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Cryptogein is a 10-kD protein secreted by the oomycete Phytophthora cryptogea that induces a hypersensitive response on
tobacco (Nicotiana tabacum var. Xanthi) plants and a systemic acquired resistance against various pathogens. The mode of
action of this elicitor has been studied using tobacco cell suspensions. Our previous data indicated that within minutes,
cryptogein signaling involves various events including changes in ion fluxes, protein phosphorylation, sugar metabolism,
and, eventually, cell death. These results suggested that transport of sugars could be affected and, thus, involved in the
complex relationships between plant and microorganisms via elicitors. This led us to investigate the effects of cryptogein on
glucose (Glc) uptake and mitochondrial activity in tobacco cells. Cryptogein induces an immediate inhibition of Glc uptake,
which is not attributable to plasma membrane (PM) depolarization. Conversely, cryptogein-induced valine uptake is because
of PM depolarization. Inhibition of the PM Glc transporter(s) was shown to be mediated by a calcium-dependent
phosphorylation process, and is independent of active oxygen species production. This inhibition was associated with a
strong decrease in O, uptake rate by cells and a large mitochondrial membrane depolarization. Thus, inhibition of Glc
uptake accompanied by inhibition of phosphorylative oxidation may participate in hypersensitive cell death. These results

are discussed in the context of competition between plants and microorganisms for apoplastic sugars.

Many incompatible plant-microorganism interac-
tions are mediated by elicitors of defense responses.
Studies on the mode of action of elicitors have re-
vealed that they first activate plasma membrane (PM)
proteins involved in recognition (Boller, 1995) and
signal transduction. The latter phenomenon involves
Ca?* channels (Zimmermann et al., 1997; Lecourieux
et al., 2002), anionic and K" channels (Niirnberger et
al., 1994; Wendehenne et al., 2002), NADPH oxidase
(Keller et al., 1998), phospholipases (van der Luit et
al., 2000), and probably other proteins that have not
yet been identified. When activated, these proteins
trigger within a few minutes a complex network of
second messengers (free cytosolic calcium increase,
cytosolic pH decrease, active oxygen species [AOS],
PM depolarization, and changes in metabolism; Batz
el al., 1998; Lebrun-Garcia et al., 1999), which in turn
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triggers defense reactions, as well as the systemic
acquired resistance (SAR).

Little information is available concerning the ex-
change of organic solutes at the PM during plant/
microorganism interactions. Both the plant and the
phytopathogen compete for the solutes contained in
the apoplast that separates them. This competition is
particularly important in the case of sugars, which
provide both a source of energy and carbohydrate
skeletons. Thus, the relative capacity for plants and
microorganisms to control the uptake of sugars and
other nutrients from the apoplast may be a determi-
nant in the final outcome of the interaction.

Several questions related to solute transport from
host to fungus in biotrophic pathogens require clar-
ification. These include the nature of the major trans-
ported solutes, the role of the various membranes
present at the plant pathogen interface, and the
mechanisms of solute transport (Clark and Hall,
1998) from the parasitized plant to the fungus, which
is poorly known. For example, in the case of powdery
mildews (Erysiphe graminis), although some data ar-
gue for Suc being the major form of reduced carbon
absorbed by the haustoria of the fungus (Donaldson
and Jorgensen, 1988; Manners, 1989), recent evidence
indicates that Glc, rather than Suc, is taken up by the
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fungus (Sutton et al., 1999). Biotrophic fungi obtain
nutrients from the host plant, and this may lead to a
change in carbon partitioning within the plant. The
pathogen forms an additional sink that either induces
export from the infected sites of the plant or converts
the infected tissue to a net sink (Farrar and Lewis,
1987; Ayres et al., 1996). The fungi may also secrete
toxins and elicitors that affect the energy status of the
plant cell membrane. The best studied toxins are
helminthosporoside (Strobel, 1979), beticolins (Macri
and Vianello, 1979; Macri et al., 1983; Blein et al.,
1988), and fusicoccin (Marre, 1979). These toxins,
which impact directly or indirectly on the PM H*-
ATPase, may have a general effect on the permeabil-
ity of the membrane and on the activity of H" /solute
(sugar, amino acids, and peptides) cotransporters
and ion channels. Proteinaceous fungal elicitors have
also been reported to increase (elicitor from Ryncho-
sporium secalis, Wevelsiep et al., 1993; elicitor from
Cladosporium fulvum, Vera-Estrella et al., 1994) or in-
hibit (Shiraishi et al., 1991; supprescines from Myco-
sphaerella pinodes, Kato et al., 1993) the activity of the
PM H"-ATPase. Alternatively, the plant may reduce
the uptake of hexose by fungi by synthesizing an
extra set of hexose transporters that could be in-
volved in the retrieval of hexoses leaked from in-
fected cells. Thus, in Arabidopsis, the hexose trans-
porter AtSTP4 is induced both by bacterial and
fungal elicitors (Truernit et al., 1996) and by
wounding.

Cryptogein is a 10-kD proteinaceous elicitor pro-
duced by Phytophthora cryptogea that induces the hy-
persensitive response (HR) in whole tobacco (Nicoti-
ana tabacum var. Xanthi) plants and SAR against the
tobacco pathogen Phytophthora parasitica var. nicotianae
(Ricci, 1997). Using tobacco cell suspensions, it has
been shown that cryptogein effects involved numer-
ous PM proteins (for review, see Lebrun-Garcia et al.,
1999). After its binding to a high-affinity PM
N-glycoprotein (Bourque et al., 1999), cryptogein in-
duces a large Ca®" influx that depends on protein
phosphorylation (Tavernier et al., 1995b). This Ca*"
influx initiates many different events, including phos-
phorylation of at least 18 polypeptides (Lecourieux-
Ouaked et al., 2000), the activation of anionic and K*
channels leading to a large PM depolarization (Pugin
et al., 1997; Wendehenne et al., 2002), the activation of
mitogen-activated protein kinases (MAPKSs; Lebrun-
Garcia et al.,, 1998), NO production (Foissner et al.,
2000), microtubule disruption (Binet et al., 2001), and
the activation of an NADPH oxidase responsible for
AQOS production and cytosol acidification. NADPH
oxidase activation also leads to a marked decrease in
cytosolic Glc-6-phosphate and to the accumulation of
glycolytic products (Pugin et al., 1997). These results
indicate large modifications to sugar metabolism and
suggest that cryptogein might induce changes in sugar
fluxes across the PM.
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The results reported here indicate that the elicitor
cryptogein induces a rapid and total inhibition of Glc
uptake in tobacco cells, probably because of the di-
rect inhibition of the Glc transporter(s) by phosphor-
ylation. This effect associated with marked reduction
in O, uptake by tobacco cells and with a large mito-
chondrial membrane depolarization could partici-
pate in hypersensitive cell death. These results are
discussed in relation to the competition for nutrients
between plant and fungus.

RESULTS

Inhibition of Glc Uptake in Cryptogein-Treated
Tobacco Cells

Glc uptake in control tobacco cells incubated with 2
mwm "*C-Glc in a 2 mm HEPES (pH 5.75) medium was
linear for at least 60 min; rates of uptake approached
4.6 pmol Glc g~ ' fresh weight cells. The addition of
50 nm cryptogein to the cells totally repressed Glc
uptake during the 75-min duration of the experiment.
When added to control cells 35 min after incubation,
cryptogein induced a quick inhibition of Glc uptake
within 2 min (Fig. 1).

The extent to which Glc uptake was inhibited in-
creased at higher concentrations of cryptogein (1-25
nM; Fig. 2). Glc uptake was totally suppressed with
25 nM cryptogein and the cryptogein concentration
inducing 50% inhibition was about 2 nm.

Cryptogein (50 nMm) induces the alkalinization of
the culture medium (about 0.8 pH units within 10
min in the 2 mm HEPES [pH 5.75] equilibration me-
dium; Bourque et al., 1998). Therefore, Glc uptake
was also measured with tobacco cells equilibrated in
a 50 mm HEPES medium buffered at pH 6.2 to avoid
indirect effects of external pH changes on sugar up-
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Figure 1. Effect of cryptogein on Glc uptake (umol g~" cell fresh

weight) in tobacco cells. Cells were pre-incubated for 5 min in the
presence of '*C-Glc (2 mm, 0.055 MBq g~ ' fresh weight cells) before
addition of 50 nm cryptogein. Aliquots of cell suspensions were
withdrawn each 15 min and analyzed by liquid scintillation count-
ing. @, Control; O, cryptogein added at time 0; [, cryptogein added
at time 30 min. The data represent the means of three replicate
experiments *SE.
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Figure 2. Effects of increasing cryptogein concentrations on Glc
uptake (umol g~ cell fresh weight) in tobacco cells. *C-Glc uptake
was determined after a 45-min incubation with cryptogein (0-100
nMm) as described in Figure 1. Results are expressed as means of three
replicate experiments *SE.

take. Under those conditions, the rate of Glc uptake
in control cells and the cryptogein-induced inhibition
of Glc uptake were similar to the ones monitored in
the 2 mm HEPES at pH 5.75 buffer (data not shown).

Inhibition of Glc Uptake Depends on Calcium Influx

Calcium influx is a very early event in cryptogein
signal transduction. It stimulates a cascade of subse-
quent events, including AOS production, MAPK ac-
tivation, and cytosol acidification (Tavernier et al.,
1995b; Pugin et al., 1997; Lebrun-Garcia et al., 1998).
To determine whether cryptogein-induced inhibition
of Glc uptake depends on calcium influx, cryptogein
treatments were performed in the presence of La®",
which blocks both cryptogein-induced calcium influx
and calcium-dependent effects (Tavernier et al.,
1995b; Pugin et al., 1997). Five-minute pretreatment
of tobacco cells with 1 mm La®" prevented the inhi-
bition of Glc uptake normally induced by 50 nm
cryptogein (Fig. 3A). La®* did not affect Glc uptake
in control tobacco cells. Similar results were obtained
with the calcium channel chelator EGTA (data not
shown).

Because cryptogein-induced Glc uptake inhibition
depends on calcium influx, we tested whether the
calcium ionophore A23187 could mimic cryptogein
effects on Glc uptake. A23187 (5 and 10 pum), which
induced a calcium influx of similar magnitude to that
induced by cryptogein (Tavernier et al., 1995b), did
not inhibit Glc uptake in tobacco cells in the absence
of cryptogein (Fig. 3B). This result fits well with
previous data showing that A23187 is unable to in-
duce AOS production or extracellular medium alka-
linization, two events depending on calcium influx. It
also confirmed that calcium influx is necessary but
not sufficient to activate the signal transduction cas-
cade of cryptogein.
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Cryptogein-Induced Inhibition of Glc Uptake
Depends on Protein Phosphorylation

Protein phosphorylation is the first event detected
in cryptogein signaling transduction. Inhibition of
protein phosphorylation by staurosporine, an inhib-
itor of protein kinases, blocks all the responses ob-
served so far, including Ca?" influx, extracellular
medium alkalinization, MAPK activation, and AQOS
production (Tavernier et al., 1995b; Pugin et al., 1997;
Lebrun-Garcia et al., 1998). In contrast, calyculin A,
an inhibitor of protein phosphatases 1 and 2A, mim-
ics the effects of cryptogein in tobacco cells. For
example, it induces Ca?" influx, AOS production,
and the phosphorylation of the same 18 polypeptides
as cryptogein within the first 5 min of treatment
(Lecourieux-Ouaked et al., 2000). As expected, stau-
rosporine (5 um) inhibited cryptogein’s effect on Glc

A

Glucose uptake ( umol/g FW)

Time (min)

Glucose uptake ( pmol/g FW)

Time (min)

Figure 3. Effects of the Ca?" channel blocker La** and the Ca?*
ionophore A23187 on Glc uptake (umol g~ cell fresh weight) into
tobacco cells. A, @, Effects of La**:control cells; [J, control cells
treated with 1 mm La**; O, cells treated with 50 nm cryptogein; W,
cells treated with 50 nm cryptogein and 1T mm La**. B, @, Effects of
A23187:control cells; [J, control cells treated with 5 um A23187; l,
control cells treated with 10 um A23187; O, cells treated with 50 nm
cryptogein. Results are expressed as means of three replicate exper-
iments *SE.
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Table 1. Glc uptake (mmol g~ cell fresh wi) in tobacco cells
treated with 50 nm cryptogein in presence or absence of 5 mm
staurosporine

'“C-Glc concentration in the uptake medium was 2 mm. Stauro-
sporine and dimethyl sulfoxide (DMSO) were added to control and
cryptogein-treated tobacco cells 5 min prior to cryptogein addition
(t = 0). After 45 min of treatment, the intracellular "*C-Glc content
was determined by liquid scintillation counting. The values are the
average of three replicate experiments = sE.

Glc Uptake
Tobacco Cells Control +0.5% (W) +5 mm
ontro DMSO Staurosporine
mmol g~ cell fresh wt
Control 2.10 = 0.24 2.07 =0.16  2.01 =0.11
Cryptogein (50 nm) ~ 0.08 = 0.05 0.12 = 0.1 1.95 £0.15

uptake (Table I). In control cells, staurosporine had
no effect on Glc uptake (Table I). In contrast, the
inhibition of Glc uptake induced by calyculin A (500
nM) in control cells exhibited a similar pattern (inten-
sity and kinetics) to the one induced by cryptogein
(Fig. 4). Under similar conditions, 10 nm to 1 um
okadaic acid, another protein phosphatase inhibitor,
which does not induce the effects of cryptogein (Vi-
ard et al., 1994), did not inhibit Glc uptake (data not
shown).

To test the possibility that calyculin-induced inhi-
bition of Glc uptake might be mediated by calcium
influx, tobacco cells were treated simultaneously
with calyculin A and La®*, which suppresses calcium
influx. Under these conditions, Glc uptake was inhib-
ited, indicating that the calyculin effect was not me-
diated by calcium movement (data not shown).

Cryptogein-Induced Inhibition of Glc Uptake Does Not
Depend on AOS Production

Previous data have shown that diphenyleneiodo-
nium (DPI), an inhibitor of the neutrophil PM

Glucose uptake ( umol/ g FW)

Time (min)

Figure 4. Effects of the protein phosphatase inhibitor calyculin A on
Glc uptake (umol g=' cell fresh weight) into tobacco cells. @,
Control cells; O, cells treated with 50 nm cryptogein; [, cells treated
with 500 nm calyculin A. Results were expressed as means of two
replicate experiments *SE.
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Figure 5. Effects of the PM NADPH oxidase inhibitor DPI on the
inhibition of Glc uptake (umol g~ cell fresh weight) induced by
cryptogein into tobacco cells. @, Control cells; [, cells treated with
50 um DPI; O, cells treated with 50 nm cryptogein; B, cells treated
with 50 nm cryptogein and 50 um DPI. Results are expressed as
means of three replicate experiments *SE.

NADPH oxidase, inhibits the cryptogein-induced
AOS production (Pugin et al., 1997), which depends
on both protein phosphorylation and calcium influx.
To check whether Glc uptake inhibition depended or
not on AOS production, tobacco cells were treated
with 50 um DPI 5 min before the addition of crypto-
gein. However, DPI did not affect Glc uptake in both
the control and the cryptogein-treated cells (Fig. 5),
indicating that Glc uptake inhibition is independent
of AOS production.

Origin of the Inhibition of Glc Uptake

Within the first 5 min, cryptogein induces an anion
efflux and calcium influx, which give rise to fast and
large PM depolarization from —160 to —50 mV (Pu-
gin et al.,, 1997; Wendehenne et al., 2002). This PM
depolarization might explain the inhibition of Glc
uptake, which is coupled with H" entry and, thus,
depends on the transmembrane electrochemical po-
tential difference (AWV; for review, see Delrot et al.,
2000). Our data indicated that cryptogein also in-
duced a rapid and marked inhibition of Val uptake
(Fig. 6), comparable with that of Glc. This result is
consistent with PM depolarization; amino acid trans-
porters, such as Val, are also proton symporters
(Despeghel and Delrot, 1983; Li and Bush, 1990).

The existence of a Glc/H" symport(s) in tobacco
cell suspension was assessed by measuring Glc up-
take after treatment with either carbonylcyanide-m-
chlorophenylhydrazone (CCCP), a protonophore col-
lapsing the proton gradient or valinomycin (in
presence of K¥), a specific K" ionophore collapsing
the membrane potential. The data (not shown) indi-
cate that after a 15-min treatment, 5 um CCCP in-
duced an inhibition of Glc uptake of about 80% in
control cells and 98% in cryptogein-treated cells. Va-
linomycin (5 uM) induced comparable effects, inhib-
iting Glc uptake by about 80% irrespective of the

Plant Physiol. Vol. 130, 2002
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Figure 6. Time course of *H-Val uptake (umol g~ cell fresh weight)
in tobacco cells treated with cryptogein. Cells were pre-incubated for
5 min in the presence of *H-Val (2 mm, 0.055 MBq g~ fresh weight
cell) before addition of 50 nm cryptogein. Aliquots were withdrawn
at the times indicated and analyzed by liquid scintillation counting.
®, Control cells; O, cells treated with cryptogein. The data represent
the means of three replicate experiments *SE.

extracellular K* concentration (from 1-10 mm) in the
absence of cryptogein. This inhibition approached
95% in cryptogein-treated cells (data not shown).
Taken together, these results would support the
idea that Glc uptake inhibition is a secondary event
requiring PM depolarization. However, the lag times
for PM depolarization and Glc uptake inhibition are
not consistent with this hypothesis. Glc uptake inhi-
bition occurred in the first 2 min after cryptogein
treatment (Fig. 1), whereas PM depolarization oc-
curred after 7 min (Pugin et al., 1997). Thus, further
experiments were performed to investigate more pre-
cisely the relationship between PM depolarization
and Glc uptake inhibition. Previous observations had
shown that by preventing calcium entry, La®>" sup-
pressed PM depolarization when added before cryp-
togein (Pugin et al., 1997). Furthermore, La’" al-

+La3+

Glucose uptake (umol/g FW)
w

0 20 40 60 80
Time (min)

Figure 7. Effects of La®>" on Glc uptake inhibition in tobacco cells
(umol g~ cell fresh weight) during cryptogein treatment. After a
45-min treatment with 50 nm cryptogein, 2 mm La®* (arrow) was
added to tobacco cells. ®, Control cells; O, cells treated with 50 nm

Inhibition of Glc Transporter(s) by Cryptogein

lowed the reestablishment of the membrane potential
when it was added after the elicitor to the largely
depolarized cells. This result indicated that a sus-
tained calcium influx was necessary to maintain the
PM depolarization. Thus, similar assays were per-
formed b}; measuring Glc uptake in cell suspensions
where La’" was added before cryptogein or 45 min
after cryptogein. As shown in Figure 3, when added
before cryptogein, La>" suppressed the inhibition of
Glc uptake. When added 45 min after cryptogein,
however, La’>" was ineffective at restoring Glc up-
take (Fig. 7). Taken together, these results suggest
that inhibition of Glc uptake by cryptogein is not a
result of PM depolarization.

Another approach used to study the relationship
between PM depolarization and cryptogein-induced
inhibition of Glc uptake consisted of monitoring
these parameters in purified PM vesicles energized
by an artificial proton motive force. In this experi-
mental system, the uptake activity of proton sym-
porters is energized by an imposed pH and electrical
gradient. Therefore, provided that the passive elec-
trical permeability of the membrane is not affected,
the activity of the proton symporters does not de-
pend on proton pumping by ATPase, but rather
reflects the intrinsic activity of the transporters
(Lemoine and Delrot, 1989; Bush, 1990). PMs were
prepared either from control tobacco cells or from
cells treated for 30 min with cryptogein. The integrity
of both PM vesicle preparations was first tested by
monitoring ATP-dependent proton transport. Nei-
ther the rate of ATPase activity (1.2 wmol Pi h™!
mg ! proteins) nor the rate of proton pumping (0.76
fluorescence units min~' mg~ ' proteins) were signif-
icantly affected by cryptogein treatment, indicating
that cryptogein does not induce passive proton leak-
age in PM vesicles. The proton motive force-
dependent uptakes of Glc or Val were also measured
in the PM vesicle preparations. Table II clearly shows
a strong inhibition (80%) of proton motive force-
dependent Glc uptake in PM vesicles from
cryptogein-treated cells when compared with control
PM vesicles. In the same experimental conditions,
Val uptake was not affected in PM vesicles from
cryptogein-treated cells (Table II). Taken together,
these results indicate that Val uptake inhibition is
probably because of PM depolarization, whereas the
inhibition of the Glc transporter(s) is because of post-

Table Il. Glc and Val uptakes in PM vesicles prepared from both
control and 30-min cryptogein-treated tobacco cells

Glc and Val contents in vesicles are measured after 2 min uptake
as described in “Materials and Methods.” The values are the average
of three independent experiments (*Sg).

Cells Glc Uptake

Val Uptake

nmol mg=" PM proteins

cryptogein; B, control tobacco cells treated with 2 mm La®* at time Control 2.15 = 0.08 136.8 £ 6.4
45 min; ¢, 50 nm treated tobacco cells added with 2 mm La®* at time Cryptogein (50 nm) 0.43 * 0.05 152.7 £ 7.8
45 min.
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Figure 8. Inhibition of O, uptake rate in cryptogein-treated cells.
Tobacco cell suspensions (0.1 g fresh weight mL™") were treated with
50 nm cryptogein and catalase (1,800 units). Control cell suspensions
contain only catalase. Catalase was added to restore O, consumed
during hydrogen peroxide (H,0,) production (oxidative burst). Un-
der these conditions, O, uptake rate corresponds to the mitochon-
drial respiration. The figure shows one representative assay from a
sample of eight.

translational modifications. Cryptogein has no direct
effect on Glc uptake or Val transporters. The addition
of cryptogein to vesicle preparations did not affect
Glc or Val transport (data not shown).

Inhibition of O, Uptake Rate

The strong inhibition of Glc uptake induced by
cryptogein was expected to induce a dramatic short-
age of sugars that could be oxidized during mito-
chondrial respiration, thus depriving the cell in en-
ergy and leading to subsequent cell death. This led us
to monitor the effects of cryptogein on O, uptake and
the polarization status of the mitochondria, both
events reflecting the mitochondria activity.

Cell suspensions in both the absence or presence of
catalase had constant rates of O, uptake for at least
3 h (between 4.0 and 5.5 nmol O, min~'/0.1 g fresh
weight depending on the assay). The addition of 50
nM cryptogein, in the presence of catalase, induced a
sudden decrease in O, uptake rate in the first 12 min
of treatment (25% inhibition). Thereafter, O, uptake
decreased linearly and inhibition reached an opti-
mum value of 52% at 108 min that remained constant
until the 3-h treatment (Fig. 8). We were not able to
monitor cryptogein effects for longer periods of treat-
ment because O, uptake rate in control cells de-
creased after 3 h. Catalase was added to restore O,
consumed during H,O, production because of
NADPH oxidase activation in cryptogein-treated
cells (Pugin et al., 1997). In the absence of catalase in
cryptogein-treated cell suspensions, the decrease in

2182 Downloaded from on July 19, 2018 - Published by www.plantphysiol.org

O, would correspond to the sum of mitochondrial
respiration and the oxidative burst. As expected,
catalase decreased the apparent O, uptake rate in the
first 20 min of treatment (about 20%), whereas the
enzyme did not affect O, uptake rate in control cells
(data not shown).

Depolarization of the Mitochondrial Membrane

5,5",6,6'-Tetrachloro-1,1',3,3'-tetraethylbenzimoid-
azolcarboxyanine iodide (JC-1) is a cationic dye that
exhibits potential-dependent accumulation in mito-
chondria, indicated by a fluorescence emission shift
from green (525 nm) to red (590 nm). This potential-
sensitive color shift is because of concentration-
dependent formation of red fluorescent aggregates.
JC-1 is more specific for mitochondrial than for PM
potentials, and is more consistent in its response to
membrane depolarization than other cationic dyes.
The most widely documented application of JC-1 has
been for detection of mitochondrial depolarization
occurring in the early stage of apoptosis (Cossarizza
et al., 1993). Mitochondrial depolarization is indi-
cated by a decrease in the red fluorescence. For our
control tobacco cells, flow cytometry indicated three
distinct cell populations in which mitochondria were
more or less polarized (Fig. 9A). A first population
representing about 10% of the cells did not stain and
could be non-polarized; however, these cells were
not dead, as indicated by red neutral analysis (less
than 2% cell death in control suspensions). A second
population representing about 48% of cells was
weakly polarized (green fluorescence), and a third
population (42%) was highly polarized (green and
red fluorescence; Table III). These differences in mi-
tochondrial membrane potential could correspond to
cells in different physiological states in non-
synchronized cell suspensions. The sensitivity of the
dye, using tobacco cell suspensions, was verified by
the response to K'/valinomycin-induced depolar-
ization (Fig. 9B; Table III). As expected, valinomycin
rapidly induced a large decrease in the intensity of
red and green fluorescence observed on profiles of
flow cytometry. The proportion of depolarized cells
reached 82% after 12 min of treatment (Table III).
Under similar conditions, the time course of crypto-
gein effects on mitochondrial potential showed a
comparable decrease in the intensity of red and green
fluorescence. After 12 min of cryptogein treatment,
about 63% of cells contained depolarized mitochon-
dria (Fig. 9C; Table III), and after 1 h of treatment, the
ratio of cells with high mitochondrial membrane po-
tential fell to 3% (Fig. 9D; Table III).

DISCUSSION

Previous studies using tobacco cell suspensions
clearly demonstrated that cryptogein activates a set
of PM proteins, including high-affinity binding sites

Plant Physiol. Vol. 130, 2002
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Figure 9. Mitochondrial membrane potential
decrease in tobacco cell suspensions in re-
sponse to valinomycin or cryptogein, monitored
using flow cytometry and JC-1 as a membrane
potential probe. The fluorescence associated to
JC-1 was measured as described in experimental
procedure on at least 30,000 cells per assay and
expressed on a logarithmic scale. For each his-

togram, three regions were delimited corre-
sponding to cells with high membrane potential
(d), cells with low membrane potential (b), and
cells not stained (c), respectively. A, Control

102 cells; B, cells treated with 1 um valinomycin for
12 min; C and D, cells treated with 50 nm
cryptogein during 12 min and 1 h, respectively.

The figure is one representative assay from a
sample of five.
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(Bourque et al., 1999), calcium channels (Tavernier
et al., 1995b; Lecourieux et al., 2002), potassium and
anionic channels (Wendehenne et al., 2002), and an
NADPH oxidase responsible for the production of
AQS. Channel activation is responsible for a large
PM depolarization, and NADPH oxidation leads to
the activation of the pentose phosphate pathway, to
a decrease in the Glc-6-phosphate content, and to an
increase in glycolytic products (Pugin et al., 1997),
indicating changes to the plant carbohydrate metab-
olism. All the events induced upon binding of cryp-
togein on the PM are blocked by staurosporine,
an inhibitor of protein kinases, and mimicked by
calyculin A, an inhibitor of protein phosphatases
(Lecourieux-Ouaked et al., 2000). Given that sugar
transport at the PM level depends on the proton
motive force (Delrot et al., 2000) and because Suc
uptake may be regulated by phosphorylation (Rob-
lin et al., 1998), our previous results led us to inves-

Table Ill. Ratio (%) of tobacco cells with high, low, and undetect-
able mitochondrial membrane potential in control cells and after
treatments with 1 mm valinomycin (12 min) or 50 nm cryptogein
(12 min and 1 h)

The values were obtained from flow cytometry histograms
(Fig. 9).

Jllli O R

tigate a possible effect of cryptogein on sugar up-
take. The interest of such study is further
strengthened by a possible role of sugars in signal-
ing and gene expression (Jang and Sheen, 1994;
Smeekens and Rook, 1997; Gibson, 2000). The model
cryptogein/tobacco cells offered a unique opportu-
nity to study sugar transport during an elicitation
process.

Our time course and concentration dependence
studies (Figs. 1 and 2) showed that cryptogein inhib-
ited Glc uptake within 1 to 2 min. The efficient elic-
itor concentrations correspond to those which trigger
other well known cryptogein-induced responses:
Ca®" influx, extracellular medium alkalinization, or
AOS production (Bourque et al., 1998). The concen-
tration of cryptogein required for 50% inhibition was
about 2 nm, a value that is consistent with the Ky4
value (2 nM) obtained for the binding of crypto-
gein on high-affinity binding sites (Wendehenne et
al., 1995).

Because Glc uptake occurs with proton symport, it
depends on the transmembrane pH gradient and on
the transmembrane potential difference, which in
turn are controlled by the proton pump ATPase and
the ionic permeability of the PM. Because crypto-
gein induced an acidification of the cytosol, an al-
kalinization of the culture medium, and a strong PM

Membrane Potential Undetectable Low High depolarization from —160 to —60 mV (Pugin et al.,
Control 10 48 42 1997), Glc uptake inhibition by cryptogein could be
Valinomycin/K™ (t = 12 min) 82 8 10 a consequence of the decrease of proton motive
Cryptogein (t = 12 min) 63 15 22 force. This would also account for the inhibitory
Cryptogein (t = 1 h) 82 15 3 effect of cryptogein on Val uptake, which also de-
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pends on proton motrice force (Fig. 6). However,
further experiments negated this hypothesis, sug-
gesting instead a more direct effect on the Glc
transporter(s).

Direct inhibition of Glc transporter(s) was demon-
strated by measuring Glc uptake in PM vesicles pre-
pared from both control and cryptogein-treated to-
bacco cells. This experimental system, in which the
proton motive force is imposed artificially and no
longer depends on the proton pumping ATPase, al-
lows, under certain conditions, direct monitoring of
the activity of the Glc transporter(s). PM integrity
was first checked in both vesicle preparations (con-
trol and cryptogein-treated cells). Although crypto-
gein did not affect passive ionic permeability of the
PM vesicles, Glc uptake was inhibited by about 80%
in vesicle preparations from cryptogein-treated cells
compared with PM vesicles from control cells (Table
II). In the same experimental conditions, Val uptake
was not affected in PM vesicles from cryptogein-
treated cells, demonstrating that Val uptake inhibi-
tion was because of PM depolarization, whereas Glc
transport inhibition resulted because of an inhibition
of Glc transporter(s). Our previous data (Pugin et al.,
1997) showing that cryptogein-induced PM depolar-
ization occurs later (7 min) than Glc uptake (2 min;
present assays) are also in favor of a Glc uptake
inhibition independent of PM depolarization. Other
assays support the regulation of Glc transport by a
phosphorylation/dephosphorylation process. On the
one hand, cryptogein-induced inhibition of Glc up-
take in tobacco cells was suppressed by a calcium
channel blocker (La®*) or a protein kinase inhibitor
(staurosporine). On the other hand, Glc uptake in
control cells was inhibited by the protein phospha-
tase (type 1 and 2A) inhibitor calyculin A in a
calcium-independent way. Taken together, these re-
sults indicate that: (a) in cryptogein-treated cells, the
Glc transporter(s) may be inhibited by a calcium-
dependent phosphorylation process (direct or indi-
rect calcium-dependent activation of a protein kinase
or inhibition of a protein phosphatase); and (b) in
control cells, the inhibition of Glc uptake by calyculin
A may be because of a direct inhibition of the same
protein phosphatase that, in concert with a protein
kinase, controls the Glc transport activity. As previ-
ously reported (Roblin et al., 1998), the Suc transport-
er(s) is active when dephosphorylated and inactive
when phosphorylated.

The inhibition of Glc uptake should be—at least
partially—responsible for the rapid and expansive
inhibition of O, uptake in cryptogein-treated cells,
which reached about 50% after 90 min of treatment
(Fig. 8). This effect reflects an inhibition of the mito-
chondrial respiration as indicated by the sudden de-
crease in mitochondrial potential (Fig. 9; Table III).
Thus, the inhibition of the Glc uptake in elicitor-
treated cells leads to a decrease in energy production
and probably participates with calcium influx in the
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cell death (HR) that occurs later. Moreover, mito-
chondria depolarization could lead to the release of
programmed cell death proteins such as cytochrome
¢ and apoptosis-inducing factor (Susin et al., 1999). A
previous analysis of the kinetics of cell death in
cryptogein-treated cell suspensions (Binet et al.,
2001) indicated that cell death appeared after 6 h of
treatment and that about 75% of cells were dead after
24 h of treatment. Nevertheless, Glc uptake inhibition
might not be the sole process responsible for O,
uptake decrease. Other cryptogein-induced events,
particularly NO production (Foissner et al., 2000),
could inhibit mitochondrial respiration (Wende-
henne et al., 2001) as recently reported (Zottini et al.,
2002).

The results described here for the effects of crypto-
gein on the tobacco Glc transporter(s) can be com-
pared with those reported for the sugar beet (Beta
vulgaris) Suc transporter. Roblin et al. (1998) showed
that proton-driven Suc uptake is inhibited in PM ves-
icles prepared from sugar beet leaves infiltrated with
the phosphatase inhibitor okadaic acid. It was also
concluded that the Suc transporter is inhibited by
phosphorylation (or derepressed by dephosphoryla-
tion). Regulation of sugar transporter activity by phos-
phorylation, therefore, may be a possible common
mechanism for Suc and hexose transporters. However,
the phosphatases involved in dephosphorylation are
possibly different because okadaic acid is active to-
ward the sugar beet Suc transporter (Roblin et al.,
1998), but inactive toward the tobacco Glc transport-
er(s) (this report). The monosaccharide transporter
NtMST1 from tobacco contains several potential phos-
phorylation sites, some of which are highly conserved
in hexose transporters from Arabidopsis (AtSTP1 and
AtSTP4) and in Chlorella kessleri (CkHUP1), but it is not
known whether NtMSTT1 is responsible for Glc uptake
in our tobacco cell suspensions. Therefore, these po-
tential phosphorylation sites would be good candi-
dates for regulation by phosphorylation. For example,
amino acid residues T48, T104, and T376 (NtMST1) are
located in cytoplasmic phosphorylation sequences
conserved in AtSTP1, AtSTP4, and CkHUP1. S226 and
5263 (NtMST1) are also in cytoplasmic phosphoryla-
tion consensus sites, but they are conserved only in
Arabidopsis. Our data indicate that the activity of
hexose transport is affected by phosphorylation. How-
ever, they do not prove yet that the hexose transport-
er(s) themselves are phosphorylated. Further experi-
ments are necessary to clarify this point and to
determine which sites would be involved in the inhi-
bition described here.

In Arabidopsis, various elicitors induce the expres-
sion of the hexose transporter AtSTP4 (Truernit et al.,
1996). Whether a similar effect is induced in tobacco
by cryptogein remains to be investigated. The differ-
ent effects reported on sugar transport after fungal
infection (Truernit et al., 1996; Clark and Hall, 1998;
Sutton et al., 1999; present report) underline that the
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control of carbon availability is a major issue of the
plant/fungus interaction. In addition to carbon avail-
ability, this may also affect gene expression through
the carbohydrate status of the apoplast, the proto-
plasm, and sugar sensing.

In fungus-infected leaves undergoing an HR,
elicitor-induced localized cell death is instrumental
in activating defense reactions in the surrounding
tissues to restrict further pathogen growth. The rapid
action of cryptogein on tobacco cells indicates that an
early step in this process is a paralysis of their ability
to retrieve hexoses from the apoplast. Although this
carbon supply would be freely available to the fun-
gus, the inhibition of Glc uptake would benefit the
plant by accelerating cell death-mediated defense re-
actions. The plant Glc transporter(s), therefore, could
be a crossroad tool for both pathogen and plant
strategies attempting to secure their propagation or
survival. Elicitor-induced inhibition of Glc transport
and dependent HR participate in the circumvention
of the fungal virulence and the expression of
resistance.

MATERIALS AND METHODS
Plant Material and Chemicals

Tobacco cells (Nicotiana tabacum var. Xanthi) were cultivated in Chan-
dler’s medium on a rotary shaker (150 rpm, 25°C, photon flux rate of 30-40
pmol m~? s71) as previously described (Bourque et al., 1998). Cells were
maintained in the exponential phase and subcultured 1 d before utilization.
Cryptogein was purified according to Bonnet et al. (1996).

Glc {p-["*C(U)] (0.48 GBq mmol ')} and Val {L-[3,4->H] (1.7 TBq mmol ")}
were from NEN Life Science Products (Boston). Staurosporine, calyculin A,
valinomycin, CCCP, DPI, and A23187 were from Sigma (St. Louis) and were
added to cell suspensions from concentrated stock solutions in DMSO.
Equivalent DMSO volumes were added to controls.

Glc and Val Uptake by Tobacco Cells

Cells were collected during the exponential growth phase and washed by
filtration in a suspension buffer containing 175 mm mannitol, 0.5 mm CaCl,,
0.5 mm K,SO,4, and 2 mm HEPES or 50 mm HEPES adjusted with KOH to pH
5.75 or 6.2, respectively. Cells were resuspended at 0.1 g fresh weight mL ™!
with suspension buffer and equilibrated for 2 h on a rotary shaker (150 rpm,
24°C).

Glc and Val uptake were measured after addition of 2 mm '*C-Glc (0.055
MBq g ' fresh weight cells) or 2 mm *H-Val (0.055 MBq g~ ! fresh weight
cells) 5 min before the treatment with 50 nM cryptogein. After different
periods of treatment (0-75 min), duplicate 2-mL aliquots of cell suspensions
were collected and filtered under vacuum on GF/ A glass fiber filters (What-
man International Ltd., Maidstone, UK), washed once for 1 min with 10 mL
of cell suspension buffer medium, and then washed twice with 5 mL of the
suspension buffer for 20 s. Cells remaining on filters were collected,
weighed, and placed in scintillation vials with 10 mL of Ready-Safe cocktail
(Beckman Instruments, Fullerton, CA). The radioactivity of the vials was
then counted by liquid scintillation (Packard 2000, Hewlett-Packard, Palo
Alto, CA).

Other chemicals (LaCl;, A23187, staurosporine, calyculin A, DPI, and
CCCP) were added when indicated in the results at different concentrations
and for various times. Control tobacco cells were incubated under the same
conditions without cryptogein.

Glc and Val Uptakes in PM Vesicle Preparations

Tobacco PMs from both control and cryptogein-treated tobacco cells were
prepared by two-phase partitioning as previously described (Bourque et al.,
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1999) with minor modifications listed below. After two-phase partitioning,
PM vesicles were diluted in equilibration buffer (300 mm sorbitol, 0.5 mm
CaCl,, 0.25 mm MgCl,, 0.5 mm dithiothreitol, and 50 mm KH,PO,/K,HPO,
[pH 7.5]). They were then centrifuged (100,000g for 1 h), and the final pellets
were suspended in this buffer at about 10 mg mL ™' proteins before storage
at —80°C.

Glc uptake in tobacco PM vesicles was studied as described previously
(Lemoine and Delrot, 1989). In brief, at time 0, 20 ug of PM proteins stored
in equilibration buffer was mixed with 400 uL of uptake medium: 300 mm
sorbitol, 1 mm *C-Gle (0.005 MBq mL™?), 0.5 mm CaCl,, 0.25 mm MgCl,, 50
uM valinomycin, and either 50 mm NaH,PO,/Na,HPO, (pH 5.5) or 50 mm
KH,PO,/K,HPO, (pH 7.5) for measurement of Glc uptake either dependent
on or independent of the proton motive force, respectively. Val uptake was
measured in the same conditions using 1 mm ®H-Val (0.005 MBq mL ™) in
the uptake medium. After 1 or 2 min of incubation, the reaction was stopped
by addition of 2 mL of uptake medium (pH 7.5) containing 0.5 mm HgCl,.
The mixture was then filtered through nitrocellulose filters (HAWP, Milli-
pore, Bedford, MA) and washed once with 2 mL of the same medium. The
filters were placed in scintillation vials with 10 mL of Ready-Safe cocktail for
counting. The mean value obtained for each condition corresponds to six
measurements.

PM Vesicle Integrity

ATP-dependent H" transport and ability of vesicles to maintain a pH
gradient were measured by monitoring the fluorescence quenching of acri-
dine orange with inside-out PM vesicles prepared from control tobacco cells
and cells treated for 30 min with 25 nm cryptogein (Fraichard et al., 1991;
Noubahni et al,, 1996). ATP hydrolysis was measured as described by
Magnin et al. (1995).

O, Uptake Rate

Tobacco cells were prepared as previously described for Glc and Val
uptake assays. O, uptake rate by tobacco cells (0.1g fresh weight mL™") was
measured at 25°C in 1 mL of medium containing 2 mm HEPES, 0.5 mm
CaCl,, 0.5 mm K,50,, and 10 mMm Glc (pH 6.6). Cell suspensions were treated
with 50 nm cryptogein and catalase (1,800 units); control cell suspensions
contained catalase (1,800 units) only. Catalase was added to restore O,
consumed during H,O, production (oxidative burst). O, uptake rate was
measured for at least 3 h with a Clark-type oxygen electrode system pur-
chased from Hansatech Instrument Ltd. (Norfolk, UK). The O, concentra-
tion in air-saturated medium was taken as 240 pum.

Mitochondrial Membrane Potential

Tobacco cells were prepared as described for O, uptake (0.1g fresh
weight mL ™) in a medium containing 50 mm HEPES, 0.5 mm CaCl,, 0.5 mm
K,50,, and 10 mm Glc (pH 7.0). Before treatment, cells were first stained
with the mitochondrial membrane potential probe JC-1 by incubating 2 mL
of cell suspensions for 15 min (24°C in the dark) with 2 ug mL™" JC-1 (3 pum).
JC-1 from Molecular Probes Inc. (Eugene, OR) was dissolved and stored
according to the manufacturer’s instructions. Then, cells were treated with
100 nm or 1 uM valinomycin (Sigma) a drug known to affect mitochondrial
membrane potential or 50 nm cryptogein. Cells without prior washing were
subjected to flow analysis using a Coulter Epics Elite Flow Cytometer, ESP
Cell Sorter (Beckman Instruments, Fullerton, CA). An air-cooled argon laser
operating at 20 mW was used for excitation at 488 nm. Fluorescence signals
were collected using a bandpass filter centered at 525 and 575 nm. A
minimum of 30.10* events per sample was acquired in list mode and
analyzed with Expo 2 software (Beckman Instruments).
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