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Recently, it was demonstrated that nitric oxide (NO) and cGMP are involved in the auxin response during the adventitious
rooting process in cucumber (Cucumis sativus; Pagnussat et al., 2002, 2003). However, not much is known about the complex
molecular network operating during the cell proliferation and morphogenesis triggered by auxins and NO in that process.
Anatomical studies showed that formation of adventitious root primordia was clearly detected in indole acetic acid (IAA)- and
NO-treated cucumber explants, while neither cell proliferation nor differentiation into root primordia could be observed in
control explants 3 d after primary root was removed. In order to go further with signal transduction mechanisms that operate
during IAA- and NO-induced adventitious root formation, experiments were designed to test the involvement of a mitogen-
activated protein kinase (MAPK) cascade in that process. Cucumber explants were treated with the NO-donor sodium
nitroprusside (SNP) or with SNP plus the specific NO-scavenger cPTIO. Protein extracts from those explants were assayed for
protein kinase (PK) activity by using myelin basic protein (MBP) as substrate in both in vitro and in-gel assays. The activation
of a PK of approximately 48 kD could be detected 1 d after NO treatment with a maximal activation after 3 d of treatment. In
control explants, a PK activity was detected only after 4 d of treatment. The MBP-kinase activity was also detected in extracts
from IAA-treated explants, while no signal was observed in IAA 1 cPTIO treatments. The PK activity could be inhibited by the
cell-permeable MAPK kinase inhibitor PD098059, suggesting that the NO-dependent MBP-kinase activity is a MAPK.
Furthermore, when PD098059 was administered to explants treated with SNP or IAA, it produced a delay in root emergence
and a dose-dependent reduction in root number. Altogether, our results suggest that a MAPK signaling cascade is activated
during the adventitious rooting process induced by IAA in a NO-mediated but cGMP-independent pathway. The activation of
MAPKs is discussed in relation to the cell responses modulating mitotic process.

Auxins play a central role in numerous developmen-
tal processes functioning as a signal for cell division,
elongation and differentiation. Among auxin actions,
an indole acetic acid (IAA) dependence of root forma-
tion, apical dominance, and tropic responses have
been described (Theologis, 1986; Estelle, 1992; Davies,
1995). The molecular basis of auxin action is an area
of intense study. Genetic approaches to dissect how
this hormone triggers a variety of effects in plants
rely on the analysis of mutants modified in their
response to auxin (Walden and Lubenow, 1996). The
available mutants display an array of phenotypes that

indicates changes in auxin action or response including
altered growth, changes in root length and apical
dominance, and reduced gravitropism (Lincoln et al.,
1990; Pickett et al., 1990; Wilson et al., 1990; Hobbie and
Estelle, 1995; Leyser et al., 1996).

Adventitious root formation (ARF) involves the
development of a meristematic tissue after removal
of the primary root system. The auxin IAA promotes
this process through the regulation of cell dedifferen-
tiation to reestablish the new apical meristem. Al-
though a variety of components of auxin transport and
signal transduction have been identified, the molecular
mechanisms and intermediates underlying the signal
transduction of auxin-promoted root formation re-
mains a major goal for a large number of biotechno-
logical procedures (Walker and Estelle, 1998).

The mitogen-activated protein kinase (MAPK) trans-
duction cascades are important mediators in signal
transmission, connecting the perception of external
stimuli to cellular responses. MAPKs are involved in
signaling various biotic and abiotic stresses, and have
been implicated in the regulation of cell cycle and
developmental processes. Convincing evidence on the
requirement of a MAPK cascade for plant cytokinesis
comes from experiments carried out in tobacco
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(Nicotiana tabacum) and Arabidopsis. It has been shown
that a tobacco MAPK kinase kinase (MAPKKK), called
nucleus and phragmoplast-localized protein kinase
(NPK1), accumulates in the equatorial region of the
phragmoplast (Nishihama et al., 2001). It was demon-
strated that NPK1 expression is essential for phragmo-
plast expansion and its absence results in the formation
of multinucleate cells. In addition, Krysan et al. (2002)
provided evidence that MAPKKKs play a role in the
control of plant cell division using a reverse-genetic
approach. In that report, Arabidopsis plants carrying
knockout alleles of the MAPKKK genes ANP1, ANP2,
and ANP3 were isolated. The molecular and structural
phenotypes displayed by the mutants support a model
in which MAPKKKs positively regulate cell division
and growth.

On the one hand, the role of MAPK cascades in auxin
signaling has been recently discussed (Morris, 2001).
The observation that extracts from auxin-treated
tobacco cells activated MAPKs (Mizoguchi et al.,
1994) was contradicted by Tena and Renaudin (1998)
who have shown that low doses of auxin would not
induce a myelin basic protein (MBP)-kinase activity in
the same tobacco cell lines, but weak acids would, sug-
gesting that high levels of auxins induce a MBP-kinase
activity, probably as a result of cytosolic acidification.
Later, and working with whole plants, Mockaitis and
Howell (2000) reported an increase in MBP-kinase
activity in response to low levels of auxins. Although
this finding represents a great advance in the knowl-
edge of auxin signal transduction pathway, the cell
components that act as signal molecules from IAA
stimulus to MAPK activation and the beginning of the
mitotic process remain to be identified.

Nitric oxide (NO) is a diffusible chemical second
messenger first described in mammals, where it plays
variable functions ranging from dilation of blood
vessels to neurotransmission and defense during
immune response (Gow and Ischiropoulos, 2001). In
human cells, it was reported that the NO-induced cell
proliferation occurs via the activation of MAPK
cascades (Chou et al., 2002). Even though NO research
in plants is not as advanced as in animals, recent
discoveries have extensively shown its presence and
functionality in the plant kingdom. Novel roles have
been attributed to this gas in many physiological
processes such as growth, pathogen defense, pro-
grammed cell death, and stress tolerance (Gouvêa et al.,
1997; Laxalt et al., 1997; Delledonne et al., 1998; Durner
et al., 1998; Beligni and Lamattina, 2000; Lamattina
et al., 2003). Previous studies have revealed that NO is
involved in the activation of MAPK activity during
plant defense responses against pathogen infections in
tobacco (Kumar and Klessig, 2000) and in Arabidopsis
cells (Clarke et al., 2000). More recently, it was demon-
strated that NO is involved in the auxin response
during ARF in cucumber (Pagnussat et al., 2002) and
a subsequent report showed that an NO-mediated
cGMP-dependent pathway is operating in that pro-
cess (Pagnussat et al., 2003). In this study, we describe

the involvement of a MAPK signal cascade in ARF
induced by IAA and NO, suggesting that convergent
and complex cGMP-dependent and -independent
signaling pathways are probably orchestrating the
formation of a new root system when primary root
is removed.

RESULTS

Anatomical Study

Previous results showed that NO mediates the IAA-
induced ARF in cucumber explants. Within 3 d after
removal of the primary root system, emergence of
adventitious roots was detected in explants treated
with IAA, or with the NO-donors sodium nitroprus-
side (SNP) and S-nitroso, N-acetyl penicillamine
(SNAP), while at that time no roots emerged in
water-treated explants (Pagnussat et al., 2002).

To observe the primordia formation during the first
stages of ARF, an anatomical study was performed. We
analyzed transverse sections of cucumber hypocotyls
treated with water (control) or with SNP or IAA (Fig. 1).
After 2 d of NO or IAA treatment, cells with meri-
stematic characteristics such as small size, strongly
toluidine blue stained, and condensed cytoplasm were
detected at the vascular parenchyma located centrifu-
gal to primary xylem poles (not shown). Thus, some
cells of xylematic or phloematic parenchyma dediffer-
entiate and acquire meristematic activity resulting in
the formation of adventitious root primordia (RP).
Figure 1 shows that, upon 3 d, cell proliferation and
differentiation into RP were clearly detected both in
NO- and IAA-treated explants. At the same time, cell
proliferation was only barely detected and no RP could
be observed in control treatment (Fig. 1).

Nitric Oxide Is Required for an IAA-Induced

MBP-Kinase Activity during Adventitious
Root Development

Since the MAPK phosphorylation cascades play a key
role in regulating many aspects of growth and de-
velopment, we analyzed whether NO affects the
MAPK activity during ARF. Protein extracts from hy-
pocotyls of explants treated with water or the NO-
donor SNP or with SNP plus the specific NO-scavenger
cPTIO were assayed for PK activity by in vitro and in-
gel analysis using MBP as substrate. After 1 d of SNP
treatment, an increase in soluble MBP-phosphorylating
activity was observed, reaching a maximum after 2 d of
treatment (Fig. 2A). In concordance, a PK activity of
approximately 48 kD that phosphorylates MBP was
detected in in-gel assays with a maximal activation
after 3 d of treatment (Fig. 2B). The activity of this PK
decreased after 4 d of treatment. In the case of SNP plus
cPTIO-treated explants, the 48 kD activity was only
barely detected after 4 d of treatment (Fig. 2B). In water-
treated explants, a weak PK activity was measured
during the first 3 d of treatment, which increased at the
fourth d (Fig. 2B).
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PK activity was also assayed in hypocotyls of
explants treated either with the auxin IAA or with
IAA plus the NO-scavenger cPTIO. MBP-kinase activ-
ity could be detected in IAA-treated explants using
both in vitro and in-gel assays, with a maximal
activation around the second and third d of treatment,
respectively (Fig. 3, A and B). Again, a MBP-phosphor-
ylating activity of 48 kD was observed in extracts from
IAA-treated explants (Fig. 3B). MBP-kinase activity
was weakly detected in explants treated with IAA in

the presence of cPTIO in in vitro assays (Fig. 3A), while
no signal was obtained in in-gel assays (Fig. 3B).

In all in-gel experiments, we found only one activity
band corresponding to a PK with an apparent molec-
ular mass of approximately 48 kD. This MBP-kinase
activity was highly active in the absence of calcium
(the kinase assays were performed in the presence
of 2 mM EGTA) and exhibited a strong preference
for MBP among substrates tested (histone proteins
and casein, not shown). Moreover, when protein
extracts were assayed for kinase activity in the absence
of vanadate (a general protein Tyr phosphatase in-
hibitor), the 48-kD PK activity was lost (not shown).
Even though these data strongly suggest that the MBP-
kinase activity detected by in-gel assays can be
ascribed to a MAPK, some caution would be advisable.
Indeed, it has been also reported that MBP can be
phosphorylated by other protein-Ser/Thr kinases,
such as tobacco NPK15 and calcium-dependent pro-
tein kinases (Roberts and Harmon, 1992; Ito et al.,
1994).

Figure 1. Primordia formation during adventitious root development in
cucumber explants. Primary roots were removed and the explants were
treated with water or 10 mM of the NO-donor SNP or 10 mM IAA for 3 d.
Hypocotyl transverse sections were stained with toluidine blue and
photographed using a digital camera attached to the microscope. For
photographs and insets, magnifications of 3100 (bar indicates
0.2 mm) and 3400 (bar indicates 0.05 mm) were respectively used.
MC, meristematic cells; P, parenchyma; PH, phloem; RP, root primor-
dium;VP, vascular parenchyma; X, xylem.Arrows indicate theMCor RP
magnified in the insets.

Figure 2. MBP-kinase activity during adventitious root development
induced by NO. A, Cucumber explants were incubated for different
timeswithwater or 10mMof theNO-donor SNPorwith SNPplus 200mM

of the specific NO-scavenger cPTIO. In vitro MBP-kinase activity was
measured in total soluble extracts from those explants.Data aremeansof
two independent experiments with three repetitions for each point. The
SD of water and SNP plus cPTIO-treatments are not shown for the sake of
clarity of the figure. B, In-gel protein kinase assays. The arrow heads
indicate an apparent molecular mass of approximately 48 kD.

Nitric Oxide and Mitogen-Activated Protein Kinase in Rooting
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The MBP-Kinase Activity Is Inhibited by the MAPK

Kinase Inhibitor PD098059

To further confirm that the MBP-kinase activity
detected in cucumber explants is a MAPK activity, the
PK activity was assayed by in vitro and in-gel analysis
in explants treated with the MAPK kinase (MAPKK)
inhibitor PD098059. This inhibitor prevents the acti-
vation of MAPKK, the direct activator of MAPK, by
binding to its inactive dephosphorylated form (Alessi
et al., 1995). Figure 4 shows that in the presence of
50 mM PD098059, the increase in MBP-kinase activity
observed after SNP or IAA treatments was reduced
2- to 3-fold. When in-gel experiments were performed,
no MBP-kinase activity was detected in PD098059-
treated explants (not shown).

MAPKK Inhibition Prevents Adventitious Root
Formation Induced by Either IAA or NO Treatments

In order to test the involvement of the activation of
a MAPK pathway in ARF, the MAPKK inhibitor

PD098059 was assayed for its capacity to affect the
promotion of either the IAA- or NO-induced root
development. Results of experiments performed with
SNP in the presence of different PD098059 concen-
trations showed that the effect of the inhibitor was
dose-dependent, with a maximal biological response at
50 mM (Fig. 5A, inset). Cucumber explants were treated
with water, IAA, or the NO-donor SNP either in the
presence or the absence of 50 mM PD098059 or with
50 mM PD098059 alone. Explant treatments with SNP
plus PD098059 produced a delay in root emergence
and a significant reduction in both root length (not
shown) and root number (Fig. 5, A and B). In addition,
PD098059 also produced a significant decrease in the
root number of the IAA-treated explants (Fig. 5, A and
B). When PD098059 was administered alone, adventi-
tious root number was similar to the control untreated
explants (Fig. 5A).

The MBP-Kinase Activity Is Induced by NO

in a cGMP-Independent Pathway

As was previously reported, a cGMP-dependent
pathway is operating during the NO-mediated ARF in
cucumber (Pagnussat et al., 2003). In order to study
whether the MAPK signaling cascade is activated by
NO in a cGMP-dependent pathway, we measured the
MBP-kinase activity in explants treated with the
guanylate cyclase inhibitor LY83583. At a concentration
of 50 mM, LY83583 was reported to significantly reduce
root development induced either by IAA or NO in
cucumber explants (Pagnussat et al., 2003). As shown
in Figure 6, the in vitro MBP-kinase activity was
induced by NO and displayed a similar response
in both SNP and SNP plus LY83583 treatments.

Figure 3. MBP-kinase activity during the IAA-induced adventitious
root development requires endogenous NO. A, Cucumber explants
were incubated for different times either with 10 mM IAA or with IAA
plus 200 mM of the specific NO-scavenger cPTIO. In vitro MBP-kinase
activity was measured in total soluble extracts from those explants.
Values are expressed as mean6 SD from two independent experiments
with three repetitions for each point. B, Protein kinase activity was
measured by in-gel assays as described. The arrow heads indicate an
apparent molecular mass of approximately 48 kD.

Figure 4. MBP-kinase activity induced by IAA and NO is inhibited by
the MAPKK inhibitor PD098059. In vitro MBP-kinase activity was
measured in total soluble extracts from cucumber explants treated with
10 mM SNP or 10 mM IAA, or with SNP or IAA in the presence of 50 mM

of PD098059 for different times as indicated. Values are expressed as
mean 6 SD from two independent experiments with three repetitions
for each point.
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When 50 mM of the MAPKK inhibitor PD098059 was
administered to cucumber explants together with SNP
and LY83583, the MBP-kinase activity, as expected,
dramatically decreased (Fig. 6).

DISCUSSION

In this study, we present evidence that a MAPK
signaling cascade is activated during the adventitious
rooting process induced by IAA in a NO-mediated and

cGMP-independent pathway. Auxin is the hormone
responsible for the initiation of ARF, a process that
involves cell division and root primordia formation.
Auxin induces dedifferentiation of parenchyma cells
and entrance to cell division to form the root meristem
(De Klerk et al., 1995; Fujita and Syôno, 1996). More
recently, it was demonstrated that NO and cGMP
mediate the auxin response during ARF in cucumber
(Pagnussat et al., 2002, 2003). In a broader sense, NO
was already involved in the regulation of different
plant growth processes in a large diversity of biological
systems (Gouvêa et al., 1997; Leshem et al., 1998; Beligni
and Lamattina, 2001).

Here we report an increase in in vitro MBP-kinase
activity in cucumber explants after 1 d of exposure to
the NO-donor SNP or to the auxin IAA (Figs. 2A and
3A). Maximal activation of a PK of 48 kD was obtained
after 3 d of these treatments (Figs. 2B and 3B). In-
terestingly, the specific NO-scavenger cPTIO prevented
the activation of the PK activity in both SNP- and IAA-
treated explants (Figs. 2 and 3), suggesting that the
48-kD PK detected by in-gel assays is the same and
requires the presence of endogenous NO. We do not yet
know whether the activation of the 48-kD PK is
accompanied by a parallel increase in protein level.
Cucumber explants treated with SNP or IAA in the
presence of the MAPKK inhibitor PD098059 showed
only a basal MBP-kinase activity measured by in vitro
assays (Fig. 4), while the 48 kD MBP-kinase could not be
detected by in-gel assays (not shown). Interestingly, the
cell-permeable MAPKK inhibitor PD098059 was also
able to prevent the IAA- and NO-induced ARF (Fig. 5).
These results support that the MBP-kinase activated by
SNP- or IAA-treatments during ARF is a MAPK.

Figure 5. MAPK activity is required for adventitious root formation
induced by IAA and NO. A, Cucumber explants were treated for 5 d as
indicated. Root number values are expressed as mean 6 SE (n 5 10
explants from at least 3 independent experiments). Bars with different
letters are significantly different with P , 0.05 (t test). The cell-
permeable MAPKK inhibitor PD098059 was used at 50 mM and SNP
and IAA were used at 10 mM. The inset shows the effect of different
concentrations of PD098059 on the NO-induced adventitious root
formation. Cucumber explants were treated with water (control) or 10
mM SNP in the presence or absence of 10 mM, 50 mM, or 100 mM of the
MAPKK inhibitor PD098059 for 4 d. Inhibition values are expressed as
%, where 100% means root number values per explant similar to those
obtained in control explants. B, Photographs were taken after 4 d of
treatment. Bar indicates 5 mm.

Figure 6. The MBP-kinase activity is induced by NO in a cGMP-
independent pathway. Cucumber explants were incubated for different
times with 10 mM of the NO-donor SNP or with SNP plus 50 mM of the
guanylate cyclase inhibitor LY83583 in the presence or absence of
50 mM of the MAPKK inhibitor PD098059. In vitro MBP-kinase activity
was measured in total soluble extracts from those explants. Data are
expressed as mean 6 SD from two independent experiments with three
repetitions for each point.
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The increase in MAPK activity could be related to the
changes observed at the cellular level in transverse
sections of hypocotyls treated with NO or IAA. The
maximal MAPK activity (Figs. 2 and 3) was detected
simultaneously with cell proliferation and adventi-
tious root primordia formation in both NO- and IAA-
treated explants (Fig. 1). Compelling evidence on the
requirement of a MAPK cascade for plant cell division
comes from studies published during recent years.
Mutations in a MAPKKK disrupt cytokinesis in to-
bacco (Nishihama et al., 2001) and a MAPK was
detected at the phragmoplast in alfalfa cells (Bögre
et al., 1999). More recently, Krysan et al. (2002) dem-
onstrated a direct link between mutation of a group of
MAPKKK encoding genes (ANP genes) and the dis-
ruption of cell division. Here we show that treatment of
cucumber explants with SNP or IAA plus the MAPKK
inhibitor PD098059 produced a dose-dependent re-
duction in ARF (Fig. 5, inset), indicating that a MAPK
cascade could be involved in this auxin-induced
process. Knockout mutants of MAPKKK genes in
Arabidopsis presented incomplete cell walls and bi-
nucleate cells, indicative of failed cell division (Krysan
et al., 2002). Coincidently, binucleate cells were also
found in transverse sections of IAA- and NO-treated
cucumber explants when assayed with the MAPKK
inhibitor (not shown). Together, these results indicate
that the MAPK activity could be involved in the
regulation of cell division rather than in adventitious
root primordia formation.

Collectively, these results contribute to unraveling
part of the molecular events that take place down-
stream of IAA to trigger ARF. One pathway would be
the activation of a MAPK cascade mediated by NO.
Our results fit with those obtained by Mizoguchi et al.
(1994) and by Mockaitis and Howell (2000), who
demonstrated the activation of a MAPK cascade in
response to auxins. However, Mockaitis and Howell
(2000) reported a rapid (peak in 5 min auxin treatment)
and transient increase in MAPK activity in Arabidopsis
seedling roots. Furthermore, the hyperactivation of the
auxin-stimulated MAPK pathway was more than
doubled in the presence of the MAPKK inhibitors
PD098059 and U0126 (Mockaitis and Howell, 2000).
Taken together with our results, these inhibitors appear
to exert different effects on different MAPK signal
transduction pathways. These pathways seem to vary
in the kinetics of MAPK activation, upstream activator
components, or the type and number of MAPK iso-
forms present in each system (Mockaitis and Howell,
2000). Given this scenario, the specificity of the MAPK
signaling cascades could be supplied by the cellular
type, the environment surrounding the cell, the pre-
vious history of the cell, the plant specie, or a combi-
nation of these aspects.

Figure 7 illustrates a representative scheme inte-
grating the pathways and molecules involved in ARF
in cucumber, which were described to date and the
still unknown steps to be deciphered. A MAPK
pathway could mediate adventitious root develop-

ment in response to IAA and NO not only by the
activation of mitotic process, but also by regulating the
expression of some auxin-responsive genes (Fig. 7;
Mockaitis and Howell, 2000). The MAPK signaling
cascade involved in ARF in cucumber explants seems
to be cGMP-independent, since NO-induced in vitro
MBP-kinase activity was not affected by the guanylate
cyclase inhibitor LY83583 (Fig. 6). Here, an interesting
point should be highlighted. The inhibitor LY83583
does not affect the in vitro MAPK activity induced by
NO (Fig. 6) but it is able to prevent the ARF induced by
NO (Pagnussat et al., 2003). Thus, activation of the
MAPK pathway alone does not seem sufficient to
assure ARF. As a consequence, it can be suggested that
NO activates at least two different pathways during
the induction of ARF: cGMP-dependent and cGMP-
independent that involves a MAPK signaling cascade
(Fig. 7). The activation of both pathways seems to be
required for the development of adventitious roots in
cucumber since if one of them is blocked no ARF
develops. This finding is consistent with earlier

Figure 7. Schematic illustrationof the signalingnetworks involving IAA,
NO, and cellular messengers that regulate ARF in cucumber. The auxin
IAA triggers a transient NO accumulation (Pagnussat et al., 2002). In
turn, NO regulates the activation of a MAPK signaling cascade. This
pathway could be mediating both mitotic process and the expression of
auxin-responsive genes (Mockaitis and Howell, 2000). In parallel,
a cGMP-dependent pathway is also present leading to ARF (Pagnussat
et al., 2003). NO-mediated signaling pathways that regulate ARF in
cucumber: light gray, cGMP-independent; dark gray, cGMP-dependent.
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reports suggesting an NO action via a cGMP-inde-
pendent pathway, activating phosphatases, and pro-
tein kinases including MAPKs (for review, see
Lamattina et al., 2003; Neill et al., 2003).

Altogether, these data suggest that the components
of animal NO signaling are also functional in plants
and reveal the remarkable complexity of the cellular
responses regulated by NO, which may be mediated
by phosphorylation-, nitrosylation-, or cGMP-con-
trolled mechanisms. In particular, ARF seems to be
regulated by a complex set of cellular messengers,
among them MAPK and cGMP appear to be activated
by upstream components involving IAA and NO.

MATERIALS AND METHODS

Plant Material

Cucumber seeds (Cucumis sativus L. cv Poinsett 76) were germinated

into petri dishes on filter papers imbibed in distilled water and maintained at

25�C for 5 d with a 14-h photoperiod (photosynthetically active radiation 5

200 mmol s21 m22). Primary roots of 5-d-old seedlings were removed and

cucumber explants were then maintained under the same conditions of

temperature and photoperiod for up to 5 d in the presence of different media

as indicated below.

Explant Treatments

Cucumber explants were placed into petri dishes containing filter papers

imbibed in water (control), or 10 mM of the auxin IAA (Fluka, Buch,

Switzerland), or 10 mM of the NO-donor SNP (Merck, Darmstadt, Germany)

and kept at 25�C for different periods according to the experiment. As

a control, 200 mM of the specific NO-scavenger 2-(4-carboxyphenyl)-4, 4, 5, 5-

tetramethylimidazoline-1-oxyl-3-oxide, potassium salt (cPTIO, Molecular

Probes, Eugene, OR) was added together with SNP or IAA. Where indicated,

10 mM, 50 mM, or 100 mM of the MAPK kinase inhibitor 2-(2#-amino-3#-
methoxyphenyl)-oxanaphthalen-4-one (PD098059, Sigma-Aldrich, St. Louis)

and/or 50 mM of the guanylate cyclase inhibitor 6-anilino-5, 8-quinilinedione

(LY83583, Sigma-Aldrich) were administered to explants.

Microscopy

Cucumber explants were treated as indicated above. Hypocotyls from

explants treated for 3 d with water, SNP, or IAA were transversally cut into

3-mm segments and fixed in FAA solution (ethanol to distilled water to

formaldehyde to glacial acetic acid [10:7:2:1, v/v] for 1 d. Segments were

included in a paraffin matrix (Hystoplast) at 60�C and cut into 5- to 10-mm

sections using a rotary microtome. Sections were stained with toluidine blue

and deparaffined with xylene, slowly rehydrated, and sequentially washed

with water and TBS buffer. Sections were then examined by bright field

microscopy in a Nikon Eclipse E 200 microscope (Tokyo). Images were

captured at 3 100 and 3 400 amplifications using a digital camera attached to

the microscope.

Preparation of Protein Extracts

All the extraction procedures were performed on ice or at 4�C. To prepare

extracts from treated explants, hypocotyls were ground in a mortar with

liquid nitrogen and extracted with an equal volume (1 mL/1 g fresh weight of

tissue) of extraction buffer (100 mM Tris, pH 7.5, 5 mM EDTA, 5 mM EGTA,

10 mM dithiothreitol (DTT), 10 mM Na3VO4, 10 mM NaF, 50 mM b-glycerophos-

phate, 1 mM phenylmethylsulfonyl fluoride, 5 mg/mL aprotinin, and 5 mg/mL

leupeptin). After centrifugation at 20,000g for 15 min at 4�C, supernatants

were transferred into clean tubes and immediately used for analysis.

Protein Determination

Quantification of proteins was performed according to Bradford (1976)

using bovine serum albumin as standard.

In Vitro Protein Kinase Activity Assay

The kinase activity was determined in vitro by measuring phosphate

incorporation into myelin basic protein (MBP, Sigma-Aldrich). The reaction

was carried out in a final volume of 15 mL. Twelve microliters of sample was

assayed in a reaction mixture containing 0.25 mg/mL of MBP, 0.5 mCi g-32P-

ATP (6000 Ci/mmol), 25 mM Tris pH 7.5, 5 mM MgCl2, 1 mM EGTA, and 1 mM

DTT. After incubating at room temperature for 10 min, 10 mL of the mixture

were spotted onto P81 phosphocellulose squares (Whatman, Springfield Mill,

Maidstone, UK) and the reaction was stopped by immersion in 150 mM H3PO4.

After washing extensively with 150 mM H3PO4, the paper squares were dried

and counted as described (Ulloa et al., 1991).

In-gel Protein Kinase Activity Assay

In-gel kinase activity assays were performed as described previously

(Zhang and Klessig, 1997). Extracts containing 10 mg of protein were

electrophoresed on 10% SDS-polyacrylamide gels imbibed in 0.25 mg/mL

of MBP in the separating gel as substrate for the kinases. After electrophoresis,

SDS was removed by washing the gel with washing buffer (25 mM Tris, pH 7.5,

0.5 mM DTT, 0.1 mM Na3VO4, 5 mM NaF, 0.5 mg/mL BSA, and 0.1% Triton

X-100 [v/v]) three times for 30 min each at room temperature. The kinases

were allowed to renature in 25 mM Tris, pH 7.5, 1 mM DTT, 0.1 mM Na3VO4,

and 5 mM NaF at 4�C overnight with three changes of buffer. The gel was then

incubated at room temperature in 30 mL of reaction buffer (25 mM Tris, pH 7.5,

2 mM EGTA, 12 mM MgCl2, 1 mM DTT, and 0.1 mM Na3VO4) with 200 nM cold

ATP plus 50 mCi g-32P-ATP (6000 Ci/mmol) for 60 min. The reaction was

stopped by transferring the gel into 5% trichloroacetic acid (w/v)/1% NaPPi

(w/v). The unincorporated g-32P-ATP was removed by washing with the

same solution for at least 6 h with five changes. The gel was dried onto

Whatman 3MM paper and exposed to Kodak XAR-5 film (Rochester, NY).

Prestained size markers (Bio-Rad, Hercules, CA) were used to calculate the

size of the kinases.
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