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АНОТАЦІЯ
Калачова Т.А. Роль фосфатидилінозитол-залежних фосфоліпаз та ліпідкіназ у
первинних реакціях клітин рослин на стресові чинники навколишнього
середовища та у процесах розвитку. – Рукопис.
Дисертація на здобуття наукового ступеня кандидата біологічних наук
за спеціальністю 02.00.10 – біоорганічна хімія. – Університет Париж Східний
Кретей, Інститут біоорганічної хімії та нафтохімії НАН України, Київ, 2017.

Дисертацію присвячено дослідженню процесів ліпідної сигналізації як
універсального механізму, що лежить в основі сигнальних процесів
активованих у клітинах рослин дією різних природних фітогормонів та
еліситорів та виступає ключовою ланкою перебудов метаболізму клітин
відповідно до змін умов навколишнього середовища.
Дослідження проводили на модельних системах на основі рослин
Arabidopsis

thaliana:

суспензійних

культурах

клітин,

10-14-денних

проростках та дорослих 4-тижневих рослинах. Метою роботи було
встановлення участі фосфоліпаз та ліпідкіназ під час сигнальних процесів,
активованих у рослинних клітинах за умов модельованого біотичного стресу
(дії еліситору флагеліну) та дії природних фітогормонів саліцилової кислоти
(СК), абсцизової кислоти

(АБК), індол оцтової кислоти (ІОК)

та

безниламінопурину (БАП).
Виявлено залучення фосфоліпази D (ФЛD) та її продукту фосфатидної
кислоти (ФК) у сигнальних каскадах, індукованих СК в замикаючих клітинах
продихів Арабідопсису. За допомогою радіоактивного мічення фосфоліпідів,
виявлено активацію ФЛD та утворення ФК у листках 4-тижневих рослин за
дії 1мМ екзогенної СК. За допомогою гістохімічного аналізу та використання
трансгенних ліній нокаутованих за генами різних ізоформ НАДФН-оксидаз,
встановлено участь НАДФН-оксидази RbohD у ФК-залежному формуванні
супероксиду у тканинах Арабідопсису інфільтрованих СК. Інгібіторний
аналіз підтвердив участь

ФЛD та НАДФН-оксидази RbohD у закритті
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продихів за дії СК. На основі одержаних результатів нами було
запропоновано нову модель сигнального каскаду СК у замикаючих клітинах
продихів, що включає ФЛD та НАДФН-оксидазу RbohD.
Перетин сигнальних шляхів СК та АБК на рівні індукованих цими
гормонами перебудов транскриптому було досліджено на модельній системи
суспензійної культури клітин. Встановлено, що АБК та СК інгібують
базальну активність фосфатидилінозитол-залежної фосфоліпази С (ФІ-ФЛС)
in

однак,

vivo,

СК

одночасно

активує

фосфорилювання

фосфатидилінозитолів, на відміну від АБК. Було порівняно транскриптом
суспензійних культур клітин через 4 год дії АБК до транскриптомів клітин
оброблених U73122 (інгібітором ФІ-ФЛС) або вортманніном (інгібітором
фосфатидилінозитол-4-кіназ (ФІ4К), що забезпечують субстрат для реакцій
каталізованих ФІ-ФЛС). Виявлено особливі групу генів, для яких дія АБК та
інгібіторів була аналогічною; групу СК-залежних генів, що регулюються з
залученням фосфоінозитидів та СК-залежних генів, що регулюються шляхом
активації фосфоліпази D. Для обраних груп генів було проведено
біоінформатичний аналіз промоторних ділянок. У генів, експресія яких
регулюється аналогічно СК та АБК, виявлено АБК-асоційовані послідовності
(A/C)CACGT та GTGGCT, що відповідають відомим мотивам ABRE та
SORLIP1AT. Для генів, регульованих СК з залученням фосфоінозитидів
характерна наявність гексамеру GTTGAC, що містить частину TTGAC
належну

до

W-box,

що

характерний

для

генів,

що

регулюються

транскрипційними факторами WRKY. Таким чином, підвищення рівня
фосфоінозитидів

виступає

важливим

механізмом

регуляції

базальної

експресії генів, а також АБК та СК-індукованих перебудов транскриптому.
Досліджено

вплив

пептиду

флагеліну

flg22

(QRLSTGSRINSAKDDAAGLQIA) на динаміку фосфоліпідів суспензійної
культури клітин та проростків Арабідопсису. Встановлено, що flg22
спричиняє швидке накопичення ФК та відповідне паралельне зниження
вмісту

фосфатидилінозитол-4,5-біфосфату

(ФІ-4,5-Ф2),

що

виступає
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субстратом для ФІ-ФЛС. За допомогою інгібіторного аналізу встановлено
участь ендогенних йонів кальцію у реакції ферментів ліпідного обміну на дію
флагеліну. За використанням флуоресцентного зонду Н2DFCDA показано
вплив інгібіторів діацилгліцеролкіназ (ДГК) та ФІ-ФЛС на продукцію
активних форм кисню (АФК). З використанням трансгенних ліній, дефектних
за білками-компонентами рецепторного комплексу FLS2-BAK1 показано, що
продукція ФК може безпосередньо слідувати за рецепторним розпізнаванням
флагеліну у сигнальному каскаді, однак передувати індукованій продукції
АФК НАДФН-оксидазою RbohD. Виявлено, що основним джерелом
продукції ФК вислупає ізоформ ДГК5. Охарактеризовано роль ДГК5 у
регуляції базального транскриптому клітин, а також у його флагелініндукованих

перебудовах.

Встановлено

участь

ДГК5

у

флагелін-

індукованому накопиченні калози у апопласті та стійкості до біотрофного
патогену Pseudomonas syringae pv tomato DC3000.
Роль фосфоінозитидів у сигнальних каскадах ІОК та БАП виявлено при
дослідженні морфогенезe кореневої системи рослин Арабідопсису pi4kb1b2,
що є дефектними за двома генами ФІ4К, та pi4kb1b2sid2, що мають
додаткову

мутацію

у

гені

ключового

ферменту

біосинтезу

СК

-

ізохоризматсинтази 1, ICS1. Мутантні рослини pi4kb1b2 характеризуються
пригніченим вегетативним ростом розетки та кореневої системи, а рослини
pi4kb1b2sid2 мають нормальний розвиток розетки, але вкорочений головний
корінь порівняно з рослинами дикого типу. Виявлено знижену реакцію на
дію мікромолярних концентрацій ауксину та цитокініну у мутантів pi4kb1b2
та

pi4kb1b2sid2.

Меристема потрійного мутанту pi4kb1b2sid2 була

нечутливою до екзогенного цитокініну БАП, в той час як у контрольних
рослин введення гормону викликало скорочення меристематичної зони;
кортикальні клітини рослин pi4kb1b2sid2 були менш чутливими до ауксину
ІОК, в той час як у контрольних рослин дія ІОК викликав скорочення розміру
кортикальних клітин. Виявлено пригнічення реакції гравітропізму у рослин
pi4kb1b2

та

pi4kb1b2sid2,

що

є

додатковим

свідченням

участі
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фосфоінозитидів у СК-незалежному сигналінгу ауксинів та цитокінінів у
коренях.

Отримані результати поглиблюють знання щодо природи

сигнальних каскадів фітогормонів у клітинах рослин та можуть бути
використані для підвищення стійкості промислово важливих культур до
ураження патогенами.

Наукова новизна одержаних результатів.
З’ясовано роль ліпідної сигналізації у сигнальних каскадах, індукованих
стрес-асоційованими фітогормонами (саліциловою та абзцизовою кислотою)
у культурах клітин рослин. Вперше виявлено та охарактеризовано кластери
генів, що спільно регулюються цими фітогормонами з залученням вторинних
посередників ліпідної природи – фосфатидилінозитолів та фосфатидної
кислоти. Встановлена роль ФЛD та фосфатидної кислоти в ініціації закриття
продихів саліциловою кислотою. З’ясовано роль фосфоінозитидів у регуляції
базальної експресії генів. Вперше показано участь фосфатидилінозитолзалежних фосфоліпаз С (ФІ-ФЛС) та діацилгліцеролкіназ (ДГК) у перцепції
сигналу бактеріального пептиду флагеліну (flg22), зокрема участь ДГК5 у
flg22-індукованих первинних реакціях клітин та її позицію у каскаді реакцій
відносно рецепторного комплексу FLS2-BAK кіназ. Досліджено роль
фосфоінозитидів у морфогенезі кореневої системи рослин Арабідопсису.
Зокрема, виявлено взаємозв’язок між рівнем фосфоінозитидів та чутливістю
клітин до дії ріст-асоційованих фітогормонів ауксину та цитокініну.
Результати досліджень вказують на участь вторинних посередників ліпідної
природи у гормональній регуляції та стрес-сигналізації на рівні змін експресії
генів, інтенсивності та спрямованості метаболізму клітин, що забезпечують
фізіологічні реакції та морфогенез рослин.

Практичне значення одержаних результатів.
Отримані результати розширюють уявлення щодо молекулярних механізмів
реалізації біологічної дії фітогормонів у клітинах рослин на рівні систем
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трансдукції сигналів ліпідної природи, що може бути використано в
біотехнології та сучасних технологіях агровиробництва. Отримані дані щодо
ролі вторинних посередників ліпідної природи у клітинній регуляції та
опосередкуванні внутрішньоклітинної дії фізіологічно активних сполук
можуть використовуватись на навчальних курсах з біоорганічної хімії,
біохімії, молекулярної біології та фізіології рослин, а також слугувати
основою для розвитку подальших досліджень у даному напрямку.

Ключові

слова:

фосфоінозитиди,

гормональна

сигналізація,

фосфатидна

кислота,

діацилгліцеролкіназ, флагелін

ліпідний

сигналінг,

саліцилова

кислота,
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ABSTRACT
Kalachova

T.A.

Deciphering

the

role

of

phosphatidylinositol–dependent

phospholipases and lipid kinases in plant response to environment stresses and
developmental cues. - Qualification scientific work on manuscript rights.
The thesis for the degree of candidate of biological sciences (Doctor of
Philosophy) by specialty 02.00.10 «Bioorganic chemistry» (091 - Biology). –
Universite Paris-Est Creteil, Institute of Bioorganic Chemistry and Petrochemistry
NAS of Ukraine, Kiev, 2017.
Dissertation is devoted to the investigation of lipid signaling processes as a
universal mechanism that mediates cellular responses to phytohormones and
elicitors and plays a key role in cell metabolism remodeling as an adaptive reaction
to environmental changes.
Experiments were carried out on the model systems based on Arabidopsis
thaliana: suspension cell cultures, 10-14-days old seedlings and 4-week old plants.
The aim of the work was to investigate the role of phospholipases and lipidkinases
in signaling processes induced in plant cells in model biotic stress conditions
(treatment with bacterial elicitor flagellin) and in response to natural hormones
salicylic acid (SA), abscisic acid (ABA), indolacetic acid (IAA) and
benzylaminopurine (BAP).
Phospholipase D (PLD) and its product phosphatidic acid (PA) were found
to be involved to the SA-induced signaling cascades in Arabidopsis guard cells.
Using radioactive labeling of phospholipids we found an activation of PLD and
production of PA in leaves of 4-week old plants after 1mM SA treatment. Using
histochemical assay and transgenic lines knock-out by different isoforms of
NADPH-oxidases, we showed the involvement of NADPH-oxidase RbohD to PAmediated superoxide formation in Arabidopsis tissues infiltrated by SA. Inhibitory
analyses confirmed a particular role of PLD and NADPH-oxidase RbohD in SAinduced stomatal closure. Based on the obtained results we proposed a new model
of SA signaling in guard cells that includes PLD and NADPH-oxidase RbohD.
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SA-ABA crosstalk in transcriptome remodeling induced by these hormones
was investigated in suspension cell culture. Both SA and ABA inhibited basal
activity of phosphatidylinositol dependent phospholipase C (PI-PLC) in vivo, while
SA (but not ABA) also induced the phosphorylation of phosphatidyl inositols.
Total transcriptomes of suspension cells after 4h of SA or ABA treatment were
compared to those obtained from suspension cells treated with U73122 (PI-PLC
inhibitor) or wortmannin (inhibitor of phosphatidylinositol-4-kinases (PI4K) that
provide the substrate for PI-PLC catalyzed reactions. We found a specific gene
clusters, for those the effect of ABA and inhibitors was similar; SA-dependent
genes, regulated via the balance of phosphoinositides, and SA-dependent genes,
regulated via PLD-mediated pathway. Bioinformatic analysis was performed on
the promoters of all selected gene sets. Promoters of genes, commonly regulated
by SA and ABA contained conservative sequences (A/C)CACGT and GTGGCT,
that correspond to known ABA-associated motifs ABRE and SORLIP1AT. Genes
whose SA-induced expression changes were realized via the balance of
phosphoinositides had enriched hexamer GTTGAC, that contains TTGAC part of
the W-box, that is typical for genes regulated by WRKY transcription factors.
Thus, phosphoinositides level regulation is an important factor mediating basal call
transcriptome as well as gene expression changes induced by SA and ABA.
The effect of bacterial peptide flg22 (QRLSTGSRINSAKDDAAGLQIA) on
phospholipid turnover was detected in both suspension cells and seedlings. Flg22
induced accumulation of PA by the activation of PI-PLC coupled with
diacylglycerolkinase

(DGK)

and

a

corresponding

parallel

increase

of

phosphatidylinositol-4,5-biphosphate (PI-4,5-P2) content, that is a substrate of PIPLC. Inhibitor analysis revealed the involvement of Ca2+ ions in lipid signaling
enzymes reaction to flagellin treatment. Using fluorescent probe H2DCFDA we
showed the role of DGK and PI-PLC in production of reactive oxygen species
(ROS) induced by flg22. Using the transgenic lines, deficient in the the different
parts of FLS2-BAK1 receptor complex we placed the PA-production in signaling
cascade downstream of flagellin recognition by receptor but upstream or ROS
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formation by NADPH-oxidase RbohD. DGK5 was found to be the main source of
the detected PA. The role of DGK was characterized in basal transcriptome
regulation and its flagellin-induced remodeling; in flg22-induced callose
accumulation in seedlings apoplast and resistance to biotrophic pathogen
Pseudomonas syringae pv tomato DC3000.
Role of phosphoinositides in auxin (IAA) and cytokinin (BAP) signaling
cascades was revealed studying root morphogenesis in Arabidopsis mutant
pi4kb1b2 deficient for two PI4K genes, and pi4kb1b2sid2, that had additional
mutation it key enzyme of SA biosynthesis, isochorismate synthase 1 (ICS1) and
thus allowed to study the effects of the PI4K deficiency independently of SA.
pi4kb1b2 mutant plants exhibit the phenotype both in leaf and root parts, while
pi4kb1b2sid2 show the normal rosette growth compared to WT, but still shorter
roots. The reaction to micromolar IAA and BAP concentrations was impaired both
pi4kb1b2 and pi4kb1b2sid2 plants. The meristem of triple mutant pi4kb1b2sid2
was shorter than the WT and sid2 and insensitive to exogenic BAP; while in
control plants cytokinin induced meristem shortening; cortical cells of
pi4kb1b2sid2 were smaller comparing to WT and sid2, and less sensitive to IAAinduced shortening. The gravitropic reaction was impaired in both pi4kb1b2 and
pi4kb1b2sid2 plants that is likely to be connected with the auxin and cytokinin
sensitivity in root cells. We firstly showed the connection of PI4K with auxin and
cytokinin effects during root morphogenesis and gravitropism. Our results broaden
the knowledge about the nature of plant phytohormonal signaling and can be used
as a basis for increasing the resistance of agriculturally important crop plants to
environmental stresses.
Scientific novelty of the obtained results. A novel signalling cascade induced by
SA induces in guard cells leading to stomatal closure was revealed. The
intermediate stages of the process are activation of lipid signalling enzymes,
especially of PLDs, that results in the synthesis of PA, leading to the subsequent
induction of superoxide production by NADPH oxidases, mainly RbohD. The
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findings extend the knowledge about molecular mechanisms of salicylic acid
signalling network and lipid metabolism in plant cells. An important overlap
between ABA and SA responses was firstly found and characterized in
Arabidopsis guard cells and cells in suspension culture, that to date has not been
investigated. Our data indicate the existence of a special group of genes that are
responsive to both ABA and to SA, but also to inhibitors of PI-PLC pathway. This
suggests a pivotal role for PI-PLC in the control of hormone responses in plants. A
new model of flagellin perception in plant cells is proposed; this model not only
shows the role of membrane phospholipids, but also that their turnover is regulated
by PI-PLC and DGK5 pathways. We firstly showed the connection of PI4K
activity with auxin and cytokinin effects during root morphogenesis and
gravitropism, pointing out an impact of phosphoinositides at the polar transport of
growth-promoting hormones as an important mechanism of root morphogenesis.
Practical application. Obtained results contribute to the modern knowledge about
molecular mechanisms of the realization of biological action of phytohormones in
plant cells that can be used in biotechnology and agriculture. The findings broaden
the existing understanding of the role of secondary messengers of lipid origin in
cell metabolism regulation in response to stresses and during perception of
biologically active compounds. The results can be used for teaching programs in
bioorganic chemistry, biochemistry, molecular biology and plant physiology and
also serve as the basis for further research
Personal contribution. Investigation of phospholipid turnover in different model
systems, gene expression analysis, root architecture studies, guard cells movement
studies, biochemical tests, literature survey as well as bioinformatics analysis,
statistical data treatment and results summarizing were performed personally by
the applicant in the Institute of bioorganic chemistry and petrochemistry NAS of
Ukraine, Institute of ecology and environmental sciences of Paris (France) and
Institute of experimental botany AS CR (Czech Republic). Experimental data,
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ABBREVIATIONS
°C

degree Celsius

µ

micro

ABA

abscisic acid

ATP

adenosine triphosphate

cDNA

complementary DNA

CFU

colony forming units

Col-0

Columbia-0

CTAB

Cetyltrimethylammonium bromide

ddH20

double-distilled water

DMSO

dimethyl sulfoxide

DNA

deoxyribonucleic acid

dNTP

deoxyribonucleotide triphosphate

DPI

days post infection

EDS

ENHANCED DISEASE SUSCEPTIBILITY

EDTA

ethylenediaminetetraacetic acid

DPI

diphenylene iodide

NBT

nitroblue tetrazolium

SA

salicylic acid

PLD

Phospholipase D

ROS

reactive oxygen species

TLC

thin-layer chromatography

FW

fresh weight

g

gram

GFP

green fluorescent protein

MS

Murashige and Skoog

NaCl

sodium chloride
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OD600

optical density measured at 600 nm

p-value

probability value

p35S

promoter of Cauliflower mosaic virus promoter 35S

ABA

abscisic acid

DAG

diacylglycerol

DGK

diacylglycerolkinase

IP3

inositol-1,4,5-triphosphate

JA

jasmonic acid

PA

phosphatidic acid

PC

phosphatidylcholine

PE

phosphatidyléthanolamine

PG

phosphatidylglycerol

PI-4,5-P2

phosphatidylinositol-4,5-bisphosphate

PI-PLC

Phosphoinositide-specific phospholipases C

PI

phosphatidylinositol

PI4K

PI-4-kinases

PI4P

Phosphatidylinositol-4-phosphate

PI4P5K

PI4P-5-kinases

pi4kß1ß2

Double mutant deficient in PI4Kß1 and PI4Kß2

pi4kß1ß2sid2

triple mutant deficient in PI4Kß1 and PI4Kß2 and ICS1

sid2

mutant deficient in isochorismate synthase ICS1
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INTRODUCTION:
Topic actuality. Plants are sessile organisms, exposed to the environmental
changes all along their vegetation cycle. These changes are considered as stresses
and can be divided to biotic and abiotic ones. . To react to the wide spectrum of
stimuli and adapt metabolism due to current conditions, plants have evolved a
sophisticated system of signal transduction. It allows them to respond fast and
switch metabolic flows according to their needs. In my thesis work I was focused
on lipid signaling as a universal network, applied both in stress responses and in
the development. Lipid signaling is one of the key mechanisms of plant growth and
development regulation. It is based on the action of secondary transduction
messengers of lipid nature, especially phosphoglycerolipids such as phosphatidic
acid (PA), diacylglycerol (DGK) and phosphatidylinositols (PI). The production of
these mediators is regulated by different families of enzymes, particularly
phospholipases,

lipid

kinases

and/or

phosphatases.

The

production

of

phosphoinositides such as PI4P and PI-4,5-P2, results from the sequential
phosphorylation of phosphatidylinositol (PI) catalysed by PI-4-kinases (PI4K) and
PI4P-5-kinases; PA can be phosphorylated into diacylglycerolpyrophosphate by
PA kinase, or dephosphorylated by phosphatidate phosphatase or lipid phosphate
phosphatases into DAG. PA, PI, PI4P and PI-4,5-P2 are considered as signaling
mediators because of their ability to bind proteins that are regarded as downstream
effectors or targets. Up today, lipid signaling system has been associated with
various adaptive and developmental cues in plants; however the detailed
understanding of it is still missing. In this work we will study phospholipid
signalling machinery as an intermediate signalling hub in various aspects of plant
life: in salicylic acid signalling during stomatal movement regulation, in setting up
phytohormonal cross-talk between salicylic acid (SA) and abscisic acid (ABA), in
recognition and perception of bacterial elicitors and in root morphogenesis. Our
results broaden the knowledge of the molecular mechanisms of plant adaptation to
environmental changes and can be used for increasing plant resistance based on
their natural capacities.
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Connection with other scientific programs and topics. Dissertation work was
held in the department of molecular mechanisms of plant metabolism regulation of
the Institute of bioorganic chemistry and petrochemistry NAS of Ukraine and in
the Institute of ecology and environmental sciences if Paris (France). The work
was supported by the state funding program «Role of phospholipases and
antioxidant systems in hormonal and stress signalling» (№ 0110U000378), French
state grant for doctoral studies under double supervision № 861849F (2014-2016)
and fellowship from International Visegrad Fund (2016-2017).
Aims and objectives. The aim of the work was to investigate the role of
phosphatidylinositol-dependent

phospholipases

and

lipidkinases

in

signal

transduction in plant cells during development an in the conditions of modeled
biotic stress (action of stress-associated phytohormones and bacterial elicitors).
1.

Investigate the role of lipid signaling in the regulation of SA-mediated

stomatal movement in Arabidopsis
2.

Decipher the impact of phytohormones (ABA and SA ) and bacterial peptide

flagellin on the lipid signaling activation in Arabidopsis suspension cell cultures
3.

Evaluate the involvement of secondary messengers of lipid origin

(phosphoinositides and phosphatidic acid) in the transcriptome remodeling induced
in Arabidopsis suspension cells induced by salicylic and abscisic acid.
4.

Investigate the role of phospholipases and diacylglycerlokinases in the

primary responces of plant cells to flagellin treatment
5.

Estimate the role of phosphatidylinositol-4-kinases in the transduction af

auxin and cytokinin signal in Arabidopsis root morphogenesis
Object of study – balance of minor phospholipids regulated by phospholipases
and lipidkinases in Arabidopsis plants and suspension cell cultures, transcriptome
profile changes, induced by stress-associated phytohormones, and phytohormonal
regulation of root morphogenesis
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Methodology – radioactive labeling of phospholipids, thin layer chromatography,
gene expression analysis (total transcriptome analysis, real-time PCR),
measurement of production of reactive oxygen species and callose deposition, root
architecture analysis, gravitropic assay, bacterial assay.
Scientific novelty of the obtained results. A novel signalling cascade induced by
SA induces in guard cells leading to stomatal closure was revealed. The
intermediate stages of the process are activation of lipid signalling enzymes,
especially of PLDs, that results in the synthesis of PA, leading to the subsequent
induction of superoxide production by NADPH oxidases, mainly RbohD. The
findings extend the knowledge about molecular mechanisms of salicylic acid
signalling network and lipid metabolism in plant cells. An important overlap
between ABA and SA responses was firstly found and characterized in
Arabidopsis guard cells and cells in suspension culture, that to date has not been
investigated. Our data indicate the existence of a special group of genes that are
responsive to both ABA and to SA, but also to inhibitors of PI-PLC pathway. This
suggests a pivotal role for PI-PLC in the control of hormone responses in plants. A
new model of flagellin perception in plant cells is proposed; this model not only
shows the role of membrane phospholipids, but also that their turnover is regulated
by PI-PLC and DGK5 pathways. We firstly showed the connection of PI4K
activity with auxin and cytokinin effects during root morphogenesis and
gravitropism, pointing out an impact of phosphoinositides at the polar transport of
growth-promoting hormones as an important mechanism of root morphogenesis.
Practical application. Obtained results contribute to the modern knowledge about
molecular mechanisms of the realization of biological action of phytohormones in
plant cells that can be used in biotechnology and agriculture. The findings broaden
the existing understanding of the role of secondary messengers of lipid origin in
cell metabolism regulation in response to stresses and during perception of
biologically active compounds. The results can be used for teaching programs in
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bioorganic chemistry, biochemistry, molecular biology and plant physiology and
also serve as the basis for further research
Personal contribution. Investigation of phospholipid turnover in different model
systems, gene expression analysis, root architecture studies, guard cells movement
studies, biochemical tests, literature survey as well as bioinformatics analysis,
statistical data treatment and results summarizing were performed personally by
the applicant in the Institute of bioorganic chemistry and petrochemistry NAS of
Ukraine, Institute of ecology and environmental sciences if Paris (France) and
Institute of experimental botany AS CR (Czech Republic). Experimental data,
presented in this dissertation and published in articles with co-authors were
obtained with the direct participation of the author. The aims and objectives were
defined in cooperation with supervisors: DSc, professor Volodymyr Kravets and
HDR, PhD Eric Ruelland.
Approbation of the results: Dissertation materials were presented in 15
conferences: «Plant organellar signaling - from algae to higher plants» (Primosten,
Croatia, 2011), VII-th International conference “Regulation of plant growth,
development and productivity” (Minsk, Belorus, 2011), conferences of the Institute
of bioorganic chemistry and petrochemistry NAS of Ukraine (Kyiv, Ukraine, 2011
and 2012), young scientists conference “Plant biology and biotechnology” (Bila
Tserkva, Ukraine, 2011). VIth International conference of soybean genetics and
genomics (Hyderabad, India, 2012), international congress EPSO/FESPB «Plant
Biology Congress» (Freiburg, Germany, 2012), Annual main SEB Meeting
(Salzburg, Austria, 2012), III International Symposium: Intracellular signaling and
bioactive molecules design» (Lviv, Ukraine, 2012), annual meeting of the Society
of Experimental Botany “Oxidative stress and cell death in plants: mechanisms and
implications” (Florence, Italy, 2013), interdisciplinary conference “Biologically
active substances and materials: fundamental and applied aspects of production
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and implementation” (Novy Svit, AR Krimea, Ukraine, 2011, 2013, 2014), 26th
international conference on Arabidopsis research (ICAR) (Paris, France, 2015)
Publications. The results were published in 25 scientific articles, among which
there are 6 articles in international peer-reviewed journals.
Structure of the dissertation: the manuscript consists of 6 chapters, is written in 141
pages, illustrated with 40 figures and 6 tables.
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CHAPTER 1 PHOSPHOLIPID SIGNALING MACHINERY IN PLANTS
Plants are sessile organisms, exposed to the environmental changes all along
their vegetation cycle. To react to the wide spectrum of stimuli (either
environmental or developmental) and adapt their metabolism due to current
conditions, plants have evolved a sophisticated system of signal perception and
transduction. It allows them to respond fast and to switch metabolic flows
according to their needs. In my thesis work, I was focused on lipid signaling as a
universal network, applied both in stress responses and in the development.
Environmental stresses can be divided into abiotic ones -such as drought or
temperature- and biotic ones such as pathogen infections. Classical responses to
pathogen attack include primary reactions that occur within minutes (burst of Ca2+
and reactive oxygen species (ROS), activation of mitogen activated protein kinases
(MAPkinases), and secondary reactions realized via deep metabolic changes.
These include transcriptional alterations, changes in hormonal balance,
accumulation of antimicrobial compounds and of secondary metabolites.
To realize metabolic rearrangement from growth/development to stress
responses all phytohormones act in a complex cooperation. Especially, salicylic
acid (SA) and abscisic acid (ABA) are known to mediate plant adaptation to biotic
and abiotic stress conditions. SA is associated with immunity and also involved in
the hormonal balance regulation, meaning that SA concentration influence
concentration of and/or response to other phytohormones. ABA acts mostly in
abiotic stress conditions but shares plenty of primary downstream events with SA
(like oxidative burst, Ca2+ oscillations etc.). However, the long-term metabolic
changes are very specific for each different stress condition, and this specificity is
reached by a complex cross-talk between hormones at the signalling level.
Phospholipid signalling system was shown to play a role in SA signalling (Janda et
al. 2013, Krinke et al. 2007, Krinke et ak. 2009, Janda et al. 2015).
“Lipid signaling” means the signaling realized via lipid-derived secondary
messengers produced through the action of phospholipases or lipid kinases on
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membrane phospholipids. There are different classes of messengers, such as
phosphatidic acid (PA), diacylglycerol (DAG), DAG-pyrophosphate (DAG-PP),
lysophospholipids, free fatty acids (FFAs), oxylipins, phosphoinositides and
inositol polyphosphates (fig.1.1.A) (Hou et al., 2016, Pokotylo et al., 2014)). The
production of these mediators is regulated by different families of enzymes,
particularly phospholipases, lipid kinases and/or phosphatases (Fig. 1.1.B).
Phospholipase A (PLA) catalyses the hydrolysis of ester bonds at the sn-1 and/or
sn-2 positions of glycerol, thus liberating a free fatty acid (FFA) and a
lysophosphoglycerolipid. PLAs that act specifically at the sn-1 or the sn-2
positions are named PLA1 (EC 3.1.1.32) or PLA2 (EC 3.1.1.4) respectively (Ryu,
2004, Scherer et al., 2010). The PLC group comprises two groups of enzymes. A
phosphoinositide-specific PLC (PI-PLC, EC 3.1.4.11) hydrolyses phosphorylated
phosphatidylinositols

(that

are

named

phosphoinositides)

such

as

phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2) into hydrophobic diacylglycerol
(DAG) and soluble inositol-1,4,5-triphosphate (IP3). IP3 can be phosphorylated
into higher phosphorylated forms by inositol kinases (IPK). Phosphatidylinositol4-phosphate (PI4P) may also be an in vivo substrate of PI-PLC in plants (Delage et
al., 2012a). The non-specific PLCs (NPC, EC 3.1.4.3) constitute another group of
enzymes

that

hydrolyze

structural

phosphoglycerolipids

such

as

phosphatidylcholine (PC), phosphatidylethanolamine (PE) or phosphatidylglycerol
(PG), into the corresponding phosphorylalcohol and DAG (Pokotylo et al., 2013).
DAG can serve as a substrate for diacylglycerol kinases (DGK, EC 2.7.1.107) to
produce phosphatidic acid (PA). PA can also be produced via the direct action of
phospholipase D (PLD, EC 3.1.4.4) which hydrolyses membrane phospholipids
(PC, PE, PG) to PA and a free head group. In the presence of primary alcohols,
such as 1‐butanol or ethanol, PLD also has the unique ability to transfer
phosphatidyl group to a primary alcohol to form phosphatidylalcohol at the
expense of PA. This is the so-called transphosphatidylation reaction. Recent
studies indicate that PLD and PA play important and complex roles in plant both
biotic and abiotic stress tolerance (Munnik and Testerink, 2009).
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Figure 1.1
Phospholipid signaling
signaling pathways, the structure of phosphoipids (A) and
metabolic pathways (B). Each phospholipid class is defined by the nature of its
polar head. PI: phosphatidylinositol; PI4P: phosphatidylinositol-4-phosphate;
phosphatidylinositol
PI3P: phosphatidylinositol-3-phosphate;
phosphatidylinositol
PI4,5P2: phosphatidylinositol-4,5phosphatidylinositol
bisphosphate;
PI3,5P2:
phosphatidylinositol-3,5-bisphosphate;
bisphosphate;
DAG:
diacylglycerol; IP3: inositol triphosphate; IP6: inositol hexakisphosphate; PA:
phosphatidic acid; DGPP: diacylglycerolpyrophosphate;
diacylglycerolpyrophosphate; FFA: free fatty acid;
PI4KIII: type III phosphatidylinositol-4-kinase;
phosphatidylinositol kinase; PI3K: phosphatidylinositol-3phosphatidylinositol
kinase;
PI3P5K:
phosphatidylinositol
phosphatidylinositol-3-phosphate-5
5-kinase;
PI4P5K:
phosphatidylinositol-44-phosphate-5-kinase; PI-PLC:
PLC: phosphoinositide-specific
phosphoinositide
phospholipase C; NPC: non-specific
non specific phospholipase C; DGK: diacylglycerol
kinase; IPK: inositol phosphate kinase; LPP: lipid phosphate phosphatase; PAP:
PA-phosphatase;
phosphatase; PAK: PA kinase; PLA: phospholipase A; PLD: phospholipase
D. Modified from (Janda et
e al., 2013).

27

Several classes of kinases and phosphatases play a crucial role in lipid
signaling pathways. The production of phosphoinositides such as PI4P and PI-4,5P2, results from the sequential phosphorylation of phosphatidylinositol (PI)
catalyzed by PI-4-kinases (PI4K, EC 2.7.1.67) and PI4P-5-kinases (PI4P5K, EC
2.7.1.68). PI can also be phosphorylated into phosphatidylinositol 3-phosphate
(PI3P) by a PI-3-kinase (PI3K, EC 2.7.1.137) and PI3P can be further
phosphorylated into PI-3,5-P2 (Delage et al., 2012a). PA can be phosphorylated
into

diacylglycerolpyrophosphate

(DGPP)

by

PA

kinase

(PAK),

or

dephosphorylated by phosphatidate phosphatase (PAP, EC. 3.1.3.4) or lipid
phosphate phosphatases (LPP, EC 3.1.3.76) into DAG. DGPP can also be a
substrate of LPPs (Pleskot et al., 2012). The inositol-linked phosphate groups
within either soluble polyphosphate-inositol or lipid phosphoinositides can be
hydrolysed by myo-inositol polyphosphate-phosphatases (EC 3.1.3.57) and PIphosphatases (EC 3.1.3.64/66) that are more or less specific for the soluble or lipid
inositol forms (Williams et al., 2005).
Various molecules generated during membrane phospholipid transformation
are considered as signaling mediators because of their ability to bind proteins that
are regarded as downstream effectors or targets (fig.1.2). All above mentioned
enzymes act sequentially, quickly converting intermediate products to the other
ones,

thus

being

a

fast

switch

between

cellular

signaling

systems.

Phosphoinositides and phosphatidic acid are emerging as novel multifunctional
secondary messengers in plant cells. They both belong to minor phospholipid
components in plasma membrane. For example in Arabidopsis leaves PA content
is about 0.5-1.5 nanomoles per milligram of dry weight or 2-5% of total
phospholipids; different forms of phosphoinositides do not exceed 1% of
phospholipids in intact cells (Okazaki and Saito, 2014). However, the distribution
of these phospholipids in membrane is heterogeneous: PA and phosphoinositides
have been reported to form clusters that have a special curvature and charge. These
clusters or so-called microdomains favors the binding of target proteins from
cytoplasm and further catalytic reactions, for instance resulting in cytoskeleton
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rearrangement (Pleskot et al., 2014).
2014) The structural requirements of proteinprotein
phospholipid interactions are a subject of intense studies nowadays. A common
feature of the binding region in target proteins of PA is the presence of positively
charged amino acid residues such as lysine and arginine,
arginine, which will form the
hydrogen bonds with polar head of the phospholipids. However, the fatty acid
composition of PA was also shown to determine the specificity in binding with the
particular target proteins, so the conformation of PA-binding
PA binding domain is more
mo
complex and unique (Testerink et al., 2004).. PA fatty acid composition
corresponds to that in the structural precursor lipids and varies with the way of its
production – directly via PLD activity from PC/PE/PG or by PI-PLC
PI
from
phosphoinositides with further
fu
phosphorylation of DAG by DGKs.

Figure 1.2
The sites of phospholipid hydrolysis by phospholipase A, C, D and the targets of PA
identified in plants
PLD hydrolyses the terminal phosphodiester bond of glycerophospholipids to generate PA and a
free head group. PLC hydrolyses the first phosphodiester bond to generate a phosphorylated
head group and DAG. DAG can be phosphorylated to PA by DGK. PA molecular species refer
to PAs with different fatty acid chains in the sn‐1
sn and sn‐22 positions. Several
Severa PA protein targets
have been identified in plants and the PA‐protein
PA protein interactions are involved in plant response to
hyperosmotic stresses. Modified from (Hong et al., 2010)
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Figure 1.3
Arabidopsis diacylglycerolkinases family.
Protein structures of members of the DGK family of Arabidopsis thaliana. Characteristic
regulatory domains of typical DGK isoforms are indicated. The clusters are based on amino acid
homology. AtDGK3, 4, 6 and 7 are in cluster II, AtDGK5 is in cluster III (Gómez-Merino et al.,
2004). The putative carboxyterminal calmodulin-binding domain is in a splice variant
of AtDGK5. In addition to the domains indicated, there are two putative Ca2+ binding EF hand
domains between the C1 domains and the catalytic domain in AtDGK1 (Katagiri et al., 1996).
AtDGK1-7 correspond to At5g07920, At5g63770, At2g18730, At5g57690, At2g20900,
At4g28130, At4g30340, respectively. Modified from (Arisz et al., 2009).

“Phosphoinositide”

refers

to

phosphorylated

forms

of

PI,

including

phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bisphosphate. PI4
can be converted to PI4P by PI-kinases and then phosphorylated by PI4P-5-kinases
to PI-4,5-P2. Both PI4P and PI-4,5-P2 can be in vivo substrates of plant
phospholipases C or can be recognized by other target proteins that have a special
phosphoinositide-binding domainess, like the pleckstrin homology (PH), FYVE,
HEAT, C2 and Phox homology (PX) domains (Catimel et al., 2008). These
domains are more or less specific for phosphoinositides as some can also bind to
other anionic phospholipids or proteins. The Arabidopsis thaliana genome encodes
ca. 168 proteins containing at least one of these domains (Janda et al., 2013). Many
of these proteins are involved in signal transduction or intracellular trafficking. For
most of these proteins, however, it has yet to be established whether, and how, they
act in hormonal signal transduction and response to stress.
In Arabidopsis thaliana genome there are 4 type III PI4Ks that are classified
into α- and β-subtypes: PI4KIIIα1, PI4KIIIα2, PI4KIIIβ1 and PI4KIIIβ2 (fig. 1.4).
The α-isoforms contain a PH-domain that binds to PI4P, the product of the reaction
(Heilmann and Heilmann, 2015).
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Figure 1.4
Arabidopsis PI4-kinases. The AGI locus identifiers for the corresponding Arabidopsis genes
are listed in parentheses. Modified from (Heilmann and Heilmann, 2015).

Concerning the cellular localization, PI4P was found to localize in the Golgi
and trans-Golgi-network as well as in the plasma membrane; PI-4,5-P2 was only
observed in the plasma membrane (Santiago-Tirado and Bretscher, 2011, Simon et
al., 2014). The localization of different phosphoinositides during their
interconversion it is likely to take place within multiple membranes. Certainly, the
enzymes involved in phosphoinositides interconversion have very specific cellular
localization: PI is generated by PI-synthases in the endoplasmic reticulum and
Golgi apparatus, PI4-kinases are localized in the trans-Golgi-network and PI4Pkinases in the plasma membrane (Tejos et al., 2014a, Heilmann and Heilmann,
2015).
Phosphoinositides participate in numerous processes in cells, especially as a
part of hormonal cascades. For instance, increasing PIP2 levels (by using the PIPLC inhibitor U73122) in control or in ABA-treated cells with high PI levels,
decreased the outward-rectifying potassium channel activity (NtORK) (Ma et al.,
2009). Phosphoinositides regulate auxin-mediated cell polarity in Arabidopsis root
tip (Tejos et al., 2014a).
The impact of phosphoinositides at gene expression is an actively studied
research topic. The use of pharmacological agents allowed defining the genes
whose basal expression is controlled by phosphoinositides and basal activity of PIPLC; most of these genes were found to be involved in response to SA (Kalachova
et al., 2015).
The use of specific inhibitors of PI-PLC (U73122 or edelfosine), PI4K and
PI3K (wortmannin) and DGK (R59022) allowed defining different aspects of
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involvement of phosphoinositides at transcriptional remodelling induced by
phytohormones in plant cells. The clusters of SA-responsive genes dependent on
phosphoinositides are summarized in figure 1.5. SA activates type III
phosphatidylinositol-4-kinase (PI4KIII) (Krinke et al., 2007). This, maybe coupled
to the inhibition of PI-PLC (Ruelland et al., 2014), leads to an increase in
phosphatidylinositol-4-phosphate

(PI4P)

and

phosphatidylinositol-4,5-

bisphosphate (PI-4,5-P2). This increase in phosphoinositides controls the response
(inhibition or induction) of a first pool of genes (Krinke et al., 2007). Another pool
of SA-responsive genes is under the control of PLD (Krinke et al., 2009).
Interestingly, some PLD use PI-4,5-P2 as cofactor, and there is an overlap between
the pool of genes whose SA response is controlled by phosphoinositides and that of
genes whose SA response is controlled by PLD. Therefore, a part of the action of
phosphoinositides on gene expression may rely on PLD, which is illustrated by “?”
above the arrow in figure 1.5. A third pool of SA-responsive genes consists of
genes for which the effect of SA can be mimicked by the inhibition of the
production of PI‐PLC products (by inhibiting either PI-PLC activity or the
formation of PI-PLC substrates). One possible explanation is that SA inhibits PIPLC. This, on the one hand, may participate in the increase of phosphoinositides,
but on the other hand it will also result in a decrease of PI-PLC products. The
regulation of gene expression by the products of the basal PI‐PLC will thus be
relieved. For instance, a gene down-regulated by products of the PI-PLC pathway
will have this inhibition relieved in presence of SA: it will be induced by SA
(Ruelland et al., 2014).
Finally, a basal PI-PLC pathway exists in resting cells. The products of this
basal PI-PLC regulate the expression of some genes (Djafi et al., 2013).
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Figure 1.5
Working model of the phospholipase pathways action on the control of gene expression by SA.
Gene pool 1: is regulated by SA that activates type III phosphatidylinositol-4-kinase (PI4KIII), maybe
coupled to the inhibition of PI-PLC,
PI
thus leading to an increase in phosphatidylinositol-4-phosphate
phosphatidylinositol
(PI4P) and phosphatidylinositol-4,5-bisphosphate
phosphatidylinositol
(PI4,5P2)(Krinke
(Krinke et al., 2007).
2007) Gene pool 2: is under a
control of SA that activates PLD thus inducing PA production. Some PLDs use PI4,5P2 as cofactor, so
there is an overlap between the pool of genes whose SA response is controlled by phosphoinositides and
that of genes whose SA response is controlled by PLD (“?” above the arrow indicates that a part of the
action of phosphoinositides on gene
ge expression may rely on PLD)(Krinke
(Krinke et al., 2009).
2009) Gene pool 3:
consists of genes for which the effect of SA can be mimicked by the inhibition of the production of
PI‐PLC
PLC products (by inhibiting either PI-PLC
PI
activity or the formation of PI-PLC
PLC substrates (Ruelland et
al., 2014)
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The research groups where I performed my PhD experimental work had
previously worked on a double mutant that is defective in the two PI4Kβ genes. In
Arabidopsis, PI4Kβ1 is recruited by the GTP bound Rab4b GTPAse. RabA4b and
PI-4Kβ1 localize to budding secretory vesicles in the trans-Golgi network and to
secretory vesicles en route to the cell surface. A pi4kβ1β2 double mutant produces
secretory vesicles with highly variable sizes indicating that PI4Kβ1 and β2
regulates secretory vesicles size (Antignani et al., 2015). PI4Ps massively
accumulate at the plasma membrane where it creates an unique electrostatic
signature that controls the localization and function proteins such as of the polar
auxin transport regulator PINOID (Simon et al., 2016). Surprisingly, it was shown
that pi4kIIIβ1β2 had a constitutively high SA level, resulting in the constitutive
expression of SA responsive genes such as PR-1. Besides this double mutant was
dwarf. The pi4kIIIβ1β2 plant was crossed with the sid2 mutant, that is altered in
ISOCHORISMATE SYNTHASE1. The resulting pi4kβ1β2sid2 triple mutant no
longer accumulated SA and regained a normal rosette stature. Not only our results
showed that the dwarfism in pi4kIIIβ1β2 was due to the high SA (Sašek et al.,
2014), but it established that PI4Ks not only have a role downstream to SA, but
they also have a role in the regulation of SA level.
In this work we will study phospholipid signalling machinery as an
intermediate signalling hub in various aspects of plant life: in SA signalling during
stomatal movement regulation (chapter 3), in setting-up the phytohormonal crosstalk between SA and ABA (chapter 4), in recognition and perception of bacterial
elicitors (chapter 5) and in root morphogenesis (chapter 6).

34

CHAPTER 2 MATERIALS AND METHODS
2.1 Material used in the study
Arabidopsis thaliana ecotype Columbia-0 was used as wild-type and mutant
lines were obtained from The Nottingham Arabidopsis Stock Centre (NASC):
rbohD (SALK_070610), rbohF (SALK_059888), rbohDF, fls2 (Zipfel et al.,
2004),

bak1-4

(SALK_116202),

bik1

(SALK_005291C),

dgk5.1

(SAIL_1212_E10), NahG (Lawton K et al., 1995), pi4kß1ß2 (SALK_0404799 X
SALK_098069), pi4kß1ß2sid2 (Šašek et al., 2014)
For stomatal movement assays, 4- to 5-week-old plants were used. Seeds
were sown in soil and cold-treated at 4°C overnight. Plants were grown under 14h-light/10-h- grown in controlled growth chambers at 22°C with a 16 hr
photoperiod.
Seedlings were grown in vitro in liquid medium 10- and 14-days. Seeds
were surface sterilized by hypochlorite:ethanol (1:4, v:v) solution and grown in 24well plate in MS/2 medium supplied with vitamins and 5% (w:v) sucrose, at 22°C
under 14 h/10 h light cycle. After 7 days of cultivation, cultivation media was
changed to fresh one.
Arabidopsis thaliana Col-0 suspension cells were cultivated in Gamborg B5
medium (Khalys S.A., France), at 22°C under continuous light at 100 µE intensity,
as in (Krinke et al., 2009). Suspension cultures were sub-cultivated every seventh
day and treatments described below were performed 7 days after sub-culture.
Pseudomonas syringae pv. tomato DC3000 was used as overnight culture
grown at 28°C on Luria-Bertani (LB) medium containing rifampicin 50 µg mL-1.
2.2. Pharmacological treatments
ABA was prepared at 10 mM stock solution in tertiary butanol and added at
10 µM final concentration in 7 mL of suspension cells. As a control, cells were
treated with only 0.1 % (v/v) tertiary butanol. SA was prepared at 50 mM stock
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solution in water and added at 250 µM final concentration in 7 mL of suspension
cells. Peptide flg22 derived from the flagellin N-terminus of Pseudomonas sp.
(QRLSTGSRINSAKDDAAGLQIA, Tebu-Bio, France) was diluted to 0.2 mM
stock solution in water and added at 0, 0.01, 0.1 and 1µM final concentrations to
7 mL of suspension cells. PI-PLC inhibitor U73122 and its inactive analogue
U73433 were diluted in DMSO:tert-butanol (27/53, v/v) to obtain 1mM stock
solutions and used at the final concentrations of 10, 50 and 100 µM.
Diacyglycerolkinase inhibitor I (R59022) stock solution was prepared as 1mM in
0.1% EtOH and used at 25 and 50 µM, edelfosine was dissolved in water and used
at 25, 75, 150 µM; LaCl3 (0.1mM, 1mM, 10mM); EGTA (0.5mM, 1mM, 2mM). 1butanol as an alternative substrate for PLD was used at final concentration 0,8%,
tert-butanol was used as a negative control. As a control, cells were treated with
equal amount of solvents.
2.3. Methods concerning phospholipids analysis
2.3.1 Phospholipid radioactive labeling and lipid extraction
Suspension cells were labelled with 37 MBq L-1
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Pi-orthophosphate per 7

mL suspension (circa 700 mg FW) during the specified time according to the
procedure previously described by Krinke et al., 2007 (Krinke et al., 2007). Cells
were dried from the cultivation media and dissolved in H50 buffer (175mM
mannitol, 0.5mM CaCl2, 0.5mM K2SO4, 50mM Hepes, pH 8.9), 1g of cells to 10mL
buffer. Cells were equilibrated for 3h at a rotary shaker before theatment. Lipids
were extracted by adding into the flasks with 7 mL of equilibrated cells 2.14
volumes of ice-cold chloroform:methanol:37% (v/v) HCl (50:100:1.5, v/v). The
mixture was transferred into tubes, and a two-phase system was induced by the
addition of 0.7 volume of chloroform and 0.7 volume of 9% (w/v) NaCl in water.
The tubes were vigorously shaken and left at 4°C overnight for two-phase
formation. The upper phase was discarded and the lower organic phase was
evaporated under nitrogen stream. Remaining lipids were dissolved in chloroform
and stored at−20◦C until further use (Ruelland et al., 2002).
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As for Arabidopsis 14-days-old seedlings (see 2.1 for growth conditions
details), cultivation media was replaced by 100mM Tris-HCl buffer, pH 6.15, and
plates with seedlings were kept for 2 hr at 22°C for pre-equilibration and then
labelled with
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Pi for 1h. Flagellin was added to the wells and the reaction was

stopped by adding 4mL of hot isopropanol to approximatively 400 mg of plant
tissues followed by grinding in Potter’s homogenizer with 3 volumes of
chloroform:methanol:37% (v/v) HCl (50:100:1.5, v/v). The mixture was
transferred into tubes, and a two-phase system was induced by the addition of 1.25
volumes of chloroform and 1.25 volumes of 9% (w/v) NaCl in water. The tubes
were vigorously shaken and left at 4°C overnight for two-phase formation. The
lower organic phase was evaporated under nitrogen stream, remaining lipids were
dissolved in chloroform and stored at -20 °C until further use (modified from Folch
et al. (Folch et al., 1957) and Drobak et al (Drøbak et al., 2000).
Adult leaf tissues (detached leaves from 4-5week old plants) were incubated
for 2h in 100mM Tris-HCl buffer pH 5.7 to recover from wounding and labeled in
the dark with 37 MBq [33P] orthophosphate per 200 mg FW in 100 mM Tris-HCl
buffer (pH 6.15) for 14 h at 25◦C. After incubation, the tissues was washed from
non-incorporated [33P]orthophosphate (Kalachova et al., 2013). To determine PLD
activation in leaf tissues, leaf discs were incubated with 0.8% 1-butanol in TrisHCl buffer (pH 6.15) for 1 h in the dark prior to treatment. All studied inhibitors
were added 30 min prior to treatment. After reaction, the samples were fixed in
liquid nitrogen. Control samples were incubated with the respective solvents
(Munnik et al., 1996). Reaction was stopped by freezing in liquid nitrogen and
lipids from approximately 300 mg of leaf tissues were extracted by adding 3.75
mL CHCl3/CH3OH/HCl (50:100:1, v/v) to each sample. A two-phase system was
prepared by adding CHCl3 and 0.9% (w/v) NaCl. Samples were vortexed for 15 s
and centrifuged for 2 min. The lower organic phase was washed with 3.75 mL
CHCl3/CH3OH/1M HCl (3:48:47, v/v), dried under nitrogen gas stream and stored
at−20◦C until further use (Munnik et al., 1996).
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2.3.2. Thin-layer chromatography and scintillation counting
Lipids were dissolved in 100 µL CHCl3/CH3OH (2:1, v/v). Then samples (5
µl) were analyzed on thin-layer chromatography (TLC) plate (200 × 200 × 0.25
mm, Merck, Germany). To compare different samples, equal amounts of
radioactivity were loaded on the same plate. Structural phospholipids and
phosphatidic acid were separated in the acid solvent system composed of
chloroform:acetone:acetic acid:methanol:water (10:4:2:2:1 [v/v/v/v]) (Lepage,
1967). Phosphoinositides were separated in the alkaline solvent system composed
of chloroform:methanol:ammonia solution (5% [w/v]; 9:7:2 [v/v/v]). The TLC
plates were soaked in potassium oxalate solution before heat activation (Munnik et
al., 1994). Lipids were spotted by ATS4 automatic sampler (CAMAG).
Radiolabeled spots were quantified by autoradiography using a Storm
phosphorimager (Amersham Biosciences). Separated phospholipids were identified
by co-migration with authentic non-labelled standards visualized by primuline
staining (under UV light). For the evaluation of PLD activity, the chromatography
was performed using the organic upper phase of ethyl acetate/iso-octane/acetic
acid/H2O (12:2:3:10, v/v) mixture as developing solvent. [33P] phospholipids were
visualized on TLC plates by autoradiography on X-ray film Retina XBM (UkraineGermany). Spots of equal areas were scrapped off and the radioactivity was
quantified by liquid scintillation counting with SL-8 cocktail on Rack Beta 1219
counter (Wallack, Turku, Finland) (Kravets et al., 2010).
2.4. Methods concerning plant physiology
2.4.1 Histochemical assay
Superoxide formation was visualized in histochemical assay with Nitro Blue
Tetrazolium (NBT, Sigma-Aldrich, N6876). All the reagents in the NBT staining
procedure were prepared in a 100 mM Tris-HCl, pH 6.15. A 1-mL syringe with no
needle was used to pressure infiltrate a spot area on one leaf half. For NBT
staining, leaves were detached at 5, 60, and 120 min after infiltration and then were

38

vacuum infiltrated with 10 mM NaN3 in 10 mM phosphate-potassium buffer pH
6.15 and immersed in 2 mL of the same buffer containing 0.1% (w/v) NBT at room
temperature for 30 min. The blue precipitates of reduced NBT (formazan) were
visualized after boiling the leaves in 96% (v/v) ethanol for 10 min (Sang et al.,
2001b).
2.4.2. Stomatal assay
Stomatal assay was performed according to Melotto et al. with modifications
(Melotto et al., 2006). Fully expanded detached young leaves were kept in 100mM
Tris-HCl buffer, pH 6.15 under white light for 2 h to open stomata (abaxial side
touching the solution) and then transferred to the same buffer solution with
chemicals for 30 min (salicylic acid, 1-butanol, diphenylene iodide (DPI, SigmaAldrich, D2926), hydrogen peroxide or 4-hydroxybenzoic acid). Then, leaf
epidermis was observed under a microscope (Zeiss Primo Star) and pictures of
randomly chosen 5 regions per leaf were taken. The width of the stomatal aperture
was measured using the AxioVision 2008 software. Three leaves were observed
for one plant, each variant consisted of 12 leaves minimum. Experiments were
repeated three times with the same results.
2.4.3 ROS visualization and measurement
For evaluation of ROS production, 7-day-old Arabidopsis thaliana
suspension cells (Col-0) were washed and equilibrated for 3 h in agitation in
Erlenmeyer flasks in assay buffer (10 mM Tris-HCl, 175 mM mannitol, pH 7.2).
Then cells were transferred to 96-well plate (black, 175 µL of cells per well) and
labeled with H2DCFDA (5.8 M) for 15 min. flg22 was added by dispenser in
Tecan microplate reader and well fluorescence was measured in kinetics for 6h
every 2 min (180 measure points). Measure parameters: sensibility: 35 (and 50:
optional), wave length: emission =480 nm, reception = 528 nm
Confocal fluorescence images were acquired using an IX81 inverted
Olympus microscope equipped with a DSU spinning disk confocal system
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(Olympus France, RUNGIS, France), coupled to an Orca R2 CCD camera
(Hamamatsu Corporation, Japon). Observations were performed with a 40 x
objective (ph2 NA 0.6 LUCPlanFLN). Red fluorescence of chlorophyll was
observed with an U-MNG2 filter offering band pass filtering of 530-550 nm for
excitation and 590-800 nm for emission, while GFB green fluorescence was by a
cube filter U-MWIBA3 with a band pass filtering of 460-495 nm for excitation and
510-550 for emission.
Cells images were observed by acquiring axial z stacks of pseudo-confocal
images (30 µm from the base to the top, with a step of 2 µm). Image processing
was executed using the ImageJ software (Schneider et al., 2012). Residual blurring
were removed by spatial deconvolution: PSF were calculated using the ImageJ's
plugin PSF Generator (Richards and Wolf algorithm) (Griffa et al., 2010) and the
deconvolution, properly speaking, was performed using the Richardson-Lucy
algorithm implemented into the DeconvolutionLab ImageJ's plugin (Vonesch and
Unser, 2008) (15 iterations). These two last freeware programs are provided by the
Biomedical Imaging Group of the EPFL (Ecole Polytechnique Fédérale de
Lausanne) Switzerland.
For assay in seedlings, Arabidopsis plants were cultivated for 10 days in
14h/10h light, 22C in liquid MS media supplemented with 0.5% (w/v) sucrose and
vitamins, pH 5.7, in a 96-well plate (1 seedling per well). Cultivation media was
replaced by 200 µL of assay solution (50 mM TRIS-HCl, pH 8,5 buffer solution
containing 70 µg.mL-1 luminol (09253 Sigma-Aldrich), 40 µg.mL-1 horseradish
peroxidase and 0.1µM of flg22). Relative luminescence was measured during 1h
with 2-min interval. Every well was measured separately and the data from 12
independent measurements were used in one set of experiments.
2.4.4 Callose deposition evaluation
For callose deposition visualisation, 10- to 14-days-old seedlings were
exposed to 1 µM of flg22 for 24 h. Plant tissues tissue were fixed in the solution of
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ethanol : glacial acetic acid (3:1, v/v). The solution was replaced 1 to 2 times until
the leaves were “decoloured” (white without chlorophyll). Rehydratation was held
for 2 hrs in 70% (v/v) ethanol followed by 2 hours in 50% (v/v) ethanol, 2 hrs in
30% (v/v) ethanol and overnight incubation in distilled water. Staining was
performed by incubation at least 4 hours in 150 mM K2HPO4,pH 9.5, containing
0.01 % (w/v) aniline blue (Sigma-Aldrich; #415049). Microscopy was done in
50 % (v/v) glycerol on fluorescence ApoTome2 microscope, image analysis was
made using ImageJ software.
2.4.5 Pathogen assay
For pathogen assay Arabidopsis plants were grown for 14 days on one-half
strength MS medium solidified with 0.8 % (w/v) plant agar in deep Petri plates
(100 mm × 25 mm, 8-12 seedlings per plate) at 22°C with 14 h light/10 h dark
photoperiod. Overnight culture of Pseudomonas syringae pv. tomato DC3000 was
cultivated at 28°C on Luria-Bertani (LB) medium containing rifampicin 50 µg mL1

. Bacteria were resuspended in sterile distilled H2O containing 0.025 % Silwet L-

77 up to concentration 5X106 CFU*mL-1 (corresponds to OD600=0.01). Forty mL
of bacterial suspension was flooded to one plate, incubated for 2 min at room
temperature and removed. After 1 h, one plate was used to measure CFU for 0 dpi,
the measurements were also taken at 3 and 5 dpi. Internal bacterial populations
were evaluated from 3 biological replicates, each replicate represented a pooled
sample of 4 independent seedlings from a single experiment grown in a single Petri
dish. For bacterial population evaluation, seedlings were surface-sterilized for 3
min in 5% (v/v) H2O2, washed 3 times with sterile distilled water, collected to
Eppendorf tubes with 1g ceramic beads and 1 mL of 10mM MgCl2 and
homogenized by FastPrep homogenizer (2-3 cycles of 25 s/5.5 m*s-1). Serial
dilutions were made up to 10-6 and put all onto agar plates with LB media
supplemented with 50µM rifampicine for incubation at 26°C. After two days, the
colonies were counted and the values were normalized as CFU*mg-1 of total
weight of inoculated seedlings (modified from (Ishiga et al., 2011).
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2.4.6 Root growth assay
For root assays, plants were grown in square plates on 0.5 MS basal salt
medium, pH 5.7 (Duchefa), supplemented with 0.5 g*L-1 MES and 8 g*L-1 agar.
Seeds were sterilized with 1.5% sodium hypochlorite and stratified for 3 d at 4°C.
Plates were placed vertically under continuous light (100 µmol*m-2*s-1) at 22°C for
3 d and then seedlings were transferred to new plates to assess root growth.
Positions of root tips were marked 2, 4 and 7 d after transfer. Primary root length
was measured manually using ImageJ software (Schneider et al., 2012).For light
microscopy, whole roots excised from seedlings were directly observed under
differential interference contrast illumination using ApoTome apparatus and
AxioVision software (Zeiss, Oberkochen, Germany).
For gravitropic assay seedlings were grown the same as for the root assay.
After 7 days of seedlings growth, vertical plates were turned to 90° to induce
gravitropism. Plates were scanned every 30 min and the angle between major root
and root tip orientation was measured using ImageJ software (Schneider et al.,
2012).
2.5. Methods concerning gene expression analysis
2.5.1 RNA extraction
Total RNA from cells was extracted using RNeasy Plant Mini Kit (Qiagen,
France). The quantity of extracted RNA was measured using NanoDrop. The
quality of the RNA was assessed on 2.5% (w/v) agarose gel with 0.3% (v/v)
GelRed staining.
2.5.2 Transcript abundance evaluation by qPCR
cDNA was synthetized by reverse transcription of 4 µg of total RNA using an
oligo-dT primer and Superscript III kit (Invitrogen). Real-time PCR was performed
in a Step One Plus system (Applied Biosystems) with the Power SYBR Green RTPCR mastermix (Applied Biosystems). The amplification program was made of an
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initial denaturation at 95°C for 10 min, 35 cycles of amplification at 95°C for
20 sec, followed by 30 sec at Tm specific for each couple of primers and 45 sec at
72°C. The transcript abundance was standardized to that of At3g18780 and
At5g11770 genes as references. A logarithm base 2 normalisation was applied to
the average transcript abundance level to obtain the same data range as in
transformed microarray data. The list of the primers used is given in the Table 2.1.
Table 2.1. List of primers used for qPCR
AT3G18780_FP
AT3G18780_RP
At5g11770_FP
At5g11770_RP
AT4G39320_FP
AT4G39320_RP
AT3G61820_FP
AT3G61820_RP
AT3G50970_FP
AT3G50970_RP
AT3G44300_FP
AT3G44300_RP
AT2G45570_FP
AT2G45570_RP
AT4G24780_FP
AT4G24780_FP

GCAGGAGATGGAAACCTCAA
GATTCCAGCAGCTTCCATTC
AAGGTGGGTGATTTCAATGG
CCATAGAGCAAAGCCTCAGC
ACAAGGCAGATAAGATAACG
CGAGGTCAATGATTTTCTC
TGTCTCGCGCGTGTTAGATT
TTTCAAAGGACAAAAGCACC
CATGGATCACACCAAACTG
GTGAACGACATTAGTGTTAGTACC
GTCAGTTCATGTCACTCCTAT
TCAAAGCCAGATTCATAATA
AACCCGTTACATGCCGTA
AGGTAAACGAACTATAGAATCTGA
TGGTGCACTGAATTGCCG
TCAAGATCAACACATCTGCACT

2.5.3 Transcriptome Studies
The transcriptomic response to ABA was monitored by microarray analysis,
carried out at the Institute of Plant Sciences Paris-Saclay (POPS platform, IPS2,
Saclay, France), using the CATMAv5 arrays containing 31776 gene-specific tags
corresponding to 22089 genes from Arabidopsis (Crowe et al., 2003, Hilson et al.,
2004). Two independent biological replicates were produced. For each biological
repetition and each sampling point, samples were obtained by pooling RNAs from

43

3 independent experiments. RNAs were prepared as described in (Krinke et al.,
2009). The ABA treatment was compared to that of the solvent (tertiary butanol
0.1 %, v/v). One technical replicate with fluorochrome reversal was performed for
each biological replicate (i.e. four hybridizations per comparison). The labelling of
cRNAs with Cy3-dUTP or Cy5-dUTP (Perkin-Elmer-NEN Life Science Products),
the hybridization to the slides, and the scanning were performed as described in
(Lurin et al., 2004).
2.5.4 Statistical Analysis of Microarray Data
Experiments were designed with the statistics group of the Institute of Plant
Sciences Paris-Saclay. For each array, the raw data comprised the logarithm of
median feature pixel intensity at wavelengths 635 nm (red) and 532 nm (green) and
no background was subtracted. An array-by-array normalization was performed to
remove systematic biases. First, spots considered as badly formed features were
excluded. Then a global intensity-dependent normalization using the loess
procedure (Yang et al., 2002) was performed to correct the dye bias. Finally, for
each block, the log-ratio median calculated over the values for the entire block was
subtracted from each individual log-ratio value to correct print tip effects.
Differential analysis was based on the log ratios averaged on the dye-swap. The
technical replicates were averaged to get one log-ratio per biological replicate and
these values were used to perform a paired t-test. A trimmed variance was
calculated from spots which did not display extreme variance (Gagnot et al., 2008).
The raw P-values were adjusted by the Benjamin-Hochberg method, which
controls the Family Wise Error Rate in order to keep a strong control of the false
positives in a multiple-comparison context. We considered as being differentially
expressed the probes with a Benjamin-Hochberg P-value < 0.05.
2.5.5 In silico analysis of microarray data
Genes were classified using the Classification SuperViewer Tool developed by
(Provart and Zhu, 2003). The classification source was set to Gene Ontology
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categories as defined by (Ashburner et al., 2000). The frequency of a category is
normed that in the whole Arabidopsis set. The mean and standard deviation for 100
bootstraps of our input set were calculated to provide some idea as to over- or
under-representation reliability. Similarity analysis were performed using tools
developed by Genevestigator (Hruz et al., 2008). The “Hierarchical clustering”
tool works on the expression matrix defined by a microarray experiment selection
and a gene selection. The similarities between expression profiles were determined
using Pearson correlation for the measurement of distance. The “Biclustering” tool
identifies groups of genes that are expressed above or under a set threshold ratio in
a subset of conditions rather than in all conditions.
Motif analysis was carried using HOMER software (Heinz et al., 2010).
Conserved motifs were searched in the promoter region 300 bp upstream of the
Transcription Start Site (TSS) of genes up or down-regulated by ABA and/or SA.
Basic options were used except for options: -S 5 –len 6. Top enriched de novo
motif was then used as input to scan sequences for these motifs to determine their
abundance among differentially ABA and/or SA regulated genes. MEME, AME
(Bailey

et

al.,

2009)

and

TAIR

(https://www.arabidopsis.org/tools/bulk/motiffinder/) motif analysis tools were
also used to strengthen the results.
2.5.6 Comparison of two sets of transcriptomic data
In the comparison of our ABA-regulated genes with previous SA or inhibitors
transcriptome data, we first draw contingency tables. In response to either ABA,
SA or to an inhibitor, genes can be up-regulated, down-regulated or unaffected by
the treatment. When considering both the responses to ABA and to SA or to an
inhibitor, this leads to 9 possibilities. The genes for each one of these 9 categories
were counted. We can designate |A| as the number of genes in the gene set A (for
instance ABA-induced genes), |B| is the number of genes in the gene set B (for
instance SA-induced genes), and N is the total number of microarray probes that
had a signal in the two experiments we cross. |A∩B| represents the observed
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number of genes common to gene set A and gene set B (i.e. genes induced by SA
and ABA) while the theoretical number of genes predicted to be common for sets A
and B can be calculated as (|A|/N) x (|B|/N) x N. The ratio between the observed
number and the theoretical one is the representation factor (RF). To this RF can be
associated P-value calculated by the hypergeometric distribution:
| |

| |

| |

| |

where k = |A∩B|, and the brackets indicate the binomial coefficient.
2.5.7 Data Deposition
Newly generated microarray (ABA response in cell suspensions) were deposited at
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; accession no. GSE
35872) and at CATdb (http://urgv.evry.inra.fr/CATdb/; Projects: AU10-12)
Comparison of WT to dgk5.1 transcriptome in 14-days-old seedlings, and
comparison of WT and dgk5.1 seedlings response after 1h of flg22 treatment were
deposited at CATdb (http://urgv.evry.inra.fr/CATdb/; Projects: AU16-02_Dgk5)
according to the “Minimum Information About a Microarray Experiment”
standards (Brazma et al., 2001).
2.6 Data analysis and statistics
Mean values, standard errors of means and the significance of differences
between mean values were calculated using Excel, Sigma Plot and R software; ttest and ANOVA were applied as statistical treatment for data.
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CHAPTER 3. INVOLVEMENT OF PHOSPHOLIPASE D AND NADPHOXIDASE IN SALICYLIC ACID SIGNALING CASCADE
INTRODUCTION. Plant growth and survival require successful adaptation
to environmental changes. Abiotic stresses and pathogen attacks induce rapid
changes in cell metabolism. This is possible because plants have developed a wide
signaling network regulated by small active molecules – phytohormones. Salicylic
acid (SA) is one of the stress-associated phytohormones. This is a signal molecule
involved in the induction of defense mechanisms to biotrophic pathogens (RivasSan Vicente and Plasencia, 2011, Huot et al., 2014). It is also involved in the
regulation of different aspects of plant growth and development such as seed
germination, dormancy, flowering (Lee et al., 2010b). On biochemical level, SA
can have impact on ion transport (Katz et al., 2002), photosynthetic intensity and
transpiration regulation (Khan et al., 2003). To realize these effects, SA triggers
cascades of enzymatic reactions starting with specific target proteins.
Several SA-binding proteins have been reported in recent years. Among
such proteins, are enzymes producing reactive oxygen species (ROS), several
kinases and proteins with lipase activity (Kachroo and Kachroo, 2007).
Characterized SA-binding proteins include cytosolic catalase (SABP) and
ascorbate peroxidase (major H2O2-scavenging enzymes), chloroplastic carbonic
anhydrase (named SABP3), and methyl salicylate esterase (named SABP2)
(Manohar et al., 2014). SA reversibly binds to SABP inhibiting its H2O2-degrading
activity. This effect can be enhanced while SA inhibits cytosolic ascorbate
peroxidase another important H2O2-scavenging enzyme in plant cells (Rao et al.,
1997). SA binding to SABP2 and SABP3 also is a part of triggering systemic
acquired resistance (SAR), however its physiological mechanism of is not yet
known (Slaymaker et al., 2002). Several genetic and biochemical approaches have
proved that SA directly/physically interacts with NPR1 (NONEXPRESSOR OF
PATHOGENEZIS RELATED GENES 1) protein and its paralogs NPR3 and
NPR4(Yan and Dong, 2014). As a result of being recognized by such proteins, SA
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modulate their activities and activates downstream signaling cascades. These
cascades are then mediated not by SA itself, but by different second messengers
like Ca2+, ROS or lipid derived ones – phosphatidic acid, diacylglycerol or
phosphorylated inositols (Zhang et al., 2014). However, early stages of signalling
cascades induced by this phytohormone are currently undisclosed.
Reactive oxygen species (e.g., O2•−, H2O2, OH•, 1O2) are partially reduced or
excited forms of oxygen. As signaling molecules, ROS are mainly short-living
substances that are generated in different cell compartments and have polyvalent
biological activity and potential to cross biological membranes (Mittler, 2017).
ROS associated with cell-to-cell signaling are produced mainly near plasma
membrane, substantially at the apoplast by NADPH-oxidases. Plant NADPHoxidases (also called respiratory burst oxidase homologs - RBOH) catalyze the
production of superoxide radicals (O2•−) involved in the primary defense responses
in plants and animals (Zhang et al., 2012, Ma et al., 2011). For example,
exogenous avirulent elicitor application caused superoxide burst in Solanum
lycopersicum plants (Wang, 2005). Furthermore, NADPH-oxidase is a source of
ROS generation under different stimuli effects including pathogen attack or root
hairing (Palma et al., 2009, Zhang et al., 2009). The expression of Arabidopsis
NADPH-oxidase genes differ in the tissue specificity. RbohD and RbohF are
expressed uniformly through the whole plant, RbohA, RbohG, RbohI are mainly
expressed in roots and RbohH and RbohJ are more common during pollen
development (Sagi and Fluhr, 2006). Two NADPH oxidase isoforms, RbohD and
RbohF, are the most important in the regulation of the defense-associated
metabolism during compatible and incompatible biotic interactions. RbohF action
is crucial during intracellular oxidative stress and appears to be a key player not
only in cell death during hypersensitive reaction but also in regulating
metabolomic responses and resistance to pathogens (Chaouch et al., 2012). RbohD
provides an apoplastic signaling ROS early after recognition of pathogen
associated molecular patterns (PAMPs). It is activated downstream of receptor
complex that recognizes PAMPs (flagellin, EF-Tu, chitin) and is responsible for
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transduction of signal both to cytoplasm and through the apoplast to the
neighboring cells (Chinchilla et al., 2007).
Phosphatidic acid (PA) is a universal lipid second messenger. It can be
produced from structural lipids such as phosphatidylethanolamine (PE) or
phosphatidylcholine (PC) by phospholipase D hydrolyzing activity; but it can be
also produced by the action of diacylglycerolkinases (DGK) from diacylglycerol
(DAG) that can itself be produced by phospholipases C. According to the enzymes
responsible for PA production, the composition in its fatty acids may differ. This is
due to the fact that structural phospholipids from the one hand and
phosphatidylinositols from the other hand have marked differences in their fatty
acid composition. As a consequence, PAs with polyunsaturated fatty acid chains
are likely to be products of phosphoinositide-dependent PLC coupled with the
action of a DGKs, whereas mono-unsaturated and saturated PAs likely to be the
result of direct hydrolysis of PE or PC by PLD (Hodgkin et al., 1998). The
specificity of fatty acid composition might be a determinant of the selectivity for
PA targets, that is proteins that bind PA (Bargmann and Munnik, 2006). One of the
PA target proteins is OXIDATIVE SIGNAL INDUCIBLE1 (OXI1) kinase, a
serine/threonine kinase necessary for oxidative burst-mediated signalling
in Arabidopsis roots (Camehl et al., 2011). It is activated by PA in a PDK1
signaling pathway providing additional evidence for an interaction between PA
and oxidative stress (Testerink and Munnik, 2005). PDK1 pathway is important for
the regulation of stomatal movement during the establishment of colonization of
plant tissues by endophytic fungus Piriformospora indica (Camehl et al., 2011).
The involvement of PLD-derived PA to ROS generation is now discussed in the
context of the responses to phytohormones, especially SA and ABA, and in
response to a wide range of stresses. ABA application caused ROS generation and
NADPH-oxidase activation in wild-type plants, but not in pldα1 mutants (Palma et
al., 2009, Zhang et al., 2009). Eventually, addition of PA triggered the synthesis of
superoxide both in vivo (leaf infiltration) and in vitro (treatment of microsomal
fractions) (Sang et al., 2001a) Other in vitro studies showed that PA can physically
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interact with both recombinant isozymes of NADPH-oxidases RbohD and RbohF.
The PA-binding region of RbohD was mapped to amino acid residues 101 to 330
of primary coding sequence, for RbohF this motif resided in 104 to 341 (Zhang et
al., 2009). The PA binding site in RbohD was located in the cytosolic region
between the two EF-hands and N terminus. In Zhang et al. (2009), the RbohD
activation by PA was studied in the context of ABA signaling in guard cells.
Activation of PLD by ABA results in PA production. Then PA binds to the
cytosolic region in the N-terminus part of RbohD, resulting in the stimulation of
NADPH oxidase activity and ROS production in guard cells. The final
physiological effect of the cascade is stomatal closure (Zhang et al., 2009).

RESULTS AND DISCUSSION. The aim of the present work was to
investigate the possible involvement of lipid signaling and its role in the generation
of reactive oxygen species as part of the transduction of SA in Arabidopsis leaves.
To detect the effect of exogenous application of SA on lipid metabolism in plant
tissues, the tissues (leaf disks) were incubated in presence of radioactive
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Pi for

14h and then 1mM SA was added. Lipids were extracted up to 45 min after SA
addition; lipids were separated by thin layer chromatography (Fig. 3.1A) and the
radioactivity associated with PA was measured (Fig. 3.1B). A significant increase
in PA content in SA-treated A. thaliana leaves was detected 15 min after SA
addition. This represents the evidence of lipid metabolism enzymes activation (Fig
3.1 A, B).
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Figure 3.1
Phospholipase D implication into PA accumulation in Arabidopsis thaliana
Col-1 and rbohD tissues under exogenic application of SA. A, B – dynamics of
PA accumulation in WT tissues after SA treatment. C, D. – phosphatidylbutanol
formation in WT and rbohD after 30 min 1mM SA treatment in presence of 11
butanol. A,B - autoradiography, B, D - scintillation counting. Lipids were
separated
by
TLC
developped
in
the
solvent
mixtures:
A:
chloroform:acetone:acetic acid:methanol:water (10:4:2:2:1 [v/v/v/v]) or B:
B ethyl
acetate/iso-octane/acetic
octane/acetic acid/H2O (12:2:3:10, v/v).. Lipids were identified by
comigratipon with non-labeled
non labeled standards. Data are presented in means ±SD,
ANOVA, different letters correspond to significantly different values, p≤0.05.

PA can be generated
erated by PLD activity or by PLC coupled to DGK. To detect
the possible source of the generated PA, 1-butanol
1 butanol was added in the incubation
medium 30 min before SA. Primary alcohols can serve to PLDs as an alternative
substrate instead of water in the so-called transphosphatidylation reaction. As a
result, in presence of 1-butanol such reaction leads to the formation of
phosphatydylbutanol (PBut). PBut cannot trigger the PA-mediated
PA mediated reactions in
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cells, so the signaling cascade does not go downstream. Thus, adding primary
alcohols to the reaction media is used for two purposes: to visualize PLD activity
and to inhibit PLD downstream signaling (Arisz and Munnik, 2013). In our
conditions, we detected a more than two-fold increase in PBut content 30 minutes
after SA addition when compared to time 0. This clearly indicates the involvement
of PLD to the SA signaling cascade (Fig 3.1, C, D). Krinke et al. (2009) reported
that SA activates PLD in Arabidopsis suspension cultures 45 min after its
application. Adding 1-butanol to the medium inhibited the expression of 380 SAassociated genes (Krinke et al., 2009). So, PA produced by PLD is an
indispensable part of SA signaling in suspension cells and leaves, however there
are plenty of missing elements in the cascade.
In particular, SA-induced ROS production via NADPH-oxidases can be
located upstream, downstream or independently of PA. In our study, under SA
treatment in presence of 1-butanol, PBut accumulation was detected both in wildtype and rbohD plants, indicating that PA production by PLD is upstream or
independent of ROS production (fig.3.1.C, D). However, the level of PBut in nontreated samples (no SA) was lower in rbohD mutants, meaning that a fully
functional NADPH-oxidase is needed for a basal PLD activity (fig.3.1 D). Indeed,
it was shown that transgenic plants defective in PA-producing phospholipases D
have less ability to produce superoxide, what is required for pathogen defense
(Sang et al., 2001b). We then investigated the connection between superoxide
generation and PLD activity under SA treatment.
In our experiments, the rapid activation of NADPH-oxidase by SA was
detected using histochemical assay with nitroblue tetrazolium (NBT) (Fig 3.2).
Detached leaves were incubated in NBT solution and then infiltrated with SA. The
O2- content was detected as dark blue stain of formazan compound formed as a
result of NBT reacting with the endogenous O2-. SA infiltration induced the
accumulation of granules of blue formazan in leaf tissues outside of infiltration
zone (Fig.3.2.B). This effect was inhibited in presence of 1-butanol, but not 2-
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butanol (Fig.3.2.C, D). Secondary alcohols are not substrates for PLD-catalyzed
transphosphatidylation and serve as negative control of the effects of primary
alcohols on PLDs. Our results definitely suggest that PLDs are implicated in the
observed superoxide generation. To study whether ROS accumulation was due to
enzymatic production by NADPH-oxidases, the inhibitor diphenileneiodide (DPI)
was added to the incubation media 1h prior to SA infiltration. Here we show that
lipid-derived second messenger PA can work upstream of ROS production by
NADPH-oxidases.

Figure 3.2
Superoxide radical generation in Arabidopsis Col-1 tissues under salicylic
acid action (histochemical assay with NBT) A – control (H2O infiltration); B - SA
infiltration; C – SA + 1-butanol; D – SA + 2-butanol; E – 1-butanol; F – 2-butanol;
G – DPI; H – SA + DPI. Light microscopy, magnification x10.
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Superoxide generation in epidermis is proposed to be a local signal
messenger with a fast physiological effect on stomatal status (Mori et al., 2001).
Stomata are pores on the abaxial side of leaf plate formed by two guard cells. They
play important regulation roles in plant organism, having a big impact on gas and
water exchange and on pathogen entry. The maximum distance between guard
cells membrane is called stomatal aperture and is regulated in response to
environmental changes. The molecular mechanisms of stomatal movement
regulation are the current subject of extreme research interest. Guard cells have
indeed a dynamic regulation network and are able to quickly respond to
environmental stimuli including abiotic stress factors and pathogen infection
(Melotto et al., 2008). They are therefore a good model for signaling events. Some
of the cascades mediating stomatal movements are the same as the ones described
in the responses of leaves to abiotic or biotic stresses. For example, described
ABA-triggered cascade in guard cells that leads to stomatal closure in abiotic
stresses includes phospholipases and guard cell-specific open-stomata 1 kinase
(OST1), the production of ROS by cell wall enzymes, the heterotrimeric G protein
activation, and the regulation of ion channels (Melotto et al., 2006). Interestingly
some chemicals linked to the responses to pathogens can mediate stomatal closure;
this is the case of SA (Sun et al., 2010). SA triggers several signaling cascades,
some of them include the elements of stomata regulation machinery. For example,
involvement of NPR1, that is better known for controlling the expression of SAresponsive genes an effector downstream to SA, is as well discussed to be required
for stomatal closure (Zeng and He, 2010, Hayat, 2012). Indeed, NPR1-dependent
cascades are generally downstream or happening in parallel of superoxide
generation. Based on our previous findings about mechanisms of ROS formation,
PLD and its product PA are the good candidates to mediate effects of SA in guard
cells. Another key regulator process of stomatal movement is ROS generation by
apoplastic NADPH-oxidases (Kwak et al., 2003). Here we are going to test the
hypothesis that lipid-derived second messenger PA can work upstream of ROS
production in stomatal closure.
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At first, we studied the impact of SA on stomatal movement. Fully expanded
young leaves (3 leaves per plant, 4 plants per variant) were detached and incubated
in 100mM Tris-HCl buffer pH6.5 for 2 hours under continuous light to open
stomata. It was shown that 1mM SA treatment caused stomatal closure in wildtype Arabidopsis plants. After 30 minutes of SA treatment, the stomatal aperture
showed a 3-fold decrease in comparison to control (Fig. 3.3.1). To detect a role of
different isozymes of NADPH-oxidases in plant reaction to SA effect we used
rbohD, rbohF and rbohDF mutants (Fig. 3.3.1,2.). Stomatal aperture change in
response to SA was nearly abolished in rbohD transgenic plants (Fig. 3.3.1). In
rbohF plants SA application caused stomatal closure, but the difference in the
apertures was only 30% of that in WT. That indicates the involvement of both
isoforms to the stomatal movement regulation but with the major role of RbohD.
Surprisingly, the double rbohDF mutant was able to close stomata after SA
treatment, even though the effect was less important than in WT of rbohF. We
would have expected the no closure in double mutant, as in rbohD mutant. This
somehow contradictory effect could be explained as a compensatory effect by
other NADPH-oxidase isoforms of the constitutive absence of RbohD and RbohF.
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Figure 3.3.
Salicylic acid effect on stomatal aperture in wild-type Arabidopsis plants and
defective in different isoforms of NADPH-oxidases
NADPH
(rbohD
bohD, rbohF, rbohDF)
1. Stomata on abaxial leaf surface under salicylic acid application (1mM, 30min)
A – Col; B – Col + SA; C – rbohD; D – rbohD+ SA; E – rbohF;
rbohF F – rbohF+ SA;
G – rbohDF; H – rbohDF+
rbohDF SA. 2. Stomatal aperture, µM. Data are presented in
means ±SD, t-test, * - values are significantly different, p≤0.05.
≤0.05.
Using stomatal closure as a biotest for a SA activity in guard cells, we
studied the effects of its different analogs and potential inhibitors of the signal
transduction (fig. 3.4). The inhibitors were added to incubation media 30 min prior
to SA of other studied chemical. The stomatal aperture was measured after 30 min
of treatment; at least 80 stomata were measured for each variant. We showed that
30 min incubation in 0.15% hydrogen peroxide H2O2 closed stomata in the rbohD
single mutant as well as in wild-type
wild type plants, meaning that RbohD position is
clearly upstream of ROS, a universal trigger of stomatal closure. Adding 1-butanol
1
inhibited stomatal closure by SA, but did not influence stomatal closure by H2O2,
meaning that PLD activity can be placed only upstream of ROS production in SASA
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induced cascade. 4-hydroxybenzoic acid (4-HBA, an inactive structural analog of
SA) did not cause any changes in stomata aperture and served as a negative control
and a proof of SA-specificity of studied reaction. The pre-treatment of plant leaves
with DPI inhibited SA-induced stomatal movement in wild-type plants. The fact
that we observe the same effect (inhibition of SA-triggered stomatal closure) with
pharmacological invalidation (DPI affects all NADPH-oxidases) and with an
isoform-specific genetic invalidation (rbohD single mutant), indicates a key role of
RbohD isoform (Fig 3.4).

Figure 3.4
Stomatal closure of wild-type and rbohD plants by SA, H2O2 and 4-HBA in
presence of inhibitor of phospholipase D action (1-butanol) and NADPHoxidase action (DPI). Data are presented in means ±SD, t-test, * - values are
significantly different, p≤0.05.
Based on the obtained results, a schematic model of SA signalling cascade in guard
cells was drawn (Fig 3.5).
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Figure 3.5
Salicylic acid signal transduction cascade in guard cells involving
phospholipase D and NADPH-oxidase RbohD
Exogenous application of SA induces in guard cells a signalling cascade
leading to stomatal closure. The intermediate stages of the process are activation of
lipid signalling enzymes, especially of PLDs, that results in the synthesis of PA,
leading to the subsequent induction of superoxide production by NADPH oxidases,
mainly RbohD. The findings extend the knowledge about molecular mechanisms
of salicylic acid signalling network and lipid metabolism in plant cells.
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CHAPTER 4 BASAL PHOSPHOINOSITIDE-DEPENDENT PHOSPHOLIPASE
C ACTIVITY IN ARABIDOPSIS SUSPENSION CELLS AS A SIGNALLING
HUB ACCOUNTING FOR THE OVERLAP IN TRANSCRIPTOME
REMODELLING BY ABSCISIC OR SALICYLIC ACID
INTRODUCTION. Plants responses to environmental changes very often
rely on transcriptome remodelling triggered by phytohormonal action. The main
stress associated hormones are abscisic acid (ABA), salicylic acid (SA) and
jasmonic acid (JA). ABA is synthesized in response to the abiotic stresses like
drought (Lang et al., 1994) and low temperatures (Lang et al., 1994, Gusta et al.,
2005); SA is synthetized during microbially associated biotic stresses (Janda and
Ruelland, 2015) and JA is associated with wounding (León et al., 2001). It is
increasingly apparent that hormones act in a complex web. The action of one
hormone may enhance or counterbalance the effects of another hormone either by
their action on gene response or because of the positive or negative action of one
hormone on the transduction of the other one. These positive or negative effects of
hormones on one another constitute what is called hormonal cross-talk. These
cross-talks appear to enable a plant to fine-tune its response against a specific
stress (You-Xin et al., 2015). The cross-talk between hormones involved in
responses to biotic stresses, namely SA, JA and ethylene, have been described
(You-Xin et al., 2015). Because SA and ABA have been considered to be involved
in strictly different processes, that is, to biotic and abiotic stressors respectively,
little attention has been devoted till recently to the interaction between those two
hormones. For instance, Wang and collaborators (2011) studied the overlapping
transcriptome response of ABA ethylene, brassinolide, auxin, methyl-jasmonate
and cytokinine, but not with SA. Yet, it has been proposed that an abiotic stress
such as drought does indeed have impact on the capacity of plants to appropriately
respond to biotic stresses (Kissoudis et al., 2014). Furthermore, SA is also
accumulated during chilling (Scott et al., 2004), a condition associated with ABA
synthesis. How ABA and SA interact together is therefore physiologically relevant.
The data obtained so far can seem contradictory. SA and ABA can have a similar
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effect on stomata(Kalachova et al., 2013), but SA antagonizes ABA effect on shoot
growth (Meguro and Sato, 2014).
We wanted here to document the extent of specificity and also the common
effects of SA and ABA in eliciting gene responses using Arabidopsis suspension
cells cultures. Suspension cells are an amenable, simplified model that has been
particularly useful in studying specific signalling mechanisms that would be too
complex to unravel in plant tissues or organs: to study sugar signalling (Kunz et
al., 2014), MAPK kinase and phosphatase signalling (Schweighofer et al., 2014),
chitosan and galacturonide elicitor signalling (Ledoux et al., 2014), photooxidative
damage (Gutiérrez et al., 2014), auxin transmembrane transport (Seifertová et al.,
2014) and ion channel activity. Suspension cells are easily labelled which is
convenient for studying metabolic fluxes (Tjellström et al., 2012) We wanted to
study the overlap between the responses of SA and ABA at two levels: at the lipid
sigbnalling level and transcriptomic level. We first studied the in vivo effects of
ABA and SA on lipid signalling as can be monitored labelling with [33Pi]orthophosphate. Arabidopsis suspension cells were submitted to a brief period of
labelling with radioactive [33Pi]-orthophosphate in presence or not of ABA and the
results were compared to the effects of SA on similar cultures. Interestingly, while
SA treatment both activated PI phosphorylation and inhibited PI-PLC coupled to
DGK, ABA only inhibited PI-PLC/DGK activity. We then studied the
transcriptional response to a 4 hr-ABA treatment and observed a significant over
representation of genes involved typically in responses to SA (Krinke et al., 2007) .

RESULTS/DISCUSSION.
4.1 ABA effects on in vivo phosphoinositide accumulation and PLC activity
It was previously shown that SA inhibits basal PI-PLC (Ruelland et al.,
2014). To check the specificity of this process, we now wanted to check in vivo the
effect of ABA on the basal PI-PLC activity and compare it to that of SA. ABA (or
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SA) was added to Arabidopsis cells in suspension culture and lipids were extracted
20 or 45 min later. Radioactive 33Pi-orthophosphate was added 15 min before lipid
extraction. Basal PI-PLC activity can be monitored by detecting radiolabelled PA,
that with a labelling time of 15 min mainly corresponds to PA produced through
DGK activity (Vaultier et al., 2006), which acts on DAG produced by PI-PLC.
Addition of SA resulted in an increase in radiolabelled PI4P and PI-4,5-P2, at 20
and 45 min, thus confirming previous results (Ruelland et al., 2014, Krinke et al.,
2007). No such increase could be seen for ABA (Fig. 4.1A). We can however
notice a decrease in this basal PA (corresponding to basal coupled PI-PLC/DGK)
for both ABA and SA (Fig. 4.1B).

Figure 4.1
Effects of SA or ABA on radioactivity labelled phospholipids. Cells were
treated with 250 µM SA or 10 µM ABA for the indicated times. Cellular reactions
were stopped by the direct addition of lipid extraction medium. Labelling by [33P]orthophosphate was initiated 15 min before lipid extraction. Lipids were separated
by TLC. (A) Amount of radioactivity incorporated into phosphoinositides
(PIP+PIP2) relative to that in phosphatidylinositol (PI) expressed as % of the value
in non-treated cells. (B) Amount of radioactivity incorporated into PA relative to
that in major structural lipids (PC+PE) expressed as % of the value in non-treated
cells. * and ** indicate a value statistically different from control (One-way
ANOVA, *: p-value < 0.05; **: p-value < 0.001).
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The increase radiolabelled PI4P and PI-4,5-P2, at 20 and 45 min after SA
addition corresponds to the activation of PI4-kinases: SA leads to the activation of
PI4K. Suc effect is not detected in the response to ABA: ABA does not appear to
activate such lipid kinases. On the contrary, the decrease in basal PA detected by in
the response to SA and to ABA can be interpreted as an inhibition of basal PIPLC/DGK pathway. Interestingly, it was already documented that SA and
inhibitors of PI-PLC pathways had common effects on gene responses (Ruelland et
al., 2014). To investigate whether this was also true of ABA triggered genes
responses, a transcriptomic analysis was performed from RNAs extracted from
Arabidopsis cells in suspension treated for the same duration (4hr). The rationale
being that if SA and ABA do inhibit basal PI-PLC we should be able to identify
genes responsive to inhibitors of PI-PLC, SA and ABA. As the “inhibitors” of PIPLC pathway we used 30 µM wortmannin and U73122. 30 µM wortmannin
inhibits type PI4Ks; such kinases produce the phosphoinositides that are substrates
to PI-PLC; U73122 is a direct inhibitor of PI-PLCs.
4.2. Remodelling of the transcriptome of Arabidopsis cell in suspension
culture by ABA
Cells were treated either with 10 µM abscisic acid (ABA) or solvent (tertiary
butanol 0.1%, v/v) and harvested 4 hrs later. RNAs were extracted and used for
microarray experiment. It was possible to identify 380 ABA-repressed genes and
988 ABA-induced genes. These genes were then classified according to Gene
Ontology categories, primarily the Biological processes (Figure 4.2.A), Cellular
Components (Figure 4.2.B) or Molecular functions (Figure 4.2.C). Not
surprisingly, for the ABA-induced genes, amongst the most over-represented
categories within Biological Processes (except “other biological process”) are the
“response to stress” and “response to abiotic or biotic stimulus”. There was also a
significant number of responses in the “transport” and “signal transduction”
categories, but a relative under-representation of the “DNA or RNA metabolism”
categories amongst the ABA-induced genes. In ABA-repressed genes, there was
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over representation of “cell organization and biogenesis” and “response to abiotic
or biotic stimulus” categories (Figure 4.2.A). Within the Cellular Components
categories, there was a striking 5-fold over representation of the “cell wall”
category for the ABA-repressed genes (Figure 4.2.B). For Molecular Functions
categories, there was an over-representation of the “transporter activity” category
for the ABA-induced genes, and of the “nucleotide binding” and “structural
molecule activity” functions for the ABA-repressed genes (Figure 4.2.C).
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Figure 4.2.

Relative frequencies of Gene Ontology categories in the sets of genes induced by ABA (orange
bars), induced by both ABA and SA (red bars); repressed by ABA (blue bars), repressed by both
ABA and SA (green bars). (A) Biological process; (B) Cellular localization;
locali
(C) Molecular
function. The frequency of one category is normalized to its frequency in the whole Arabidopsis set (±
bootstrap StdDev). For each category, the ratio to whole Arabidopsis set (genome) is shown: a ratio
superior to 1 is for over-represented
sented categories and a ratio inferior to 1 is for under-represented
under
categories. * indicates values statistically different from that obtained with whole genome set (p<0,05).
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The results of the remodelling of the transcriptome by ABA were confirmed for
selected
elected genes by qPCR (Figure 4.3).
4.3

Figure 4.3.
Validation of the results obtained in transcriptomic analysis by real-time
real
polymerase chain
reaction (qPCR). Six genes were selected from the set of differently expressed genes obtained
by transcriptome
anscriptome analysis. Transcript abundance was normalized by reporting to the constitutive
AT3G18780 gene. The results showed similar direction for microarray and real-time
real
PCR. Note
that the validation has been performed with transcripts different from that used for microarray.

4.3 Overlap of ABA-responsive
responsive genes to genes and genes responsive to inhibitors
of the PI-PLC pathway
We wanted to know if the ABA response alone indeed overlaps with the
response to inhibitors of the PI-LC
PI LC pathway. ABA transcriptome data were
compared to those of the response to 30 µM wortmannin, an inhibitor of the
enzymes responsible for providing substrates for PI-PLC,
PI
i.e. type III-PI4K. The
transcriptomic
ptomic responses to this agent was already published (Delage et al., 2012b).
2012b)
A contingency table was established (Table 4.1.A). In response to either ABA or to
30 µM wortmannin, genes can be up-regulated,
up
down-regulated
regulated or unaffected by
the treatment. Comparison of responses to ABA and to the inhibitor indicated 9
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overlapping categories. The genes within each of these 9 categories were counted.
Assuming that ABA and SA act independently, the theoretical number of genes
predicted for each response category can be calculated. From this a Representation
Factor (RF, that corresponds to the ratio between observed number to theoretical
number) could be calculated, and a P-value associated with this RF. There is an
over representation of genes for which ABA and 30 µM wortmannin lead to the
same response (Table 4.1.A). Indeed, 338 genes are induced by ABA or by 30 µM
wortmannin; this being 5-fold more than expected in case of an independent
distribution and this over representation is statistically significant. 177 genes are
repressed by ABA or by 30 µM wortmannin; this also being 5-fold more than
expected in case of a random distribution and this over representation is
statistically significant. There is a clear overlap between the response to ABA and
the response to 30 µM wortmannin.
The ABA transcriptome was then compared with the transcriptome of cells
treated with U73122, an inhibitor of PI-PLC (Table 4.1 B). We found 270 genes
induced by ABA and U73122 (Table 4.1 B); this being 4-fold more than expected
in case of a random distribution. Expression of 168 genes are repressed by ABA
and U73122; 5-fold more than expected in case of an independent distribution. In
both cases the over representation is statistically significant.
There is therefore an important overlap between the response to ABA and
that to inhibitors of the PI-PLC pathway, either as direct inhibitors of PI-LC, or
inhibitors of the key enzyme in the synthesis of the substrates of PI-PLC. These
genes could be genes whose expression is dependent on the inhibition of basal PIPLC.
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Table 4.1
Contingency table of the expression of genes in response to ABA and wortmannin
treatments (A) or to ABA and U73122 treatments (B). For each response mode, the number
of genes previously reported to be upregulated (>), downregulated (<) or unaffected (=) by a
treatment were included. Assuming that ABA acts independently of wortmannin or of
U73122, the theoretical number of genes predicted to occur in each category (given in
brackets) was calculated. The representation factor is the ratio of the “observed number of
genes” to the “theoretical number of genes”, it is given in bold. The P-value associated with
the RF calculated by the hypergeometric distribution is written under the RF.
Observed
(Theoretical)
ABA > control
ABA=control
ABA< control
total
RF
P-value
A
338
1808
23
(69.98)
(2071.87)
(27.17)
2169
W30 > W1
4.83
0.87
0.85
p=1.47e-149
p>0.99
p>0.83

W30 = W1

W30 < W1

total
B
U73122 > U73343

U73122 = U73343

U73122 < U73343

total

390
(658.19)
0.59
p>0.99

19894
(19485.48)
1.02
p<3.6e-171

115
(255.33)
0.45
p>0.99

84
(83.83)
1
p>0.5

2337
(2481.65)
0.94
p>0.99

177
(32.52)
5.44
p<2.5e-91

812

24039

315

270
(64.71)
4.17
p<2.5e-98

1696
(1890.12)
0.9
p>0.99

14
(25.17)
0.56
p>0.99

550
(736.18)
0.75
p>0.99

21820
(21503.48)
1.01
p<8.5e-113

156
(286.34)
0.54
p>0.99

49
(68.11)
0.72
p>0.99

1867
(1989.4)
0.94
p>0.99

168
(26.49)
6.34
p<2e-94

2084

869

25383

338

26590

20399

2598

25166

1980

22526
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4.4. ABA and SA response overlap in Arabidopsis cells in suspension culture
We then wanted to know whether there was an overlap at the level of
transcriptomic response between SA and ABA. The transcriptomic reponses to
ABA or SA were crossed. A clear over-representation of genes for which both SA
and ABA have the same effects was found while comparing the transcriptomic
data of cellular responses to ABA to that to that of cells treated by 250 µM within
4 hrs of by SA (Krinke et al., 2007)(Table 4.2).
Table 4.2
Contingency table of the expression of genes in response to ABA or SA treatments. For each
response mode, the number of genes previously reported to be upregulated (>), downregulated (<)
or unaffected (=) by a treatment were included. Assuming that ABA acts independently of SA, the
theoretical number of genes predicted to occur in each category (given in brackets) was calculated.
The representation factor is the ratio of the “observed number of genes” to the “theoretical number
of genes”, it is given in bold. The P-value associated with the RF calculated by the hypergeometric
distribution is written under the RF
Observed
(Theoretical)
RF
P-value
ABA > control

ABA=control

ABA< control

total

SA > control

SA=control

SA< control

total

218
(27.37 )
7.96
p<5e-138
614
(809.02)
0.76
p>0.99
15
(10.61)
1.41
p>0.11

549
(738.78.56)
0.74
p>0.99
22142
(21835.9)
1.01
p<3.5e-186
170
(286.31)
0.59
p>1.0

20
-20.84
0.96
p<0.09
505
(616.08)
0.82
p>0.99
120
(8.08)
14.86
p<3e-109

23261

847

22861

645

24353

787

305

Approximately 28% of ABA-induced genes are also SA-induced, while 26%
of the genes induced by SA are also induced by ABA. This is 8-fold more than
expected in case of an independent distribution and this over representation is
statistically significant. There are 120 genes repressed both by ABA and SA (15fold more than expected in case of an independent distribution). Ca. 40% of ABA-
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repressed genes are also SASA repressed, while 19% of the genes repressed by SA
are also repressed by ABA. The responses to ABA and SA for selected genes were
confirmed by qPCR (Fig. 4.4).

Figure 4.4
Expression of selected genes to exogenous ABA or SA. Cells were treated with
250 µM SA or 10 µM
M ABA for 4 hr before harvesting. The transcript abundance
was evaluated by qPCR and standardized by reporting it to the constitutive
expression of At3g18780
18780.
The lists of the top 10 genes up-regulated
up regulated or down-regulated
down
by both
hormones (sorted by the response to ABA) are displayed in Table 4.3. The genes
that are similarly responsive to ABA and SA according were sorted by GO
categories (Figure 4.2). The “cell wall”” category is even more represented in the
genes repressed by both hormones than is present in only ABA-repressed
ABA
ones.
The “ER”” category is over represented in ABA-repressed
ABA repressed genes, but is not in genes
repressed by both hormones; it is over-represented
over epresented in genes induced by both
hormones, but is not for genes induced by ABA. The “Response
“
to stress”,
“Response
Response to abiotic or biotic stimulus”,
stimulus “signal
signal transduction”
transduction and “transport”
categories are more over-represented
over represented in the genes induced by both hormones than
in only ABA-induced
induced ones
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Table 4.3.
Digest list of genes similarly regulated by ABA or SA treatments. The genes are identified by
their Arabidopsis Genome Initiative (AGI) indices. Amongst the genes similarly regulated by
ABA and SA, we selected the 10 most induced and 10 most repressed by ABA. The values
correspond to the log2 of the ratio of the transcript level in the ABA- or SA- treated conditions to
that in the respective control conditions.
AGI

ABA

SA

Control

Water

Protein

At4g24780

pectate lyase family protein

-1.56

-3.02

At3g61820

aspartyl protease family protein

-1.40

-1.93

At4g39320

microtubule-associated protein-related

-1.39

-2.57

At5g24820

aspartyl protease family protein

-1.37

-0.93

At1g75500

nodulin MtN21 family protein

-1.36

-1.33

At3g27400

pectate lyase family protein

-1.29

-1.51

At1g03820

unknown protein

-1.24

-1.32

At4g28250

EXPANSIN B3

-1.20

-1.82

At2g36570

leucine-rich repeat protein kinase

-1.10

-1.67

At4g38660

thaumatin. putative

-1.09

-0.86

At4g30960

CIPK6

2.07

1.28

At2g25450

2-oxoglutarate-dependent dioxygenase

2.15

1.65

At1g26440

Ureide Permease 5

2.24

0.74

At3g60140

Dark Inducible 2

2.28

1.88

At1g73260

trypsin and protease inhibitor

2.36

0.72

At3g57020

strictosidine synthase

2.38

1.18

At5g64090

unknown protein

2.60

0.85

At1g77120

ADH1

2.78

1.79

At2g45550

CYP76C4

3.17

1.63

At3g50970

LTI30/XERO2

3.41

1.84
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4.5. Motif analysis in promoters of genes similarly regulated by SA and ABA.
We wanted to know if the genes similarly responsive to ABA and SA were
characterized by an enrichment of specific motifs in their promoters. A motif
search was first performed on all ABA- or SA-responsive genes (Table 4.4).
Not unexpectedly, in the set of ABA-induced genes we identified the strong
enrichment of (A/C)CACGT and GTGGCT sequences in both strands of the upregulated gene promoters vs. control (whole genome promoters). These sequences
correspond to known ABRE and SORLIP1AT motifs, respectively (Wang et al.,
2011). In ABA-repressed genes, there were no enriched known motifs found. In
the SA-induced gene promoters we observed a highly over-represented GTTGAC
sequence that contains the TTGAC core of W-box. W-box is presented in genes
regulated by WRKY transcription factors and are induced by SA (Krinke et al.,
2007). In genes similarly induced by ABA and SA, different ABRE-like motif
variations were highly over-presented, while occurrence of W-box containing
motifs was not different from that of the control.
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Table 4.4
Enrichment of cis-acting regulatory elements in 300-bp region upstream of ABA- or SA-regulated genes

ABA-induced
genes (703)
ABA-repressed
genes (299)
SA-induced genes
(803)
SA-repressed
genes (616)
Common induced
genes (213)
Common
repressed genes
(118)

Rank

Motif

Name

P-value

log P-value

% of
Targets

% of
Background

1
2
3*
1*
2*
3*
1
2*
3*
1*
2*

ACACGT
GTGGCT
ATATCT
CTCACT
GGGACC
GTCTAG
GTCAAC
TATCCA
(A/C)CACGT
CACACT
ATAAAG

1.00E-32
1.00E-07
1.00E-05
1.00E-06
1.00E-03
1.00E-03
1.00E-20
1.00E-11
1.00E-11
1.00E-08
1.00E-07

-7.58E+01
-1.74E+01
-1.17E+01
-1.53E+01
-8.56E+00
-7.68E+00
-4.73E+01
-2.75E+01
-2.67E+01
-2.00E+01
-1.77E+01

45.10%
13.86%
34.25%
45.64%
13.09%
22.15%
39.73%
27.15%
36.24%
34.25%
42.21%

24.76%
7.92%
27.02%
31.43%
7.10%
14.78%
24.44%
17.05%
25.05%
23.60%
31.53%

3*

AACCGT

1.00E-07

-1.74E+01

31.66%

22.03%

1
2*
3*
1*
2*
3*

ACACGT
CTTATC
GGTAGG
CCGACT
SGBACC
ACTGAT

ABRE, E-box
SORLIP1AT
MA0121.1_ARR10
non described
non described
non described
W-box
non described
E-box
GAGA-repeat
DOF2(C2C2(Zn) Dof)
MYB77, MYBassociated
ABRE, E-box
non described
MYB-associated
core of DRE/CRT
non described
non described

1.00E-13
1.00E-05
1.00E-03
1.00E-05
1.00E-03
1.00E-02

-3.01E+01
-1.35E+01
-7.48E+00
-1.30E+01
-8.34E+00
-6.15E+00

48.36%
30.99%
9.86%
50.85%
15.25%
27.97%

24.68%
17.55%
4.41%
30.19%
5.98%
17.04%

Motifs in bold are enriched over background with p-values < e-10; ‘Background’ means all genes represented in the TAIR 10 database (35576
genes); ‘Targets’ represent SA-induced and SA-repressed genes, respectively. The numbers in brackets denote the total number of SA-regulated
genes in the corresponding category.
* - possible false positive motifs
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4.6. The overlap between SA and ABA responses is also observed in curated plant
transcriptome data
We used the genes that respond similarly to ABA and SA for a similarity
search that is a search for microarray experiments that lead to similar gene
expression. Conditions with similar expression patterns were grouped using the
“Hierarchical clustering” tool developed by Genevestigator (Hruz et al., 2008).
Amongst these 102 experiments classified as «Hormones», we distinguished a
cluster of experiments for which genes were similarly induced or repressed (Figure
4.5). This cluster is composed of experiments dealing with SA and others with
ABA. We repeated the hierarchical clustering with the list of genes similarly
regulated by ABA and SA in our cell system, using now as “conditions” only the
33 curated experiments dealing with ABA or SA (Fig. 4.5). The hierarchical
clustering revealed a group of experiments (blue overlay) in which genes induced
and repressed by both hormones are induced and repressed, respectively. This
group is composed of experiments dealing with the response to ABA, but also of
experiments dealing with the response to SA. In this group are experiments of
response to SA in different Arabidopsis accessions. Most of these experiments are
characterized by being the response to a 4 hr-treatment by SA. To the contrary,
most of the experiments of late response to SA (28 hrs, 56 hrs) do not exhibit
similarity.
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Figure .4.5
Hierarchical clustering of curated experiments dealing with ABA or SA according to the
genes similarly regulated by ABA and SA. The hierarchical clustering works with a matrix
with experiments as rows and genes as columns. The gene list was that of genes similarly
regulated by ABA or SA in Arabidopsis cells in suspension culture. The experiments are the 33
curated experiments that respond
respond to keywords “ABA” or “SA” in the Genevestigator data set.
The hierarchical clustering was allowed to group conditions with similar expression patterns.
The similarities between expression profiles were determined using Pearson correlation. For
each experiment,
eriment, are indicated the hormone, the accession, the duration of hormone treatment
and the tissues used. Blue overlay enlights cluster of experiments in which the ones dealing with
ABA treatment are grouped amongst the ones dealing with SA treatment.
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Using the Biclustering tool of Genevestigator, we visualized
visualiz the similarities in
expression of few genes in 4 ABA-related
ABA related studies and 4 SA-related
SA
studies (Fig.
4.6).

Figure 4.6
Visualization of genes similarly regulated in curated experiments dealing with ABA or SA.
Biclustering works with a matrix with experiments as rows and genes as columns. The gene list
was that of genes similarly regulated by ABA or SA in Arabidopsis cells in suspension culture.
The experiment list consists of the 33 curated experiments that respond to keywords “ABA” or
“SA” in the Genevestigator data set. The biclustering tool identifies groups of genes that exhibit
similar expression above or under a specified
speci
threshold

Therefore it appears that the overlap between the transcriptomic responses to
ABA and SA that we identified in Arabidopsis cells in suspension culture also
occurs in plantlets.
4.7. Overlap of ABA-responsive
responsive genes and genes responsive to SA via the increase
in phosphoinositides
We previously demonstrated the importance of phosphoglycerolipid
signalling in the response of Arabidopsis cells in suspension culture to SA and
identified different clusters of SA responsive genes. We identified genes
ge
whose SA
response is under the control of SA-induced
SA induced increase in phosphoinositides (Krinke
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et al., 2007) and genes whose response to SA is under the control of a
phospholipase D (PLD) activity (Krinke et al., 2009). This is summarized in
Chapter 1 of this thesis.
We posed the question: Does the overlap between ABA and SA concern all
SA responsive genes or solely a particular pool of SA-responsive genes?
We first focused on the SA-responsive genes that are under the control of the
SA-triggered increase in phosphoinositides (i.e. both PI4P and PI-4,5-P2;(Krinke et
al., 2007), resulting from the activation of a type III-PI4K the activity of which is
inhibited by micromolar concentration of wortmannin (Delage et al., 2012b,
Delage et al., 2013). Treating, or not, cells with SA, in presence of 30 µM
wortmannin (inhibition of type III-PI4K) or 1 µM wortmannin (control; no
inhibition of type III-PI4K) allowed us to identify genes responsive to SA via the
increase in phosphoinositides (Krinke et al., 2007). For instance, out of 632 genes
repressed by SA, 66 had their repression inhibited in presence of 30 µM
wortmannin. 40 genes were excluded because their transcript level is also higher
when treated with30 µM wortmannin, no SA than when treated with 1 µM
wortmannin, no SA. The remaining 26 genes are considered to be repressed by SA
via the increase in phosphoinositides (Fig. 4.7A). If we now consider the genes
induced by SA, out of 829 SA-induced genes, 259 had their induction inhibited in
presence of 30 µM wortmannin. If we take out 91 genes for which a similar effect
of 30 µM wortmannin alone (as compared to 1 µM wortmannin) is also observed
in absence of SA, 168 genes (20%) remain that could be considered as being
induced via the increase in phosphoinositides. Their induction by SA is repressed
in presence of 30 µM wortmannin, and this effect of 30 µM wortmannin is not
seen in absence of SA (Krinke et al., 2007)
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Figure 4.7
Repartition of genes according to the response to ABA, SA, wortmannin, and
SA in the presence of wortmannin. A/ Genes responsive to SA are considered. B/
Genes with similar response to ABA and SA are considered. The colour of the
block indicates relative higher transcript levels in the condition written in the
corresponding line of the legend at the top of the table. SAW1, cells treated with
SA (250 µM) in presence of 1 µM wortmannin; SAW30, cells treated with SA
(250 µM) in presence of 30 µM wortmannin; W1, cells treated with 1 µM
wortmannin; W30, cells treated with 30 µM wortmannin; ABA, cells treated with
ABA (10 µM). The black cells indicate genes whose response to SA is dependent
on an increase of phosphoinositides by SA.
Out of 114 genes repressed by SA and ABA, none can be considered as
being repressed via an increase in Phosphoinositides, however 13 % of the
commonly induced genes were induced by SA via the increase in
phosphoinositides (Fig. 4.7B). The overlap between ABA and SA responses is
impoverished in genes responsive to SA via the phosphoinositide increase.
4.8. Overlap of ABA-responsive genes and genes responsive to SA via PLD
The importance of PLD signalling in the response of Arabidopsis cells to SA
previously demonstrated (Krinke et al., 2009). The authors identified SAresponsive genes whose response is due to an increase in PLD activity by treating
cells by SA, in presence of 0.1% (v/v) 1-butanol (n-ButOH) or 2-butanol (tertButOH). Primary alcohols can be the substrates of PLD instead of water and PLD
will then produce phosphatidylbutanol detrimentally to phosphatidic acid. Krinke
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et al. considered as genes responsive to SA those whose response to SA was
inhibited in presence of 0.1% (v/v) n-ButOH (as compared to 0.1% (v/v) tertButOH). In our experiments, 286 of 815 SA-induced genes (35%) had their
induction repressed in presence of n-ButOH. If we dismiss genes for which the
transcript level is lower in presence of n-ButOH than in presence of tert-ButOH,
even without SA, there remain 25% of genes that can be considered as dependent
on PLD for their induction by SA. Similarly, out of 637 SA-repressed genes, 57
(9%) can be considered as dependent on PLD (Fig. 4.8 A).

Figure 4.8
Repartition of genes according to the response to ABA, SA, n-ButOH, and SA in the
presence of n-ButOH. A/ Genes responsive to SA are considered. B/ Genes with similar
response to ABA and SA are considered. The colour of the block indicates relative higher
transcript levels in the condition written in the corresponding line of the legend at the top of the
table. SA n-ButOH, cells treated with SA (250 µM) in presence of n-ButOH (0.1%, v/v); SA
tert-ButOH, cells treated with SA (250 µM) in presence of tert-ButOH (0.1%, v/v); n-ButOH,
cells treated with n-ButOH (0.1%, v/v); tert-ButOH, cells treated with tert-ButOH (0.1%, v/v);
ABA, cells treated with ABA (10 µM). The black cells indicate genes whose response to SA is
dependent on a n-ButOH dependent process.

Only 24% of genes that were commonly induced by SA and ABA can be
considered as dependent on PLD, and for the commonly repressed genes this part
was only 8 (7%) (Fig. 4.8 B). The overlap between ABA and SA responses is
neither enriched nor impoverished in genes responsive to SA via a PLD pathway.
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4.9. Overlap of ABA-responsive genes and genes responsive to SA for which the SA
response is mimicked by inhibitors of the PI-PLC pathway
Genes for which the response to SA could be explained by an inhibition of
PI-PLC activity were recently identified (Ruelland et al., 2014). Indeed, many
genes responsive to SA are also responsive to inhibition of a PI-PLC pathway. We
could define a cluster of genes for which SA, an inhibitor of PI-PLC (such as
edelfosine or U73122) and wortmannin (inhibition of PI-PLC through the
depletion in its phosphoinositide substrates) have, separately, the same effect. This
effect is likely to be due to an alteration in the level of PI-PLC products (as
opposed to PI-PLC substrates) because the common action of these inhibitors is to
prevent the production of PI-PLC products. If we consider the complete set of SAresponsive genes (Fig. 4.9A), 232 out of 577 SA-repressed genes (40%) have
similar response in presence of 30 µM wortmannin or U73122, and are not
dependant on an increase in phosphoinositides. 148 out of 742 SA-induced genes
(20%) have a similar response in presence of 30 µM wortmannin or edelfosine, and
are not under the control of an increase in phosphoinositides. If we now consider
the genes for which there is a similar response to ABA and SA (Fig. 4.9B), 66 out
of 107 SA and ABA-repressed genes (62%) have a similar response in presence of
30 µM wortmannin or U73122, and are not under the control of an increase in
phosphoinositides. 74 out of 189 SA and ABA -induced genes (39%) have a
similar response in presence of 30 µM wortmannin or U73122, and are not under
the control of an increase in phosphoinositides. It therefore appears that the clusters
of genes similarly regulated by SA and ABA are enriched in genes with similar
response to SA and U73122 and 30 µM wortmannin. So, a significant amount of
genes that are responding similarly to the action of SA or ABA are likely to be
negatively regulated via PI-PLC-dependent pathway, but independent on
phosphoinositides.
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Figure 4.7
Repartition of genes according to the response to ABA, SA, wortmannin, and SA in the
presence of wortmannin or U73122. A/ Genes responsive to SA are considered. B/ Genes with
similar response to ABA and SA are considered. The colour of the block indicates relative higher
transcript levels in the condition written in the corresponding line of the legend at the top of the
table. SAW1, cells treated with SA (250 µM) in presence of 1 µM wortmannin; SAW30, cells
treated with SA (250 µM) in presence of 30 µM wortmannin; W1, cells treated with 1 µM
wortmannin; W30, cells treated with 30 µM wortmannin; ABA, cells treated with 60 µM.
U73122, cells treated with 60 µM U73122; U73343, cells treated with 60 µM U73343. The black
cells indicate genes whose response to SA is mimicked by the inhibition of PI-PLC but not due
to changes in phosphoinositide levels.
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DISCUSSION. In this study, we analysed the transcriptome of Arabidopsis
suspension cells to ABA. ABA treatment leaded to the induction of 988 genes and
repression of 380 genes, representing typical responses of genes to ABA. Their GO
categorization suggests responses to stress, and indeed ABA is a hormone that acts
as a secondary signal for stress responses. Motif analysis shows that the promoters
of ABA-induced genes are enriched in ABRE motifs. ABRE, ABA –responsive
element, is the key cis-element for the response to ABA (Fujita et al., 2011). This
confirms that Arabidopsis cells in suspension culture are a pertinent model for the
study of ABA signalling (Hallouin et al., 2002, Zalejski et al., 2006). This
transcriptome analysis gave us the opportunity to compare these results with the
transcriptomic data obtained in the same model for cellular responses to SA. Of
note is that the concentrations of hormones applied were not the same. ABA was
used at 10 µM while SA was at 250 µM SA. These were chosen, however, as they
correspond to the range of concentrations commonly used for experiments with
ABA (Hallouin et al., 2002, Lee et al., 2015, Wang et al., 2011) or SA (Asai et al.,
2014, Badri et al., 2008, Dobón et al., 2011). Quite unexpectedly, we could detect
an important overlap between the response to ABA and the response to SA.
Indeed, 40% of ABA induced genes are also induced by SA, and 28% of ABA
repressed genes are also repressed by SA. To date, the relationship between SA
and ABA has been considered as an antagonistic one. ABA has been shown to be
involved in the negative regulation of plant defence against various biotrophic and
necrotrophic pathogens. More specifically, ABA was shown to suppress SAdependent signalling mechanisms (Audenaert et al., 2002). For instance, the SAmediated establishment of the compatibility between Alternaria brassicicola and
Brassica juncea is mitigated by ABA in Sinapis alba explaining the resistance of
this species (Mazumder et al., 2013). ABA interacts antagonistically with the SAsignalling pathway in the rice-Magnaporthe grisea interaction (Jiang et al., 2010).
The antagonism between SA and ABA is not restricted to ABA antagonizing the
effects of SA on pathogen response. Conversely, SA can antagonize ABA effects,
such as the ABA-driven inhibition of shoot growth and cell cycle progression in
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rice (Meguro and Sato, 2014). The Arabidopsis cpr22 mutant, that has constitutive
high SA level, shows alterations in ABA signalling and ABA content (Mosher et
al., 2010). Yet, in some systems ABA and SA were shown to have the same effect.
SA, like ABA, induces stomata closure (Kalachova et al., 2013, Khokon et al.,
2011). It is thought to be a way of preventing pathogen entry (Zheng et al., 2015).
Concerning gene responses, our work is the first genome-wide report on the
crosstalk of SA and ABA. A similarity search using the Hierarchical clustering tool
allowed us to show that genes that respond similarly to ABA and SA in
Arabidopsis cells in suspension culture also respond similarly in plants (either
whole plants, or specific organs). Indeed, some studies have identified genes that
were similarly responsive to ABA and SA. For instance, a gene encoding a clathrin
heavy chain in maize is up-regulated by SA and ABA (Zeng et al., 2013) and so is
the HvWRKY38 gene in barley aleurone cells (Xie et al., 2007). Analysis of the
expression of the promoter of a glycosyl hydrolase gene in Sinapis alba showed
the presence of functional ABA-, JA-, and SA-responsive cis-elements (Chatterjee
et al., 2013). The promoter of an extensin gene in Arabidopsis thaliana, AtExt1,
also contains motifs which have been found to activate plant defence genes in
response to SA, ABA and methyl jasmonate (Merkouropoulos et al., 1999)
Interestingly the genes that positively respond to ABA and SA seem also to
positively respond to JA. This was shown to be true for a lipoxygenase gene in
Caragana jubata (Bhardwaj et al., 2011) and for a defence related gene

in

Brassica carinata (Zheng et al., 2001). In our data, hierarchical clustering of genes
similarly regulated by ABA and SA were similarly noted. We have previously
attempted to understand the role of SA in transduction processes in Arabidopsis
cells. We were able to show that some genes are responsive to SA via the increase
triggered by SA in phosphoinositides (Krinke et al., 2007). Besides SA activates a
PLD pathway in Arabidopsis suspension cells (Krinke et al., 2009), but also in
other biological models such as Capsicum chinense cell cultures (Rodas-Junco et
al., 2015). In Arabidopsis cells, some genes are responsive to SA via the activation
of PLD (Krinke et al., 2009). Does the overlap between SA and ABA concern any
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of the different clusters of SA responsive genes as defined above? We could have
expected that overlap between ABA responsive genes and SA responsive genes
concern genes regulated by PLD. Indeed, ABA does activate PLD in Arabidopsis
cells in suspension culture (Hallouin et al., 2002). However, the observed overlap
in ABA and SA responsive transcriptomes is not enriched in genes that respond to
SA via PLD. Why so? We reason that SA or ABA will not only activate PLDs, but
that PLDs in turn can activate pathway(s) that can interfere, or be regulated by, one
of the other signalling pathways activated by the hormone. The “activated state” of
the cell (despite common use of the PLD pathway) will not be the same in response
to ABA or to SA. One has also to keep in mind that several PLD isoforms are
present in a cell, not evenly distributed in the different subcellular compartments.
So, according to the isoform(s) under concern, the PA active for signal
transduction can be differentially localized.
With respect to genes responsive to SA via phosphoinositides, we
demonstrate that the cluster of genes similarly regulated by SA and ABA are
reduced in numbers relative to the entire set of SA-responsive genes. While 20% of
SA induced genes are dependent on the phosphoinositide increase, this proportion
decreases nearly two fold (to 13%) amongst the cluster of genes that are induced
by ABA and SA. Concerning genes repressed by SA, 4% of these genes are
dependent on the phosphoinositide increase, while no genes -in the cluster of those
that are induced by ABA and SA- are repressed by SA via the phosphoinositide
increase. This clearly establishes that genes similarly responsive to ABA or SA are
not randomly picked-up amongst the bulk of SA responsive genes. Furthermore,
these data also suggest that the regulation via the phosphoinositide increase is an
important factor involved in the response specific to SA. Indeed PR-1, the
archetypal SA responsive gene, is induced by SA downstream of the
phopshoinostide increase(Krinke et al., 2007). This is confirmed by the fact that
ABA, contrary to SA, does not induce an increase in the level of phosphoinositides
in Arabidopsis cells in suspension culture. Indeed, amongst the 26 genes repressed
by SA via the phosphoinositide increase, none are repressed by ABA and amongst
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the 168 genes induced by SA via the phosphoinositide increase, 29 (17%) are also
induced by ABA. Overall of the 830 SA-induced genes, 216 (26%) are also ABAinduced. Among these are 29 genes for which the response to ABA cannot be due
to phosphoinositide increase, since it does not occur in response to ABA. This is an
example of genes that are induced by ABA and by SA, separately, and for which
the transduction mechanisms are different, but which lead to a similar response
(induction).
Finally, a cluster of SA responsive genes was defined as genes for which the
response to SA is mimicked by inhibitors of PI-PLC (edelfosine or U73122) and
inhibitors of type III PI4K (Wortmannin). These genes represent 20% and 40% of
genes induced and repressed, respectively, by SA. Amongst the genes induced by
SA and ABA, 39% have the SA response mimicked by inhibitors of PI-LPC
pathway, and amongst the genes repressed by SA and ABA, 62% have the SA
response mimicked by inhibitors of PI-LPC pathway. There is a clear over
representation of genes whose response to SA is mimicked by inhibitors of the PIPLC pathway amongst the genes similarly responsive to SA and ABA.
What is the reason for overlap in the responses to hormones and to those of
PI-PLC inhibitors? While we cannot rule out that these overlapping responses are
due to different mechanisms, these observations could be explained by proposing
that the hormone, e.g. SA, inhibits a basal PI-PLC, and that the products of the PIPLC control the basal expression of these genes. We were indeed able to show that
SA inhibits PI-PLC in vivo (Ruelland et al., 2014) while SA was also proven to
inhibit PI-PLC in vitro(Altúzar-Molina et al., 2011). Interestingly we show here for
the first time that ABA inhibits a basal PI-PLC, thus leading to a decrease in the
production of basal DGK-produced PA. A working model can be as follows: SA or
ABA inhibits basal PI-PLC. If this basal PI-PLC positively controls the expression
of genes, then SA or ABA will quench (repress) this induction. If this basal PIPLC negatively controls expression of genes, then SA or ABA will alleviate this
repression and result in gene induction. The cluster of genes inhibited by SA or
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ABA is enriched in this subtype of PI-PLC dependent genes. Interestingly, the
motif search analysis pointed at ABRE as being enriched in the promoters of ABAinduced genes and also in genes commonly induced by ABA and SA. On the
contrary, the WRKY motif is enriched in the bulk group of SA-induced genes but
it is not enriched in the group of induced similarly by ABA and SA. The WRKY
motif was indeed found to be associated with genes that are SA-responsive through
phosphoinositide levels (Ruelland et al., 2014). Its non-enrichment in the pool of
genes commonly induced by ABA and SA therefore is in accordance for this pool
not to be dependent on phosphoinositides.
The fact that we detect an inhibition of PI-PLC coupled to DGK in
Arabidopsis cells incubated with SA can appear contradictory to the fact that
exogenous ABA induces an IP3 accumulation that is dependent on PI-PLC in
plants (Burnette et al., 2003). Yet in Arabidopsis cells in suspension culture no
increase in IP3 in response to ABA could be detected (Hallouin et al., 2002).
In conclusion, we demonstrate an important overlap between ABA and SA
gene responses in Arabidopsis cells in suspension culture, that to date has not been
investigated. We believe these overlapping responses should be considered when
plants are submitted to environmental stresses than can lead to increases in both
ABA and SA. Furthermore, our data indicate the existence of a special group of
genes that are responsive to both ABA and to SA, but also to inhibitors of PI-PLC
pathway. This suggests a pivotal role for PI-PLC in the control of hormone
responses in plants.
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CHAPTER 5. PHOSPHATIDYLINOSITOL-DEPENDENT PHOSPHOLIPASE C
AND DIACYLGLYCEROL KINASE ARE INVOLVED IN PRIMARY
RESPONSES TO FLAGELLIN IN PLANT CELLS
In recent years membrane phospholipids have been vigorously studied as
key players in plant responses to environmental stresses. Under stress
conditions, cell membrane composition fluctuates, with a stimulated cell able
to quickly adapt and transmit a stress signal to neighbouring cells. This needed
membrane plasticity is reached via the rapid turnover between different types
of phospholipids, which can be phosphorylated, dephosphorylated or cleaved
by the cascade activation of phospholipases and phosphokinases (TjellströM et
al., 2008). In parallel, phospholipids trigger numerous signalling pathways
during immunity (Abd-El-Haliem and Joosten, 2017), hormonal transduction
(Munnik and Testerink, 2009) and response to abiotic stresses (Hou et al.,
2016). However, while all this is known, a detailed mechanistic understanding
of the connections between phospholipids and other molecular components is
still missing.
Signalling mediators of lipid origin, such as PA or phosphoinositides, are
able to physically interact with proteins (Putta et al., 2016). PA is composed of
a DAG with a phosphoryl group esterified on the sn-3 hydroxyl of the glycerol
chain. PA is produced by two pathways: (i) from structural lipids cleaved by
phospholipase D, and/or (ii) from DAG phosphorylated by DGK. In the latter
case, DAG may be provided either by the activity of PI-PLCs that use
phosphorylated phosphoinositides as a substrate or by non-specific
phospholipases C (NPCs) that use structural phospholipids (Pokotylo et al.,
2014). In plants, PA was detected under different stress conditions, including
pathogen attack or abiotic stresses (Ruelland et al., 2015).
PA accumulation has been shown in response to many microbeassociated molecular patterns (MAMPs) (xylanase, flagellin, cryptogein,
chitosan) in several independent models (Cacas et al., 2016). PLD, PI-PLC and
DGK activities and encoding genes have been reported to be upregulated in
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several experiments dealing with immunity (Ruelland et al., 2015). Thus far,
35 plant proteins physically interacting with PA have been identified (Hou et
al. 2015). Some of them are involved in the first layers of plant immunity,
especially NADPH-oxidase RBOHD (Cacas et al., 2016). RBOHD is a key
component in reactive oxygen species (ROS) production to the apoplast and in
fast oxidative burst after pathogen recognition (Jones and Dangl, 2006). At the
same time, RBOHD can be activated by PA as a part of a signal transduction
cascade induced by the stress hormones abscisic acid (Zhang et al., 2009) and
SA (Kalachova et al., 2013). Thus, ROS production of different intensities is
one of the ways in which lipid-derived second messengers modulate plant
responses to MAMPs.
The opposite side of PA production via the PI-PLC/DGK pathway is
phosphoinositide decrease. Phosphoinositides themselves are involved in
maintaining the transcriptome in resting cells and in responding to
phytohormones (Kalachova et al., 2015). Genes, whose expression is
dependent on phosphoinositide level, form the majority of genes commonly
regulated by ABA and SA (Kalachova et al., 2016). Furthermore,
phosphoinositides are responsible for the vesicular trafficking needed for the
correct translocation of plasma membrane receptors for MAMPs (Antignani et
al., 2015).
One of the most known and studied MAMPs is bacterial flagellin
(Chinchilla et al., 2006b), a conservative protein from bacterial flagella also
present in the Arabidopsis leaf pathogen Pseudomonas syringae pv tomato
(Albert, 2013). In order to simplify the model system, flagellin effects are
studied using flg22 (QRLSTGSRINSAKDDAAGLQIA), a synthetic 22 amino
acid peptide representing the N-terminal epitope responsible for recognition by
FLS2-BAK1 receptor complex and for MAMP-triggered immunity. According
to the classical scheme, flg22 binding induces the heteromerization of the
FLAGELLIN SENSITIVE 2 (FLS2) receptor with BRASSINOSTEROID
INSENSITIVE 1–associated kinase 1 (BAK1), and their reciprocal activation.
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Subsequently,
ently, BAK1 phosphorylates RBOHD, thereby inducing oxidative
burst and salicylic acid-dependent
acid
immunity (summarized in figure 5.1).
5.1) Then,
the entire complex is translocated to the cytoplasm and recycled (Chinchilla et
al., 2007).

Figure 5.1
Simplified model of microbial flagellin perception by the FLS2/BAK1/BIK1 receptor
complex followed by activation of membrane NADPH-oxidase
NADPH oxidase RbohD and production of
superoxide to the apoplast. “?” corresponds to possible involvement of intermediate
partners,
ners, possibly lipid signaling. Modified
M
from (Li et al., 2014a).

Although the direct interaction of BAK1 with RBOHD has been
reported, some questions remain open. Are the signalling phospholipids PA
and phosphoinositides involved in primary responses to MAMPs irrespective
of the plant model system and/or irrespective of the MAMPs?
MAMPs What is the
position of PA in the cascade of flagellin recognition and response? What is the
role of signalling phospholipids in flg22-induced
flg22 induced gene regulation and
immunity?
Too shed light on these issues, we focused on the early effects of flg22 on
Arabidopsis suspension cells and seedlings. We analysed phospholipid
turnover after flg22 treatment, ROS production, callose deposition and
transcriptome remodelling, and proposed a new model of flagellin signalling
including DGK and PI--PLC.

5.1 flg22 induce rapid reversible
rever ible PA accumulation and PIP2 decrease in
suspension cultures
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Flagellin effects on phospholipid turnover were shown on the 7-day-old cells
in suspension culture, labelled with 33Pi for 2h and then treated with flg22. Lipids
were extracted at different time points, separated by thin-layer chromatography
developed in acidic (fig 5.2; A) and alkaline solvent systems (fig 5.2; B). The
images of radiolabelled lipid separation were analysed. To avoid the variation due
to the difference in labelling intensity, the radioactivity associated with PA was
normalised to that for structural lipids (PE+PC+PG), and PI-4,5-P2 to PI. We
observed the 3-fold increase of relative PA quantity after flg22 treatment. This is
paralled by PIP2 decrease (fig 5.2; C). The reaction was transient, and after 20-30
min the PA and PIP2 levels were back to control. The analysis of dose response
showed that 0.1 µM of flg22 was sufficient to induce significant changes in PA
and PIP2 levels (fig 5.2; D).
During plant responses to stresses, signalling PA can be produced by
different pathways: by phospholipase D hydrolysing structural lipids like PC, by
non-specific phospholipases C (NPCs) hydrolysing PC as well, or by a coordinated
action of PI-dependent PLC (hydrolysing PIP2 to IP3 and DAG) with DGK
(further phosphorylating DAG to PA) (Janda et al., 2013). After PI-4,5-P2
hydrolysis, IP3 diffuses into the cytosol where it may act as a second messenger
implicated in calcium (Ca2+) mobilization from intracellular compartments such as
the vacuole, while DAG remains in the plasma membrane and may activate other
physiological processes. DAG can then be phosphorylated by DGK to yield PA.
Moreover, PA can be further phosphorylated to diacylglycerol pyrophosphate by
PA kinase, or metabolized to lyso-PA through PLA2 activity (Escobar-Sepúlveda
et al., 2017, Testerink and Munnik, 2011). However, in our experimental
conditiond we did not see DGPP nor lysoPA in respone to flg22 in the alkaline
migration (fig. 5.2.B).
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Figure 5.2
flg22 induce relative PA accumulation and PI-4,5-P
PI
2 decrease in Arabidopsis suspension
cells. A. TLC separation of phospholipids in acidic solvent system; B. TLC separation of
phospholipids in alkaline solvent system; B. Kinetics of relative PA and PI-4,5-P
PI
2 after 0,1µM
flg22 treatment; D. Dose response, relative PA and PI-4,5-P
PI
2 after 10 min flg22 treatment. PA
content was normalised to structural phospholipids: phosphatidyletanolamine (PE),
phosphatidylcholine (PC), phosphatidylglycerol (PG); PI-4,5-P2 content was normalized to
phosphatidylinositol (PI), the obtained values were normalized
rmalized to untreated control. Data are
presented in means ±SD, * - samples are different from untreated control, p<0.05, paired t-test

In our experiments, the
t major impact of PI-PLC/DGK
DGK over PLD-pathways
PLD
was distinguished using different labeling time approach (Ruelland et al., 2002,
Cantrel et al., 2011).. Briefly, radioactive [33P]-orthophosphate
orthophosphate was added to the
cultivation mediaa in the form of orthophosphate. Then it was metabolized by living
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tissues,, quickly leading to

33

P-ATP. So, in short labeling conditions (aka 1515

30 min), we were mostly able to observe the processes connected with ATP.
Therefore, the PA detected in treated
treate short-labeled
labeled cells was more likely to be
produced via PI-PLC
PLC/DGK pathway, and -more
more preciselyprecisely as a result of
diacylglycerol
ylglycerol phosphorylation (Ruelland et al., 2002). Longer incubation in

33

P

allowed the labeling of structural lipids and therefore allowed
ed evaluating the PLD
contribution to the PA production (Figure 5.3).
5.3 . The significant difference in
relative PA contentt in flg22-treated
flg22 treated and control cells was observed only in short
labeling conditions (20 min), pointing out the activity of PI-PLC/DGK.
PI
With
longer labeling duration (1-24h),
(1 24h), no difference in PA between treated and nonnon
treated cells could be vizualized, suggesting
suggesting that the contribution of PLD to the
early responses to flg22 was negligible. Indeed, if the PA was due to PLD, the
longer labelling time -that
that favors the labelling of structural lipids that are substrates
of PLD- should also allow the detection of PA, and that was not the case.

Figure 5.3
Accumulation of PA in response to flg22 in cell cultures with different time of labelling by
[33P]-orthophosphate. The radioactivity associated with PA was normalised to structural
phospholipids: phosphatidyletanolamine (PE), phosphatidylcholine (PC), phosphatidylglycerol
(PG). Data are presented in means ±SD, * - samples are different from untreated control, p<0.05;
** - p<0.01, paired t-test
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5.2 PA production is Ca2+-dependent. PI-PLC and DGK pathway is involved
The enzymes participating in the synthesis of PA in response to flg22
treatments were then characterized using different inhibitors. Pharmacological
inhibition is very common and often straightforward experimental approach to
interfere with biological processes. It may provide meaningful insights into the
underlying pathways and help to order signaling events in suspension cells, but
also the results can be carefully extrapolated to the other model systems. For
example, comparative analysis of Ca2+ transients in leaf mesophyll protoplasts and
seedlings triggered by microbial- or danger-associated molecular patterns (MAMP
or DAMP) in presence of staurosporine or LaCl3 showed that the results obtained
in both systems are overall comparable (Maintz et al., 2014). Thor et al. (2014) in
the experiments based on ratiometric fluorescence imaging with the calcium
reporter in single guard cells of Arabidopsis thaliana showed that Ca2+ oscillations
were abolished by EGTA and lanthanum La3+, as well as by U73122, neomycin
and TMB-8 (Thor and Peiter, 2014).
At first, we found that Ca2+ is needed for the successful PA production after
flg22 treatment. Adding of Ca2+ intake inhibitor LaCl3 (10mM) or Ca2+ chelator
EGTA (2mM) to the reaction system significantly affected the PA accumulation
(Fig 5.4; A,B). This is consistent with the fact that all PI-PLCs, PLD and NPCs
have Ca2+ binding domains (Pokotylo et al., 2014).
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Figure 5.4
Effect of lipid signaling inhibitors at the PA accumulation after flagellin treatment. A:
lanthanium chloride (LaCl3); B: EGTA; C: wortmannin; D: DKG inhibitor 1 (R59022); E: in
presence of PI-PLC inhibitor U73122 or its biologically inactive analog U73433. PA content
was
normalised
to
structural
phospholipids:
phosphatidyletanolamine
(PE),
phosphatidylcholine (PC), phosphatidylglycerol (PG), the obtained values were normalised to
untreated control. Data are presented in means ±SD, different letters mean significant
difference p<0.05, one-way ANOVA
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To further establish that PA produced in response to flg22 in our
experimental system is due to PLC/DGK we used different inhibitors of this
pathway. Wortmannin is an inhibitor of type III PI-kinases that produced the
substrates for PI-PLC. Wortmannin at 10 µM inhibited PA production in response
to flg22 (Fig 5.4; C). We then assayed U73122, an inhibitor of PI-PLC (in
comparison with its biologically inactive analogue U73433). The PA accumulation
was impaired in presence of 10 µM of U73122, proving the role of PI-PLCs, while
U73433 has no significant impact on PA level (fig 5.3; D). Finally, to test the
hypothesis of the implication of DGK on PA production in response to flg22, we
used diacylglycerolkinase inhibitor I (R59022). The PA accumulation was
impaired in presence of 50µM of R59022, pointing out the participation of DGKs
(fig 5.4; E).
Our data unambiguously prove that a PI-PLC activity coupled to DGK leads
to the production of PA in response to flg22 in Arabidopsis suspension cells. This
data correlate with the modern knowledge about the involvement of phospholipids
to the early stages of plant-microbe interactions. Perera et al (2014) have reported
that Ca2+-release after elicitor treatment as well as the expression of some flg22
responsive genes were attenuated in the plants deficient in InsP-5-ptase (Perera et
al., 2014). Andersson et al. (2006) studied phospholipid turnover in Arabidopsis
plants encoding either of two P. syringae Avr proteins, AvrRpm1 or AvrRpt2,
under control of a dexamethasone (Dex) inducible promoter in WT Col-0 and
rpm1 background. Two hours after induction of bacterial proteins expression the
PA content increased up to 5-fold, followed by PC decrease. The analysis of fatty
acid composition supported the concept that the accumulated PA during long-term
interaction of bacterial inductors with plant cells was formed from the structural
phospholipids PC and PE. In that system, influx of extracellular Ca2+ occurred
downstream of PIP-degradation, but upstream of PLD activation, whether
production of ROS occurred downstream of the phospholipases (Andersson et al.,
2006).
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There are certain downstream effects of flg22 that have recently been
reported as dependent on PA and/or PI-PLC activity. For instance, inhibition of PIPLC activity by pre-treatment of cotyledons of Arabidopsis seedlings by PI-PLC
inhibitor U73122 suppressed flg22-mediated endocytosis of the matching receptorlike kinase FLS2, and blocked next immune responses. Furthermore, pre-treatment
with U73122 also suppressed the proton influx that is induced by flg22 in tobacco
suspension-cultured cells, as determined by an attenuation of the medium
alkalization response (Abd-El-Haliem et al., 2016). In Arabidopsis leaves, direct
application of PA induced pathogen-related gene expression and cell death (Park et
al., 2004). Although it is not clear how PA is imported to the cells, in which
membrane or cell compartment it acts, or whether it is even further metabolized,
the modern concept is generally consistent with a positive role for PA in mediating
responses to pathogens. In tomato cells, xylanase induced a PA response, which
involves a PLDβ (Laxalt et al., 2001). Silencing of this specific isoform, however,
made these cells hyperreactive to xylanase (Bargmann et al., 2006). These data
would support a role for PA in the internalization of xylanase or its receptor EIX
via receptor-mediated endocytosis (Ron and Avni, 2004). In this study we were
focused of flg22-induced ROS production as a fast and reliable parameter to see
flg22 downstream effects.
5.3 ROS production is a downstream effect of flg22-triggered PA formation
ROS production upon flagellin treatment of Arabidopsis suspension cells
was detected using a fluorescent probe, that is 2',7'-dichlorodihydrofluorescein
diacetate (H2DCFDA). It is a chemically reduced form of fluorescein used as an
indicator for ROS in animal and plant cells (Wu and Yotnda, 2011, Pogány et al.,
2009). Upon cleavage of the acetate groups by intracellular esterases and
oxidation, the nonfluorescent H2DCFDA is converted into the highly fluorescent
2',7'-dichlorofluorescein that can be detected using microplate reader or
fluorescence microscope with excitation at ~492–495 nm and emission at 517–
527 nm. Staining with H2DCFDA is now a common method to evaluate fast
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changes in ROS levels in plant cells. It was successfully used to study stress
responses in epidermis of Arabidopsis thaliana and Allium cepa (Kristiansen et
al., 2009), green algae Chlorella and Scenedesmus (Dao and Beardall, 2016), roots
of Zea mays (Kaur et al., 2015), yeasts Saccharomyces cerevisiae (Noronha et al.,
2016) and suspension cultures of Medicago sativa (Santos et al., 2010). In
Arabidopsis protoplasts, H2DCFDA was used to detect an oxidative burst after 10
min of SA treatment in Arabidopsis protoplasts. Colocalization with mitochondrial
staining MitoTracker Red CMXRos confirmed the mitochondrial alternative
oxidases as a source of ROS (Nie et al., 2015).
To visualize ROS production under flg22 effect, suspension cells were
labelled with 5.8 µM of H2DCFDA for 15 min and then treated with 1 µM flg22
for 1h. Then cells were directly used for confocal fluorescence microscopy. Using
an objective with total magnification x40, we observed green fluorescence that
corresponded to H2DCFDA signal both in control and treated cells (fig. 5.5). Red
signal corresponded to chlorophyll autofluorescence in chloroplasts. The green
fluorescence was more intense in flg22-treated samples (fig. 5.5, B), meaning the
increase of ROS in the cells comparing to basal level. Fluorescent signal was
observed both inside the cells and in the media, but it all corresponds to
intracellular production of ROS: dye H2DCFDA diffuses passively through
membrane to be deacetylated by cellular esterases to become sensitive to ROS, but
the resulting molecule 2’,7’-difluorescein is able to permeate membrane and cell
wall thus creating a “smear” in the media.
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Figure 5.5
Confocal fluorescence images of suspension cells stained with H2DCFDA and treated with
flagellin. Merged images of H2DCFDA fluorescence at 560–620
560
nm and red chlorophyll
autofluorescence at 680–700
700 nm, magnification x40. Untreated control (A), flg22 (1 µM, 1h)
(B).

In control conditions, the main sources of ROS in plant cells are chloroplasts
and mitochondria in photosynthetic
hotosynthetic and respiratory electron transport chains (Nie
et al., 2015). Biotic
iotic and abiotic stresses can increase the ROS production in
mentioned compartments, but also involve other sources
sources including NADPH
oxidases, photorespiration, amine oxidase and cell wall-bound
wall
peroxidases.
(Sewelam et al., 2016).. To map the origin of detected ROS we treated mid-stacks
mid
images (medium image from full z-stack,
z
30 µm from the glass bottom) with
deconvolution
nvolution algorithm (Vonesch and Unser, 2008).. Background was substracted
for each channel separately and most intensive fluorescent spots were analyzed. As
expected, in non-treated
treated cells the zones with the highest chlorophyll
autofluorescence corresponded to the ones with the strongest dye signal (Fig. 5.6.
A-C).
C). In treated cells, the observed increase of the green H2DCFDA signal
colocalized with chloroplasts; but the most dramatic increase of fluorescence was
located in plasma membrane zone (Fig.5.5.B-D).
(Fig.5.5.B
In addition, we detected some
fluorescent cytoplasmic granular formations that might correspond to ROS
production in peroxisomes.
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Figure 5.6
Deconvoluted image from confocal fluorescence microscopy of mid-stack
mid
of control (A-C)
and flagellin-treated (B-D)
D) suspension cells. Background signal was substracted separately for
each channel). A,D – Chlorophyll autofluorescence at 680–700
680
nm, B,E - H2DCFDA
fluorescence at 560–620 nm , G,F - merged images.

The obtained results suggest that a plasma membrane ROS production is the
most important source of ROS in response to flagellin in Arabidopsis suspension
cells. In Nicotiana tabacum suspension cultures BY2, treatment by fungal elicitor
cryptogein triggered ROS production by plasma membrane NADPH-oxidases.
NADPH
This production was mediated by PA, generated by DGK (Cacas et al., 2016).
2016)
We then wanted to reveal the impact of PI-PLC
PI PLC and DGK inhibitors on the
ROS production after flagellin treatment. Cell suspensions were labeled with
H2DCFDA in microplates for 15 min, flg22 was added and fluorescence was
measured every 2 min. Inhibitors were injected 30 min prior to flg22. H2DCFDA
is a cumulative dye – once being turned to fluorescent form it remains fluorescent,
so value of every next measurement corresponds to the sum of all previously
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accumulated ROS. Here we present data of total ROS produced during 1h of
flagellin treatment (fig.5.7)

Figure 5.7
Effect of PI-PLC
PLC and DGK inhibitors on the ROS production in suspension cells after flg22
treatment. Effect of PLC-inhibitor
PLC inhibitor U73122 (A), its less active analog U73343 (B), DGK
inhibitors: edelfosine (C) and R59022 (D). Cumulated fluorescence of H2DCFDA-labelled
H2DCFDA
cells
after 60min of flg22 action, RFU (relative fluorescence units). Data are presented in means ±SD,
Different letters indicate statistically significant different values (one-way
(one
ANOVA, Tukey’s
HSD, p<0.05, n=5)

The PI-PLC
PLC inhibitor U73122 at 50 µM concentration decreased the flg22flg22
induced ROS formation to 60 % from control level (fig.5.7.A), while its less active
analogue U73343 had no effect (fig.5.7.B). It should be mentioned that U73343
enhanced the fluorescence of 2,7-difluorescein
2,7
in itself, even in cells non-treated
non
by
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flg22. Yet, this phenomenon is not due to an increase of ROS by U73343, as this
compound did not have any effect in classical luminol-peroxidase assay (data not
shown). Edelfosine is another PI-PLC inhibitor. At 50 µM concentration it leads to
a significant decrease of the flg22-induced ROS formation, which is consistent
with the results of U73122. Finally, R59022 (also known as diacylglycerolkinase
inhibitor I), affected ROS production in at 25 µM respectively (fig.5.7.C, D). Our
findings clearly suggest the involvement of PI-PLC/DGK pathway to flagellintriggered ROS generation.
To discover the possible collaboration of lipid signalling enzymes with
known participants of flagellin recognition and early signalling, we switched to
from suspension cells to seedlings. Fourteen-day-old Arabidopsis seedlings were
used in all further experiments, unless otherwise mentioned. We studied
phospholipid turnover, ROS production, callose accumulation and transcriptome
remodelling after flagellin treatment.
5.4 Flagellin induce PA production in seedlings, downstream of FLS2-BAK
receptor complex, but upstream of RBOHD
The concentration curve and dynamics of response to flagellin were
optimized for seedlings model system. The 2-fold PA accumulation was detected
after a 10 min treatment with 0.5 µM flg22 (fig. 5.8, A). The dynamics of PA in
flg22-treated seedlings appeared to be similar to that in cell suspensions and
showed a peak between 5-10 min; however, the decrease back to control level was
slower than that in suspension cells (fig. 5.8, B). The concentration of 0.5 µM
flg22 and the duration of 10 min of treatment was used in all further experiments
with seedlings unless otherwise stated. In our experiments, only radioactive PA
and structural phospholipids were detected on autoradiography of TLC plates, but
not the phosphoinositides like PIP and PI-4.5-P2. It might be due to their low
content in seedlings comparing to suspension cells.
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Figure 5.8
PA accumulation in Arabidopsis seedlings after flg22 treatment. A. Dose response, 10
min flg22 treatment. B: Kinetics of relative PA accumulation, 0.5 µM of flg22 treatment.
Seedlings labeled by 33Pi for 2h, than treated by flg22, after what lipids were extracted and
separated in acidic solvent system (chloroform:acetone:acetic acid:methanol:water (10:4:2:2:1
[v/v/v/v]). PA content was normalised to structural phospholipids: phosphatidyletanolamine
(PE), phosphatidylcholine (PC), phosphatidylglycerol (PG), the obtained values were
normalised to untreated control. Data are presented in means ±SD, * - p<0.05, paired t-test

Up to date, the PA accumulation was documented for PAMPs like chitin in
tomato suspension cultures (Van der Luit et al., 2000). It was also documented that
flg22 triggered responses like Ca2+ oscillations or ROS accumulations could be
dependent of PLC pathway in tomato suspension cultures (Abd-El-Haliem et al.,
2016). But the position of lipid signalling in the cascade of primary defence
reactions was never clearly documented. To study this we used different mutant
lines deficient in elements of the flagellin receptor complex.
The majority of defence responses to PAMPs in plant cells are activated via
specific receptor complexes. For flagellin, this cascade starts with interaction of
this bacterial protein (especially, of the bioactive domain that corresponds to
peptide flg22) with plant FLS2 that is a receptor kinase) (Chinchilla et al., 2006a).
BAK1 directly interacts with FLS2, acting as a co-receptor by recognizing the C
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terminus of the FLS2-bound flg22 (Sun et al., 2013). Receptor-like cytoplasmic
kinase BOTRYTIS-INDUCED KINASE 1 (BIK1) is another component of the
immune receptor complex. It was reported to participate in MAMP/DAMPinduced calcium elevations (Ranf et al., 2014), positively regulate flg22-triggered
calcium influx and also directly phosphorylate the NADPH oxidase RbohD at
specific sites in a calcium-independent manner to enhance ROS generation.
Furthermore, BIK1 and RBOHD were proposed to form a pathway that controls
stomatal movement in response to flg22, thereby strengthen the plant resistance to
bacteria and fungi by restricting pathogen entry into leaf tissues (Li et al., 2014b).
We used T-DNA insertion mutant Arabidopsis lines, deficient in FLS2, BAK1 and
BIK1 expression, to study the involvement of these proteins in PA generation (see
fig. 5.1).
We found that bak1-4, fls2-17 and bik1-1 mutant plants did not accumulate
PA in response to flg22 treatment (Fig 5.9, A-C). It confirms the participation of
PI-PLC and DGK in primary responses to flagellin. It can be interpreted in two
ways: 1) PA production by PI-PLC is downstream the receptor complex in
signalling cascade, 2) there is no direct connection between receptor and PI-PLC,
both events are happening in parallel; the interaction is realised via others partners.
NADPH-oxidase RBOHD was the next evident candidate to be investigated
as far as flagellin perception is concerned. It was reported to mediate most of the
ROS production during pathogen-triggered immunity (Torres et al., 2002). It is
required for callose deposition (Sreekanta et al., 2015). As already mentioned in
chapter 3, it possesses PA-binding domain and participates in ABA and SA
induced stomatal reactions (Zhang et al., 2009, Kalachova et al., 2013). In our
experimental set, rbohD mutant plants could accumulate PA as did the WT plants.
Together with the data on suspension cells this is consistent with PA production
being upstream of NADPH-oxidases, with no feedback loop (Fig 5.9, D).
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Figure 5.9
PA accumulation in WT and different mutants deficient in receptor kinases and NADPH
-oxidase. A: bak1-4; B: fls2-17,
fls2
C: bik1; D: rbohD. Seedlings labeled by 33Pi for 2h, than
treated by 0.5µM of flg22, after what lipids were extracted and separated in acidic solvent
system (chloroform:acetone:acetic
chloroform:acetone:acetic acid:methanol:water (10:4:2:2:1 [v/v/v/v]).
[v/v/v/v]) PA content was
normalised
ed to structural phospholipids: phosphatidyletanolamine (PE), phosphatidylcholine
(PC), phosphatidylglycerol (PG), the obtained values were normalized to untreated control.
Data are presented in means ±SD, * - p<0.05, paired t-test.

5.5 DGK5 plays a particular role
rol in flg22-induced
induced PA formation ROS production
and callose deposition
PA production by PI-PLC
PI PLC coupled to DGK activity has been described in a
wide range of physiological conditions (see Chapter 1 of this thesis). DGK activity
has been reported in several plant species, including Catharanthus roseus,
roseus tobacco
(Nicotiana tabacum),
), wheat, tomato, Arabidopsis, rice, and apple (Gómez-Merino
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et al., 2005, Li et al., 2015), and in a number of other crop plants such as maize,
grape, sweet orange, and cotton (Escobar-Sepúlveda et al., 2017). In Arabidopsis,
DGK genes are mostly expressed during cell culture, seedling, and inflorescent
stages (Gómez-Merino et al., 2005). At Arabidopsis overexpression of AtDGK2,
AtDGK4, and AtDGK5b was observed in cell cultures and inflorescence, AtDGK4
was overexpressed in raceme; AtDGK2 was found to be highly expressed in young
tissues and flowers (Gómez-Merino et al., 2004). According to the published the
published microarray data about DGKs expression in reproductive organs of
Arabidopsis, AtDGK1, AtDGK3 and AtDGK5 are primarily expressed in pistils,
stamens, and petals, AtDGK4 is overexpressed only in stamens, while, AtDGK5 is
slightly higher expressed in stamens and petals (Yunus et al., 2015). Their qRTPCR analyses showed that the expression of AtDGK7 was the highest among DGK
isoforms, while AtDGK4 and AtDGK6 were the lowest. AtDGK2 and AtDGK7
genes, respectively, were mostly expressed in flower tissues (Gómez-Merino et al.,
2004). AtDGK1 cDNA has been isolated and reported to be mainly expressed in
roots, shoots, and leaves, but its enzyme product was not active in vitro (Sakane et
al., 2007). Vaultier et al.(2008) found DGK activity in most membrane
compartments, and found in the amino-terminal regions of AtDGK1 and AtDGK2
a hydrophobic segment that has a role in targeting of these proteins to membranes
(Vaultier et al., 2008). Gomez-Merino et al. cloned two Arabidopsis DGK cDNAs
(AtDGK2 and AtDGK7) and detected their catalytic activity in in vitro assays.
AtDGK7 was mainly expressed in flowers, young seedlings, and cauline leaves
(Gómez-Merino et al., 2005) whereas AtDGK2 transcripts were found in the whole
plant except in stems and were shown to be induced by cold temperatures (4◦C),
thus pointing to its role in cold signal transduction (Gómez-Merino et al., 2004).
To find out which isoforms of the DGK are the most contributing to the
studied PA production, we performed a screening of different knock-out mutant
lines including dgk1.1, dgk4.1 and dgk5.1 (figure 5.10).
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Figure 5.10
Involvement of different isoforms of DGKs to PA accumulation in seedlings after flagellin
treatment. Seedlings labeled by 33Pi for 2h, than treated by 0.5 µM of flg22, after what lipids
were extracted and separated in acidic solvent system (chloroform:acetone:acetic
(chloroform:acetone:acetic
acid:methanol:water (10:4:2:2:1 [v/v/v/v]).
[v/v/v/v]) PA content was normalised
normalis
to structural
phospholipids: phosphatidyletanolamine (PE), phosphatidylcholine (PC), phosphatidylglycerol
(PG), the obtained values were normalized to untreated control. Data are presented in means
±SD, * - p<0.05, paired t-test
test.

Both dgk1.1 and dgk4.1 mutant lines showed a 30-50
50 % increase of PA
content after 10 min of 0.5 µM flg22 treatment, almost as much as did the wild
type (fig. 5.10.A, B). However, in dgk5.1 line PA production was impaired (the
relative content did not differ from the untreated control),
control), thus pointing out the
major role of this isoform (fig. 5.10.C).
Among the numerous consequences of flagellin perception, we devoted an
interest on the effect of DGK5 mutation on ROS production and callose deposition
in seedlings. Both these effects
effects are associated with the establishment of the
immunity, but have other pleiotropic effects. Arabidopsis seedlings were cultivated
at the same conditions as for the lipid radiolabelling experiments in a 96-well
96
plate
for 10 days (1 seedling per well). Cultivation
Cultivation media was replaced by Tris-HCl, pH
6.15, buffer solution containing luminol, horseradish peroxidase and flg22
(0.1 µM), and relative luminescence was measured
measure during 1 h with 2-min
2
interval.
Every well was measured separately and the data from 12 independent wells were
used in one set of experiments. Comparing to our results obtained from suspension
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cultures, the individual variation between seedlings was quite high, thus bigger
amount of replicates was considered. In both studied genotypes (dgk5.1
(
mutant and
WT plants), we observed a classical curve of ROS production after MAMP
recognition. However, in dgk5.1 mutant, the maximum of the luminescence was
slightly lower than in WT, pointing out the involvement of DGK5 to the observed
process (figure 5.11).

Figure 5.11
ROS production in WT and dgk5.1 seedlings after flg22 treatment. 10-days old seedlings
were exposed to 0.1 µM flg22 in the reaction mixture containing luminol and peroxidase,
peroxidase and a
luminescence (RLU, relative luminescence units) was measured for each plant separately during
1h. Data are presented in means ±SD, each data point is an average from 12 seedlings.

The impairment of ROS production by lipid signalling inhibitors in cell
suspensions was more important (fig. 5.7). This difference
difference can be explained by the
participation of alternative pathways,
pathways like the participation
ion of other isozymes of
lipid kinases or a direct interaction between the receptor complex with NADPHNADPH
oxidases that has been previously reported (Chinchilla et al., 2007). NADPHoxidase direct phosphorylation via the receptor kinases and its activation by PAPA
binding can act synergistically resulting in enhanced and more stable effect.
Another downstream effect of MAMP recognition is the deposition of
callose. Callose, a polysaccharide, is a secondary metabolite that accumulates in
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the apoplast close to the site of interaction with pathogen. Callose accumulation
can be regulated at the different levels: transcriptional, translational, or during
enzyme transport via vesicular trafficking. Yet, its role in immunity is still unclear.
In Arabidopsis thaliana, there are 12 genes encoding callose synthases, but only
few of them are clearly associated with biotic stress (Ellinger and Voigt, 2014).
Meanwhile, callose synthases CalS1 and CalS12 were shown to be connected with
SA (Dong et al., 2008).
Callose deposition is associated with both non-host resistance and effector
triggered immunity (ETI). Infection by high concentrations of hrp/hrc or ∆CEL
(deficient in conservative effector loci) bacterial strains did not lead to necrosis
formation in Arabidopsis leaves, while induced much higher callose levels
compared to DC3000 strain. Then, different bacterial effectors were shown to
suppress callose deposition in leaves in SA-dependent or independent ways
(DebRoy et al., 2004). Callose accumulation can be regulated at the different
levels: on transcriptional, translational, or during enzyme transport via vesicular
trafficking. Some of the callose synthases (CalS1 and Cals12) are induced after
pathogen infection or SA treatment in NPR1-dependent way, while CalS5, CalS9,
CalS10 and partially CalS1 are NPR1-independent (Nishimura et al., 2003), (Dong
et al., 2008). The role of different callose synthesis ways in immunity is still
unknown. For example, during Erwinia amylovora infection extra callose is
synthetized by CalS12 (PMR4), but its accumulation does not impact bacterial
reproduction in tissues (Moreau et al., 2012).
In our experiments system, the dgk5.1 mutant did not accumulate as much
callose as WT (figure 5.12; A). The analysis was performed in seedlings exposed
to different concentrations of flg22 for 24h, stained by aniline blue and observed
under fluorescent microscopy. In WT plants, 1 µM flg22 induced more than 10fold increase of coloured particle content per µm2 (figure 5.12; B), as well as the
total “callose-impregnated area” (figure 5.12; C). However, in dgk5.1 seedlings, no
changes in callose deposition were observed (figure 5.12; B, C).
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Figure 5.12
Callose accumulation in WT and dgk5.1 seedlings. 14-days-old
old seedlings were grown in liquid
MS media, exposed to flg22 (0.1 or 1 µM, 24 h), decoloured and stained by aniline blue for
callose detection in fluorescent microscopy. A: aniline blue staining for seedlings, fluorescent
microscopy, magnification 5x; B: accumulation of callose particles (number of particles per
µm2); C: total area of callose accumulation, µm2. Data are presented in means ±SD, * and ** variants are significantly different from untreated WT, p<0.05 or p<0.01 respectively, paired ttest.

Therefore, our results suggest the importance of DGK5-dependent
DGK5
PA
formation in the downstream effects of flagellin recognition, such as ROS
production and callose deposition. These two processes are connected: ROS
production during PTI is mediated primarily by the NADPH oxidase RBOHD, and
RBOHD was shown to be required for callose deposition (Sreekanta et al., 2015)
To study whether these (and other) DGK5 effects are substantial for plant
immunity, we studied the development of infection process between
be
Arabidopsis
seedlings and foliar pathogen Pseudomonas syringae pv tomato DC3000.
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5.6 DGK5 is important for the Arabidopsis seedlings immunity in early stages of
bacterial infection
We showed the faster development
d
of infection by Pseudomonas syringae
pv tomato DC3000 (Pst) in dgk5.1 plants comparing to WT plants (fig.5.13.A, B).
As a positive control of impaired plant resistance, we used NahG plants that
express a bacterial salicylate hydrozylase that converts all cytoplasmic SA to
inactive compound catechol. In NahG plants, the SA-dependent
SA dependent immunity is
impaired, thus a faster and more severe infection process was expected. At 3 dpi, a
2-fold increase
ncrease of internal bacterial population comparing to 1 dpi was observed in
all genotypes, confirming the development of infection process. At 3 dpi, the
leaves of dgk5.1 and NahG plants contained significantly higher amount of
bacteria was than WT (fig.5.13.
(fig.5.
B), whereas in 5 dpi the bacterial content was
equally high in all three genotypes.

Figure 5.13
Development of infection by Pseudomonas syringae pv tomato DC3000 (Pst)
(
in WT, dgk5.1
and NahG Arabidopsis seedlings.
seedlings 14-days
days old seedlings were flooded by Pst suspension
(OD600=0.2) for 2 min,, then the suspension was removed and after 1, 3 or 5 dpi the internal
bacterial population was counted. A: seedlings after 3 dpi; B: bacterial development in plant
tissues, CFU*mg-1. Data are presented in means ±SD, Different letters indicate statistically
significant different values (one-way
(one way ANOVA, Tukey’s HSD, p<0.05, n=10).
n=10)
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Even though the effect of dgk5.1 mutation to the infection process was quite
mild, these results suggest an importance of DGK5 to the plant immunity,
especially at the earlier stages of infection. The role of DGK5 in the development
of the immunity might be connected to SA signalling, however this needs to be
further investigated. To go deeper to the understanding of the DGK5 role in plant
metabolism, we performed transcriptomic studies of WT and dgk5.1 seedlings in
control conditions and after short-term exposure to flagellin.

5.7 DGK5 mediates basal expression of stress-responsive genes in seedlings.
significant pool of flagellin-responsive genes is regulated by DGK5.1
A particular effect of dgk5.1 mutation on seedlings transcriptome was found
both in control conditions and during the fast responses to flagellin. Fourteen-dayold Arabidopsis thaliana seedlings, grown in short-day conditions in liquid MS
media supplemented with 0.5 % (w/v) sucrose and vitamins, were treated by 1 µM
of flg22. After 60 min of incubation, the reaction was stopped by freezing in liquid
nitrogen, total RNA was extracted and delivered to POPS transcriptomic platform
for CATMA microarray chip analysis. Typical marker genes for the flg22treatment were significantly induced (WRKY30, PROPEP1, PROPEP2, WRK29
and FRK1) in our flg22-treated WT plants comparing to untreated control, thus
confirming the biological validity of the experiment. For further analysis we used
threshold for “induced genes” = 0.56, threshold for “repressed genes” = -0.56,
threshold for significance – Bonferroni p-value (if p=1, the changes were
considered not significant).
At first, we compared the transcriptome of untreated dgk5.1 plants to WT.
We found 190 genes to be significantly repressed in dgk5.1 vs. WT: a functional
DGK5 is needed for their basal expression. We analyzed this set of genes for Gene
Ontology (Provart and Zhu, 2003) (figure 5.14.A).
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A

B

Figure 5.14
Gene onthology classification of 190 genes repressed in dgk5.1 vs WT(A) and 120 genes
induced in dgk5.1 vs WT (B)
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In the Biological Process classification, the most important enriched
categories were “Signal transduction”, “Response to stress” and “Response to
biotic and abiotic stimuli”, as well as “Transport” and “Protein metabolism”. In the
Molecular function classification, we observed the enrichment of “Receptor
binding or activity” and “Transcription factor activity” categories.
We then focused on the 120 genes induced in dgk5.1 mutant comparing to
WT. The category “Response to biotic and abiotic stimuli” was overrepresented, as
well as “Structural activity” for Molecular function and “cell wall” for localisation
and (fig 5.14, B). A Biclustering search was performed at 20 most induced (fig
5.15, A) and repressed (fig 5.15, B) genes in dgk5.1 comparing to WT and showed
that genes under-expressed in dgk5.1 compared to WT are described in other
microarray experiments to be induced in response to bacterial or fungal infection,
elicitors and salicylic acid (fig 5.15, A). Taken together, these results highlight a
special role of DGK5-mediated pathways in the basal transcriptome regulation and
the innate plant immunity. Thus, we claim a strong evidence of existing
transcriptome-mediated connection between disease resistance and lipid signalling,
especially PLC-DGK pathway.
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Figure 5.14.
Biclustering
stering perturbations analysis of genes underexpressed (A) or overexpressed
(B) in dgk5.1 plans compared to WT.
WT Biclustering works with a matrix with experiments as
rows and genes as columns. The gene list was that of genes whose expression below the repression
threshold (A) or above the induction threshold (B) in dgk5.1 compared to WT in control conditions.
Threshold was set as 0.56 for induction or -0.56 for repression.

For the set of 190 genes constitutively repressed in dgk5.1 plants we
performed a motif search by AME-enrichment
AME
tool (McLeay and Bailey, 2010)
The found enriched motifs were associated with known regulative transcription
factors as described in the recently published DAP motifs database (O’Malley et
al., 2016) (Table 5.1).
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Table 5.1.
Known motif enrichment in the set of promoters of basal repressed genes in dgk5.1 mutant
and associated transcription factors.
factors Analysis was performed on the 500bp-upstream
500bp

promoter regions of genes, whose basal expression was impaired in dgk5.1
seedlings compared to WT;
WT statistical test - Wilcoxon rank-sum
sum test; threshold pvalue=0.05; number of multiple tests for Bonferroni correction: #Motifs ×
#Partitions
rtitions Tested = 872 × 1 = 872. The found mostly enriched motifs were
associated with known regulative transcription factors in DAP motifs database
(O’Malley et al., 2016)..
Motif logo

ID in database

Associated
TF

p-value

ABI3VP1_tnt.VRN1_colamp_a_m1

VRN1

8.27e-11

REM_tnt.REM19_col_a_m1

REM19

8.64e-8

BBRBPC_tnt.BPC5_colamp_a_m1

BPC5

8.06e-6

BBRBPC_tnt.BPC1_col_a_m1

BPC1

3.64e-5

BBRBPC_tnt.BPC6_col_a_m1

BPC6

1.01e-4

C2H2_tnt.IDD2_col_a_m1

IDD2

3.35e-4

C2C2dof_tnt.OBP3_col_a_m1

OBP3

3.72e-4

C2C2dof_tnt.At4g38000_col_a_m1

At4g38000

3.77e-3

C2C2dof_tnt.AT1G47655_colamp_
a_m1

AT1G47655

4.27e-3

ND_tnt.FRS9_col_a_m1

FRS9

4.34e-3

bZIP_tnt.bZIP43_col_a_m1

bZIP43

1.49e-2
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Motif logo

ID in database

Associated
TF

p-value

NAC_tnt.ATAF1_colamp_a_d1

ATAF1

2.12e-2

C2H2_tnt.At1g14580_col_a_m1

At1g14580

2.63e-2

bZIP_tnt.GBF6_colamp_a_m1

GBF6

3.21e-2

C2H2_tnt.SGR5_col_a_m1

SGR5

3.64e-2

C2H2_tnt.TF3A_col_a_m1

TF3A

3.69e-2

bHLH_tnt.bHLH74_col_a_m1

bHLH74

4.54e-2

bZIP_tnt.ABI5_colamp_v3b_m1

ABI5

4.93e-2

Our analysis revealed, that transcription factors involved in transcriptome
remodelling via DGK5-dependent pathway participate both in developmental and
stress responses. Among the transcription factors binding the enriched motifs we
identified members of known transcription factor families: ABI3/VP1, REM
(Reproductive Meristem), BBR/BPC, C2C2, NAC, bZIP, C2H2, bHLH. Both
ABI3/VP1 and REM factors have B3 binding domain and belong to B3
superfamily (Romanel et al., 2009). The most enriched motif binds VRN1
transcription factor that belongs to the ABI3VP1 (Abscisic Acid Insensitive 3
(ABI3)/Viviparous 1 (VP1) family. These transcription factors participate in ABAresponsive genes regulation during various developmental processes and abiotic
stresses e.g. reserve storage, seed germination and desiccation tolerance, drought
stress and salinity (Riechmann et al., 2000). ABI3VP1 factors were firstly
described in ABA-mediated stomatal regulation during drought stress and
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desiccation tolerance establishment (Cominelli et al., 2010). VRN1 is involved in
control of vernalization and flowering (Levy et al., 2002). BBR/BPC (Barley B
Recombinant/Basic Pentacysteine) Factors are involved in developmental
processes and have pleiotropic effects in basal transcriptome regulation. Often they
act as a part of TF complexes with different functions They are discussed to be the
intermediates between basal and specific transcriptome regulators (Monfared et al.,
2011). A particular interest cause the enrichment of core (C/G)ACGT(G/C)G motif
binding bZIP43 and ABI5 factors. It corresponds to known ABRE motif that is
ABA-regulated. In this thesis (chapter 4), we have shown the overrepresentation of
ABRE motifs in genes, commonly regulated by ABA and SA in suspension cells
(Kalachova et al., 2016).
Next, we compared two sets of expression data: “WT+flg22 vs WT” and
“dgk5.1+flg22 vs dgk5.1”. In WT, flagellin treatment induced 3029 genes and
repressed 3325 genes, while in dgk5.1 mutants only 2314 genes were induced and
2744 repressed. Comparing these two sets of data, we identified 1893 genes
induced both in WT and dgk5.1 and 2008 genes repressed in both genotypes. These
genes were considered as independent on DGK5. We then identified the genes
whose activation/repression completely depended on DGK5 activity: 1136 genes
were found to be induced only in WT but not in dgk5.1, and 1317 genes were
repressed in WT but not in dgk5.1. Need to be noticed, that none of the genes were
induced or repressed only in dgk5.1 mutant but not in WT.
The genes induced in WT but not in dgk5.1 were analyzed for GO (figure
5.15). In the GO Biological function classification, the categories “Transport”,
“Response to stress”, “Response to abiotic or biotic stimulus”, “Signal
transduction” are enriched. Amongst the Molecular functions of these genes, are
included “Transporter activity”, “Kinase activity”, “Transferase activity”, “DNA or
RNA binding”. Cellular localization concerns Golgi apparatus, ER, plasma
membrane and cell wall.
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Figure 5.15
Gene onthology for the set of 1136 genes induced by flg22 in WT but not in
dgk5.1
Quite a big amount of genes were commonly regulated in both genotypes.
However, for some of the genes induction/repression levels significantly differed
between WT and dgk5.1 mutant. The 14 genes, repressed more than 10 times in
WT than in dgk5.1 and 69 genes, induced more than 10 times were analyzed as a
separate sets. Similarly to the previous set, DGK5-dependent induced genes mostly
belonged to the categories “Response to stress”, “Response to abiotic or biotic
stimulus” and “Transport” (Figure 5.16) and were localized in nucleus or
extracellular.
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Figure 5.16.
Gene onthology for the set of 69 genes 10 times more induced in WT than in
dgk5.1
We compared the expression rates and selected a set of 20 genes with the
maximal difference in induction ratio between WT and dgk5.1 (Supplemental table
S8). This set was analyzed by Biclustering tool of Genevestigator. Most studied
DGK5-regulated induced genes appeared in other experiments with flg22 (what
confirms our data and is not surprising as the studied genes were basically strongly
induced by flg22 in WT). At the same time, the DGK5-regulated genes also
appeared in other experiments dealing with pathogen infection, indicating the
importance of studied pathway for plant-pathogen interactions (Fig 5.17).
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Figure 5.17.

Biclustering perturbations analysis of genes induced by flg22 via DGK5
pathway. Biclustering works with a matrix with experiments as rows and genes as
columns. The gene list was that of genes whose expression was more than 10-fold
stronger induced in WT comparing to dgk5.1, thus being considered as induced via
DGK5.
Based on the results of transcriptomic analyses we discovered and
characterized the sets of genes, positively and negatively regulated by DGK5
activity in Arabidopsis basal transcriptome. The basal DGK5 activity was firstly
found to mediate a constitutive expression of numerous genes involved in plant
innate immunity. The analysis of gene expression of WT and dgk5.1 seedling
under

flg22

treatment

revealed

a

special

group

of

genes

whose

induction/repression in response to elicitor is under control of DGK5. Our data
improve the current knowledge about the role of lipid signalling enzymes and
especially DGKs in the control of gene expression in plant cells in control
conditions and during the early stages of pathogen recognition.
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CONCLUSION. Summarizing the transcriptomiс
transcriptomi analysis, data about
phospholipid turnover, plant physiology changes (like ROS production and callose
deposition) after flagellin treatment in cell suspensions and seedlings, we propose a
new model of flagellin perception in plant cells (fig.5.18).

Figure 5.18

Simplified model of lipid signaling inclusion to flagellin perception cascade in
Arabidopsis cells. The recognition of flg22 by FLS2-BAK1
FLS2 BAK1 complex initiates the
PI phosphorylation to PI4P by PI4K. PI4P is then hydrolyzed by PI-PLC
PI
forming
DAG andd IP3. DAG is used as a substrate for DGK5 thus leading to PA formation.
Newly produced PA than acts as a regulator for RBOH-dependent
RBOH
ROS
production, callose deposition and gene expression thus resulting in the
establishing of resistance to bacterial pathogens
path
The described pathway is associated with PAMP-triggered
triggered immunity that
plays an important role in defense responses. Wee propose a new model of flagellin
perception in plant cells that not only shows the role of membrane phospholipids,
but also that their turnover is regulated by PI-PLC
PI PLC and DGK5 pathways.
pathways
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CHAPTER 6 THE MUTATIONS OF BOTH TYPE III
PHOSPHATIDYLINOSITOL-4-PHOSPHATE ß1 AND ß2 ISOFORMS LEAD
TO ALTERED RESPONSE TO AUXINS AND CYTOKININS IN
ARABIDOPSIS
Plants are constantly exposed to changes of environmental cues, either
abiotic parameters (like water availability or temperature) or biotic ones (attack by
pathogens, e.g. bacteria, fungi). In any of these conditions, plants have to
acclimatize to stresses. This requires the stress to be perceived and to trigger
signaling pathways aiming to plant acclimation. One of the responses of plants to
stresses is the synthesis of hormones, such as abscisic acid (ABA) or salicylic acid
(SA). These hormones themselves are also capable to activate signalling pathways.
Among the important signalling pathways in plants are the ones involving lipid
molecules, especially the ones that go through phosphoinositides (see Chapter 1).
Phosphatidylinositol (PI) can be phosphorylated into PI-4-phosphate (PI4P) by PI4-kinases (PI4K). PI4P can be phosphorylated into PI-4,5-bisphosphate (PI-4,5P2). PI4P and PI-4,5-P2 (phosphoinositides) can interact with proteins (figure 1.B)
(Xue et al., 2009). Phospholipid signaling acts in cooperation with membrane
trafficking (Antignani et al., 2015). Phospholipid signalling system was also shown
to play a role in SA signalling (Janda et al., 2013, Kalachova et al., 2013).
Phospholipid signalling machinery was proposed as an intermediate signalling hub
in setting up SA- and ABA-common transcriptomic changes (Kalachova et al.,
2016). Thus, every process including phospholipids has plural consequences,
becoming a cross-point for hormonal and stress signaling.
In this chapter we will focus on the PI-4-kinases. They are involved in
response to stresses and are connected with SA accumulation and signaling (Šašek
et al., 2014, Delage et al., 2012b). In the genome of Arabidopsis thaliana, 4 genes
encoding type III-PI4K have been found: AtPI4Kα1, AtPI4Kα2, AtPI4Kß1 and
AtPI4Kß2 (figure 1.4). The AtPI4Kα2 isoform is a pseudogene. In Arabidopsis,
PI4Kß1 is recruited by the GTP bound Rab4b GTPAse. RabA4b and PI4Kß1
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localize to budding secretory vesicles in the trans-Golgi network and to secretory
vesicles en route to the cell surface. A pi4kß1ß2 double mutant produces secretory
vesicles with highly variable sizes indicating that PI4Kß1 and ß2 regulates
secretory vesicles size (Antignani et al., 2015). PI4Ps massively accumulate at the
plasma membrane where it creates an unique electrostatic signature that controls
the localization and function proteins such as of the polar auxin transport regulator
PINOID (Simon et al., 2016).
To identify the isoforms of PI4Ks activated by SA, the pi4kß1ß2 double
mutant was studied. Yet, this mutant constitutively over accumulated SA; and the
response to this high level of SA was activated, leading to the observed dwarfism
of the mutant recently (Šašek et al., 2014). Therefore, PI4Ks do not only
participate in the transduction of SA but they also negatively control the steady
state level of SA. The response to SA has a strong impact on all metabolic
processes in this double mutant and makes it difficult to evaluate the effect of the
double mutation per se. However, a triple pi4kß1ß2sid2 mutant was generated
recently (Šašek et al., 2014). The over accumulation of SA in this mutant is
prevented by the additional sid2 mutation that affects the ISOCHORISMATE
SYNTHASE1 gene, a key enzyme of the SA biosynthesis. The pi4kß1ß2sid2 has a
SA level back to normal and its rosette has wild-type size (Šašek et al., 2014).
This triple mutant, when compared to the sid2 one, is a good tool to
investigate the SA-independent effects of the pi4kß1ß2 double mutation.
Surprisingly, the triple mutant had short roots. The aim of our work then was to
investigate the role of the double mutation pi4kß1ß2 in Arabidopsis root
development.
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6.1. Double
ouble mutation pi4kß1ß2 affects root growth in SA-independent
SA independent way
We found that the
t
both double mutant pi4kß1ß2 and triple mutant
pi4kß1ß2sid2 seedlings exhibit impaired root growth comparing to WT and sid2
plants (figure 6.1.A). For this and further experiments, Arabidopsis seedlings were
grown for 10 days on half-strength
half strength MS media supplemented with 0.5% sucrose and
0.8% agar, on vertical Petri plates with 14h/10h light at 22°C. The length of
pi4kß1ß2 and pi4kß1ß2sid2
pi4kß1ß2
major root was
as about 60% smaller than in WT and
sid2 respectively (fig. 6.1.B). No significant difference was detected between the
length primary root length of pi4kß1ß2 and pi4kß1ß2sid2 mutants, pointing out the
SA-independent
independent character of the studied phenomenon. To study only the SAindependent mechanisms, in some further experiments only pi4kß1ß2sid2 mutant
was compared to sid2 and WT.

Figure 6.1
Root length of pi4kß1ß2 and pi4kß1ß2sid2 seedlings was impaired comparing to WT and
sid2. A. Roots of 10-days--old
old vertically grown Arabidopsis seedlings. B. Average primary root
length. Data are presented in means ±SD, different letters mean significant difference p<0.05,
one-way ANOVA (n=30)..

Root growth of the model plant Arabidopsis thaliana is based on the balance
of two processes – cell division that takes place in meristematic zone and cell
elongation happening in the elongation zone.
zone. For a continuous root growth the rate
of cell differentiation must be balanced with the rate of generation of new cells
(Perilli and Sabatini, 2010)
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To distinguish whether meristem or cortical cells contribute more to the
short roots phenotype of pi4kß1ß2sid2 plants, we compared the cortical cells size
and meristematic zone size of 10-days
10
old seedlings (figure
re 6.2).

Figure 6.2
Meristematic zone and cortical cells length of pi4kß1ß2sid2 seedlings comparing to WT and
sid2. A. Meristematic zone and cortical cells of roots
r
of 10-days
days-old vertically grown
Arabidopsis seedlings. Light microscopy. B. Length of the meristematic zone length. C. Cortical
cells size. Data are presented in means ±SD, different letters mean significant difference p<0.05,
one-way ANOVA (n=30).

Both meristem and cortical cells were smaller in pi4kß1ß2sid2
pi4kß1ß2
plants (fig.
6.2). The maintenance of the Arabidopsis root meristem size is realized by a
balance between the antagonistic effects of cytokinin, which promotes cell
differentiation, and auxin, which promotes cell division (Perilli and Sabatini,
2010).. Cytokinin antagonizes auxin in a transition zone – a specific developmental
domain between the meristem, where cell division processes are active, and the
elongation zone, where cells are reaching their final size. Typically, the transition
zone is considered as a part of the meristem. Elongation zone is then followed by a
differentiation zone that can be clearly visible by the root hair appearance
(Verbelen et al., 2006)..
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To study whether the shortening of roots of pi4kß1ß2sid2
pi4kß1ß2
was dependent
on an altered response to growth-regulating
growth regulating hormones, we studied the root
elongation in presence of exogenic auxin IAA (fig.6.3) and cytokinin BAP
(fig.6.5).

Figure 6.3
Root length of pi4kß1ß2 and pi4kß1ß2sid2 seedlings in presence of exogenic auxin IAA. A.
primary root length of 10-days-old
old Arabidopsis seedlings Data are presented in means ±SD,
way ANOVA (n=30). B. Meristematic
different letters mean significant difference p<0.05, one-way
zone length, % of untreated control. C. Cortical cells
cells size, % of untreated control. Data are
presented in means ±SD,, * - variant is different from sid2 p<0.05, t-test.
test.

In all studied genotypes, exogenic auxin increased major root length in
lower concentrations (0.01–0.02
(0.01 0.02 µM IAA), while the application of higher
concentrations (0.1 µM IAA) reduced root growth (fig. 6.3.A).
.A). Both pi4kß1ß2 and
pi4kß1ß2sid2 mutants showed to low concentrations of IAA as far as primary root
length is concerned similar to their respective controls (WT or sid2 plants), while
while the response to 0.1 µM was impaired. In all genotypes meristem was not
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sensitive to the exogenic IAA (fig.6.3.B). The pi4kß1ß2sid2 triple mutant
alteration in root growth sensitivity to auxins correlated with altered sensitivity of
cortical cell elongation: IAA application reduced the size of cortical cells in WT
and sid2, but not in pi4kß1ß2sid2 (fig. 6.3.C). This reduced responses to the IAA in
PI4K deficient plants can be due to the fact that the roots of the studied mutants are
already short (fig.6.1, 6.2), and cannot be affected more, or that exogenous IAA is
no longer transduced.
Another physiological response to exogenic auxin is the increase of
secondary (adventitious) root density. The ability to form secondary roots is a
quantitative genetic trait in plants, but the resulting phenotype is regulated by both
environmental and endogenous factors. Auxin plays an essential role in regulating
the formation of adventitious root, especially via involving some IAA/Aux
responsive genes. However, the pathway involved in auxin-mediated secondary
root formation differs from the one involved in major root length control (POP et
al., 2011). The pi4kß1ß2sid2 triple mutant did not show significant difference in
secondary root formation in response to IAA comparing to sid2 plants (fig. 6.4).
These results point out a high specificity of the action of phosphoinositides in the
responses of roots to auxins.
7
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Figure 6.4
Secondary root density of pi4kß1ß2sid2 and sid2 seedlings in presence of exogenic auxin
IAA. Data are presented in means ±SD.
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Similarly, the effects of exogenic cytokinin on meristem and cortical cells growth
were evaluated while cultivating seedlings on vertical plates containing different
concentrations of BAP. Cytokinin induced shortening of meristematic zone in WT
and sid2 at 0.1 µM, while the
t meristem of the pi4kß1ß2sid2 triple mutant was no
longer sensitive to all studied concentrations BAP (fig.6.5 A). Cortical cells size
was decreased in presence of BAP in all studied genotypes (fig. 6.5 B).

Figure 6.5
Effect of exogenic cytokinin BAP on cortical cells and meristem of pi4kß1ß2sid2 comparing
to sid2 and WT. A. Meristematic zone length, % of untreated control. B. Cortical cells size, %
of untreated control. Data are presented in means ±SD,
±SD * - variant is different from sid2 p<0.05,
t-test

Auxins and cytokinins are abundant growth-promoting
promoting hormones found in
all plant tissues. Their cellular functions are strictly dependent on cell-to-cell
transport and distribution asymmetry in the plant cell. For auxins,
uxins, these
t
effects are
achieved with the help of influx or efflux carriers that include AUX/LAX and PIN
proteins (Sauer et al., 2013).
2013). Phospholipases may also be involved in the control of
auxin functions inn plants. The implication of PLA in plant auxin signalling is well
documented. PLA2 activity is rapidly activated by auxins (Scherer and André,
1989).. Inhibitor and mutant studies have shown that PLA2α is involved in auxin
signalling and may alter PIN protein
prot
localization in Arabidopsis roots (Lee et al.,
2010a).. The expression of early auxin marker genes was retarded in several PLA2-
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deficient mutants. Moreover, a ppla-IIIδ Arabidopsis mutant was characterized by
a significantly altered auxin-sensitivity as assayed by root growth parameters
(Labusch et al., 2013). Similarly, Arabidopsis ppla-I null-mutants showed a
hampered expression of auxin-responsive genes and hindered gravitropic
responses. These results indicate that auxin-dependent reaction are delayed in such
plants (Effendi et al., 2014). It has been later shown that pPLAIIIδ may have a role
in the control of auxin redistribution, as suggested by the analysis of DR5::GUS
expression in pPLAIIIδ-knockout and pPLAIIIδ-overexpressing Arabidopsis
plants. Moreover, pPLAIIIδ-overexpressing lines had an induced response of a
particular marker gene to auxin treatment (Dong et al., 2014).
Data on a possible involvement of PI-PLC in an auxin response are scarce.
Nevertheless, PIP and PIP2 accumulated following auxin treatment in cucumber,
suggesting that phosphoinositide-based signalling is active in auxin-treated plants
(Lanteri et al., 2008). Authors concluded that this effect may also be mediated via
NO production. No significant changes of the DAG level were observed in
response to auxin treatment in soybean (Morré et al., 1989). This implies that DAG
may be rapidly phosphorylated to PA in these conditions as it has been shown that
auxin treatment induces a rapid PA accumulation in cucumber (Lanteri et al.,
2008). Moreover, in Arabidopsis, a positive feedback between PLDζ2 expression
and auxin responses has been convincingly reported (Li and Xue, 2007). The role
of PLDζ2 in the regulation of auxin distribution and auxin signalling might be
mediated via PA production, that alone could induce auxin-like responses in root
tips of Arabidopsis as monitored using DR5::GUS and DR5::GFP reporter
constructs (Mancuso et al., 2007). It has been also proposed that PLD may regulate
the localization and phosphorylation state of PIN1 mediated by PA binding to the
PP2A phosphatase. These conclusions are supported by the fact that reduced auxin
accumulation was observed in the root tip of both knock-out mutants pp2aa1 and
pldζ,2 and, even more so, in pldζ2pp2aa1 double mutant of Arabidopsis (Gao et
al., 2013).
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Not only phospholipases are involved. The polar localization of PINFORMED transporters is dependent on PI4P 5-kinases in Arabidopsis. Moreover,
PIP5K transcription is induced upon IAA treatment. It corresponds to altered levels
of PI4P and PIP2 associated with polar plasma membrane domains (Tejos et al.,
2014b). Another receptor for auxin, the TRANSPORT INHIBITOR RESPONSE 1
(TIR1) protein, has been crystallized with inositol-6-phosphate (Tan et al., 2007)
as was the jasmonate receptor COI1 (Sheard et al., 2010), indicating that both
proteins may act as polyphosphoinositide receptors.
Auxin transport is strongly dependent on the polar localization of PIN and
other auxin transporters. Phosphoinositides, especially PI-4,5-P2, were shown to be
involved into PIN correct localization and cell polarity. Tejos et al. hypothesized
that PI-4,5-P2 may directly bind an effector that influences PIN polarity or
trafficking, or be involved in the local production of second messengers important
for PIN polarity or trafficking. PIN polarity was shown to be dependent on
inositides, as the polar localization of PIN transporters was altered in
the pip5k1−/− pip5k2−/− double mutant (Tejos et al., 2014a). The roots of the pip5k1
pip5k2 double mutant had normal auxin levels but reduced auxin transport and
altered distribution. Inducible overexpressor lines for PIP5K1 or PIP5K2 also
exhibited phenotypes indicating misregulation of auxin-dependent processes, and
immunolocalization showed reduced membrane association of PIN1 and
PIN2 (Ischebeck et al., 2013).
Both auxins and cytokinins regulate root gravitropism. Auxin bilateral
transport was shown to be involved in different tropisms (Aloni et al., 2006). In
roots, the gravity response has been linked to lateral auxin transport, however the
exact mechanism of it still remains unclear (Rashotte et al., 2000). The lipid
signalling and particularly PLD was also shown to be involved in cytokinin
signalling (Kravets et al., 2010). We found that pi4kß1ß2 and pi4kß1ß2sid2
mutants were impaired in gravitropism (fig. 6.6), thus pointing out the role of
phosphoinositides in this process.
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Figure 6.6

Reaction of different genotypes to gravistimulation Plants were grown at
vertical plates at MS/2 medium for 2 days and then exposed to gravitropic
stimulation by 90° turn. Plates were scanned at specified time points and angles of
root tip orientation were measured. Data are presented in means +SD (One-Way
(One
ANOVA; a – treatments are different from control WT, p<0.05,
p<0.0 b – treatments are
different from control WT, p<0.001).
p<0.001)
Auxin
uxin controls many aspects of development by inducing expression of
various genes. SHY2 (short hypocotyl 2) gene encodes IAA3, a previously known
member of the Aux/IAA family of auxin-induced
auxin
genes
enes and has an important role
in regulating development (Tian and Reed, 1999).. Auxin regulates this protein
turnover stimulating its interaction with TIR1, the F-box
F
component of SCFTIR1
and with the photoreceptor phytochrome B. Auxin stimulated SHY2/IAA3
interaction with TIR1 (Tian et al., 2003).
2003) SHY2 is expressed in the root transition
zone and is induced by cytokinin. Loss of SHY2 in the shy2-31
shy2
mutant results in
larger root meristems and resistance to cytokinin treatment (Ioio et al., 2008).
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AUX1, auxin permease AUX1,
AUX1 is an auxin transporter asymmetrically
localized in thee plasma membrane
membrane of root protophloem cells. It was recently
proposed to promote the acropetal, post-phloem
post phloem movement of auxin to the root
apex. AUX1 localization to columella and lateral root cap tissues of revealed
reveal that
this
is auxin permease regulates an IAA transport pathway. AUX1 is necessary for
root gravitropism by facilitating basipetal auxin transport to distal elongation zone
tissues (Swarup et al., 2001).
2001) To investigate the possible involvement of SHY2 and
AUX1 to the PI4K-mediated
mediated root shortening, we measured the expression of
SHY2/IAA3 and AUX1 genes in the roots of PI4K deficient mutants. Both
pi4kb1b2 and pi4kb1b2sid2 mutant has higher expression level of AUX1 but not
SHY2/IAA3
2/IAA3 genes in root meristem.
meristem Surprisingly, in presence of exogenic auxin
the level of AUX1 expression decreased in pi4kb1b2 and pi4kb1b2sid2 plants,
while it was not significantly affected in WT and sid2 (fig. 6.7).

Figure 6.7
Relative expression of AUX1 and SHY2/IAA3 genes in root meristem of pi4kb1b2 and
pi4kb1b2sid2 seedlings grown in presence of exogenic IAA. 10-days
10
old root apical
meristem (3mm from root tip) was used for RNA extraction. +/+/ corresponds to presence of
exogenic 0.1µM
M IAA. Relative expression was counted by ∆∆Ct.
Ct. Reference gene – Actin
(At2g37620). Experiment was repeated three times with three technical replicates for each
RNA extraction. Data are presented in means +SD.
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Despite all the above mentioned findings, plenty of questions still remain
open for further investigations. Is the problem of auxin and cytokinin perception in
root tip of PI4K-deficient mutants connected with the intracellular level of these
hormones or with their distribution within the cells? What are the expression level
and the localization of other auxin transporter’s in the root tip cells of PI4K
deficient plants? How does the transporter’s localization change in response to
stimuli, or from other point - what is the role of PI4K-activity in auxin
transporter’s distribution in development and stress responses? To answer these
questions we transformed the pi4kb1b2 and pi4kb1b2sid2 plants with the
constructs carrying fluorescent markers of auxin responses (DR5::GFP and DIIVenus), with the constructs carrying auxin transporters with fluorescent tag
(Aux1::GFP; PIN1::GFP, PIN2::GFP) and with cytokinin-responsive construct
(TCS::GFP). Stable transgenic lines were recently obtained for the most of the
genotypes and respective controls, thus further experiments will be carried out
soon.
Our data clearly show that double mutation in PI4Kß1 and PI4Kß2 caused
SA-independent impairment of root growth and gravitropism in Arabidopsis
seedlings. It is likely to relate to the auxin and cytokinin sensitivity in root cells.
The pi4kβ1β2sid2 triple mutant has impaired response to auxin at the level of
whole root and cortical cells, while the meristem of pi4kβ1β2sid2 meristem was
less sensitive to cytokinin. We firstly showed the connection of PI4K with auxin
and cytokinin effects during root morphogenesis and gravitropism. In both PI4Kdeficient plants the constitutive expression of auxin transporter AUX1 was
enhanced, pointing out an impact of phosphoinositides in the polar transport of
growth-promoting hormones as an important mechanism of root morphogenesis.
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CONCLUSIONS:
1. Phospholipase D and NADPH-oxidase RbohD were found to be involved
to the salicylic acid signaling cascade in Arabidopsis guard cells leading to
stomatal closure.
2. An important overlap was firstly shown between ABA- and SA-induced
gene responses in Arabidopsis suspension cells. A significant part of these
overlapping responses was correlated with the inhibition of basal PI-PLC
activity suggesting a pivotal role for PI-PLC in the control of hormone
responses in plants
3. A new model of flagellin perception in plant cells that includes PI-PLC
and DGK5 was proposed. This pathway was shown to be important for
elicitor-induced

primary

responses

including

ROS

production,

transcriptome remodeling, callose accumulation and furthermore –
resistance to pathogens.
4. We firstly showed that the auxin and cytokinin sensitivity in root cells
during morphogenesis and gravitropism is dependent on basal PI4K
activity, pointing out the turnover of phosphoinositides as an important
mechanism of root morphogenesis.
5. This study claims the phospholipid signalling as a universal mechanism of
hormonal cross-talk in plant cells during developmental cues and in
response to changing environment.
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