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Abstract

It was previously reported that cryptogein, an elicitor

of defence responses, induces an intracellular pro-

duction of nitric oxide (NO) in tobacco. Here, the

possibility was explored that cryptogein might also

trigger an increase of NO extracellular content through

two distinct approaches, an indirect method using the

NO probe 4,5-diaminofluorescein (DAF-2) and an elec-

trochemical method involving a chemically modified

microelectrode probing free NO in biological media.

While the chemical nature of DAF-2-reactive com-

pound(s) is still uncertain, the electrochemical modi-

fied microelectrodes provide real-time evidence that

cryptogein induces an increase of extracellular NO.

Direct measurement of free extracellular NO might

offer important new insights into its role in plants

challenged by biotic stresses.
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Introduction

A decade of investigation of nitric oxide (NO) functions
in plants has led to its characterization as a potent
regulator of major processes including germination, root
growth, stomatal closure, flowering, and adaptive

responses to biotic and abiotic stresses (Lamattina et al.,
2003; Delledonne, 2005; Besson-Bard et al., 2008b; Neill
et al., 2008). Nitrate/nitrite- as well as L-arginine-
dependent enzymatic pathways for NO synthesis have
been described. The nitrate/nitrite-dependent route involves
a cytosolic nitrate reductase which catalyses the reduction
of nitrite to NO both in vitro and in vivo, and an as yet
unidentified root-specific plasma membrane nitrite-NO
reductase (Besson-Bard et al., 2008a). The occurrence of
an L-arginine pathway involving a putative nitric oxide
synthase (NOS), the main source for NO in animals
(Stuehr et al., 2004), has been hypothesized on the basis of
(i) the measurement of NOS-like activities in plant tissues
and purified organelles; and (ii) the efficiency of animal
NOS inhibitors in suppressing NO synthesis in various
physiological contexts (Crawford, 2006; Besson-Bard
et al., 2008a). The corresponding enzyme(s) has (have) not
been identified yet.
Although many reports highlight a role for NO in plant

physiological processes, its detection/quantification is still
a major challenge. Commonly developed methods for
investigating NO production in plants and plant cell
suspensions include the oxyhaemoglobin assay, the Griess
reaction, electron paramagnetic resonance spectroscopy,
fluorescence, laser photoacoustics, gas-phase chemilumi-
nescence, and CrO3-based conversion of NO to NO2

(Vandelle and Delledonne, 2008; Vitecek et al., 2008).
These approaches are based on indirect methods for
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estimating NO, relying on the measurement of NO-
derived species such as dinitrogen trioxide (N2O3), NO2�,
nitrite (NO2

–), or nitrate (NO3
–). In contrast, mass spec-

trometry and NO-sensitive electrodes allow a direct de-
tection of free diffusing NO. Indeed, similarly to laser
photoacoustics and gas-phase chemiluminescence, mass
spectrometry-based approaches enable the measurement of
NO diffusing from cells into a gas phase. Also, NO-
sensitive electrodes enable the detection of NO in
solution. In this regard, in animals, the use of chemically
modified commercial or home-made microelectrodes is
becoming a very attractive approach for tracking NO in
biological media. According to numerous studies, this
approach constitutes the only absolute real-time proof of
the production of free NO in biological media (Bedioui
and Villeneuve, 2003; Wadsworth et al., 2006). Notably,
nickel phthalocyanine- (or porphyrin) and Nafion�-based
NO sensors are now widely used, although they are not
commercially available. These home-made microelectro-
des consist of a platinum/iridium (Pt/Ir) wire sealed in
a glass or plastic capillary in which a thin film of nickel
phthalocyanine is electrodeposited. An outermost layer
constituted from Nafion� and o-phenylenediamine (o-PD)
enhances the selectivity of the electrodes against possible
interfering molecules, notably anions such as nitrite,
ascorbate, superoxide, peroxynitrite, and hydrogen perox-
ide (Pontié et al., 2000; Brunet et al., 2003; Griveau et al.,
2007a, b). The detection of NO is based on its electro-
chemical oxidation in a potential range of (+0.6 to +0.9 V
versus Ag/AgCl). These NO sensors offer high perfor-
mance characteristics in term of sensitivity, selectivity,
and flexibility, and were successfully used to detect
extracellular NO in cultured cells as well as in tissues
(Bedioui and Villeneuve, 2003; Pereira Rodriguez et al.,
2005, 2006; Griveau et al., 2007b).
All these analytical approaches offer individual advan-

tages but also in some cases disadvantages, including the
lack of sensitivity and the risk of interference by NO-
unrelated molecules. Accordingly, the use of distinct
approaches for detecting NO in similar physiological
contexts has led to the publication of conflicting results
(Planchet and Kaiser, 2006a, b). Therefore, there is an
urgent need to develop sensitive and selective methods for
probing NO produced by plants.
Cryptogein is a 10 kDa proteinaceous elicitor produced

by the oomycete Phytophthora cryptogea, an avirulent
pathogen of tobacco. The transduction pathway by which
cryptogein activates defence responses in tobacco has
been widely studied (Garcia-Brugger et al., 2006). In
particular, using 4,5-diaminofluorescein diacetate (DAF-
2DA), a membrane-permeable derivative of the NO-
sensitive fluorophore DAF-2, it was previously reported
that epidermal cells from tobacco leaves as well as
tobacco cultured cells respond to cryptogein through an
increase of intracellular NO (Foissner et al., 2000;

Lamotte et al., 2004; Besson-Bard et al., 2008a). The
elicitor-induced NO production is partly reduced by the
mammalian NOS inhibitors Nw-nitro-L-arginine-methyl
ester (L-NAME) and S,S#-[1,3-phenylene-bis(1,3-ethane-
diyl)]bis-isothiourea (PBITU), and completely suppressed
by the membrane-permeable NO scavenger cPTIO. Once
produced, NO serves as an intracellular signalling mes-
senger by promoting the mobilization of the second
messenger Ca2+ (Lamotte et al., 2004, 2006). The ability
of cryptogein to trigger NO synthesis in tobacco cells was
questioned in further studies in which the extracellular
content of NO was analysed using the non-permeable NO-
sensitive fluorophore DAF-2 and gas-phase chemilumi-
nescence (Planchet and Kaiser, 2006a; Planchet et al.,
2006). Using both methods, no or only a weak NO
production from elicited cultured tobacco cells was
detected.
Therefore, solving the question of whether NO is

released by plant cells challenged by microorganisms or
derived elicitors of defence responses is of primary
importance to understand its function further in the plant
adaptive response to biotic stresses. To this aim, in the
present study NO content in the extracellular medium of
cryptogein-treated tobacco cell suspensions was investi-
gated using the fluorophore DAF-2 and an NO-sensitive
home-made Pt/Ir-based electrochemical microsensor. It is
shown that a fast increase of NO concentration can be
electrodetected in the medium of elicited cultured tobacco
cells and that both methods gave consistent results in term
of kinetic and pharmacological sensitivity.

Materials and methods

Cell culture

Nicotiana tabacum cv. Xanthi cell suspensions were cultivated as
previously described (Lamotte et al., 2004). Briefly, cell suspen-
sions were maintained in Chandler’s medium (Chandler et al.,
1972) on a rotary shaker (130 rpm, 25 �C) under continuous light
(photon flux rate 30–40 lmol m�2 s�1). Cells were maintained in
the growth exponential phase and subcultured 1 d prior to
utilization. For experiments, 8-d-old tobacco cell suspensions were
used.

Cell culture treatments

Cryptogein was purified according to Bonnet et al. (1996) and
dissolved in water as a 100 lM stock solution. L-NAME and
PBITU were purchased from ALEXIS� Biochemicals. Catalase,
DAF-2, and 2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl-
1H-imidazol-1-yl-oxy-3-oxide (cPTIO) were purchased from
Sigma, and diethylamine NONOate (DEA/NO) was purchased from
Cayman Chemicals and kept at –80 �C.
All chemicals were dissolved in water, except DAF-2 which was

received as a stock solution in 5 mM dimethylsulphoxide (DMSO).
DEA/NO was prepared as previously described (Lamotte et al.,
2006). Briefly, DEA/NO was dissolved in 0.01 M NaOH as a stock
solution (500 mM), stored on ice, and prepared daily. To initiate the
release of NO, 10 ll of the stock alkaline solution of DEA/NO was
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dissolved in 990 ll of 100 mM phosphate buffer, pH 7.2 to give
a 5 mM final concentration. Cells were treated with DEA/NO
(50 lM final concentration) 20 s after dissolution of the stock
alkaline solution of DEA/NO in the phosphate buffer. As a control,
cells were treated with the same volume of DEA/NO solubilization
buffer without DEA/NO.
Cells were prepared as previously described (Lamotte et al.,

2004). Briefly, cells were washed by filtration and resuspended at
0.1 g fresh weight ml�1 in the suspension buffer H10 (10 mM
HEPES, 175 mM mannitol, 0.5 mM CaCl2, 0.5 mM K2SO4; pH 6),
and then equilibrated for 1 h at 24 �C on a rotary shaker (150 rpm)
before treatment. Typically, 33105 cells 0.1 g�1 fresh weight occur
in cell suspensions.

Electrochemical apparatus

Electrochemical experiments were carried out at room temperature,
in aerobic conditions, using a Quadstat model potentiostat (eDAQ
Pty Ltd, Australia) for chronoamperometry. The pseudo-reference
Ag/AgCl electrode, serving also as the counter-electrode, was
a home-made silver/silver chloride wire (diameter 50 lm).

Home-made NO-sensitive electrode

NO sensors were prepared daily following an already reported
procedure (Griveau et al., 2007a, b). Briefly, a length of ;5 cm of
a Teflon-PTFE-insulated Pt/Ir wire (125 lm diameter, from Advent,
Oxford, UK) was sharply cut to form a neat disc-shaped area at its
end. This disc area (electrode) was then modified by electro-
depositing a thin film of nickel phthalocyanine from 2 mM nickel
tetrasulphonated phthalocyanine in 0.1 M NaOH aqueous solution,
by applying a constant potential of +1.2 V versus Ag/AgCl for
10 min. Following this step, the electrode was rinsed, dried, and
then immersed in Nafion� alcoholic solution for 15 s. To ensure
good adhesion of the Nafion� layer to the electrode surface, the
electrode was placed at 80 �C for 5 min. This protocol was repeated
four times. Finally, an o-PD thin film was electrochemically
deposited by controlled potential electrolysis at +0.9 V versus Ag/
AgCl in 6.5 mM o-PD in phosphate-buffered saline (PBS) for
20 min. This outermost layer was aimed at enhancing the selectivity
of the electrode against possible interfering molecules. This final
coating of the electrodes was made fresh every day and the
electrodes were tested daily in order to check their electrochemical
performances.

Calibration of NO sensor

NO standards were prepared by making serial dilutions of saturated
NO solutions. Preparation of saturated NO solutions involved
meticulous exclusion of O2, as NO is rapidly destroyed by O2. To
produce a saturated NO solution, typically containing NO ;2 mM
at 20 �C (Linke, 1965), deionized water solution (2 ml) was
bubbled with argon for 20 min to remove oxygen. Then, DEA/NO
was added (800 lM) and the flask containing the solution was kept
tightly closed at room temperature until the total decomposition of
the NO donor (2 h). Standards were made fresh for each experiment
and kept in a glass flask with a rubber septum. Dilutions of the
saturated solution were made using deoxygenated water samples.

Measurement of NO production

DAF-2 method: After filtration, cell suspensions were incubated
with 20 lM DAF-2 for 1 h in the dark at 24 �C on a rotary shaker
(150 rpm). Cells were then transferred into 24-well plates (Costar)
containing 1 ml of cells per well. Cells were pre-treated by
L-NAME, PBITU, or cPTIO 10 min prior to cryptogein addition.
Catalase was added 5 min after cryptogein treatment. NO pro-

duction was measured in the dark using a plate reader fluorometer
(Mithras, Berthold) with 485 nm excitation and 535 nm emission
filters. Fluorescence was expressed as relative fluorescence units.

Electrochemical detection: For electrochemical measurements,
4 ml of cultured cell suspension were introduced into a well of
a 12-well cell culture plate. The electrodes (NO sensor and Ag/
AgCl wire) were introduced in the well and positioned just above
the cells. The cell suspension was slowly stirred (60 rpm)
continuously by means of a magnetic mini barrel. The electro-
chemical detection of NO was performed by chronoamperometry,
by recording the current while applying a constant potential of
+0.6 V or +0.9 V versus Ag/AgCl.

Results

To check whether NO produced by tobacco cells might
diffuse in the extracellular space, NO accumulation in the
extracellular medium of tobacco cells exposed to crypto-
gein was first measured using the non-permeable NO-
sensitive fluorophore DAF-2. This method was shown to
be indirect and might rely on the measurement of reactive
nitrogen species derived from NO autoxidation that nitro-
sate DAF-2 to yield to the highly fluorescent DAF-2
triazole (DAF-2T) (Jourd’heuil, 2002). The efficiency of
the fluorophore was verified by monitoring the level of
fluorescence of DAF-2-incubated tobacco cell suspensions
exposed to the NO donor DEA/NO (Fig. 1A). The NO
donor triggered a two-step rise in fluorescence: a fast
increase within the first minute, and then a lower
enhancement evolving continuously during the next hour.
As reported in other studies (see for instance Planchet and
Kaiser, 2006a), the NO donor-induced DAF-2T increase
of fluorescence was not observed in the presence of
cPTIO, thus indicating that this effect was indeed caused
by NO released by DEA/NO. When DAF-2-incubated cell
suspensions were treated with cryptogein, an increase in
fluorescence occurred after 5 min of treatment and
reached a maximum within 30 min (Fig. 1A). Here too,
the cryptogein-induced rise in fluorescence was strongly
reduced when tobacco cell suspensions were co-treated by
the NO scavenger cPTIO, suggesting the involvement of
NO in this process (Fig. 1B). Furthermore, the rise of
DAF-2T fluorescence was suppressed by 27% and 61%
by the NOS inhibitors L-NAME and PBITU, respectively,
suggesting that NO synthesis might be catalysed, at least
partly, by a NOS-like enzyme. These data fit well with
those previously reported in which the enzymatic origin of
intracellular NO was investigated (Foissner et al., 2000;
Lamotte et al., 2004). Finally, no increase of fluorescence
was observed in cell suspensions treated with cryptogein
without DAF-2. This last result excludes the hypothesis
that under exposure to cryptogein, tobacco cells might
produce new compounds having fluorescence profiles
similar to that of DAF-2T and therefore interfering with
the measurements.

Electrochemical detection of elicitor-induced NO production 3409



Jourd’heuil (2002) reported that DAF-2 fluorometric
assays are prone to misinterpretation when oxidants and
NO are co-synthesized. Indeed, the author showed that
DAF-2 is oxidized to a stable non-fluorescent intermediate
in the presence of both H2O2 and horseradish peroxidase.
This oxidation strongly amplifies NO-triggered DAF-2T
formation. Because both NO and H2O2 are simultaneously
synthesized in response to cryptogein (Foissner et al.,
2000; Lamotte et al., 2004), an investigation was car-
ried out to determine whether H2O2 might interfere with
DAF-2-based NO measurement. This was accomplished
by co-treating cells with cryptogein and catalase which
immediately consumed the apoplastic H2O2 produced in
response to the elicitor, as previously reported (Lecourieux

et al., 2002). Figure 1B shows that the consumption of
H2O2 by catalase did not affect the cryptogein-induced
DAF-2T increase of fluorescence, indicating that H2O2

and/or H2O2-derived species do not interfere with DAF-2-
based measurement.
To support further the assumption that cryptogein

induces synthesis of NO diffusing out of cells, the
presence of NO in the extracellular medium of tobacco
cell suspensions was monitored using an NO-sensitive
home-made Pt/Ir-based electrochemical microsensor (Sup-
plemental Fig. S1 available at JXB online). The NO sensor
is associated with an Ag/AgCl wire as a reference
electrode (Griveau et al., 2007b). Recent studies reported
that this miniaturized NO sensor is well suited for the
rapid real-time detection of NO in vitro, but also in vivo in
mammalian biological models (Griveau et al., 2007a, b).
Notably, it was successfully used for tracking NO in
tumour-bearing mice (Griveau et al., 2007b). As a first
step, the efficiency of the electrode system as an NO
sensor was checked by electrodetecting NO released by
DEA/NO in the extracellular medium of tobacco cell
suspensions. The amperometric response of the electrode
was measured at +0.9 V versus Ag/AgCl. The obtained
amperogram (Fig. 2A) displays a fast and large increase in
intensity after DEA/NO addition to the cell suspensions.
Then, a relatively slow decrease of the current was
observed. This signal resembles those reported by Griveau
et al. (2007a) in which the kinetic release of NO from
DEA/NO in phosphate buffer solution was investigated
using similar microelectrodes, indicating that the NO
sensor can be successfully used in tobacco cell suspen-
sions without any complication related to an eventual
fouling or passivation of the electrode. Importantly, this
study reported that the electrochemical signals measured
using the NO-sensitive microelectrodes were directly
related to the oxidation of NO and not to interfering by-
products of the fully decomposed donor. Furthermore, this
two-step response fits well with those shown Fig. 1A in
which DAF-2 accumulation following DEA/NO applica-
tion was measured. Therefore, these data indicate that the
NO sensor is suitable for analysing NO evolution in the
extracellular medium of tobacco cell suspensions and they
clearly show the reversibility of the electrochemical
response as a baseline is reached when no more NO is
produced from the NO donor. It should be noted that the
NO sensor showed an interfering signal from cPTIO, thus
precluding its use as a control (data not shown).
The electrochemical detection of NO in the extracellular

medium of tobacco cells treated with cryptogein was next
investigated. The corresponding amperogram shows an
increase of the current which occurred 5 min after the
addition of the elicitor (Fig. 2B). Then, the current value
increased at least during the next 25 min. This result is in
accordance with those obtained with DAF-2 (Fig. 1A) and
highlights cryptogein’s ability to trigger an increase of NO
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with 5 mM L-NAME, 5 mM PBITU, or 1 mM cPTIO before addition
of 100 nM cryptogein. Catalase was added 5 min after cryptogein.
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accumulation. Each value represents the mean 6SD of 15 measure-
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concentration in the extracellular medium of tobacco
suspension cells. Here too, the elicitor-triggered increase
in current was strongly suppressed by PBITU, the most
efficient inhibitor of NO synthesis (Fig. 2C). It should be
noted that this last result indicates that cryptogein itself
does not produce an interfering signal. Also, it clearly
shows that the electrochemical detection is not sensitive to
an eventual temperature change due to heat production
upon addition of crytogein. Finally, it should be empha-
sized that the amperometric measurement was stopped
voluntarily after 35 min of recording in order to avoid
damaging the sensor coating during a long-term run.
Indeed, accumulation of the NO electrochemical oxidation
products within the membranes might affect the perform-
ances of the sensor. The reversibility of this electro-
chemical response upon cryptogein activation of the cells
was checked in an independent parallel experiment
(Supplementary Fig. S2 at JXB online).
Given the well reported system-to-system variability

and the difficulties in absolute measurement of NO
concentration in solution due to its high reactivity, the
electrochemical measurements reported provide informa-
tion on relative rates and dynamics. On the basis of
calibration of the sensor in HEPES buffer, the NO sensor

sensitivity to NO in HEPES buffer is estimated to 0.06 pA
nM�1, as can be calculated from the slope of the linear
calibration curve shown in Fig. 3. Thus, it can be estimated
that the overall concentration of NO to which the
electrode was exposed under the experimental conditions
employed lies in the order of 300 nM.
It should be noted here that the configuration of the

home-made sensor makes it free of interference from
anions (nitrate, superoxide, peroxynitrite, and nitrite to
some extent) and this was shown and quantified in
previous published studies (Pontié et al., 2000; Brunet
et al., 2003). Also, although the sensor showed interfering
signals from highly concentrated NO2

– (500 lM) and
H2O2 (50 lM) solution, lowering the operating potential
of the sensor from +0.9 V to +0.6 V allowed the
undesired amperometric current related to both these
species (if any appears) to be decreased without affecting
the sensitivity of the detector to NO too much.
To check whether H2O2 produced in response to

cryptogein might interfere with the electrochemical de-
tection of NO, tobacco cell suspensions were co-treated
with cryptogein and catalase in order to consume H2O2.
As shown Fig. 2D, the amplitude of the current increase
(DI ¼ 2062 pA, i.e. 330630 nM NO) recorded in this
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Fig. 2. Measurement of free NO in the extracellular medium of tobacco cultured cells exposed to cryptogein or DEA/NO using the miniaturized
electrochemical sensor. (A) Amperometric curve illustrating the kinetic of NO released by DEA/NO (50 lM) in tobacco cell suspensions. Operating
potential, +0.9 V. The data are representative of three experiments. (B) Amperometric curve illustrating the increase of extracellular NO
concentration in tobacco cell suspensions exposed to cryptogein (100 nM). Operating potential, +0.6 V. The data are representative of six
experiments. (C) Amperometric curve illustrating the effect of PBITU on the cryptogein-induced increase of the NO extracellular concentration. Cells
were pre-treated for 10 min with 5 mM PBITU before addition of 100 nM cryptogein. Operating potential, +0.6 V. The data are representative of
three experiments. (D) Amperometric curve illustrating the effect of catalase on the cryptogein-induced increase of the NO extracellular
concentration. Catalase was added 5 min after 100 nM cryptogein. Operating potential, +0.6 V. The data are representative of three experiments.
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condition is identical to those recorded without catalase,
discarding the possibility that H2O2 could be electro-
detected in the present conditions. A putative interference
by nitrite was also examined. Indeed, cryptogein was
shown to trigger a fast and massive nitrate efflux leading
to a loss of internal nitrate content of ;60% within 1 h
(Wendehenne et al., 2002). Therefore, it is plausible that
part of the apoplastic nitrate might be reduced to nitrite by
a putative plasma membrane nitrate reductase, as reported
in tobacco roots (Stöhr et al., 2001), or through
a chemical-based process. To assess this hypothesis, the
extracellular nitrite concentration was measured in crypto-
gein-treated tobacco cell suspensions. It was not possible
to detect the presence of nitrite during the first 3 h of
cryptogein treatment (data not shown), excluding putative
interference of nitrite with the electrochemical detection of
NO in these experimental conditions.

Discussion

Understanding NO functions in specific plant physiologi-
cal contexts requires detailed analysis of its spatial
distribution through sensitive and selective approaches. In
the present study, it was first demonstrated that cryptogein
triggered a fast and transient increase of extracellular
DAF-2T fluorescence. The chemical nature of the DAF-2-
reactive compound(s) has been investigated recently
(Planchet and Kaiser, 2006a). These authors provided
evidence that the increase in DAF-2T fluorescence in the
extracellular medium of tobacco cell suspensions exposed
to cryptogein, to inhibitors of mitochondrial electron
transport, or to anoxia was not due to NO itself but to an
as yet unidentified compound released from cells into
the supernatant. This compound might be distinct from

ascorbate and, as reported in the present study, did not
correspond to H2O2 or H2O2-derived species. The obser-
vation that the cryptogein-induced increase of DAF-2T
fluorescence was suppressed when cell suspensions were
pre-treated with cPTIO suggests that this compound is
related to NO synthesis. Whether it corresponds to an NO
adduct or a DAF-2-reactive compound chemically un-
related to NO but rapidly synthesized (i.e. within 5 min)
and/or released into the extracellular medium through an
NO-dependent pathway remains to be established. The
fact that DEA/NO triggers a fast cPTIO-sensitive increase
of DAF-2 fluorescence in the cell culture medium
containing (Fig. 1A) or not containing (data not shown)
tobacco cells favours the hypothesis of the involvement of
an NO adduct. Whatever the scenario, on the basis of
these data, it is not possible to conclude that the increase
of DAF-2T fluorescence observed in response to crypto-
gein corresponds to a rise in extracellular NO content.
Interestingly, in a recent in vitro study, Arita et al.

(2006) reported that the mixing of 250 lM of the NO
donor SNAP and 100 lM of cPTIO (pH 7.4) in a quartz
cuvette results in an increase instead of a decrease of
DAF-2T fluorescence. Indeed, in these conditions, NO2�
resulting from NO oxidation by cPTIO combines with NO
(still present in the medium) to yield N2O3, which reacts
with DAF-2 to give DAF-2T. In the present assays, it was
always observed that cPTIO efficiently suppresses the
increase of DAF-2T fluorescence triggered by DEA/NO or
cryptogein in cell suspensions, but also in tissues
(Foissner et al., 2000). The present data fit well with
many studies also reporting the ability of cPTIO to reduce
DAF-2T increases in fluorescence induced by exoge-
nously applied or endogenously produced NO in bi-
ological samples (see for instance Prado et al., 2004; Hu
et al., 2005; Bright et al., 2006; Planchet and Kaiser,
2006a; Zottini et al., 2007). Although speculative, the
inconsistencies between the investigation of Arita et al.
(2006) and other works might be related to the conditions
in which the analyses were performed. Notably, because
of the ability of plant cells to activate antioxidative/
antinitrosative mechanisms, it is assumed that the process
described by Arita et al. might be less pronounced in vivo
that in vitro. Taken together, it is believed and has been
shown here that the combination of DAF and cPTIO is an
informative strategy when investigating NO production
in vivo but one must be extremely cautious of interpreta-
tion based on this strategy. Therefore, as discussed by
Arita et al. (2006), it is suggested to confirm DAF-based
NO measurements with another method having distinct
detection principles when investigating in vivo NO
production.
In contrast to the DAF-2-based method, the electro-

chemical approach allows a real-time in vivo determina-
tion of NO in animal biological systems (Bedioui and
Villeneuve, 2003; Wadsworth et al., 2006; Griveau et al.,
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Fig. 3. Relationship between NO concentration in aerobic HEPES
buffer and NO sensor current measured by amperometry at +0.9 V.
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2007b). Using DEA/NO, it was demonstrated that the
home-made electrochemical sensor used here is efficient
for probing NO in the extracellular medium of tobacco
cell suspensions. Subsequent experiments provided evi-
dence that a rise of NO concentration can be detected in
the extracellular medium of tobacco cell suspensions
elicited by cryptogein. The corresponding increase of the
current was unrelated to H2O2 or nitrite which might
interfere with the NO sensor at high concentrations.
Interestingly, the evolution of the amperometric signal
recorded in cryptogein-treated cell suspensions resembles
those obtained with DAF-2 and also DAF-2DA, the
membrane-permeable derivative of DAF-2 (Foissner
et al., 2000; Lamotte et al., 2004): in all cases, the
response occurred within 5 min and was sensitive to
the mammalian NOS inhibitors. The findings that the
increases of intra- and extracellular NO occur almost
simultaneously and display similar pharmacological fea-
tures suggest that NO is first produced intracellularly via
an enzyme sensitive to mammalian NOS inhibitors. Then,
part of the synthesized NO diffuses almost immediately
outside of the cells. Bovine haemoglobin was not used as
an NO absorber (scavenger) since biofouling of the sensor
surface is known to occur from macrobiomolecules (such
as haemoglobin, serum albumin, and even non-adherent
cells) and lead to the passivation of the electrode and thus
a decrease in the electrochemical signals (Pontié and
Bedioui, 2002; Pereira Rodrigues et al., 2006).
Using a gas-phase chemiluminescent assay based on the

chemiluminescent properties of NO2� formed from NO
that reacts with ozone (Mc Murtry et al., 2000), Planchet
et al. (2006) reported that cryptogein caused no or only
a weak NO emission which appeared several hours after
elicitor addition to the cell suspensions. This result
strongly differs from the present electrochemical data.
This discrepancy should be discussed in the light of the
principle of the two methods: as discussed above, the
electrochemical method allows the direct detection of NO
in aqueous solution whereas the chemiluminescent assay
allows indirect NO detection in gas phases. This statement
raises the question of whether NO is emitted in the gas
phase from tobacco cell suspensions following cryptogein
treatment. The answer was recently provided by Vitecek
et al. (2008) who set up a new sensitive detector for
measuring NO emitted in the gas phase from plants and
plant cell suspensions. This detector relies on the ability of
the strong oxidizing agent CrO3 to oxidize NO to NO2,
NO2 being subsequently captured by a Griess reagent trap.
Using this method, the authors were able to detect
a significant NO emission in the gas phase from tobacco
cells exposed to cryptogein for 1 h. These data clearly
support the present findings that the elicitor triggers an
increase of extracellular NO.
To conclude, the feasibility of using a home-made

miniaturized electrochemical sensor for measuring extra-

cellular NO in elicited tobacco cell suspensions was
demonstrated. Because electrochemical detection consti-
tutes the only real-time proof of the production of NO in
biological systems (Bedioui and Villeneuve, 2003), its
application to plant cells needs to be further developed.
This method should not only help in reinterpreting and
solving controversies but, more importantly, also should
offer new insights into the role of NO in plant physiolog-
ical as well as pathophysiological processes. Notably, the
demonstration that cryptogein induces a fast increase of
the extracellular NO concentration suggests that this
radical, in addition of being an intracellular messenger
(Besson-Bard et al., 2008b), might also display specific
extracellular functions. Whether it acts as a diffusing
intercellular messenger or a cytotoxic weapon against
invading microorganisms as reported in animals remains
to be established.

Supplementary data

Supplementary data are available at JXB online.
Fig. S1. Schematic representation of the platinum/

iridium-based electrochemical NO sensor.
Fig. S2. Amperometric curve illustrating the increase of

extracellular NO concentration in tobacco cell suspensions
exposed to cryptogein (250 nM). Operating potential,
+0.8 V. The data are representative of three experiments.
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