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This report describes part of the signaling pathway and some of the molecules involved in the auxin-induced adventitious
root formation in cucumber (Cucumis sativus). Previous results showed that nitric oxide (NO) mediates the auxin response
during adventitious root formation (Pagnussat et al., 2002). To determine the order of action of indole acetic acid (IAA) and
NO within the signal transduction pathway and to elucidate the target molecules that are downstream of NO action,
cucumber hypocotyl cuttings were submitted to a pretreatment leading to endogenous auxin depletion. The auxin depletion
treatment provoked a 3-fold reduction of the root number in comparison to the nondepleted explants. The NO-donor sodium
nitroprusside was able to promote adventitious rooting in auxin-depleted explants, whereas the specific NO scavenger
cPTIO prevented the effect of sodium nitroprusside. The endogenous NO level was monitored in both control and
auxin-depleted explants using a NO-specific fluorescent probe. The NO level was 3.5-fold higher in control (nondepleted)
explants than in auxin-depleted ones. The exogenous application of IAA restored the NO concentration to the level found
in nondepleted explants. Because NO activates the enzyme guanylate cyclase (GC), we analyzed the involvement of the
messenger cGMP in the adventitious root development mediated by IAA and NO. The GC inhibitor LY83583 reduced root
development induced by IAA and NO, whereas the cell-permeable cGMP derivative 8-Br-cGMP reversed this effect. The
endogenous level of cGMP is regulated by both the synthesis via GC and its degradation by the phosphodiesterase activity.
When assayed, the phosphodiesterase inhibitor sildenafil citrate was able to induce adventitious rooting in both nondepleted
and auxin-depleted explants. Results indicate that NO operates downstream of IAA promoting adventitious root develop-
ment through the GC-catalyzed synthesis of cGMP.

The plant hormone auxin is involved in the regu-
lation of most aspects of plant growth and develop-
ment, including cell division, elongation, and differ-
entiation. The role of auxins in adventitious rooting is
particularly important because the hormone initiates
this process—which involves cell division and pri-
mordium formation—inducing the dedifferentiation
of the cells to form the apical meristem. Although
genetic approaches have revealed some discrete as-
pects of auxin transport, signaling, and response, the
understanding of the molecular mechanism of auxin
action in the establishment of new root meristems
remains preliminary (Doerner, 2000; Berleth and
Sachs, 2001).

Nitric oxide (NO) is a diffusible multifunctional
molecule involved in numerous physiological pro-
cesses in phylogenetically distant species (Gow and
Ischiropoulos, 2001). It was first described in mam-

mals, where it plays variable functions ranging from
dilation of blood vessels to neurotransmission and
immune response. In comparison with animal stud-
ies, relative little is known about NO biological func-
tions in plants. However, the presence of NO was
conclusively demonstrated in plants, and its involve-
ment as a stress signal in adaptive responses and
mediating growth regulation processes was also re-
ported (Gouvêa et al., 1997; Huang and Knopp, 1998;
Laxalt et al., 1997; Durner et al., 1998; Leshem et al.,
1998; Beligni and Lamattina, 2000, 2001a, 2001b).
More recently, NO mediation of the adventitious
rooting process induced by auxins was described
(Pagnussat et al., 2002), even though the target mol-
ecules of the NO action are still unknown in this
process.

In animal cells, cGMP is an important component
of NO signaling (McDonald and Murad, 1995). NO
induces the activation of soluble guanylate cyclase
(GC) by binding to the heme group of the enzyme,
which results in a transient increase of the cellular
messenger cGMP (Stamler, 1994). The binding of NO
to the ferrous heme group is reversible, and GC turns
off immediately after the NO gradient has been dis-
sipated (Beckman, 1996). In plants, the presence of
cGMP was shown by mass spectrometry and radio-
immune assays (Brown and Newton, 1992). Probably
the first evidence for the occurrence of cGMP in
plants came from a report that suggested a change in
the concentration of this cyclic monophosphate dur-
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ing cell enlargement and division in tobacco (Nicoti-
ana tabacum; Lundeen et al., 1973). A cyclic nucleotide
phosphodiesterase (PDE) activity has been also re-
ported in plants (Brown et al., 1975; Reggiani, 1997),
although neither GC nor the PDE have been cloned in
plants yet. Various stimuli, such as GA in barley
(Hordeum vulgare) aleurone (Penson et al., 1996), light
stimulation of bean cells (Brown and Newton, 1992),
or NO treatment in spruce needles (Pfeiffer et al.,
1994) cause a transient increase in cGMP levels. NO
treatment was also reported to induce a transient
increase of cGMP levels in tobacco (Durner et al.,
1998). On the other hand, cGMP was reported to
trigger anthocyanins production and, in combination
with calcium, to induce the development of mature
chloroplasts (Bowler et al., 1994). Moreover, specific
GC inhibitors were able to suppress the NO-induced
expression of Phe ammonia-lyase genes in tobacco
(Durner et al., 1998). In addition, the specific inhibi-
tion of GC activity blocked the NO-induced cell
death in Arabidopsis cells, and this inhibition is re-
versed by the cell-permeable cGMP analog, 8-Br-
cGMP (Clarke et al., 2000). More recently, it was
reported that NO is a signaling component of the
abscisic acid (ABA)-induced stomatal closure and
that both ABA- and NO-induced closure require the
synthesis and action of cGMP (Neill et al., 2002).

Previous results in our laboratory showed that NO
mediates the auxin response during the adventitious
rooting process in cucumber (Cucumis sativus; Pag-
nussat et al., 2002). However, although a role for NO
in root development was proposed, the cross talk
between indole acetic acid (IAA) and NO still re-
mains to be elucidated. In the presence of endoge-
nous auxins, a serial linkage IAA 3 NO 3 rooting,
cannot be distinguished from a situation in which
both IAA and NO are needed to act in parallel on a
third intermediate. Therefore, the depletion of en-
dogenous auxins appears to be a useful tool to study
the auxin signal transduction pathway. This experi-
mental strategy was previously used to investigate
Aux/IAA mRNA accumulation during seedling de-
velopment and gravity response in cucumber (Fuji et
al., 2000) and to study the regulation of lateral
and adventitious root formation in Arabidopsis
(Casimiro et al., 2001; Dı́az-Sala et al., 2002). Using
this experimental approach, we provide evidence
here that NO acts as a second messenger in the
IAA-mediated pathway that induces adventitious
root formation through the activation of the GC-
catalyzed synthesis of cGMP.

RESULTS

NO Mediates Adventitious Root Development
Induced by IAA

To clarify the mechanism(s) through which IAA
and NO promotes adventitious rooting, apical IAA
production was interrupted by decapitation of the

explants, a treatment that was reported to reduce
basal IAA concentration and to inhibit adventitious
rooting (Nordström and Eliasson, 1991). Intact (non-
depleted) or decapitated explants were respectively
pre-incubated in water or in the presence of the
inhibitor of the basipetal auxin efflux 1-naphthyl-
phtalamic acid (NPA; IAA-depleted) for 48 h before
primary root removal. NPA was used at 10 �m, a
concentration that prevents both adventitious and
lateral root formation in Arabidopsis (Casimiro et al.,
2001; Dı́az-Sala et al., 2002).

As was previously reported (Pagnussat et al., 2002),
the NO-donor sodium nitroprusside (SNP) applied to
nondepleted cucumber explants was able to induce
de novo root organogenesis mimicking the effect of
the auxin IAA (Fig. 1). Both length (not shown) and
number of adventitious roots exhibit similar behavior
in either IAA or SNP treatments (Fig. 1, t test, P �
0.05). Nondepleted explants displayed 3-fold more
roots than the auxin-depleted ones (Fig. 1, t test, P �
0.05). SNP and IAA treatments were able to reverse
the reduction of adventitious root development in
auxin-depleted explants. The NO scavenger cPTIO
prevented the effect of both SNP and IAA on the
IAA-depleted explants (Fig. 1). When cPTIO was ad-
ministered alone to nondepleted explants, it resulted
in a significant reduction of adventitious root forma-
tion (Fig. 1).

The IAA Depletion Treatment Diminished the
Endogenous Level of NO

Because a transient increase of endogenous NO
was measured in cucumber explants as a response to
exogenous IAA (Pagnussat et al., 2002), the NO level
was monitored in nondepleted and in IAA-depleted
explants without any treatment or treated with exog-

Figure 1. Adventitious root development in cucumber explants. Ex-
plants without any pretreatment (nondepleted, white bars) or with an
auxin depletion pretreatment (IAA-depleted, dark bars) were incu-
bated as indicated for 7 d. Root number values are expressed as
mean � SE (n � 20 explants from at least three independent exper-
iments). SNP and IAA were used at 10 �M and the NO scavenger
cPTIO was used at 200 �M. Bars with different letters are significantly
different with P � 0.05 (t test).

Pagnussat et al.

1242 Plant Physiol. Vol. 132, 2003



enous IAA or with IAA plus the NO-scavenger
cPTIO, or with cPTIO alone. Longitudinal sections of
hypocotyls were incubated with the fluorophore 4,5-
diamino-fluorescein diacetate (DAF-2 DA), which al-
lows the detection of NO presence in both animal
and plant cells (Kojima et al., 1998; Foissner et al.,
2000). The compound 4-aminofluorescein diacetate (4
AF DA) was used as a negative control of DAF-2 DA
to assure that the green fluorescence detected corre-
sponds to an accumulation of endogenous NO and
not to unspecific reactions of the probe. The green
fluorescence was quantified by measuring the me-
dium green pixel intensity (mpi). NO was detected in
nondepleted control explants where it was mainly
visible in the basal region of the hypocotyl (mpi,
70.8 � 5.4; Fig. 2, A and B). When cPTIO was added
to nondepleted explants, the signal was significantly
reduced (mpi, 20.5 � 8.2, t test, P � 0.05; Fig. 2B). In
explants submitted to the auxin depletion treatment,
the signal was highly and significantly reduced in

comparison with nondepleted explants (mpi, 21.5 �
6.1, t test, P � 0.05). This could be reversed when the
auxin-depleted explants were treated with exoge-
nous IAA (mpi, 84.8 � 4.7), whereas a slight signal
was detected in explants treated with IAA plus the
NO scavenger cPTIO (mpi, 16.5 � 4.8; Fig. 2B), in
explants treated with cPTIO alone (mpi, 15.2 � 3.5;
Fig. 2B), or in negative controls (hypocotyls sections
treated with the negative probe 4 AF DA, not shown).

NO Acts Downstream of IAA through a Cyclic GMP-
Dependent Pathway

Because cGMP is an important component of NO-
mediated signaling pathways (McDonald and Mu-
rad, 1995), we determined root development in non-
depleted explants treated with either SNP or IAA in
the presence of the GC inhibitor 6-anilino-5,8-
quinolinedione (LY83583). The treatment of explants
with SNP plus LY83583 produced a delay in root
emergence and a significant reduction in both the
root length (not shown) and root number (Fig. 3, A
and B, t test, P � 0.05). The cell-permeable cGMP
derivative 8-bromoguanosine 3�,5�-cyclic monophos-
phate (8-Br-cGMP) reversed the effect of LY83583 on
adventitious root development, showing explants
with similar response to the SNP-treated ones (Fig. 3,
A and B). In addition, LY83583 produced a signifi-
cant decrease in the root number of the IAA-treated
explants (Fig. 3, A and B, t test, P � 0.05). This effect
could be also reversed when 8-Br-cGMP was added
together with IAA and LY83583 (Fig. 3, A and B).
Moreover, 8-Br-cGMP alone was able to induce ad-
ventitious root development at a similar extent than
those displayed in explants treated with IAA or SNP
(Fig. 3A). On the contrary, when LY83583 was ad-
ministered alone, a significant reduction of root de-
velopment was shown (Fig. 3A, t test, P � 0.05).

PDE Activity Regulates the Formation of
Adventitious Roots

Additionally, we studied how the modulation of
the cGMP levels through the inhibition of the PDE
activity affects the adventitious root development.
Nondepleted explants were treated with different
concentrations of the PDE inhibitor sildenafil citrate.
Figure 4A shows a 300% increase of root number in
cucumber explants treated with 0.5 and 1 mg mL�1 of
sildenafil citrate in comparison with control explants.
The explants treated with IAA or SNP plus sildenafil
presented a similar adventitious root number than
explants treated either with the NO donor or IAA
alone (Fig. 4B). On the other hand, explants treated
with sildenafil alone also exhibited a similar response
to those explants treated with IAA or SNP (Fig. 4B).

One intriguing question directed to elucidate the
mechanism(s) through which cGMP mediates the
rooting process activated by IAA and NO is whether

Figure 2. Endogenous NO level in nondepleted and IAA-depleted
cucumber explants. A, The specific fluorescent probe DAF-2 DA was
used to monitor NO in longitudinal sections of hypocotyl cutting tips
from nondepleted and IAA-depleted explants. IAA and cPTIO were
respectively used at 10 and 200 �M. B, The fluorescence was quan-
tified by measuring the medium pixel intensity (mpi) as described.
Bar indicates 0.5 mm. Bars with different letters are significantly
different with P � 0.05 (t test).
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cGMP is sufficient to activate adventitious root de-
velopment. Thus, the effect of the cell-permeable an-
alog 8-Br-cGMP and sildenafil on adventitious root-
ing was investigated in IAA-depleted explants. When
these IAA-depleted explants were treated with 8-Br-
cGMP, a similar root number was detected in com-
parison with IAA- and NO-treated explants (Fig. 5).
However, when the IAA-depleted explants were
treated with sildenafil, a lower response was ob-
tained. The sildenafil-treated explants displayed in
average only a 60% of the root number obtained from
the NO-, the IAA- or the 8-Br-cGMP-treated explants
(Fig. 5).

DISCUSSION

The results presented in this work are significant
for both fundamental and applied plant biology.
They strongly argue that both NO and cGMP are
downstream messengers in the IAA-signaling path-
way that promotes adventitious root development.
NO treatments were able to induce adventitious root-
ing in cucumber explants to the same extent as the
plant hormone IAA. Because the specific NO-
scavenger cPTIO causes a significant reduction of
adventitious root number in IAA-treated explants,
endogenous NO appears to play a key role in the

auxin-mediated adventitious rooting process (Fig. 1).
The endogenous IAA is synthesized in the apical
bud, above cotyledons, and is basipetally transported
down the plant stem via the polar transport system
(Ford et al., 2001). The involvement of polar auxin
transport in supplying the auxin for rooting was
clearly established in carnation (Dianthus caryophyl-
lus) cuttings (Guerrero et al., 1999). To clarify the
nature of the IAA-NO communication, a pretreat-
ment leading to depletion of endogenous auxins was
carried out before exposing the cucumber explants to
the NO donor. Thus, apical IAA production was
disrupted by decapitation of the explants, and basi-
petal transport of auxins was inhibited by NPA.
These treatments were able to significantly reduce
adventitious root formation. Interestingly, this result
could be reversed by NO (Fig. 1), suggesting that
IAA and NO might be acting through a serial signal-
ing pathway.

In mammalian systems, one of the most studied
targets of NO is the enzyme GC. GC, together with
PDE, regulates the endogenous level of the cellular
messenger cGMP. cGMP is an important signaling
molecule present in both eukaryote and prokaryote
cells, typically involved in sensing extracellular stim-
uli and in the transduction of the signal into meta-
bolic responses (Reggiani, 1997). In the last years,

Figure 3. Cyclic GMP is required for IAA- and
NO-mediated adventitious root formation. Non-
depleted explants were treated as indicated. A,
Root number values are expressed as mean � SE

(n � 10 explants from at least three independent
experiments). Bars with different letters are sig-
nificantly different with P � 0.05 (t test). The GC
inhibitor LY 83583 was used at 50 �M, 8-Br-
cGMP was used at 1 �M, and SNP and IAA were
used at 10 �M. B, Photographs were taken after
5 d of treatment. Bar � 5 mm.
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mounting evidence supports the existence of an NO-
inducible GC in plants (Pfeiffer et al., 1994; Durner et
al., 1998). To determine the putative involvement of
cGMP in our system, the adventitious root formation
capacity of both SNP- and IAA-treated explants was
assayed in the presence of the GC inhibitor LY83583.
Clearly, LY83583 was able to reduce adventitious
root number in both IAA- and SNP-treated explants.
This inhibition could be reversed when 8-Br-cGMP
was added together with LY83583 and SNP or IAA
(Fig. 3). Moreover, the treatment with 8-Br-cGMP
alone did not show differences with the SNP- or
IAA-treated explants. As well, when LY83583 was
added alone to nondepleted explants (Fig. 3A), they
displayed a number of adventitious roots compara-
ble with the number observed in IAA-depleted ex-
plants (Fig. 1). Additionally, the inhibition of cGMP
degradation by the PDE inhibitor sildenafil citrate
also induced adventitious root development. To-
gether, these results strengthen the hypothesis that

cGMP synthesis is required and might be sufficient
for adventitious rooting. To test that hypothesis, ad-
ventitious rooting was assayed in IAA-depleted ex-
plants. The treatment of IAA-depleted explants with
8-Br-cGMP was sufficient to induce rooting to a sim-
ilar extent than IAA and SNP. However, the explants
treated with the PDE inhibitor sildenafil reached only
a 60% of the root number displayed by the 8-Br-
cGMP-treated ones. This behavior could be explained
if we consider the low levels of cGMP that should be
synthesized in IAA-depleted explants, where no NO
is present to activate the GC enzyme. Thus, although
the inhibition of PDE activity in these explants could
result in an increased level of cGMP, its level would
not reach those of IAA- or SNP-treated ones. Some
reports have described how small concentrations of
sildenafil can double the life span of cut flowers
delaying their natural senescence process (Leshem et
al., 1998; Siegel-Itzkovich, 1999). On the other hand,
light and Ca 2�-calmodulin were also identified as
plant PDE effectors (Brown et al., 1989). Thus, the
production of cGMP in plant appears to be stimu-
lated by the action of phytochrome and might be part
of the molecular events that control development
throughout the plant life cycle. It would be interesting,
therefore, to explore this scenario and to integrate the
cGMP targets that are operating to affect biological
processes such as chlorophyll biosynthesis, root devel-
opment, and cell division and differentiation.

Collectively, our results present strong evidence to
unravel part of the signaling cascade that operates
downstream of IAA to trigger adventitious root de-
velopment. This pathway is an NO-induced process
mediated by the GC-catalyzed synthesis of cGMP. A

Figure 5. Cyclic GMP activates the rooting process in IAA-depleted
explants. Explants with an auxin depletion pretreatment were incu-
bated as described for 7 d. Root number values are expressed as
mean � SE (n � 20 explants from at least three independent exper-
iments). SNP and IAA were used at 10 �M, 8 Br-cGMP was used at 1
�M, and sildenafil was used at 1 mg mL�1. Bars with different letters
are significantly different with P � 0.05 (t test).

Figure 4. The inhibition of PDE activity promotes adventitious root
development. A, Explants were treated with different concentrations
of the PDE inhibitor sildenafil citrate, and root number per explant
was determined after 5 d of treatment. B, Root number was also
determined in explants treated with 10 �M IAA, 10 �M SNP, or 1 mg
mL�1 sildenafil citrate or in combined treatments. Root number
values are expressed as mean � SE (n � 10 explants from at least
three independent experiments). Bars with different letters are signif-
icantly different with P � 0.05 (t test).
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schematic model of the suggested pathway involving
IAA, NO, and cGMP is summarized in Figure 6. IAA,
synthesized in the apical part of the seedling, is ba-
sipetally transported and accumulated at the base of
the hypocotyl, where triggers a local and transient
generation of NO in an as yet unknown manner (Fig.
2; Pagnussat et al., 2002). Two possible sources of NO
in plants are the enzymes NO synthase (NOS) and
nitrate reductase. NOS-like activity has been pro-
posed in plants by using both biochemical and im-
munological approaches (Wendehenne et al., 2001).
However, to date, neither cDNA nor any NOS-like
protein has been found in plants. In addition, no
NOS-like gene was found in the Arabidopsis genome
(Arabidopsis Genome Initiative, 2000). Recently,
pharmacological, physiological, and genetic evidence
was provided to support the nitrate reductase-
mediated NO generation for ABA-induced stomatal
closure (Desikan et al., 2002). Furthermore, several
convergent lines of evidence were reported that
strengthen those experimental results (Garcı́a-Mata
and Lamattina, 2003). This NO production might
activate a cGMP-dependent transduction pathway,

where cGMP formation is driven by the nitrosylation
activation of GC. Although our results and those
previously published (Durner et al., 1998) suggest the
existence of a NO-inducible GC in cucumber, to-
bacco, and Arabidopsis, in a very recently report,
Ludidi and Gehring (2003) reported the existence of a
NO-insensitive GC in Arabidopsis. The cloned GC
protein from Arabidopsis has not a heme-group, and
that is consistent with its insensitivity to NO. How-
ever, the GC activity was measured on a GS-GC
recombinant protein in vitro, which could not reflect
of GC activity and regulation in vivo. Additionally, a
more complete in vitro assay than that presented by
Ludidi and Gehring (2003) should be necessary to
confirm that the recombinant GS-GC protein is a
NO-insensitive enzyme. The NO donor used by Lu-
didi and Gehring (2003) to activate the recombinant
enzyme in Escherichia coli cells was SNP, which re-
leases the nitrosonium cation NO�. Due to the pres-
ence of ascorbate, the nitrosonium cation NO� is
rapidly converted to the NO radical NO� in planta.
Thus, the use of another NO donor like S-nitroso,
N-acetyl penicillamine, which releases the NO radi-
cal NO�, is advisable to test the NO insensitivity of
the recombinant protein. Moreover, only one concen-
tration of NO donor (1 mm) and only one time (10
min) were analyzed to test the activity of GS-GC
recombinant protein.

A potential target for cGMP could be a cGMP-
dependent protein kinase, although no cGMP-
dependent protein kinase has yet been isolated and
cloned in plants. cGMP can also act via cADP Rib
(cADPR), as occur in animal cells (Gow and Ischiro-
poulos, 2001). In plants, it was reported that cADPR
is involved in the NO-induced activation of defense
genes in tobacco (Durner et al., 1998). Moreover, it
was also recently shown that NO is involved in the
signaling cascade triggered by the stress hormone
ABA (Garcı́a-Mata and Lamattina, 2002; Neill et al.,
2002) and that cADPR takes part in this pathway
(Neill et al., 2002). The cADPR elevates cytosolic-free
Ca2� in plants and thereby plays a central role in
signal transduction pathways (Navazio et al., 2001).
Finally, Ca2� might be involved in a cascade that
leads the activation of cell division and elongation as
was suggested by Kiegle et al. (2000).

Because adventitious root development is a key
step in vegetative propagation, the study of NO in-
volvement in the rooting process opens a wide field
of research important not only for understand the
intricate network operating in root development and
auxin signal transduction, but also it will be relevant
for agricultural and biotechnological procedures.

MATERIAL AND METHODS

Plant Material

Cucumber (Cucumis sativus) seeds were germinated into petri dishes on
filter papers embedded in distilled water and maintained at 25°C for 5 d

Figure 6. Schematic illustration of a proposed model for the control
of adventitious root formation in cucumber. IAA is synthesized in the
apical bud and basipetally transported to the base of the hypocotyl.
There, IAA triggers a transient NO accumulation, which activates a
cGMP-dependent pathway leading to adventitious root formation.
Blue arrow, IAA transport, inhibition.
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with a 14-h photoperiod (photosynthetically active radiation � 200 �mol
m�2 s�1). Cucumber seedlings were used either: (a) intact (nondepleted) or
(b) decapitated by excising the apical bud immediately above the cotyledons
and incubated in the presence of 10 �m NPA (Chem Service, New Orleans)
for 48 h (IAA-depleted), before removing primary root. Cucumber explants
were then maintained under the same conditions of temperature and pho-
toperiod for another 5 or 7 d in the presence of different media as indicated
below.

Explant Treatments

After primary roots were removed, cucumber explants were put into
petri dishes containing water (control), 10 �m of the auxin IAA (Fluka,
Buchs, Switzerland), or 10 �m of the NO donor SNP (Merck, Darmstadt,
Germany) and kept at 25°C for different periods according to the ex-
periment. As a control, 200 �m 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-
imidazoline-1-oxyl-3-oxide, potassium salt (c-PTIO, Molecular Probes, Eu-
gene, OR) was added together with SNP or IAA. Where indicated, explants
were incubated with 50 �m of the GC inhibitor 6-anilino-5,8-quinolinedione
(LY83583, Sigma-Aldrich, St. Louis) or with 1 �m of the cell-permeable
cGMP derivative 8-Br-cGMP (Sigma-Aldrich) or with different concentra-
tions of the PDE inhibitor sildenafil citrate (1-[[3-(6,7-dihydro-1-methyl-
7-oxo-3 propyl-1 H-pyrazolo [4,3-d] pyrimidin-5-yl�)-4-ethoxyphenyl]
sulfonyl]-4-methylpiperazine citrate), Viagra, Pfizer, New York) as indi-
cated. For preparation of sildenafil citrate, tablets of Viagra were ground up
and dissolved in distilled water. The mix was shaken for at least 5 min and
gently centrifuged to remove all the insoluble material. The concentrations
of the compounds used for experiments were supported by published
results (Durner et al., 1998; Pagnussat et al., 2002).

Endogenous NO Detection

Endogenous NO was monitored by incubating 200- to 250-�m longitu-
dinal hypocotyl sections from cucumber explants with either 7.5 �m of the
positive fluorescent probe DAF-2 DA (Calbiochem, San Diego) or with 7.5
�m of the negative probe 4 AF DA (Calbiochem) in 20 mm HEPES-NaOH
pH 7.5 (buffer A). Thereafter, the sections were washed three times for 15
min with buffer A and examined by fluorescence (excitation 490 nm; emis-
sion 525 nm) and bright field microscopy in a Eclipse E 200 microscope
(Nikon, Tokyo). Green fluorescence quantification was performed using
the Matrox Inspector v3.1 computer program (Matrox Electronic Systems,
Dorval, Quebec).

Data Analysis

Where indicated, values were expressed as means � se of at least three
independent experiments. For statistical analysis, t test was used as appro-
priate, after testing for data normality. A value of P � 0.05 was considered
significant for mean differences.
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