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Lipid mixtures within artificial membranes undergo a separation into liquid-disordered and liquid-ordered phases. However,
the existence of this segregation into microscopic liquid-ordered phases has been difficult to prove in living cells, and the precise
organization of the plasma membrane into such phases has not been elucidated in plant cells. We developed a multispectral
confocal microscopy approach to generate ratiometric images of the plasma membrane surface of Bright Yellow 2 tobacco (Nicotiana
tabacum) suspension cells labeled with an environment sensitive fluorescent probe. This allowed the in vivo characterization of the
global level of order of this membrane, by which we could demonstrate that an increase in its proportion of ordered phases
transiently occurred in the early steps of the signaling triggered by cryptogein and flagellin, two elicitors of plant defense reactions.
The use of fluorescence recovery after photobleaching revealed an increase in plasma membrane fluidity induced by cryptogein,
but not by flagellin. Moreover, we characterized the spatial distribution of liquid-ordered phases on the membrane of living plant
cells and monitored their variations induced by cryptogein elicitation. We analyze these results in the context of plant defense
signaling, discuss their meaning within the framework of the “membrane raft” hypothesis, and propose a new mechanism of
signaling platform formation in response to elicitor treatment.

The adaptive capacity of biological membranes is a
primary determinant of cell survival in fluctuating con-
ditions. In particular, membrane physical properties are
adjusted in the perception of and response to environ-
mental modifications (including temperature, mechani-
cal, and osmotic stresses) in various organisms (Los and
Murata, 2004; Vígh et al., 2007; Verstraeten et al., 2010),
including plants (Vaultier et al., 2006; Königshofer et al.,
2008). Moreover, it has been shown that modifications of
plasma membrane (PM) physical properties induced by
pharmacological treatments can trigger signaling events
in tobacco (Nicotiana tabacum) suspension cells (Bonneau
et al., 2010). This reinforces the need to analyze the re-
lationships between membrane organization and sig-
naling in greater detail.

Fluidity, a physical property of the PM, is a measure
of the rotational and translational motions of mole-
cules within the membrane, and consequently this re-
flects the level of lipid order in the bilayer. Lipid order
is comprised of structure, microviscosity, and mem-
brane phase; the latter feature includes lipid shape,
packing, and curvature (Rilfors et al., 1984; van der Meer
et al., 1984; Bloom et al., 1991). Lipid self-association
induces a physical segregation into lipid bilayers,
wherein a liquid-ordered (Lo) phase coexists with a
liquid-disordered (Ld) phase (Veatch and Keller, 2005;
Gaus et al., 2006; Klymchenko et al., 2009; Heberle et al.,
2010). The Lo phase couples a high rotational mobility
with a high conformational order in the lipid acyl chain,
two physical properties that could be spatially resolved
by fluorescence microscopy (Kubiak et al., 2011).
Moreover, some observations indicate that Lo size or
proportion could be controlled by temperature or cho-
lesterol content (Roche et al., 2008; Orth et al., 2011).

This preferential association of some lipids in complex
mixtures has resulted in the “membrane raft” hypothe-
sis within the cell biology field. This theory postulates
the existence of small (20–200 nm), short-lived, sterol-,
and sphingolipid-enriched Lo assemblies within the
membrane. An important feature is that these aggrega-
tions are believed to coalesce, upon a biological stimu-
lus, into larger structures whose dynamics can regulate
many cellular processes (Simons and Ikonen, 1997; Pike,
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2006; Lingwood and Simons, 2010; Simons and Gerl,
2010). An increased resistance to solubilization by de-
tergents of Lo versus Ld phases has led researchers to
consider that membrane fractions insoluble to nonionic
detergents at low temperatures could contain the pu-
tative “raft” fractions. One caveat of this theory is that
recovered detergent-insoluble membrane fractions
(DIMs) only exist after detergent treatment and do not
correspond to the native membrane structure (Lichtenberg
et al., 2005). Nevertheless, their significant enrichment in
sterols, sphingolipids, and specific subsets of proteins,
some of which displaying a clustered distribution within
the PM (Simons and Gerl, 2010), has encouraged their
use as a biochemical counterpart of Lo microdomains
existing in biological membranes.

Plant DIMs with a lipid content similar to animal
DIMs have been isolated from several species, including
tobacco cells, and are enriched in proteins involved in
signaling and stress responses (Mongrand et al., 2004;
Borner et al., 2005; Morel et al., 2006; Lefebvre et al.,
2007; Kierszniowska et al., 2009). Moreover, immunoe-
lectron microscopy experiments have revealed that lat-
eral segregation of lipids and proteins occurs at the
nanoscale level at the tobacco PM, thus correlating
detergent insolubility with membrane domain lo-
calization of presumptive raft proteins (Raffaele et al.,
2009; Furt et al., 2010; Demir et al., 2013). Together,
these data point to the existence of specialized lipid
domains in plants. Concomitantly, the presence of
sterol-rich Lo membrane domains was observed in
vivo at the tip of the growing pollen tube in Picea
meyeri, using both filipin and the fluorescent probe 1-
[2-hydroxy-3-(N,N-dimethyl-N-hydroxyethyl)ammo-
niopropyl]-4-[b-[2-(di-n-butylamino)-6-napthyl]vinyl]
pyridinium dibromide (di-4-ANEPPDHQ; Liu et al.,
2009). This observation argues in favor of a sterol-
dependent organization of ordered domains at the
plant PM surface. In addition, the combined use of fluo-
rescent lipid analogs and the environmental dye laur-
dan has revealed different lipid phases that emerge in
the PM of Arabidopsis (Arabidopsis thaliana) protoplasts
during restoration of the cell wall (Blachutzik et al.,
2012). Despite these details, necessary data concerning
the presence and in vivo characterization of Lo domains
at a micrometer to nanometer scale are still lacking.

The importance of a more refined resolution for
observing Lo domains was proposed in several recent
reviews (Bagatolli, 2006; Duggan et al., 2008; García-
Sáez and Schwille, 2010; Owen et al., 2010a; Stöckl and
Herrmann, 2010; Klenerman et al., 2011). Although the
physical properties of biological membranes have been
studied in situ by various techniques, including two-
channel ratiometric microscopy (Owen et al., 2010c)
and microscopy imaging of partitioning of fluorescent
lipids and proteins (Rosetti et al., 2010) or environmentally
sensitive probes (Parasassi et al., 1990; Jin et al., 2006),
membrane segregation into microscopic Lo- and Ld-
like phases has been difficult to observe in living cells.
Furthermore, only a few studies have demonstrated
that a microscopic phase separation involving an

ordered phase similar to the Lo domain of model
membranes could occur in biomembranes using PM
giant vesicles (Baumgart et al., 2007; Lingwood et al.,
2008; Sengupta et al., 2008). A potentially powerful
approach for imaging small ordered membrane
domains relies on environment-sensitive probes coupled
with fluorescence spectroscopy (Gaus et al., 2003, 2006;
Oncul et al., 2010). In particular, analysis of the fluores-
cence of the di-4-ANEPPDHQ probe, which exhibits an
emission shift independent of local chemical composition
under different lipid packing conditions (Jin et al., 2005;
Demchenko et al., 2009; Dinic et al., 2011), recently en-
abled the imaging of plant membrane domains at the
micrometer scale (Liu et al., 2009). The relevance of this
approach has been confirmed by mapping membrane
domains using generalized anisotropy-based images of
di-4-ANEPPDHQ-stained T cell immunological synapses
(Owen et al., 2010c), together with the characterization of
membrane organization of nonadherent cells (such as
living zebrafish embryo tissues) labeled with this dye
(Owen et al., 2012a).

The function of dynamic PM compartmentalization
in the detection and transduction of environmental
signals in plant cells has only recently begun to emerge,
along with a crucial role for sterols in this organization
(for review, see Zappel and Panstruga, 2008; Mongrand
et al., 2010; Simon-Plas et al., 2011). These observations
make it indispensable to align how the surface mem-
brane of living cells might reorganize during signaling
with the membrane raft hypothesis. To investigate
possible modifications of membrane organization
during the initial steps of plant defense signaling, to-
bacco cells were treated with two well-described elici-
tors of defense reaction, cryptogein, a small protein able
to trigger an hypersensitive reaction (HR) and an ac-
quired resistance in tobacco plants (Ponchet et al., 1999;
Garcia Brugger et al., 2006) together with a widely de-
scribed signaling cascade in tobacco suspension cells,
and flg22 (a 22-amino acid peptide corresponding to a
conserved domain of bacterial flagellin). The latter pep-
tide is also a potent elicitor in plants, yet it does not in-
duce an HR type of necrosis (Gomez-Gomez and Boller,
2002; Chinchilla et al., 2007). The study of cryptogein
response reveals that the earliest steps of the signal
transduction pathway mainly involve PM activities
(Ponchet et al., 1999; Garcia-Brugger et al., 2006). How
the PM is laterally organized and possibly reorganized
in response to this stress so it can efficiently trigger a
signaling cascade remains unknown.

Here, we have developed a confocal multispectral
microscopy approach to generate in vivo ratiometric
pictures of large areas of the tobacco cell PM labeled
with di-4-ANEPPDHQ, allowing the in vivo charac-
terization of the global level of order of this membrane.
Although an increase in the proportion of ordered
phase within the membrane transiently occurred in the
early steps of the cryptogein and flg22 signaling cas-
cades, the fluorescence recovery after photobleaching
(FRAP) technique revealed an increase in PM fluidity
induced by cryptogein, but not by flagellin. Moreover,
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we characterized the spatial distribution of Lo phases
on the membrane of living plant cells and monitored the
variations induced by cryptogein elicitation. The results
are discussed within the framework of the “membrane
raft” hypothesis, in which we propose a new mecha-
nism of signaling platform formation in the context of
plant defense.

RESULTS

Characterization of PM Order Level in Living
Tobacco Cells

Tobacco suspension cells were stained for 1 min
with the dye di-4-ANEPPDHQ (3 mM). No cell auto-
fluorescence could be observed by confocal microscopy
at an excitation of 488 nm and in the whole di-4-
ANEPPDHQ emission spectrum (520–680 nm). Fol-
lowing addition of the dye, homogeneous labeling
was exclusively observed at the PM for the duration
of the experiment, indicating that di-4-ANEPPDHQ
fluorescence is directly and fully related to PM orga-
nization (Supplemental Fig. S1). Emission fluorescence
intensity of a single nonadherent living cell was re-
corded by focusing on its membrane surface plane
(Supplemental Fig. S2), which allowed acquisition of a
large surface area whose range varied from 30 to 500
mm2 depending on cell size and shape (Fig. 1A). Cen-
tral sections of the PM surface area were analyzed to
avoid edge effects (Supplemental Fig. S3A).

The order level of the membrane revealed by di-4-
ANEPPDHQ fluorescence is commonly quantified
using the ratio of the emission fluorescence intensities
recovered at 660 and 550 nm (I660/I550 nm; Jin et al.,
2005; Roche et al., 2008, 2010; Dinic et al., 2011)). To
generate ratiometric data, the fluorescence was captured
simultaneously at different wavelengths using 32 inde-
pendent photodetectors. This separation of the fluores-
cence of each channel (Fig. 1B) enabled us to precisely
plot the di-4-ANEPPDHQ emission spectrum distrib-
uted from 520 to 680 nm (Fig. 1C). The two band-pass
filters, 545 to 565 nm and 635 to 655 nm (Fig. 1C),
correspond to the smallest interval (respectively closed
to 550 and 660 nm) that yields a signal at least 10 times
higher than the background. After dividing the result-
ing emission intensity of the two band-pass filters
by one another, a red/green ratio (referred to as the
red/green ratio of the membrane [RGM]; Supplemental
Fig. S3B) of 0.946 0.02 (SE of the mean; n = 66 cells) was
measured for the PM of tobacco suspension cells. This
RGM value is situated between 0.4 and 2, which are
values observed respectively for Lo and Ld domains of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC)/cholesterol
giant vesicles (Jin et al., 2006). This ratio is also consistent
with other reports in living cells, such as a value less
than 1.5 for pollen tubes (Liu et al., 2009) and close to 0.6
in polarized neutrophil (Jin et al., 2006).

A cold temperature-induced blue shift in di-4-
ANEPPDHQ emission spectra has been previously

Figure 1. Characterization of the red/green ratio of a single-cell PM labeled with di-4-ANEPPDHQ by multispectral confocal
microscopy. A, Observation of maximum surface area of di-4-ANEPPDHQ-labeled tobacco BY2 suspension cells (excitation at
488 nm; emission corresponds to the sum of fluorescence intensities acquired from all channels, ranging from 520 to 680 nm)
with a color rendering of pixel fluorescence. B, Separate images for each wavelength corresponding to the emission fluores-
cence of a single channel captured by a 5-nm band pass (central value is reported). C, Representative emission spectra of di-4-
ANEPPDHQ in tobacco cell PM exposed for 5 min at different temperatures (n = 10 independent cells for each condition).
Depending on the device available, previous studies have used different band passes centered around 550 and 660 nm to
quantify the blue shift of the dye on living material. For example, the horizontal, light gray bands correspond to 500 to 580 nm
and 620 to 750 nm (Miguel et al., 2011), while the horizontal, dark gray bands correspond to 505 to 550 nm and a long pass
higher than 650 nm (Liu et al., 2009). The colored, vertical band pass bars correspond to the values used in our experimental
setup to calculate an accurate red/green ratio (545–565 nm in red and 635–655 nm in green).
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noted for different biological materials (Dinic et al.,
2011). The resulting lower red/green ratio is associated
with an increase in the global level of membrane order
(Supplemental Fig. S3). Emission spectra of di-4-
ANEPPDHQ-labeled tobacco suspension cells exposed
for 5 min to different temperatures likewise indicated a
similar cold temperature-induced blue shift measured
either by confocal multispectral setup (Fig. 1C) or classical
spectrofluorimetry (Supplemental Fig. S4A). Moreover,
the emission spectrum fluctuates with temperature in a
comparable manner when PM fractions purified from to-
bacco suspension cells were used (Supplemental Fig. S4B),
in line with previously published data (Roche et al., 2008).

Together, these results confirm that the combination of
di-4-ANEPPDHQ labeling of tobacco suspension cells and
multispectral confocal microscopy is suitable to monitor
changes in the order level of living plant cell PMs.

Transient Modifications of PM Biophysical Properties
Occur upon Elicitation

We analyzed the evolution of tobacco cell PM order
level in response to 50 nM of cryptogein, an elicitor of
defense reaction. Successive observations of single cells,
performed within the first minutes of treatment, suggest
a transient RGM decrease in cryptogein-elicited cells,
but not in control cells (Supplemental Fig. S5). A sta-
tistical analysis of the fluorescence from many cells at
different times after treatment confirmed a significant
decrease in RGM (from 0.94 6 0.02 to 0.84 6 0.01) after
5 min of cryptogein elicitation (Fig. 2A). No significant
difference was observed between control and elicited
cells after 15 min of elicitation (Fig. 2A), indicating that
the cryptogein-induced global increase in order level
is transient. This was subsequently confirmed by
monitoring cells with classical spectrofluorimetry
(Supplemental Fig. S6). When cells were incubated 5 min
with bovine serum albumin (BSA; 50 nM) or lysozyme
(100 nM), a small globular protein that presents similar
structural properties as cryptogein (13 kD, versus 10 kD
for cryptogein and a basic internal pH of 11 versus 9 for
cryptogein), no change in tobacco PM order level was
observed by either spectral confocal microscopy (Fig. 2B)
or spectrofluorimetry (Supplemental Fig. S7), ruling out
the possibility that the decrease observed with crypto-
gein could correspond to a nonspecific effect.

To confirm the link between triggering of defense
signaling and RGM modification, we used flg22, a
known activator of plant defense mechanisms (Denoux
et al., 2008), especially in tobacco cells (Lecourieux et al.,
2002). The timing and intensity of the reactive oxygen
species (ROS) productions triggered by flg22 (20 nM)
and by cryptogein were comparable (Supplemental
Fig. S8). After 5 min of treatment, a significant RGM
decrease was detected in flg22-elicited cells compared
with the control (Fig. 2B; Supplemental Fig. S7), con-
firming the link between the increase in PM order level
and the elicitation process.

Along with order level, membrane fluidity is an-
other feature that characterizes PM organization. We

examined the effects of cryptogein on this second
parameter through the diffusional mobility of di-
4-ANEPPDHQ in the PM of Bright Yellow 2 (BY2)-
elicited cells during FRAP experiments. This dye is
effective for FRAP experiments, as its insertion is in
alignment with the surrounding lipid molecules in the
bilayer membrane. After labeling of tobacco cells, the
PM was photobleached and dye mobility was moni-
tored by the recovery of fluorescence (emission band
pass, 510–700 nm; Fig. 3), as previously described
(Bonneau et al., 2010). Cryptogein-elicited cells tran-
siently exhibited faster fluorescence recovery kinetics
than control cells (Fig. 3, A and B). After 5 min of
cryptogein elicitation, the half time of fluorescence re-
covery was 31.66 1.4 s (n = 58) and 25.46 0.8 s (n = 89)
for control and elicited cells, respectively (Fig. 3B); both
cell conditions were associated with the same mobile
fraction (Supplemental Fig. S9). No significant differ-
ence was observed between control and elicited cells
after 15 min of cryptogein elicitation, and cells from
each condition displayed a half time of fluorescence
recovery of 34 s (Fig. 3B), indicating that the cryptogein-
induced global increase in dye mobility is transient.
Conversely, after 5 min of incubation, flg22, BSA, and
lysozyme were all unable to induce a significant modi-
fication to the lateral fluidity of tobacco cells PM (Fig. 3C).
This illustrates the specificity of the cryptogein-
induced increase in diffusional mobility, as deter-
mined by di-4-ANEPPDHQ.

Spatial Organization of the Tobacco Cell PM Order Level

To investigate a possible lateral compartmentaliza-
tion of the tobacco cell PM, we analyzed the di-4-
ANEPPDHQ emission spectrum acquired as described
above (compare with Fig. 1) within small regions of

Figure 2. Increase of the global level of order at the PM surface of
elicited tobacco cells. A, The time course of the RGM was followed
after elicitation with 50 nM cryptogein (cry). B, The RGM was mea-
sured after 5 min treatment with 50 nM BSA, 100 nM lysozyme (lys),
and 20 nM of flagellin (flg22) and compared to control cells (ctl). Data
shown are mean values6 SE of the mean (n = 14–66 cells). The asterisk
indicates a significant difference (P value , 0.05).
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interest (ROIs, 288 nm 3 288 nm). Comparing RGMs
from the fluorescence of the whole cell surface and the
average of the red/green ratios of each ROI comprising
this surface (referred to asred/green ratio of the ROI
[RGR]; Supplemental Fig. S3) yielded identical values
(Fig. 4A). We used a stringent methodology previously
described in the literature for noise removal from fluo-
rescent images (Owen et al., 2012a). This analysis elim-
inates ROIs that exhibit a fluorescence intensity less than
7% of the highest intensity exhibited by a ROI within the
analyzed membrane surface. No ROIs were eliminated,
which indicates that ROIs retain enough fluorescent

intensity for further analyses, despite their small size.
Furthermore, we explored a possible link between fluo-
rescence intensity exhibited by a ROI and the corre-
sponding RGR measurement. This was assayed by
comparing the distribution of RGR values of a single cell
to the distribution of either ROIs with the 10% highest
fluorescence intensity or ROIs exhibiting fluorescence
intensity over 80% of the maximum fluorescence in-
tensity measured. In parallel, we randomly selected a
sample of equivalent size from this latter sample. Neither
the recorded fluorescence intensity of the ROI nor ROI
arbitrary sampling was observed to influence the distri-
bution of RGR values (Fig. 4B). As this distribution was
identical across the different samples, this parameter
does not appear to depend on ROI fluorescence intensity.

The analysis of RGR distribution revealed a highly
reproducible, continuous distribution with a broad
range of RGR values (from 0.3 to 2.5), indicating the
presence of order level heterogeneity within the dif-
ferent ROIs present on a PM surface. This distribution
is centered on 0.9 and shows that 75% of ROIs have a
RGR value between 0.6 and 1.2 (Fig. 5A).

To investigate the influence of PM sterol amount on
this heterogeneity, we used methyl-b-cyclodextrin
(MbCD), a sterol-depleting molecule that decreases the
order level of both purified biological membranes
(Roche et al., 2008) and living cell membranes
(Kucherak et al., 2010). Treatment of tobacco cells with
5 mM MbCD led to a 21% 6 7% reduction (SD, n = nine
independent experiments) in the PM sterol amount
after 20 min of treatment. The RGM of MbCD-treated
cells labeled with di-4-ANEPPDHQ was significantly
increased (1.3-fold) compared with control cells, indi-
cating a decrease in the level of tobacco PM order after

Figure 3. Influence of cryptogein treatment on the global fluidity of
tobacco cell PM measured by FRAP. A, Normalized fluorescence re-
covery (excitation: 488 nm, emission: 510–700 nm) was plotted for
control cells or cells elicited with 50 nM cryptogein (+cry) after 5 min
of treatment. The fluorescence level is not normalized to the initial
fluorescence, and only the mobile fraction is represented (final per-
centage: 100%). The plotted control and cryptogein lines represent
results of fit to F(t) = (F0 + F∞ 3 [t/t1/2])/(1 + [t/t1/2]), where F0 is the
immediate postbleach intensity, F∞ is the asymptote of fluorescence
recovery, and t1/2 is the time required to recover 50% of the asymptote
fluorescence (error bars indicate 6 SE of the mean). B, Influence of
cryptogein elicitation treatment (cry) on half-maximal recovery. The
asterisk denotes a statistically significant difference (P value , 0.01),
and the data shown are mean values 6 SE of the mean. For control
cells, n = 58 (5 min) and 40 (15 min); for treated cells, n = 89 (5 min)
and 52 (15 min). C, Influence of the treatments 50 nM BSA (n = 25),
100 nN lysozyme (lys; n = 36), and 20 nM flagellin (flg22; n = 28) on
half-maximal recovery, compared with a control (ctl; n = 48). The
asterisk denotes a statistically significant difference (P value , 0.01),
and the data shown are mean values 6 SE of the mean.

Figure 4. Analysis of different levels of order within the PM of tobacco
cells. A, Comparison of PM order level, using RGM (the red/green ratio
calculated from the global emission spectrum exhibited by the entirety
of imaged cell membrane areas) or mean RGR (the average of the
ratios of individual ROI [288 nm 3 288 nm] of the cell surface area;
mean 6 SE of the mean, n = 49 cells). B, Comparison of RGR distri-
bution from a single cell (all ROIs) with RGR distributions corre-
sponding to the 10% of ROIs exhibiting highest fluorescence intensity
(over the 90th percentile value); ROIs exhibiting fluorescence intensity
above 80% of the maximum fluorescence intensity measured (.80%);
and randomly selected ROIs from the same range as the greater than
80% sample (Random).
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sterol depletion (Fig. 5B). The distribution of RGRs was
still continuous but consistently shifted to higher values
(Fig. 5A). Centered on 1.2, the distribution of MbCD-
treated cells is flattened compared with the control
distribution, indicating that 75% of ROIs have an RGR
value between 0.8 and 1.7 (Fig. 5A). These data were
analyzed by thresholding RGRs at different values.
Based on previous results from purified tobacco PM
fractions (Roche et al., 2008), 0.6 represents a threshold
below which the isolated PM is in Lo phase in our
system. The remaining threshold values include 0.8 (the
lowest quartile of RGR distribution; Fig. 5A), 1.0 (close
to the median value of the distribution of control cells;
Fig. 5A), and 1.2 (maximum RGR distribution of MbCD-
treated cells; Fig. 5A). Regardless of whichever upper
RGR threshold value was used to select ROIs corre-
sponding to the most ordered fraction of the membrane,
MbCD induced a significant decrease in the relative
proportion of these regions, which was more pro-
nounced when the threshold was low (Fig. 5C).

These results indicate that RGR is directly related to
the level of discretely measured membrane order.
Furthermore, the distribution of these values suggests
a lateral heterogeneity of the tobacco PM with respect
to this parameter.

Cryptogein Induces a Spatial Rearrangement of the
PM Order Level in Tobacco Cells

To investigate cryptogein-induced modifications in
lateral compartmentalization of the tobacco cell PM
according to its order level, we compared the RGR
distribution of control and cryptogein-treated cells. When
RGRs were pseudocolor coded with the highest values in
green and the lowest values in red, the tobacco cell PM
appeared as a heterogeneous mosaic of zones with
different order levels (Fig. 6A). In addition, a greater
coverage of red colors was observed in elicited cells

compared with the control (Fig. 6, A and B). Analysis
of the distribution of RGRs consistently showed a shift
to lower values after 5 min of cryptogein treatment
(Fig. 6C). The shift was further quantified using two
methods. The proportion of ROIs corresponding to the
most ordered fraction of the membrane was calculated,
and a significant increase was observed after crypto-
gein treatment, regardless of the chosen RGR threshold
value (from 0.6 to 1.2; Table I). Interestingly, the increase
in the lowest RGR values was more pronounced at lower
thresholds, i.e. the 74% increase measured at the 0.6
upper limit decreased to 37% at the 0.8 threshold,
pointing out the crucial involvement of lowest RGR
values in the cryptogein-induced shift of RGR distribution
(Table I). No difference was measured between control-
and lysozyme-treated cells (Supplemental Fig. S10),
whereas flg22 treatment significantly increased the pro-
portion of ROIs exhibiting the lowest RGR (Supplemental
Fig. S10). This suggests that ROIs that exhibit the lowest
RGRs are predominantly involved in the elicitor-induced
decrease of PM order level.

An adaptive threshold that keeps the amount of
considered ROIs constant could also be a relevant esti-
mate of RGR distribution. Consistent with the results
described above, cryptogein elicitation significantly
decreased the mean RGR of the first quartile (i.e. 25% of
ROIs with the lowest RGR values) from 0.76 6 0.13 in
control cells to 0.64 6 0.07 in elicited cells, confirming
the cryptogein-induced increase of ROI order level.

A routine granulometric approach revealed that
cryptogein treatment, previously shown to increase the
total amount of ROIs with a RGR below 0.8 (Table I),
both decreased the proportion of isolated ROIs and
increased the fraction of ROIs lying within clusters
(Supplemental Fig. S11A). Concomitantly, the mean
size of groups of these ROIs increased in elicited cells
(Supplemental Fig. S11B). To avoid density effects, we
performed such analysis by keeping the number of

Figure 5. Heterogeneity of the order level of tobacco cell PM is sterol sensitive. A, Distribution of red/green ratio values of
individual ROIs (288 nm 3 288 nm) of the PM and influence of sterol depletion (+MbCD). The x axis corresponds to the class
of RGR values, and only the maximal value of each class is reported on the graph. The y axis corresponds to the ROI percentage
of each class. B, Influence of sterol depletion (+MbCD) on RGM. C, Representativeness of low RGR values according to PM
sterol content. ROIs exhibiting an RGR below the threshold values indicated on the x axis were counted, and their percentage
was reported along the y axis for control (white) and treated (black) cells. For both B and C, asterisks indicate a significant
difference (P value , 0.01), and data are means 6 SE of the mean (n = 49 [control] and 11 [treated cells]).
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ROIs in control and treated samples constant by con-
sidering only the first quartile of lower RGR values
(Supplemental Fig. S11C). No change in the mean size
of these ROI groups was then observed after crypto-
gein treatment (Supplemental Fig. S11D). We conclude
that cryptogein induced an apparent aggregation of
low RGR ROIs (Supplemental Fig. S11A), exclusively
by increasing their density.

DISCUSSION

Multispectral Confocal Microscopy Reveals a Lateral
Heterogeneity in the Tobacco Plasma Membrane

Numerous biophysics reports have used giant uni-
lamellar vesicles prepared with different lipid mixtures
to propose that model membranes can exhibit a lateral
phase coexistence of gel/fluid phases (Wesołowska
et al., 2009). Depending on the lipid mixture, Lo, Ld,
and even gel phase separation can occur. Optically re-
solvable Lo/Ld phase domains in lipid model mem-
branes were initially studied through fluorescence
microscopy by examining the partitioning of fluorescent
lipids between the gel and Ld phases (Klausner and
Wolf, 1980). More recently, environmentally sensitive
probes have been used to clearly establish the coexis-
tence of Lo and Ld phases in model membrane systems
(Klymchenko et al., 2009). Similar type of phase sep-
aration has also been observed in biological systems,
e.g. by imaging the diffusion coefficient of fluorescent
lipid analogs in primary oligodendrocytes (Gielen
et al., 2009). However, fluorescence ratiometric im-
ages of human glioblastoma cells labeled with di-4-
ANEPPDHQ show a remarkable homogeneity in the
distribution of the Lo/Ld phases, which is likely due
to the limited spatial and temporal resolution of optical
microscopy (Oncul et al., 2010).
Here, we have described the heterogeneity of to-

bacco PM lateral organization with respect to its order

level by measuring the red/green ratio of the envi-
ronmentally sensitive probe di-4-ANEPPDHQ within
small ROIs. We obtained an RGR distribution that was
independent of the fluorescence intensity of each ROI
(Fig. 4), which affirms the robustness of this parameter
in evaluating the order level of the analyzed zone. The
degree of cell membrane order evaluated from the
emission properties of the dye can also be expressed as
a generalized polarization parameter (GP), defined as
(I550 – I660)/(I550 + I660), which increases with ordered
level (Owen et al., 2010b, 2012a; Miguel et al., 2011).
Interestingly, the fact that tobacco cell PM can be ob-
served as a continuous distribution centered on a unique
peak by using either the GP (Supplemental Fig. S10)
or RGR (Fig. 6) fluorescent parameters is not indic-
ative of the coexistence of only two major different
phases (Lo/Ld).

A similar heterogeneity of local order level has been
observed at the PM of animal cells, revealing a common
GP continuous distribution, although various ranges of
membrane order values were exhibited, depending on
the technique and the probe used (Gaus et al., 2006;
Wheeler and Tyler, 2011). For example, relatively close
GP values have been measured in HeLa cells (from –0.2

Figure 6. Increase of the proportion of ROIs with low RGR at the PM surface of cryptogein-elicited tobacco cells. Ratiometric
images of tobacco BY2 suspension cells that were either elicited with cryptogein (bottom) or not (top) are displayed in A and B.
A, A pseudocolor-coded representation of total cell surface area, according to the accompanying RGR scale. B, Zoom of an
area extracted from the plant membrane surface (ROI size: 288 nm 3 288 nm). C, Comparison of RGR distribution between
cryptogein-treated (black triangles) and control cells (white squares). The x axis represents the class of RGRs values; only the
maximal value of each class is reported on the graph. The y axis represents the percentage of each class of ROI values. Data are
means 6 SE of the mean (n = 49 cells for both conditions).

Table I. Proportion of ROI exhibiting lowest RGR values in control
and cryptogein-treated cells

ROIs exhibiting an RGR ratio below the upper threshold (corre-
sponding to the first column) were counted, and their percentage of the
total ROI was measured in control and cryptogein treated-cells (cry).
The cryptogein-induced increase in the amount of ROI exhibiting low
RGR was reported as a percentage of the control amount. Data are
means of 49 cells for all conditions; the P value is reported.

Upper Threshold ROI Percentage Increase Percentage P Value

,0.6 10.0 17.4 74.0 0.001
,0.8 35.1 48.3 37.6 0.001
,1.0 61.4 75.7 23.3 0.001
,1.2 79.6 89.2 12.1 0.002
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to 0.4) labeled with di-4-ANEPPDHQ (Owen et al.,
2012b), whereas a larger distribution of GP values in
laurdan-labeled cells has been described for epithelial
cells of the zebrafish gut (from –1 to 1; Owen et al.,
2010b). Consistent with these studies, we observed a
symmetric distribution of GP values in tobacco cells, from
–0.4 to 0.6 (Supplemental Fig. S12). These values are in
agreement with those observed from the PM of Arabi-
dopsis protoplasts, where GP ranged from –0.3 to 0.2
immediately after enzymatic digestion of the cell wall,
up to a value of 0.6 15 h later (Blachutzik et al., 2012).

A similar broad histogram distribution was previ-
ously described using fluorescence lifetime imaging in
live epithelial cells labeled with di-4-ANEPPDHQ
(Owen et al., 2006), as well as laurdan-labeled K562 cells
(Balogh et al., 2011). Combined fluorescence anisotropy
and polarization-resolved fluorescence imaging revealed
a similar histogram distribution in di-8-ANEPPQ orien-
tational order measured in COS7 cells (Kress et al., 2011).
Fluorescence correlation spectroscopy, well suited to ex-
plore the spatial organization pattern of fluidity, allowed
the description of a continuous broad distribution of the
diffusion time in 4-(4-(dihexadecylamino)styryl)-N-
methylpyridinium iodide (DiA)-labeled MFC7 cells
(Winckler et al., 2012) and of the diffusion coefficient in
HeLa cells (Gerken et al., 2012). Atomic force micros-
copy has been exploited to spatially map the pulmo-
nary endothelial monolayer and to define the
continuous distribution of cell stiffness, as revealed by
a broad histogram distribution of its elastic modulus
(Birukova et al., 2009). The similarity in histogram
distribution shapes observed with these different
techniques strongly supports a view in which param-
eters that reflect order heterogeneity within biological
membranes show a broad range of values. Moreover,
two-photon images of the effect of MbCD treatment
and temperature changes on laurdan fluorescence show
that cholesterol shifted to lower values and narrowed
the distribution of GP values; this demonstrates that
membrane order depends on temperature and choles-
terol in different models (Heiner et al., 2008; Wheeler
and Tyler, 2011). In our study, a similar influence of
sterol amount on the global red/green ratio of di-4-
ANEPPDHQ and on the proportion of ROI exhibiting
low RGR was observed in tobacco cell PM (Fig. 5). This
observation, associated with the distribution shift in re-
sponse to cryptogein (Fig. 6), argues in favor of a bio-
logical reality underlying the observed heterogeneity of
RGR values.

This heterogeneity of membrane order level might
occur at the nanoscale range, because the surface of
analyzed ROIs corresponds to a 288-nm-edge square.
Such a nanoscale lateral heterogeneity has already
been reported for several membrane components. For
instance, tagged protein clusters have been observed at
this scale on several substrates, including cardiac myo-
cytes (Ianoul et al., 2005), HeLa cells (Abulrob et al.,
2008), and PM sheets (Parton and Hancock, 2004).
Multidistance spatial cluster statistics analysis (Ripley’s
k function) of the immunogold-labeled ganglioside GM1

showed spatial aggregation in normal mouse fibroblasts
for distances ranging from 32 to 68 nm (Fujita et al.,
2007). Similarly, plant-based immunoelectron micros-
copy experiments have revealed partitioning of both the
lipid phosphatidylinositol 4,5-bisphosphate into 25-nm
clusters on the PM of tobacco BY2 cells (Furt et al., 2010)
and the protein flotillin into clusters of less than 100 nm
on the PM of Arabidopsis roots apices (Li et al., 2012). In
addition, the protein remorin was observed by immu-
noelectron microscopy in domains of about 80 nm in the
cytosolic leaflet of the membrane of tobacco leaves
(Raffaele et al., 2009) and was more recently localized by
stimulated emission depletion microscopy within do-
mains of 97 nm in Arabidopsis, whereas the apparent
size of these domains was about 250 nm, using classical
confocal microscopy (Demir et al., 2013). Similarly, the
heterogeneity of RGR values that we observed could
correspond to domains of 100 nm or less. Consistent
with these observations, single particle tracking experi-
ments performed on Arabidopsis roots to study the
dynamics of the PM intrinsic protein PIP2;1 have
revealed that about 20% of PIP2;1 fused to GFP exhibi-
ted a confined diffusion, with an average confinement
range of about 90 nm (Li et al., 2012).

Thus, our study of the lateral distribution of an
environmentally sensitive probe’s fluorescent param-
eters on the PM of tobacco suspension cells suggests a
heterogeneity of the PM level order at a nanoscale
range. These observations are in agreement with the
lateral segregation of membrane components that have
been previously illustrated with various techniques.

Cryptogein Transiently Induces a Modification in Tobacco
Cell PM Heterogeneity Together with an Increase in
Membrane Fluidity

We observed within minutes of adding cryptogein
to tobacco suspension cells an increase in the relative
amounts of those ROIs that exhibit the lowest RGR
(corresponding to the most ordered fraction of the
membrane). This result is in agreement with an estab-
lished ordered domain enrichment at specific cell regions,
e.g. at the site of T lymphocyte activation (Gaus et al.,
2005). Single living human acute monocytic leukemia cell
line macrophages have also been observed to exhibit an
increase in the amount of ordered domains, when oxi-
dized with hydrogen peroxide (de la Haba et al., 2012).

A role for dynamic PM compartmentalization in
response to environmental signals has recently begun
to emerge in plant cells (Zappel and Panstruga, 2008;
Mongrand et al., 2010; Simon-Plas et al., 2011), fol-
lowing a concept previously proposed in animal cells
(Simons and Sampaio, 2011). Recent studies have
shown how several abscisic acid signaling compo-
nents interact within nanodomains in response to this
phytohormone (Demir et al., 2013), as well as how the
S-acylation of the small G protein Rop6 (which con-
ditions its dynamic association to DIMs) is a critical
determinant of its role in the regulation of cell polarity
(Sorek et al., 2011). In our system, the PM-localized
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NADPH oxidase that is responsible for ROS production
upon cryptogein treatment was previously revealed to
associate exclusively with the DIM fraction; further-
more, its product is localized within 100-nm patches
along the membrane within minutes of elicitation
(Lherminier et al., 2009). Moreover, an association of
specific proteins with DIMs (including a 14-3-3 protein
that is a positive regulator of cryptogein) has been
observed within minutes of treating tobacco cells with
cryptogein (Elmayan et al., 2007; Stanislas et al., 2009).
Similar results have been reported in the Arabidopsis-
flagellin model: changes in the protein composition of
DIMs extracted from cultured cells were triggered within
5 min by the addition of flg22, including an enrichment
of the receptor-like kinase Arabidopsis thaliana Flagellin
Sensing2 (Keinath et al., 2010). These findings point to a
role for sterol-enriched ordered domains in the regulation
of the signal transduction associated with plant defense
and are in agreement with the coalescence of sterol-
rich domains in barley (Hordeum vulgare) in response
to the penetration of Blumeria graminis (Bhat et al., 2005).
We have demonstrated here that flg22, which triggers
signaling events in BY2 cells (Supplemental Fig. S8), in-
duces a decrease in RGM (similar to cryptogein), whereas
biologically inactive control proteins did not. This result
strongly suggests that such a prompt modification of the
PM order level might be a general process associated
with the onset of plant defense signaling.
Cryptogein induces in tobacco cells a quick and

transient increase in membrane fluidity. Such alterations
in membrane fluidity are among the first responses in
plants facing changes in ambient temperature whose
events include a heat-signaling pathway (Königshofer
et al., 2008), a cold perception mechanism (Vaultier et al.,
2006), and a chilling stress response (Alonso et al., 1997). In
our model, an identical magnitude in variation (10%–15%)
observed for both the proportion of ordered phase and
the membrane fluidity, together with similar transient
kinetics observed for these two events, argues in favor of
the existence of a functional link between these two
cryptogein-induced modifications to PM characteristics.
Observations that associate membrane fluidity varia-
tions with proportion of ordered phase have previously
been reported in a model membrane (M’Baye et al.,
2008). A higher fluidity has been associated with a more
stable concentration of ordered domain markers in dis-
crete spots at the leukemia T cell membrane in response
to a mechanical stimulus; this suggests a tight interplay
between rheological membrane properties and cyto-
skeleton components (Verstraeten et al., 2010). Similarly,
temperature- and benzyl alcohol-induced fluidification
were shown to be associated with an increase in large,
cholesterol-rich domains in melanoma cells (Nagy et al.,
2007). Ethanol-induced oxidative stress is dependent on
the clustering of lipid ordered domains in primary rat
hepatocytes (Nourissat et al., 2008) and is associated
with membrane fluidity increase (Sergent et al., 2005).
The transient fluidification of the tobacco cell PM spe-
cifically induced by cryptogein (Fig. 3) could thus favor
membrane reorganization through processes such as

lateral moving and/or membrane fusion. In particular,
the inducible targeting at the PM surface of Golgi ves-
icles enriched in Lo domains (Laloi et al., 2007) could
increase the representativeness of ordered domains at
the cell surface (Fig. 6). A role for the endocytic path-
way in DIM-enriched protein localization at specific
sites in root cells and seedlings was accordingly dem-
onstrated for aquaporin (Luu et al., 2012), dynamin-
related protein (Konopka et al., 2008), and flotillin (Li
et al., 2012).

In contrast to the increase in RGM observed in re-
sponse to both cryptogein and flagellin treatment, the
transient increase in fluidity observed with elicitin did
not occur upon treatment of BY2 cells with flg22 (Fig. 3).
This result suggests that the reduction in diffusional
mobility of the FLS2 receptor induced by flagellin ac-
tivation (Ali et al., 2007) might be limited to this re-
ceptor and its possible interactors. This result highlights
the complexity and specificity of the signaling cascades
activated by the commonly named elicitors of defense
reactions. If considerable overlap has been found in the
responses to different elicitors, suggesting that they
activate conserved basal defense responses (Jones and
Dangl, 2006), the particular suite of early signaling events,
or associated kinetics and intensity, varies depending on
the specific elicitor (Garcia-Brugger et al., 2006). Crypto-
gein and flagellin trigger common signaling events such
as ROS production, medium alkalinization, MAP kinase
activation, calcium influx, endocytosis, or induction of
gene expression (Gómez-Gómez et al., 2002; Garcia-
Brugger et al., 2006; Chinchilla et al., 2007; Denoux
et al., 2008; Leborgne-Castel et al., 2008), although
some discrepancies exist between these two proteina-
ceous elicitors. For instance, both elicitors induce changes
in nuclear and cytosolic Ca2+ concentrations, yet the
changes vary in magnitude and timing (Lecourieux et al.,
2005). Whereas cryptogein induces a well-characterized
HR in tobacco plants and cell death in suspension cells,
flagellin acts as a nonnecrotic elicitor (Denoux et al.,
2008). Moreover, cryptogein induces a dramatic depolym-
erization of cortical microtubules in tobacco cells after
1 h of treatment (Binet et al., 2001), whereas flg22 did not
cause any such changes in the radial or cortical micro-
tubules (Guan et al., 2013). If the modification of the
global level of PM order could be part of the conserved
basal defense responses, the transient modification of
membrane fluidity might correspond to a more specific
response. More detailed investigations are necessary to
determine which other common or distinct steps of the
global defense process these two new signaling cascade
elements are related to.

Spatial Distribution and Dynamic of PM Heterogeneity

Raster image correlation spectroscopy is a valuable
tool for precisely mapping the cell membrane organi-
zation and has been put to successful use in measuring
molecular dynamics (Gielen et al., 2009). However,
this method yields a high proportion of pixels that
only contain background signal, thus preventing an
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accurate spatial analysis (Gielen et al., 2009). To avoid
this scenario, we have used a confocal microscopy setup
with a whole surface acquisition and sufficient sensi-
tivity to describe plant membrane biophysical proper-
ties (Fig. 4). This surface cover ability is compatible with
the spatial characterization of ordered domains.

Our results suggest a cryptogein-induced modifica-
tion in the lateral organization of ordered domains, in
particular the appearance of larger ordered domains
(Supplemental Fig. S11). This result is in agreement
with the prior use of an environmentally sensitive
probe that established the enlargement of ordered
domain size in T lymphocytes (Gaus et al., 2005).
Moreover, the lateral distribution of fluorescently
linked lipidic DIM markers was reorganized from
nanometer- to micrometer-sized phases enriched in
GM1, after cross linking by cholera toxin B (Lingwood
et al., 2008). Combined, these reports have promoted a
model of the stress-induced production of a signaling
platform composed of coalesced lipid domains (Lingwood
and Simons, 2010; Simons and Sampaio, 2011), which
suggests the enhancement of ordered domain sizes. The
results of the granulometic approach performed here are
in line with this model and indicate that the cryptogein-
induced larger size of Lo areas was mostly due to the
increased proportion of ROIs exhibiting low RGRs. This
might involves the targeting (via cell trafficking) of or-
dered domains at the PM. This hypothesis must now be
confirmed with super resolution techniques that permit a
direct characterization of the nanoscale dynamic domains
occurring at the cell membrane.

Could the Membrane Raft Hypothesis Account for the
Observed PM Nanoscale Heterogeneity?

In this model, lipid rafts are proposed to correspond
to dynamic, Lo nanodomains enriched in sterols and
sphingolipids that are able to coalesce into larger struc-
tures after stress induction; this type of dynamic lateral
segregation is essential for many key physiological
processes, including response to pathogens (Lingwood
and Simons, 2010; Simons and Sampaio, 2011). Al-
though this “raft hypothesis” is still under debate, sev-
eral lines of experimental evidence strongly support the
existence and dynamics of such domains. This includes
the nanoscale lateral heterogeneity of membrane com-
ponents, such as proteins or lipids, and the sensitivity of
the lateral distribution of the membrane to sterol
amount (Vereb et al., 2000; Raffaele et al., 2009), which
points to a sterol-driven formation of nanodomains. The
results presented here are in agreement with a nanoscale
heterogeneity of the plant PM and the presence on the
membrane of very small areas (less than 300 nm) of
various levels of order. This fits with the lipid organi-
zation defined at the nanometer scale by atomic force
microscopy using ternary lipid mixture vesicles (Rinia
and de Kruijff, 2001; El Kirat et al., 2010; Giocondi et al.,
2010). Furthermore, the sterol dependency of this
or ganization, demonstrated in this work by the
cyclodextrin-induced modification of RGR distribution

(Fig. 2), is in agreement with previous data. The de-
pletion of membrane sterols induced by MbCD was
observed to result in a disruption to the clustered or-
ganization of the protein remorin (Raffaele et al., 2009),
indicating the sterol-dependent confinement of this protein
into domains of 100 nm. Accordingly, both the clustering
in domains of remorin and PIP2;1 were dramatically af-
fected by treatment with cyclodextrin (Raffaele et al.,
2009; Li et al., 2012), indicating a major role for sterols
in the spatial segregation of these proteins in mem-
brane domains. This treatment also induced an
overall increase in acyl chain disorder and a reduction
in liquid phase heterogeneity of isolated tobacco PM
(Roche et al., 2008), in line with the ability of phyto-
sterols to induce a Lo phase in ternary mixtures of lipids
(Beck et al., 2007). Here, we contribute new evidence in
support of the developing “membrane raft” concept
by revealing a large-range distribution of the sterol-
dependent ordered level of nanoscale assemblies in
plant suspension cells.

The raft hypothesis postulates that, in response to
external signals or the initiation of membrane trafficking
events, raft platforms ranging in size from 20 to 200 nm
are formed from nanoscale domains through lipid-lipid,
lipid-protein, and protein-protein oligomerizing inter-
actions (Simons and Gerl, 2010). Our study postulates an
original mean to produce signaling platforms, by en-
richment at the membrane surface of small-size ordered
domains and provides evidence for this process during
the very early steps of defense signal transduction.

In summary, we used a multispectral confocal mi-
croscopy setup to characterize the sterol-dependent het-
erogeneity of tobacco cell PM organization. These results
suggest the coexistence of areas exhibiting different levels
of order, which must next be examined by high-
resolution methodologies. We have revealed a modi-
fication of both global and local membrane physical
properties during the early steps of the cryptogein-
induced signaling process, in particular an increase in
ordered domains density. These results expand our view
of the function of biological membranes, while remaining
within the scope of the membrane raft hypothesis. Future
research will examine the underlying cellular mecha-
nisms of this dynamic organization, which will be com-
plemented by elucidating their precise role in the signal
transduction process.

MATERIALS AND METHODS

Materials

Tobacco (Nicotiana tabacum) BY2 cells were grown in Murashige and Skoog
modified medium at pH 5.6 containing Murashige and Skoog salt supple-
mented with 1 mg L–1 thiamine-HCl, 0.2 mg L–1 2,4 dichlorophenylacetic acid,
100 mg L–1 myoinositol, 30 g L–1 Suc, 200 mg L–1 KH2PO4, and 2 g L–1 MES.
Cells were maintained under continuous light conditions (200 mE m–2 s–1) on a
rotary shaker (140 rpm) and weakly diluted (2:80) into fresh medium.

Chemicals Treatments

Cellswere harvested 7d after subculture,filtered, and resuspended (1 g/10mL)
in an incubation medium (2 mM MES buffer, pH 5.9, containing 175 mM mannitol,
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0.5 mM CaCl2, and 0.5 mM K2SO4). After a 3-h equilibration period on a
rotary shaker (140 rpm) at 25°C, cells were treated with chemicals as indicated
in the figure legends. Di-4-ANEPPDHQ (1-[2-hydroxy-3-(N,N-dimethyl-
N-hydroxyethyl) ammoniopropyl]-4-[b-[2-(di-n-butylamino)-6-napthyl]
vinyl] pyridinium dibromide) was purchased from Molecular Probes.
Cryptogein was purified according to a previously published method (Ricci
et al., 1989), prepared in distilled water, and used at a final concentration of 50
nM. For sterol depletion, BY2 cells were incubated 15 min with 5 mM MbCD
(cell culture tested, Sigma-Aldrich). Concentrated (1,000-fold) stock solutions
in water of BSA (Sigma-Aldrich), lysozyme (from chicken egg white, Sigma-
Aldrich), and flg22 (kindly provided by Stéphane Bourque; Lecourieux et al.,
2005) were individually added to cell suspensions at a final concentration of
either 50, 100, or 20 nM, respectively.

PM Purification

Highly enriched BY2 cell PM fractions were prepared from 100 g of liquid
nitrogen frozen cells, according to Mongrand et al. (2004).

Gas Chromatography and Sterol Quantification

Total lipids were extracted using Bligh and Dyer’s method (Roche et al.,
2008). Briefly, 400-mg cells were filtered and frozen in liquid nitrogen, where
they were maintained for 30 min. Cell pellets were transferred to glass tubes
and resuspended in a solution of 2 mL methanol-chloroform (1:2, v/v), sup-
plemented with epicoprostanol (5b-cholestan-3a-ol, 100 mL in methanol) as
the internal recovery standard for quantification. After brief sonication, 1 mL
NaCl 0.9% (v/v) was added and lipids were saponified by heating 1 h at 80°C
with 1 mL ethanol and 100 mL KOH (11 N). The nonsaponifiable fraction
containing total sterols was extracted by hexane and transformed into its tri-
methylsilyl derivatives. Analytical gas chromatography was performed with a
Chrompack chromatograph, as previously adapted (Roche et al., 2008).

Fluorescence Spectroscopy

Fluorescence measurements were performed on a Fluorolog-3 FL3-211
spectrometer (Jobin-Yvon, Horiba) in the T-format with one double mono-
chromator for excitation and two single monochromators for emission light.
Detection was achieved by two photomultipliers. The light source was a xenon
arc lamp. The spectrophotometer was equipped with movable excitation and
emission polarizers. All fluorescence signals were recorded with emission and
excitation bandwidths of 5 nm and systematically corrected from light scat-
tering with an unlabeled sample. Integration time was 1 s for spectra- and
temperature-dependent traces. All data were acquired with the Datamax
software (Jobin-Yvon/Thermo Galactic). Samples were stirred and equilibrated
in a temperature-controlled chamber using a thermoelectric Peltier junction
(Wavelength Electronics). Experiments were performed using a 10-mm special
optic glass path cuvette filled with 2 mL of equilibrated suspension cells.

FRAP Experiments

A Leica TCS SP2-AOBS laser scanning confocal upright microscope coupled
to a 488-nm line of an argon laser was used for excitation with a detection
bandwidth of 510 to 700 nm. Cells were observed using a PlanApochromat 403
oil immersion objective (numerical aperture, 1.25), and the detection pinhole
was set to the optimum value of 1 Airy unit. All experiments were performed
according to previously published method (Bonneau et al., 2010). Briefly, 1 mL
of BY2 cell suspension was labeled for 60 s with 2 mL 1.5 mM di-4-ANEPPDHQ
stock solution (in dimethyl sulfoxide) and then washed in incubation medium
before cryptogein addition for 5 or 15 min. Five prebleach scans (one scan
every 800 ms) at 8% maximal laser power were used to determine initial
fluorescence intensity, after which one photobleaching scan was executed at
100% laser power. Postbleach fluorescence recovery was then sampled at 8%
laser power for 106 s. A second FRAP measurement was systematically per-
formed on the same exact cell and bleach region.

Confocal Multispectral Microscopy

BY2 cell suspension (500 mL) was labeled for 60 s with 1 mL 1.5 mM di-4-
ANEPPDHQ stock solution (in dimethyl sulfoxide), after which cryptogein
(50 nM) was added. Subsequently, a drop of treated cells was placed between
the slide and coverslip just before microscopy observation. All experiments

were performed at room temperature (21°C) in incubation medium. A Nikon
C1Si/PicoQuant inverted microscope with a Nuance CRi spectral camera was
used to observe cells. Images were acquired with a Plan Apochromat 100.03/1.40/
0.13 oil immersion objective. A dichroïc slide (405–488nm), which slightly
modifies the emission spectrum in red wavelengths, was used to increase the
fluorescent signal recovery. High spectral resolution was achieved through the
use of a fine-ruled diffraction grating, allowing a 5-nm channel resolution. The
dispersed light was captured simultaneously at different wavelengths using
32 independent channels of a photodetector multianode array (compare with
Fig. 1A). Cells were observed by focusing on the maximum area of the cell
membrane (compare with Supplemental Fig. S2), and acquisition was per-
formed for a square surface (25-mm side length) at a 256-pixel resolution,
according to the recommended sampling theorem (Nyquist) and resolution
limit of the microscope.

Image Processing and Spatial Analysis

Recorded images were decomposed for each of the 32 emission channels
(compare with Fig. 1A), and individual files were transferred to ImageJ soft-
ware (http://rsbweb.nih.gov/ij/). Red (respectively green) intensities were
then computed by averaging four intensities from 545 to 565 nm (respectively
635 to 655 nm). To limit the background values, we thresholded images before
calculation; this eliminates dim pixels with a poor signal-to-noise ratio (Owen
et al., 2012a). Background values were defined as intensities below 7% of the
maximum intensity of the cell (Gaus et al., 2003; Abulrob et al., 2008). Ho-
mogeneous square regions were extracted from each image. Spatial analysis
was performed on ROIs by summing the fluorescence intensities of 3 3 3
pixels (ROI size: 288 nm 3 288 nm).

Statistical tests

Statistical inference was based on Student’s t test.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Subcellular localization of di-4-ANEPPDHQ la-
beling of tobacco suspension cells.

Supplemental Figure S2. Large surface area observation of the tobacco
cell PM.

Supplemental Figure S3. Schematic drawing explaining the principle of
our measurements.

Supplemental Figure S4. Spectrofluorimetry monitoring of fluorescence
variations according to temperature.

Supplemental Figure S5. Single cell kinetics of cryptogein-induced in-
crease in PM order level.

Supplemental Figure S6. Spectrofluorimetry monitoring of the increase in
PM order level induced by cryptogein elicitation.

Supplemental Figure S7. Spectrofluorimetry monitoring of PM order level
modifications induced by elicitors.

Supplemental Figure S8. ROS production induced by cryptogein and flg22
in tobacco suspension cells.

Supplemental Figure S9. Influence of elicitation treatment on the mobile
fraction during two consecutive bleach and rebleach sessions.

Supplemental Figure S10. Effect of lysozyme and flagellin treatments on
RGR distribution.

Supplemental Figure S11. A granulometric approach reveals a tendency
for pixels with low RGR values to spatially aggregate in elicited cells.

Supplemental Figure S12. General polarization analysis reveals an in-
crease in the proportion of ROI exhibiting low order level at the PM
surface of elicited tobacco cells.
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