Theipt gene
expression causes an increase of endogenous aytdéuel in transgenic plants. This has
been concluded from the detected dramatic incraagee levels of both cytokinin bases and
their ribosides and ribotides within first day afi2EX (20 uM) treatment (1 DAT) in leaves
(without necrotic lesion, see below) of 5-week-tsthsgenic tobacco plants. These increases
of cytokinin amount leveled off over the followirdgl h (2 DAT), reaching values about four
orders of magnitude higher than those observed an-activated samples. In general,
following ipt activation, the cytokinin pool was consistentlynsawhat higher in line 303 than
in line 307, which is consistent with the strongbaenotypic response (see below) observed in
line 303. Lower cytokinin accumulation was obsenadter treatment with DEX of lower
concentration (1 uM). The endogenous level of ayiokwas measured by co-authors of
paper IV and their results are not shown in thelgical form.

Consequentlyjpt activation by DEX (20 uM) triggers distinct pheypo¢s in leaves
depending on their developmental stage. Slightiydlucent zones appeared on expanded
horizontal leaves around 50 h after exposure to DEXhin the first 4 d afteipt activation,
older leaves that had already achieved a horizootentation but were still growing
developed necrotic lesions without any prior or caepanying chlorosis, wilted, and
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eventually died in the more responsive line 303isTBEX effect was concentration
dependent. Since the chlorophyll content (measimedo-authors of paper IV, data not
shown) in leaves did not change much and no chitmes/e been visible, it seems that the
leaves did not get senescent and therefore themsep observed in our work were more
similar to the hypersensitive response — a typecaf death associated with pathogen
infection. Young, upward-oriented leaves of acedatransgenic plants developed chlorosis
but only rarely formed lesions. This seems to beointradiction to general consideration that
cytokinins are positive regulators of chloroplastgenesis and function (Brennetr al. 2005;
Cerny et al. 2011; Lochmanovét al. 2008). Nevertheless, chlorosis has been observed i
some transgenic plants (e.g. maize) that overpedugokinins, however, just like an
accompaniment of stress conditions (e.g. nutrieprigdation; Robsomt al. 2004). Thus, the
chlorosis in young leaves gdt-expressing plants is unlikely to result directigrh the effects

of cytokinins. The chlorosis might result from tbecreased assimilate availability due to
extensive damage in older leaves and/or reduciioribe uptake and transport of mineral
nutrients from the soil. In addition to lesion fation, growth of the roots decreased by 25%
in plants with an increased cytokinin level at 4 DAneasured by co-authors of paper 1V,
data not shown). Cytokinins were before reportededgatively affect the uptake of mineral
nutrients by roots (including nitrate, ammoniumogphate and iron; reviewed in Rulgibal.
2009). This is consistent with the observation thatchlorosis only became apparent 4 DAT.
Nevertheless, our data cannot exclude the poggilbiiat increased cytokinin levefser se
caused the chlorosis in young leaves directly.

The hypersensitive-like nature of reported cytakiresponse is further demonstrated by
the observed changes in various biochemical andecutsr parameters prior to the
appearance of the first islets of dead cells irc@éfd leaves. One of the early consequences of
the increased cytokinin levels in transgenic plavds an increase in the levels of chloroplast-
associated ROS (hydrogen peroxide), which was agaarad by the oxidative membrane
damage, increases of levels of stress hormones (ABAand SA) and PR transcripts ( PR-1b
(pathogenesis-related protein 1b) and PR-Q (agutiosphatase)), and decreases in the
abundance of transcripts related to photosynth@As8 (chlorophyll a/b-binding protein),
FNR1 (ferredoxin: NADP oxidoreductase) VDE (violadain de-epoxidase)). Cited
parameters were measured by co-authors of papelafd,not shown.

Coming out from our data (the amount of cytokinindaleaf necrosis appearance
depended on used DEX concentration) and the repultéished elsewhere (high doses of
exogenous cytokinin increase the levels of ROSbatco BY2 cells (Mlejnekt al. 2003)
and milder increases in cytokinin levels stimulateymes involved in ROS detoxification
(Barnaet al. 2008; Zavaleta-Manceret al. 2007), we concluded that cytokinins have two
separate and concentration-dependent effects arethdar ROS pool.

It has been shown that hydrogen peroxide playsleairoresponses to biotic (either
abiotic) stress. Analysis of transcripts reportgdandenabeelet al. (2003) demonstrated
that hydrogen peroxide production is closely linkedhe levels of stress hormones such as
SA, JA and ethylene. Cytokinins were reported todut@te SA signaling to enhance
resistance againftseudomonas syringg€hoi et al. 2010), and a system analysis revealed a
synergism between cytokinin and SA in plant diseaséwvorks (Naseenet al. 2012).
However, cytokinin has not been reported to diyestimulate either SA or JA accumulation.
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On the contrary, transgenic tobacco explants tleaewropagateh vitro and overproduced
cytokinins due to thept expression driven by a promoter of the RuBisCO llsswgbunit
showed decreased SA levels relative to those inngirmnsformed control (Schnablogéal.
2006). Treatment of poplars with exogenous cytaidrdid not affect JA levels in undamaged
leaves. However, cytokinin priming increased theumarinducible accumulation of JA
during insect attacks on the poplar leaves (Deswhal.2010). It thus seems that increases in
cytokinin amount in our plants after DEX activaticause a production of hydrogen peroxide
which mediates the increase in the levels of SAkhd

The key component of systemic defense responsglaimts to pathogen infection is the
induction of PR protein expression. SA-mediatedhaigransduction cascade (reviewed by
van Loon 1997) may be responsible for the inductib”RR protein expression. Furthermore,
a number of PR proteins are encoded by late cyitokesponse genes (Rashatteal. 2003).
Taking this into account, it is possible that cesults showing the activation of the PR-1b and
PR-Q could be direct consequence of the cytokiignading.

Hypersensitive response, ROS levels and photossistrere intertwined at several
levels (reviewed Kangasjaret al. 2012). There are evidences that chloroplastic ROS
production contributes to plant immunity (Karpingktial. 1999; Vandenabeelet al. 2004).
ROS can be produced within chloroplasts (photostittelectron transport reactions, Hideg
et al. 2002; photoactivation of free chlorophyll). Howevéiigh level of ROS inhibits
photosynthesis (Vandenabeadé al. 2003). Our results showed downregulation of CAB,
FNR1 and VDE transcripts related to photosynthesthin 43 h ofipt activation, which
might indicate a reduction in photosynthetic atyivSince downregulation of related genes
was observed also following the activationitfgene inA. thaliana(Hoth et al. 2003) it can
be related to cytokinin signaling. Together witle tfact that chlorophyll levels remained
unchanged, the downregulation of CAB transcripelswmight indicate the presence of free
chlorophyll in the chloroplasts. This could contri® to ROS generation in the tobacco leaves
that developed lesions followinigt activation. Possible reduction of photosynthettivaty
was supported by the analyses of chlorophyll flaceace (measured by co-authors of paper
IV, data not shown) and GQ@ssimilation (Fig. 27A) followingpt activation.

A light-induced increase in th& was inhibited (Fig. 27A) in DEX activated plants,
which indicated downregulation of RuBisCO activatidoreover, electron transport through
PSIl and PSI was inhibited, there was an increagta amount of energy dissipated at the
donor side of PSI due to reduced electron donatiod there was an increase in the
dissipation of excitation energy by heat emissi@as,demonstrated by an increase in NPQ
(Fig. 28). The need to dissipate excess chloropbytiitation energy via NPQ reflects a
decrease in electron consumption by,G3similation resulting from the downregulation of
RuBisCO activity, together with a decrease in,Cfvailability due to reduced stomatal
conductance (Fig. 27B).
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Fig. 27 Changes irA (A) andgs (B) induced by light. Five-week-old plants 6&8MV35S> GR > ipt
line 303 were treated with 50 ml of 20 mM dexamstime (+DEX) or 0.096% ethanol (-DEX), and
bothgs andA were determined 67 h (3 DAT) after DEX applicatiMeans and SD are shown (n = 3).
The photosynthetic photon flux density of actiright was 330 umol photons of PARrg".
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Fig. 28.Images of NPQ in false color in leaves ©aMV35S> GR > ipt plants following ipt
activation. Plants of line 303 were treated withrBloof 20 mM dexamethasone (+DEX) or 0.096%
ethanol (-DEX). NPQ was determined under steadg-standitions (10 min of actinic light, 100
pmol photons of PAR ths?) on 1, 2 and 3 DAT.
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Decreases in CQassimilation reportedly lead to an excess of akoih energy, the
formation of ROS and hypersensitive-like cell defthu et al. 2007a; Mateo et al. 2004).
However, the hypersensitive-like reaction observedur system induced by cytokinis did
not seem to be mainly contributed by the decreasé@ availability. This was tested by
treatment of leaves with lanolin paste (as desdribeMateo et al. 2004) which itself was not
sufficient to trigger this response on a time scdlé d.

Microscopic observation of stoamatal closure cqoesled with decrease of stomatal
conductance (Fig. 27B). Cytokinins are reporteghtomote stomatal opening and decrease
sensitivity to ABA, which can cause stomatal clesuHowever, the responses to both
hormones are often dependent on their abundandeved by Acharya and Assmann 2009).
In our system, cytokynin level elevation is accompd by the ABA level increase.

Similar result has been previously observed in ¢dobgplants overexpressing tlho
gene (which codes for a cytokinin biosynthetic engyfromPetunia hybrida Polanskét al.
2007). The elevated ABA levels in these plants elate with stomatal closure. The
occurrence of cross-talk between cytokinin and A&Athe metabolic level can be further
supported by an analysis of transgenic tobacco eapeessingArabidopsis cytokinin
oxidase/dehydrogenase AtCKX3. In these plantsddwrease in cytokinin levels caused by
AtCKX3 activity was accompanied by a decrease inAAgNntent (Polansk&t al. 2007).
Since our observation showed both ABA and hydrggenoxide level increase, it seems that
these two molecules together are probably resplenddr observed stomatal closure
following ipt activation inCaMV35S> GR > ipt tobacco plants. The stomatal closure
probably represents an insufficient attempt to enévthe water losses that accompany
elevated cytokinin levels. However, the stomatalsale also protects the plant against
pathogen invasion (Melottet al. 2006) and so would be an expected response tovelse
expression of pathogen-related hormones.

In conclusion, activating thgt gene by DEX in transgenic tobacco plants leads to
dramatic increase of endogenous cytokinin levektrdased cytokinin levels cause a
hypersensitive-like response in tobacco leavesai®®&d results lead to a suggestion that
increases in chloroplastic hydrogen peroxide levaishestrate the molecular processes
underpinning the hypersensitive-like response. Tlgpersensitive-like response includes
inhibition of photosynthesis, increases in stressnione levels, oxidative damage of
membranes and stomatal closure. Altogether, tha bhaticate that plant defense against
pathogen attack can be mediated by cytokinins. tiglusion is consistent with the results
of recent dynamic modeling studies and systemsyseslperformed by Naseerhal. (2012).
There were identified multiple cytokinin-mediateelgulatory interactions in plant disease
networks.

The results presented in the chapter 5.3.1 have firesented in paper IV.
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5.3.2 Theroleof plant resistance/susceptibility in reaction to patogen

infection and the effect of heat shock pre-treatment (paper V)

As described above, the endogenous cytokinin leneease can cause a hypersensitive-like
response in tobacco plants. An infection of plaptabpathogen which would be able to
modify ipt gene expression that is responsible for elevatebgenous cytokinin level can
lead to photosynthesis inhibition. However, inhdit (reduced rate) of photosynthesis can
occur also in cases when plant is infected by f@rdint type of biotrophic pathogen (Akhkha
et al. 2003; Chouet al. 2000; Huang 2001; Gordon and Duniway 1982; Lebstda. 2008;
Moll et al. 1995; Roberts and Walters 1988; Sadtral. 1997; Walters and McRoberts 2006;
Wright et al. 1995a) (e.g. powdery mildew) that is not ableftecipt gene expression.

Photosynthetic processes inhibition caused by powddldew infection can be of
various origins. Powdery mildew can lower the sypyl light energy due to covering of the
leaf surface by mycelium (Yurinat al. 1996) and can inhibit COinflux due to stomata
closure (Gordon and Duniway 1982). It can also affphotosynthesis indirectly, via
pathogen-induced changes in source-sink relatiomd rutrient remobilization towards
infection sites (Fotopoulost al. 2003; Kocalet al. 2008; Scholegt al. 1994; Wrightet al.
1995b). This can result in the inhibition of thel@a cycle (Gordon and Duniway 1982;
Chou et al. 2000; Scholeset al. 1994; Wrightet al. 1995a) and in the inhibition of
photosynthetic light reactions in thylakoid memlagar(Magyarosyet al. 1976; Moll et al.
1995). It has been suggested that the down-reguolaif photosynthesis during powdery
mildew infection is caused by pathogen-induced digictivity of cell-wall invertase, which
leads to the accumulation of hexose sugars (Scheiled. 1994; Swarbricket al. 2006;
Wright et al. 1995b) and subsequently to feed-back inhibitionthaf expression of some
photosynthetic genes (especiatigh andrbcS- RuBisCO small subunit) (Choet al. 2000;
Fotopouloset al. 2003; Scholest al. 1994; Swarbriclet al. 2006). The increase in both cell-
wall invertase activity and hexose content is pesfeally observed in directly invaded
regions of the infected leaves (Chetual. 2000; Roberts and Walters 1988; Swarbetlal.
2006). In our work, we focus on investigation tlifee@ of economically important powdery
mildew fungusO. neolycopersicon photosynthesis in tomato leaves.

Mature leaves of two 8-10 weeks-old genotypes @qitlale - Solanum lycopersicum
and moderately resistanSolanum chmielewskiwere chosen for the study to reveal whether
different degree of resistance/susceptibility couftbdify the rate and the extent of
photosynthetic changes in infected leaves. Leaf €hlgrophyll fluorescence and content of
photosynthetic pigments were measured during 9 dégs inoculation (DAI) by biotrophic
powdery milldew fungusO. neolycopersici(the chlorophyll fluorescence and content of
photosynthetic pigments were measured by co-authiopaper V and their results are not
shown in graphical form).

A typical progress of the infection was observethteraction ofO. neolycopersicwith
susceptible tomato genotype. Conidia germinatigpressorium and haustorium formation
and superficial mycelium development proceededau@ DAI on the adaxial leaf side of
susceptible tomato genotype and almost the whaa af the infected leaves was covered
with sporulating mycelium at 9 DAI. In susceptibdenotype, the infection had only a
minimal effect on parametéy, (A expressed per a unit of Chl(a+b)) while the Chijaand
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carotenoid content have not been affected by ikt Stomatal conductancgs was
decreased on 7 and 9 DAI. Gas exchange paramet¢edgpicted in Fig. 29.
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Fig. 29.The percentage changesAg (A; 100 % = 3.9 pmolg™ s* for non-treated and 3.1 pmatj*

s* for HS pre-treated leaves), (B; 100 % = 0.19 mol s® for both non-treated and HS pre-treated
leaves) andC; (C; 100 % = 217umol mol* for non-treated and 262mol mol™* for HS pre-treated
leaves) in healthy and powdery milde®@. (neolycopersigiinfected leaves of the susceptible tomato
genotype $olanum lycopersicurh. cv. Amateur) during first 9 days after inocigat Points at “O
dai” always represent leaves before inoculation laeat shock pre-treatment. Arithmetic means and
SD are shown, n = 4; statistically significant diffnces are indicated by different letters.

The chlorophyll_a/b ratio was decreased at 9 DA$uisceptible genotype. Parameters
F/Fv and NPQ changed very slightly in the regions ceddry a white coat of mycelium.

The results presented above show only negligibdagés in photosynthetic parameters
during 9 DAI despite the progressive developmentthd pathogen in infected leaves
compared to non-infected leaves. This indicateg thespite the proposed activation of the
cell-wall invertase by powdery mildew (Fotopoule$s al. 2003; Scholeset al. 1994,
Swarbricket al. 2006; Wrightet al. 1995b), hexose sugars did not accumulate in tleeted
leaves during this period and thus no feed-backitibn of photosynthetic processes was
observed. This suggestion is supported by the teestiIEssmanmt al. (2008), who showed
that in tobacco plants with suppressed cell-walertase activity, carbohydrate accumulation
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and inhibition of photosynthesis after pathogeacktwere significantly reduced. Whether the
cell-wall invertase was not activated in the susbé&ptomato or whether it was activated but
the pathogen demand for sugars was so high thaididenot accumulate (as proposed e.g. in
Walterset al. 2006) remains to be solved.

More pronounced inhibition of photosynthesis of caystible genotype caused &
neolycopersicicould be expected in the later stages of the iioieqabout 14 DAI) when
leaves covered by sporulating mycelium became pssively chlorotic and necrotic
(premature senescence occurs most probably dine tactivation of cell-wall invertase (Lara
et al. 2004; Scholest al. 1994; Swarbriclet al. 2006; Wright et al 1995b)). Most pronounced
accumulation of hexoses (caused by the activati@elbwall invertase) has been observed in
these senescent regions of infected leaves whereaditsequent inhibition of photosynthetic
processes takes place (Chet al. 2000; Roberts and Walters 1988). In our case, the
impairment of photosynthetic function in the leadgions covered by the sporulating
mycelium was indicated by a mild decrease in t#r ratio and increase in NPQ, revealed
by the fluorescence images at 9 DAI. The partiogpabf the leaf shading by mycelium
(Yurina et al. 1996) and pathogen-induced stomatal closure (Goashal Duniway 1982) on
assumed decrease of photosynthesis in the latgesstaf infection cannot be excluded. If
mycelium which shades the leaf surface is resptnddr decrease of photosynthesis, the
photosynthetic apparatus should acclimate to lamtensity of PAR. This was, in our case,
indicated by significantly lower chlorophyll a/bti@aat 9 DAI. Well documented effect of
pathogen infection on stomatal movement (causesatto closure; e.g., Ledet al. 1996;
Pratset al. 2006) also observed in our experiments (as a deerefgs, Fig. 29B) should lead
to lower C; because the photosynthetic processes in chlotepiasre not inhibited, as
suggested by the chlorophyll fluorescence data. é¥ew highC; was found in the infected
leaves at the end of the experiment (Fig. 29C)s Tiscrepancy could be explained by the
infection-induced stimulation of respiration rateq. Akhkhaet al. 2003; Sabret al. 1997,
Scott and Smillie 1966) that could increase the €@hcentration in intercellular spaces.

It has been shown that the temperature can infeieplant resistance (and/or
susceptibility) in many host-pathogen interactigdadelson and Michelmore 1992). High
temperature (pre) treatment of plants has beenrtezpdo be followed by the induction of
resistance (Judelson and Michelmore 1992; Schweizal. 1995; Vallélian-Bindschedlest
al. 1998) as well as the increase in susceptibilitpathogen (Chamberlain and Gerdemann
1966; Chenet al. 2003). It has been proposed that high temperataasinfluence plant
resistance to powdery mildew by affecting the pgémo (e.g. inhibition of virulence gene
expression); by affecting the host (e.g. inductminresistance genes); by affecting the
interaction of pathogen/host (e.g. dysfunction @fne virulence gene products) (@e al.
1998).

The existence of temperature-sensitive resistaeoeghas been confirmed by many
authors (e.g. Judelson and Michelmore 1992). Howevdtivars lacking the resistance genes
showed the temperature-influenced resistance tapommildew (Geet al. 1998). Therefore,
probably other gene(s) or other factor(s) parti@pan the influence of the plant resistance to
powdery mildew induced by higher temperature.
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It was reported that host defense reactions (sadekwall reinforcement (Schweizer
et al. 1995; Vallélian-Bindschedlezt al. 1998) or changes in the relative rate and types of
synthesized proteins (Cheat al. 2003; Schweizeet al. 1995)) can be modulated by heat
shock (HS). Heat shock is also connected with thidabive stress signaling and responses
(for review see e.g. Wahiet al. 2007). Heat treatment of leaves leads to an inoludf the
oxidative burst that can be linked to the inductidrplant resistance (Vallélian-Bindschedler
et al. 1998).

The inhibition of photosynthetic processes indudsd higher temperatures is well
known (e.g. Camejet al. 2005). Lower production of carbohydrates can kbersequence of
this inhibition (Wahidet al. 2007). Additionally, an increase in the invertasévity has been
recently reported to be induced by HS (Katial. 2009).

The information mentioned above (the pathogen-ieduthanges in photosynthesis and
in cell-wall invertase activity) can lead to a gti@s whether the resistance (/susceptibility) of
the host plants to pathogen can be affected by lteeit stress pre-treatment via changing the
supply of carbohydrates. To check the hypothesisttie changes in resistance/susceptibility
to pathogen induced by HS could be associated &hnfluence on host photosynthesis, the
photosynthetic changes induced by pathogen weesiigated in plants pre-treated with HS.

The control reaction to HS pre-treatment on healdayes has been observed firstly.
Healthy tomato leaves exposed to HS pre-treatm&n (°C, 2 h) did not show any visual
damage. Compare to HS non-treated plants, a temypo@ease in carotenoid content (4 and
7 DAI), decrease igs (3, 4 and 7 DAI, Fig. 29B) and significantly low€r values from 3
DAI (Fig. 29C) were observed in HS pre-treated fdaifhe NPQ of HS pre-treated healthy
leaves increased heterogeneously across the gedfletvever, the average values of NPQ of
HS pre-treated leaves did not differ significarittyn those of the non-treated leaves.

The progress of infection in HS pre-treated plams similar as in the HS non-treated
plants (the white mycelium started to form on tlavaal leaf surface) for first 2 DAI.
However, chloroses appeared on leaf surface anelajgd progressively to necroses since 3
DAI. Since this effect was not observed in the moohktrol leaves (leaves inoculated without
pathogen), both treatments (HS and infection) weexled to develop this reaction.

Despite the symptoms of pre-mature senescencergse/'necroses) development, an
observed decrease in Chl(atb) in HS pre-treatedeteavas not significant compared to
infected leaves (although, pigment content wasrdeted in the leaf regions that were used
for GE measurement — the regions without any nicrlgsions have been chosen).
Significantly lower value of chlorophyll a/b rattban in leaves of both non-infected variants
was detected on HS pre-treated infected leave$#tl 9

Besides, significantly lower value of rate &fn has been observed at 7 DAI in leaves
exposed to HS pre-treatment and infection (Fig. )28@mpared to HS non-treated healthy
leaves. The more pronounced decreasgsofalue of HS pre-treated infected leaves was
observed compared tp of HS nontreated infected plants from 3 DAI to 8I0Fig. 29B).
Value of C; of HS pre-treated infected leaves was found tober 3 and 4 DAI compared to
infected HS non-treated leaves (Fig. 29C).

Compared to only infected leaves, the decreasen(eea-significant) of parameter
R/Fu has been observed for HS pre-treated infectedeseddince minimal fluorescenceg F
did not change, observed decrease\itijr ratio was mainly caused by a decrease in maximal
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fluorescence value (f. The value of &/Fy was heterogeneous across the leaflet while the
value of R/Fy was null in the necrotic parts (indicating totals$ of photosynthetic
functions). The average values of NPQ did not dgignificantly from NPQ values in leaflets
of all the others variants, however, the changeN® were heterogeneous within infected
leaflet (in the regions with a relatively high/Fy the NPQ was increased whereas in the
chlorotic and necrotic regions with low (or zerq)fFy, NPQ was low (or zero) too.

The finding that the photosynthesis was inhibitddc(ease of thécn) seems to be
connected with the occurrence of the symptoms ednpature senescence (chlorosis/necroses)
induced by co-action of infection and HS pre-treatin(in the HS pre-treated plants without
infection, neither chloroses/necroses nor sigmificahibition of photosynthetic processes
were found). Even though, the decreaseAgf had to be more pronounced due to the
occurence of necrotic lesions. However, it seeras S could represent a (mild) stress that
activated some protective processes (van Loon Zo0de tomato plants. In our results, this
is indicated by the transient increase in carottmointent and/or by higher NPQ (van Loon
2000) in HS pre-treated healthy leaves.

It is supposed that the induction of defense reastio HS pre-treatment could lead to
an increased demand for carbohydrates. The inaedsmand for carbohydrates together
with the infection leads to the activation of thedl-evall invertase, hexose accumulation and
consequent inhibition of photosynthesis (earli@ntln the infected leaves without HS pre-
treatment). Another possibility deals with the féwt the light intensity used during the HS
pre-treatment was lower compared to the glasshomsaitions. A temporary decrease in the
photosynthetic rate due to decreased PAR intelesatys to lower production of assimilates.
This could deepen a disproportion between demaddsapply of carbohydrates and could
amplify the activation of the cell-wall invertagethe HS pre-treated and infected leaves.

Due to a great heterogeneity in the inhibition bbiwsynthesis (parameterg/FR, and
NPQ) across the HS pre-treated infected leaf, pase that the extent of the assumed feed-
back inhibition of photosynthesis (caused by theppsed hexose accumulation) was low in
the green regions and higher in the chlorotic negidn the green regions, Calvin cycle
reactions were slowed down probably by a mild aadatron of hexoses (Choet al. 2000,
Scholeset al. 1994). Accumulated ATP led to the increase ApH across thylakoid
membranes and consequently to a NPQ increase.nthease in NPQ is believed to prevent
the photosynthetic transport chain from over-reidncand damage (for review see Maxwell
et al. 2000; Roh&ek 2002). The increase in NPQ has been reportedfaisthe powdery
mildewed leaves of wheat (Wright al. 1995a).

On the contrary, we suppose more pronounced acetionlof hexoses (Choet al.
2000; Roberts and Walters 1988; Swarbetlal. 2006) in the chlorotic regions. This causes
the impairment of Calvin cycle and also of the tigas in thylakoid membranes including
PSII photochemistry. Calvin cycle inhibition leadslower ApH across thylakoid membranes
and consequently lower NPQ. In the chlorotic androic regions of the leaves, the
inhibition of PSII photochemistry could be causeg pphotoinhibition and consequent
oxidative damage due to the over excitation of pbynthetic apparatus (§Kova et al.
2006).
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At the same time, an identical investigation of folsgnthesis reaction td.
neolycopersicas described above for susceptible tomato plaassperformed on moderately
resistant tomato plantsSolanum chmielewskirhere has been observed a typical progress of
powdery mildew interaction with moderately resisttmmato genotype. On the surface of
infected leaves of moderately resistant genotypmild development of the mycelium was
apparent 2 DAI. Since 2 DAI, the hypersensitivepoese (HR) was observed in form of
small black spots (representing clusters of dedid)de the infected leaves. The HR spots
suppressed pronouncedly the pathogen developmern@i2001; Huangt al. 1998). The
reaction of leaves to the pathogen invasion coatinoy a consecutive nercotization, wilting
and bending of leaves followed by a final abscisggince 6 DAI). All infected leaves were
downfallen by 7 DAI. Powdery mildew infection didthcause any significant changes in the
measured photosynthetic parameters in moderatgistaat genotype.

The HS pre-treated plants &olanum chmielewskidid not show any pronounced
differences in the progress of the pathogen andMi&teover, any significant impairment of
photosynthesis was observed in the HS pre-treatiedted leaves compared to the infected
leaves without HS. These results indicate thaHBere-treatment did not change the level of
plant resistance in th&olanum chmielewskiiO. neolycopersicinteraction. On the basis of
this result, it can be suggested that early hexaasemulation (that could support the plant
resistance (Essmaret al. 2008; Kocalet al. 2008)) is not probably induced by HS. Except
early hexose accumulation, also the expressiommksrace-specific resistance genes can be
dependent on temperature (Lebexaal. 2008) as has been shown for other host-pathogen
interactions (e.g-actucaspp. -Bremia lactucag The resistance based on race-specific genes
(e.g.Dm6, Dm7 andDm11) became less effective or even ineffective at loigenperatures
and vice versa (Judelson and Michelmore 1992). -Hastogen interaction described in our
case is race-specific (e.g. Lebeda and Miesler@@2Pand monogenic resistance is involved
(Li et al.2007). Our observations reveal that HS pre-treatetinon-treated plants show the
similar level of resistance. This indicates that BA$ pre-treatment did not affect the race-
specific resistance genes. Nevertheless, temperat@-treatment different from that used
could affect the resistance $blanum chmielewskplants toO. neolycopersici

It can be summarized that leaves of both susceptht moderately resistant tomato
genotypes infected byO. neolycopersici showed only negligible decrease in the
photosynthetic functions during 9 DAI. Thereforehet rate and the extent of the
photosynthetic response to the pathogen are nokealgr changed by different degree of
resistance/ susceptibility of plants to pathogeme HS pre-treatment of moderately resistant
tomato genotype did not change significantly itsisnce and photosynthetic response.
However, the HS pre-treatment of the susceptibfeotype increased its susceptibility @
neolycopersicilt was hypothesized that this increase of sudaiépt could be caused by the
earlier activation of the cell-wall invertase thagsults from a higher demand for
carbohydrates in HS-induced defense reactions. ébpestly, the accumulation of hexoses
would lead to the earlier feed-back inhibition dioposynthesis. It can be speculated that HS-
induced changes in resistance/susceptibility thqun could be associated with heat shock
influence on host photosynthesis.

The results described in the chapter 5.3.2 have pexsented in paper V.
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