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Wounding chickpea (Cicer arietinum) internodes or cotyledons resulted in an increase in the steady-state level of copper
amine oxidase (CuAO) expression both locally and systemically. Dissection of the molecular mechanisms controlling CuAO
expression indicated that jasmonic acid worked as a potent inducer of the basal and wound-inducible CuAO expression,
whereas salicylic acid and abscisic acid caused a strong reduction of the wound-induced CuAO expression, without having
any effect on the basal levels. Epicotyl treatment with the CuAO mechanism-based inhibitor 2-bromoethylamine decreased
hydrogen peroxide (H2O2) levels in all the internodes, as evidenced in vivo by 3,3⬘-diaminobenzidine oxidation. Moreover,
inhibitor pretreatment of wounded epicotyls resulted in a lower accumulation of H2O2 both at the wound site and in distal
organs. In vivo CuAO inhibition by 2-bromoethylamine after inoculation of resistant chickpea cv Sultano with Ascochyta
rabiei resulted in the development of extended necrotic lesions, with extensive cell damage occurring in sclerenchyma and
cortical parenchyma tissues. These results, besides stressing the fine-tuning by key signaling molecules in wound-induced
CuAO regulation, demonstrate that local and systemic CuAO induction is essential for H2O2 production in response to
wounding and indicate the relevance of these enzymes in protection against pathogens.

Plant defense responses are accomplished by the
deployment of a complex array of events that are
differentially modulated depending on the incoming
stress (Maleck and Dietrich, 1999). Wounding different plant organs or interaction with pathogens induce local and systemic accumulation of defenserelated proteins (Hammond-Kosack and Jones, 1996;
Ryals et al., 1996; Ryan, 2000). The study of signaling
events inducing local and systemic responses led to
the discovery of systemin, jasmonates, ethylene, salicylic acid (SA), and abscisic acid (ABA) as signal
molecules (Peña-Cortés et al., 1989; Farmer and Ryan,
1990; Pearce et al., 1991; Xu et al., 1994; O’Donnell et
al., 1996; Schweizer et al., 1998; van Loon et al., 1998;
Knoester et al., 1999).
The existence of multiple defense strategies and
complex signaling networks leads to an enhanced
defense capacity of the plants. The signal transduction pathways of wounding and pathogen attack may
be common, different, or exclusive, depending on the
biological system, but likewise the establishment of
defense mechanisms requires the presence or accumulation of hydrogen peroxide (H2O2; Sutherland,
1991; Mehdy, 1994; Hammond-Kosack et al., 1996). In
particular, H2O2 behaves as a direct cytotoxic compound against pathogens and as a second messenger
1

This work was supported by the Italian Ministry for University
and Scientific Research and by the European Commission (project
Faba Bean Resistance and Yield in Mediterranean Area, contract
no. 18 –CT 98 – 0300, as part of O.M.’s doctorate thesis).
* Corresponding author; e-mail angelini@bio.uniroma3.it; fax
0655176321.
Article, publication date, and citation information can be found
at www.plantphysiol.org/cgi/doi/10.1104/pp.010646.

in the activation of defense genes (Lamb and Dixon,
1997). Moreover, this compound is involved in systemic acquired resistance and acts synergistically
with NO in the induction of hypersensitive cell death
(Delledonne et al., 1998). As a cosubstrate of the
peroxidases, H2O2 has been implicated in the oxidative cross-linking of apoplastic structural proteins as
well as in lignin and suberin polymerization. These
events strengthen the plant cell wall after mechanical
damage or pathogen challenge and make it less susceptible to the action of microbial lytic enzymes
(Mehdy, 1994; Hammond-Kosack et al., 1996). Given
its limited lifetime and its toxicity potential, H2O2
must be generated in situ and its level must be finely
regulated. In this context, proteins involved in the
regulation of H2O2 levels in the extracellular matrix
probably play a crucial role. In the apoplast, the
accumulation of H2O2 may result by the activity of a
plasma membrane NAD(P)H oxidases (Doke, 1995;
Lamb and Dixon, 1997), cell wall oxalate oxidases
(Lane, 1994), peroxidases (Bolwell et al., 1995), and
FAD and copper-containing amine oxidase (Allan
and Fluhr, 1997; Rea et al., 1998; Laurenzi et al., 1999).
Copper amine oxidase (CuAO; EC 1.4.3.6) catalyzes
the oxidative deamination of various biological active amines with the production of the corresponding
aminoaldehydes, H2O2, and NH3 (Smith, 1985). The
production of H2O2 raised upon amine degradation
has been correlated with oxidative burst, cell death,
as well as peroxidase-mediated lignification, suberization, and cell wall polymer cross-linking occurring
during ontogenesis and defense responses (Allan and
Fluhr, 1997; Møller and McPherson, 1998; Rea et al.,
1998; Wisniewski et al., 2000). CuAO is the most
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abundant soluble protein detected in the extracellular fluids from Fabaceae, in particular, pea (Pisum
sativum), lentil (Lens culinaris), and chickpea (Cicer
arietinum) seedlings (Federico and Angelini, 1991).
CuAO and peroxidase activities are spatially correlated and induced during wound healing (Angelini
et al., 1990; Scalet et al., 1991). Rapid accumulation of
CuAO mRNA was observed upon wounding and it
has been correlated with the repair process occurring
after injury (Rea et al., 1998). Moreover, CuAO activity is higher, and increases to a greater extent upon
infection, in chickpea cultivars resistant to the fungus
Ascochyta rabiei (Pass.) Lab., compared with the susceptible ones (Angelini et al., 1993). In this hostpathogen interaction resistance is not related to a
hypersensitive response. The reaction of resistant
cultivars includes necroses as disease symptoms, although of reduced extent as compared with necroses
observed on susceptible cultivars (Porta-Puglia et al.,
1996). It has been reported that haloamines behave as
selective, suicide inhibitors of CuAO. In particular,
2-bromoethylamine inactivates the enzyme irreversibly with a Ki ⫽ 10⫺6 m (Medda et al., 1997; Yu et al.,
2001). The high specificity of 2-bromoethylamine inhibition of plant CuAO is explained by the analysis of
the reaction mechanism (Medda et al., 1997).
2-Bromoetylamine actually leads to the irreversible
inhibition of CuAO through a mechanism-based inactivation of the enzyme cofactor tri-hydroxy-Phe
chinone. Inhibition is because of the aldehyde oxidation product rather than the short chain amine itself.
In fact, the aldehyde oxidation product forms a stable
six-membered ring causing irreversible inhibition of
the enzyme (Medda et al., 1997).
In this paper, we report a detailed study on the
regulatory mechanisms and the molecular signals
leading to the modulation of chickpea CuAO after
wounding and we demonstrate the relevance of these
enzymes as an H2O2-delivering system in wound
response, as well as in the protection against fungal
invasion, also exploiting in vivo 2-bromoethylamine
inhibition of CuAO.

nodes as well as the apical leaves were tested for
CuAO accumulation, through enzymatic activity determination and immunoblotting analysis, 24 h after
damage. Wounding induced an increase in the level
of CuAO activity not only at the site of injury, but
also throughout the whole stem and leaves (Fig. 1A).
In the internodes and the leaves above the lesion, the
increase in CuAO activity level was similar to that
observed in the wounded internode (2.5-fold),
whereas in the internodes below the lesion only a
small increase was observed (1.2-fold). Western-blot
analysis revealed a close correlation between CuAO
enzymatic activity and protein level (Fig. 1B).
To test whether the systemic induction of CuAO
expression occurs also by wounding other organs,
cotyledons of 10-d-old seedlings were wounded with
several cuts and CuAO activity evaluated 24 h later
both locally and at distal organs (roots, internodes,
and apical leaves). As shown in Figure 2, wounding
of cotyledons also determined a systemic increase of
CuAO activity in all the organs tested.
It has been demonstrated previously that CuAO
expression is locally induced 3 h after wounding (Rea
et al., 1998). To assess whether the systemic response
is also a rapid process, we analyzed the time course
of CuAO accumulation in wounded and distal internodes. The results reported in Figure 3 demonstrate
that CuAO expression is induced as early as 3 h after
damage in all the analyzed organs, indicating a rapid
systemic response.

RESULTS
CuAO Is Locally and Systemically Induced in
Response to Wounding

It is now well established that some classes of
defense-related proteins accumulate only at the site
of injury in response to wounding, whereas others
accumulate both locally and systemically (Bowles,
1990). It has been demonstrated recently that in
chickpea seedlings, CuAO expression is increased
locally (Rea et al., 1998). To assess if CuAO is also
associated with metabolic changes leading to systemic protection, we have undertaken a detailed
study on the wound-induced expression of this enzyme. The fifth internode of 10-d-old seedlings was
longitudinally injured with a blade and all the inter866

Figure 1. Local and systemic induction of CuAO in response to
internode wounding. A, CuAO activity assayed in internodes and
leaves of control (C) and wounded (W) plants 24 h after wounding
the fifth internode. B, Western-blot analyses performed on internodes
of control and wounded plants, respectively. 1 through 7, Internodes
numbered from the base toward the seedling apex. Bars represent SD
from three independent experiments.
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wound-inducible CuAO expression. Our experiments demonstrated also that SA strongly inhibited
the JA-induced increases of CuAO activity (Fig. 5A)
and protein levels (Fig. 5B) in wounded and distal
unwounded internodes. Control experiments revealed that activity of purified chickpea CuAO was
not affected by incubation with 1 mm SA or 50 m JA
(data not shown), excluding a direct effect of these
compounds on CuAO activity.
ABA Negatively Regulates Wound-Induced
CuAO Expression
Figure 2. Local and systemic induction of CuAO in response to
cotyledon wounding. CuAO activity determined in cotyledons, roots,
and internodes 24 h after wounding of cotyledons. 1 through 5,
Internodes numbered from the base toward the seedling apex. C,
Control; W, wounded. Bars represent SD from three independent
experiments.

ABA is an essential mediator in triggering the plant
responses to adverse environmental stimuli such as
water stress, high salinity, and low temperature (Giraudet et al., 1994; Shinozaki and YamaguchiShinozaki, 1996). Recently, it has been included

Jasmonic Acid (JA) Is a Potent Inducer of
CuAO Expression

It has been shown that wounding triggers an increase in the endogenous levels of the plant growth
regulator JA that is required to activate several
wound-responsive genes both locally and systemically (Creelman and Mullet, 1997; Wasternack and
Parthier, 1997). To investigate whether JA is part of
the signal transduction pathway leading to woundinduced CuAO expression, we analyzed the effect of
JA on 10-d-old excised chickpea epicotyls. The exogenous application of this compound caused a pronounced increase (2.5-fold) of CuAO activity and
protein level in unwounded epicotyls and potentiated the wound-induced CuAO expression in the
same organs (Fig. 4, A and B). These regulatory
mechanisms were also observed in the upper adjacent internode of wounded plants suggesting that
this hormone may mediate local and systemic induction of CuAO in response to wounding.
SA Blocks Wound- and JA-Induced CuAO Expression

Because it has been reported that SA can act as a
negative regulator for several wound-induced genes
(Doherty et al., 1988; Peña-Cortés et al., 1993; Doares
et al., 1995; Harms et al., 1998), we studied the role of
SA on CuAO expression. Chickpea epicotyls excised
from the cotyledons were supplied with 1 mm SA
and then analyzed for CuAO accumulation in response to wounding. Results from enzyme activity
determination and western-blot analyses indicated
that although SA did not affect the steady-state level
of CuAO expression (data not shown), it led to a 50%
reduction of the wound-induced CuAO accumulation (Fig. 5, A and B). Furthermore, SA also repressed
the systemically induced CuAO expression in upper
internodes (Fig. 5, A and B), indicating a common
feature in both local and systemic regulation of the
Plant Physiol. Vol. 128, 2002

Figure 3. Timing of local and systemic induction of CuAO in response to wounding. The fourth internode of chickpea seedlings was
longitudinally injured with a blade and CuAO activity determined in
the third, fourth, and fifth internodes at the indicated times. C,
Control; W, wounded. Bars represent SD from four independent
experiments.
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Northern-blot analysis has also demonstrated that
SA treatment inhibited the wound- and JA-induced
CuAO transcript accumulation in both wounded and
distal internodes. A similar CuAO regulation was
observed in ABA-treated plants (data not shown). As
a whole the above results suggest, although they do
not prove, that wounding, JA, and SA may regulate
CuAO expression acting at the transcriptional level,
without excluding the possibility of additional posttranscriptional and posttranslational regulation
mechanisms.
A Mechanism-Based CuAO Inhibitor Reduces H2O2
Accumulation in Chickpea Epicotyls
Figure 4. JA effect on CuAO expression. A, CuAO activity determined in the fourth and sixth internodes of excised chickpea control
epicotyls (C), or treated with JA (J), or wounded at the fourth internode (W), or wounded 8 h after the onset of JA-treatments (J/W).
Analyses were carried out 24 h after epicotyl detachment. Bars
represent SD from three independent experiments. B, Western-blot
analyses performed on the same samples analyzed for CuAO activity.

among the primary components of the systemic
wound-signaling cascade leading to proteinase inhibitors accumulation (Herde et al., 1996; PeñaCortés et al., 1996; Wasternack and Parthier, 1997),
even if its role in the wound response is still debated
(Birkenmeier and Ryan, 1998). We have assessed the
involvement of ABA in CuAO regulation in healthy
and wounded plants. Figure 6 shows that in seedlings continuously supplied with ABA, CuAO activity and protein levels are unaffected compared with
control plants supplied with buffer alone. In contrast, treating plants with ABA before wounding
caused a strong reduction of the wound-induced
enzyme activity and protein level. Similarly to what
was observed for SA, ABA also repressed the systemically induced CuAO expression in distal internodes (Fig. 6).

2-Bromoethylamine is a specific and irreversible
CuAO inhibitor (Medda et al., 1997). This compound
was effective in totally inhibiting CuAO activity in all
internodes, when supplied in excised epicotyls (data
not shown). The CuAO inhibitor was used to evaluate the relevance of this enzyme in H2O2 production
during physiological conditions and the wound response. To detect changes in H2O2 levels, we used
3,3⬘-diaminobenzidine (DAB), which is oxidized by
endogenous peroxidases in the presence of H2O2generating deep brown polymers (ThordalChristensen et al., 1997). The accumulation of the
DAB oxidation product in chickpea epicotyls, in the

Chickpea CuAO mRNA Accumulation after Hormonal
Treatment and Wounding

To gain a further insight into the molecular mechanism controlling CuAO expression after mechanical
injury, we measured the CuAO transcript accumulation by northern-blot analysis on plants treated with
SA and/or JA and then wounded. Figure 7 shows
that in response to wounding, the steady-state level
of CuAO mRNA increased locally and systemically
compared with unwounded plants. This increase was
higher at the site of injury in respect to that observed
in the adjacent organs, similar to what has been
observed at the protein level. As far as the JA effect is
concerned, densitometric analyses of the hybridization signals indicated that CuAO transcript levels
increased 5 times in plants treated with the hormone and 10 times in JA-treated/-wounded plants.
868

Figure 5. Effect of SA on the wound- or JA-induced CuAO accumulation. A, CuAO activity determined in the fourth and sixth internodes of excised chickpea control epicotyls (C), or wounded at the
fourth internode (W), or supplied with JA (J), or pretreated with SA
and then wounded (S/W), or pretreated with SA and then supplied
with JA (S/J). Analyses were performed 24 h after epicotyl detachment. Values presented are the mean of five independent experiments. B, Western-blot analyses performed on the same samples
analyzed for CuAO activity. Experiments were performed three times
giving highly reproducible results.
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Figure 6. ABA effect on CuAO expression. a, CuAO activity determined in the fourth and sixth internodes of excised chickpea control
epicotyls (C), or treated with ABA (A), or wounded at the fourth
internode (W), or pretreated with ABA, and then wounded (A/W).
Analyses were carried out 24 h after epicotyl detachment. Bars
represent SD calculated from values obtained in four independent
experiments. b, Western-blot analyses were performed on the same
samples analyzed for CuAO activity.

presence or absence of 2-bromoethylamine, is shown
in Figure 8. Our experiments demonstrated lower
levels of brown DAB polymers accumulated in the
inhibitor-treated plants (Fig. 8B, clearly visible in
internodes IV–VI) compared with untreated control
plants (Fig. 8A). Treatment of plants with
2-bromoethylamine before wounding caused a decrease of wound-induced H2O2 production (Fig. 8D,
internodes IV and V, versus Fig. 8C). Cross inhibition
study revealed that 2-bromoethylamine at concentrations up to 8 ⫻ 10⫺3 m did not affect peroxidase,
catalase, superoxide dismutase, and oxalate oxidase
activity either in pure enzymes or crude homogenates obtained from inhibitor-treated plants (percent

Figure 8. Effect of CuAO inhibition on H2O2 levels in healthy and
wounded chickpea epicotyls. Analyses were carried out by allowing
uptake of DAB by control epicotyls (A), or treated with
2-bromoethylamine (B), or wounded (C), or pretreated with inhibitor
and then wounded (D). Arrows indicate the wounded fourth
internodes.

activity inhibition was less than 5% compared with
the untreated plants or non pre-incubated pure
enzyme).
CuAO Inhibition by 2-Bromoethylamine Decreases
Defense Capacity of a Chickpea Cultivar Resistant to
A. rabiei

Figure 7. Effect of salicylic and JA on local and systemic CuAO
mRNA accumulation. A, Northern blot hybridized to chickpea 32Plabeled CuAO cDNA and carried out on total RNA extracted from the
third and fifth internodes of control epicotyls (C), or treated with JA
(J), or SA (S), or wounded at the third internode (W), or pretreated
with SA and then wounded (S/W), or pretreated with SA and then
supplied with JA (S/J). B, The fluorescence intensity of ethidium
bromide stained rRNA evidenced equal loading for each sample.
Experiments were performed three times yielding highly reproducible results.
Plant Physiol. Vol. 128, 2002

The necrotrophic fungus A. rabiei is the major
pathogen of chickpea causing blight on all the
aboveground parts of the plants. On stems, the symptoms of disease appear as expanding necrotic areas
and, depending on pathotype aggressiveness and
cultivar susceptibility, lesions elongate to varying
extents, often girdling the stem. Severe attacks of the
pathogen can result in stem breakage and, as a consequence, in heavy yield losses (Akem, 1999). During
the chickpea/A. rabiei interaction, CuAO activity is
induced in parallel with polyamine levels and peroxidase activity (Angelini et al., 1993). These results led
us to hypothesize the involvement of CuAO in chick-
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pea defense responses against A. rabiei. Thus, we
studied the effect of in vivo CuAO inhibition by
2-bromoethylamine on symptom development of the
resistant chickpea cv Sultano, inoculated with the
isolate ER33 of A. rabiei. As soon as necrosis appeared, epicotyls were treated with the CuAO inhibitor and were analyzed 7 d later (see “Materials and
Methods”). Chickpea cv Sultano plants challenged by
the fungus exhibited localized and restricted necroses with average disease rating of 1.2 ⫾ 0.42 (sd; Fig.
9A). In contrast, the infected and inhibitor-treated
plants (Fig. 9B) showed higher disease rating, averaging 3.7 ⫾ 0.48 (sd), together with a dramatic modification on necroses morphology. In the latter, in

fact, as a consequence of CuAO inhibition, lesions
extended lengthwise along the internode, even if
they never girdled the organ.
The effects of haloamine treatment on healthy and
infected tissues were also analyzed at the microscopic level by lignin-suberin staining with
berberine-aniline blue (Fig. 9, C–F). It is interesting to
note that in plants treated with 2-bromoethylamine
(Fig. 9, D and F), the number of lignified xylem cells
and derivatives of vascular cambium in contiguity
with xylem cells (white-bluish fluorescence) is lower
compared with those of the untreated plants (Fig. 9,
C and E). The number of fluorescent cells is actually
7.65 ⫾ 0.57 (sd) and 7.30 ⫾ 0.75 (sd) in noninfected

Figure 9. Effect of CuAO inhibition on the defense capacity of the chickpea cv Sultano resistant to A. rabiei. Photographs
A and B depict internodes of inoculated chickpea epicotyls treated or not treated with 2-bromoethylamine, respectively.
Magnification 16⫻. Photographs C through F show berberine-aniline blue staining of transverse sections from chickpea
epicotyls. C, Control internode; D, inhibitor-treated internode; E, inoculated internode; F, inoculated and inhibitor-treated
internode. Sections from infected internodes (E and F) were cut at the center of the superficial area of the necrosis.
Magnification 116⫻, bar ⫽ 70 m.
870
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and infected plants, respectively, whereas it is 3.85 ⫾
0.28 (sd) and 3.6 ⫾ 0.38 (sd) in inhibitor-treated noninfected and infected plants, respectively. In infected
plants treated with 2-bromoethylamine, the fungus
penetrated the cuticle and dramatically spread, causing extensive damage to the cortical parenchyma and
sclerenchyma (Fig. 9F). In contrast, in infected plants
not treated with the inhibitor, the fungus invaded a
small number of epidermal and cortical parenchyma
cells, causing only limited damage (Fig. 9E).
No CuAO activity was detected in the A. rabiei
mycelium or in liquid culture medium for the fungus
growth (A. Porta-Puglia, personal communication).
Moreover, control experiments performed on A. rabiei growth revealed that 2-bromoethylamine does
not modify morphology, growing rate, and development of the mycelial mass forming pycnidia.

DISCUSSION

Infection by opportunistic microorganisms can
arise from mechanical wounding caused by environmental stresses. As a consequence, plants respond to
physical injury activating genes involved in the repair process of the lesions, as well as in the enhancement of resistance to parasites (Bowles, 1990). Most
of these inducible responses occur in a complex temporal pattern around the wound site and systemically throughout the whole plant.
The involvement of CuAO in both wound healing
and pathogen defenses (Scalet et al., 1991; Angelini et
al., 1993) prompted us to examine its specific role in
these processes. In particular, wounding of chickpea
organs resulted in the local and systemic induction of
CuAO expression with the highest induction levels at
the wound site. The kinetics of CuAO accumulation
was the same in damaged as well as in distal internodes, starting 3 h after injury and increasing thereafter in a time-dependent way (Rea et al., 1998; this
paper). The occurrence of local and systemic responses suggests the possible relevance of these enzymes in defense. Determination of CuAO activity at
shorter times did not evidence significant increases.
However, the high basal CuAO activity levels found
in chickpea plants may represent a constitutive defense at the onset of wounding or pathogen attack.
The inducible increases boost the defense response
and may be related to the specific incoming stress
(suberin synthesis and wall fortification during
wound healing; production of H2O2 to kill the pathogen and for suberizing barrier to confine it). There is
a positive correlation between basal CuAO activity
levels as well as the extent of enzyme activity increase upon infection and degree of resistance of
chickpea to A. rabiei (Angelini et al., 1993).
The mechanisms by which plants regulate inducible defenses are not yet completely understood. Several molecules are involved in different transduction
pathways and, among them, SA and JA play imporPlant Physiol. Vol. 128, 2002

tant roles. Many reports support the hypothesis that
interaction between pathways, rather than linear signaling cascades, fine-tunes these complex defense
responses, providing great regulatory potential (Maleck and Dietrich, 1999; van Wees et al., 2000). The
best evidence for cross talk between induced defenses is observed in the systemic acquired resistance
and wound response pathways, which require SA
and JA as local and systemic effectors. SA has been
shown to be a negative regulator for defense gene
induction by JA in several plant species (Doherty et
al., 1988; Peña-Cortés et al., 1993; Doares et al., 1995;
Penninckx et al., 1996; Bowling et al., 1997; Harms et
al., 1998; van Wees et al., 1999). Similarly, JA action
has been reported to inhibit salicylate-dependent
pathways (Niki et al., 1998). Conversely, JA and ethylene have been shown to stimulate SA effects in
Arabidopsis plants (Lawton et al., 1994; Xu et al.,
1994).
In an attempt to dissect the molecular mechanisms
controlling CuAO expression upon mechanical injury, we have tested several candidates that are
known to mediate the wound and pathogen signaling in plants. Experiments focusing on SA and JA
interactions indicated the existence of an inverse relationship between these compounds. Exogenously
applied JA induced CuAO accumulation in healthy
as well as wounded plants, mimicking the effect of
mechanical injury. In contrast, SA was unable to
significantly modulate the constitutive expression of
CuAO, but it strongly suppressed the wound- and
JA-induced increases of the enzyme expression.
These effects were observed in wounded as well as in
distal unwounded internodes, indicating a common
feature in both local and systemic CuAO activation.
Because JA was exogenously applied in these experiments, SA could act as a negative effector in the
signaling pathway leading to CuAO induction, proceeding on steps that are downstream from the JA
biosynthesis. These regulatory mechanisms closely
resemble those observed for proteinase inhibitors of
solanaceous species that help to protect plants
against herbivores (Ryan, 1990; Peña-Cortés et al.,
1993; Doares et al., 1995).
The phytohormone ABA has been included among
the components of the systemic signaling cascade
leading to wound-induced gene activation, even
though its specific role is still debated (Peña-Cortés et
al., 1989, 1993, 1996; Herde et al., 1996; Birkenmeier
and Ryan, 1998). Our studies indicate that ABA plays
a negative role in the wound-induced expression of
CuAO in chickpea seedlings. This phenomenon remains to be elucidated for CuAO as well as for other
wound-induced metabolic pathways similarly regulated. ABA, in fact, inhibits the defense-induced transcriptional activation of Phe ammonia lyase, the
glucan-induced isoflavone response, and glyceollin
accumulation in soybean (Glycine max; Ward et al.,
1989; Graham and Graham, 1996).
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H2O2 produced during the wound response as well
as in plant-pathogen interactions is also involved in
the modification of the plant cell wall occurring after
pathogen challenge (Mehdy, 1994; HammondKosack et al., 1996). We have demonstrated that
2-bromoethylamine, a CuAO inhibitor, strongly reduces H2O2 accumulation generated in physiological
conditions as well as in response to wounding. The
latter phenomenon was observed both locally and in
distal organs. Hence, in these species CuAO could
play a role in the balance of reactive oxygen species
produced in the extracellular matrix. Furthermore,
these H2O2-producing enzymes have also a role in
defense against A. rabiei. By using 2-bromoethylamine, we have demonstrated that CuAO inhibition
can modify the defense capacity of the chickpea cv
Sultano, resistant to the fungus. A possible explanation is that CuAO inhibition may result in a low H2O2
production in the apoplast, leading to a reduced
mechanical resistance and suberization of cell walls.
This phenomenon may allow higher fungal spread
and diffusion of solanapyrone toxins (Alam et al.,
1989). At the macroscopic level, in fact, treatment
with the inhibitor caused the formation of more extended necrotic lesions, compared with the untreated
ones. Histology revealed that germ tubes of conidia
penetrate the stem tissues producing extended mycelial mass in both treated and untreated plants.
These events caused extensive damage to cortical
parenchyma cells (Höhl et al., 1990; this paper). It is
interesting that infection symptoms were more extended in 2-bromoethylamine treated plants that, in
addition, displayed damaged sclerenchyma tissue
and a lower number of lignified xylem tracheary
elements.
These results, beside stressing that wound-induced
CuAO regulation is under the fine-tuning by the key
signaling molecules JA, SA, and ABA, demonstrate
that local and systemic CuAO induction are essential
for H2O2 production during ontogenesis as well as in
response to wounding and suggest that a similar
phenomenon can be operating in defense strategies
against pathogens.

Wounded as well as distal organs were collected in parallel
with those from control plants, at the indicated times.
CuAO modulation by JA, SA, and ABA was studied
using excised epicotyls supplied through their cut surface
with 15 mm NaPi, pH 6.5 (NaPi buffer), or 50 m JA, or 1
mm SA, or 100 m ABA for 24 h. Analyses were also
performed on a set of epicotyls wounded immediately after
excision, or 8 h after the onset of a pretreatment with NaPi
buffer containing 50 m JA, or 1 mm SA, or 100 m ABA.
After injury, plants were continuously supplied with the
same solutions for 16 h. The effect of SA on the JAinducible CuAO expression was determined pretreating
excised epicotyls for 8 h with NaPi buffer containing 1 mm
SA, before supplying them for 16 h with the same solution
containing or not containing 50 m JA.

MATERIALS AND METHODS

Northern-Blot Analyses

Plant Materials

Total RNA was isolated using the Trizol Reagent (GibcoBRL, Cleveland) and following the manufacturer’s instruction. Blotting and hybridization procedures were performed as reported by Sambrook et al. (1989). Twenty
micrograms of total RNA were loaded for each sample.
Membranes were hybridized by using 50 ng of [32P]ATPlabeled chickpea cDNA (pCSAO, Rea et al., 1998), using
high-stringency conditions.

Chickpea (Cicer arietinum L. cv Sultano) seeds were
soaked overnight in aerated water and grown in soil in a
greenhouse under natural light conditions for 10 d at 25°C.
After treatments, organs were harvested, frozen in liquid
N2, and stored at ⫺80°C until use.

Infection Experiments
The fourth internodes of 10-d-old chickpea seedlings
were inoculated using a paintbrush with 0.4% (w/v) agarwater containing 1.5 ⫻ 106 spores mL⫺1 of an Ascochyta
rabiei (Pass.) Lab. isolate characterized by an intermediate
level of virulence (Porta-Puglia et al., 1996) and maintained
at the Istituto Sperimentale per la Patologia Vegetale collection (Rome) as isolate ER33 (A. Porta-Puglia, personal
communication). After inoculation, seedlings were transferred into a growth cabinet at 20°C in which humidity was
constantly maintained near saturation. Inoculated internodes were checked daily for the appearance of symptoms.
Epicotyls with necroses comparable in extension were detached from the cotyledons and treated for 7 d with NaPi
buffer containing or not containing the CuAO inhibitor
2-bromoethylamine, at a 5 mm final concentration. Seven
days after treatment, both inhibitor-treated and untreated
internodes were evaluated for symptoms. A 0 to 5 scale,
based on the visual estimation of necrotic internode surface, was used for disease rating (0, no symptoms; 1, superficial lesions covering up to 10% of the internode surface; 2, superficial lesions covering more than 10% and up
to 25% of the internode surface; 3, superficial lesions covering more than 25% and up to 50% of the internode
surface; 4, superficial lesions covering more than 50% and
up to 75% of the internode surface; and 5, superficial
lesions covering more than 75% of the internode surface).

Wounding and Treatments
Ten-day-old chickpea seedlings were longitudinally
wounded with a blade at the fourth or fifth internode or on
the cotyledons, as indicated in the specific experiments.
872

Enzyme Assays and Western-Blot Analyses
The extraction of soluble proteins from different chickpea organs was performed by homogenization (1:2 [w/v])
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in 0.2 m NaPi, pH 7.0. CuAO activity was assayed as
previously reported (Angelini et al., 1996). Enzymatic unit
is defined as the enzyme amount catalyzing the oxidation
of one mol of substrate ⫻ min⫺1. The inhibitory effect of
2-bromoethylamine was checked on pure chickpea CuAO,
horseradish peroxidase, bovine liver and Aspergillus niger
catalase, horseradish superoxide dismutase, barley oxalate
oxidase (all purchased from Sigma [St. Louis] except chickpea CuAO that was previously purified by conventional
chromatographic procedures) or on enzyme activities determined on inhibitor-treated plant homogenates according to assays described by Angelini et al. (1996), Egley et al.
(1983), Beers and Sizer (1952), Mishra and Fridovich (1972),
and Lane et al. (1993), respectively). Total soluble proteins
were quantified according to Bradford (1976) using bovine
serum albumin as a standard reference. Western-blot analyses were performed on 20 g of total soluble proteins of
each extract. After electroblotting, nylon membranes were
tested for equal loading by staining with Ponceau S (Sigma;
0.1% [w/v] Ponceau S in 5% [v/v] acetic acid; data not
shown). A 1,000-fold diluted lentil (Lens culinaris)-CuAO
rabbit polyclonal antibody (Federico et al., 1985) and a
5,000-fold diluted peroxidase-conjugated goat anti-rabbit
IgG (Sigma) were employed to detect CuAO protein accumulation using 4-chloro-1-naphtol (Sigma) and H2O2 as
substrates, according to the manufacturer’s instruction. Experiments were performed independently at least five
times, yielding reproducible results. Single representative
experiments are shown in the figures.
In Vivo Detection of H2O2
H2O2 was directly visualized in detached chickpea epicotyls by using 1 mg mL⫺1 DAB water solution, pH 3.8, as
described by Thordal-Christensen et al. (1997). Excised epicotyls were pretreated either with NaPi buffer containing 5
mm 2-bromoethylamine or buffer alone for 12 h and subsequently wounded on the fourth internode and supplied
for 8 h with DAB solution in parallel with unwounded
control plants. After treatments, all the plants were soaked
15 min in 95% (v/v) boiling ethanol to remove pigments,
transferred to fresh ethanol, and photographed.
Histochemical Methods
Ten-day-old chickpea cv Sultano seedlings were inoculated with A. rabiei on the fourth internodes as described
above. Epicotyls were excised 10 d postinoculation and
supplied with NaPi buffer containing or not containing 5
mm 2-bromoethylamine for 7 d. The fourth internodes were
then cut in 4- to 5-mm segments, oriented in 4% (w/v)
agar, and cut to a thickness of 100 m with a vibratome.
Lignin and suberin depositions were detected by the
berberine-aniline blue fluorescent staining procedure according to Brundrett et al., (1988). The experiments were
repeated three times with very similar results.
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