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Abstract

Ergosterol (a fungal membrane component) induced modification of proton fluxes and membrane hyperpolarization
cells of Mimosa pudica. These reactions appear specific since they were not induced by the other sterols tested. A
desensitization was observed, since cells did not react to a second ergosterol application. Exposed at first to other st
remained reactive to ergosterol. Comparatively, chitosan (a fungal wall component with known elicitor properties) trig
membrane depolarization and also induced specific desensitization. This comparative study shows that ergosterol an
are distinctly perceived by plant cells and induced different early events at the plasma membrane level.To cite this article:
B.-E. Amborabé et al., C. R. Biologies 326 (2003).
 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Perception spécifique de l’ergostérol par les cellules végétales.L’ergostérol (composé membranaire fongique) induit u
modification des flux de protons et une hyperpolarisation des cellules motrices deMimosa pudica. Ces réactions apparaisse
spécifiques, car non provoquées par les autres stérols testés. On observe une désensibilisation spécifique, puisque
ne répondent plus à une seconde application d’ergostérol ; exposées en premier à d’autres stérols, les cellules
réactives à l’ergostérol. Comparativement, un éliciteur connu comme le chitosane (composé pariétal fongique) prov
dépolarisation membranaire et provoque également un processus de désensibilisation spécifique. Cette étude c
montre que l’ergostérol et le chitosane sont distinctement perçus par la cellule végétale et induisent des événement
différents au niveau du plasmalemme.Pour citer cet article : B.-E. Amborabé et al., C. R. Biologies 326 (2003).
 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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avec les microorganismes. En particulier, les plan
possèdent des systèmes de perception d’éliciteur
rivés des champignons pathogènes leur perme
de mettre en œuvre des réactions de défense.
fragments oligosaccharidiques, des glycopeptides
peptides et des composés lipidiques induisent de
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tions ioniques : influx de Ca2+ et influx de H+, associé
à un efflux de K+. Dans la plupart des cas, ces chan
ments des propriétés de perméabilité du plasmalem
se traduisent par une dépolarisation du potentiel tr
membranaire.

À partir de mesures de variations de pH du m
lieu d’incubation de tissus pulvinaires et d’enregist
ments électrophysiologiques intracellulaires dans
cellules motrices de pulvini deMimosa pudicaL.,
des caractéristiques de la perception de l’ergost
(composé spécifique de la membrane fongique) on
comparées à celles du chitosane (composé trouvé
la paroi fongique), connu pour induire des réactio
d’élicitation.

L’addition d’ergostérol (10 µM en concentration
nale) au milieu d’incubation de tissus pulvinaires
duit une rapide augmentation du pH extracellula
après un temps de latence de 5,7 ± 1,5 min et d’am-
plitude maximale de 0,12± 0,03 unité pH en 30 min
L’addition de chitosane (125 µg ml−1) induit une va-
riation similaire mais plus rapide (latence de 2,4 ±
0,8 min) et plus ample (0,24± 0,03 unité pH). Dans
les deux traitements, cette variation de pH est tr
sitoire. La réaction avec l’ergostérol apparaît spé
fique, puisque le stigmastérol et le sitostérol ne m
difient pas le décours obtenu et le cholestérol a
mente légèrement la vitesse d’acidification du mili
Les cellules pulvinaires stimulées par l’ergostérol p
sentent un stade réfractaire, puisqu’elles ne répon
plus à une seconde application de ce stérol (m
s’il est appliqué à une concentration double), tan
qu’elles restent réactives à un traitement par le
tosane. Exposées en premier au cholestérol, au
stérol et au stigmastérol, elles restent sensibles à
application d’ergostérol. Des phénomènes sembla
ont été obtenus avec le chitosane : une seconde
plication de ce produit à une dose doublée n’a
cun effet, alors qu’une addition d’ergostérol est p
çue.

L’ergostérol induit une modification de la diffé
rence de potentiel transmembranaire originale, p
qu’il induit une hyperpolarisation du potentiel mem
branaire, alors que les autres stérols testés n’ont
d’effet significatif et que le chitosane, au contrai
s

t

-

provoque une dépolarisation membranaire. Un pro
sus de désensibilisation spécifique a également été
en évidence, puisque à la suite d’une première hy
polarisation, les cellules ne réagissent pas à une
conde application du produit (même à une concen
tion double), alors qu’elles se dépolarisent sous l’e
du chitosane. D’une manière comparable, une seco
application de chitosane (à double dose) ne provo
pas de nouvelle dépolarisation, tandis que l’ergost
induit l’hyperpolarisation habituellement provoquée

Les modifications des propriétés membranaires
cellules motrices pulvinaires, induites par l’ergosté
et indiquées par les variations précoces des flux
protons et du potentiel transmembranaire, sont dé
dantes de la dose dans la gamme de concentratio
lisée, la concentration seuil se situant à 1 µM.

L’influx de H+ ainsi noté résulte le plus prob
blement d’une inhibition de l’H+-ATPase plasmalem
mique, enzyme active dans le modèle utilisé, com
le montre l’action de la fusicoccine. Néanmoins, u
activation du système redox membranaire (activa
de la NADPH oxydase) n’est pas à écarter. Le résu
de ces modifications d’activité enzymatique est une
duction du gradient électrochimique de protons à
vers le plasmalemme ; en particulier, la suppressio
gradient de pH peut servir de signal de transduct
Cependant, les résultats électrophysiologiques o
nus suggèrent que les mécanismes ioniques impli
après la perception de l’ergostérol et du chitosane
vent différer fondamentalement.

Après traitement aussi bien par l’ergostérol que
le chitosane, il apparaît un phénomène similaire
désensibilisation spécifique, qui présente des ca
téristiques observées dans les processus d’adapt
des systèmes animaux. Les données obtenues
trent que les systèmes de perception sont spécifi
de l’ergostérol comparativement aux autres stérols
tés et argumentent par ailleurs l’existence d’un réc
teur identifiable pour le chitosane. En conclusion
système de perception décrit pour l’ergostérol p
s’avérer opérationnel dans les interactions plan
pathogènes, puisque ce stérol a été trouvé dans
tissus végétaux à la suite d’une colonisation par
champignons pathogènes ou ectomycorrhiziens.
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1. Introduction

Perception of microbial substances by host org
isms plays a major role in the interaction of plants w
microbes. In particular, plants possess sensitive
ception systems for elicitors derived from pathoge
fungi. Oligosaccharide fragments, glycopeptides, p
tides, fatty acids and ergosterol have been identifie
fungal compounds showing elicitor activity in vario
plant systems [1].

The perception of these elicitors induces a vari
of defence responses [1,2]. The earliest respons
plant cells to elicitors is indicated by changes
plasma membrane properties, including influx of H+
(frequently shown by an alkalinization of the grow
medium). This proton influx may be associated w
K+ efflux and Ca2+ influx [3,4]. Several works hav
also reported rapid changes in plasma membr
potential in response to elicitors. In many cas
depolarization of the transmembrane potential w
noted [5–12].

Little attention has been paid to the biologic
events triggered by ergosterol applied to plant ce
However, it has been shown that a factor relea
from Cladosporium fulvumspores and identified a
ergosterol was perceived by a suspension of tom
cells in culture [13]. It thus induced alkalinization
the growth medium. This reaction showed a refract
period identical to that noted after application of chi
oligo-saccharides derived from yeast cells [14].

Based on measurements of pH variations and tr
membrane electro-physiological recordings, we
scribe here some characteristics of the perception
tem of pulvinar motor cells for ergosterol and comp
them with that noted after application of chitosan
derivative from chitin, a major component of fung
cells walls. Chitosan has been shown to produce
characteristic reactions of elicitation and thus is u
here as reference compound [15,16].

2. Materials and methods

2.1. Plant-growth conditions

The sensitive plants (Mimosa pudicaL.) were
grown in an organic compost watered daily. Th
were kept in climate-controlled chambers at 27.5 ±
0.5 ◦C and 65± 5% relative humidity. Illumination
was regulated to give 16 h of light (photophase: 06.
22.00 h) provided by fluorescent tubes (mixing Osr
fluora and Osram daylight types) providing a pho
flux density (400–700 nm) of 36 µmol m−2 s−1 at the
plant apex. The plants were used when they bore
pulvinate leaves completely developed.

2.2. Measurement of pH variations

Primary pulvini ofMimosa pudica(650 mg) were
divided in transverse sections (about 0.2 mm) a
pre-incubated for 1 h in 6 ml medium M: 0.5 m
CaCl2, 0.25 mM MgCl2. The sections were the
transferred to 6 ml fresh medium M. Variations
the pH in the incubation medium were read on a p
meter (Expandomatic SS2; Beckman, Roissy, Fran
provided with a combined electrode (Futura mic
combination, Beckman) and linked to a potentiome
recorder. The incubation medium was aerated by a
stirrer (Metrohm E 622; Vélizy-Villacoublay, France
In order to quantify the amount of mobilized proton
titration was made on 2 ml of the incubation mediu
with NaOH at 5× 10−3 N.

2.3. Electrophysiological measurement

The transmembrane electrical potential was m
sured by the classical method on theMimosa pudica
pulvinar motor cell, which gives very distinct bio
electrical variations under various types of stimu
Briefly, capillaries provided with an internal microfi
bre (GC 150F15; Clark Electromedical Instrumen
Panghourne, UK) were drawn to microelectrodes
diameter< 1 µm, tip resistance from 5 to 30 M�). The
reference electrode filled with 3 M KCl in 1% ag
and the glass microelectrode inserted into a ho
were connected through Ag–AgCl interfaces to a e
troamplifier (Model M707-WP Inst., New Haven, C
USA). For further details, see [17]. A fully expand
leaf of Mimosa pudicawas excised from the stem
the base of the primary pulvinus. The epidermis a
some underneath tissues in a lateral part of the pu
nus were peeled off with a sharp razor. The pulvin
thus prepared was fixed to the bottom of a 4-ml Pl
iglas chamber filled with a buffered medium (10 m
MES/KOH, pH 5.5) containing 1 mM NaCl, 0.1 mM
KCl and 0.1 mM CaCl2 [18]. The glass microelectrod
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was impaled into a motor cell of the abaxial (‘exte
sor’) half of the organ. Under these conditions,
resting transmembrane potential was in the range f
−100 to−150 mV, the calculated value from 46 a
says made in this work being−121± 3.5 mV (SE).

2.4. Chemicals

All chemicals were purchased from Sigma-Aldri
Chimie SARL, Saint-Quentin-Fallavier, France. Ste
solutions were prepared in stock solutions at 2 mM
absolute ethanol and used generally at a final con
tration of 10 µM (0.5% ethanol final concentratio
Chitosan from crab shells was prepared according
method previously described [19] and generally u
at a final concentration of 125 µg ml−1.

3. Results

3.1. pH variations in the incubation medium of
pulvinar tissues

A previous work has presented in detail the
variations recorded in the bathing medium of pulvin
tissues [20]. Thus, it has been noted that afte
transient alkalinization lasting about 1 h, the medi
became constantly acidic until an equilibrium arou
pH 4.5 was attained after 8 h of experimentati
Addition of effectors in the course of the acidificatio
phase at an appropriate time (i.e., 3 h after the s
of experiment) allows us to evidence the promoting
inhibitory effect of the tested effectors on H+ efflux in
a discriminating way.

In such conditions, addition of ergosterol to t
incubation medium of pulvinar tissues induced a ra
increase in extracellular pH (Fig. 1A). When treat
with ergosterol at 10 µM, the process started a
a lag of 5.7 ± 1.5 min and reached a maximum
0.12± 0.03 pH unit above the initial value, after abo
30 min. Addition of chitosan induced a similar p
variation. When treated with this latter compound
125 µg ml−1, the lag was 2.4± 0.8 min and maximum
was 0.24 ± 0.03 unit in 30 min. In both cases, th
pH rise was transitory and, in the particular ca
of sterols, specific for ergosterol since, compa
with the control, stigmasterol did not change t
Fig. 1. Representative curves of the time course of pH variation
the bathing medium of pulvinar slices ofMimosa pudicaprimary
pulvini. A. Following addition of chitosan at 250 µg ml−1 (K),
ergosterol (E), stigmasterol (S), and cholesterol (CL) at 10
Control (C): 0.5% ethanol.B. Establishment of a refractory sta
after treatment with ergosterol: tissues treated first with 10
ergosterol (E1) were subsequently treated with 20 µM ergos
(E2) or chitosan at 125 µg ml−1 (K1). C. Specific effect of 10 µM
ergosterol (E1) added after a treatment with 10 µM cholest
(CL). D. Establishment of a refractory state after a treatment w
chitosan: tissues treated first with chitosan at 125 µg ml−1 (K1) were
subsequently treated with chitosan at 250 µg ml−1 (K2) and 10 µM
ergosterol (E1). The experiments were conducted at least three
with the same general result.

acidification pattern and cholesterol slightly increas
the acidification rate.

Data in Table 1 show that extent of proton infl
and duration of pH changes were dose-depende
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Table 1
Amount of protons absorbed and duration of pH variation follow
application of ergosterol at various concentrations. Calculation
H+ absorption were made 30 min after addition of the compo
(mean± SD; n = 5)

Ergosterol (µM) H+ absorbed (neq/g FW) Duration (min)

1 53±45 –
5 259±35 52±8

10 493±98 78±5
20 697±96 96±6

Table 2
Modifications of transmembrane potential induced by ergost
at increasing concentrations as indicated, various other stero
10 µM, 0.5% ethanol and chitosan at 125 µg ml−1, on the motor
cell membrane inMimosa pudicapulvini. Calculations on�Ψ were
made on recordings 15 min after addition of the products (mea±
SD)

Compound n �Ψ (mV) SD (mV)

Ergosterol (1 µM) 5 −2.0 1.4
Ergosterol (5 µM) 6 −6.2 2.3
Ergosterol (10 µM) 11 −15.5 5.3
Ergosterol (20 µM) 6 −24.8 3.8
Cholesterol 8 −3.1 3.0
Stigmasterol 10 −1.7 3.0
Sitosterol 5 −1.4 3.6
Ethanol 5 −3.2 1.6
Chitosan 7 +15.9 3.6

− indicates a hyperpolarization and+ a depolarization.n: number
of experiments.

the concentration range assayed, the threshold v
being 1 µM in our experimental model.

Fig. 1B shows that pulvinar cells stimulated on
with 10 µM ergosterol entered a refractory state, si
the reaction triggered by a second application of
sterol (even at 20 µM) was extremely weaken
By contrast, the cells remained fully responsive t
chitosan application.

When the cells were first exposed to choleste
they still reacted to a further application of ergoste
indicating that none of them interfered with ergoste
perception (Fig. 1C). The same result (not show
was obtained after treatments with stigmasterol
sitosterol.

The same mode of reaction was obtained w
chitosan: a second application of the compound (×2)
did not trigger a noticeable pH rise, whereas ergost
was perceived as noted above (Fig. 1D).
Fig. 2. Typical recordings of transmembrane potential variation
extensor motor cells ofMimosa pudicaprimary pulvini induced by
application of (A) 10 µM ergosterol (E1) followed by a subseque
treatment with 20 µM ergosterol (E2) and chitosan at 125 µg m−1

(K), (B) 10 µM cholesterol (CL) followed by a treatment wi
10 µM ergosterol (E1), (C) 10 µM stigmasterol (S) followed by
treatment with 10 µM ergosterol (E1), (D) 125 µg ml−1 chitosan
(K1) followed by a treatment with 250 µg ml−1 chitosan (K2) and
10 µM ergosterol (E1). Compounds were added as indicate
arrows and 10 µM fusicoccin (F) was added at the end of
experiment. The experiments were conducted at least three
with the same general results.



368 B.-E. Amborabé et al. / C. R. Biologies 326 (2003) 363–370

a
l in
tion

tial

w
se-
lue

tri-
ion
ec-

ion.
les-
eat
id
nd
of
a-
iza-
ex-
the
d

ns

om
y a
ion
ffer-
ave
m-
lo-
rop-
d-
lant

ar
in-
a-

ol-

nd
in-

ent
col-
s

sed
ma
4].

on
nt
ing
ui-
n-
to

ma
sly
nly

his
of
tion
put

ng
a-

her
tion
e
n-

of
ac-
to
ay
l of
his
that
ded
ex-
us
m

hy-
sity

with

rol
er-
3.2. Modifications of transmembrane potential

Fig. 2A shows that 10 µM ergosterol induced
hyperpolarization of the transmembrane potentia
motor cells, whereas chitosan induced a depolariza
of the PD. The modification of membrane poten
started after a lag of 4.8 ± 1.8 min for ergosterol and
2.5±0.5 min for chitosan. Data given in Table 2 sho
that hyperpolarization induced by ergosterol was do
dependent in the range 1–20 µM, the threshold va
being considered as 1 µM.

A refractory state was also found in this bioelec
cal process since, following a first hyperpolarizat
induced by ergosterol, cells did not react to a s
ond application of this compound (×2), whereas the
cells remained responsive to a chitosan applicat
A response specificity was also found, since cho
terol, sitosterol and stigmasterol did not induce gr
potential modifications of the PD (Table 2) and d
not interfere with ergosterol perception (Fig. 2B a
C). As shown in Fig. 2D, a second application
chitosan (×2) did not induce subsequent depolariz
tion, whereas ergosterol triggered usual hyperpolar
tion. Fusicoccin (10 µM) added at the end of each
periment triggered a strong hyperpolarization of
cell membrane:�Ψ reached an equilibrium aroun
−180 mV in 30 min (Fig. 2B). This effect ascertai
the bioelectrical viability of the impaled motor cell.

4. Discussion

Many fungal molecules secreted or liberated fr
wall and membrane surfaces may potentially pla
role in the recognition process and in the induct
of plant defence responses. These molecules of di
ent structure (oligosaccharides, peptides, lipids) h
in common the triggering of early events at the me
brane site, indicating that their receptors may be
cated at this level. Changes in plasma membrane p
erties, shown by modifications of ion fluxes (inclu
ing H+ flux), are among the earliest responses of p
cells to microbial elicitors [3].

Following application of ergosterol, the pulvin
motor cells reacted by increasing proton influx
dicated by a transient alkalinization of the incub
tion medium. In most cases, such proton influx f
lowed inhibition of H+-ATPase [19,21] playing the
role of a switch between the elicitor recognition a
the pathogen defence-signalling pathways. This
hibition reduces the proton electrochemical gradi
across the plasma membrane and, in particular, the
lapse of�pH may be sufficient by itself to serve a
signal transduction [22]. This assumption was ba
on the effect of orthovanadate, an inhibitor of plas
membrane ATPase, which can act as elicitor [23,2
In a previous work [20], we have shown that additi
of FC, a fungal toxin activating specifically the pla
H+-ATPase, induced an acidification of the bath
medium of pulvinar tissues, bearing the pH to an eq
librium around 4.5 in 2 h. This observation demo
strates that acidification in this system is related
H+-ATPase activity. By comparing H+ secreting ac-
tivity between central cylinder tissues and parenchy
motor tissues of the pulvini, it was shown previou
that the observed acidification of the medium mai
comes from the cells constituting this latter tissue.

However, it should also be remembered that t
acidification could also be achieved by activation
the plasma membrane redox system through activa
of NADPH oxidase. Such a hypothesis has been
forward in the case of action of cryptogein triggeri
cytoplasmic acidification and extracellular alkalinis
tion of tobacco cells [12]. This aspect needs furt
investigations, since recent data showed that inhibi
of NADPH oxidase resulted in inhibition of oxidativ
burst, but without modification of the induced alkali
ization [25].

Perception of ergosterol, visualized by the rise
pH in the incubation medium, showed similar char
teristics in pulvinar motor cells to that noted in toma
cells, except that it was less sensitive [13]. This m
be due to the presence in our experimental mode
cell walls able to trap exogenous compounds. T
trapping may imply therefore, as a consequence,
higher external compound concentration was nee
to induce the observed biological effects. Another
planation is that only cells at the surface of pulvin
slices, in direct contact with the incubation mediu
were able to perceive the ergosterol signal. A third
pothesis is that pulvinar cells possess a lower den
of receptors on their membrane surface compared
cultured tomato cells.

It is stressed that the modification of H+ flux in
pulvinar motor cells following treatment by ergoste
was similar to the chitosan response. A small diff
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ence was however found in the lag phase of the re
tion, shorter in the case of chitosan treatment.

By contrast, the induced effect by the compoun
was completely different on the membrane poten
since ergosterol hyperpolarized the cell membra
whereas chitosan depolarized it. This result indica
that the underlying processes differ basically in b
cases and, in particular, the H+ influx cannot be ex-
plained in the same way. This also suggests stron
that, according to the perception of the compoun
the underlying ionic mechanisms are different. Inde
in the case of ergosterol, the induced transmemb
potential variation and H+-flux modification showed
a similar latency period, lasting only a few minute
and presented similar characteristics in the respec
time course of the phenomena during the first ph
(30 min). However, the causal link between the t
events is not direct, since a H+ entry in cells might
correspond with a depolarization of the membra
potential. Therefore, we can postulate that ergost
triggers another ion disturbance, either a releas
a cation or an uptake of an anion. In this respe
the induced ionic currents have to be further inve
gated. This observed hyperpolarization is not rela
to the very specialized feature of the parenchyma
tor cells, since a similar general response was
recorded in common parenchyma cells ofMimosa pu-
dicacotyledons (data not shown).

After ergosterol treatment, it can be noted that a
sensitization phenomenon takes place at the two le
of observation used in this work. This phenomenon
pears similar to receptor adaptation in animal syste
The same remark can be made concerning the ac
of chitosan and thus argues for the existence of a
ceptor for this compound. In a previous work [26], t
possibility of such an interaction of chitosan with
receptor was discarded by considering the activity
the compound as a function of its degree of polym
ization and extent of N-acetylation, suggesting mer
an interaction of the compound with regularly spac
negative charges on the plasma membrane.

The perception system described here may be r
vant in plant–pathogen interaction by considering
fact that ergosterol has been quantified in plant tiss
following fungal colonization both by pathogens a
ectomycorrhizal fungi [27].
5. Conclusion

The data presented here extend previous exp
ments suggesting that plant cells possess dete
system for characteristic compounds from fungi, p
ticularly ergosterol. The sensitivity of the recogniti
differs depending on the plant considered. The de
tion systems are specific for a given compound, eit
a membrane component (ergosterol) or cell wall co
ponent (chitosan). The sterol detection system is s
cific in plants for ergosterol, since no particular rea
tion was observed following application of choleste
and other ‘endogenous’ plant sterols (sitosterol, s
masterol).

The different behaviour induced by chitosan a
ergosterol on membrane potential, respectively de
larization and hyperpolarization, shows that the t
molecules modify different ionic gradients followin
their perception at the cell surface.
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