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Summary in English

2. Summaries
2.1. Summary in English

Embryonic dormancy of freshly harvested sunflower (Helianthus annuus
L.) seeds is expressed by their poor germination at low temperatures
(10-15 °C). The research topic of the present work concerns the involvement of
different endogenous factors such as hydrogen cyanide (HCN), reactive oxygen
species (ROS), ethylene (C;H4) and abscisic acid (ABA) in the regulation of
dormancy of sunflower embryos.

The aims of the present work were: (i) to identify the effect of gaseous
HCN on breaking of sunflower embryo dormancy, (ii) to determine whether
HCN improving action is related with the ethylene synthesis or signaling
pathways, and (iii) to investigate the mechanisms of action of HCN, particularly
whether ROS are involved in this phenomenon.

A short pre-treatment (3 hours) of dormant sunflower embryos by
gaseous HCN released their dormancy and allowed their subsequent
germination at 10-15 °C, temperatures which prevented germination of
dormant embryos. This stimulatory effect did not result from an activation of
the pentose phosphate or the cyanide-insensitive pathways, since other
respiratory inhibitors such as sodium azide (NaNs3) and salicylhydroxamic acid
(SHAM), did not allow the germination of dormant embryos at 10-15 °C. In
addition, B-cyanoalanine synthase (B-CAS) activity measurements excluded the
role of HCN in stimulating amino acids synthesis (as alanine, serine, asparagine)
during dormancy alleviation, by improving the activity of B-CAS, since no
significant difference in the activity of this enzyme was observed in axes

isolated from control non-treated and HCN or MV treated embryos.

To identify the process by which dormancy of sunflower
(non-cyanogenic) embryos is broken by HCN, the present work was focussed
on its possible interaction with reactive oxygen species in this phenomenon.
After HCN treatment, ROS (H,0O, - hydrogen peroxide and O, - superoxide
anions) progressively accumulated in cells of embryonic axis. However,

application of HCN had only a slight effect on the in vitro activity of the main
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Summary in English

enzymes involved in the antioxidant defence system, such as catalase (CAT),
glutathione reductase (GR), superoxide dismutase (SOD), since these enzymes
were potentially active. Imbibition of embryos in the presence of
methylviologen (MV), as well as menadione (MD), ROS generating compounds,
had the same stimulatory effect on germination as HCN, suggesting that HCN
probably improved germination through accumulation of ROS. Increase in H,0,
and O, concentration in the embryonic axis occurred concomitantly with an
oxidation (carbonylation) of specific proteins. Obtained data allow us to propose
a novel explanation for cyanide mode of action in alleviation of sunflower
embryo dormancy, which involves ROS production and targets changes in
protein oxidation patterns. In the group of carbonylated proteins specifically
associated with breaking of dormancy by HCN and MV, some are identified as

epoxide hydrolase and alcohol dehydrogenase (Oracz et al. 2007).

In order to determine whether the stimulatory effect of HCN during
germination of sunflower embryo might be related to ethylene biosynthesis and
ethylene signaling pathway, transcription of genes involved in these proceses
was studied simultaneously to HCN and MV treatments. The stimulatory effect
of HCN and MV on germination of sunflower embryos, is not associated with a
modification of transcription of genes involved in ethylene production such as
ACS (ACC synthase) and ACO (ACC oxidase), and does not result from a
stimulation of ethylene production. It was also demonstrated, that HCN and MV
markedly increased the transcription of ERF1 (ethylene response factor 1) but
not that of ETR2 (ethylene response 2) and CTR1 (constitutive triple
response 1). This suggests that the transduction pathway of cyanide and MV,
initiates the transcription factor ERF1, but through different mechanism of that

involved by ethylene.

The putative molecular mode of action of HCN on sunflower embryo
germination is discussed, and its possible relationships with ROS and ethylene
synthesis and signaling pathways are also evoked. The first time are presented
the direct experimental data concerning HCN effect on the expression of genes
related to (i) ROS production [NADPHox (NADPH oxidase), AO1 and AQO2
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(amine oxidase 1 and 2), POX (peroxidase)], (ii) ROS signaling [Ser/ThrPK
(Ser/Thr protein kinase), MAPK6 (mitogen activated protein kinase 6), PTP
(protein tyrosine phosphatase), CaM (calmodulin)], (iii) ethylene formation
(ACS, ACO) and (iv) signal transduction induced by ethylene (ETR2, CTR1,
ERF1). It is demonstrated, that HCN did not change the transcription of genes
involved in ROS production (NADPHox, AO1, AO2, POX), and also did not seem
to require the typical elements of ROS signaling pathway (MAPK6, SerThrPK,
PTP, CaM), but can induce the physiological response, using some elements of

other signal transduction pathways (e.g. ERF1 in ethylene signaling pathway).

This work proposes HCN as a signal molecule, which via ROS as a
second messenger, regulates many pathways leading in consequence to
alleviation of embryo dormancy and stimulation of germination. These
pathways probably do not operate independently, but rather are linked together

in a network of interactions.
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2.2. Résumeé

La dormance embryonnaire des semences de tournesol (Helianthus
annuus L.) fraichement récoltées se caractérise par une germination difficile a
des températures basses (10-15 °C). Le sujet de cette étude concerne la
régulation de la dormance embryonnaire du tournesol par différents facteurs
tels que le cyanure d'hydrogene (HCN), les formes actives de I'oxygene (FAOs),
I'éthyléne (C;H4) et I'acide abscissique (ABA).

Les objectifs de ce travail de recherche ont été: (i) de caractériser les
effets du cyanure gazeux sur |Elimination de la dormance des embryons de
tournesol, (ii) de déterminer si l'action stimulatrice du cyanure sur la
germination était liée a la synthése de I'éthyléne ou a ses voies de signalisation,
et (iii) de rechercher si les mécanismes dlattion du HCN mettaient en jeu les

voies de signalisation des FAOs.

Un prétraitement de courte durée (3 h) des embryons dormants de
tournesol par du HCN gazeux élimine leur dormance et permet leur germination
a 10-15 °C, températures qui empéchent la germination des embryons
dormants. Cet effet stimulateur ne résulte pas d'une activation de la voie des
pentoses phosphates ou de la voie insensible au cyanure, car d'autres
inhibiteurs respiratoires comme l'azoture de sodium (NaNs3) et ['acide
salicylhydroxamique (SHAM) ne permettent pas la germination des embryons
dormants a des températures fraiches. En outre, les mesures de l'activité de la
B-cyanolanine synthase (B-CAS) permettent d'exclure le role du cyanure dans la
stimulation de la synthése dl@atides aminés, comme l'alanine, la sérine ou

I'asparagine, au cours de la levée de dormance.

Afin dlidentifier les mécanismes mis en jeu dans IElimination de la
dormance des semences de tournesol en présence de HCN, nos recherches ont
porté en grande partie sur I@halyse du role possible des FAOs dans ce
processus physiologique. Aprés traitement par du HCN, les FAOs (H,0, -
peroxyde d'hydrogene et O, - anions superoxydes) s'accumulent
progressivement dans les cellules des axes embryonnaires. Toutefois,

I'application de HCN n'a quluhe légére incidence sur l'activité in vitro des
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principales enzymes impliquées dans le systeme de défense antioxydant,
comme la catalase (CAT), la glutathion réductase (GR) et la superoxyde
dismutase (SOD). L'imbibition des embryons dormants en présence de
méthylviologene (MV) ou de ménadione (MD), composés générateurs de FAOs,
a le méme effet stimulateur sur la germination que le HCN, ce qui suggere que
I'accumulation des FAOs joue un rble dans la germination. L'augmentation de la
teneur en H,0, et O, dans I'axe embryonnaire s'accompagne d'une oxydation
(carbonylation) de protéines spécifiques. Ces résultats permettent de proposer
un nouveau mode d'action du cyanure dans I'élimination de la dormance des
semences de tournesol, qui implique la production de FAOs et I'oxydation de
protéines. Parmi les protéines spécifiguement carbonylées au cours du
traitement des embryons en présence de HCN et de MV, ont été identifiées une

époxyde hydrolase et une alcool déshydrogénase (Oracz et al. 2007).

Dans le but de déterminer si l'effet stimulateur du HCN sur la
germination des embryons dormants de tournesol pouvait étre lié a I'éthylene et
a sa voie de signalisation, la transcription des génes responsables de la
synthése de |Ethyléne et de la réponse a ce composé a été étudiée dans les
axes dlembryons traités par du HCN et du MV. Les résultats montrent que I'effet
stimulateur du cyanure et du MV sur la germination des embryons dormants
n'est pas associé a une modification de la transcription des génes impliqués
dans la biosynthése de I'éthyléne, ACC synthétase (ACS) et ACC oxydase (ACO),
et ne résulte pas d'une augmentation de la production d'éthylene. Il a
également été démontré que le HCN et le MV augmentent nettement la
transcription de ethylene response factor 1 (ERF1), mais nloht pas dleffet sur la
transcription de ethylene response 2 (ETR2) et de constitutive triple response 1
(CTR1). Ces résultats suggerent que la voie de transduction du cyanure initie le
facteur de transcription ERF1, mais par un mécanisme différent de celui de

I'éthylene.

Le mode d'action moléculaire putatif du cyanure sur la germination des
embryons de tournesol est discuté et ses éventuelles relations avec I'éthylene,
les FAOs et leurs voies de signalisation sont également évoquées. C'est la

premiere fois que des données expérimentales concernant directement le
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cyanure et son effet sur I'expression de génes liés a (i) la production des FAOs
NADPH oxydase (NADPHox), amines oxydase 1 et 2 (AOl1 et AO2), peroxydase
(POX) et (ii) leur voie de signalisation Ser/Thr protein kinase (Ser/ThrPK),
mitogen-activated protein kinase 6 (MAPKG6), protein tyrosine phosphatase
(PTP), calmodulin (CaM), (iii) la synthése d'éthyléne (ACS, ACO) et (iv) la
transduction du signal induit par I'éthylene (ETR2, CTR1, ERF1) sont
présentées. Il est démontré que le cyanure ne modifie pas la transcription des
génes codant pour les enzymes impliqués dans la production de FAOs
(NADPHox, AO1, AO2, POX) et de ceux codant pour les éléments de leur voie
de signalisation (MAPK6, SerThrPK, PTP, CaM), mais qulill peut induire une
réponse physiologique, en utilisant certains éléments d'autres voies de

signalisation (par exemple ERF1).

Liehsemble de ce travail permet de proposer que le cyanure
d'hydrogene est une molécule signal qui, en utilisant les FAOs comme
messagers secondaires, régule de nombreuses voies menant a I'élimination de
la dormance et la stimulation de la germination des semences dormantes de
tournesol. Ces voies ne sont vraisemblablement pas indépendantes, mais
interviennent probablement au sein diih réseau plus large d'interactions

cellulaires.
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2.3. Streszczenie

Zarodki stonecznika (Helianthus annuus L.) wyizolowane ze $wiezo
zebranych nasion charakteryzujq sie spoczynkiem, ktéry wyraza sie niemal
catkowitym brakiem ich zdolnosci kietkowania w niskich (10-15 °C)
temperaturach. W niniejszej pracy podjeto probe okreslenia regulacyjnej roli
wybranych czynnikédw endogennych takich jak cyjanowoddr (HCN), reaktywne
formy tlenu (ROS), etylen i kwas absysynowy (ABA), w usuwaniu spoczynku

zarodkow stonecznika.

Celem tej pracy byto: (i) poznanie efektéw sygnatowego oddziatywania
gazowego cyjanowodoru na kietkowanie spoczynkowych zarodkéw stonecznika,
(i) okreslenie czy dziatanie HCN jest zwigzane z modyfikacjg biosyntezy etylenu
i transdukcji sygnatu inicjowanego przez ten hormon, a takze (iii) poznanie
mechanizmu dziatania HCN, a w szczegdlnosci jego mozliwe wspotdziatanie z

ROS w regulacji spoczynku i kietkowania zarodkdw stonecznika.

Krotkotrwate (3 godz.) traktowanie spoczynkowych zarodkéw
stonecznika gazowym HCN (1 mM) przetamuje spoczynek i umozliwia ich
kietkowanie w temperaturze 10-15 °C. Wykazano, ze stymulujacy efekt HCN nie
wynika z aktywacji cyklu pentozo-fosforanowego, czy tez drogi oddychania
niewrazliwej na cyjanowodor, gdyz zastosowanie innych inhibitoréw takich jak
azydek sodu (NaNs3) i kwas salicylohydroksamowy (SHAM), nie umozliwiato
kietkowania zarodkédw w temperaturze ponizej 10 °C. Ponadto wykluczono
udziat HCN w stymulacji syntezy aminokwasdéw (takich jak alanina, seryna,
asparagina) poprzez stymulacje aktywnosci B-CAS, gdyz we wszystkich
analizowanych prdébach (bez wzgledu na rodzaj traktowania) zaobserwowoano

tylko nieznaczne rdznice w aktywnosci tego enzymu.

W kolejnym etapie badan podjeto probe poznania mechanizmu
wspotdziatania HCN z ROS w regulacji spoczynku zarodkéw stonecznika.
Stwierdzono, ze traktowanie HCN powodowato sukcesywny wzrost stezenia ROS
(H,0; - nadtlenek wodoru i O, - rodnik ponadtlenkowy) w komdrkach osi
zarodkowych wyizolowanych z zarodkéw stonecznika. Jednoczesnie, aplikacja

HCN miata nieznaczny wptyw na aktywnos$¢ in vitro gtdownych enzyméw
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systemu antyoksydacyjnego, takich jak katalaza (CAT), reduktaza glutationowa
(GR), dysmutaza ponadtlenkowa (SOD). Ponadto, imbibicja zarodkéw w
obecnosci metylviologenu (MV), jak roéwniez menadionu (MD), substanciji
generujacych ROS, miata podobny do HCN efekt na kietkowanie, co wskazuje
na to, iz HCN stymuluje kietkowanie poprzez akumulacje ROS. Wykazano, ze
wzrostowi stezenia H,0, oraz O,” w osiach zarodowych towarzyszy utlenienie
(karbonylacja) specyficznych biatek. Wsrdd tych specyficznie zwigzanych z
przerywaniem przez HCN i MV spoczynku zarodkéw stonecznika,
zidentyfikowano miedzy innymi hydrolaze epoksydowg oraz dehydrogenaze
alkoholowg (Oracz et al. 2007). Na podstawie tych wynikdw, zaproponowano
nowy mechanizm dziatania cyjanowodoru w ususwaniu spoczynku zarodkéw
stonecznika, ktoéry zwigzany jest ze wzrostem produkcji ROS oraz utlenieniem

okreslonych biatek.

W celu poznania molekularnych mechanizméw dziatania HCN na
kietkowanie zarodkéw stonecznika po raz pierwszy zbadano wptyw HCN na
ekspresje gendw zwigzanych z (i) produkcja ROS tj. oksydaza NADPH
(NADPHox), oksydaza aminowa 1 i 2 (AOl i AO2), peroksydaza (POX), (ii)
transdukcjg sygnatu indukowanego przez ROS tj. serynowo/treoninowa kinaza
biatkowa (Ser/ThrPK), kinaza aktywowana mitogenami 6 (MAPK6), fosfataza
tyrozynowa (PTP), kalmodulina (CaM), (iii) syntezy etylenu (ACS, ACO) oraz (iv)
transdukcji sygnatu indukowanego przez etylen (ETR2, CTR1, ERF1).

Wykazano, iz HCN nie zmienia transkrypcji gendéw zwigzanych z
produkcja ROS (NADPHox, AOl1, AO2, POX), jak rdéwniez nie zmienia
transkrypcji elementédw sygnatu indukowanego przez ROS (MAPK6, SerThrPK,
PTP, CaM). Przeprowadzone badania wykazaly takze, iz stymulacyjny efekt
HCN i ROS (MV) na kietkowanie zarodkéw stonecznika nie jest zwigzany z
regulacjq transkrypcji gendw uczestniczacych w produkcji etylenu, takich jak
ACC syntaza (ACS) i ACC oksydaza (ACO), oraz nie wynika ze stymulacji syntezy
etlenu. Natomiast HCN i ROS znaczaco zwiekszajq transkrypcje jednego z
elementdw szlaku transdukcji indukowanego przez etylen tj. ERF1, nie
modyfikujac jednoczesnie transkrypcji innych elemantéow tj. ETR2 i CTRL.

Swiadczy to, iz HCN indukuje szlak sygnatowy zwigzany ze stymulacjg czynnika
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transkrypcyjnego ERF1, lecz w sposdb odmienny od szlaku inicjowanego przez
etylen.

Wyniki badan przedstawionych w niniejszej pracy wskazuja, ze
cyjanowodor petni wiele regulacyjnych, a nawet sygnatowych, funkcji w roélinie.
Wydaje sie, ze cyjanowoddr mozna uzna¢ za wazng sygnatowq czasteczke,
ktora via ROS jako wtorne przekazniki, uruchamia wiele szlakéw prowadzacych
do usuniecia spoczynku i stymulacji kietkowania zarodkdw stonecznika. Szlaki te
prawdopodobnie nie funkcjonujg niezaleznie, lecz raczej sg wzajemnie

powigzane, tworzac sie¢ wspdtdziatajacych Sciezek sygnatowych.
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3. Introduction
3.1. Source of HCN in the environment, microorganisms and plants

Cyanide played an important role in the evolution of live on Earth and
remains an important form of nitrogen for microorganisms, fungi and plants
(Ebbs 2004).

Cyanide can be present in the environment as simple cyanides
(e.g. HCN, CN’, NaCN), metal cyanide complex, cyanates and nitriles. Free
cyanide, especially HCN gas at pH 9.31 and lower, is the primary toxic agent in
the environment. The toxicity of metal complex is related to their ability to
release cyanide ions in solution with relatively small fluctuations in pH (Gurbuz
et al. 2004). Cyanide can complex with Fe, Au, Cd, Co, Cu and Ni (with the Fe
and Au complexes being the most stable). Iron cyanides are the dominant CN
species in soil and ground water. As Fe is a ubiquitous element in soils and
aquifers, equilibrium favors the formation of complex such as ferrocyanide
[Fe(CN)s*] and ferrycyanide [Fe(CN)s>]. These metal-cyanide complexes show

greater resistance to biodegradation than simple cyanides (Ebbs 2004).

Microbial cell wall contains functional groups of protein,
lipopolysaccharides and lipids, which are capable of adsorbing ions in cyanide
solutions (Gurbuz et al. 2004). The rhizosphere is inhabited by a diversity of
organisms, including a component known as the rhizobacteria, which are
characterized by aggressive colonization and subsequent establishment on plant
roots (Kremer and Souissi 2001). Concentrations of HCN produced by
rhizobacteria were similar to exogenous concentrations inhibiting seedling
growth in bioassays, suggesting that cyanogenesis (the ability of living
organisms to produce HCN) by rhizobacteria in the rhizosphere can adversely
affects plant growth. Growth inhibition of lettuce and barnyardgrass by volatile
metabolites of the cyanogenic rhizobacteria confirmed that HCN was the major
produced inhibitory compound. Results of Kremer and Souissi (2001) suggest
that HCN production in the rhizosphere of seedlings by selected rhizobacteria is
a potential and environmentally compatible mechanism for biological control of

weeds. About 50 % of rhizobacteria on potato (Solanum tuberosum L.) roots
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produced cyanide, which was implicated in measurable inhibition of potato

growth (Kremer and Souissi 2001).

Numerous of plants are also cyanogenic, utilizing cyanide in the soil.
Cyanogens, such as cyanogenic lipids and glycosides are found in more than
3000 species of higher plants. Cyanogenesis, has been known for several
centuries in apricots, peaches, almonds and other important food plants
(Nahrstedt 1993). Hydrogen cyanide, as a product of cyanogenic compound
hydrolysis was firstly isolated from plant in 1802 by Scrade (from bitter almond
and from the leaves of peach) (Vetter 2000). The term intrinsic bound up with
circulation of cyanide is its potential, a reflection of the concentration of
cyanogenic glycosides in the plant which, upon degradation, leads to the
release of HCN (Miller and Conn 1980). The simple scheme of the biosynthesis

and catabolism of cyanogenic glycosides is presented on Figure 1.

. . PA50 . PA50 ..
L-amino acid —— alodxime —— a-hydroxynitrile
glucosyl-
a-hydroxynitrile transferase

lyase __ p-glycosidase .
aLdehydo+@ <«———a-hydroxynitrile«————cyanogenic
/ ketone (or spontaneous) o Su;r g|ycoside

\. f-cyanoalanine
/ thiosulfate L-cysteine\Synthase

~ -

rhodanese

fS-cyanoalanine
) ) hydrolase )
thiocyanate B-cyanoalanine ———® asparagine

Figure 1. Biosynthesis and catabolism of cyanogenic glycosides. Enzymes
involved in are in italic. P450, cytochrome Psso linked enzyme. (Siegien and
Bogatek 2006, modyfied).

The genetic control of cyanogenesis has no unique mechanism. The
plants show variation in the amount of the produced HCN. This variation occurs
within individual plants or genotypes, depending on different physiological
factors (Vetter 2000). The production of HCN depends on both the biosynthesis
of cyanogenic compounds and on the existence (or absence) of its degrading

enzymes (Vetter 2000). The tissue level compartmentalization of cyanogens
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and their hydrolyzing enzymes prevents large-scale hydrolysis in intact plant
tissue. Plants which exhibit this phenomenon usually contain one or more
compounds as precursors, which liberate HCN upon hydrolysis. The cyanogenic

glycosides belong to the products of secondary metabolism (Vetter 2000).

In plant tissue, hydrolysis of cyanogenic glycosides is initiated by
cleavage of the glucosidic linkage(s) by one or more soluble B-glucosidases.
The resulting cyanohydrins are relatively unstable and decompose either
spontaneously or enzymatically, in reaction catalyzed by a a-hydroxynitrile lyase
to yield HCN and an aldehyde or a ketone (Jones et al. 2000). In intact plant
tissue, continuous releasing of cyanide from cyanogens is prevented by
separation of the substrates and hydrolytic enzymes at different compartments
at the cellular level (Seigler 1991). Usually, cyanogenic glycosides are localized
in apoplast while a-hydroxynitrile lyase mainly exists in the cell wall (Selmar
1993). During disruption of the tissues (e.g. by herbivore attack), the glycosides
are brought into contact with B-glycosidases and a-hydroxynitrile lyase, which
release the toxic HCN. On the contrary to the processes involving injury, many
plant cyanogenic glycosides are also metabolized in intact cells and transported
within the plant, as it occurs during seed germination of rubber tree (Hevea)

species (Selmar 1993).

Cyanogenesis is not restricted to cyanogenic lipids and glycosides
containing plant species. Peiser et al. (1984) were among the first to show that
cyanide was a co-product of the ethylene biosynthesis pathway, where it is
produced in stoichiometrically equal amounts to ethylene (Grossman 2003). The
other routes of cyanide formation in plant tissues are from glyoxylate, the
product of photorespiration, and hydroxylamine, the possible intermediate of
nitrate assimilation (Hucklesby et al. 1982). The existence of several potential
sources of cyanide in plants supports the hypothesis that this gaseous molecule
is present in almost all plant tissues and may contribute to the control of many

important physiological events (Siegien and Bogatek 2006).
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3.2. Role of HCN in plant tissues
3.2.1. Toxic effect of HCN and its detoxification in plant tissues

It is well known that cyanide is very toxic to all living cells. Treatment
of Arabidopsis by cyanide resulted in a marked growth inhibition, a reduction in
plant size, and a decrease in chlorophyll content (Smith and Arteca 2000).
It caused many necrotic spots on tobacco (Nicotiana tabacum) leaves (Siefert
et al. 1995), as also induced nucleus degradation in pea (Pisum sativum) leaves
(Samuilov et al. 2000). Cyanide is a common inhibitor of various intracellular
enzymes involved in many important metabolic pathways. The most vulnerable
enzymes include Cu/Zn superoxide dismutase, catalase, peroxidase,
cytochrome-c oxidase, nitrate/nitrite reductase and nitrogenase (Grossmann
2003). In green plant tissues, ribulose-bisphosphate carboxylase is quite
sensitive to cyanide as well. Liang (2003) demonstrated the occurrence of
cyanide interaction with the Cu-protein plastocyanin which is involved
in photosynthetic electron transport. The concentrations of endogenous cyanide
required to cause 50 % inhibition of sensitive enzymes are mostly in the range
of 5-10 puM (Grossmann 1996). Therefore, in order to protect these systems,
the concentration of HCN in plant tissues is tightly regulated by different

enzymes that may quickly detoxify and re-metabolize this toxic compound.

The crucial role in detoxification of cyanide is played by B-cyanoalanine
synthase (B-CAS, EC 4.4.1.9), which catalyzes the formation of the non-protein
amino acid B-cyanoalanine from cysteine and cyanide (Blumenthal et al. 1968)
(Figure 1). The activity of B-CAS was found to be localized predominately if not
entirely in the mitochondria - the organelle most sensitive to HCN (Wurtele et
al. 1985, Meyers and Ahmad 1991). This is not surprising if a function of this
enzyme is detoxification of HCN which block respiration in mitochondria and is
irreversible under physiological conditions. The activity of B-CAS in barley was
dependent on the developmental stage of the tissue (Wurtele et al. 1985).
The older sections of barley had up to 3.5-fold higher activity of B-CAS than
younger sections. B-Cyanoalanine synthase appears to be ubiquitous in higher

plants, as it plays a general role in fixation of HCN formed from cyanogenic
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compounds (Grossmann 1996), and also cyanide produced concomitantly
during ethylene biosynthesis (Yip and Yang 1988). It is interesting that activity
of B-CAS may be enhanced itself by cyanide (Liang 2003), and also by ethylene
(Maruyama et al. 2001). In addition, B-CAS allows also the recycling of the
reduced nitrogen of cyanide into amino acid synthesis, since in blue lupine
(Lupinus angustifolius) S-cayanoalanine, the product of B-CAS is subsequently

metabolized to asparagine by a B-cyanoalanine hydrolase (Castric et al. 1972).

In plants, two classes of B-CAS seem to exist, based on differences
in amino acid composition and protein structure (Ikegami et al. 1988). In blue
lupine, B-CAS is a monomeric enzyme, with a molecular mass of about 52 kDa,
and contains 1 mol pyridoxal phosphate mol™ protein, which is essential for the
catalytic activity (Akopyan et al. 1975). In spinach (Spinacia oleracea) the
enzyme contains two identical subunits of 28 to 30 kDa, each containing 1
molecule of pyridoxal phosphate (McAdam and Knowels 1984, Ikegami et al.
1988). The structure of the second class of B-CAS is very close to that of
cysteine synthase (CS; EC 4.2.99.8), which is a homodimer of about 30- to 35-
kDa subunits, each containing 1 molecule of pyridoxal phosphate (Droux et al.
1992). Compartment-specific CS isoforms have been purified from cauliflower
(Brassica olerucea L.) cytosol, chloroplast and mitochondrial fractions (Lunn et
al. 1990, Rolland et al. 1992). CS catalyzes cysteine formation from
O-acetyl-L-serine and sulfide, but also possess[B-CAS activity (Maruyama et al.
2001). However, CS may lose its activity during tissue disruption, due to the
enzyme high sensitivity to oxidation, which often happens under different stress
conditions (Liang and Li 2001). Therefore the main role in HCN detoxification

in living organisms seems to be played by B-CAS.

3.2.2. Biological activity of HCN in plant responses to stress

HCN at non-toxic concentration may play a role of signaling molecule
involved in the control of physiological processes, such as nitrate assimilation
(Solomonson and Barber 1990) or in plant responses to some environmental
stimuli (Grossmann 1996). Therefore, HCN may play a dual role in plants,

depending on its concentration (Siegien and Bogatek 2006).
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The content of cyanide in stressed tissue may be regulated not only by
control of activity of B-CAS, but also by different intracellular compartmentation
of cyanide release (ACC oxidase exists in the cytoplasm) and cyanide
detoxification (B-CAS is mainly located in the mitochondria) (Grossmann 1996).
Thus, cyanide removal in cell compartments other than mitochondria may be
less efficient, and consequently could result in its transiently elevated levels
in cell compartments such as cytoplasm, chloroplasts and peroxisomes
(Grossmann 1996). On the other hand, most cyanide released during the ACC
oxidase reaction exists in the undissociated form, and could therefore diffuse
easily through membranes, to reach different compartments of the cell (Meyer
et al. 2003). The transient increase in HCN concentration in a small region of
plant tissue may allow cyanide acting as a signaling cellular molecule, which
triggers the events consequently leading to acquisition of stress resistance.
It was shown that non-lethal concentration of cyanide enhances the resistance

of tobacco leaves to tobacco mosaic virus (TMV) (Chivasa and Carr 1998).

There is highly probable that cyanide is involved in alleviation of stress
through its effect on synthesis of ethylene. In 2000, Smith and Arteca showed
that in A. thaliana, ACS gene (ACS6) is rapidly activated after treatment with
cyanide. Moreover, Northern blots analyze shown that the level of ACS6
transcript is dependent not only upon the concentration of cyanide, but also
upon duration of the stress (Smith and Arteca 2000). Recently, was reported
that at least part of the growth regulatory action of ethylene is mediated via its
effects on the DELLA proteins which act as repressors of growth in response to
ethylene (Achard et al. 2003). Reduction of growth is one of the strategies
which plants have adopted under stress conditions. The ability to reduce cell
growth under unfavorable conditions may not only allow conservation of energy
for defense purpose, but also may limit the risk of heritable damage (May et al.
1998).

There exist some data demonstrating that sub-lethal levels of cyanide
produced from ACC together with ethylene can play a role in acclimation of

plants to biotic and abiotic stresses. It was reported, that the preconditioning of
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mammalian cells with sub-lethal concentration of sodium cyanide (NaCN)
protected the neurons against subsequent NaCN-induced damages (Jensen et
al. 2002). Thus, cyanide may trigger many events which lead to the acclimation
of plants growing under adverse conditions. However, more experimental data
are needed to confirm that these events are common for many biotic and

abiotic stresses accompanied with the co-evolution of ethylene and cyanide.

3.3. Complexity of seed dormancy phenomenon
3.3.1. What is seed dormancy?

The seed is the structure in which a usually fully developed embryo is
dispersed, and which enables the embryo to survive the period between seed
maturation and seedling establishment, thereby ensuring the initiation of the
next generation. The dry seed is well equipped to survive extended periods of

unfavorable conditions (Koornneef et al. 2002).

Seed dormancy is an important stage in the life cycle of many plants.
Recent scientific progress has been made in understanding the physiological,
biochemical and molecular changes which take place in seed dormancy. Despite
of that fact, there is still no unambiguous definition of that phenomenon,
perhaps because it is a complex state, manifested and broken in different ways
in different species. Bewley (1997) defined dormancy as the failure of an intact
viable seed to complete germination under favorable conditions and is
controlled by several environmental factors, such as light, temperature and the
duration of seed storage (after-ripening). Inability to germinate has evolved
differently across species through adaptation to prevailing environment, so that
germination occurs when conditions for establishing a new plant generation are
likely to be suitable (Bewley 1997). Therefore, a diverse range of blocks
(dormancy mechanisms) have evolved, in keeping with the diversity of climates
and habitats in which they operate. A more sophisticated and experimentally
useful definition of dormancy has recently been proposed by Baskin and Baskin
(2004): a dormant seed have not the capacity to germinate in a specified

period of time under any combination of normal physical environmental factors
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that are otherwise favorable for its germination, i.e. after the seed becomes
non-dormant. Dormancy should not just be associated with the absence of
germination but rather, it is a characteristic of the seed that determines the

conditions required for germination (Vleeshouwers et al. 1995).

Mentioned above condition is distinct from quiescence, which is a state
of arrested development in non-dormant seeds imposed by unfavorable
environmental conditions. Seeds can possess a coat-imposed dormancy or true
embryo dormancy (or both). Seeds shed from the mother plant in a dormant
state are in primary dormancy. Induced dormancy in mature, partially or fully
after-ripened (non-dormant) seeds is termed secondary dormancy. The
transition of many seeds from a dormant to non-dormant state (after-ripening)
is accomplished by exposing the seed for a period of time to specific
environmental conditions. The duration of after-ripening is governed by the
degree of dormancy and environmental factors. Degree of dormancy specifies
the germination phenotype and is influenced by genetic and environmental
factors during seed development. The environmental factors involved in after-
ripening include temperature, moisture, oxygen, and the type and level of these
that are required differ between species. For example, apple (Malus domestica)
seeds require cool, moist conditions (stratification), whereas other species, such
as sunflower (Helianthus annuus L.), after-ripen under warm, dry conditions.
A low dormancy level is characterized by a wide range of environmental
conditions permissive for seed germination, while seeds presenting a high
dormancy level show a narrow range of environmental conditions permissive for
seed germination. For example, changes in dormancy status of weed seed
populations are associated with changes in the range of temperatures and
water potentials permissive for seed germination (Benech-Arnold et al. 2000).
As dormancy is released, the range of temperatures and water potentials
permissive for germination widens until it reaches a maximum. Conversely, as
dormancy is induced, the range of temperatures and water potentials over
which germination can proceed narrows, until germination is no longer possible

at any temperatures or water potential (Batlla and Benech-Arnold 2005).
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Many hypotheses have been proposed to explain the mechanism of
seed dormancy, including the hormone balance theory and the metabolic
deficiency theory (Bewley and Black 1994). However, because of its complexity,
we still cannot answer two fundamental questions: how does the embryo block
the germination to maintain dormancy and how does the embryo emerge from

dormant state to complete germination?

3.3.2. HCN, ROS and hormones (ABA, GA and ethylene) in seed dormancy

Seed dormancy and germination are known to be regulated by a wide
range of hormones. There is general agreement that abscisic acid (ABA) is the
primary mediator of seed dormancy (Koornneef et al. 2002). The role of ABA
in dormancy onset during seed development has been well documented by
genetic and physiological studies. Analysis of mutant and transgenic plants has
provided strong evidence that ABA biosynthesis and responses to this
phytohormone are clearly involved in the onset and maintenance of dormancy.
Reciprocal crosses and grafting experiments between ABA biosynthetic mutants
and wild type plants have showed that dormancy in developing seeds is
dependant on ABA that is synthesized in the embryo and not on maternal
sources of ABA (Karssen et al. 1983).

Several early studies have reported that ABA sensitivity, but not ABA
content, is correlated with the level of dormancy in mature seeds, leading to
speculation that changes in ABA signaling are at least in part responsible for

dormancy breakage (Bewley and Black 1994).

Recent studies have shown, however that breaking of dormancy by
after-ripening, stratification, dark, and smoke is strongly correlated with
changes in ABA content during imbibition and with a corresponding increase in
germination capacity (Gubler et al. 2005). It is clear from inhibitor studies that
de novo synthesis of ABA is required to maintain dormancy in imbibing seeds.
Fluridone, an ABA biosynthesis inhibitor, is very effective in breaking of
dormancy of several species (Ali-Rachedi et al. 2004). The inactivation of ABA
by its conversion to phaseic acid is a crucial step in dormancy release in
different species (Gubler et al. 2005).
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The breaking of dormancy is characterized by changes in numerous
physiological parameters that affect the subsequent germination response.
Several studies have shown that ethylene and gibberellic acid (GA) promote the
germination of dormant seeds. There is strong evidence that GA plays a role
in germination by promoting the growth potential of the embryo and by
mediating the weakening of tissues which surround the embryo (Finch-Savage
and Leubner-Metzger 2006). Generally, accumulation of active GA in the
embryos occurred only when ABA content decreased. In imbibed dormant
barley embryos, ABA content remained high and active GAs remained very low.
ABA represses the expression of GA20-oxidase gene in isolated sorghum
embryos, providing an enticing clue which suggests that ABA might block
germination process in dormant seeds by repressing GA biosynthesis (Perez-
Flores et al. 2003).

Phytohormone such as ethylene (C;H4), has been implicated in the
breaking of dormancy in several species such as sunflower (Corbineau et al.
1990, Borghetti et al. 2002), peanut, apple or cocklebur (Kepczynski and
Kepczynska 1997) and also some seeds have been shown to synthesize
ethylene at the beginning of seed germination (Matilla 2000). Non-dormant
Chenopodium album seeds do not require ethylene for radicle protrusion,
although they produce the gas.

Recent data indicate that the site of ethylene perception is localized at
the endoplasmic reticulum and emphasize an important role of protein
complexes in mediating the initial steps in ethylene signal transduction.
Elements of the pathway for ethylene signal transduction were identified by
genetic approaches in Arabidopsis. A brief outline on these signaling
components is shown in Figure 2. CH4 is perceived by a family of five ER
membrane-bound receptors (ETR1, ETR2, ERS1, ERS2, EIN4) that are similar to
bacteria two-component hisitdine kinase receptors (Bleecker 1999). Such a
localization is compatible with the ready diffusion of ethylene in both aqueous

and lipid environments (Abeles et al. 1992).
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Figure 2. Model for ethylene signal transduction that incorporates biochemical
features of the pathway components. Soluble protein domains are shown as
color circles and transmembrane structures are shown as black, wavy lines.
ETR1, ethylene response 1; ETR2, ethylene response 2; ERS1, ethylene
response sensor 1; ERS2, ethylene response sensor 2; EIN2, ethylene
insensitive 2; EIN3, ethylene insensitive 3; EIL, EIN3-like protein; CTR1,
constitutive triple response; MAPK, mitogen-activated protein kinase; MAPKK,
MAPK kinase; MAPKKK, MAPKK kinase; ERF1, ethylene response factor 1.
(Chen et al. 2005, modified).

Loss-of-function (LOF) mutations in any single ethylene receptor have little or
no effect upon seedling growth, consistent with functional overlap within the
receptor family (Hua and Meyerowitz 1998). Plants with multiple LOF mutations
in the receptors show a constitutive ethylene response, indicating that the
receptors are negative regulators of ethylene signaling (Hua and Meyerowitz

1998). This effect of LOF mutations in the receptors is probably due to their
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interaction with the downstream component CTR1 (constitutive triple
response). CTR1 is a Raf-like ser/thr kinase with similarity to a mitogen-
activated protein kinase kinase kinase (MAPKKK). LOF mutations in CTR1 result
in a constitutive ethylene-response phenotype, indicating that CTR1 is a
negative regulator of ethylene signaling. The next component of the ethylene
signal transduction pathway, EIN2 (ethylene insensitive 2) has similarity with
members of the Nramp metal-ion transporter family (Alonso et al. 1999). EIN2
plays a major role in the ethylene response as LOF mutations result in complete
ethylene insensitivity for all ethylene responses tested, indicating that EIN2 is a
positive regulator of the pathway. In addition, although EIN2 is predicted to be
membrane-localized, the specific membrane system has not yet been
determined. Thus the actual function of EIN2 in the pathway is still a mystery.
Functioning downstream of EIN2 is a small family of transcription factors that
includes EIN3 and various EIN3-like (EIL) proteins (Roman et al. 1995, Chao et
al. 1997). LOF mutations in EIN3 cause partial ethylene insensitivity. This
insensitivity can be rescued by expression of EIN3, EIL1 or EIL2 indicating that,
along with EIN3, at least these two EILs can mediate an ethylene response
(Chao et al. 1997). The EIN3/EIL family is involved in a regulatory cascade and
stimulates the transcription of other transcription factors such as ERF1
(ethylene response factor 1) (Solano et al. 1998), a member of the ERF family
of transcription factors (Fujimoto et al. 2000). These factors have been shown
to act as activators or repressors of additional downstream ethylene-responsive
genes (Ohme-Takagi and Shinshi 1995). An ein3/eill double mutant eliminates
virtually all the transcriptional response to ethylene, indicating the key role this
family to transcription factors plays in the immediate response of plants to

ethylene.

According to the basic working model (Figure 2), in the air (absence of
C,H4) the ethylene receptors maintain CTR1 in an active state that serves to
repress downstream responses. In the presence of ethylene, the repression is
relieved. Binding of ethylene via a cooper co-factor inactivates the receptors,
thereby inactivating CTR1. As a result, EIN2 is activated and a transcriptional

cascade involving the EIN3/EIL and ERF transcription factors is indicated.
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Both families of transcription factors are involved in regulating ethylene
responses. An important feature of the ethylene signaling pathway is that it
contains both positive and negative regulators, some proteins thereby serving

to induce the responses while others suppress them.

Methionine
ATP

SAM PPi + Pi

ACC synthase

ACC

(0))
ACC oxidase

CO,
Ethylene

Figure 3. Production of ethylene and HCN from methionine. SAM, S-adenosyl-
methionine; ACC, 1-aminocyclopropane-1carboxylic acid.

There exist a cross-talk between the ethylene signaling pathway and
other hormone signaling pathways, particularly with auxin, whose effects are
often mediated by ethylene, but also with ABA, cytokinins, gibberellins and
brasinosteroids (Chen et al. 2005). Both GA and ethylene affect gene
expression (Kieber 1997) and in particular were shown to induce proteinase
synthesis during seed imbibition and germination (Asano et al. 1999). Ethylene
can also fully rescue the germination defect of the Arabidopsis GA-deficient
mutant ga-1 (Karssen et al. 1989, Koornneef and Karssen 1994), suggesting
that some components of ethylene signaling are involved in the effects of GAs
on this process. Recently, Achard et al. (2003) reported that at least a part of
the growth regulatory action of ethylene is mediated via its effects on the
DELLA proteins, which act as repressors of growth in response to GA as well as

ethylene and auxin signals.

Since Peiser et al. (1984) demonstrated that the putative product of C-1

and amino moieties of 1-aminocyclopropane-1carboxylic acid (ACC) during its
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conversion to ethylene is hydrogen cyanide (HCN) (Figure 3), many questions
have been raised about the physiological significance of this metabolite in
plants. Cyanide presents some similar biochemical properties as ethylene,
including the ability to permeate membranes as a gas and to bind certain
metalloproteins. One of the most known properties of cyanide appears to be its
involvement in dormancy removal and effect on seed germination. From
literature it is known that cyanide at millimolar concentrations stimulates the
germination of seeds of different species including rice (Oryza sativa L.), barley
(Hordeum vulgare L.) (Roberts 1969), lettuce (Lactuca sativa) (Zagoérski and
Lewak 1985), apple (Malus domestica) (Dziewanowska et al. 1979a, Bogatek
and Lewak 1991), cocklebur (Xanthium pennsylvanicum Wallr.) (Maruyama et
al. 1996) and Arabidopsis (Bethke et al. 2006). Dziewanowska et al. (1979b)
demonstrated that early stages of cold stratification (breaking of dormancy) of
apple seeds are associated with releasing of the relatively large amount of HCN
from cyanogenic glycosides. This situation could occur as a result of damage of
the tonoplast during rehydration, which allows the direct contact of cytoplasmic
glycosidase with the vacuolar cyanogen [ amygdaline. In addition, the
concentration of cyanogenic glycosides seems to fluctuate diurnally, and varies
greatly during the growing season (Niedzwiedz-Siegien 1998, Niedzwiedz-
Siegien and Gierasimiuk 2001). Esashi et al. (1996) established that some
nitrogenous inhibitors of respiration (KCN, NaNs, etc.) which promoted the
germination of Xanthium pennsylvanicum seeds enhanced the accumulation of
cyanogens compounds. Part of the exogenously applied KCN was converted to
cyanogenic glycosides and it is suggested that endogenous cyanogens might be
involved in the germination of Xanthium pennsylvanicum seeds. The promoting
effect of KCN on germination was confirmed by Maruyama et al. (1996). It was
reported that during germination of seeds of rubber tree species (Selmar et al.
1988), cyanogens stored in endosperm are transported into the cotyledons as
also primary leaves and subsequently metabolized to non-cyanogenic nitrogen-
containing compounds functioning as mobilisable form of nitrogen for the
growing seedlings. Production of HCN by both rice and cocklebur (Xanthium

pennsylvanicum) increased during seed germination and preceded ethylene
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(CH4) production (Hasegava et al. 1994). Its concentration declined abruptly
when the radicle emerged before the peak in ethylene emission. HCN
production during initial imbibition may be derived from cyanogenic reserves
and controlled by both preexisting and subsequently developing [3-cyanoalanine
synthase.

Data concerning about an effect of HCN on seed germination obtained
in experiments with dormancy breaking of apple embryos indicated several

putative modes of action of this compound:

1. One of the postulated mechanisms of cyanide mode of action is that it
accelerates the shift from the oxidative pentose pathway (PPP) to glycolysis
(Bogatek and Lewak 1988, Lewak et al. 2000). Glycolysis is the main sugar
catabolism pathway during the first days of imbibition of dormant embryos in
culture and it is operating mainly in embryonic axis, whereas PPP activity is
restricted to cotyledons (Bogatek et al. 1989, Bogatek and Lewak 1991).
Activities of several enzymes related to glycolysis (PPi-dependent
phosphofructokinase, pyruvate kinase, kinase 2) were stimulated in apple
embryos as result of HCN pre-treatment, what supports this assumption
(Bogatek et al. 1999).

2. It is also hypothesized that stimulatory effect of HCN on germination of
dormant apple embryos may contributes to the regulation of reserved sugar
catabolism (Bogatek et al. 1999, Lewak et al. 2000). The evidence supplying
this hypothesis is the observation that HCN pre-treatment resulted in a gradual
decrease in sucrose level, through the stimulation of alkaline invertase activity
in upper (not being in contact with water medium) cotyledon of isolated
dormant apple embryo. Sucrose hydrolysis in the upper cotyledon was
stimulated by HCN to the level observed in a lower cotyledon, resulting in

synchronic growth of both cotyledons (Bogatek et al. 1999).

3. The other possibility explaining the stimulatory effect of HCN is related to
the regulation of ethylene synthesis pathway since this compound is known for
releasing sunflower embryo dormancy, and that HCN is also a co-product of its
biosynthesis, through ACC oxidase (ACO) activity. Bogatek and Sykata (2005)

30

PDF stworzony przez wersje demonstracyjna pdfFactory Pro www.pdffactory.pl/



http://www.pdffactory.pl/
http://www.pdffactory.pl/

Introduction

demonstrate that HCN markedly enhanced ethylene production in dormant

embryos by the stimulation of expression of ACC synthase gene (ACS6).

4. It is proposed also that removal of embryonic dormancy in apple embryos
by HCN induces an oxidative stress (accumulation of H,O,) and increases the
activity of antioxidant enzymes, especially glutathione reductase (GR), which in
consequence may lead to induction of the PPP through oxidation/reduction of
glutathione and NADP (Bogatek et al. 2003).

In the last decade the role of ROS in plant and seed physiology was
examined by several authors. ROS derivate from the reduction of oxygen which
gives rise to superoxide (O, ), hydrogen peroxide (H,0,), hydroxyl radical (OH")
and singlet oxygen (‘0,). Plant cells have a diverse array of enzymatic
mechanisms responsible for ROS production (Apel and Hirt 2004). Among those
possible cellular mechanisms, the plasma membrane NADPH oxidase has been
suggested to play a major role. In consequence ROS produced by that enzyme
can be used for controlled polymer breakdown leading to wall loosening during
extension growth. Backbone cleavage of cell wall polysaccharides can be
accomplished by hydroxyl radicals produced from hydrogen peroxide and
superoxide in a reaction catalyzed by cell wall peroxidase (POX) (Schopfer and
Liszkay 2006). From the other hand, it was reported that cooper amine
oxidases (AO) catalyse the oxidative de-amination of polyamines, which
subsequent oxidation deriving to H,O, production, has been correlated with cell
maturation and lignification during development as well as with cell wall
reinforcement during pathogen invasion (Cona et al. 2006). Moreover, as
a signal molecule, H,0, derived from polyamine oxidation mediates cell death,
the hypersensitive response and the expression of defense genes. Furthermore,
aminoaldehydes and 1,3-diaminopropane from polyamine oxidation are involved
in secondary metabolite synthesis and abiotic stress tolerance (Cona et al.
2006).

In orthodox seeds, ROS are produced from embryogenesis to
germination, i.e. in metabolically active cells, but also in quiescent dry tissues

during after-ripening and storage, owing various mechanisms depending on the
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NADPH NADPP

electron transport

Figure 4. Main detoxifying systems in plants. CAT, catalase; SOD, superoxide
dismutase; APX, ascorbate peroxidase; MDHAR, monodehydroascorbate
reductase; DHAR, dehydroascorbate reductase; GR, glutathione reductase;
ASA, ascorbate; MDHA, monodehydroascorbate; DHA, dehydroascorbate;
GSSG, oxidized glutathione; GSH, reduced glutathione; NADPH, reduced
nicotinamide adenine dinucleotide phosphate; NADP, oxidized nicotinamide
adenine dinucleotide phosphate. (Bailly 2004, modified).

seed moisture content. The uncontrolled accumulation of ROS is highly toxic for
the cell. They can react with the majority of biomolecules, thus resulting in
oxidative stress that can become irreversible and cause cellular damage (Bailly
2004). To avoid deleterious effects of ROS, antioxidant mechanisms which
tightly control ROS concentration. Various enzymatic and nonenzymatic
mechanisms play these roles in plant (Figure 4). Superoxide dismutase, which
can be mitochondrial (MnSOD), cytosolic (Cu/ZnSOD) or chloroplastic
(CuzZnSOD, FeSOD), dismutates superoxide radicals into H,O, and oxygen
(Bowler et al. 1992). Hydrogen peroxide is eliminated by the action of catalase
(CAT), which is located in glyoxysomes and peroxisomes (Willekens et al.

1995). The ascorbate-glutathione cycle may also take part in H,O, scavenging
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and it involves ascorbate peroxidase (APX), monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR).
The enzymes of this cycle, which are present in chloroplasts, the cytoplasm,
mitochondria, peroxisomes and the apoplast (Mittler 2002), participate in the
regeneration of the powerful antioxidants such as ascorbic acid, reduced
glutathione and a-tocopherol. The antioxidant machinery also includes various

compounds, such as polyphenols, flavonoids and peroxiredoxins (Aalen 1999).

Having simple chemical structure and able to diffuse over short
distances, ROS are ideally suited to act as signaling molecules. Among different
ROS, only hydrogen peroxide can cross plant membranes and might therefore
directly function in cell-to-cell signaling. Plant cells possess still-unidentified
specific ROS sensors that process and translate this information into respective
biological output programs (Pitzschke and Hirt 2006). In several systems,
various pathways, particularly those involving mitogen-activated protein kinases
(MAPKs), are modulated by ROS. Several lines of evidence from biochemical
and genetic studies of plant stress signaling indicate that reversible protein
phosphorylation plays an important role in the regulation of physiological status
and gene expression in response to various environmental stresses (Xiong and
Yang 2003). Ser/ThrPK, MAPK, or others protein kinases transfer the terminal
phosphate from ATP to a specific serine, threonine or tyrosine residues on
protein substrates. The MAPK cascade is one of the major pathways by which
extracellular stimuli are transduced into intracellular responses in eukaryotic
cells (Tena et al. 2001). Activation of the MAPK can facilitate its translocation to
the nucleus where it can phosphorylate and activate transcription factors,
thereby modulating gene expression (Neill et al. 2002). It has been shown that
MAPKs are involved in plant signal transduction in response to pathogens,
drought, salinity, cold, wounding, hormone stimuli, Os; and ROS (Tena et al.
2001, Zhang and Klessig 2001, Jonak et al. 2002, Lu et al. 2002, Mittler 2002,
Samuel and Ellis 2002, Moon et al. 2003, Xiong and Yang 2003, Mittler et al.
2004). In Arabidopsis, there seems to exist multiple ways to activate MAPK3
and MAPK6 in response to ROS (Pitzschke and Hirt 2006). Other strategy

employed by a cell to control the cellular responses to redox change is
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reversible inactivation of protein tyrosine phosphatases (PTPs) under oxidative
conditions. PTPs work antagonistically with protein tyrosine kinases (PTKs) to
regulate signal transduction. PTKs phosphorylate tyrosine residues on a
substrate protein and PTPs remove these phosphates from substrate tyrosines
(dephosphorylation). Since the phosphorylation status of a protein can
modulate its function, PTKs and PTPs work together to regulate protein function
in response to a variety of signals, including hormones. Studies performed on
soybean (Glycine max) have shown that, compared with its mammalian
counterparts, the plant enzyme is relatively insensitive to inactivation by H,0,
but hypersensitive to S-glutathionylation (thiolation) promoted by the presence
of oxidized glutathione (GSSG).

One of the universal second messengers, acting as a mediator of
stimulus-response coupling in the responses to environmental stresses is
calcium (Ca**), which transient elevations are sensed by several sensors such
as calmodulin (CaM) (Hu et al. 2007). CaM has no catalytic activity of its own
but, upon binding Ca®*, activates numerous downstream target proteins.
Ca**-CaM complex binds to target proteins and modulates their activities, and
finally results in physiological responses as cell growth differentiation, stress
tolerance or cell death (Hu et al. 2007). Study of Hu et al. (2007) indicate that

CaM is involved in ROS signaling in plants.

A recent advance in plant physiology signaling pathways has lead to
reconsider role of ROS from a new point of view. ROS accumulation can be also
beneficial for seed germination and seedling growth by regulating cellular
growth, ensuring a protection against pathogens or controlling the cell redox
status (Bailly 2004). It is known also that they interact with abscisic acid and
gibberellins transduction pathway and are likely to control numerous

transcription factors (Beligni et al. 2002).

It is highly probable that cyanide may interfere with these mechanisms
since this compound is also known to stimulate ROS production and to affect
antioxidant enzymes during removal of seed dormancy (Bogatek et al. 2003).

Some papers suggest that cyanide may lead to an imbalance between
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antioxidant defenses and increase the amount of ROS resulting in oxidative
stress (Gunasekar et al. 1998). ROS have been invoked to play a role in cellular
signaling (Bailly 2004), raising the hypothesis that these compounds can

facilitate the shift from a dormant to a non-dormant status in seeds.

3.3.3. Sunflower as a model for dormancy study

There are few favored models in dormancy studies such as Arabidopsis,
Rosace and cereals. Helianthus also provides important models for dormancy
research. Freshly harvested seeds of the most popular sunflower Helianthus
annuus L. (cv. LG 5665) present physiological dormancy localized at the embryo
axis which prevents germination at low temperatures and is progressively
broken during dry storage (Corbineau and Come 2003). Their dormancy results
from both seed coat- and embryo- imposed dormancy, the latter being involved
in the failure to germinate at 10-15 °C. Application of abscisic acid and methyl
jasmonate were found to inhibit germination of sunflower seeds and growth of
seedlings (Corbineau et al. 1988). LePage-Degivry and Garello (1992)
demonstrated that in situ ABA synthesis in the sunflower embryo is necessary
for the imposition of dormancy. Authors suggested also that applied ABA
prevented germination of isolated developing sunflower embryos. This inhibition
was overcome upon their transfer to water. Moreover, only ABA synthesized
within the embryo imposed lasting sunflower seed dormancy (LePage-Degivry
and Garello 1992). As with other species, such as lettuce (Lactuca sativa L.)
(Abeles and Lonski 1969), amaranth (Amaranthus caudatus L.) (Kepczynski and
Karssen 1985), ethylene and etephon strongly stimulate the germination of
dormant sunflower seeds (Corbineau and Céme 1987). Bagniol (1987) shows
that application of gibberellic acid and cold stratification had no significant

effect on the breaking of sunflower seed dormancy.

In spite of many studies performed on this seed species, the molecular
mechanisms of sunflower embryo dormancy and of its release during after-
ripening and/or involvement of different compounds regulating that process

(HCN and ROS) are still largely unknown.
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4. The aims of this work

Internal factors such as hormones, HCN and ROS act through specific,
overlapping signal transduction pathways to regulate dormancy. Since is known
that HCN is the putative product of ACC conversion to ethylene and it
stimulates the germination of seeds of many species (Roberts 1969, Zagdrski
and Lewak 1985, Dziewanowska et al. 1979a, Bogatek and Lewak 1991), there
exists circumstantial evidence that this molecule is an important controlling
factor involved in regulation/removal of seed dormancy. Data concerning about
a role of HCN in dormancy breaking of cyanogenic apple embryos (chapter
3.3.2. in an Introduction), indicated several putative modes of action of this
compound. However, how this regulation is achieved in non-cyanogenic seeds,

as sunflower, is still not well understood.

In this work, was attempted to determine and describe the
understanding of the control of seed germination by gaseous cyanide, focusing
principally on its possible effect on dormancy removal and its putative
mechanisms of action. To identify the process by which dormancy is broken by
HCN treatment, this work was focused on the analyse of few basic hypothesis
describing the possible mechanism of action of those compound in germinating
sunflower embryos. Based on the common properties and functions of HCN, it
was of a particular interest to investigate whether (i) this molecule might
increase the pool of the amino acids by changing the activity of B-CAS,
(ii) its mode of action was related to modification of the respiratory pathway by
inhibition of cytochrome oxidase or/and stimulation of alternative oxidase, as
also (iii) whether ROS were generated by HCN and (iv) if ROS might play a role
in dormancy removal by participation in regulation of ethylene production
and/or signal transduction pathways. In order to assess a putative causal
association between HCN, ROS and dormancy alleviation, sunflower embryos
were imbibed in the presence of hydrogen cyanide, a compound that breaks
dormancy (Taylorson and Hendricks 1973, Bogatek and Lewak 1991), or in the
presence of methylviologen (MV), a ROS-generating compound (Slooten et al.
1995).
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5. Material and Methods
5.1. Plant material

Sunflower (Helianthus spp.) is an annual plant, native to the Americas
in the Asteraceae family, which contain around 80 species. The typical fruit of
the sunflower family (Asteraceae) is the achene. It is a small (4 mm wide,
8 mm length) fruit containing a single seed. The seed is attached by a pericarp,
but the seed coat is free from the inner wall of it. About 50 % of the dry matter
in cotyledons isolated from sunflower seeds is lipid. The predominant fatty acids

are linoleic and oleic acids (Walters et al. 2005).

Three batches of sunflower (Helianthus annuus L., cv LG5665) seeds,
harvested in 2004, 2005 and 2006 near Montélimar (Drome, France) and

purchased from Limagrain (www.limagrain.com), were stored at -30 °C until

use. The pericarp and seed coat were removed for the experiments and only
naked embryos were used. Seeds were dormant at harvest and their moisture

content was about 4 % on a fresh weight (FW) basis.

5.2. Physiological study
5.2.1. Germination assays

Germination assays were performed with naked embryos (i.e. without
pericarp and seed coat) in darkness, in 9 cm Petri dishes (25 embryos per dish,
4 to 8 replicates) placed on a layer of cotton wool moistened with deionized

water (control) or various solutions (depending on the treatment) (Table 1).

Germination assays were carried out at 10 °C (seeds harvested in 2004)
or 12 °C (seeds harvested in 2005 and 2006), in darkness. An embryo was
considered as germinated when the radicle had elongated to 2-3 mm.

Germination counts were made daily for 10 days.

5.2.2. Chemical treatments

Treatment of sunflower embryos by gaseous 1 mM HCN was carried out
by the method described by Bogatek and Lewak (1988). Isolated dry embryos

were placed in a glass jar (500 ml) containing sterile cotton moistened with
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deionized water (50 embryos per one box). Inside the receptacle a glass tube
with 5 ml of 0.1 M KCN solution was placed. In the tightly closed container
gaseous HCN was produced by acidifying KCN solution by 5 ml of lactic acid
(10 % v/v). After various durations of treatment in darkness (at 10 °C for seeds
harvested in 2004 and at 12 °C for seeds harvested in 2005 and 2006) cyanide
was released, by opening the glass jar in the hood. After 15 min embryos were
rinsed carefully 3 times with deionized water and transferred into Petri dishes

containing sterile cotton moistened with deionized water.

To identify the effect of gaseous hydrogen cyanide on breaking of
dormancy and to investigate the possible mechanisms of action of HCN, several
compounds were used. The short characteristic of those chemicals is presented
in Table 1.

Table 1. Characteristic of chemicals used in germination assays determining
the possible mode of action of HCN in alleviation of sunflower embryo

dormancy.
Chemical Abbreviation  Role
Sodium azide (1 mM) NaN; An |r_1h|b|tor of cyanide sensitive
respiratory pathway
Salicylhydroxamic acid (1 mM) SHaM  Aninhibitor of the cyanide
insensitive respiratory pathway
A stimulatory hormone of
Ethylene (50 uM) CyHq4 germination
. . An inhibitory hormone of
Abscisic acid (0.1 mM) ABA germination
. . . An inhibitor of ethylene synthesis
Amino-oxyacetic acid (1 mM) AOA (ACS activity)
o . . An inhibitor of ethylene synthesis
Aminoisobutyric acid (1 mM) AIB (ACO activity)
. An inhibitor of ethylene synthesis
Cobalt chloride (1 mM) CoCl, (ACO activity)
2,5-norbornadiene (1 mM) 2,5-NBD  An inhibitor of ethylene action
Methyl viologen (0.1 mM) MV A ROS generating compound
Menadione (1 mM) MD A ROS generating compound
Diphenyleneiodonium (0.1 mM) DPI An inhibitor of NADPHox activity
Aminotriazole (1 mM) AMT An inhibitor of CAT activity
Hydrogen peroxide (0.5 mM) H,0, Reactive oxygen species
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For treatment with ethylene, uncovered glass Petri dishes (containing
sterile cotton moistened with deionized water) with sunflower naked embryos
(25 per dish) were placed in 6000 ml plastic containers. Ethylene (final
concentration 50 uM) was injected into tightly closed containers. The amount of
ethylene was verified by using a Hewlett Packard (Hewlett Packard 5890 series
IT) gas chromatograph. Embryos were incubated in the presence of ethylene
during duration of germination, in darkness, at 10 °C (seeds from 2004) and
12 °C (seeds from 2005 and 2006).

For the experiments with 2,5-norbornadiene treatment, uncovered glass
flask (volume 10 ml) with 35 ul of 2,5-NBD was placed in tightly closed 500 ml
glass jar containing 50 sunflower embryos laid on sterile cotton moistened with
deionized water. 2,5-NBD evaporated completely into the headspace of the
receptacle. Embryos germination was determined in the presence of NBD
during 10 days at 10 °C (seeds harvested in 2004) and 12 °C (seeds harvested
in 2005 and 2006).

During embryos treatment by gaseous HCN (1 mM) in the presence of
2,5-NBD, inside the receptacle (500 ml) prepared as above (glass jar containing
50 embryos laid on sterile cotton moistened with deionized water), next to
a glass tube with 5 ml of 0.1 M KCN solution, a small 10 ml flask with 2,5-NBD
(35 ul) was placed. After that, in tightly closed glass jar (volume 500 ml) 5 ml
of lactic acid (10 % v/v) was added to KCN solution (with syringe) and the
gaseous cyanide and 2,5-NBD was diffused out of the solutions into the
headspace of the receptacle. The incubation was carried out during next 3 h
(cyanide in the presence of 2,5-NBD), at 10 or 12 °C (as described in chapter
5.2.1.), in darkness. After the 3 h of treatment HCN and 2,5-NBD were
released, embryos were rinsed carefully 3 times with deionized water and
transferred to Petri dishes (containing sterile cotton moistened with deionized
water) placed in the presence of 35 pl NBD in tightly closed 500 ml containers
for germination continuation at the same temperature and light conditions as

above.

All results correspond to the means £+ SD of three-four experiments.
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5.2.3. Estimation of the moisture content and dry weight

Ten whole embryos, isolated embryonic axes or cotyledons were
weighed and then dried by oven drying at 105 °C, for 48 h for determination of
the DM and calculation of water content. Water content was calculated on a DM
basis. Results expressed as g H,O g™ DM correspond to the mean of the values
obtained in three replicates of 10 whole embryos or 10 organs =+ SD.

5.3. Biochemical study
5.3.1. Determination of superoxide anion content

Superoxide content was determined according to the method developed
by Elstner and Heupel (1976). Axes (0.2 g FW) were ground in 4 ml of sodium
phosphate buffer (pH 7.8, 50 mM) at 4 °C. The extracts were centrifuged at
16 000 x g for 15 min, and the resulting supernatants were used for O,"
determination. The supernatant (1 ml) was first incubated at 25 °C for 30 min
in the presence of 1 ml hydroxylamine hydrochloride (1 mM) in 50 mM sodium
phosphate buffer (pH 7.8). A volume (0.5 ml) of this reaction mixture was then
incubated with 0.5 ml of 17 mM sulfanilamide and 0.5 ml of 7 mM
2-naphtylamine at 25 °C for 30 min. The absorbance was measured at 540 nm
after centrifugation at 13 000 x g for 30 min. A calibration curve was
established using sodium nitrite. The results are expressed as pmol g DW and

correspond to the means of measurement carried out on five extracts + SD.

5.3.2. Determination of hydrogen peroxide content

The H,0, content of excised axes was determined according to the
method described by OKane et al. (1996). Axes (0.5 g FW) were ground with
a mortar and homogenized with 5 ml of perchloric acid (0.2 M). After 15 min of
centrifugation at 13 000 x g at 4 °C, the resulting supernatant was neutralized
to pH 7.5 with KOH (4 M), and then centrifuged at 1 000 x g for 3 min at the
same temperature to remove insoluble potassium perchlorate. The obtained

supernatant was immediately used for spectrophotometric determination of
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H,0,. The reaction mixture contained 50 pl of the collected supernatant, 400 pl
of 12 mM 3-dimethylaminobenzoic acid (DMAB) in 0.375 M phosphate buffer
(pH 6.5), 80 ul of 1.3 mM 3-methyl-2-benzothiazolidone hydrazone (MBTH),
20 pl (0.25 units) horseradish peroxidase (Sigma;

http://www.sigmaaldrich.com/) and 950 pl of deionized H,O for a total volume

of 1.5 ml. The reaction started with the addition of peroxidase. Increase in
absorbance at 590 nm was monitored after 5 min at 25 °C and compared with
the absorbance obtained with known amounts of H,0, detected for 5 min at
590 nm. The results are expressed as pmol g~* DW and correspond to the

means of the values + SD obtained with five different extracts.

5.3.3. In situ localization of reactive oxygen species

Intracellular production of ROS was measured by using 5-(and-6)-
chloromethyl-2[7dlichlorofluorescein  diacetate (CM-H,DCFHDA, Molecular
Probes, USA). This non-polar compound is converted to the membrane-
impermeant polar derivative H,DCFH by esterases upon uptake by the cell.
H,DCFH is non-fluorescent but is rapidly oxidized to the highly fluorescent DCF
(2[Z=dlichlorofluorescein) by the H,0, and other peroxides (Maxwell et al. 1999,
Schopfer et al. 2001).

This procedure was adapted for the in vivo measurement of cytoplasmic
ROS with the working solution containing 100 uM of CM-H,DCFH-DA. Changes
in fluorescence were measured from time 0 (a moment of CM-H,DCFHDA
injection) until 15" min of incubation, using a confocal laser scanning
microscope (FV 500, Olympus Polska sp. z 0.0., Warsaw, Poland). To analyse
the results Fluoview software (Olympus Polska sp. z 0.0., Warsaw, Poland) was

used. The fluorescence intensity is expressed in arbitrary units.
5.3.4. Protein analysis

5.3.4.1. Preparation of protein extracts

Axes isolated from sunflower embryos (140 mg FW, corresponding

approximately to 30 axes) were ground in liquid nitrogen using a mortar and
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pestle. Soluble proteins were extracted from the resulting powder at 4 °C in
1.0 ml of buffer containing 10 mM HEPES, 1 mM EDTA, the protease inhibitor
cocktail [cbmplete Mini® from Roche Molecular Biochemicals, 60 U DNAse I

(Roche Diagnostics, www.roche-applied-science.com), and 6 U RNAse A

(Sigma, www.sigmaaldrich.com). After 10 min at 4 °C, 20 mM dithiothreitol

(DTT) was added, and the protein extracts were stirred for 20 min at 4 °C and
then centrifuged (20000 x g, 15 min) at 4 °C. The final supernatant
corresponded to the soluble protein extract. Protein concentrations in the
various extracts were measured according to the method described by Bradford

(1976) using a Bio-Rad assay kit (http://www.bio-rad.com/). Bovine serum

albumin was used as a standard.

5.3.4.2. One- and two-dimensional electrophoresis

One-dimensional SDS-Page of seed protein extracts (5 pg protein) was
performed using 12 % w/v polyacrylamide resolving gels, as described by
Laemli (1970).

Proteins were also analyzed by two-dimensional gel electrophoresis as
described previously (Gérg et al. 1987, Job et al. 2005). Isoelectrofocusing
(100 mg protein) was carried out using gel strips forming an immobilized non-

linear pH gradient from 3 to 10 (Immobiline DryStrip, pH 3-10 NL, 18 cm;

Amersham Pharmacia Biotech; http://www5.amershambiosciences.com/). Strips
were rehydrated for 14 h at 22 °C with the thiourea/urea lysis buffer as
described previously (Harder et al. 1999), containing 2 % v/v Triton X-100,
20 mM dithiotreitol and the protein extracts. Isoelectrofocusing was performed
at 22 °C in the Multiphor II system (Amersham Pharmacia Biotech) for 1 h at
300 V and 7 h at 3500 V. Then, the gel strips were equilibrated for 2 x 20 min
in 2x 100 ml of equilibration solution containing 6 M urea, 30 % v/v glycerol,
2.5 % w/v SDS, 0.15 M bis-Tris and 0.1 M HCI (Goérg et al. 1987, Harder et al.
1999). DTT (50 mM) was added to the first equilibration solution, and
iodoacetamide (4 % w/v) was added to the second (Harder et al. 1999).
Separation in the second dimension was carried out in polyacrylamide gels

(10 % w/v acrylamide, 0.33 % wy/v piperazidine diacrylamide, 0.18 M Trizma
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base, 0.166 M HCI, 0.07 % w/v ammonium persulfate and 0.035 % v/v
Temed). Electrophoresis was performed at 10 °C in a buffer (pH 8.3) containing
25 mM Trizma base, 200 mM taurine and 0.1 % w/v SDS for 1 h at 35 V and
for 14 h at 110 V. Ten gels (200 x 250 x 1.0 mm) were run in parallel (Isodalt
system, Amersham Pharmacia Biotech). For each treatment analyzed, 2D gels

were run in triplicate.

One-dimensional gels were stained with the GelCode blue stain from

Pierce (www.piercenet.com). Two-dimensional gels were stained with silver

nitrate according to the methods described by Blum et al. (1987) for
densitometric analyses or Shevchenko et al. (1996) for mass spectrometry
analyses. Stained gels were scanned with a UMAX Powerlook III scanner
equipped with MagicScan version 4.5 from UMAX Data Systems (Amersham

Biosciences, www.amershambiosciences.com).

5.3.4.3. Detection of carbonylated proteins and Western blotting

The appearance of carbonyl groups in proteins was analyzed by
immunodetection of 2,4-dinitrophenylhydrazone (DNP)-derivatized protein as
described previously (Korolainen et al. 2002, Job et al. 2005). SDS was added
to the protein extract (100 pl, 10 pg pI?) to a final concentration of 0.8 %.
Following dialysis, four volumes of 10 mM DNPH (Sigma)/2 M HCI were added.
Samples were shaken for 30 min at room temperature, and five volumes of
20/80 ice-cold TCA/acetone containing 1 mM DTT were added to each sample.
The samples were centrifuged for 15 min at 15000 x g at 4 °C.
The precipitated protein was then washed three times with ice-cold acetone
containing 1 mM DTT, then with 1 ml of 1:1 v/v ethanol:ethyl acetate, and
resolubilized in the thiourea/urea lysis buffer containing 2 % v/v Triton X-100
and 20 mM DTT. Proteins were separated by 1D or 2D SDS-PAGE as described
above, and transferred to nitrocellulose sheets (Bio-Rad) using standard
procedures. Carbonylated proteins were revealed by incubation with rabbit anti-

DNP antibodies (Chemicon, www.chemicon.com) followed by incubation with

antirabbit secondary antibodies conjugated to horseradish peroxidase (Sigma)
and detection with the ECL kit (Roche Diagnostics) (Job et al. 2005).
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Relative protein carbonyl levels were quantitated by densitometric analyses of

the blots as described above.

5.3.4.4. Protein identification by mass spectrometry

Bands and spots of interest were excised from 1D and 2D SDS-PAGE
gels using sterile tips and placed in 1.5 ml sterile tubes. Each polyacrylamide
piece was rinsed with water, then reduced with 10 mM DTT, alkylated with
55 mM iodoacetamide, and incubated overnight at 37 °C with 12.5 ng ul*
trypsin (sequencing grade; Roche Diagnostics) in 25 mM NH4HCOs;. The tryptic
fragments were extracted, dried, reconstituted with 2 % v/v acetonitrile,
0.1 % formic acid and sonicated for 10 min. Analysis of tryptic peptides by
tandem mass spectrometry was performed on a nanoelectrospray ionization
quadrupole time-of-flight hybrid mass spectrometer (Q-TOF Ultima Global;

Waters Micromass, www.waters.com) coupled with a nano-HPLC (Cap-LC;

Waters Micromass). The samples were loaded and desalted on a C18 pre-
column (LC-Packings Pep-Map C18, 5 pm, 100 A, 300 um x 5 mm; Dionex

Corp., www.dionex.com) at a flow rate of 20 ul min™ isocratically with 0.1 %

formic acid. The peptides were separated on a C18 column (Atlantis dC18,
3 um, 75 pm x 150 mm Nano Ease; Waters). After washing with solvent A
(water/acetonitrile 98/2 v/v, 0.1 % formic acid), a linear gradient from 5 % to
60 % of solvent B (water/acetonitrile 20/80 v/v, formic acid) was developed
over 80 min at a flow rate of 180 nl min. The Q-TOF spectrometer was
operated in data-dependent analysis mode using a 1 sec mass spectrometry
(MS) survey scan on three different precursor ions. The peptide masses and
sequences obtained were either matched automatically to proteins in a non-

redundant database National Center for Biotechnology Information, NCBI,

www.ncbi.nlm.nih.gov using the Mascot MS/MS ions search algorithm

(http://matrixscience.com) or manual BLAST searches were performed against

the current databases. (NCBI, Swiss-Prot, http://expasy.org/sprot/)
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5.3.5. Malondialdehyde measurements

Lipid peroxidation was estimated by measuring spectrophotometrically
malondialdehyde (MDA) contents of axes. Determination of MDA was carried
out according to Heath and Parker (1968) as described by Bailly et al. (1996).
The tissue (25-30 axes) was homogenized in 0.1 % (w/v) trichloroacetic acid
(TCA). The homogenate was boiled for 30 min at 95 °C in a water bath with
0.5 % thiobarbituric acid (TBA in 20 % TCA) and then cooled quickly on ice.
After that procedure, the homogenate was centrifuged at 16 000 x g for
30 min. The obtained supernatant was used for malondialdehyde
determination. MDA equivalent was calculated from the difference
in absorbance at 532 and 600 nm using extinction coefficient 155 mM= cm"™.
Results are expressed as nmol g& DW and represent the mean measurements

carried out with three extracts + SD.

5.3.6. HPLC analysis of glutathione and glutathione disulfide

The GSH and GSSG extraction and determination in excised axes was

determined according to the method described by Kranner and Grill (1996a).
5.3.6.1. Extraction of thiols and disulfides

Extraction was performed with 25 mg (FW) of freeze-dried material
(5 axes) in the presence of 4 ml of 0.1 M HCl on ice. The low pH value (pH 1)
of the extraction medium resulted in precipitating of proteins and preventing
oxidation of GSH to GSSG. Extract was shaken using a vortex and centrifuged
for 20 min, at 20 000 x g, at 4 °C. One part of the supernatant was used to
determine total glutathione (i.e. the sum of GSH + GSSG), the other one for
GSSH determination after blockage of GSH with N-ethylmaleimide (NEM).

5.3.6.2. Determination of total glutathione

For determination of total glutathione, a 120 pl of the supernatant was
mixed with 180 ul of 200 mM 2-5N-cyclohexyl(amino)ethane-sulphonic acid
(CHES) buffer (pH 9.3) and 30 ul of dithiothreitol (DTT) and left for 60 min at
room temperature to allow the glutathione reduction. After that time, the
aliquot was labeled with 20 pl of monobromobiamine (mBBr) for 15 min at
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room temperature, in the dark. This reaction was terminated by acidifying the
sample with 250 pl of 0.25 % (MSA) and centrifuged for 45 min at 20 000 x g,
at 4 °C. Obtained supernatant was ready for reversed-phase HPLC (Jasco)
analysis. Low-molecular-weight thiols were separated on a RP-18 column and

detected fluorimetrically (excitation: 380nm, emission: 480nm).

5.3.6.3. Determination of GSSG

In order to determination of GSSG, a 400 pl of the supernatant was
treated with 30 pl of 50 mM N-ethylmaleimide (NEM) to block free thiols and
600 pl of 200 mM CHES (pH 9.3) buffer immediately after extraction. The
reaction was carried out at room temperature for 15 min. Afterwards, excess
NEM was removed by extracting five times with equal volumes of toluene.
Thereafter, 30 pl of 3 mM DTT were added to a 300 pl aliquot of the NEM-
treated extract and left for 60 min at room temperature to allow the reduction
of disulphides. These aliquots were labeled with mBBr, acidified with 0.25 %

MSA, centrifuged and analyzed as previously described.

The amounts of glutathione and glutathione disulfide were calculated
using the results of the standards and expressed as umol g™* DW. All results

correspond to the means + SD of the values obtained with four measurements.

5.3.7. Measurement of antioxidative enzyme activities: catalase (CAT),

glutathione reductase (GR) and superoxide dismutase (SOD)
5.3.7.1. Extraction of SOD, CAT and GR

Enzyme activities were determined from the extract prepared according
to the method of Bailly et al. (1996). Axes (1 g FW) were homogenized in
a cold mortar in 10 ml of 0.1 M potassium phosphate buffer (pH 7.8) containing
2 mM a—dithiothreitol (DDT), 0.1 mM EDTA, 1.25 mM polyethylene glycol 4000
(PEG 4000) and 0.2 g polivinylpyrrolidone (PVP) and mixed for 15 min. The
homogenate was centrifuged at 11 000 x g for 15 min and the supernatant was
filtered through Miracloth, desalted on PD 10 column (Amersham Biosciences).
The obtained extract was immediately used for determination of enzyme

activities. All steps of the extraction were carried out at 4 °C.
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5.3.7.2. SOD (EC 1.15.1.1) activity

Activity of SOD was determined by inhibition of p—nitro blue tetrazolium
chloride (NBT) photoreduction (Giannopolitis and Ries 1977). The assay was
conducted at 25 °C in total volume of 3 ml of 0.1 M potassium phosphate buffer
(pH 7.8) containing 1.3 pM riboflavine, 13 mM methionine, 63 pM nitro blue
tetrazolium (NBT) and 50 ul of enzymatic extract as described by Bailly et al.
(1996). Absorbance was monitored at 560 nm after 15 min illumination, using
a spectrophotometer Pharma Spec UV-1700 (Shimadzu, Japan). One unit of
SOD is defined as the amount of enzyme that inhibits NBT photoreduction to
blue formazan by 50 % monitored at 560 nm. SOD activity of the extracts was
expressed as units SOD mg™* prot.

5.3.7.3. CAT (EC 1.11.1.6) activity

Catalase activity was determined according to Clairbone (1985) with
some modifications (Bailly et al. 1996). The assay was carried out in total
volume 3 ml of 50 mM potassium phosphate buffer (pH 7.0) containing
37.5 mM H;0, and 200 pl enzymatic extract. The decrease in absorbance at
240 nm due to reduction of H,0, (¢ = 39.4 mM™ cm™) was monitored every
3 sec for 2 min, using a spectrophotometer Pharma Spec UV-1700 (Shimadzu,
Japan). Catalase activity was expressed as nmol H,0, decomposed mg™ prot

min™.

5.3.7.4. GR (EC 1.6.4.2) activity

Glutathione reductase activity was determined in 800 pl of 0.1 M
potassium phosphate buffer (pH 7.8) containing 0.5 mM [-nicotinamide
adenine dinucleotide 2'-phosphate, reduced form (2'-NADPH), 10 mM
glutathione, oxidized form (GSSG), 3 mM MgCl, and 50 pl enzymatic extract
(Bailly et al. 1996). The decline in absorbance due to NADPH (¢ = 6.22 mM™
cm™) oxidation was recorded at 340 nm every 30 sec during 6-8 min using
a spectrophotometer Pharma Spec UV-1700 (Shimadzu, Japan). GR activity

was expressed as nmol NADPH oxidized mg™ prot min“.
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All results correspond to the means + SD of the values obtained with

three measurements carried out in three independent experiences.

5.3.7.5. Protein determination

Protein content in the enzymatic extracts was determined using
Bradford reagent (Bradford 1976). Bovine serum albumin (BSA, Sigma) was

used as a calibration standard.

5.3.8. Cyanide detoxication — estimation of 3-CAS (EC 4.4.1.9) activity

The B-cyanoalanine synthase assay was based on the reduction of
methylene blue by H,S (modified from Blumenthal et al. 1968). Plant material
(100 mg axes) was ground with a mortar and pestle and the soluble proteins
were extracted in 4 ml Tris-HCI (50 mM, pH 8.5). After centrifugation
(12 000 x g, 15 min) the supernatant was filtered through Miracloth, desalted
on a PD 10 column (Amersham Biosciences). The obtained extract was
immediately used for determination of enzyme activities. All steps of the

extraction were carried out at 4 °C.

The assay contained in a total volume of 1 ml: 5 mM L-cysteine,
15 mM KCN, 100 mM Tris-HCI (pH 9.0), and 300 pl protein solution. The
reaction was initiated by the addition of L-cysteine. After incubation for 30 min
at 30 °C the reaction was terminated by adding 500 ul stop solution containing:
3 mM FeClz; and 15 mM N,N-dimethyl-p-phenylenediamine dihydrochloride
dissolved in 8.4 N HCl. The samples were then centrifuged at 5 000 x g for
5 min to remove precipitated proteins. The formation of methylene blue was
determined at 650 nm in a spectrophotometer Pharma Spec UV-1700
(Shimadzu, Japan). Solutions with different concentrations of Na,S were
prepared, treated in the same way as the assay samples and were used for the

quantification of enzymatically formed H,S.

The activity of B-CAS was expressed as nmol H,S mg prot™? min™. All
results correspond to the means = SD of the values obtained with four

measurements.
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5.3.9. Ethylene emission measurement (GC)

The conversion of ACC to ethylene in axes of naked sunflower embryos
after 24 h of imbibition on water (control) or treatment by MV or HCN, was
determined by gas chromatograph (Hewlett Packard 5890 series II). Twenty
axes were placed into 10 ml glass flask with addition of 200 pl of deionised H,O
or ACC (1 mM) for 20 min at 20 °C. After this period, the tubes were sealed
tightly and incubated during 3 h at the same temperature conditions (20 °C).
Gas samples at volume 2.5 ml were fractionated on an alumina column.
Quantification was done by comparison of peak areas obtained from incubated
samples to those produced by standard amounts of ethylene. Ethylene
production was expressed as nmol C;Hs g DW h™! based on the average of

four repetitions of head-space concentration of ethylene in each tube.

5.4. Molecular study

5.4.1. QRT-PCR analysis of expression of genes related to ROS production
(NADPHox, AO1, AO2, POX) and signaling (Ser/ ThrPK, MAPK6, PTP, CaM),
ethylene formation (ACS, ACO) and signal transduction induced by ethylene
(ETR2, CTR1, ERF1)

5.4.1.1. Extraction of total RNA

Axes were isolated from the sunflower embryos using a sharp scalpel
blade, immediately frozen in liquid nitrogen, and then stored at -80 °C until use.
For each extract, 25 axes were ground to a fine powder in liquid N, and total
RNA was extracted by a hot phenol procedure according to Verwoerd et al.
(1989). After grinding 1 ml of hot extraction buffer (80 °C) is added
[phenol [10.1 M LiCl, 100 mM Tris-HCl pH=8.0, 10 mM EDTA, 1 % SDS (1:1)].
The mixtures were homogenized using a vortex for 2 min, and 500 pl
chloroform-isoamylalcohol (24:1) was added and mixed (1 min). After
centrifugation (20 000 x g, 5 min), the aqueous phases were removed and
mixed with one volume of 4 m LiCl. RNAs were allowed to precipitate overnight
at 4 °C and collected after centrifugation (20 000 x g, 45 min, 4 °C) next day.
The pellets were dissolved in 250 ul H,O and precipitated with 25 pl NaAc 2,5 M
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(pH 5.6) and 500 pl of ethanol absolute at -80 °C during 1h. After
centrifugation (20 000 x g, 45 min, 4 °C) pellets were washed three times with
70 % ethanol, dried in speedvac and diluted in 100 pl of H;O.
RNA concentration in obtained extracts was determined spectrophotometrically
at 260 nm.

5.4.1.2. Design of primers

The oligonucleotide primer sets used for real-time qPCR analysis were

designed on the basis of sunflower gene or EST sequences.

ACO primers were chosen in conserved region (using multiple
alignment, clustalW) between sunflower ACO1, ACO2 and ACO3 genes in order
to have the whole expression of the three isoforms (gene bank accession
number: U62555, U62554, L29405). Candidate NADPHox, AO1, AO2, POX,
Ser/ThrPK, MAPK6, PTP, CaM, ACS, ETR2, CTR1 and ERFlsequences were
found in the CGP EST database of sunflower (http://cgpdb.ucdavis.edu/) using

the BLAST algorithm. Names of used EST, homology percentage with other
plant sequences, amplified probe length and primer sets sequences are listed in

Tables 1 and 2 (supplementary data).

In addition of high homology score with Arabidopsis thaliana sequence,
ACS-like sunflower EST (QHG4g06.yg.abl) contains an aminotranferase class I
and II conserved domain ACS specific. ACS primers were designed in conserved
region of three Arabidopsis thaliana ACS (gene bank accession number:
NM116016, NM 122719, NM 100030) and sunflower ACS-like EST sequences to
have the total ACS expression. ERF1-like sunflower EST display 86 % amino-
acid homology compared to Arabidopsis thaliana sequence and contains an AP2
domain which is a DNA-binding domain found in plant transcription regulators

such as EREBP (ethylene responsive element binding protein).

Gene-specific primers used were designed with Primer3 Input software.
The length of all PCR products ranged from 120 to 180 bp. The PCR products
were cloned into pCR2.1 vectors (invitrogen) and sequence analysis confirmed

the correct amplicons produced from each pair of primers.
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5.4.1.3. Real time quantitative RT-PCR

Total RNA (4 pg) was treated with DNase I (Sigma) and then was
reverse transcribed with Revertaid H minus M-MuLV RT (Fermentas) (incubation
during 2 h at 42 °C). After enzyme inactivation (10 min, at 95 °C), the first
strand cDNA obtained was checked by 1 % agarose gel electrophoresis.
The amplifications were performed with real-time PCR (iCycler iQ, Bio-Rad)
using 5 pl of 50 times diluted cDNA solution for ACO, ACS, ETR2, ERF1 and 10
times diluted cDNA solution for CTR1. Gene-specific primers were designed with
Primer3 Input software ensuring that the reversed primer was located in order
to prevent similar cDNAs being amplificated. Used primers and the amplified

sequence length are listed in Table 2 (supplementary data).

As an internal standard, a fragment of sunflower B-tubulin or EFla
gene was used. Real-time PCR reactions were performed with the Absolute
gPCR Syber Green Fluorescein mix (Abgene, Epsom, UK) and 0.25 pM of each
primer in a 25 pl reaction volume. They were initiated at 94 °C for 15 min
followed by 40 cycles at 94 °C for 30 s, 56 °C for 30 s, 72 °C for 30 s.
Calculations of Critical threshold (Ct) and relative expressions were performed
using the iCycler iQ software (Bio-Rad). Data from QRT-PCR (mean of four

replicates £ SD) are expressed in arbitrary units.

5.4.2. Cloning of genes (ACS, ACO, ETR2, ERF1)

ACS, ACO, ETR2 and ERF1 were cloned using RT-PCR with two
degenerate primers (Table 2, supplementary data). Total RNA was isolated as
described previously. The RNA was stored in sterile water at -80 °C prior to use.
Poly(A)* RNA was isolated using the Promega polyAtract mRNA isolation system
and then used as a template for RT-PCR assay. To synthesis ss-cCDNA, 1 pg
poly(A)* RNA was heated at 80 °C for 3 min and cooled to 4 °C, and then
added to a solution containing 50 mM Tris pH 8.3, 2.5 uM homo-polymer dT
primer, 10 mM MgCl,, 50 mM KCI, 10 mM DTT, 1.25 mM dNTPS, 30 units of
RNA guard (Pharmacia), 40 U of AMV (Pharmacia) giving a total volume of
30 pl. The sample was incubated for 10 min at 80 °C, and again cooled at 4 °C.

The ss-cDNA obtained was purified on glass beads and eluted in 15 pl of H,0.
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A 2 ul portion of the sample was transferred to 50 pl of a solution containing
0.1 pM of degUP and degLOW, 0.125 mM dNTPs, 1 x PCR buffer (Pharmacia)
and 2 U Taq polymerase (Pharmacia) and overlaid with liquid paraffin. A total of
35 cycles of PCR were performed (94 °C/1 min; 50 °C/2 min) followed by
10 min at 72 °C. The amplified fragments were cloned into pGEM-T Vector

(Promega) for sequencing.

Cloning was performed from fresh PCR products with the pCR®2.1-
TOPO® TA cloning kit (Invitrogen, Carlsbad, CA, USA; map of vector in
supplementary data) according to the manufactureris! instructions and using
chemical transformation of one shot® DH5a™ competent cells using kanamycin
as the selecting agent. After plasmid purification using a miniprep Plasmix kit
(Talent, Trieste, Italy), the insert size was checked by PCR amplification using
M13 primers and the insert sequenced by Genomexpress (Meylan, France).
Similarity studies were performed with BLAST program (Altschul et al. 1997)
using the NCBI website (www.ncbi.nim.nih.gov/BLAST/) and the
http://cgpdb.ucdavis.edu/sitemap.html database.
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Results

6. Results
6.1. Main characteristics of sunflower embryo germination
6.1.1. Effect of temperature on germination of sunflower embryos

Figure 5A shows as an example, the germination of embryos isolated
from seeds freshly harvested in 2004, placed on water and at temperatures
between 10 and 25 °C.

100

A

80 |

60

N
o

10°C

N
o

Germination (% )

0 2 4 6 8 10
Time (days)
Figure 5. Effect of temperature on germination of
sunflower embryos isolated from seeds harvested
in 2004. Embryos isolated from freshly harvested
seeds (A); Embryos isolated from seeds stored dry
at 20 °C for 2 months (B). Means of four
measurements * SD. (from Oracz et al. 2007)
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Almost 90 % of the population germinated within 8-10 days at
temperatures ranging from 15 to 25 °C, the thermal optimum being 25 °C
(Figure 5A). At this optimum, the lag time to onset of germination was less than

1 day, and the time to obtain 50 % germination (Tsp) was about 1.4 day.

At 20 and 25 °C, freshly harvested (dormant) embryos germinated
slowly and reached 70-75 % and 90 % germination within 3 and 6-8 days,
respectively (Figure 5A). Germination became more difficult with decreasing
temperature. At 15 °C, about 90 % of the population germinated within 8-10
days, but the time to obtain 50 % germination was around 4 days against
1.3-1.7 days for the embryos placed at 20-25 °C. Only about 20 % of the
embryos were able to germinate at 10 °C within 10 days (Figure 5A), and no
germination occurred at temperatures lower than 10 °C (data not shown).

The sensitivity of the embryos to temperature depended on the year of
harvest. Table 2 regroups the germination percentages obtained at 10, 15, 20
and 25 °C, with embryos isolated from seeds harvested in 2004, 2005 and
2006.

Table 2. Germination percentages obtained at 10 (2004) or 12 (2005 and

2006), 15, 20 and 25 °C, with embryos isolated from sunflower seeds harvested
in 2004, 2005 and 2006. Means of four measurements + SD. (d, day)

Germination (%)
10 or 12 °C 15 °C 20 °C 25 °C
3d 10d 3d 10d 3d 10d 3d 10d
2004 4+2 18+4 20+2 74+2 88+6 98+2 96+4 96+ 4
2005 1+1 2+2 10+2 48+4 90+2 942 96+4 9% +4
2006 2+1 4+2 10+4 52+2 86+4 94+2 96+4 96 +4

Date of
harvest

After dry storage, embryos become able to germinate at low
temperature and germinated faster at 20-25 °C (Figure 5B). 95-99 % of the
population germinated within 2 days at 25 °C, the Tsy being about 1 day.
Decrease in temperature resulted in slower germination. However, 95 % of the

population germinated within 4 days at 10 °C (Figure 5B).
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6.1.2. Effects of ethylene and ABA on germination of sunflower embryos

Dormant embryos placed at 20 °C germinated slowly and reached
around 80 % of germination within 6-8 days (Figure 6).
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Figure 6. Effect of ethylene (50 uM) and ABA

(0.1 mM) applied continuously on germination of

dormant sunflower embryos placed at 20 °C,

in darkness. Means of four measurements + SD.

Incubation with ethylene improved the germination of the dormant
embryos isolated from seeds harvested in 2004. 90 % of the population
germinated within one day, against 22 % for the control embryos incubated in
the air conditions. In contrast, 0.1 mM ABA inhibited the germination and only
20 % of embryos germinated within 10 days. When embryos were treated by
ethylene (50 pM) in the presence of ABA (0.1 mM), the inhibitory effect of
abscisic acid was reduced as about 40 % of embryos germinating within
10 days (Figure 6).

6.1.3. Effects of HCN on germination of sunflower embryos

6.1.3.1. Effects of HCN concentration and of the duration of treatment

Figure 7 shows the effects of 3 h treatment by HCN at various
concentrations on the subsequent germination of dormant embryos placed at
10 °C, a temperature at which dormancy was expressed. The lowest used
concentration (10°® M) of HCN had slight stimulatory effect and only 35 % of
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embryos germinated within 10 days. Using of higher concentrations of HCN
strengthened the stimulatory effect on germination. In the presence of 10° M
cyanide, around 80 and 98 % of the embryos germinated within 3 and 10 days,
respectively (Figure 7A).
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Figure 7. Effect of HCN on germination of dormant
sunflower embryos. Effect of HCN concentration
applied for 3 h on the germination at 10 °C, in the
dark (A); Effect of the duration of treatment in the
presence of 1ImM HCN on the time to obtain 50 %
germination of embryos transferred on water (B).
(C, control embryos placed on water and non-treated
by HCN). Means of three replicates + SD.

Figure 7B shows the effect of the duration of treatment by HCN at

10> M on the subsequent germination of the embryo placed on water and in air
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conditions, evaluated by the time to obtain 50 % germination (Tsp). The optimal
stimulatory effect was obtained after 1-6 h of treatment. In such condition Tsg
was the lowest (around 2.5-3.5 days). During prolonged treatment with HCN,
embryos were not able to germinate until their transfer on to water and air
conditions. Lengthen time of HCN treatment (more than 6 h) resulted in
increase in Tso. After 48 h of HCN treatment, it reached more than 6.5 days
(Figure 7B).

6.1.3.2. Sensitivity to HCN of sunflower embryos

6.1.3.2.1. Changes of HCN sensitivity during embryo imbibition

In order to determine whether sensitivity to HCN was affected during
their imbibition, embryos were incubated on water at 10 °C, for various

durations before being treated by 1 mM HCN for 3 h at the same temperature.
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Figure 8. Effect of 3 h treatment with 1 mM HCN,
applied after various duration (1, 3 and 48 h) of
preimbibition. Time 0 correspond to the beginning
of imbibition on water. (C, control embryos placed
on water and non-treated by HCN). Means of
three replicates +SD.

Figure 8 shows that the duration of pre-imbibition of the embryos had
no effect on their responsiveness to HCN. After 3 h of treatment with HCN,
80-95 % of the population germinated within 4-5 days, the Tso ranging around
2-3 days.
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6.1.3.2.2. Changes of HCN sensitivity as function of sunflower

embryo water content

To estimate the influence of embryo water content on their sensitivity
to HCN, embryo water content was modulated from 5 % DW (dry embryos) to
25 % DW before the HCN treatment. Figure 9 shows the time course of

germination at 10 °C of the embryo placed at 10 °C after the HCN application.

100

Germination (% )

0 2 4 6 8 10
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Figure 9. Effect of 3 h treatment by HCN (1 mM) on
germination of dormant sunflower embryos at 10 °C,
in darkness. HCN was applied on embryos at
different water content (5 %, 15 % and 25 %).
Time 0 correspond to the beginning of germination of
control embryos or embryos at different water
content and after treatment by HCN. (C, control
embryos placed on water and non-treated by HCN).
Means of three replicates + SD.

Dry embryos, the moisture content of which was about 5 % DW,
incubated in the presence of 1 mM for 3 h, germinated slowly at 10 °C and the
subsequent germination percentage reached 60 % after 10 days. The
stimulatory action of HCN increased with increasing water content of the
embryo at the moment of the treatment. At 25 % DW, HCN treatment allowed
the germination of the whole population within 4 days and 50 % of it

germinated within around 2 days (Figure 9).
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6.1.4. Effect of H,O, and aminotriazol on germination of sunflower embryos

Table 3 shows the effect of H,O, and aminotriazol on the germination
of dormant embryos at 10 °C, in darkness.

Table 3. Effect of H,0; (0.5 mM ) and aminotriazol (1 mM) on germination of
dormant sunflower embryos at 10 °C, in darkness. Embryos were treated for
6 h before being transferred on water or placed continuously in the presence of
these compounds. Values are means of three replicates £ SD. (d, days).

Treatment Germination (%)

Compounds Duration 7d 14 d
6h 26 + 4 72+5

H,0O, (05 mM) .
continuous 50 +4 81+3
6h 28+ 3 40 + 2

Aminotriazol (1 mM) _
continuous 56 £ 5 80+4
H,O continuous 18+ 3 32+ 3

H,0, strongly stimulated the germination of the embryos placed at 10
°C. Continuous treatment with H,0, (0.5 mM) resulted in 71 % of germinated
embryos within 10 days (Table 3). A short treatment (6 h) was enough to

improve the germination.

Application of aminotriazol, an inhibitor of catalase activity, also
stimulated germination of dormant sunflower embryos. Continuous application
of this compound allowed 70 % of germination within 10 days. Six hours
treatment by aminotriazol (1 mM) had the same effect as 6 h treatment by
H,O, (0.5 mM) (Table 3).

6.1.5. Towards elucidation of HCN effect on germination of sunflower
embryos
6.1.5.1. Effect of respiratory inhibitors

To analyze whether cyanide mode of action could be associated with
modification of respiratory pathways, dormant sunflower embryos were imbibed
in the presence of various respiratory inhibitors at 1 mM for 3 h and then

transferred on water. Table 4 shows the germination percentages of dormant
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sunflower embryos obtained after 3, 7 and 10 days of incubation on water
(control) or in the presence of those compounds.

Table 4. Germination of sunflower dormant embryos incubated on water
or after 3 h treatment by various solutions (1 mM), at 10 °C, in darkness.
Means of three replicates + SD. (d, days).

Germination (%)

Incubation
medium 3d 7d 10d
H.O 4+3 18+3 20+ 4
HCN 76 £ 3 9% + 3 98 =+1
NaNs 8+3 40 + 3 50+3
HCN + NaN3 38+4 98 + 2 98 + 2
SHAM 2+3 20+ 3 36 + 4
HCN + SHAM 64 + 3 78 + 2 82+2

Application of other respiratory inhibitor than HCN [ sodium azide
(NaNs), stimulated germination of sunflower embryos but at lower percentages
than in the case of HCN. Within 10 days only 50 % of the population
germinated against 98 % in the case of HCN treated ones. NaNsin addition with
HCN did not affect the stimulatory effect of cyanide on germination of dormant
sunflower embryos and resulted in similar percentages of germinated embryos
(Table 4). Furthermore, incubation of embryos in the presence of an inhibitor of
cyanide insensitive pathway [salicylhydroxamic acid (SHAM), did not change
the stimulatory effect of HCN on germination. After 3, 7 and 10 days of
HCN + SHAM treatment 64, 78 and 82 % of embryos germinated, whereas the
presence of SHAM had no positive effect on the germination and after the same
days 2, 20 and 36 % of germinated embryos were observed, respectively
(Table 4).

6.1.5.2. Effect of methylviologen and menadione

In order to assess a putative casual association between HCN, ROS and
dormancy alleviation, sunflower embryos were imbibed in the presence of

hydrogen cyanide or in the presence of methylviologen (MV) and menadione
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(MD), a ROS-generating compounds. The time courses of germination of
sunflower dormant embryos treated by those compounds are presented in
Figure 10.
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Figure 10. Effect of MV (0.1 mM), MD (1 mM) and
HCN (1 mM) on the germination of dormant
sunflower embryos at 10 °C, in the dark; Embryos
were treated for 3 h before being transferred on
water. (C, control embryos placed on water and
non-treated by HCN). Means of three replicates
+ SD. (from Oracz et al. 2007)

As HCN, a short treatment (3 h) by methylviologen (0.1 mM), as well as
menadione (1 mM), stimulated the germination of dormant sunflower embryos
and similar results as in the case of cyanide treatment was observed.
After 7 days around 88 % and 58 % of embryos germinated respectively,
against 18 % for embryos placed on water (Figure 10). For the reason of higher
efficiency of MV on the germination percentages in the next part of experiments

as a source of ROS, just 0.1 mM methylviologen treatment by 3 h was used.

6.1.5.3. Effect of DPI

By HCN treatment of dormant sunflower embryos in the presence of
diphenylene iodonium (DPI), an inhibitor of NADPH oxidase, it was shown that
cyanide beneficial effect on germination might be associated with regulation of
this enzyme activity (Figure 11).
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Figure 11. Effect of DPI (0.1 mM) and HCN
(1 mM) on the germination of dormant sunflower
embryos at 10 °C, in the dark; Embryos were
treated for 3 h before being transferred on water
or placed continuously in the presence of DPI.
Control embryos placed on water and non-treated

by HCN and/or DPI (C). Means of three replicates
+ SD.

Application of both chemicals together resulted in lower % of
germination than that induced by HCN treatment, and at 10" day around
50-70 % of germinated seeds was observed (about 30-50 % less than in the
case of HCN treatment) (Figure 11). In addition, the continuous presence of
DPI slightly slowed down and decreased germination percentages of dormant
sunflower embryos.

6.1.5.4. HCN metabolism

Knowing that sunflower embryos do not contain cyanogenic compounds
it was a particular interest to investigate whether imbibition process cause
increase in free cyanide content released during ethylene synthesis and if there
exist any relationship with stimulation of amino acids synthesis by stimulation of
activity of B-cyanoalanine synthase (B-CAS) by HCN. In dry dormant and
non-dormant sunflower embryos free HCN was not detected (data not shown).

Imbibition process resulted in slight increase in HCN content but active detoxify
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enzyme (B-CAS) maintained cyanide level at safe level (less than 5 uM) (not

shown).

B-CAS activity in dry axes isolated from dormant and non-dormant

sunflower embryos had similar values in both samples (Figure 12).
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Figure 12. B-CAS activity in axes isolated from dormant
(yellow bars) and non-dormant (brown bars) sunflower
embryos: dry or imbibed on water, or treated for 3 h with
1 mM HCN or 0.1 mM MV, at 10 °C, in darkness.
Values are mean of four replicates + SD.

During the imbibition process, the activity of this enzyme did not change

significantly. Moreover, application of methylviologen or cyanide also had no

effect on B-CAS activity and remained stable during germination neither in the

case of axes isolated from treated dormant or non-dormant embryos

(Figure 12).
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6.2. Mechanism of action of HCN in relation to ROS metabolism
6.2.1. Effect of HCN on ROS production and lipid peroxidation
6.2.1.1. H,O,, O," and MDA content

To characterize ROS production during release of dormancy by HCN,
hydrogen peroxide and superoxide anion contents were determined in axes
excised from dry dormant and non-dormant sunflower embryos, after 3 and
24 h of incubation at 10 °C, on water (control) and embryos treated by HCN or
methylviologen (MV) solution.

Table 5. H,O, content in axes isolated from dry dormant and non-dormant
sunflower embryos or, after 3 and 24 h of incubation at 10 °C on water
(control). Embryos were treated by HCN (1 mM) or by MV (0.1 mM) for 3 h at
10 °C. Values are means of five replicates + SD.

Type of H.0, (UM g™* DW)
embryos Treatment 0 h (dry) 3h 54 h
Dormant 1.5+0.21
H,O 2.1£0.13 2.5+0.19
HCN 2.8 £0.12 4.2 +0.35
MV 2.7 £0.11 4.5 +0.17
Non-dormant 2.1+0.14
H,O 2.9 £0.09 4.2 +0.20
HCN 3.2+0.17 5.0+0.11
MV 3.1+0.15 54 +0.22

In axes isolated from dry sunflower embryos H,0O, content was higher
(2.1 pM g DW) in non-dormant axes than in dormant ones (1.5 pM g DW)
(Table 5). Release of dormancy during after-ripening seemed then to be
connected with accumulation of H,O,. Dormancy release was also associated
with a marked enhancement of H,0, content during the first hours of
imbibition, particularly in axes excised from embryos treated by cyanide or
methylviologen (Table 5).
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Figure 13. Superoxide radical content in axes isolated
from dormant (yellow bars) and non-dormant (brown bars)
sunflower embryos dry, or imbibed on water, or treated by
HCN or methylviologen, at 10 °C, in darkness. Values are
mean of five replicates + SD.

Spectrophotometric determination of superoxide radical shows that
there was around 30 % more O, content in axes isolated from non-dormant
embryos than in those excised from dormant ones (Figure 13). When H,0;
content increased progressively during imbibition whatever their treatment
(Table 5), the level of O, seemed to be stable during germination at 10 °C on

water, and was not significantly affected by HCN or MV treatment (Figure 13).

Dormancy release during after-ripening was associated with changes in
MDA content, indicating the occurrence of lipid peroxidation, and around 20 %
more MDA was detected in axes isolated from non-dormant embryos (Figure
14). The first hours of imbibition resulted in a slight decrease in MDA content in
axes from non-dormant embryos, but in an increase in this compound in
dormant ones (Figure 14). After 3 h of imbibition in the presence of HCN or MV,
MDA content of axes isolated from dormant embryos was similar to that
measured in non-dormant ones. MDA content, after 24 h was not significantly
different in both types of axes isolated from control or HCN or MV treated

embryos (Figure 14).
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Figure 14. MDA content in axes isolated from dormant
(yellow bars) and non-dormant (brown bars) sunflower
embryos dry or imbibed on water, or treated by HCN or
methylviologen, at 10 °C, in darkness. Values are mean of

three replicates + SD.

6.2.1.2. In situ determination of ROS

The detection of ROS was carried out using 5-(and-6)-chloromethyl-
2[ 7dlichlorofluorescein diacetate (CM-H,DCFHDA), the fluorescence of which

was detected by conflocal microscopy.

Changes in fluorescence were measured from the

injection of

CM-H,DCFHDA (time 0) until 7" min of incubation. Figure 15 presents the

microscopy images obtained after 7*" min of incubation. Analysis showed that in

axes isolated from dormant sunflower embryos after 3 and 24 h of imbibition in

the presence of water the fluorescence intensity increased slower and was less

intensive (weak green fluorescence in cells) than in axes isolated from dormant

treated embryos and non-dormant (treated and non-treated by cyanide)

(Figures 15 and 16).
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Time of germination
Control 24h

---DHZO
--NDHZO
--DHCN
--NDHCN

Figure 15. In situ ROS localization in axes isolated from dormant and
non-dormant sunflower embryos dry or imbibed on water, or treated by HCN,
at 10 °C, in darkness. The representative images from a confocal microscop,
after 7" min of incubation with CM-H,DCFHDA are presented. (green image [
fluorescence of DCF (dichlorofluorescein), red image [1autofluorescence).

Obtained results show that dormancy alleviation is associated with an
accumulation of ROS content manifested by fast increase in green fluorescence
intensity in the cells of axes excised from embryos which were able to

germinate.
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Figure 16. ROS formation in axes of dormant (D) and
(ND) non-dormant sunflower embryos during
incubation at 10 °C, on water. Embryos were not-
pretreated by HCN (A) or pretreated during 3 h with
HCN (B). Axes isolated from dormant (<>,A) or non-
dormant ([J,0) after 3 h of imbibition or dormant
(®,A) and non-dormant (H,@®) after 24 h of
imbibition. Time course of ROS production after
addition of CM-H,DCFH-DA (time 0 to 7 min). Results
represent the means (x SD) of three separate
experiments.
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6.2.2. Effects of HCN on the antioxidant system
6.2.2.1. Glutathione content

To determine whether ROS production during embryo dormancy
alleviation by HCN might be associated with changes in non enzymatic
antioxidant system, GSH and GSSG contents were measured. In dry axes
excised from dormant and non-dormant GSSG+GSH, GSSG and GSH contents
were about 0.92, 0.17 and 0.74 pmol g™ DW, respectively (Figure 17).
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Figure 17. GSSG (striped blocks) and GSH (non-

striped blocks) contents in axes isolated from dormant

(yellow bars) and non-dormant (brown bars) sunflower

embryos. Measurements were carried out in axes

isolated from dry embryos or embryos incubated for

24 h on water, not-pretreated or pretreated by HCN

(1 mM) or by MV (0.1 mM) for 3 h, at 10 °C,

in darkness. Values are mean of four replicates + SD.
Imbibition of both types of embryos, resulted in a slight decrease in GSSG+GSH
content due to a reduction in GSSG content (Figure 17). Similar results were
observed in axes isolated from dormant and non-dormant embryos treated by
cyanide, but not in the samples treated by MV in which comparatively high
GSSG content was detected (Figure 17).

Table 6 presents GSH/GSSG ratios obtained in axes isolated from

sunflower embryos. Relatively low GSH/GSSG ratios observed in dry axes of

dormant and non-dormant of embryos (~ 3.79 and 4.85, respectively) strongly
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increased during imbibition on water (~ 22.32 and 29.41, respectively), with
tendency that lower values were detected in samples obtained from dormant
ones. However, HCN and MV treatments resulted in decrease of GSH/GSSG
ratios (Table 6).

Table 6. GSH/GSSG ratios in axes isolated from dormant and non-
dormant sunflower embryos. Measurements were carried out in axes
isolated from dry embryos or embryos incubated for 24 h on water,
not-pretreated or pretreated by HCN (1 mM) or by MV (0.1 mM) for
3 h, at 10 °C, in darkness. Values are mean of four replicates + SD.

GSH/ GSSG
Combination : 24 h of imbibition =
Dry 3.79 + 0.51 4.85 + 0.61
H,0 22.32 +6.13 20.41 + 4.13
HCN 13.63 + 6.07 18.68 + 2.99
MV 7.32 +2.15 3.85 +0.90

6.2.2.2. Enzymatic system

In order to investigate whether alleviation of embryo dormancy by HCN
involved the antioxidant system which regulate ROS accumulation, the activities
of CAT, GR and SOD were measured in axes isolated from dormant and non-
dormant sunflower embryos before imbibition (dry) and after 3 and 24 h of
imbibition in the presence of water at 10 °C. The embryos were placed directly

on water or pretreated by HCN or MV during 3 h.

CAT specific activity in axes excised from dry dormant and non-dormant
embryos was 5.96 and 6.4 nmol H,0, mg™ prot min?, respectively. The first 3 h
of imbibition was associated with an increase in CAT activity, up to 150 % of
the initial activity. The enzyme activity was then stable until 24 h (Figure 18A).
Application of gaseous cyanide or methylviologen did not change CAT activity

which remained constant during performed experiments (Figure 18A).

GR activity fluctuated from 0.03 to 0.057 nmol NADPH mg protein™
min™ (Figure 18B). HCN and MV treatment had no effect on GR activity in axes
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of dormant embryos. Curiously, they resulted in an increase in GR activity in
axes of non-dormant embryos after 3 h of imbibition, but this improving effect

was no more visible at 24 h (Figure 18B).

Relatively high SOD specific activity was detected in axes isolated from
dry dormant and non-dormant sunflower embryos (7.36 and 7.16 Units mg™
prot, respectively) (Figure 18C). In axes of control embryos it slightly decreased
during imbibition reaching 4.94 and 5.54 Units mg™ prot, respectively after 24
h. Similar results were observed in axes isolated from dormant and non-
dormant embryos treated by cyanide and methylviologen in which

comparatively to control, lower SOD activity was detected (Figure 18C).
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Figure 18. Activities of antioxidant enzymes CAT (A), enzymes: CAT (A0, GR (Bl and SOD
GR (B) and SOD (C), in dry dormant (yellow bars) and (C[), in dry axes isolated from
non-dormant (brown bars) sunflower embryos and  dormant sunflower embryos. Values
imbibed on water or treated by HCN or MV, at 10 °C,  are mean of three replicates + SD.

in darkness. Values are mean of three replicates + SD.
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Inhibitory effect of KCN solutions on in vitro activities of enzymes of
antioxidant system (CAT, GR, SOD) in dry axes isolated from dormant (Figure
19) sunflower embryos was also analyzed. From all analyzed enzymes the most
resistant to KCN was GR, because even relatively high concentration of used
inhibitor (0.5 mM) did not affect its activity (Figure 19B"). The most sensitive
enzyme was CAT, which activity was inhibited by KCN concentrations lower
than 1-2 pM (Figure 19A°). In the case of SOD activity, the used KCN
concentrations higher than 100 uM strongly inhibited SOD activity (Figure
19C").

6.2.3. Protein carbonylation

This part of the study was realized within the frame of a joint project

between University Pierre et Marie Curie (Paris, France)
and Centre National de la Recherche Scientifique/ Bayer CropScience

Joint Laboratory (Lyon, France)
under the guidance of Dr D. Job and Dr C. Job.

To determine whether ROS production during dormancy alleviation by
HCN in sunflower embryos could be associated with protein oxidation
(carbonylation), one-dimensional (1D) and two-dimensional (2D) PAGE of axe
protein extracts were performed, and the presence of carbonyl groups was
detected by Western blotting using the 2,4-dinitrophenylhydrazine (DNPH)

immunoassay.

The protein patterns obtained by 1D gel electrophoresis of soluble
proteins from dormant and non-dormant embryonic axes are shown in Figure
20 (and Figure 4 in Oracz et al. 2007). Coomassie blue staining showed that the
soluble protein patterns were similar for all the treatments. Soluble proteins
from dry dormant axes exhibited three faint carbonylated bands of about 75, 60
and 55 kDa (Figure 20, carbonyls). In contrast, the extent of protein
carbonylation was much higher in soluble proteins from dry non-dormant axes
than in dormant ones, and a number of new carbonylated bands were detected
(Figure 20A, B). During imbibition of non-dormant embryos on water (Figure
20D), like for dormant embryos treated by methylviologen (Figure 20E) and

hydrogen cyanide (Figure 20F), a strong increase in carbonylated protein level
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was observed. However, in the case of axes isolated from dormant embryos

decrease in the carbonylation intensity was observed (Figure 20C).

MM Proteins Carbonyls
(kDa) C D F A B C D

109.0
80.0

51.4

Figure 20. One-dimensional PAGE of oxidatively modified proteins from
axes of dry dormant (A) and non-dormant (B) embryos, axes of non-
dormant (D) and dormant (C) embryos imbibed on water during 3 h, axes of
dormant embryos treated by MV (E) or HCN (F) for 3 h at 10 °C,
in darkness. Protein stain (proteins) and anti-DNP immunoassay (carbonyls)
are shown. (from Oracz et al. 2007)

M [Imarkers; MM [1molecular mass.

The protein targets of carbonylation during sunflower embryo dormancy
alleviation were characterized by 2D gel electrophoresis (Figure 21 and
Figure 7(a)-(d) in Oracz et al. 2007). Oxyblots revealed that during imbibition
on water the level of protein oxidation was higher in non-dormant axes, which
displayed many new oxidized proteins ranging from approximately 15-40 kDa
(Figure 21B). Conversely, around 20 proteins that were found to be
carbonylated during imbibition (on water) in dormant axes were not detected

in non-dormant axes (Figure 21A, orange circles).

To further document a link between protein oxidation and release of
seed dormancy, dormant embryos were imbibed in the presence of hydrogen
cyanide. Three hours of imbibition of dormant embryos in the presence of 1 mM
hydrogen cyanide triggered the carbonylation of specific proteins in dormant
axes (e.g. blue circles in Figure 21C). This specific carbonylation pattern was
not seen by incubating dormant embryos in water only (Figure 21A), although
this latter incubation also resulted in an increase in protein carbonylation
compared with the dry embryos (Figure 5(b) in Oracz et al. 2007). It is also
interesting that the pattern of protein carbonylation is similar in all of the non-

dormant axes (Figure 21B, D), whatever the treatment.

73

PDF stworzony przez wersje demonstracyjna pdfFactory Pro www.pdffactory.pl/



http://www.pdffactory.pl/
http://www.pdffactory.pl/

Results

’ o A DH 20 ND H 20
' ' ; 73 73
MM (kDa) L :
94.3 94.3
67.2 67.2
-
]
4238 - 4238 e
o .
347 K 347 ‘
L
s B
1 3
166 166 ] = / L
D ND HCN
48 55 538 6.2 73
1 1 1 1 1
T —n e
943 943 NN e &
' 4 3
67.2 - 67.2 \
9 %
X S
12
- "
4284 - 428 ”
—_—
18 P ' 18 /‘ =" - " " | -
- "\ oy e ; & 4l
34.7 4 36 34.7 ; \ L.
2 #‘i 19
23 "
i t
16.6 16.6

Figure 21. Two-dimensional profiles of protein oxidation in axes of (A)
dormant and (B) non-dormant sunflower embryos after 3 h imbibition in
the presence of water; in axes of dormant (C) and non-dormant (D)
embryos after 3 h imbibitoin in the presence of 1 mM HCN at 10 °C,
in darkness. Orange circles indicates proteins specifically carbonylated
in dormant but not in non-dormant during imbibition on water. Blue circles
indicate proteins specifically carbonylated in the presence of hydrogen
cyanide. Red arrows indicated spots analyzed by MS.
(from Oracz et al. 2007)
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6.2.4. ldentification of protein by MS

This part of the study was realized within the frame of a joint project
between University Pierre et Marie Curie (Paris, France)
and INRA (Nouzilly, France) under the guidance of Dr M. Belghazi.

Carbonylated proteins identified by mass spectroscopy are listed in
Table 7.
Table 7. Identification of carbonylated proteins in embryo axes of dormant and

non-dormant sunflower seeds imbibed for 3 h on water or in the presence of
1 mM HCN, at 10 °C. (from Oracz et al. 2007)

Carbonylation

Spot Accession Protein name MW pl
No (kDa) D D ND  ND
H,O HCN H,O HCN
3 gil6056373 Elongation factor EF-2 (Arabidopsis thaliana) 93.9 6.1 + + + +

4 gil3024423 Pyruwate, phosphate dikinase, chloroplast precursor 93.9 5.1 + + + +
(Haveria brownie)

7 gil217855 81 kDa heat shock protein (Arabidopsis thaliana) 84.0 49 + + + +

9 gil2827002 HSP70 (Triticum aestivum) 73.4 5.0 + + + +

12 gil22273 Enolase (Zea mays) 60.0 5.5 + + + +

15 gil58735933  DHOAQA1ZD02RM1 HaDevS1, Helianthus annuus 7S 60.0 6.9 + + + +
globulin

16 gil71793966  Alcohol dehydrogenase (Alnus glutinosa) 42.8 6.2 - + + +

18 gil22460345 QHF6E13.yg.abl QH_EFGH] sunflower RHA280, 38.0 5.2 + + ++ +

Helianthus annuus cDNA clone (2gil1458098)
globulin-like protein (Daucus carota)

19 gil22459294 QHF12M17.yg.abl OH_EFGHJ sunflower RHA280 34.0 5.5 - + + +
Helianthus annuus cDNA clone QHF12M17, mRNA
sequence 2gil81238594IgblABB60055.11 11S globulin
precursor isoform 4 (Sesamum indicum)

21 gil22462073 QHG17D11.yg.abl QH_EFGH)J sunflower RHA280 36.0 6.5 - - + +
Helianthus annuus cDNA clone QHG17D11, mRNA
sequence 2gil27526460lembICAC80712.1I putative
dehydrin (Helianthus petiolaris)

23 gil27526481  Basic 2S albumin (Helianthus annuus) 16.6 7.0 - + + +

36 gil22310301 QHA17G24.yg.ab1 QH_ABCDI sunflower RHA801 21.0 7.3 - + - -
Helianthus annuus cDNA clone QHA17G24 mRNA
sequence 2qil4127629iemblCAA76572.1111SI storage
protein (Coffea arabica)

38 gil22393902  QHI21H20.yg.ab1l QH_ABCDI sunflower RHA801 400 5.8 - + - -
Helianthus annuus cDNA clone QHI21IH20, mRNA
sequence 2gil5302785lembICAB46034.1| putative
epoxide hydrolase (Arabidopsis thaliana)

EF2 (spot number 3), PPDK (spot number 4), 81 and 70 kDa HSP (spot
numbers 7 and 9), enolase (spot number 12) and 7S globulin (spot number 15)
were carbonylated in the axes of all imbibed embryos (Figure 21, Table 7 and
Oracz et al. 2007). The globulin-like protein (spot number 18) was also always

carbonylated in imbibed axes, but the level of oxidation appeared to be
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stronger in non-dormant axes isolated from embryos imbibed on water (Figure
21B). Treatment of imbibed dormant embryos with cyanide resulted in the
carbonylation of proteins not detected in non-dormant ones. For example,
proteins those show homology with 11S storage protein (spot number 36
in Figure 21) and epoxide hydrolase (spot number 38 in Figure 21) were
detected in axes isolated from dormant embryos but did not appear in the axes
of non-dormant embryos treated by HCN. Other, proteins sharing homology
with an 11S globulin precursor, an alcohol dehydrogenase and basic 2S albumin
(spot numbers 19, 16 and 23, respectively, in Figure 21) were oxidized in axes
of all embryos able to germinate. Spot number 21 was detected only in imbibed
non-dormant embryos (Figure 21B, D) and this protein was found to be similar
to dehydrin (Table 7).
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6.2.5. Effects of HCN on expression of genes involved in ROS production

and signal transduction
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Figure 22. NADPHox (A), POX (B), AO1 (C), AO2 (D)
transcript expression in axes isolated from dormant
(yellow bars) and non-dormant (brown bars) sunflower
embryos dry or after 24 h of incubation at 10 °C, on
water (control), in darkness. Embryos were treated by
HCN (1 mM) for 3 h or, by MV (0.1 mM) for 3 h,
at 10 °C. Data from QRT-PCR (mean of four replicates
+ SD) are expressed in arbitrary units.

Figure 22 presents the levels of transcripts of NADPHox (Figure 22A),
POX (Figure 22B), AO1 (Figure 22C) and AO2 (Figure 22D) genes in axes
isolated from dormant and non-dormant embryos before imbibition (dry) and
after 3 h of incubation on water at 10 °C, without (control) or with a pre-
treatment with HCN or methylviologen. The transcripts of the 4 genes studied
are present in the dry axes. NADPHox expression increased after embryo
imbibition, but was similar whatever the treatment (Figure 22A). In contrast,
imbibition was associated with a decrease in the amount of POX gene
transcripts (Figure 22B), but HCN and MV treatments did not affect POX
expression. It is interesting to notice that POX transcripts level was significantly
higher in axes isolated from dry non-dormant embryos than from dormant

ones. The level of AO1 and AO2 transcripts were similar in dry dormant and
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non-dormant axes (Figure 22C, D). They did not change during imbibition of
control embryos on water. Application of cyanide or methylviologen resulted in
decrease in AO2 expression (Figure 22D), but did not affect that of AO1 (Figure

220).
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Figure 23. MAPK6 (A), SerThrPK (B), PTP (C), CaM (D)
transcript expression in axes isolated from dormant
(yellow bars) and non-dormant (brown bars) sunflower
embryos dry or after 24 h of incubation at 10 °C, on
water (control), in darkness. Embryos were treated by
HCN (1 mM) for 3 h or, by MV (0.1 mM) for 3 h, at 10 °C.
Data from QRT-PCR (mean of four replicates + SD) are
expressed in arbitrary units.

To investigate the putative relationships between HCN and ROS
signaling pathway in sunflower embryo dormancy alleviation, the transcript
level of MAPK6, SerThrPK, PTP and CaM genes were also determined (Figure
23A, B, C, D). There was no significant difference in transcript level of MAPK6
(Figure 23A) and SerThrPK (Figure 23B) in dry axes isolated from both types of
embryos, while PTP (Figure 23C) and CaM (Figure 23D) expression seemed
stronger in non-dormant embryos than in dormant ones. Imbibition at 10 °C on
water of control not-treated embryos did not result in a significant change in
MAPK6, SerThrPK and PTP expression, but it was associated in an increase in

CaM one, particularly for the axes isolated from dormant embryos (Figure 23D).
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6.3. Mechanism of action of HCN in relation to ethylene biosynthesis

and action
6.3.1. Effect of inhibitors of ethylene biosynthesis and action

Table 8 presents the effects of HCN applied in the presence of inhibitors

of ethylene synthesis or ethylene perception on embryos germination at 10 °C.

Table 8. Effect of CoCl;, AOA, AIB and 2,5-NBD, at 1 mM on germination of
dormant sunflower embryos at 10 °C, in darkness. Embryos were treated with
HCN for 3 h before being transferred on water or placed continuously in the
presence of these compounds. Values are means of four experiments + SD.

(d, day).
Treatment with Germination (%)
Ethylene
HCN
biosynthesis and (3Ch) 7d 10d
*receptor inhibitors

- 22 +2 42 + 2

CoCl; (1 mM)
+ 58 +4 74+ 3
- 14+ 2 22 +2

AOA (1 mM)
+ 78+ 4 80 +2
- 24 + 2 30+1

AlIB (1 mM)
+ 94 +3 98 +1
- 18+1 18+1
*2,5-NBD (1 mM) N 79 + 1 7y 4 1
- 18 +2 20+ 4
H,O (control) " —— %6 < 2

Inhibitors of ACC synthase activity (AOA), of ACC oxidase activity (AIB,
CoCly) or of ethylene action (2,5-NBD) had no effect on germination of dormant
embryos. After 10 days, 22-42 % of embryos germinated at 10 °C, against 20
% of the control embryos placed on water (Table 8). Application of HCN in the
presence of ethylene biosynthesis inhibitors (AOA, AIB, CoCly) did not affect the
stimulatory action of cyanide on the germination of dormant embryos whatever
inhibitor used, and about 74-98 % of the embryos germinated after being

treated by HCN. Moreover, the beneficial effect of HCN treatment was
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suppressed in the presence of 2,5-NBD. After 10 days of HCN + 2,5-NBD
application just 22 % of embryos germinated (Table 8).

6.3.2. Effect of HCN on C;H,4 production

After 24 h of embryos incubation at 10 °C, isolated dormant axes
produced very small amount of ethylene (0.33 nl h™ g FW) in comparison to
the non-dormant ones (0.8 nl h™* g FW) (Figure 24).

f Ilﬁ
' i

H,O +HCN +MV

No w
T

CoHs (nl ht gt Fw)

Figure 24. Ethylene emission by axes
isolated from sunflower embryos. Embryos
were treated by HCN (1 mM) or MV
(0.1 mM) for 3 h before being transferred on
water. The measurement of CyHs was
performed after incubation (at 20 °C, for 5 h)
of axes excised from dormant (yellow bars)
and non-dormant (brown bars) sunflower
embryos, germinated during 24 h, at 10 °C,
in darkness. Values are mean of four
replicates + SD.

In addition, 3 h treatment of dormant embryos by HCN resulted in increase in
C,H4 production by isolated axes. This improving affect of HCN was also
observed in non-dormant embryos. For both types of embryos, C;H4 production
doubled after HCN treatment in comparison with the control. Similar tendency

occurred in the case of embryos treated by methylviologen (Figure 24).
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6.3.3. Effect of HCN on expression of gene involved in ethylene production

and signal transduction

Transcription of genes involved in ethylene production (ACC synthase:

ACS and ACC oxidase: ACO genes) or ethylene transduction signal (ETR2, CTR1

and ERF1) was studied by gRT-PCR in axes of dry embryos, of embryos
incubated for 24 h at 10 °C on water (control), or treated by HCN, C,H4 or MV,

in order to investigate whether HCN might act at molecular level on ethylene

synthesis or action, and whether ROS might be involved in this regulation.

In dry dormant and non-dormant axes ACS and ACO transcripts were present in

low amounts (Figure 25). In both types of embryos, imbibition resulted in a

strong increase in ACS and ACO expression.
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Figure 25. ACS and ACO transcript expression in axes
isolated from dormant (yellow bars) and non-dormant
(brown bars) sunflower embryos dry or after 24 h of
incubation at 10 °C, on water (control), in darkness.
Embryos were treated by HCN (1 mM) for 3 h, C,H4
(50 ppm) continuously, or by MV (0.1 mM) for 3 h,
at 10 °C. Data from QRT-PCR (mean of four replicates
+ SD) are expressed in arbitrary units.
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Treatment of embryos by HCN, ethylene or methylviologen did not
improve the transcription of ACS and ACO genes. In contrast, HCN and MV
treatments were associated with a decrease in ACS transcripts, and in a lower
intensity in ACO ones (Figure 25).

Transcription of genes involved in transduction of ethylene signal,
namely ETR2, CTR1 and ERF1 (Figure 2 in the introduction), was also

investigated and the results obtained are presented in Figure 26.
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Figure 26. ETR2, CTR1, ERF1 transcript expression in
axes isolated from dormant (yellow bars) and non-
dormant (brown bars) sunflower embryos dry or after
24 h of incubation at 10 °C, on water (control), in
darkness. Embryos were treated by HCN (1 mM) for
3 h, C;H4 (50 ppm) continuously, or by MV (0.1 mM) for
3 h, at 10 °C. Data from QRT-PCR (mean of four
replicates £ SD) are expressed in arbitrary units.
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In axes isolated from dry embryos ETR2, CTR1 and ERF1 transcripts
were present (Figure 26, dry). In both cases, the level of expression increased
during imbibition on water (Figure 26, H,0). HCN and MV treatments reduced
ETR2 expression (Figure 26A).

There was no significant difference in CTR1 transcript level in axes
isolated from dormant and non-dormant embryos, after imbibition on water, in

the presence or not of HCN ethylene or MV (Figure 26B).

Figure 26C shows that level of ERF1 transcripts in axes increased during
imbibition of both types of embryos. HCN treatment like ethylene and MV
strongly stimulated transcription of this factor.
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7. Discussion

7.1. Main characteristics of sunflower embryo dormancy:

a physiological approach

In the present work, major characteristic of the complexity of sunflower
embryo dormancy is demonstrated. Obtained data confirm that at harvest
naked sunflower seeds germinate poorly at 10 °C (Figure 5A and Oracz et al.
2007) and that after-ripening in dry conditions (20 °C, 2 months) results in
a widening of the temperature range in which germination is possible (Figure
5B and Oracz et al. 2007). From literature it is known that ethylene strongly
stimulates the germination of dormant sunflower embryos, when ABA reinforces
and decrease strongly germination percentages (Corbineau et al. 1988,
Corbineau et al. 1990, Corbineau and Come 2003). Results of the present work
show that ethylene decreases seed sensitivity to abscisic acid and the inhibitory
effect of ABA was for a part suppressed in the presence of C;H4 (Figure 6).
It is in agreement with results of Beaudoin et al. (2000) who demonstrated that
in ein2-45 abi3-4 double Arabidopsis mutant, ethylene suppresses seed
dormancy by inhibition of ABA action. These results indicate a strong interaction
between C,H4 and ABA signal transduction pathways, and a key conclusion is
that ethylene can promote seed germination by directly interfering with ABA

signaling (Beaudoin et al. 2000).

Interesting results concerning dormancy removal of sunflower embryos
(which do not contain cyanogenic compounds) have been obtained in
experiments with HCN-mediated embryos germination. Results of this work
demonstrate that HCN allows the germination of dormant sunflower embryos at
10 °C, a temperature at which dormancy is expressed. This improving effect
progressively increases with increasing cyanide concentrations, ranged from
10° M to 10 M, the maximal effect being obtained with 10° M HCN (Figure
7A). It is important to note that the stimulatory effect of cyanide is only
observed when this compound is subsequently eliminated from the germination
medium and the radicle growth is completely blocked in the continuous

presence of cyanide (Figure 7B). It is also shown that the duration of pre-
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imbibition of the embryos on water has no effect on their responsiveness to
HCN (Figures 8 and 9). Earlier experiments performed on apple seeds
(containing cyanogenic compounds) show that the stimulating effect of gaseous
HCN on germination was correlated with suppressing all symptoms of dormancy
such as inhibition of hypocotyl and internode elongation, as well as asymmetric
growth and greening of cotyledons (Bogatek and Lewak 1991, Lewak et al.
2000).

It has been proposed that the amino acid pool (e.g. alanine, serine,
asparagine) may increase through the activation of 3-CAS by ethylene and/or
HCN during germination, and consequently decreases the water potential in the
embryonic axes (Hasegawa et al. 1994). Decrease in water potential through
B-CAS activation may be one of the prerequisites for active growth of imbibed
seed tissues. In the present study, no significant differences in the activity of
B-CAS in axes during germination of embryos whatever their treatment were
observed (Figure 12). Moreover, in axes isolated from dry dormant and non-
dormant sunflower embryos, free HCN is not detectable (data not shown). Only
a slight increase in HCN content was measured in axes excised from imbibed
embryos, thus suggesting that 3-CAS (Figure 12) maintains cyanide content at
a low and not toxic level (not shown). These results demonstrate that the
beneficial effect of HCN on sunflower embryo germination is not related to an
increase in amino acids synthesis, by stimulation of B-CAS activity.

Esashi et al. (1991) postulated that the beneficial effect of cyanide on
germination might result from a partial blocking of the cytochrome system.
Cyanide liberated from endogenous pool of cyanogenic compounds, might act
on germination through the regulation of oxidative electron transport,
i.e. partial inhibition of the cytochrome pathway and/or induction of alternative,
cyanide-resistant one (Hasegawa et al. 1994). In this work, in order to analyze
whether cyanide mode of action might be associated with modification of
respiratory pathways, dormant sunflower embryos were imbibed in the
presence of various respiratory inhibitors (Table 4). Application of other

respiratory inhibitor than HCN Clsodium azide (NaNs), stimulates germination of
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sunflower embryos but at lower percentages than in the case of HCN (Table 4).
The alternative cyanide-resistant respiration operates in many plant seeds
during imbibition, in addition to cyanide-sensitive one (Morohashi and
Matsushima 1983). The presence of an inhibitor of cyanide-insensitive pathway
I salicylhydroxamic acid (SHAM) had no effect on the germination.
Furthermore, incubation of embryos in the presence of NaN3; or SHAM did not
change the stimulatory effect of HCN on germination. These observations
suggest that the primary action of HCN in stimulation of dormant sunflower
embryos germination is not related to its effect on respiratory metabolism
(alternative pathway) neither to an activation of the pentose phosphate
pathway (Table 4). This theory is highly probable since stimulatory effect of
HCN on germination of sunflower embryos, is efficient even at low moisture
content (0.05 g H,0 g DM), i.e. when the respiratory pathways almost does
not operate. This assumption is also supported by data obtained by Bogatek
and Rychter (1984) who presented that in mitochondria isolated from apple
embryos, an alternative oxidase pathway does not operate during cold
stratification. It seems that cyanide-resistant respiration is not involved in the
dormancy removal and germination of seeds, and therefore it is assumed that
the effect of HCN pretreatment, described in the present work, results from its

involvement in other metabolic processes.

7.2. Mechanisms of action of HCN in relation to ROS metabolism

It is still an intriguing question, how cyanide can be both recognized as
a signal and transduced in target cells, although it induces different responses.
HCN, similar to ROS, being a simple, small and diffusible molecule, it is then
highly improbable that its transduction involves specific receptors (Neill et al.
2003). It would be difficult to imagine that cyanide acts as the only signal
responsible for the various responses described above. Many molecules such as
NO and ROS appear to be produced in some processes regulated by cyanide
(Smith and Arteca 2000, Bogatek et al. 2004, Gniazdowska et al. 2007).
Numerous recent works (Bailly 2004 and references here in) have nevertheless

brought new lines of evidence showing that the role of ROS in seeds is not as

86

PDF stworzony przez wersje demonstracyjna pdfFactory Pro www.pdffactory.pl/



http://www.pdffactory.pl/
http://www.pdffactory.pl/

Discussion

unfavorable as it was considered previously. At the opposite, it now appears
more and more clearly that ROS would play a key signaling role in the
achievement of major events of seed life, such as germination or dormancy
release (Bailly 2004). Many reports have shown that the transition from
a quiescent seed to a metabolically active organism is associated with ROS
generation, suggesting that it is an ubiquitous phenomenon (El-Maarouf-
Bouteau and Bailly 2008). The ROS signaling transduction pathway in plants,
and therefore in seeds, from sensing to changes in gene expression, is not yet
fully understood. As suggested by Moller et al. (2007), short-lived ROS, such as
OH', would react not far from their production site, whereas long-lived ROS,
such H,0,, could reach targets far from their production site. A signaling role
for ROS is easy to envisage since the most stable, hydrogen peroxide, carries all
of the hallmarks necessary for fulfilling this role: it accumulates rapidly in
response to a specific stimuli, it is soluble and readily diffuses, and the
amplitude and duration of its synthesis will be proportional to the amplitude and
duration of the stimulus (May et al. 1998). Production of hydrogen peroxide has
been demonstrated during dry storage of beech (Fagus sylvatica) seeds
(Pukacka and Ratajczak 2005), as also in the early imbibition period of seeds of
sunflower (Bailly et al. 2002), tomato (Morohashi 2002), apple (Bogatek et al.
2003) and pea (Wojtyla et al. 2006). Results presented in this work show that
dormancy removal by HCN is associated with an accumulation of hydrogen
peroxide in the embryonic axes of sunflower embryos (Table 5), suggesting
that it might be an essential regulatory factor of breaking of embryo dormancy.
Confocal localization shows that the concentration of ROS increases faster and
is much higher in axes of germinated embryos (non-dormant or HCN-treated
embryos) than in not germinating ones (dormant in the presence of water)
(Figures 15 and 16). This demonstrates that in sunflower embryos ROS
production is initiated after cyanide application, and is in agreement with
previous proposals that ROS can act as cell messengers (reviewed in Bailly
2004). Thus HCN and ROS can therefore act as a signal to allow dormancy
release and improve subsequent seed germination. However, while the level of

H,O, (Table 5) increased progressively in axes of germinated sunflower
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embryos (dormant and non-dormant treated by HCN or MV, and non-dormant
in the presence of water) the level of O," seems to be constant during
germination in embryos whatever their treatment. There was also observed a
tendency, that in axes of non-dormant embryos (Figure 13, yellow blocks),
around 20-30 % higher superoxide radical was detected in comparison with
dormant ones (Figure 13, brown blocks). Potential alternative source of O,” in
plant cells is a reduction of O,, catalyzed by an NAD(P)H-dependent oxidase
that is localized in the plasma membrane (Vera-Estrella et al. 1992). However,
the putative role of NADPH oxidase during germination is not yet known but
might require attention regarding the various roles of this enzyme in various
developmental processes. For example, Sarath et al. (2007) demonstrated
recently that NADPH oxidase inhibition delayed germination of warm season
grasses. By HCN treatment of dormant sunflower embryos in the presence of
diphenyleneiodonium (DPI), an inhibitor of NADPH oxidase, it was shown that
cyanide beneficial effect on germination might be associated with regulation of
activity of this enzyme (Figure 11). DPI binds to the flavoprotein moiety as well
as to the cytochrome bssg moiety of the reduced NADPH oxidase complex,
inhibiting electron transfer from NADPH to O,. The observation that DPI (in the
range of 1-100 uM) inhibits the elicitor-induced production ROS in soybean
(Mithofer 1997), chick-pea (Otte and Barz 1996) and rose (Auh and Murphy
1995) has been used in the present study as hypothesis that regulation of
NADPH oxidase by cyanide might be responsible for its stimulating effect on
germination of dormant sunflower embryos (Figure 11). Frahry and Schopfer
(1998) demonstrated that DPI can interfere with a step that is specifically
involved in the reduction of O, by electron donors such as NADH, whereas the
steps involved in the binding of H,O, and the subsequent steps leading to
electron transfer from a phenolic substrate to H,O, are unaffected. Baker et al.
(1998) suggested that DPI may be able to block H,O, generation probably by
inhibiting O, "production that results from NAD' oxidation or the dismutation of
O into H,0,. It supports the results presented in this work (Figure 11), where

application of cyanide in the presence of DPI resulted in decreasing % of
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germinated embryos at around 30 % less in comparison to the effect by HCN

treatment without DPI.

At low moisture content (dry orthodox seeds) while respiration is
prevented and enzymes are presumably not active, the non-enzymatic sources
of ROS, such as lipid peroxidation (McDonald 1999) may occur. As the MDA
content is higher in axes isolated from dry non-dormant embryos than in
dormant ones (Figure 14), it can indicate that dormancy alleviation in dry
embryos is associated with lipid peroxidation and may, in turn, be involved in
free radical formation. However, the reactivation of metabolism following seed
imbibition results in slight decrease in MDA level in axes isolated from sunflower
embryos whatever their treatment (Figure 14), suggesting the other
mechanisms for ROS production, since increase in H,0O, concentration during
imbibition simultaneously was observed (Table 5). The lower MDA content
detected in axes excised from imbibed embryos might be explained by the
hypothesis of McDonald (1999), who postulated that lipid peroxidation can
indeed be favoured at very low moisture content and be prevented when it is
higher than 0.06 g H,O g™ DM.

Methylviologen, in light conditions generates the oxidative stress in
plant tissue through the photosynthetic electron transport chain (Xiong et al.
2007), as well as in the dark, but by an unknown mechanism (Slooten et al.
1995). The improving effect of methylviologen on the germination of dormant
embryos (Figure 10 and Oracz et al. 2007) supplies evidence that ROS play
a fundamental role in dormancy alleviation. Moreover, the present data show
that an application of H,O, as well as of aminotriazol, an inhibitor of catalase,
improves germination of dormant sunflower embryos (Table 3). These results
are in agreement with other works which report that exogenous H,0;
stimulates seed germination of barley (Hordeum vulgare) (Fontaine et al.

1994), zinnia (Zinnia elegans) (Ogawa and Iwabuchi 2001).

For ROS to act as cellular messengers, seeds must be able to regulate
their concentration. Various non-enzymatic and enzymatic mechanisms play

these roles in plants (see Figure 4 in Introduction). Pukacka and Ratajczak
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(2006) show that the redox status is strongly positively correlated with
germination capacity of silver maple (Acer saccharinum). It has been reported
that redox perturbations especially in GSH levels act as a signal in stimulating
defense genes of the antioxidant system (May et al. 1998). Content of
ascorbate and reduced glutathione, two related antioxidants, increase during
early seed imbibition (Kranner and Grill 1993). Both compounds might then play
a role in ROS scavenging through control of the cellular redox balance
(Tommasi et al. 2001) or protein synthesis (Kranner and Grill 1996b). Axes
excised from dry dormant and non-dormant sunflower embryos contain more
GSSG (low GSH/GSSG ratios ~ 3.79 and 4.85, respectively) than axes isolated
from embryos imbibed on water, indicating that the conversion of GSSG to GSH
is slower in the dry state (Figure 17). During imbibition of dormant and non-
dormant embryos on water, increase in GSH/GSSG ratios indicated faster
reduction of GSSG to GSH, in axes excised from non-dormant embryos
(GSH/GSSG ratios ~ 22.32 and 29.41, respectively) (Table 6). In contrary to
those results, comparatively high GSSG and low GSH content (lower GSH/GSSG
ratios) was detected in axes isolated from embryos treated by HCN or MV
(Figure 17, Table 6). Recently, it was postulated by Prabhakaran et al. (2006),
that selective depletion of mitochondrial GSH (mtGSH) increased oxidative
stress and enhanced cell death, whereas the cytoplasmic pool was not critical to
cell survival. Therefore to understand better the possible relationships which
might exist between HCN, ROS and glutathione metabolism during alleviation of

sunflower embryos more analysis are necessary.

In germinating sunflower seeds, activities of ROS scavenging enzymes
such as GR and CAT increase prior to radicle protrusion, the latter being
concomitant with the elimination of H,0O, and the reduction of lipid peroxidation
(Bailly et al. 2000). Analogous stimulation of CAT activity and/or expression
during germination has also been reported in other species as Arabidopsis
(Gallardo 2001), maize (Scandalios et al. 1997) and soybean (Gidrol et al.
1994). In the present work, relatively high in vitro activities of CAT, GR and
SOD (Figure 19A, B, C) in axes isolated from sunflower embryos are detected,

whatever the treatment. Nkang (2001) demonstrates that cyanide
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improves germination of Guilfoylia monostylis seeds by enhancing the activity of
enzymes (polyphenoloxidase and peroxidase) capable of degrading hydrogen
peroxide. Glutathione reductase, may be also involved in ROS alleviation in
apple (Bogatek et al. 2003) embryos, like in other seeds such as pine (Pinus
pinea L.) (Tommasi et al. 2001). Measurement of an inhibitory effect of KCN on
in vitro activities of enzymes of antioxidant system showed that the most
resistant to KCN was GR, because even relatively high concentration of this
inhibitor (~ 500 uM) does not affect its activity (Figure 19B"). In the opposite,
the most sensitive enzyme seemed to be CAT, which activity was inhibited by
KCN concentrations lower than 1 uM (Figure 19A"). Decrease in SOD in vitro
activity was observed after application of KCN at concentrations higher than
100 uM (Figure 19C"). These results are in agreement with data of Grossmann
(2003), who demonstrated that ones of the most vulnerable for cyanide action
enzymes are metalloproteins, such as Cu/Zn superoxide dismutase and

catalase.

Another attempt for explaining the possible role of ROS accumulation
during dormancy alleviation by cyanide was to study protein carbonylation, an
irreversible oxidation process leading to a change of function of the
carbonylated proteins. Protein carbonylation results from an oxidative attack on
arginine, lysine, proline or threonine residues of proteins, which can affect
enzyme activities or alter susceptibility of the modified proteins to proteolysis
(Berlett and Stadtman 1997). Although protein carbonylation is often associated
with aging in animals, it was demonstrated to be related with vigor in
germinating Arabidopsis seeds (Job et al. 2005). Carbonylation of reserve
proteins would help in their mobilization during germination by increasing their
susceptibility to proteolytic cleavage (Job et al. 2005). Proteins involved in
glycolysis/gluconeogenesis pathways also became carbonylated during
germination which could provide reducing power through the pentose
phosphate pathway (Job et al. 2005). The protein patterns obtained by 1D gel
electrophoresis of soluble proteins from dormant and non-dormant embryonic
axes show that the level of carbonylated proteins during imbibition is higher in

non-dormant axes than in dormant ones (Figure 20 and Oracz et al. 2007).
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In addition, 2D gel electrophoresis (Figure 21 and Oracz et al. 2007) shows that
a pool of proteins became specifically carbonylated during after-ripening, as
well as in HCN treated dormant embryos (proteins shown in the pink circles in
Figure 21C, Table 7 and Oracz et al. 2007). This specific carbonylation pattern
was not observed in the case of control embryos imbibed on water. Among this
pool, some storage proteins became oxidized suggesting that breaking of
dormancy in the dry state may be associated with a preparation toward storage
protein mobilization (Oracz et al. 2007). Conversely, ROS generated by
methylviologen (MV) also triggered specific protein oxidation (Figure 21, Table
7 and Oracz et al. 2007). In the group of carbonylated proteins specifically
associated with breaking of dormancy by HCN and MV, some are identified as
epoxide hydrolase and alcohol dehydrogenase (Table 7 and Oracz et al. 2007).
Epoxide hydrolases catalyze the conversion of epoxides into diols. The known
functions of this enzyme include detoxification of xenobiotics, drug metabolism,
synthesis of signaling compounds and responses to oxidative stress (Newman
et al. 2005). The possible role played by alcohol dehydrogenase (ADH) in
breaking of seed dormancy is also well documented (Cohn et al. 1989,
Corbineau et al. 1991). Taylorson and Hendricks (1979) have shown that
dormancy of numerous grass seeds could be broken by treatment with low
concentration of ethanol. Moreover, Corbineau et al. (1991) demonstrated also
that ADH was involved in breaking of dormancy in oat seeds. Therefore, it is
possible that inactivation of ADH by ROS might allow cellular accumulation of
this compound within the embryonic axes and in turn favor their germination.
However, the effect of ethanol on sunflower seed germination is not
documented yet but our results suggest that it should be properly addressed.
Two identified proteins, 11S globulin precursor isoform 4 (Figure 21, Table 7
and Oracz et al. 2007) and a basic 2S albumin (Figure 21, Table 7 and Oracz et
al. 2007) exhibited the same pattern of oxidation as ADH, supporting the

finding that germination requires the oxidation of specific reserve proteins.

Taking into account the similarities between effects of HCN and ROS,
the possibility that they could act by modification of gene expression during

dormancy alleviation may be also proposed. Modification of the genetic program

92

PDF stworzony przez wersje demonstracyjna pdfFactory Pro www.pdffactory.pl/



http://www.pdffactory.pl/
http://www.pdffactory.pl/

Discussion

associated with the transition from a dormant to a non-dormant state in dry
condition has been described in few reports. Apparent gene expression was
demonstrated during after-ripening in Nicotiana tabacum (Leubner-Metzger
2005), Arabidopsis (Cadman et al. 2006) and barley (Leymarie et al. 2007).
Many of the genes up-regulated in non-dormant seeds are associated with
protein synthesis, potentially controlling the completion of germination (Cadman
et al. 2006). Although it is known that transcriptional and translational events
could be a component of dormancy breaking, there is still a little evidence
concerning direct or indirect action of HCN on gene expression during
dormancy alleviation. In this study, analyzes of expression of genes involved in
ROS production in axes of germinating sunflower embryos (Figure 22) were
performed. The results show an increase in transcription of NADPHox gene
during seed imbibition. However, no change in transcript level of this gene
occurs after treatment of the embryos with cyanide or methylviologen,
suggesting that the induction of NADPHox transcription is related to imbibition
process and is not involved in the mode of action of both chemicals. Therefore,
it is highly probable that the mode of action of HCN and MV in dormancy
alleviation is associated with their effect on NADPHox activity, because
stimulatory effect of HCN was for a part suppressed in the presence of DPI. In
plants, the production of H,O, may derive from polyamine oxidation in reaction
carried out by cell wall amine oxidase (AO). The level of AO7 and AO2 gene
transcripts in dry dormant and non-dormant axes do not seem to change during
imbibition in the presence of water (Figure 22C, D). On the other hand,
application of HCN or MV causes a slight decrease in the transcript level of both
genes. In the case of POX gene (Figure 22B), the transcript level observed in
dry dormant and non-dormant axes decreased during imbibition in control
embryos and whatever the treatment and no significant difference in transcript
level were observed, suggesting that POX is not associated with ROS
production during germination. Cyanide mode of action is then not associated

with the regulation of transcription of genes involved in ROS production.

There are no data concerning specific receptor(s) of HCN in cells, and it
is still known relatively little about the signal transduction pathway involved in

HCN regulation of many processes within the plant cell. In literature, it is
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possible to find information that in animal cells, cyanide mobilizes Ca** from
intracellular compartments, which alters plasma membrane function via the
activation of Ca®*-sensitive K* channels (Latha et al. 1994) but the existence of
similar mechanisms in plants remains debatable. Genetic analysis in addition to
physiological studies will be required to support the existence of other
elements, already detected in mammalian cells (Latha et al. 1994). The results
presented above indicate that cyanide acts as a signal molecule leading to
alleviation of seed dormancy and stimulation of germination. Moreover, ROS
induced by HCN seem to play a role as a second messenger in cellular
signaling which suggests that these compounds could facilitate alleviation of
seed dormancy. These pathways probably do not operate independently, but
rather are linked together in a complex web of interactions. A better knowledge
of these events (some elements of cross-talk signal transductions) is needed for

a full understanding of cyanide action in these crucial processes.

7.3. Mechanism of action of HCN in relation to ethylene biosynthesis

and action

Intracellular ACO is an exclusively cytosolic enzyme which is not
associated with membranes (Reinhardt et al. 1994). Therefore, its reaction
products, ethylene and HCN, are initially released in the cytoplasm and can
react directly on cytosolic enzymes. Studies of Ververidis and Dilley (1995) on
in vitro ACC oxidase reaction showed a direct role of HCN in catalytic activation
and inactivation of this enzyme. In this work is demonstrated that an
application of HCN in the presence of ethylene biosynthesis inhibitors such as
AOA, AIB, CoCl,, does not suppress the stimulating effect of cyanide on
germination of dormant sunflower embryos. However, the promoting effect of
HCN is blocked in the presence of an inhibitor of the ethylene action (2,5-NBD)
(Table 8). In conclusion, is proposed that the regulatory role of cyanide in
dormancy alleviation of sunflower embryos does not operate by regulation of

ACS and/or ACO activity, but it requires functional ethylene receptors (Table 8).

Although ethylene has been implicated in breaking of dormancy and

germination of many seeds (Corbineau et al. 1990, Kepczynski and Kepczynska
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1997), its role in regulation of these processes is still poorly understood (Calvo
et al. 2004). There are some hypotheses suggesting that certain components of
ethylene signaling pathway are involved in the regulation of germination by
gibberellins (GA) (Koornneef and Karssen 1994). Ethylene can fully rescue the
germination of A. thaliana GA-deficient mutant ga-1 (Koornneef and Karssen
1994). Calvo et al. (2004) showed that ethylene and gibberellins (GA) are
involved in breaking of dormancy in beech tree (Fagus silvatica) seeds, by
modulating of expression of ACC oxidase gene (ACO). Despite that axes from
non-dormant sunflower embryos produce more ethylene in comparison to the
dormant axes (Figure 24), and treatment by HCN or MV double the amount of
C,H4, it seems to be highly probable that the mode of action of HCN is not
associating with regulation of production of this hormone. Indeed the amount
of detected ethylene is relatively small (~1 nl h™* g FW) and unable to affect
germination process. Moreover, transcription analyze of genes down- or up-
regulating ethylene production shows no significant changes in transcript level
of ACS and ACO genes, indicating that regulation of ethylene synthesis is not
required for sunflower embryo dormancy removal by cyanide and/or ROS
(Figure 25). However, in apple embryo HCN markedly enhanced ethylene

emission by stimulating of ACS6 expression (Bogatek et al. 2004).

Signal molecules such as ROS might be good candidates for the
interaction between cyanide and hormone signal transduction pathways.
Ethylene and ROS signaling pathways seem also to share some common
mechanisms. Stimulation of ethylene synthesis by environmental stresses, such
as ozone, UV irradiation, and wounding, involves generation of reactive oxygen
species (Surplus et al. 1998). Interactions among salicylic acid (SA), jasmonic
acid (JA) and ethylene have been also reported and found to modulate
responses to ROS (for review Wang et al. 2002). The studies on seeds of
several species suggest that there exists a relationship between ROS
metabolism, hormone regulation and seed germination (El Maarouf-Bouteau
and Bailly 2008). Several components of the ethylene signal transduction have
been identified and their signaling pathway has been characterized (Kucera et

al. 2005). Ethylene receptors are normally blocked to repress ethylene response
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(Bleecker and Kende 2000). Upon ethylene binding, the receptors become
active which alleviates the repression on ethylene signal transduction and
allows ethylene responses (Gamble et al. 2002). Desikan et al. (2005)
presented that the ethylene receptor ETR1 mediate H,0O, signal in stomatal
guard cells. This raises the question, whether the stimulatory effect of HCN on
germination could be related to the ethylene signaling pathway. The
observation that some mutants of A. thaliana, which exhibit reduced response
to ethylene, also show a lowered response to cyanide treatments (Smith and
Arteca 2000), may support this assumption. However, there is no experimental
data indicating that HCN shares the same receptors as ethylene and the next
downstream component identified in the ethylene signaling pathway as CTR1-
Ser/Thr kinase. Analyze of transcription of genes involved in transduction of
ethylene signal presented in this work, demonstrates that cyanide markedly
increased the transcription of ERF1 but not that of the ETR2 and CTR1 (Figure
26). That might suggest the involvement of ethylene receptors as also MAPK
signaling cascade, seems not to operate at transcription level, during HCN
dormancy alleviation of sunflower embryos. A recent study of Huang et al.
(2003) showed that ethylene receptor and CTR1 protein formed a complex and
the function of CTR1 was regulated via association/dissociation with the
ethylene receptor proteins. Based on this view, it is considered that ethylene
receptors could be more important modulators in the regulation of ethylene
response than CTR1 (Huang et al. 2003). Therefore, ERF1 might be a target
gene of HCN action. Moreover, presented data assigh a new mechanism of HCN
and ROS (MV) action, initiating the transcription factor ERF1 but through
different mechanism of that involved by ethylene knowing for increase of mRNA
level of ETR2 (Hua et al. 1998, Hua and Meyerowitz 1998).

7.4. General remarks and future developments

Seed dormancy and germination are very complex phenomena which
involve tightly controlled signaling pathways as well as cellular and molecular
regulations. In addition to hormones, there are many signaling molecules such

as HCN, ROS and NO which seem to play important roles in seed dormancy, but
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whether their mechanism of action relies on a unique dominant signaling

pathway or on the overlap of many is still under investigation.

The question about HCN toxic or signaling role has been stated
previously (Siegien and Bogatek 2006). In addition, the regulatory (signaling)
function in plant metabolism is now underlined. The present data document the
effectiveness of cyanide in breaking of sunflower embryo dormancy. It seems
that cyanide possesses some properties characteristic for signaling molecules:
a) it is produced quickly and efficiently on demand; b) it induces specific
responses within the cell at low concentrations, sometimes as low as 1 uM;
c) it can be metabolized (removed) rapidly subsequently to signaling events.
It is worth to note that cyanide as a gaseous molecule may easily diffuse not
only through cyanogenic plant tissues, but also may be released into the
surrounding atmosphere, similarly to ethylene, methyl jasmonate and fungal or
bacterial substances. Therefore, cyanide seems to be involved in regulation of
many processes (e.g. germination), which are also controlled by ROS and
ethylene. Presented data allow us to propose the protein oxidation as a new
mechanism of action for HCN and suggest that changes in gene expression are
not the only mechanism leading to seed dormancy release. Moreover, in the
present work it is demonstrated for the first time, that HCN did not change the
gene transcription of enzymes involved in ROS production or signaling pathway
but can induce the physiological response by ROS, using some elements of
other signal transduction pathway (e.g. ERF1 in ethylene signaling pathway).

The possible role of HCN in dormancy alleviation seems to be
a complex phenomenon, that why additionally experiments in this area, are still
necessary. Knowing that germination is associated with ROS transient
accumulation which may interact with ABA and GA transduction pathways
(EI-Maarouf Bouteau and Bailly 2008), future work should pay more attention to
the possible HCN involvement with this mechanism, since this compound is also
known to stimulate ROS production and affect ABA content (Bogatek et al.
2003). Moreover, in last decade was observed an increase in interest about role
of NO in regulation of germination (Beligni and Lamattina 2000, Kopyra and
Gwodzdz 2003, Bethke et al. 2007, Gniazdowska et al. 2007). It was suggested
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that, HCN- and NO- mediated germination might be related to variation of
ethylene biosynthesis as well as ABA/ethylene sensitivity (Bogatek and Sykata
2005, Dobrzynska et al. 2005, Bogatek and Gniazdowska 2006). Further
experiments in this area, at transcript and protein levels, would be highly
informative and help to better understand the possible role of cyanide as also

the other signaling molecules in dormancy alleviation.
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8. Conclusions

1. A short (3 h) pre-treatment of dormant sunflower embryos (Helianthus
annuus L.) by gaseous HCN (1 mM) releases their dormancy and allows

their subsequent germination at low temperature (10-15 °C).

2. Regulatory role of HCN in alleviation of sunflower embryo

dormancy is associated with:
a) an increase in ROS accumulation (H20,);

b) an specific oxidation of a set of proteins among which epoxide

hydrolase and alcohol dehydrogenase have been identified;

c) an increase in the expression of the ethylene transcription
factor — ERF1.

3. Mode of action of HCN during sunflower dormancy breaking does not result

from:

a) an activation of the pentose phosphate or the cyanide-insensitive

pathways;

b) an increase in amino acids synthesis (as alanine, serine, asparagine), by
stimulation of activity of B-CAS;

c) a regulation of transcription of genes involved in ethylene production
(ACS and ACO) and a stimulation of ethylene production;

d) a modification of the transcription of genes coding for enzymes involved
in ROS production (NADPHox, AOl, AO2, POX) and ROS signaling
pathway (MAPK6, SerThrPK, PTP, CaM).
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10. Supplementary data

Tables 1 and 2 presenting primers used in QRT-PCR gene analysis;
Map of vector used in cloning of genes;

Publication: Oracz et al. 2007 and supplements;

Presented posters:

§ Bailly C., Mamadou N., Oracz K., Come D., Corbineau F. (24-28
May 2004). Ok there a role for cyanide in sunflower seed
germinationl] 3rd International Symposium on Plant Dormancy,
Wageningen, Netherlands.

8§ Oracz K., Bailly C., Corbineau F. (8-13 May 2005). [Hffect of
cyanide on the germination of dormant sunflower (Helianthus
annuus L.) seeds[] 8th International Workshop on Seeds -
Germinating New Ideas, Brisbane, Australia.

8§ Oracz K., El-Maarouf-Bouteau H., Bogatek R., Corbineau F., Bailly
C. (26-30 August 2007). [Rossible interplay of HCN and ROS with
ethylene signalling pathway in alleviation of sunflower embryo
dormancy. 3rd Conference of Polish Society of Experimental Plant
Biology, Warsaw, Poland - award in the category of the very
interesting results presented on the conference.

Award in category the very interesting results presented at 3rd
Conference of Polish Society of Experimental Plant Biology (Warsaw,
Poland), by the title: [Rossible interplay of HCN and ROS with ethylene
signalling pathway in alleviation of sunflower embryos dormancy[]
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Table 1. Characteristic of primers used in QRT-PCR in order to study the involvement of ROS production or ROS signaling
pathways in germination. (aa: amino-acid, nt: nucleotide).

Name of

H.annuus L. gene accession number

Gene bank of CGP EST

Amplifi cation
product size

Primers sequence

Homology percentage of
EST sequences with other
plants (plant, accession no)

involved in ROS production

NADPHoX

Left: AGGGTCGTTTGACTGGTTC

88 aa (Nicotiana tabacum,

(NADPH oxidase) >QH_CA_Contig929 116 Right: ACCGAGCATCACCTTCTTC ~ CAC84140)

P ey dase >QH_CA_Contig2935 101 E?;tcgﬁgggégﬁcc%ﬁ-rc 70 aa (Arabidopsis, BT008314)
Y i e ESSSCTCMCNOT e
involved in ROS signal transduction

T S o s ST s s
scatedpoten QUGG I G CCUEEERGONC o (aorss
Egss(ppr:;’t‘aeég)tymsme >QH_CA_Contig640 149 k?;tggééﬁggiﬁég%ﬁg 82 nt (Arabidopsis, AY070042)
CaM (Calmodulin)  >QH_CA Contiglo37 168 ROt GACCTCTGIIGICGTITCAG  conuentan, CAAYS056)
constitutive gene

N gy g 1 GO o
B-tubulin QH_CA_Contig4019 132 Left: GGCGTCTACCTTCATTGGT 88 nt (Arabidopsis, AAK96884)

Right: TCCATCTCATCCATTCCTTC
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Table 2. Characteristic of primers used in QRT-PCR in order to study the involvement of the ethylene production or ethylene
signal transduction pathways in germination. (nt: nucleotide).

Name of

H.annuus L. gene accession number

Gene bank of CGP EST

Amplifi cation
product size

Primers sequence

Homology percentage of
EST sequences with other
plants (plant, accession no)

involved in ethylene production

ACO

Left: GAAGTGTATGGAGCAGAGGTTT

(ACC oxidase) L 29405 124 Right: GTTGGAGGTAGGGCGATG
ACS Left: CGGTTATTAGAGGGGGTAGTG 80 nt (Arabidopsis thaliana,
(ACC synthase) QHG4g06.yg.ab1 126 Right: TATTGTGTCGGGAGGAGGA NM_116016)
involved in ethylene signal transduction
ETR2 Left: AGTCGGAAGGCTCTGGTG 77 nt (Cucumis sativus,
(Ethylene response 2)  F11€05.yg.abl 131 Right: TCCTGTGGGATACGGAACT AB026500)
CTR1 o

N . Left: CCGTCCACTCTCTTGTAGGT 84 nt (Arabidopsis thaliana,
(Constitutive triple  QHG13010.yg.abl 166 Right: TCGTCGTCTGGCTCTTCT At5g03730.1)
response 1)
ERF1 o

. Left: TCTTGACTCAATCCAACACC 86 nt (Arabidopsis thaliana,

Ei?gf‘eﬂe response  QH_CA Contig5791 176 Right: ACTCTTGGTTTTCCACCACT ~ AF076278)
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lacZo. ATG .
M13 Reverse Primer | H/n‘d 1] Kp‘n | Saf‘:l B‘amHI S,L‘)e |
CAG GAA ACA CGCT ATG A ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GIC CIT TGI CGA TAC T TAC TAA TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT

BstX 1 EcoR| Ec?RI
GTA ACG GCC GCC AGT GTG‘CTG dAA TTC GCC CTT PCR Product AAG GCC GAA TTC TCGC
CAT TGC CGG CGG TCA CAC GAC CTT AAG CGG GAIN TTC CCG CTT AAG ACG
EcoR V BstX | Not | Xhol Nsil Xba Apal

I I | | I |
AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG|CCC TAT
TCT ATA GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC |GGG ATA

Iy
T7 Promoter M13 Forward (-20) Primer
AGT GAG TCG TAT TAC AAT TCA[CTG GCC GIC GIT TTA CGT CGT GAC TGG GAA AAC
TCA CTC AGC ATA ATG TTA AGT |[GAC CGG CAG CAA AAT T GCA GCA CTG ACC CTT TTG

Comments for pCR®2.1-TOPO®
3931 nucleotides

LacZo fragment: bases 1-547

M13 reverse priming site: bases 205-221
Multiple cloning site: bases 234-357

T7 promoter/priming site: bases 364-383

M13 Forward (-20) priming site: bases 391-406
f1 origin: bases 548-985

Kanamycin resistance ORF: bases 1319-2113
Ampicillin resistance ORF: bases 2131-2991
pUC origin: bases 3136-3809

¢) Invitrogen

life technologies
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Summary

At harvest, sunflower (Helianthus annuus L.) seeds are dormant and unable to germinate at temperatures
below 15°C. Seed storage in the dry state, known as after-ripening, is associated with an alleviation of
embryonic dormancy allowing subsequent germination at suboptimal temperatures. To identify the process
by which dormancy is broken during after-ripening, we focused on the role of reactive oxygen species (ROS) in
this phenomenon. After-ripening entailed a progressive accumulation of ROS, namely superoxide anions and
hydrogen peroxide, in cells of embryonic axes. This accumulation, which was investigated at the cellular
level by electron microscopy, occurred concomitantly with lipid peroxidation and oxidation (carbonylation)
of specific embryo proteins. Incubation of dormant seeds for 3 h in the presence of hydrogen cyanide
(a compound that breaks dormancy) or methylviologen (a ROS-generating compound) also released dormancy
and caused the oxidation of a specific set of embryo proteins. From these observations, we propose a novel
mechanism for seed dormancy alleviation. This mechanism involves ROS production and targeted changes in
protein carbonylation patterns.

Keywords: seed dormancy, after-ripening, reactive oxygen species, proteome analysis, carbonylation,
sunflower.

Introduction

Seed dormancy, defined as the failure of viable mature
seeds to germinate under favorable conditions, is assumed
to be an important adaptive trait in nature, enabling seeds to
remain quiescent until the conditions for germination and
seedling establishment become favorable (Bewley, 1997;
Bewley and Black, 1994; Finch-Savage and Leubner-Metzger,
2006). This trait can have an embryo and/or a coat compo-
nent, hence the terms ‘embryo’ and ‘coat’ dormancy to dis-
tinguish between these two mechanisms. Under natural
conditions, release of dormancy generally occurs during
after-ripening (storage in dry conditions) or during stratifi-
cation (imbibition at low temperature), which result in
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widening of the conditions allowing seed germination (Ba-
skin and Baskin, 1998; Bewley, 1997; Bewley and Black, 1994;
Donohue et al., 2005; Finch-Savage and Leubner-Metzger,
2006; Koornneef et al., 2002).

After-ripening is an intriguing phenomenon as it occurs at
low seed moisture contents (MC), generally <0.10 g H,O/g
dry weight (DW). Under these extreme conditions, water is
generally not available for biochemical reactions, and
very little is known about the cellular and molecular mech-
anisms involved in this process. However, changes in gene
expression and/or protein synthesis during after-ripening
have been shown to occur in seeds of Nicotiana tabacum
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(Leubner-Metzger, 2005), Nicotiana plumbaginifolia (Bove
et al., 2005) and Arabidopsis thaliana (Cadman et al., 2006;
Chibani et al., 2006), which presumably reflects the exist-
ence of hydrated pockets within cells or tissues of the mature
seeds (Leubner-Metzger, 2005). Non-enzymatic reactions are
also likely to occur during dry storage of seeds, such as lipid
peroxidation (McDonald, 1999; Priestley, 1986; Wilson and
McDonald, 1986) or the Amadori and Maillard reactions
associated with free radical production and oxidation pro-
cesses (Esashi et al., 1993; Murthy and Sun, 2000; Murthy
et al., 2003; Sun and Leopold, 1995). Furthermore, several
studies have documented the production of reactive oxygen
species (ROS) during seed storage in the dry state (Bucharov
and Gantcheff, 1984; Hendry, 1993; McDonald, 1999;
Pukacka and Ratajczak, 2005). ROS can react with virtually
all biological molecules including lipids, DNA and proteins.
Because proteins have numerous biological functions, their
oxidation may result in modification of their enzymatic and
binding properties and lead to diverse functional changes.
Oxidation of proteins can occur through a number of
different mechanisms, such as the formation of disulfide
cross-links and glycoxidation adducts, nitration of tyrosine
residues, and carbonylation of specific amino acid residues
(Davies, 2005). Recent studies have indicated that protein
oxidation is not necessarily a deleterious phenomenon in
plants (Job et al., 2005; Johansson et al., 2004). Moreover,
cellular ROS may show some selectivity with respect to their
targets. For example, H,0,, which is an oxidant, can react
with specific molecules at specific sites (Davies, 2005;
Halliwell and Gutteridge, 1999). Importantly, ROS have been
invoked to play a role in cellular signaling (for review, see
Bailly, 2004), raising the hypothesis that these compounds
can facilitate the shift from a dormant to a non-dormant
status in seeds.

Sunflower (Helianthus annuus) seeds provide an excellent
system for studying dormancy because they are deeply
dormant at harvest, but this dormancy is progressively lost
during dry storage (Corbineau et al., 1990). Their dormancy
results from both seed coat- and embryo-imposed dor-
mancy, the latter being involved in the failure to germinate at
10-15°C. However, the molecular mechanisms of embryo
dormancy and of its release during after-ripening are still
largely unknown.

The objective of this study was to investigate whether the
production of ROS and lipid autoxidation occur after
harvest, and whether this can, in turn, bring about modifi-
cations in seed protein oxidation patterns that facilitate
alleviation of seed dormancy. Moreover, in order to assess a
putative causal association between ROS production, pro-
tein oxidation and dormancy alleviation, dormant sunflower
seeds were imbibed in the presence of hydrogen cyanide, a
compound that breaks dormancy (Bethke et al, 2006;
Bogatek et al, 1991; Esashi etal., 1991; Taylorson and
Hendricks, 1973), or in the presence of methylviologen
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(MV), a ROS-generating compound (Slooten et al., 1995).
Although MV has not yet been reported as a dormancy-
breaking chemical, we have used it here as a tool to assess
the proposition that ROS generation is involved in dormancy
alleviation in this species. The general finding is that
dormancy release, both in dry and imbibed states, is
associated with ROS production and the carbonylation of
specific embryo proteins.

Results

Seed germination

Figure 1 shows the germination behavior of dormant and
non-dormant de-coated (naked) sunflower seeds at various
temperatures. At 15, 20 and 25°C, dormant seeds germina-
ted slowly and reached 80-90% germination within 6-8 days
(Figure 1a). Only about 20% of dormant naked seeds were
able to germinate at 10°C within 10 days (Figure 1a), but dry
storage markedly enhanced their germination at all tem-
peratures tested, and, in particular, they became able to fully
germinate at 10°C within 4 days (Figure 1b).
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Figure 1. Germination of dormant and non-dormant sunflower embryos (i.e.
naked seeds without pericarp) at various temperatures.

(a) Dormant embryos (immediately after harvest).

(b) Non-dormant embryos (after 2 months of dry storage).

Values are means of four replicates + SD.
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ROS production during dry storage

To characterize ROS production during after-ripening,
hydrogen peroxide and superoxide anion contents were
determined in axes (see Figure 2) excised from dormant
and non-dormant seeds (Table 1). Dormancy release was
associated with a marked enhancement in both com-

Figure 2. Localization of O, " in sunflower embryonic axes.

(a) Whole seed (right), embryo (center) and half-embryo (showing only one
cotyledon, left) of sunflower, showing axis and cotyledon (cot.).

(b, ¢) Whole axes and hand-cut sections of dormant (b) and non-dormant (c)
sunflower axes. The superoxide anions were visualized with NBT staining.
(d, f) and (e, g) Sections of dormant and non-dormant axes, respectively,
stained with NBT and viewed by light microscopy. The superoxide anion is
detected as formazan precipitates within the cytoplasm of the cells of non-
dormant axes (e, g). No marked coloration was visible in the cells of dormant
axes (d, f).

Scale is indicated on bars within the figures.

Table 1 Hydrogen peroxide, superoxide and malondialdehyde
(MDA) contents in dry dormant and non-dormant sunflower axes

H,0, 0, MDA

(umol g DW™") (umol g DW™") (umol g DW™)
Dormant axes 1.37 £ 0.21 5.29 + 0.25 76.75 — 3.65
Non-dormant axes 2.10 + 0.14 8.66 + 0.51 90.62 = 0.72

Values are means of five replicates = SD.

pounds, as the level of H,0, doubled and that of O,
increased by about 50%. Dry storage was also associated
with a slight but significant increase in malondialdehyde
(MDA) content, indicating the occurrence of lipid per-
oxidation (Table 1).

In situ accumulation of O, in whole seeds (embryos) and
in sections through axes during dry storage is shown in
Figure 2. At the whole-tissue level, accumulation of forma-
zans occurred almost homogeneously in axes of non-
dormant seeds (Figure 2c). In contrast, staining of dormant
axes by nitroblue tetrazolium (NBT) was only very slight
(Figure 2b). Transverse sections through the axes confirmed
the presence of formazan deposits at the cellular level. In
dormant axes, no NBT precipitation was visible within the
cells (Figure 2d,f), whereas numerous dark spots indicated
the presence of superoxide anion within the cells of non-
dormant axes (Figure 2e,g).

The detection of hydrogen peroxide was carried out by
CeCl; staining and revelation by transmission electron
microscopy (Bestwick et al., 1997; Pellinen et al., 2002). Cells
from axes of both dormant and non-dormant seeds were
filled with large lipid bodies and smaller protein bodies,
which somewhat occluded observation of the cytoplasm
(Figure 3a,b). However, in the presence of CeCls, H,0, was
clearly evident as electron dense (cerium perhydroxide)
spots (arrowed) within the cytoplasm of the cells (Figure 3¢c-
f).While some H,0, could be detected in dormant seeds
(Figure 3c,e), there was much higher staining in the cyto-
plasm of cells from axes of non-dormant seeds, revealing
endogenous H,0, production mainly in the non-dormant
tissues (Figure 3d,f).

To determine whether ROS accumulation during dry
storage caused seed dormancy alleviation, and was not
simply a side-effect accompanying seed storage, whole
dormant sunflower seeds were stored at 75% RH (relative
humidity) or 5% RH at 25°C for various durations, and the
H,0, content in the axes was determined (Table 2). Storage
of seeds at 75% RH was associated with a progressive
reduction of dormancy, whereas dormancy was maintained
when seeds were stored at 5% RH. After 6 weeks of storage
at 25°C and 75% RH, dormancy was lost, as these seeds
germinated at 10°C almost as fast as the non-dormant ones
(i.e. the seeds obtained after 2 months of dry storage at 25°C
and 60% RH; Table 3 and Figure 1b). Under these conditions,
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Figure 3. Subcellular localization of H,0, in sunflower embryonic axes.

(a, b) Dormant and non-dormant axes, respectively, viewed by TEM without
H,0, staining (sections not infiltrated by CeCly).

(c, ) and (d, f) Dormant and non-dormant axes, respectively, viewed by TEM
with CeCls-staining. H,0, is visualized as black spots corresponding to
electron-dense cerium perhydroxide precipitates (arrows). Abbreviations: cw,
cell wall; ob, oil body; pb, protein body. Scale bars represent 50 um (a,b),
1000 nm (c,d) and 500 nm (e,f).

Table 2 Germination after 7 days at 10°C and hydrogen peroxide
content of axes of dormant sunflower seeds stored for 3 and
6 weeks under 75% and 5% RH at 25°C

Duration and Germination

conditions (%) at 10°C H,0, content
of storage after 7 days (umol g DW™)
None (after harvest) 19 =22 1.37 =0.21

3 weeks, 75% RH 42 =11 2.01=0.12

3 weeks, 5% RH 22-15 1.41 = 0.04

6 weeks, 75% RH 70 +£2.0 2.21+0.22

6 weeks, 5% RH 21+05 1.40 +0.03

Values are means of four (germination) or five (H,0,) replicates + SD

the hydrogen peroxide content of the embryos increased
from 1.3t0 2.2 pmol g DW™", whereas this content remained
unchanged when dormant seeds were stored for the same
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duration but at 5% RH, i.e. conditions that do not permit seed
dormancy release (Table 3).

Protein carbonylation during dry after-ripening

To determine whether ROS production during after-ripening
could be associated with protein oxidation (carbonylation),
one-dimensional (1D) and two-dimensional (2D) PAGE of
seed protein extracts were performed, and the presence
of carbonyl groups was detected by Western blotting
using the 2,4-dinitrophenylhydrazine (DNPH) immunoassay
(Korolainen et al., 2002).

The protein patterns obtained by 1D gel electrophoresis of
soluble proteins from dormant and non-dormant embryonic
axes are shown in Figure 4. Coomassie blue staining
showed the soluble proteins from both dormant and non-
dormant embryonic axes to be very similar. Soluble proteins
from dormant axes exhibited three faint carbonylated bands
of about 75, 60 and 55 kDa (Figure 4). In contrast, the extent
of protein carbonylation was much higher in soluble
proteins from non-dormant axes, and a number of new
carbonylated bands were detected (Figure 4).

The protein targets of carbonylation during after-ripening
were characterized by 2D gel electrophoresis and LC/MS-MS
analyses. The 2D protein patterns of soluble proteins
extracted from dormant and non-dormant axes were very
similar (Figure 5a,c). However, in agreement with the data
obtained by 1D gel electrophoresis (Figure 4), after-ripening
was associated with increased carbonylation of several
proteins (red arrows and red circles in Figure 5). There was
also a decrease in the carbonylation level of some proteins
during this process (yellow arrows in Figure 5). Finally,
some carbonylated proteins remained at a constant level
during after-ripening (green arrows in Figure 5). It is clear
that not all seed proteins detected by silver staining were
carbonylated, testifying to the specificity of protein oxida-
tion during after-ripening.

Twenty spots representing carbonylated proteins were
excised from 2D gels and analyzed by mass spectrometry.
Identification failed for 12 proteins. Table 2 and Table S1 list
the oxidized proteins that were identified by this approach,
mainly by sequence homology with proteins from species
other than sunflower. However, several proteins could be
identified using the sunflower EST collections (http:/
cgpdb.ucdavis.edu/; http://genoplante-info.infobiogen.fr/),
highlighting the usefulness of such collections as a tool for
proteomics in the absence of extensive genomic sequence
information. The data showed that the carbonylation level
of elongation factor 2 (EF2, spot number 3 in Figure 5),
pyruvate orthophosphate dikinase (PPDK, spot number
4 in Figure 5) and a protein corresponding to a sunflower
EST, which has a strong homology with a 7S globulin of
Sesamum indicum and with various vicilin-like proteins
(spot number 15 in Figure 5) increased during dry after-
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Table 3 Identification of carbonylated proteins in embryo axes of dry dormant and non-dormant sunflower seeds

Spot MW Change in carbonylation
number Accession Protein name (kDa) pl during after-ripening
3 gil6056373 Elongation factor EF-2 (Arabidopsis thaliana) 93.9 6.1 Increase
4 gil3024423 Pyruvate, phosphate dikinase, chloroplast 93.9 5.1 Increase
precursor (Flaveria brownie)
7 gil217855 81 kDa heat shock protein (Arabidopsis thaliana) 84.0 4.9 Constant
9 il2827002 HSP70 (Triticum aestivum) 73.4 5.0 Constant
12 gil22273 Enolase (Zea mays) 60.0 5.5 Constant
15 il58735933 DHOAQA1ZD02RM1 HaDevS1, 60.0 6.9 Increase
Helianthus annuus 7S globulin
18 gil22460345 QHF6E13.yg.ab1 QH_EFGHJ sunflower RHA280, 38.0 5.2 Constant
Helianthus annuus cDNA clone (>gil1458098)
globulin-like protein (Daucus carota)
46 gil32530040 DHOAB43ZF02RM1 HaDevR1, 37.0 6.6 Decrease

Helianthus annuus cDNA clone HaDevR143F02,

mRNA sequence

>gil82621184IgblABB86280.1! proteasome-like

protein alpha subunit-like (Solanum tuberosum)

Peptide sequences were identified by MS-MS sequencing, see Table S1for the peptide sequences. Experimental molecular weight (MW) and pl are

indicated.

MM Proteins Carbonyls

(kDa) M D ND D ND

109.0—
80.0—=

51.4— —
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26.0—

16.6—

Figure 4. One-dimensional PAGE of oxidatively modified proteins from axes
of dry dormant and non-dormant sunflower seeds.

Protein stain (proteins) and anti-DNP immunoassay (carbonyls) are shown.
D, dormant; ND, non-dormant; M, markers; MM, molecular mass.

ripening. In contrast, seed dormancy alleviation during dry
storage was associated with decreased carbonylation of
several proteins including a 20S proteasome a-subunit (spot
number 46 in Figure 5). Proteins whose carbonylation level
remained constant during dry storage included 81 and
70 kDa heat shock proteins (HSPs, spot numbers 7 and 9 in
Figure 5), enolase (spot number 12 in Figure 5) and a protein
with strong homology to a globulin-like protein from carrot
(Daucus carota) (spot number 18 in Figure 5).

Effect of cyanide and methylviologen on the protein
oxidation pattern

To further document a link between protein oxidation and
release of seed dormancy, dormant sunflower seeds were
imbibed in the presence of hydrogen cyanide, a compound
known to break dormancy in many species (Bethke et al.,
2006; Bogatek et al., 1991; Come et al., 1988; Esashi et al.,
1991; Taylorson and Hendricks, 1973). A3 h imbibition of the
dormant sunflower seeds in the presence of 1 mm hydrogen
cyanide efficiently released dormancy (Figure 6). Further-
more, this incubation triggered the carbonylation of specific
proteins in dormant axes only (e.g. the blue circles in Fig-
ure 7). This carbonylation pattern was specific as it was not
seen with non-dormant seeds incubated either in water orin
the presence of hydrogen cyanide (Figure 7d). To further
assess the correlation between ROS accumulation, protein
carbonylation and break of dormancy, dormant and non-
dormant seeds were imbibed for 3 h in the presence of
methylviologen, a compound known to induce ROS pro-
duction (Slooten et al., 1995). After this treatment, the H,0,
content of dormant axes was 2.7 + 0.11 pmol g DW™',
whereas it was 2.0 = 0.13 ymol g DW™" when dormant
seeds were imbibed on water (data not shown). Figure 6
shows that this compound was very effective in promoting
dormancy release in sunflower seeds, lending further sup-
port to the hypothesis that dormancy release is associated
with the generation of ROS. Remarkably, not only did this
compound break dormancy, but this also entailed the same
specific pattern of protein oxidation as seen with hydrogen
cyanide (blue circle in Figure 7). Oxyblots also revealed that
imbibition of dormant and non-dormant embryos on water
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Figure 5. Two-dimensional profiles of protein abundance and oxidation in axes of dry dormant and non-dormant sunflower seeds.

(a, b) Dormant axes; (c, d) non-dormant axes.

Protein stains (a, c¢) and anti-DNP immunoassays (b, d) are shown. Proteins undergoing increased carbonylation during after-ripening are labeled with red arrows,
those for which the carbonylation level remained constant during after-ripening are labeled with green arrows, and those for which the carbonylation level
decreased during after-ripening are labeled by yellow arrows. Numbers indicated on the arrows correspond to the proteins that have been identified by mass

spectrometry (listed in Table 3).

was associated with an increase in protein carbonylation
(compare Figures 5 and 7). However, the level of protein
oxidation was higher in non-dormant axes, which displayed
many new oxidized proteins ranging from approximately
15-40 kDa (Figure 7b). Conversely, around 20 proteins that
were found to be carbonylated during imbibition in dormant
axes were not detected in non-dormant axes (Figure 7a,

© 2007 The Authors

yellow circles). Carbonylated proteins identified by mass
spectroscopy are listed in Table 4. EF2 (spot number 3),
PPDK (spot number 4), 81 and 70 kDa HSP (spot numbers 7
and 9), enolase (spot number 12) and 7S globulin (spot
number 15), previously identified in dry-after ripened seeds,
were also carbonylated in the axes of all imbibed seeds
(Figure 7, Tables 3 and 4). The globulin-like protein (spot
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Figure 6. Effect of a 3 h treatment by 1 mm hydrogen cyanide (HCN) and
0.1 mm methylviologen (MV) on the germination of dormant sunflower
embryos (D) at 10°C. ND, non-dormant embryos. Means of four repli-
cates £ SD.

number 18) was also always carbonylated in imbibed axes,
but the level of oxidation appeared to be stronger in non-
dormant axes isolated from seeds imbibed on water (Fig-
ure 7b). Treatment of imbibed dormant seeds with cyanide
and MV also resulted in the carbonylation of proteins not
detected in dry after-ripened seeds. For example, proteins
that show homology with 11S storage protein (spot number
36 in Figure 7) and epoxide hydrolase (spot number 38 in
Figure 7) were detected in dormant seeds but did not appear
in the axes of non-dormant seeds treated with cyanide and
MV. Other proteins sharing homology with an 11S globulin
precursor, an alcohol dehydrogenase and a basic 2S albu-
min (spot numbers 19, 16 and 23, respectively, in Figure 7)
were oxidized in axes of all seeds able to germinate. Spot
number 21 was detected only in imbibed non-dormant
seeds (Figure 7b,d,f), and this protein was found to be sim-
ilar to dehydrin (Table 4).

Discussion

Dormancy is a characteristic feature of sunflower seeds at
their harvest. This dormancy exhibits both seed coat and
embryo components, and progressively appears during
seed development on the mother plant (Corbineau et al.,
1990). The seed-coat-imposed dormancy acts through the
effects of phenolics on oxygen availability for the embryo,
and is therefore expressed to a greater extent at high tem-
peratures, while the embryo-imposed dormancy is likely to
be involved in the restriction of germination at temperatures
below 15°C (Corbineau et al., 1990; Gay et al., 1991). In
agreement, dormant naked seeds assayed immediately after
harvest only germinated very poorly at 10°C (Figure 1a), and
after-ripening in dry conditions (20°C, 60% RH, 2 months)
resulted in a widening of the temperatures permitting
germination (Figure 1b).

Our results show that after-ripening is associated with an
accumulation of superoxide anions and hydrogen peroxide
in the embryonic axes (Table 1, Figures 2 and 3). O,
appeared as formazan precipitates within the cells (Fig-
ure 2), and ultrastructural studies showed that hydrogen
peroxide accumulated in the cytoplasm of embryonic axis
cells (Figure 3). By storing the seeds at various RH, it was
possible to modulate the extent of dormancy release
(Table 2). This suggests that the water status within the
embryo cell is likely to play a critical role in the process of
after-ripening, and shows that hydrogen peroxide accumu-
lation is tightly associated with the breaking of embryo
dormancy as this compound only accumulated under con-
ditions associated with dormancy release. Thus a causal link
between ROS production, or at least H,0, accumulation, and
after-ripening is likely to exist, and this process is not just
related to seed storage. This demonstrates that, in sunflower
seeds, ROS production in the dry state is initiated after
harvest, and that, in agreement with previous proposals that
ROS can act as cell messengers (reviewed in Bailly, 2004),
these molecules could therefore act as a signal to allow
dormancy release and favor subsequent seed germination.
However, it is also likely that prolonged storage of seeds in
the dry state would be associated with a sustained produc-
tion of ROS, which would lead to oxidative stress and to the
related deteriorative events known to occur during seed
aging (Bailly, 2004).

In plants, and more especially in seeds, ROS may origin-
ate from the mitochondrial respiratory chain or be produced
through the action of enzymes such as NADPH oxidase
(Bailly, 2004). However, in dry tissues, such as in mature
orthodox seeds, respiration is prevented and enzymes are
presumably not active, which suggests the occurrence of
other mechanisms for ROS production. At low moisture
content, non-enzymatic reactions are known to occur, such
as the Amadori and Maillard reactions (Priestley, 1986; Sun
and Leopold, 1995) and lipid peroxidation (McDonald, 1999).
Enzymatic oxidation of lipids through lipoxygenase is also
possible when water activity is as low as 0.4 (Drapron, 1985).
Using model systems, such as those based on oil encapsu-
lation in a glassy matrix, it has been demonstrated that
glasses do not prevent oxygen diffusion, thus allowing
autoxidation reactions of lipids (Andersen and Skibsted,
2002; Andersen et al., 2000; Nelson and Labuza, 1992). As
the MDA content increased during dormancy alleviation
(Table 1), we assume that after-ripening is associated with
lipid peroxidation, which could be a consequence of ROS
accumulation and may, in turn, be involved in free radical
formation.

To test the hypothesis that ROS accumulation during
after-ripening is involved in dormancy alleviation, and to
assign a possible mechanism whereby this might occur, we
characterized the oxidized proteome of embryonic axes
from dormant and non-dormant seeds. Protein carbonyla-
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Figure 7. Two-dimensional profiles of protein oxidation in axes of dormant and non-dormant sunflower seeds after 3 h imbibition at 10°C under various conditions.
(a) Dormant axes and (b) non-dormant axes imbibed on water; (c) dormant axes and (d) non-dormant axes imbibed in the presence of 1 mm HCN; (e) dormant axes
and (f) non-dormant axes imbibed in the presence of 0.1 mm methylviologen.
Numbers indicated on the arrows correspond to proteins that have been identified by mass spectrometry (see Tables 3 and 4). Yellow circles, proteins carbonylated
in dormant axes but not in non-dormant axes during imbibition on water. Blue circles, proteins specifically carbonylated in the presence of hydrogen cyanide or
methylviologen. Green and purple circles, proteins specifically carbonylated in the presence of cyanide or methylviologen, respectively, during imbibition of

dormant axes.

© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Ltd, The Plant Journal, (2007), 50, 452-465

PDF stworzony przez wersje demonstracyjna pdfFactory Pro www.pdffactory.pl/



http://www.pdffactory.pl/
http://www.pdffactory.pl/

460 Krystyna Oracz et al.

Table 4 Identification of carbonylated proteins in embryo axes of dormant and non-dormant sunflower seeds imbibed for 3 h on water (W) or in
the presence of hydrogen cyanide (CN) or methylviologen (MV) at 10°C

Carbonylation

D D D ND ND ND
MW (kDa) pl W CN MV W CN MV

Spot number Accession Protein name
3 See Table 3 Elongation factor EF-2 93.9 6.1 + + + +
4 See Table 3 Pyruvate, phosphate dikinase, 93.9 5.1 + + +
chloroplast precursor
7 See Table 3 81 kDa heat shock protein 84.0 4.9 + + + + + +
9 See Table 3 HSP70 73.4 5.0 + + + + + +
12 See Table 3 Enolase 60.0 5.5 + + + + + +
15 See Table 3 7S globulin 60.0 6.9 + + + + + +
16 gil71793966 alcohol dehydrogenase 42.8 6.2 + + + + +
(Alnus glutinosa)
18 See Table 3 Globulin-like protein 38.0 5.2 + + + ++ +
19 gil22459294 QHF12M17.yg.ab1 QH_EFGHJ 34.0 5.5 - + + + + +
sunflower RHA280 Helianthus
annuus cDNA clone QHF12M17,
mRNA sequence
>gil81238594IgbIABB60055.11 11S
globulin precursor isoform 4
(Sesamum indicum)
21 gil22462073 QHG17D11.yg.ab1 QH_EFGHJ 36.0 6.5 - - - + + +
sunflower RHA280 Helianthus
annuus cDNA clone QHG17D11,
mRNA sequence
>qil27526460lembICAC80712.1I
putative dehydrin (Helianthus petiolaris)
23 gil27526481 Basic 2S albumin (Helianthus annuus) 16.6 7.0 - + + + + +
36 gil22310301 QHA17G24.yg.ab1 QH_ABCDI sunflower 21.0 7.3 - + + - - -
RHAB801 Helianthus annuus cDNA
clone QHA17G24, mRNA sequence
>gil41276291embICAA76572.11 11S
storage protein (Coffea arabica)
38 gil22393902 QHI21H20.yg.ab1 QH_ABCDI sunflower 40.0 5.8 - + + - - -

RHAB801 Helianthus annuus cDNA
clone QHI21H20, mRNA sequence

>gil5302785lembICAB46034.1| putative

epoxide hydrolase (Arabidopsis thaliana)

D, dormant seeds; ND, non-dormant seeds. Peptide sequences were identified by MS-MS sequencing; see Table 3 for characteristics of spots 3, 4,
7,9, 12,15 and 18, and Table S1 for the peptide sequences. Experimental molecular weight (MW) and pl are indicated.

tion results from oxidative attack on Arg, Lys, Pro or Thr
residues of proteins, which can affect enzyme activities or
alter susceptibility of the modified proteins to proteolysis
(Berlett and Stadtman, 1997; Davies, 2005; Dunlop et al.,
2002). Our present data clearly indicate the occurrence of
carbonylation of specific embryonic proteins during after-
ripening of sunflower seeds (Figures 4 and 5). An alternative
possibility to account for our results could be a redistribu-
tion of carbonylated proteins in the various protein fractions
(i.e. soluble and non-soluble proteins) because of cell
structural changes occurring during after-ripening that
would render the carbonylated proteins more soluble from
the non-dormant axes than from the corresponding dormant
ones. However, the fact that no marked ultrastructural
changes occurred during after-ripening (Figure 3a,b) and

that the soluble proteomes revealed by silver nitrate staining
were very similar for the dormant and non-dormant axes
does not favor this idea (Figure 5). We suggest that, in the
sunflower seed system, protein carbonylation may result
from an accumulation of ROS themselves, and from accu-
mulated lipid peroxidation products such as MDA (Table 1),
which is known to react with lysine residues to form
carbonyl derivatives (Burcham and Kuhan, 1996; Liu and
Wang, 2005). In animals, protein carbonylation has been
widely used as a measurement of oxidative damage, and it
has been shown to increase in aging tissues (Dalle-Donne
et al., 2003; Ding et al., 2006; Nystrém, 2005). In marked
contrast, protein carbonylation may not be an inevitable
consequence of tissue aging in plants. Thus, in Arabidopsis,
patterns of protein carbonylation vary widely during
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progression of the life cycle, and the extent of protein
carbonylation drops abruptly prior to the vegetative to
reproductive transition (Johansson et al., 2004). Carbonyla-
tion of numerous proteins also occurs during Arabidopsis
seed germination, although the germinated seeds gave rise
to vigorous plantlets (Job et al., 2005).

The present data document the effectiveness of both
hydrogen cyanide and methylviologen in breaking sun-
flower seed dormancy (Figure 6). Hydrogen cyanide has
already been shown to alleviate seed dormancy in several
species, including Arabidopsis (Bethke et al., 2006; Bogatek
et al., 1991; Come et al., 1988; Esashi et al., 1991; Taylorson
and Hendricks, 1973). Methylviologen, on the other hand, is
a compound known to generate oxidative stress in plants in
the light through the photosynthetic electron transport chain
(Xiong et al., 2007), as well as in the dark, but by an unknown
mechanism (Slooten et al., 1995). However, its utilization as
a compound that breaks seed dormancy has not been
reported to date, and the advantage of using methylviologen
in our study is that it supplies evidence that ROS probably
play a fundamental role in seed dormancy release.

The oxyblots presented in Figure 7 clearly show that
carbonylation of specific proteins occurred upon treating the
dormant sunflower seeds with either hydrogen cyanide or
methylviologen (e.g. proteins shown in the blue circles in
Figure 7). This specific carbonylation pattern was not seen
by incubating dormant seeds in water only (Figure 7a),
although this latter incubation also resulted in an increase in
protein carbonylation compared with the dry seeds (com-
pare Figures 5b and 7a). It is also interesting that the pattern
of protein carbonylation is similar in all of the non-dormant
axes (Figure 7), regardless of the treatment. This has signi-
ficance in the present experiments and in interpreting the
data as they provide treatment controls illustrating the
reproducibly of the technique and the biological behavior. In
summary, seed dormancy release during dry storage and
imbibition in the presence of hydrogen cyanide or methyl-
viologen was associated with the appearance of specific
carbonylation patterns, although these patterns differed
when dormancy was broken in dry and in imbibed state
conditions (compare Figures 5 and 7). It would nevertheless
be interesting to further characterize the specific features of
the carbonylated proteome during breaking of dormancy by
carrying out time-course experiments during the after-
ripening process. The similarity of the effects of HCN and
MV on the oxidized proteome also suggests that these
compounds share a common mechanism for triggering
dormancy release in imbibed dormant seeds.

The role of protein oxidation in dormancy alleviation
could be discussed in relation to the nature of the carbon-
ylated proteins presently identified. EF2, PPDK and 7S
globulin (spot numbers 3, 4 and 15, respectively, in Figure 5,
Table 2 and Table S1) exhibited an increased carbonylation
level during after-ripening. EF2 catalyzes peptidyl-tRNA
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translocation of the ribosome during the elongation phase
of protein translation. Its level is known to decrease
dramatically during wheat seed development, particularly
during the desiccation phase (Gallie et al., 1998). Carbony-
lation of EF2 during storage in the dry state after completion
of seed development might therefore terminate protein
synthesis that is associated strictly with developmental
processes. PPDK plays a role in photosynthesis in C4 plants
but its function in C3 plants is not fully elucidated. Interest-
ingly, this enzyme appears to be absent from many dicot
seeds, including Arabidopsis, with the remarkable exception
of sunflower seeds (Chastain et al., 2006). As PPDK is
presumed to be involved in seed development rather than
in seed germination (Chastain et al., 2006), its carbonylation
during after-ripening could provide a means to down-
regulate some residual enzyme activity. In this context, it
has been shown in rice that, as seed development progres-
ses towards late maturation, the enzyme undergoes post-
translational down-regulation in terms of activity and
amount via regulatory phosphorylation (PPDK inactivation)
and protein degradation (Chastain et al., 2006). Carbonyla-
tion of storage proteins has previously been reported in dry
mature Arabidopsis seeds, and it was suggested that
carbonylation of these proteins facilitates their mobilization
during germination (Job et al., 2005). Thus, in sunflower
seeds, breaking of dormancy in the dry state may be
associated with preparation for storage protein mobilization.

Thecarbonylation level of some proteinsdecreased during
after-ripening. For example, this was the case for a 20S
proteasome a-subunit (spot number 46; Figure 5, Table 2and
Table S1). This observation is consistent with data showing a
requirement of for proteasome activity in sunflower embryos
for both the breaking of dormancy by ethylene and the
progression of germination (Borghetti et al., 2002).

Proteins that were similarly oxidized in dry and imbibed
dormant and non-dormant sunflower axes were also char-
acterized. Among them, HSP 70 and 81 (spotnumbers7and9,
Figures 5 and 7, Tables 3 and 4 and Table S1) and enolase
(spot number 12, Figures 5 and 7, Tables 3 and 4 and
Table S1) were found. Molecular chaperones are known to
be targets of carbonylation in yeast and bacteria challenged
by oxidative stress (Cabiscol et al.,2000; Tamarit et al., 1998).
Thus, it is possible that carbonylation of these HSPs in both
dormant and non-dormant sunflower seeds reflects the
occurrence of an oxidative stress during the desiccation
phase of seed development. It has been suggested that the
protective role these proteins play is as shields protecting
other proteins against ROS damage (Cabiscol et al., 2000).
Enolase catalyzes the dehydration of 2-phosphoglycerate
to PEP and is therefore the second enzyme involved in
metabolism, after PPDK, that has been found to be oxidized in
sunflower axes. This result is consistent with the observation
that enolase is one of the most prominent carbonylated
proteins in dry mature Arabidopsis seeds (Job et al., 2005).
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The use of hydrogen cyanide or methylviologen also
allowed identification of carbonylated proteins that were
specifically associated with breaking of dormancy in the
imbibed state. This was the case for alcohol dehydroge-
nase (ADH, spot number 16, Figure7, Table 4 and
Table S1), which was carbonylated in all axes of seeds
undergoing germination. Consistent with this, the benefi-
cial effect of alcohol on breaking the dormancy of seeds
(Cohn et al., 1989; Corbineau et al., 1991) or buds (Claas-
sens et al., 2005) is well documented. Two identified
proteins, globulin precursor isoform 4 (spot number 19
Figure 7, Table 4 and Table S1) and a basic 2S albumin
(spot number 23, Figure 7, Table 4 and Table S1) exhibited
the same pattern of oxidation as ADH, supporting the
finding that germination requires the oxidation of specific
reserve proteins. A putative epoxide hydrolase was found
to be carbonylated in dormant axes treated by hydrogen
cyanide and methylviologen (spot number 38, Figure 7,
Table 4 and Table S1). Epoxide hydrolases catalyze the
conversion of epoxides to diols. The known functions of
such enzymes include detoxification of xenobiotics, drug
metabolism, synthesis of signaling compounds, interme-
diary metabolism and responses to oxidative stress (New-
man et al., 2005). In plants, epoxide hydrolases are
thought to participate in general defense systems (New-
man et al., 2005). Therefore, the specific carbonylation of
this protein is consistent with the occurrence of oxidative
stress during dormancy alleviation.

In conclusion, taken together, our results allow us to
propose a novel mechanism for seed dormancy release. This
mechanism involves a change in proteome oxidation,
resulting from an accumulation of ROS during after-ripen-
ing. Hence, ROS accumulation appears to be a key signal
governing cell activity during after-ripening. Furthermore,
this hypothesis may provide a more general model to
account for breaking of seed dormancy in view of the similar
results obtained during breaking of dormancy in the dry
state and the imbibed state.

Experimental procedures

Plant material

Two batches of sunflower (Helianthus annuus L., cv LG5665) seeds,
harvested in 2004 and 2005 near Montélimar (Drome, France) and
purchased from Limagrain (www.limagrain.com), were used in this
study. Seeds were dormant at harvest and their moisture content
was approximately 4% on a fresh weight (FW) basis. After-ripening
was performed by placing the seeds after harvest at 25°C and 60%
relative humidity (RH) for 2 months (Corbineau et al., 1990). Seeds
were also placed at 25°C over saturated solutions of NaCl and ZnCl,
in tightly closed jars, giving RH of 75\% and 5%, respectively
(Vertucci and Roos, 1993). All the results presented in this study
represent means of the data obtained from seeds harvested in both
2004 and 2005.

Germination tests

Germination assays were performed with naked seeds (i.e. without
pericarp) in darkness in 9 cm Petri dishes (25 seeds per dish, eight
replicates) placed on a layer of cotton wool moistened with deion-
ized water. A seed was considered as germinated when the radicle
had elongated to 2-3 mm. Germination counts were made daily for
10 days.

Cyanide and methylviologen treatments

The treatment of sunflower embryos by gaseous 1 mm HCN was
carried out as described by Bogatek et al. (1991). Naked dry
seeds were placed in a tightly closed glass jar (500 ml volume)
on a layer of sterile cotton wool moistened with deionized water
(50 seeds per jar). A glass tube containing 5 ml of 0.1 m KCN
solution placed in the jar was used as a source of gaseous HCN,
which was produced by acidifying the KCN solution with 5 ml of
lactic acid (10% v/v). After 3 h of treatment in darkness at 10°C,
the jars were opened and gaseous cyanide released, and the
seeds were rinsed carefully three times with deionized water
before germination tests or biochemical analyses. Treatment by
methylviologen was carried out by placing naked seeds in dark-
ness at 10°C on a cotton wool moistened with a solution of
0.1 mm MV for 3 h. Embryos were also rinsed with deionized
water after treatment.

Determination of superoxide anion content

Superoxide anion content was determined according to the method
developed by Elstner and Heupel (1976). Axes (0.2 g FW) were
ground in 4 ml of sodium phosphate buffer (pH 7.8, 50 mm) at 4°C.
The extracts were centrifuged at 16 000 g for 15 min, and
the resulting supernatants were used for O, determination. The
supernatant (1 ml) was first incubated at 25°C for 30 min in the
presence of 1 mm hydroxylamine hydrochloride in 50 mm sodium
phosphate buffer (pH 7.8). Then, 0.5 ml of this reaction mixture was
incubated with 0.5 ml of 17 mm sulfanilamide and 0.5 ml of 7 mm
2-naphtylamine at 25°C for 30 min. The absorbance was measured
at 540 nm after centrifugation at 13 000 g for 10 min. A calibration
curve was established using sodium nitrite. The results are
expressed as umol g~ DW of seeds and correspond to the means of
measurements carried out on five extracts + SD.

In situ localization of superoxide anion

Whole axes and hand-cut sections of axes were incubated in 6 mm
nitroblue tetrazolium (NBT) in 10 mm Tris-HCI buffer (pH 7.4) at
room temperature for 30 min. Superoxide anion was visualized as
deposits of dark-blue insoluble formazan compounds (Beyer and
Fridovich, 1987).

Determination of hydrogen peroxide content

The H,0; content of excised axes was determined according to the
method described by O'Kane et al. (1996). Axes (0.5 g FW) were
ground in a mortar and homogenized with 5 ml of 0.2 m perchloric
acid. After 15 min of centrifugation at 13 000 g at 4°C, the resulting
supernatant was neutralized to pH 7.5 with 4 m KOH and then cen-
trifuged at 1000 g for 3 min at the same temperature. The super-
natant was immediately used for spectrophotometric determination
of H,0, at 590 nm using a peroxidase-based assay. The reaction
mixture contained 12 mm 3-dimethylaminobenzoic acid in 0.375 m
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phosphate buffer (pH 6.5), 1.3 mm 3-methyl-2-benzothiazolidone
hydrazone, 20 pl (0.25 U) horseradish peroxidase (Sigma; http:/
www.sigmaaldrich.com/) and 50 pl of the collected supernatant to a
total volume of 1.5 ml. The reaction was started by the addition of
peroxidase. Increase in absorbance at 590 nm was monitored after
5 min at 25°C and compared with the absorbance obtained with
known amounts of H,0,. The results are expressed as nmol
H,0, g™ DW and correspond to means of the values obtained with
five different extracts + SD.

Subcellular localization of hydrogen peroxide

The localization of H,0, was determined by CeCls staining as
described by Bestwick et al. (1997). Sections of axes (approxi-
mately 5 mm®) were imbibed in 50 mm MOPS buffer (pH 7.2)
containing 5 mm CeClz under vacuum until they were fully infil-
trated. CeClz-treated sections and control sections (without stain-
ing) were fixed in 6% glutaraldehyde in 25 mm sodium phosphate
buffer (pH 7.2) for 24 h at room temperature, washed in the same
buffer and post-fixed in 1% osmium tetroxide in 25 mm sodium
phosphate buffer (pH 7.2) for 18 h at room temperature. After
several washes in double-distilled water, the tissues were pro-
gressively dehydrated in ethanol, then soaked in propylene oxide
and embedded in Araldite (Sigma). The blocks were sectioned
with glass knives at 120 nm using a Reichert Ultractu S (Leica,
www.leica-microsystems.com), stained with lead citrate and 2%
uranyl acetate (Reynolds, 1963), and viewed with a LE0912
transmission electron microscope (Leo Electron Microscopy,
www.stm.zeiss.com).

Malondialdehyde measurements

Lipid peroxidation was evaluated by measuring malondialdehyde
(MDA) content from 0.5 g FW of embryonic axes, according to the
method of Heath and Parker (1968). The results are expressed as
pmol g™' DW of seeds and correspond to means of measurements
carried out with five extracts + SD.

Preparation of protein extracts

Axes from dry dormant and non-dormant seeds (140 mg FW, cor-
responding approximately to 30 axes) were ground in liquid nitro-
gen using a mortar and pestle. Soluble proteins were extracted from
the resulting powder at 4°C in 1.0 ml of a buffer containing 10 mm
HEPES, 1 mm EDTA, the protease inhibitor cocktail ‘complete Mini’
from Roche Molecular Biochemicals, 60 U DNAse | (Roche Diag-
nostics, www.roche-applied-science.com), and 6 U RNAse A
(Sigma, www.sigmaaldrich.com). After 10 min at 4°C, 20 mm di-
thiothreitol (DTT) was added, and the protein extracts were stirred
for 20 min at 4°C and then centrifuged (20 000 g, 15 min) at 4°C. The
final supernatant corresponded to the soluble protein extract. Pro-
tein concentrations in the various extracts were measured accord-
ing to the method described by Bradford (1976) using a Bio-Rad
assay kit (http://www.bio-rad.com/). Bovine serum albumin was
used as a standard.

One- and two-dimensional electrophoresis

One-dimensional SDS-PAGE of seed protein extracts (5 pg protein)
was performed using 12% w/v polyacrylamide resolving gels, as
described by Laemmli (1970).
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Proteins were also analyzed by two-dimensional gel electro-
phoresis as described previously (Gorg et al, 1987; Job et al.,
2005). Isoelectrofocusing (100 pg protein) was carried out using
gel strips forming an immobilized non-linear pH gradient from 3
to 10 (Immobiline DryStrip, pH 3-10 NL, 18 cm; Amersham
Pharmacia Biotech; http://www5.amershambiosciences.com/).
Strips were rehydrated for 14 h at 22°C with the thiourea/urea
lysis buffer as described previously (Harder et al., 1999), contain-
ing 2% v/v Triton X-100, 20 mm dithiothreitol and the protein
extracts. Isoelectrofocusing was performed at 22°C in the Multi-
phor Il system (Amersham Pharmacia Biotech) for 1h at 300 V
and 7 h at 3500 V. Then, the gel strips were equilibrated for
2 x 20 min in 2x 100 ml of equilibration solution containing 6 m
urea, 30% v/v glycerol, 2.5% w/v SDS, 0.15 M bis-Tris and 0.1 m
HCI (Gorg et al, 1987; Harder et al., 1999). DTT (50 mm) was
added to the first equilibration solution, and iodoacetamide (4%
w/v) was added to the second (Harder et al., 1999). Separation in
the second dimension was carried out in polyacrylamide gels
(10% w/v acrylamide, 0.33% w/v piperazidine diacrylamide, 0.18 m
Trizma base, 0.166 m HCI, 0.07% w/v ammonium persulfate and
0.035% v/v Temed). Electrophoresis was performed at 10°C in a
buffer (pH 8.3) containing 25 mm Trizma base, 200 mm taurine
and 0.1% w/v SDS for 1h at 35V and for 14 h at 110 V. Ten
gels (200 x 250 x 1.0 mm) were run in parallel (Isodalt system;
Amersham Pharmacia Biotech). For each treatment analyzed, 2D
gels were run in triplicate.

One-dimensional gels were stained with the GelCode blue stain
from Pierce (www.piercenet.com). Two-dimensional gels were
stained with silver nitrate according to the methods described by
Blum et al. (1987) for densitometric analyses or Shevchenko et al.
(1996) for mass spectrometry analyses. Stained gels were scanned
with a UMAX Powerlook Il scanner equipped with MagicScan
version 4.5 from UMAX Data Systems (Amersham Biosciences,
www.amershambiosciences.com).

Detection of carbonylated proteins and Western blotting

The appearance of carbonyl groups in proteins was analyzed by
immunodetection of 2,4-dinitrophenylhydrazone (DNP)-derivatized
protein as described previously (Job et al., 2005; Korolainen et al.,
2002). SDS was added to the protein extract (100 pl, 10 pg pl™") to a
final concentration of 0.8%. Following dialysis, four volumes of
10 mm DNPH (Sigma)/2 m HCI were added. Samples were agitated
for 30 min at room temperature, and five volumes of 20/80 ice-cold
TCA/acetone containing 1 mm DTT were added to each sample. The
samples were centrifuged for 15 min at 15 000 g at 4°C. The preci-
pitated protein was then washed three times with ice-cold acetone
containing 1 mmDTT, then with 1 mlof 1:1 v/v ethanol:ethyl acetate,
and resolubilized in the thiourea/urea lysis buffer containing 2% v/v
Triton X-100 and 20 mm DTT. Proteins were separated by 1D or 2D
SDS-PAGE as described above, and transferred to nitrocellulose
sheets (Bio-Rad) using standard procedures. Carbonylated proteins
were revealed by incubation with rabbit anti-DNP antibodies
(Chemicon, www.chemicon.com) followed by incubation with anti-
rabbit secondary antibodies conjugated to horseradish peroxidase
(Sigma) and detection with the ECL kit (Roche Diagnostics) (Job
et al., 2005). Relative protein carbonyl levels were quantitated by
densitometric analyses of the blots as described above.

Protein identification by mass spectrometry

Bands and spots of interest were excised from 1D and 2D SDS-
PAGE gels using sterile tips and placed in 1.5 ml sterile tubes. Each
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polyacrylamide piece was rinsed with water, then reduced with
10 mm DTT, alkylated with 55 mm iodoacetamide, and incubated
overnight at 37°C with 12.5 ng pI™" trypsin (sequencing grade;
Roche Diagnostics) in 25 mm NH4HCO3. The tryptic fragments were
extracted, dried, reconstituted with 2% v/v acetonitrile, 0.1% formic
acid and sonicated for 10 min. Analysis of tryptic peptides by tan-
dem mass spectrometry was performed on a nanoelectrospray
ionization quadrupole time-of-flight hybrid mass spectrometer
(Q-TOF Ultima Global; Waters Micromass, www.waters.com) cou-
pled with a nano-HPLC (Cap-LC; Waters Micromass). The samples
were loaded and desalted on a C18 pre-column (LC-Packings Pep-
Map C18, 5pum, 100 A, 300 um x 5 mm; Dionex Corp., www.
dionex.com) at a flow rate of 20 pl min™" isocratically with 0.1%
formic acid. The peptides were separated on a C18 column (Atlantis
dC18, 3 um, 75 um x 150 mm Nano Ease; Waters). After washing
with solvent A (water/acetonitrile 98/2 v/v, 0.1% formic acid), a linear
gradient from 5% to 60% of solvent B (water/acetonitrile 20/80 v/v,
0.1% formic acid) was developed over 80 min at a flow rate of
180 nl min~". The Q-TOF spectrometer was operated in data-
dependent analysis mode using a 1 sec mass spectrometry (MS)
survey scan on three different precursor ions. The peptide masses
and sequences obtained were either matched automatically to
proteins in a non-redundant database National Center for Bio-
technology Information, NCBI, www.ncbi.nlm.nih.gov using the
Mascot MS/MS ions search algorithm (http:/www.matrixscience.
com) or manual BLAST searches were performed against the current
databases. (NCBI, Swiss-Prot, http://expasy.org/sprot/)

Supplementary material

The following supplementary material is available for this article
online:

Table S1 Identification of carbonylated proteins in embryo axes of
dormant and non-dormant sunflower seeds.

This material is available as part of the online article from http://
www.blackwell-synergy.com.
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IS THERE A ROLE FOR CYANIDE IN
SUNFLOWER SEED GERMINATION ?
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Introduction

Endogernous  ethylene  haz  been
shioen to play & role inthe regulation
of sunflovver seed germinstion and
dormancy (Corbinesu and Come,
2003, but urtil nowe little attention
haz been paid to a passible rale of
cyanide, a coproduct of ACC
conversion to ethylene, in sunflover
zeed dormancy .

The a@imz of thiz work swere to
determine  whether EXOGENOUS
cyanide could imprave germinstion
of dormant sunfloener seeds and to
try 1o elucidate itz putstive
mechanizmsz of action. In particular,
the possible intersction of cyanide
with  ethylene, the activity of f-
cyanoalanine syrthase, an erzyme
invalved in cyanide detoxication, and
the changes in HO, content and
catalsze  expression have been
investigated.
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Results

1- Cyanide alleviates dormancy
of freshly harvested seeds

Immedigtely after hanrest, naked (e without
percarp] sunflower seeds germinated poory
gt 15°C, thus rewvealing an embryo domancy
(Fig. 1. Ory storage progressiveby allowed
their germination, and after 10 weeks at 20°C
and 75 % RH they fully germingted at 15°C
(Fig. 1.

When incubated in the presence of 1 mhd
potassium  cvanide, naked dommant seeds
became abble to gemminate at 15°C (Fig. 13,
whatewer the duration of application of KCHN
(ot shown).

The effect of cyanide on seed germination did
not result from an inhibition of respiration
since NaMg, an other respiratory inhibitor, did
not  improwe  gemmingtion, nor from an
activation of the cyanide insensitive pathway,
zince SHAW, an inhibitor of this pathway, did
niot suppress the effect of KCM on germination
(Table 1).

2 - Towards an understanding of cyanide effect on germination

Cyanide golion requires funcbanal ethyene receptors

Cyanide effect is not related to Scyanoalanine synthase acbvity

CAT expression was cleady stimulated in seads that were
undergoing germingtion, 385 soon as after & h in the
prasence of KCM, or after 16 b on water (Fig. 48]

= Cyanide stimulated E% Aotivity of F-cyanoalanine
7 gemnination of dormarnt b synthase remained almost
< zeeds in the presence of 5B unchanged during imbition
8 the inhibitors of ACC E g of dommant and  non
Em oxidase, A0A, CoCl and =3 dormant seeds, and was
E AlB, bt this benefizial E, not stimulated by cyanide

= Cantul effect was suppressed in Zg T (Fig. 21

the presence of I5- s
N A s = = norbnmadlene._ an inhibitor e 2h W h
oy at 1o of ethylene action. otimbibidon at 602
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prezerce o 1mit EGH 8.
Germinalion is gssocigted with changes ih HOL content and catglgae axpression

= bl 1 =]

= o = Alevigtion of seed dommancy during dry storage was
c

- s associgted with 3 decreasze in CAT mRMA content and
o EE™ with an increase in HoOo content (Figs 44, B
E - spm H05 level was alway:s higher in _gerrninating _seeds. i in
= &E' non dormmant seeds incubated in water or in dormant
E- ’gai seeds incubated in the presence of KCM than in non

—] < germingting dormant seeds (Fig. A

L]
A

Dr 2h 18 h
ofimbibidon at 65

FID. % - Hy0 conienl (A 2nd CATAY Expressan (B0 dry dormenl [ Jad noredoman! i) ceeos, ana
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Conclusion

Freshly harvested seeds are dommant which mainly results fram an embrya dommancy. This dormaney
progressively disappears during dry storage.

Cyanide allows gemmination of dormant seeds but this effect is probably not related to an effect on respiratony
metabolism norto an activation of the pentose phosphate pathway.

Although the effect of cyanide on germination does not require AGC oxidase activity, it reguires functional ethylene

receptars.
Acti\rl}%\y of p-cyanoalanine synthase during seed imbihition is not affected by cyanide, which suggests that the

conversion of cyanide to HoS and then to asparaging does not play @ role in this mechanism.

There seermns to exist a relationship between Ha0, metabolism and seed gemination. Cyanide could interfere
with this mechanism since this compound is also known to stimulate active oygen species production and to
affect catalase activity.
RETTRIMCT - Corbnes P ond'

% ond Ch e 1 T M) - G on o i 3o 03 robid o ey 12 ond
Fienduli, A, i S0, S, & faroppr, w3, £ froa, $AT0 Som o S, deanodam, A0

ofimbibidon at 652

- o i Bobg:

Hominoiog e of e Honi Ahreone St I fdl

PDF stworzony przez wersje demonstracyjna pdfFactory Pro www.pdffactory.pl/



http://www.pdffactory.pl/
http://www.pdffactory.pl/

Effect of cyanide on germination of dormant sunflower
(Helianthus annuus L) seeds
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Conclusions:

Freshly horvested seeds ore dorman! which mainly results from an embiryo domancy. This dormancy progressively
disappears during dry storoge.

Cyanide oliows germinafion of dormant seeds but this effect s probabiy not related fo an effect on respiratory melaboiism
not fo an aclivaiion of the penthase phosphale palhiway,

Although the affect of cyanide on germinafion does not reguire ACC oxidase activity, it requires funclional ethylens
receplors.

Activity of CAS during seeds germination is nof offected by cyanide, which sugges! that the conversion of cyanide fo H. 5
and tham to osparagine does not play a role in fhis mechanism.

There seams lo exist a relalionship between H,0, melabolism and seed germinalion. Cyognfde could Interfere with this
mtcharﬂlm slnr.‘c this compound is also known i-a s!rm viate active oxygen sp-acfa: production and fo affect CAT activity.
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Possible interplay of HCN and ROS with ethylene signaling pathway
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Introduction

in alleviation of sunflower embryo dormancy
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At harvest time, sunflower | WeNanthus annuus L) embryos are in 8 state of desp dormancy and are unable to germinate at
temperatures below 10 *C. Endogenous ethylene has been shown to play a role in the regulation of sunflower seeds germination
and dormancy, but until now litle attention has been paid to a possible role of cyanide, a co-product of ACC conversion to ethylene.
There, exist a circumstantial evidence that HCM is an important controlling factor which is involved in alleviation of seed dormancy.
How this regulation is achioved is unknown, Considering also the increasing evidence on the role of ROS to various physiclogical
processes, the aim of this work was to investigate whether ROS were generated by exogenous HCN and if they both
maight play a role in dormancy removal by participation in regulation of ethylene signal transduction pathway.

Results
1- Short pretreatment
{3h) with HCN and ROS
alleviate
sunflower embryos
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2- Effect of HCN on H,0,
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HCN stmulates production of
ROS (H;C) during gieviatan of
soflicwer  smbren  dompenoy
{Fig. ).

3- Involvement of HCN and ROS in regulation
of ethybene synthesis in sunflower embryos

HCN and ROS do not morease ranscription of ADC synthaze
{ACS and ACC condise (ACDH genes (R 4), and this effect on
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4- HCN  and ROS involvement in C,H, signal
transduction
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Conclusions and general remark

¥ HCN and ROS (M) remowve dormancy and stimulate
germination of sunflower embryos.

¥ HCN stimulates production of ROS during alieviation of
suenfiower embryo dormancy,

¥Y"HCN as also ROS do not increase transcription of A0S
and ACD genes, and this effect on germination is not
associated with a stimulation of ethylens production,

v HCN znd ROS markedly increase the transcription of
ERFI but not the £ETRZ and CTRI ones,

¥ Transduction pathways of HCN and ROS initiate
the transcription factor ERFY but through different
mechanism of that involved by ethylena.
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Wyrazam zgode na udostepnienie mojej pracy w czytelniach Biblioteki SGGW.
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