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The plant defense elicitor cryptogein triggers well-known biochemical events of early signal transduction at the plasma
membrane of tobacco (Nicotiana tabacum) cells, but microscopic observations of cell responses related to these early events were
lacking. We determined that internalization of the lipophilic dye FM4-64, which is a marker of endocytosis, is stimulated a few
minutes after addition of cryptogein to tobacco Bright Yellow-2 (BY-2) cells. This stimulation is specific to the signal
transduction pathway elicited by cryptogein because a lipid transfer protein, which binds to the same receptor as cryptogein
but without triggering signaling, does not increase endocytosis. To define the nature of the stimulated endocytosis, we
quantified clathrin-coated pits (CCPs) forming on the plasma membrane of BY-2 cells. A transitory stimulation of this
morphological event by cryptogein occurs within the first 15 min. In the presence of cryptogein, increases in both FM4-64
internalization and clathrin-mediated endocytosis are specifically blocked upon treatment with 5 um tyrphostin A23, a
receptor-mediated endocytosis inhibitor. The kinetics of the transient increase in CCPs at the plasma membrane coincides with
that of transitory reactive oxygen species (ROS) production occurring within the first 15 min after elicitation. Moreover, in BY-2
cells expressing NtrbohD antisense cDNA, which are unable to produce ROS when treated with cryptogein, the CCP
stimulation is inhibited. These results indicate that the very early endocytic process induced by cryptogein in tobacco is due, at

least partly, to clathrin-mediated endocytosis and is dependent on ROS production by the NADPH oxidase NtrbohD.

The plasma membrane forms a barrier between the
cell and the extracellular medium. Numerous func-
tions are ascribed to this membrane, particularly en-
vironmental signal recognition and transduction of
these signals into intracellular responses. Endocytosis
is a process whereby portions of the plasma membrane
invaginate and bud off to form membrane-bounded
vesicles containing extracellular materials, as well as
lipids and proteins incorporated on the cell surface
(Pastan and Willingham, 1985). Animal cells use mul-
tiple endocytotic tracks to respond to the external
environment. Some concern the fluid-phase uptake
either by phagocytosis, whereby cells may simply
internalize particles or organisms, like bacteria, or by
macro pinocytosis, whereby cells internalize soluble
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materials. Others are related to membrane microdo-
mains enriched in cholesterol and glycerosphingo-
lipids, including lipid rafts and caveolae (Parton and
Richards, 2003). The latter contain integral proteins,
named caveolins, specific to particular cell types and
having a central role in the formation of caveolae
involved in endocytosis.

The best-studied type of endocytosis is clathrin-
associated endocytosis. In animal cells, a high-profile
function for endocytosis is the receptor-mediated up-
take (receptor-mediated endocytosis [RME]) that uses
clathrin-coated pits (CCPs) as vehicles for receptor/
cargo internalization by forming clathrin-coated vesicles
(CCVs) after vesicle scission. Clathrin is the accepted
central structural scaffold of receptor-internalizing en-
docytotic pits and the main endocytic route in many
animal cells (Brodsky, 1988). The coat of CCVs is a
polygonal lattice, which contains two main components
surrounding the vesicle membrane: clathrin and adap-
tor protein (AP) complexes. Coated-pit assembly is
thought to be initiated by the binding of the AP-2 u2
subunit of the adaptor complex to a specific cytosolic
domain, corresponding to an endocytotic signal, of a
receptor/transmembrane protein (Bonifacino and Traub,
2003). Some RME inhibitors, such as specific tyrphostins,
interact in vitro with these endocytotic signals and thus
prevent interaction of these domains with u2 chain
subunits of the clathrin-associated adaptor complex
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(Crump et al., 1998). Tyrphostin A23 has been specifically
used in mammalian cells to inhibit internalization of a
receptor internalized via CCVs: the transferrin receptor
(Tf-R; Banbury et al., 2003).

When specific ligands involved in processes such as
signal transduction and nutrient transport bind to
their plasma membrane receptors, the resulting com-
plexes are commonly internalized by endocytosis. The
influence of ligand binding on receptor endocytosis
distinguishes two types of internalization. In constitu-
tive clathrin endocytosis, all receptors are internalized,
whether they are bound to their ligand or not. Recep-
tors endocytosed in this way include receptors medi-
ating the uptake of nutrients (e.g. Tf-R; Watts, 1985). In
contrast, receptors are internalized during ligand-
induced endocytosis only upon activation resulting from
the binding of their specific ligand (e.g. epidermal
growth factor receptor [EGFR]; Beguinot et al., 1984).

Although the study of cell surface receptors under-
going endocytosis has recently been extended, the role
of this process in cell signaling is far from being fully
understood. This process is thought to desensitize cell
responses by internalizing the receptor, but it also moves
the receptor away from the plasma membrane to elicit
downstream signaling (Gonzalez-Gaitan, 2003).

Evidence for RME in plants was provided by Horn
et al. (1989), using saturable and temperature-dependent
uptake of labeled plant defense elicitors into cells.
However, plasma membrane receptor-ligand interac-
tions are frequently incompletely characterized. The
involvement of endocytotic processes of receptors for
signal transduction during plant development has
been discovered only recently (Shah et al, 2002;
Russinova et al., 2004; Gifford et al., 2005; Kwaaitaal
et al,, 2005). Shah et al. (2002) suggested that only cells
showing endocytosis of the receptors are actively
engaged in ligand-mediated signaling. In a plant de-
fense context, mutation of the C-terminal domain of an
ethylene-inducing xylanase receptor, containing a
well-known mammalian endocytotic signal, abolished
its ability to induce the hypersensitive response (HR),
suggesting that endocytosis plays a key role in the
corresponding signal transduction pathway (Ron and
Avni, 2004). Two types of receptor uptake have been
described very recently in plant cells: evidence for
specific ligand-induced uptake of the bacterial elicitor
flagellin Leu-rich repeat (LRR) receptor was reported
by Robatzek et al. (2006), and ligand-independent
trafficking has been shown for the steroid BRI1 LRR
receptor (Geldner et al., 2007). Moreover, this latter
study argues that the endosomal pool of BRIl is
functional so that signal transduction takes place after
endocytosis, suggesting that endosomes act as signal-
ing compartments in plant cells (Geldner et al., 2007).

The nature of endocytosis in plant cells is still a matter
of debate. Morphological similarities with animal cells
(e.g. CCPs and CCVs), and the existence of plant homo-
logs of proteins involved in clathrin-mediated endocy-
tosis, suggest that this pathway takes place in plant cells
(Low and Chandra, 1994; Holstein, 2002; Murphy et al.,
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2005). Moreover, clathrin-dependent endocytosis has
been shown very recently to be operational in plants
and used as a predominant pathway, as in animal cells,
for internalization of plasma membrane proteins, such
as the auxin carrier PIN1 in Arabidopsis (Arabidopsis
thaliana), and for spindle and phragmoplast formation as
well as for endocytosis in tobacco (Nicotiana tabacum)
Bright Yellow-2 (BY-2) cells (Dhonukshe et al., 2007;
Tahara et al., 2007). In addition, endocytosis of the
human Tf-R, known to be clathrin-dependent in animal
cells, is inhibited by an RME inhibitor after expression in
plant protoplasts, suggesting the existence of clathrin
machinery for RME in plant cells (Ortiz-Zapater et al.,
2006). Nevertheless, even if recent evidence for the in-
volvement of vesicle trafficking in the plant immune
response against pathogens has been reported (Robatzek,
2007), data are lacking concerning the nature of endocy-
tosis in a plant defense context.

A number of specific molecules elicit defense re-
sponses in plant cells during plant pathogen interactions.
Cryptogein, produced by the oomycete Phytophthora
cryptogea, belongs to a class of proteinaceous elicitors
called elicitins, able to induce a HR and acquired resis-
tance in tobacco plants (Ricci et al., 1989). The mode of
action of cryptogein begins with the recognition of this
elicitor by an unidentified plasma membrane receptor at
a high-affinity binding site (Wendehenne et al., 1995).
This ligand-receptor binding triggers a cascade of events
that include phosphorylation processes, rapid calcium
influx, ion effluxes, nitric oxide production, extracellular
alkalinization, and plasma membrane depolarization
both in tobacco plants and cell suspensions (Blein et al.,
1991; Tavernier et al.,, 1995; Wendehenne et al., 2002;
Garcia-Brugger et al., 2006). In addition, the activation of
a membrane-bound NADPH oxidase (NtrbohD), re-
sponsible for reactive oxygen species (ROS) production,
has been shown in cryptogein-elicited cells (Simon-Plas
etal., 1997,2002). These rapid biochemical alterations
at the plasma membrane subsequent to cryptogein
treatment are well described, but there has been no
study of associated structural modifications at the
plasma membrane level. In this article, we report that
cryptogein stimulates overall endocytosis in BY-2 to-
bacco cells. Using transmission electron microscopy
(TEM) and pharmacological interference, we provide
evidence that ligand-stimulated endocytosis concerns
the clathrin-dependent pathway. Moreover, we sug-
gest that transitory ROS production triggered by
cryptogein elicitation takes part in the stimulation of
clathrin-mediated endocytosis.

RESULTS

Cryptogein Induces Modifications of Spectral Properties
and Internalization of FM4-64 at the Plasma Membrane

To assess the intervention of endocytosis in the sig-
naling pathway triggered by cryptogein, we analyzed
the time course of internalization of the endocytotic
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Figure 1. Cryptogein modifies spectral properties of FM4-64 on plasma
membrane. A, Confocal sections of 7-d-old BY-2 tobacco cells labeled
with FM4-64 (4.25 um) for 5 min (top; 0 min), then incubated in the
presence or absence of cryptogein for 5 min (middle; 5 min) or 15 min
(bottom; 15 min) under constant agitation at 23°C in the dark. Left,
Control cells; right, cells plus 50 nm cryptogein. All image acquisition
parameters were kept constant for imaging control and cryptogein-
treated cells. Bars = 20 um. B, Measurements of FM4-64 fluorescence
at the plasma membrane level using the Image J software. Data are
mean values and sp from eight independent experiments.

marker FM4-64 in BY-2 cells using confocal laser mi-
croscopy (Betz et al., 1996; Bolte et al., 2004). After 5-min
exposure, FM4-64 strongly labeled the plasma mem-
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brane as a result of dye partitioning into the lipid phase
(Fig. 1A; 0 min [top]).

Following cryptogein treatment, we could observe a
drastic time-dependent drop in FM4-64 fluorescence at
the plasma membrane (Fig. 1A). Fluorescence quanti-
fication indicated an 80% to 90% decline in dye fluo-
rescence at the plasma membrane immediately after
cryptogein treatment (Fig. 1B). Given that FM dyes
originate from dimethylaminostyrylmethyl-pyridinium
iodine, used as an electric potential-sensitive probe in
studies of mitochondria (Betz et al., 1992), FM4-64 may
respond to transmembrane potential modifications.
Indeed, fluorescence of styryl dyes has been described
as voltage dependent and sensitive to ion/proton
concentration. The decrease in plasma membrane fluo-
rescence correlates with previous electrophysiological
measurements of plasma membrane depolarization
in elicited cells (Pugin et al., 1997). Dye fluorescence
slightly increased in untreated cells, which may cor-
respond to continuous loading of FM4-64 at the plasma
membrane, and then decreased gradually (Fig. 1B).
The observed 10% decrease in fluorescence could be
explained by light stress bleaching the dye during
sampling or its instability at room temperature (Bolte
et al., 2004). It should be noted that emerging cell plates
of dividing cells, previously described for their intense
FM4-64 fluorescence (Bolte et al.,, 2004, Dhonukshe
et al., 2006), were not affected by elicitor treatment
(Fig. 1A, right).

In spite of the decrease in plasma membrane fluo-
rescence in elicited cells, fluorescent endocytotic
membrane-bound or internalized vesicles could still
be observed within cells (Figs. 1A and 2B). Endocytotic
vesicle emergence was monitored in cryptogein-treated
cells in comparison to controls. Figures 1A and 2B show
that 5 min of cryptogein treatment (corresponding to
10-min FM4-64 loading) were sufficient to activate
marked internalization of the fluorescent dye, whereas
untreated cells presented intense plasma membrane
staining and only a few internalized vesicles. Both
treated and untreated cells underwent endocytosis after
15 min, but the number of fluorescent vesicles differed
between cells: Numerous membrane-bound and inter-
nalized vesicles were visible in cryptogein-treated cells,
whereas untreated cells showed a significantly lower
amount of fluorescent vesicles (Fig. 1A, bottom).

A decrease of fluorescence of the inner vesicles was
also observed after 10 min of cryptogein treatment
(Fig. 2A), but it is very low compared to the marked
decrease of the whole plasma membrane fluorescence.
This suggests that vesicles present inside the cells at
that time were preformed before alteration of plasma
membrane properties induced by the elicitor leading
to fluorescence decrease.

To perform global statistical analysis, fluorescent
vesicles appearing in control and elicited cells were
quantified in eight independent experiments (Fig. 2B).
Optical sections of cells were classified into three
groups, corresponding to cells with only plasma mem-
brane labeling (0) and cells containing few (1-10)
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Figure 2. Increasing FM4-64 internalization within BY-2 cells in the
presence of cryptogein. Seven-day-old tobacco BY-2 cells were labeled
with FM4-64 (4.25 um) for 5 min (time 0 min) at 23°C or treated in the
presence or absence of cryptogein (50 nm). Cells were kept under con-
stant agitation in the dark. A, Measurements of FM4-64 fluorescence of
vesicles in control cells (continuous line), or subsequent to cryptogein
treatment (dashed line). Data are mean values and sp from four in-
dependent experiments. B, Quantification of control and cryptogein-
treated cells showing endocytosis during time. Data are presented as
percentage of cells (n approximately 30-50) corresponding to class 0,
no endocytosis (white columns); class 1 to 10, 1 to 10 vesicles (dashed
columns); class >10, more than 10 vesicles (black columns). Data are
mean values and sp from eight independent experiments. Inset, Images

1258

visible vesicles or more than 10 vesicles (>10). The
percentage of cells belonging to the three groups was
measured over time. The percentage of cells with
endocytosis increased concomitantly with a decrease
in cells without fluorescent vesicles both for elicited
and untreated cells. However, the number of fluores-
cent vesicles appearing in elicited cells was higher,
even if counting of fluorescent vesicles was under-
estimated due to the decrease in fluorescence in these
cells. Indeed, 100% of cells contained fluorescent ves-
icles after 10 min of elicitation, with 70% containing
more than 10 vesicles, whereas at this same time point
untreated cells still presented 10% of cells without
endocytosis and only 30% contained more than 10
vesicles (Fig. 2B).

These results indicate that FM4-64 uptake into BY-2
cells is rapidly stimulated by cryptogein, suggesting
the occurrence of an endocytotic process triggered by
the elicitor. Moreover, these results support the idea
that FM4-64 dye may be used not only for studying
endocytosis, but also for tracking modification of
membrane properties.

Endocytosis Requires Not Only Binding to the Receptor,
But Also Downstream Signaling Events

To examine whether endocytosis is triggered by
ligand-receptor binding and/or by subsequent signal-
ing events, we used a lipid transfer protein (LTP)
previously demonstrated to share some structural and
plasma membrane-binding properties with elicitins
(Blein et al., 2002). In tobacco cells, both cryptogein
and an LTP1 from wheat (Triticum aestivum) bind to an
identical high-affinity specific site located on the
plasma membrane (Buhot et al., 2001). In addition, in
vivo competition experiments have indicated that the
binding sites for both proteins are their true biological
receptor because addition of increasing concentrations
of LTP1 reduced signaling events induced by crypto-
gein (Buhot et al., 2001). Nevertheless, LTP alone did
not trigger any of the classical responses induced by
cryptogein in tobacco cells, such as extracellular alka-
linization or oxidative burst.

The effect of 500 nm LTP (which represents a 10-fold
higher concentration than that of cryptogein) on BY-2
cell endocytosis was analyzed using the FM4-64 dye.
Figure 3 shows cells undergoing full endocytosis (>10
fluorescent vesicles per confocal section of cells) in
control, cryptogein-treated, and LTP-treated cells. In
LTP-treated cells, the observed endocytosis resembled
that in control cells, whereas endocytosis was stimu-
lated in cryptogein-treated cells. Moreover, FM4-64
dye fluorescence in LTP-treated cells, indicative of the
modification of plasma membrane properties, was not
affected (data not shown).

of BY-2 untreated (control) or cryptogein-treated cells after 5 min
(corresponding to 10 min FM4-64 loading) are presented. Bars = 20 um.
[See online article for color version of this figure.]
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These results indicate that the binding of LTP to its
cryptogein-shared receptor is not sufficient to induce
either endocytosis or signaling responses. Conse-
quently, the endocytosis phenomenon can be corre-
lated with signaling events specifically triggered by
cryptogein.

Cryptogein Induces an Increase in CCP Density

To further scrutinize endocytosis, plasma membrane
ultrastructure was examined in control and cryptogein-
treated cells (Fig. 4). Pits with an electron-dense coating
were clearly visible at the plasma membrane surface.
They appeared as flat, curved, or invaginated coated
regions of 100, 75, and 50 nm, respectively (Fig. 4, A-C,
arrows). These pits resembled CCPs, already described
in plant cells (Low and Chandra, 1994; Robinson et al.,
1998) and recently confirmed to be so using antipeptide
antibodies directed against plant clathrin (Dhonukshe
etal., 2007). In some cells, CCVs (Fig. 4D, arrowheads)
or multivesicular bodies (MVBs; Fig. 4E) were also
observed within the cytosol.

The CCPs were quantified per approximately 100 um
of plasma membrane in sections of untreated and
cryptogein-treated cells. The different stages of pinch-
ing off of CCPs before scission (Fig. 4, A-C) were taken
into account for quantification. Each cell section was
classified into three groups: without CCP (0 CCP; class
0), with one CCP (class 1), and with two or more CCPs
(class 2). Data are presented as percentages of cells
belonging to these groups after different times of
cryptogein treatment (Fig. 4F). When sections of un-
treated cells (control) were observed, most of them did
not present any CCP, 24% belonged to class 1, and only
3% contained two or more CCPs (class 2) on their
plasma membrane surface (Fig. 4F). On the contrary,
after 10 min of cryptogein treatment, >90% of cell
sections presented CCPs (classes 1 and 2) of which
12% had two or more CCPs (Fig. 4F). After 20 min of
cryptogein treatment, the number of CCPs decreased
concomitantly with an increase in CCVs (Fig. 4D,
arrowheads) and MVBs (Fig. 4E). At this time point,
even if the percentage of cell sections showing endo-
cytosis was high (62%), only 1% of them presented two
or more CCPs (Fig. 4, F and G). This can be interpreted
as a reduction of the de novo clathrin-coated endocy-
tosis induced by cryptogein. After 45 min, the per-
centage of elicited cells presenting CCPs resembled
that of the control (data not shown).

To summarize all the results and to present the
entire kinetics of CCP up to 20 min, we calculated the
ratio of all CCP groups relative to the control (beginning
of the experiment) in both untreated and cryptogein-
treated cells (Fig. 4G). In treated cells, a rapid tran-
sitory rise was observed in CCPs 5 to 10 min after
cryptogein addition, and then a constant decrease. On
the contrary, untreated cells presented a more or less
constant percentage of the three classes of CCP, corre-
sponding to a steady-state number of CCPs on the
plasma membrane of the cells.
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These indicate that cryptogein triggers massive tran-
sitory formation of CCPs at the plasma membrane and,
consequently, clathrin endocytosis from the plasma
membrane in BY-2 cells. This sudden wave of endocy-
tosis after cryptogein elicitation, taken together with
FM4-64 internalization measurements, confirms that
endocytosis is an early event of this signaling pathway.

Cryptogein-Stimulated Endocytosis Is Blocked by
Tyrphostin A23

Following the TEM results showing a transitory
increase in CCP number after cryptogein treatment,
we applied a RME inhibitor belonging to the tyrphostin
family to cells. Tyrphostins are chemical compounds
structurally analogous to the side chain of Tyr that were
originally developed as substrate-competitive inhibi-
tors of the EGFR Tyr kinase (Gazit et al., 1989). Some
tyrphostin members such as tyrphostin A23 have also
been used to inhibit endocytosis: specific inhibition of
clathrin-mediated endocytosis due to the interaction
between tyrphostin A23 and the subunit u2 of the AP-2
complex, one component of the membrane coat asso-
ciated with clathrin, has been reported (Banbury et al.,
2003). This inhibitor has been used at concentrations of
500 or 350 uM in mammalian cells to inhibit internal-
ization of the Tf-R (Banbury et al., 2003) or the prion
protein (Taylor et al., 2005), and in plant protoplasts to
inhibit human Tf-R internalization (Ortiz-Zapater et al.,
2006). More recently, tyrphostin A23 was utilized at a
concentration of 30 uM to inhibit internalization of the
PIN auxin efflux carrier and different plasma mem-
brane proteins in Arabidopsis roots (Dhonukshe et al.,
2007). In these studies, tyrphostins inactive for RME
inhibition (e.g. tyrphostin A51) were used to confirm
the specific effect of tyrphostin A23.

Because of the Tyr kinase inhibitory effect of tyr-
phostins, which could disturb cryptogein signaling,
we used a lower concentration compared to previous
studies. The effect of 5 um of the two tyrphostins was

120
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Figure 3. LTP1 from wheat does not modulate endocytosis. Effect of 500
nm LTP from wheat (LTP1; dashed columns) on the percentage of cells
containing more than 10 vesicles. The kinetics of FM4-64 internalization
in cells exposed to LTP is comparable to control cells (white columns),
whereas cryptogein-treated cells show stimulated endocytosis (black
columns). Mean and sp values are from three independent experiments.

1259



Leborgne-Castel et al.

Figure 4. Cryptogein stimulates CCP formation at the
plasma membrane. Plasma membrane of BY-2 cells
was imaged by TEM. CCPs (arrows) were observed
and quantified on 20 to 30 cell sections per 100-um
plasma membrane perimeter. A to E, Micrographs of
different stages of CCP invagination before scission.
Coated pits (arrows, A, B, C, E), coated vesicles
(arrowheads, D). G, Golgi apparatus. Bars = 100 nm.
F, Percentage of cell sections in the three classes of
CCPs corresponding to no CCP (class 0; white por-
tion), one CCP (class 1; dashed portion), or two or
more CCPs (class 2; black portion) in control cells
and at 10 and 20 min of cryptogein treatment. G,
Relative increase of CCPs during the first 20 min in
cells without or with 50 nm cryptogein treatment
compared to control cells (ctl, 0 min).

24%

[ Jclass0:0cCCP

G

-coated pits

w

Relative proportion of clathrin

analyzed by TEM imaging and the CCPs quantified, as
previously. Experiments were carried out in two inde-
pendent experiments, where cells presented different
stages of steady-state endocytosis. Results are presented
as relative amounts of CCPs triggered by cryptogein,
compared to controls in the presence of tyrphostin
alone (Fig. 5, A and B). Formation of CCVs was no
longer triggered by cryptogein in the presence of
tyrphostin A23 (Fig. 5A). However, tyrphostin A51-
treated cells still exhibited cryptogein-stimulated clathrin-
related endocytosis, although a slight decrease could
be observed (Fig. 5B).

In addition, the effect of tyrphostins on FM4-64 uptake
in the presence of cryptogein was tested. The proportion
of cells undergoing full endocytosis (>10 vesicles per
observed section) was calculated in controls plus di-
methyl sulfoxide (DMSO), cryptogein-treated plus
DMSO, or tyrphostin(s) plus cryptogein-treated cells

1260
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(Fig.5C). Results indicated a differential effect of the two
tyrphostins on FM4-64 internalization stimulated by
cryptogein. Indeed, tyrphostin A51-treated cells in the
presence of cryptogein behaved similarly to cryptogein-
treated cells, indicating that cryptogein-stimulated en-
docytosis is not affected by this compound. In contrast,
tyrphostin A23-treated cells in presence of cryptogein
undergo the same level of endocytosis as control cells
(DMSO treated), showing inhibition of the stimulated
endocytosis (Fig. 5C). These compounds had no effect on
constitutive endocytosis, whereas cells treated with
tyrphostins alone presented the same level of endocy-
tosis as controls (data not shown).

The question was next addressed whether pharma-
cological disturbance of RME has an effect on two
events known to occur after cryptogein elicitation,
namely, extracellular alkalinization and transient ROS
production (Fig. 5, D and E). Figure 5D presents the
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Figure 5. Tyrphostin A23, but not tyrphostin A51, prevents endocytosis in cryptogein-elicited BY-2 cells (A and B). Quanti-
fication of CCPs per 100-um plasma membrane of 7-d-old BY-2 cells imaged by TEM. A, Relative increase of CCPs in elicited
cells was compared in the presence and absence of tyrphostin A23. B, Relative increase of CCPs in elicited cells was compared in
the presence and absence of tyrphostin A51. C, Seven-day-old BY-2 cells were labeled with FM4-64 (4.25 um) for 5 min (0 min),
then incubated with 0.1% DMSO (white columns), 0.01% DMSO plus 50 nm cryptogein (black columns), 5 um tyrphostin A23
plus 50 nm cryptogein (spotted columns), or 5 um tyrphostin A51 plus 50 nm cryptogein (dashed columns) under constant
agitation at 23°C in the dark. BY-2 cells (n approximately 30-50) presenting full endocytosis (>10 vesicles) were quantified as
described in Figure 2B. D, Extracellular ApH was measured in cells challenged with 50 nm cryptogein for 30 min in presence of
0.1% DMSO (control, black columns), 5 um tyrphostin A23 (spotted columns), or 5 um tyrphostin A51 (dashed columns). All
treated cells exhibited extracellular alkalinization and no significant difference was observed. E, Effect of 5 um tyrphostins on
cryptogein-induced extracellular ROS production during the first 30 min after elicitor treatment. Total ROS production measured
during 30 min of treatment by cryptogein was summed and expressed in percentage of ROS production in cells treated with
cryptogein plus DMSO. Cells treated with cryptogein plus DMSO (black columns), cryptogein plus 5 um tyrphostin A23 (spotted
columns), or cryptogein plus 5 um tyrphostin A51 (dashed columns).

extracellular ApH after 30 min of elicitation by cryp- approaches, demonstrate that cryptogein-stimulated
togein. In the presence of cryptogein plus DMSO, a endocytosis is specifically inhibited by the RME in-
standard increase of 400 milliunits of pH was ob- hibitor, tyrphostin A23, but not by its inactive analog
served. This increase remained constant regardless of tyrphostin A51. These results indicate that the elicitor-

which tyrphostin was added (Fig. 5D). Second, ROS stimulated clathrin endocytosis, consecutive to receptor
production 30 min after elicitation by cryptogein is binding and signaling, may be due to an RME-mediated
40% reduced by tyrphostin A23 treatment and slightly mechanism.
less by tyrphostin A51 (Fig. 5E). These results indicate
that both tyrphostins (active and inactive inhibitors of
RME) affect ROS production when used at 5 uwm,
whereas the effect on endocytosis is different (Fig. 5).
The observations on FM4-64 uptake and CCP Not only binding of cryptogein to its putative re-
formation, together with use of pharmacological ceptor, but also the associated downstream signaling

Cryptogein-Stimulated Clathrin Endocytosis Is Inhibited
in Cells That Are Unable to Produce ROS
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events, are necessary for transitory increases in endo-
cytosis, as shown using the LTP (Fig. 3). Moreover, the
kinetics of transitory CCP increase corresponds to the
kinetics of ROS production triggered by the elicitor
(Simon-Plas et al., 1997). Thus, the next question to be
addressed was whether ROS production could be
correlated with endocytosis.

A BY-2 cellline (named gp3) was previously obtained
expressing an antisense construction of NtrbohD
c¢DNA, which is unable to produce ROS when treated
with cryptogein, but still responds to the elicitor by an
increase in extracellular pH (Simon-Plas et al., 2002)
and membrane depolarization (this study; data not
shown), similar to wild-type cells.

Gp3 cells were submitted to cryptogein and com-
pared to untreated cells (Fig. 6). The quantification of
CCPs in gp3 cell sections indicated that cryptogein did
not stimulate de novo CCP formation (Fig. 6B).

Interestingly, the plasma membrane morphology of
gp3 cells, submitted or not to cryptogein treatment,
had principally flat pits delimited by a coat of dense
particles (Fig. 6A, arrows). The detailed measurement
of CCP diameters (reflecting their invagination) indi-
cated that wild-type cells contained a low number of flat
pits when compared to gp3 in spite of the same number
of total pits, indicating a slowing down of CCP forma-
tion during constitutive endocytosis (Fig. 6C). Moreover,
the percentage of flat pits in gp3 did not change after
cryptogein elicitation, whereas it decreased concomi-
tantly with an increase in curved to invaginated CCPs in
wild-type cells (Fig. 6C). These results indicate that
cryptogein-stimulated formation of CCVs is not trig-
gered in gp3 cells. Interestingly, western-blot analysis
using antisera directed against the human clathrin
heavy chain revealed no difference in clathrin amounts
in the plasma membrane between the two untreated cell
lines, nor 5 or 15 min after cryptogein treatment (data not
shown). These results suggest that the determining
factor for formation of CCVs is not the amount of
clathrin at the plasma membrane, but rather an ROS-
dependent mechanism. Nevertheless, treatment of cells
with low concentrations of exogenous hydrogen perox-
ide, corresponding to the amount produced in response
to cryptogein (0.01-0.1 mm), did not trigger a significant
FM4-64 internalization (data not shown). This rules outa
nonspecific, stress-related effect on the observed endo-
cytotic process.

We conclude that ROS production specifically pro-
duced via NtrbohD in response to the cryptogein is
necessary for clathrin endocytosis to be triggered
during early elicitation.

DISCUSSION

Endocytosis as an Early Signaling Event
Elicited by Cryptogein

The membrane-selective fluorescent FM4-64 dye is a
reliable marker to analyze the global endocytosis
phenomenon and to visualize endosomes in plant
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cells (Bolte et al., 2004; Ueda et al., 2004). Real-time
monitoring of FM4-64 internalization indicates that the
rate of global endocytosis is higher in cryptogein-
elicited cells at least in the first 15 min after treatment.
In a recent study, similar stimulation in FM1-43 (a green-
shift variant of FM4-64) dye uptake was reported in root
cells of Medicago truncatula after Sinorhizobium meliloti
inoculation, a symbiotic interaction that also induces a
battery of trafficking genes (Peleg-Grossman et al.,
2007). This induction is correlated with the fact that
FM dye internalization is dependent on the vesicle
transport machinery (Betz et al., 1996). We can thus
propose that cryptogein triggers rapid membrane-
trafficking events in tobacco cells.

The flat or invaginated pits, surrounded by dense
particles forming a cage, which we have observed in
tobacco cells using TEM, can be assumed to be differ-
ent stages of CCP formation because it has already
been described in plant cells (Low and Chandra, 1994;
Robinson et al., 1998). Very recently, in plant cells, the
nature of these cage-like molecules was confirmed
with antibodies directed against plant clathrin heavy-
chain peptides (Dhonukshe et al., 2007).

We evaluated the number of pits pinched off from
the plasma membrane of 30 to 40 cells in ultrathin
sections for each condition. In cryptogein-elicited cells,
we observed a significant transitory CCP increase in
the first 10 min, which may correspond to activation of
the endocytosis machinery during this time lapse.
Because we did consider the internalized CCVs, which
may no longer be coated within the cytosol (Holstein,
2002), the results, corresponding to appearance of
CCPs at the plasma membrane, are not directly com-
parable with FM4-64 experiments in which all fluo-
rescent vesicles were counted. However, both indicate
very early stimulation of endocytosis upon elicitor
treatment. Moreover, these results can be related to the
work of Fomina et al. (2003), who used FM1-43 dye to
show accelerated endocytosis in phytohemagglutinin-
activated lymphocyte T cells compared to resting cells
and argued that the dye follows the CCV pathway
within cells. Finally, very recently in Arabidopsis
and tobacco BY-2 cells, genetic interference using the
C-terminal clathrin heavy chain (so-called hub do-
main), which prevents clathrin cage formation, has
been shown to inhibit FM4-64 uptake proving for a
large part its clathrin dependence (Dhonukshe et al.,
2007; Tahara et al., 2007).

Here, studies using microscopy and pharmacology
are complementary and support the same conclusion:
elicitation by cryptogein stimulates endocytosis and
clathrin-coated endocytosis, in particular. The only
other demonstration of an elicitor inducing an endo-
cytotic process is the recent report in Arabidopsis of
the internalization of the flagellin receptor-like kinase
receptor after binding of the ligand, but the type of
endocytosis was not characterized (Robatzek et al., 2006).

Thus, our results present evidence for induction of
clathrin endocytosis by an elicitor of defense in plant
cells, in addition to constitutive endocytosis.

Plant Physiol. Vol. 146, 2008
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ROS Production Is Correlated with Endocytosis

The use of LTP, a cryptogein antagonist that binds
to the same high-affinity site at the plasma mem-
brane, but triggers neither signaling events (Buhot
et al., 2001) nor endocytosis (this study), emphasizes
the role of signaling by cryptogein as the release
mechanism for endocytosis. Interestingly, the tran-
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Figure 6. Cryptogein-stimulated endocytosis does
not occur in cells inhibiting ROS production. The
morphology of gp3 cells (antisense line of NADPH
oxidase NtrbohD), which no longer produce ROS,
was imaged by TEM. CCPs (arrows) were observed
and quantified. A, Micrographs of three representa-
tive cell sections showing flat pits delimited at the
intracellular face by a clathrin electron-dense coating
(arrows). Bars = 100 nm. B, Relative increase of CCPs
in gp3 cells in the absence or presence of 50 nm
cryptogein; cell sections presenting no CCP (class 0),
one CCP (class 1), or two or more CCP (class 2)
within a 100-um membrane perimeter (n = 20-30).
C, Distribution of CCPs according to their shape in
elicited (cry) or nonelicited (ctl) wild-type and gp3
cells after 15 min. Three classes of CCP were defined
as a function of their diameter: flat (90-120 nm),
curved (70-90 nm), and invaginated (40-70 nm). n =
20 to 30 cell sections.

sient wave of CCPs observed in the first 10 min after
cryptogein addition exhibits the same kinetics as the
typical transient production of ROS (Simon-Plas
et al., 1997).

The oxidative burst is a typical early response of
plant cells to elicitors and represents a characteristic
feature of the HR, although its role in the associated
signaling cascade remains to be clarified (Lamb and
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Dixon, 1997; Torres and Dangl, 2005). ROS production in-
duced in tobacco cells by cryptogein is due to a plasma
membrane NADPH oxidase, NtrbohD (Simon-Plas
et al., 2002). In this study, we show that transgenic
cells inactivated for NtrbohD do not present cryptogein-
stimulated clathrin endocytosis, although some other
signaling events triggered by the elicitor, such as
extracellular alkalinization, are identical to those ob-
served in wild-type cells. These different observations
suggest that the cryptogein-dependent oxidative burst
is strongly correlated with cryptogein-mediated en-
docytosis events. A similar observation was made in
Arabidopsis, where two chemicals that inhibit ROS
production, triggered by the bacterial elicitor flagellin,
were also inhibitors of flagellin receptor FLS2 endocy-
tosis (Serrano et al., 2007). Interestingly, the observa-
tion of mainly flattened pits at the plasma membrane
of gp3 cells may be related to the reduction of pinching
off of FLS2-GFP containing buds in the presence of
these two chemical compounds (Serrano et al., 2007).

Because the amount of clathrin proteins at the
plasma membrane does not vary in wild-type or gp3
cells following cryptogein treatment, the regulatory
effect of ROS on elicitor-induced endocytosis is likely
to affect particular stages of CCV formation. The very
short delay between the addition of cryptogein, ROS
production, and the endocytotic processes does not
suggest ROS-mediated activation of the transcrip-
tional machinery.

Pharmacological Interference Supports a Role for RME
in Cryptogein Signaling

CCPs constitute a major membrane entry point
involved in RME in animal cells. It is well known
that the cytosolic tails of receptors at the plasma
membrane recruit clathrin to mediate the curvature
of the membrane that will lead to its invagination. This
mechanism, which takes place through an internali-
zation motif (e.g. YXX0) that can interact with the u2-
adaptin subunit of the clathrin-associated adaptor
complexes AP2, is also expected to be clathrin-mediated
endocytosis or RME in plants (Holstein, 2002). This
has been indirectly established for the tomato (Lyco-
persicon esculentum) LeEiX2 receptor of the fungal
ethylene-inducing xylanase elicitor, which contains a
Tyr-based motif functioning as an endocytotic signal
(Ron and Avni, 2004). Moreover, some receptor-like
kinases are localized in an FM4-64 positive compart-
ment (Gifford et al., 2005), sometimes complexed with
their ligand (Shah et al., 2002; Russinova et al., 2004),
although these receptors undergo constitutive inter-
nalization. The cryptogein receptor has not been iden-
tified yet, but preliminary observations of colloidal
gold-labeled cryptogein inside BY-2 cells 5 min after
elicitor treatment suggest that the cryptogein receptor
follows a similar route (J. Lherminier, unpublished data).

In mammalian cells, Banbury et al. (2003) presented
the conformational specificity of diverse members of
the tyrphostin family to inhibit Tf-R endocytosis. Some
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of these tyrphostins, such as tyrphostin A23, block
the internalization of the receptor, whereas inactive
tyrphostin (e.g. tyrphostin A51) has no effect on this
process. The authors used for each tyrphostin a con-
centration 10 times higher than their specific ICs, (50%
inhibition of initial activity) calculated for the EGFR
kinase activity (Gazit et al., 1989). In plant cells,
tyrphostins A23 and A51 were used at the concentra-
tion of 350 um to inhibit human Tf-R uptake in
Arabidopsis protoplasts (Ortiz-Zapater et al., 2006).
These two compounds were tested at a lower concen-
tration (30 uMm) for their effect on the uptake of several
membrane proteins, but the authors underlined that
tyrphostins may also affect other processes than the
one studied (Dhonukshe et al., 2007).

In the context of plant defense, the use of such
pharmacological components may be tricky because
Tyr kinase inhibition could disturb cryptogein signal-
ing because protein phosphorylation is involved in the
initial step of cryptogein signal transduction (Viard
et al., 1994). In the plant defense model Arabidopsis/
flagellin (FLS2), substitution of a conserved potential
phosphorylation site in the FLS2 receptor kinase or
the general kinase inhibitor (K252a) impairs both en-
docytosis of the receptor as well as all tested FLS2-
dependent immune responses (Robatzek et al., 2006).

In this study on tobacco cells, numbers of FM4-64-
labeled vesicles and CCP both showed that cryptogein-
stimulated endocytosis is differentially affected by
a lower concentration (5 uM) of the two compounds.
Indeed, tyrphostin A51 does not block elicitor-stimulated
endocytosis, whereas tyrphostin A23 has a strong effect
on this event. The inactivity of tyrphostin A51 argues
against a mechanism involving Tyr kinase activity be-
cause tyrphostin A23 and tyrphostin A51 have an ICj,
(on the human EGFR kinase activity) of 35 and 0.8 um,
respectively.

Concerning the effect of tyrphostins on the signaling
events triggered by cryptogein, the extracellular alka-
linization induced by the elicitor is not affected by the
tested compounds, whereas ROS production is par-
tially inhibited. This reinforces the hypothesis of a
specific signaling pathway in which both ROS and
endocytosis could be associated. However, the fact
that the tyrphostins A51 and A23 have quite differ-
ent effects on the endocytotic process, but not on
ROS production, rules out an indirect effect on endo-
cytosis through an inhibition of ROS production by
tyrphostin A23.

These results show an inhibition of clathrin-mediated
endocytosis by an RME inhibitor in a plant defense
signaling context. The fact that tyrphostin A23 alone
does not inhibit FM4-64 uptake of untreated cells (this
study; Ortiz-Zapater et al., 2006; Dhonukshe et al.,
2007), indicates that constitutive endocytotic traffic can
continue in the presence of this inhibitor. This suggests
that, although constitutive and cryptogein-induced
endocytosis appears to be mediated by morphologi-
cally identical CCPs at the plasma membrane, the
regulatory mechanisms involved could be different.
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CONCLUSION

This study provides evidence for the involvement of
CCPs/CCVs in the regulation of ligand-mediated en-
docytosis in plants. Increasing CCP formation in the
first minutes following elicitation by cryptogein sug-
gests that the endocytotic vesicles might assemble
rapidly from predesignated plasma membrane do-
mains that provide a platform for rapid and multiple
production of vesicles. Recent papers propose that
plant cell endocytosis, as in animal cells, is not only a
mechanism for receptor down-regulation but also a
prerequisite for signaling (Geldner et al., 2007; Robatzek,
2007). Because endocytosis and ROS production ap-
pear to be connected, the next challenging question is
how ROS may affect the mechanism of endocytosis.
Moreover, it will be interesting to localize endocytosis
in the transduction pathway triggered by cryptogein.

MATERIALS AND METHODS
Material

Tobacco (Nicotiana tabacum) BY-2 cells and cells lacking NtrbohD expression
(gp3 cells; Simon-Plas et al., 2002) were maintained under continuous light
(200 uE m 257 !) at 25°C on a rotary shaker (140 rpm). The suspensions were
subcultured every 7 d at 1:20 mL dilution in Murashige and Skoog (1962)
medium supplemented with 0.3 g L™ Suc, 200 mg L™ KH,PO,, 100 mg L™
inositol, 2 g L~! MES, 1 mg L™! thiamine, and 0.2 mg L' 24-D. All ex-
periments were performed with 7-d-old BY-2 cells harvested, filtered, and
resuspended (1 g fresh weight for 10 mL) in I, buffer, a 2 mm MES buffer, pH
5.8, containing 175 mm mannitol, 0.5 mm CaCl,, 0.5 mm K,SO,, for a 3-h
equilibration period on a rotary shaker (140 rpm).

Fluorescent Probes and Chemicals

The fluorescent styryl membrane probe FM4-64 (Molecular Probes) was
kept as a 17 mm stock solution in sterile water at 20°C (Bolte et al., 2004). This
probe was used at the final concentration of 4.25 um. Cryptogein was purified
according to the method of Ricci et al. (1989), prepared in distilled water, and
used at the final concentration of 50 nm. Tyrphostins A23 and A51 (Sigma-
Aldrich) were stored in DMSO as 1,000-fold stock solutions and used at a final
concentration of 5 um. Wheat (Triticum aestivum) LTP1 was purified from
wheat seeds as previously described (Charvolin et al.,, 1999), prepared in
water, and used at the final concentration of 500 nm.

Live Microscopy of FM4-64 Internalization into Cells

To visualize endocytosis, the fluorescent styryl membrane probe FM4-64
was added to a 1-mL cell suspension in I, buffer, kept under shaking in the
dark. After 5 min at room temperature (25°C), samples were taken before (time
0) and at different times (520 min) after addition of 500 nm LTP1 or 50 nm
cryptogein and/or chemicals (0.1% DMSO or 5 uM tyrphostin solution in
DMSO). Cell suspensions were mounted under a cover glass for microscopy
and FM4-64 labeling was examined using a confocal microscope (TCS 4D; SP2
Leica Microsystems) equipped with an argon-krypton laser (488/515 BP-
FITC). The laser was focused on cells through a 40X NA1 oil-immersion
objective. FM4-64 emission was pass-filtered between 625 and 665 nm. Puncta
were identified as endocytotic vesicles. Fluorescence measurements were
performed with Image J software (http:/ /rsb.info.nih.gov/ij/index.html).

TEM

Cell suspensions in I, buffer were sampled 5, 10, 15, and 20 min after
elicitation with 50 nm cryptogein. Untreated cells were similarly sampled.
When using tyrphostins A23 or A51 (5 um in DMSO), sampling was
performed under the same conditions, including controls with cryptogein
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treatment in the presence of DMSO without inhibitors. For each experiment,
two independent assays were performed. Suspension cells were fixed in 100 mm
sodium phosphate buffer (pH 7.2) containing 3% (v/v) glutaraldehyde and
2% (w/v) paraformaldehyde for 20 h at 4°C. After fixation, cells were washed
several times in the same buffer for 30 min. Cells were then pelleted by low-
speed centrifugation (1 min, 3,000 rpm) and embedded in 2.5% (w/v) agarose.
Agarose blocks containing cells were then treated with 1% (w/v) osmium
tetroxide in 100 mm sodium phosphate buffer for 1 h at 4°C and postfixed with
1% tannic acid in the same buffer for 30 min at room temperature in the dark.
Cells were then dehydrated through a graded ethanol series and propylene
oxide, and embedded in Epon (Spi-Chem) according to the standard proce-
dure for conventional TEM (Luft, 1961). Ultrathin sections (80 nm) were cut on
a Reichert Ultracut E ultramicrotome (Leica). They were collected on grids and
counterstained with 3% (w/v) uranyl acetate in ethanol and lead citrate for
conventional TEM. Sections were examined with a Hitachi H7500 transmis-
sion electron microscope (Hitachi Scientific Instruments Co.) operating at
80 kVand equipped with an AMT camera driven by AMT software (AMT). For
each series, three embedded blocks were sectioned and for each block, 10 cells
exhibiting 100-um plasma membrane in the plane of the section were ex-
amined. For each sectioned cell, CCPs were quantified. Results were ex-
pressed in percentage of cells exhibiting 0, 1, or 2 and more CCP per 100 uwm of
plasma membrane.

AOS Production and Extracellular pH Modification

Cells were harvested 7 d after subculture, filtered, resuspended (1 g for
10 mL) in a 2 mm MES buffer, pH 5.90, containing 175 mM mannitol, 0.5 mm
CaCl,, and 0.5 mm K,SO,. After a 3-h equilibration period on a rotary shaker
(150 rpm) at 25°C, cells were treated with cryptogein and/or chemicals as
indicated in the legend of the Figure 5. The production of hydrogen peroxide
was measured by chemiluminescence using luminol and a luminometer (BCL
book; Berthold). Every 5 min, a 250-uL aliquot of the cell suspension was
added to 50 uL of 0.3 mm luminol and 300 uL of the assay buffer (175 mm
mannitol, 0.5 mm CaCl,, 0.5 mm K,SO,, and 50 mm MES, pH 6.5). Extracellular
pH modifications were monitored using a Radiometer pH meter.
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