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Hydrogen peroxide (H,0,) is involved in plant defense responses that follow mechanical damage, such as those that occur
during herbivore or insect attacks, as well as pathogen attack. H,O, accumulation is induced during wound healing processes
as well as by treatment with the wound signal jasmonic acid. Plant polyamine oxidases (PAOs) are H,0O, producing enzymes
supposedly involved in cell wall differentiation processes and defense responses. Maize (Zea mays) PAO (ZmPAO) is a
developmentally regulated flavoprotein abundant in primary and secondary cell walls of several tissues. In this study, we
investigated the effect of wounding on ZmPAO gene expression in the outer tissues of the maize mesocotyl and provide
evidence that ZmPAO enzyme activity, protein, and mRNA levels increased in response to wounding as well as jasmonic acid
treatment. Histochemically detected ZmPAO activity especially intensified in the epidermis and in the wound periderm,
suggesting a tissue-specific involvement of ZmPAO in wound healing. The role played by ZmPAO-derived H,O, production in
peroxidase-mediated wall stiffening events was further investigated by exploiting the in vivo use of N-prenylagmatine (G3), a
selective and powerful ZmPAO inhibitor, representing a reliable diagnostic tool in discriminating ZmPAO-mediated H,O,
production from that generated by peroxidase, oxalate oxidase, or by NADPH oxidase activity. Here, we demonstrate that G3
inhibits wound-induced H,O, production and strongly reduces lignin and suberin polyphenolic domain deposition along the
wound, while it is ineffective in inhibiting the deposition of suberin aliphatic domain. Moreover, ZmPAO ectopic expression in
the cell wall of transgenic tobacco (Nicotiana tabacum) plants strongly enhanced lignosuberization along the wound periderm,

providing evidence for a causal relationship between PAO and peroxidase-mediated events during wound healing.

Reactive oxygen species (ROS) are common compo-
nents of plant developmental processes and defense
responses. Their roles in developmental programmed
cell death (PCD; for review, see Rogers, 2005), stomatal
closure (Pei et al.,, 2000; Kwak et al., 2003), root
gravitropism (Joo et al., 2001), and hair cell expansion
(Foreman et al., 2003) are at present widely accepted.
Rapid generation of ROS is also a basic component of a
plant’s response to pathogen challenges (for review,
see Apel and Hirt, 2004) and wound stress (Orozco-
Cardenas et al., 2001), such as those which occur
during physical injury and herbivore or insect attacks.
ROS contribute to plant disease resistance either
exerting a direct antimicrobical activity and/or by
driving peroxidase-mediated oxidative cross-linking
of cell wall components. Moreover, ROS induce hy-
persensitive response (HR) cell death in infected areas
(Levine et al., 1994; Solomon et al., 1999; Delledonne
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et al., 2001) and behave as second messengers in signal
transduction pathways leading to increased expres-
sion of defense genes (Orozco-Cérdenas et al., 2001; Jih
et al., 2003; Takahashi et al., 2004; for review, see Apel
and Hirt, 2004). The production of ROS in the cell wall
is achieved by different enzymatic sources, some of
which are membrane-bound NADPH oxidases (for
review, see Torres and Dangl, 2005) and apoplastic
oxalate oxidases (for review, see Lane, 2002), peroxi-
dases (for review, see Bolwell et al., 2002), and amine
oxidases (for review, see Cona et al., 2006a). All of
these ROS delivering systems have been involved in
plant defense responses, depending on tissue sources
and disease identities. Up to date, NADPH oxidase,
the plant homolog of the gp91P"* subunit of the mam-
malian phagocyte NADPH oxidase, is believed to be
the principal source of extracellular ROS, in both
development and defense. Indeed, NADPH oxidase
is involved in pathogen resistance in Arabidopsis
(Arabidopsis thaliana; Torres et al., 2002; Love et al.,
2005), tobacco (Nicotiana tabacum; Simon-Plas et al.,
2002; Yoshioka et al., 2003), and potato (Solanum tuber-
osum; Kobayashi et al., 2006), wound healing in tomato
(Solanum lycopersicum; Sagi et al., 2004), and ABA-
induced antioxidant defense in maize (Zea mays)
leaves (Jiang and Zhang, 2003). Moreover, this enzyme
has recently been demonstrated to also have a role in
suppressing the spread of cell death to the uninfected
cells surrounding HR sites (Torres et al., 2005). Nevertheless,

162 Plant Physiology, January 2008, Vol. 146, pp. 162-177, www.plantphysiol.org © 2007 American Society of Plant Biologists



the specific contribution of each of the other ROS
enzymatic sources to the apoplastic ROS production
deserves attention and demands further analysis. In
this connection an increasing amount of evidence in-
dicates amine oxidases as players in extracellular
hydrogen peroxide (H,O,) production during plant
development and defense (Allan and Fluhr, 1997; Cona
et al., 2006a). Amine oxidases are represented by an
heterogeneous group of enzymes, including copper-
containing amine oxidases (CuAQO) and flavin-containing
polyamine oxidases (PAO). Plant CuAO and PAO oxidize
polyamines at the primary and secondary amino group,
respectively, producing an aminoaldehyde, H,O,, as well
as NH; (CuAO) or 1,3-diaminopropane (Dap; PAO).
H,0, deriving from polyamine oxidative catabolism
has been correlated to cell wall stiffening events re-
sponsible for developmental cell wall maturation in
chickpea (Cicer arietinum; Cona et al., 2006a), tobacco
(Paschalidis and Roubelakis-Angelakis, 2005), and
maize (Cona et al., 2003). Maize PAO (ZmPAO; for-
merly MPAO) has been involved in the light-induced
inhibition of maize mesocotyl growth, since its expres-
sion level is induced by light and inhibited by auxin in
the external mesocotyl tissues (Cona et al.,, 2003).
Consistently, a progressive redistribution of ZmPAO
from cytoplasm toward primary and secondary walls
has been observed as a consequence of developmental
or light-induced tissue differentiation (Cona et al.,
2005). Moreover, a role has been suggested for amine
oxidases in developmental PCD occurring in differen-
tiating tracheary elements in maize (Cona et al., 2005)
and Arabidopsis (Moller and McPherson, 1998).
CuAO have also been involved in extracellular H,O,
production during defense responses to pathogen
attacks and wound healing (Cona et al., 2006a). In
chickpea seedlings CuAO expression is strongly in-
duced in response to wounding as well as after treat-
ment with jasmonic acid (JA), a wound signal (Rea
et al., 2002). Furthermore, the defense responses of
resistant chickpea ‘Sultano’ infected with Ascochyta
rabiei are severely impaired by CuAO inhibition (Rea
et al., 2002). Treatment with methyl jasmonate, a plant
regulator known to induce systemic protection from
powdery mildew infection in field-grown barley (Hor-
deum vulgare; Walters et al., 2002), has been shown to
enhance CuAO expression in tobacco (Biondi et al.,
2001) and barley plants (Walters et al., 2002).
Analogously to what has been demonstrated in
human cancer cells, which can undergo PCD through
catabolism of intracellular polyamines (Ha et al., 1997),
H,0, derived from polyamine degradation has been
shown to contribute to HR cell death in plants. Indeed,
in tobacco plants infected with Tobacco mosaic virus
(TMV), an increase in polyamine content as well as in
its biosynthetic and catabolic enzymes has been ob-
served (Yoda et al., 2003). Moreover, tobacco treatment
with a-difluoromethyl-Orn or guazatine, respectively,
inhibitors of Orn decarboxylase and PAO, reduced HR
cell death caused by TMV infection (Yoda et al., 2003).
In addition, the fungal cell wall-derived elicitor cryp-
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togein induced HR cell death in wild-type tobacco
cells, but it was ineffective in the transgenic BY-2 cells,
in which tobacco PAO (NtPAO) activity was sup-
pressed by RNAi silencing (Yoda et al., 2006). Further-
more, H,O, derived from spermine (Spm) oxidation
has been involved in the induction of HR- and defense-
related gene expression in tobacco leaves infected by
TMYV, through a signal transduction pathway involving
mitochondrial dysfunction and mitogen-activated pro-
tein kinase activation (Takahashi et al., 2003, 2004).

The aim of this study was to analyze the specific
contribution of ZmPAO to the apoplastic ROS produc-
tion during the wound healing response in the maize me-
socotyl, exploiting the in vivo use of N-prenylagmatine
(G3; K, = 1.5 X 10~® m), a powerful inhibitor of ZmPAO
activity (Federico et al., 2001; Cona et al., 2004), whose
selectivity toward ZmPAO has been recently addressed
both in vitro and in vivo (Cona et al., 2006b). Indeed, the
reliability of G3 as an inhibitor in discriminating ZmPAO-
mediated H,O, production in an in vivo multicomponent
ROS production system such as that operating in the
apoplast, was supported by its inability to affect perox-
idase, oxalate oxidase, and NADPH oxidase enzyme
activity. The involvement of ZmPAO-mediated H,O,
production in wound healing was further investigated
by means of transgenic tobacco plants constitutively
expressing high level of ZmPAO in the cell wall. Here,
we suggest that extracellular ZmPAO activity is involved
in defense response to wounding by delivering the H,O,
required for the peroxidase-mediated suberin polyphe-
nolic domain and lignin synthesis.

RESULTS

Wounding Induces an Increase in ZmPAO
Expression Level

To investigate the involvement of ZmPAO in the
extracellular production of H,0, during wound heal-
ing, we performed a time-course analysis of ZmPAO
activity levels as well as ZmPAO protein and mRNA
accumulation in response to wounding in the outer
tissues (i.e. cortical and epidermal tissues) of the
nongrowing zone of the maize mesocotyl. These tis-
sues, in which ZmPAO gene expression was previ-
ously demonstrated to be up-regulated by light and
down-regulated by auxin (Cona et al., 2003), represent
a well-characterized and suitable system for studying
ZmPAO regulation due to their low levels of basal
ZmPAO enzyme activity in dark-grown seedlings as
well as to their ability to rapidly respond to external
stimuli, such as in the case of light. This study reports
the local and systemic induction of extractable ZmPAO
expression after mesocotyl wounding of dark-grown
seedlings, already detectable in the mesocotyl outer
tissues after 12 h from injury. To avoid photomorpho-
genic effects on ZmPAO activity (Cona et al., 2003),
seedlings were kept in the dark for all the duration of
the experiments and every technical operation was
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Figure 1. Time-course analysis of ZmPAO expression during wound
healing in the outer tissues of the nongrowing zone of the maize
mesocotyl. Five-day-old seedlings were longitudinally wounded with a
blade on the nongrowing zone of the mesocotyl. Two-centimeter-long
segments were sampled, after eliminating 1 cm above the seed from
unwounded (control) and wounded plants at the indicated time after
wounding. Cortical plus epidermal tissues (outer tissues) were obtained
by drawing out the stele, and used for determination of extractable
ZmPAO activity, western-blot, and northern-blot analysis. A, Extract-
able ZmPAO activity levels (U: IlUs; mean values = sg; n = 5) expressed
on a fresh weight (FW) basis. Pvalues indicate statistical significance of
differences between ZmPAO activity levels in wounded with respect to
control samples for each time. ns, Not significant; *, **, and ***, P
values = 0.05, 0.01, and 0.001, respectively. B, Western-blot and
northern-blot analyses (samples as in A). Western immunoblotting of
extractable ZmPAO fractions was performed after SDS-PAGE loaded on
the basis of the total protein content (20 ug/well; top insert). Total RNA
was fractionated by agarose/formaldehyde gel electrophoresis, blotted
onto a nylon membrane, and hybridized with *2P-labeled maize PAO
cDNA probe (middle insert). As a loading control, samples were also
hybridized with the cDNA of the S13 ribosomal protein (bottom insert).
C, Control; W, wounded; subscripted numbers indicate sampling time.

performed under photomorphogenically inactive green
light. No differences in stem growth rate were observed
between wounded and control plants at any time checked.

As shown in Figure 1A, the level of extractable
ZmPAO activity expressed on a fresh weight basis
increased in the mesocotyl outer tissues of wounded
plants as compared to the respective unwounded
(control) plants until the last time checked (72 h),
when its level was 2-fold that of control plants. The
greatest difference was detectable 24 h after wounding
(Fig. 1A). Moreover, a systemic induction of extract-
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able ZmPAO activity was observed in coleoptiles ei-
ther at 24 or at 48 h after mesocotyl wounding (Fig. 2).
Very similar results were obtained when extractable
ZmPAO activity was expressed on total protein basis
(data not shown). Experiments reported in Figures
1 and 2 were performed using 5-d-old seedlings grown
on paper under loam (average stem length = 6.5 cm);
however, similar results were obtained when 3-d-old
seedlings germinated on paper were kept into a hy-
droponic culture containing a nutrient solution for 3 d
before being wounded (data not shown; average stem
length = 6.5 cm).

ZmPAO protein accumulation patterns in the outer
tissues taken from wounded and control plants (Fig.
1B, top insert) resembled the relative ZmPAO activity
values at each specific time (Fig. 1A). Indeed a ZmPAO
protein band of higher intensity was already evident at
12 h after injury (Fig. 1B, top insert). Moreover higher
ZmPAO protein levels were observed in the wounded
with respect to control seedlings at every time checked
(Fig. 1B, top insert) until 72 h from wounding (data not
shown).

Northern-blot analysis of the total RNA purified
from mesocotyl outer tissues at different time was per-
formed using ZmPAO cDNA (EMBL DataBase acces-
sion number AJ002204) as a probe (Fig. 1B, middle
insert; Tavladoraki et al., 1998) or maize rp-S13 (Gen-
Bank accession number AF067732) as loading control
(Fig. 1B, bottom insert). As shown in Figure 1B (middle
insert), the increase in ZmPAO mRNA accumulation
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Figure 2. Systemic induction of extractable ZmPAO activity in maize
coleoptiles. Five-day-old seedlings were longitudinally wounded with
a blade on the nongrowing zone of the mesocotyl and coleoptiles were
sampled from unwounded (control) and wounded plants at the indi-
cated time after wounding. Extractable ZmPAO activity levels (U: IUs;
mean values * sg; n = 5) are expressed on a fresh weight (FW) basis. P
values indicate statistical significance of differences between ZmPAO
activity levels in wounded with respect to control samples for each
time. ns, Not significant; *, **, and ***, P values = 0.05, 0.01, and
0.001, respectively.
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preceded ZmPAO activity and protein level increases,
since a much more intense hybridizing band was de-
tectable in wounded samples 6 h after injury. A very
strong increase in ZmMPAO mRNA level was evident in
wounded samples as compared to the respective con-
trol at 12 and 24 h and was still present at 48 h after
injury.

No difference occurred after wounding in wall-
bound to extractable ZmPAO activity ratio, since wall-
bound ZmPAO activity increased to the same extent as
the extractable enzyme activity at every time checked
(data not shown). This result is consistent with previous
studies reporting that no significant differences were
observed in wall-bound to extractable ZmPAO activity
ratio after light or auxin treatments (Cona et al., 2003).

Wound-Induced ZmPAO Activity Increase Is Evident in
the Epidermis and Wound Periderm

To investigate the tissue localization of the wound-
induced ZmPAO activity increase, ZmPAO activity
was histochemically detected by 3,3’ -diaminobenzidine
(DAB) staining in transverse sections of mesocotyl
from wounded maize plants at 0, 24, 48, and 72 h after
wounding (Fig. 3). The specificity of staining for PAO
activity was confirmed by the evidence that sections
from wounded plants, incubated in the staining solu-
tion lacking spermidine (Spd), were unstained (data not
shown). Histochemical ZmPAO activity gradually in-
tensified in the epidermis and in the wound periderm,
displaying a strong staining 72 h after injury (Fig. 3D).
Cortical parenchyma also exhibited a DAB staining
increase from 0 to 72 h after wounding, although to a
lower extent. As expected (Cona et al., 2005, 2006b), the
high levels of ZmPAO activity in stelar tissues caused a
strong DAB staining in all the samples, without any
detectable difference among unwounded (control) and
wounded plants at any time checked. Since no histo-
chemical ZmPAO activity increase was detected in the
mesocotyl epidermis and cortical parenchyma from
unwounded (control) plants (Fig. 3D, inset), the
ZmPAO activity increase observed in the correspond-
ing tissues from wounded plants could reasonably be
ascribed to wound healing response rather than to
development.

ZmPAO Expression Is Induced by JA Treatment

It is well known that JA accumulates locally and
systemically in response to tissue damage such as that
caused by feeding insect (for review, see Ledn et al.,
2001). To study the eventual role played by JA as a
mediator in the signal transduction pathway leading
to the wound-stimulated activation of ZmPAO gene
expression, we analyzed the effect of this plant growth
regulator on ZmPAO activity levels as well as on
ZmPAO protein and mRNA accumulation. To this
purpose, a dose-response and a time-course analysis
were performed using dark-grown maize seedlings
kept into a hydroponic culture containing a nutrient
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solution, in the presence or absence of JA at the in-
dicated concentrations. Noteworthily, these experi-
ments were carried out utilizing seedlings at earlier
developmental stages as compared to those used for
wounding, to supply the hormone in advance with
respect to the developmental dependent increase of
ZmPAOQO expression.

The dose-response curve (Fig. 4) relative to the effects
of JA supply on extractable ZmPAO activity levels
revealed that optimal JA concentrations averaged
around 50 uM, for both mesocotyl outer tissues and
coleoptiles. Indeed, despite the fact that levels of
ZmPAO activity expressed on a fresh weight basis
gradually increased in all treated plants as compared
to JA-untreated (control) plants, including the 135 um
JA-treated plants (Fig. 4A), the level of ZmPAO activ-
ity expressed on total protein basis decreased in the
latter plants as compared to 50 uM JA-treated plants
both in mesocotyls (Fig. 4B) and in coleoptiles (data

Figure 3. Histochemically detected ZmPAO activity in transversal
mesocoty| sections from wounded maize seedlings. Hand-cut cross
sections (approximately 100 um thick) obtained from the wounded
zone of the mesocotyl and from the corresponding zone from un-
wounded (control) plants were utilized for light microscopic investi-
gation. ZmPAO activity was histochemically detected at 0 (A), 24 (B),
48 (C), and 72 (D) h after wounding using a peroxidase-coupled assay
with DAB as the chromogenic artificial substrate. After washing in
distilled water, sections were preincubated in sodium phosphate buffer
10 mm, pH 6.5, containing 60 ug/mL peroxidase and 0.04% DAB for
10 min and then incubated with 3 mm Spd. Reactions were blocked after
3 min by thoroughly washing sections in distilled water. Inset illustrates
histochemical ZmPAO activity in section from control plants at 72 h
after the onset of the experiment. Bars = 100 wm.

165



Angelini et al.

A EXXA mesocotyl outer tissues L 1.50
0.45 { E==] coleoptiles )
A 3
s 3
o >
C N
5 0.30 - - 1.00 2'
- <
2 g
£ =
o .
5 @
2 0.15 - - 0.50
o 3
£ =
N Tl
0.00 0.00

0 1.5 50
Jasmonic acid [uM]

0.20 -
0.15 1
0.10 -

0.05 3
0

0.00

5 15
Jasmonic acid [uM]

Mesocotyl ZmPAO activity [U - (mg protein)'] W

Figure 4. Dose-response curve of JA treatment on ZmPAO activity
levels in coleoptiles and outer tissues of the nongrowing zone of the
maize mesocotyl. Three-day-old seedlings were transferred into an
aerated hydroponic culture supplied with a nutrient solution, in the
presence or absence of JA at the indicated concentrations. Coleoptiles
and mesocotyl segments were sampled after eliminating 0.3 cm above
the seed and 0.3 cm below the node from JA-untreated (control) and JA-
treated plants 48 h after the onset of the treatments. Mesocotyl cortical
plus epidermal tissues (outer tissues) were obtained by drawing out the
stele. Coleoptiles and mesocotyl outer tissues were used for determi-
nation of extractable ZmPAO activity (U: IUs; mean values * sg; n = 5).
Pvalues indicate statistical significance of differences between ZmPAO
activity levels in JA-treated with respect to control samples for each
concentration tested. ns, Not significant; *, **, and ***, Pvalues = 0.05,
0.01, and 0.001, respectively. A, Extractable ZmPAO activity levels
expressed on a fresh weight (FW) basis in the outer tissues of the
nongrowing zone of the maize mesocotyl (left y axis) and in coleoptiles
(right y axis). B, Extractable ZmPAO activity levels expressed on total
protein basis in the outer tissues of the nongrowing zone of the maize
mesocotyl.
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not shown), probably due to a nonspecific effect on
total protein content.

Concerning the time-course analysis (Fig. 5), exper-
iments were focused on the effect of JA supply on
ZmPAO gene expression in mesocotyl outer tissues,
since it represents the model system as regards the
analysis of ZmPAO expression regulation (Cona et al.,
2003). Analogously to what was observed after wound-
ing, extractable ZmPAO activity expressed on a fresh
weight basis increased in both 50 and 100 um JA-
treated plants compared to control plants until the last
time checked (72 h; Fig. 5A, top insert). However,
ZmPAO activity expressed on total protein basis ex-
hibited a lower increase in 100 uM JA-treated plants
with respect to the corresponding 50 um JA-treated
plants at either 48 or 72 h from treatment onset (Fig.
5A, bottom insert), further confirming the occurrence
of a nonspecific JA effect on total protein content for
prolonged JA treatments at concentration higher than
50 uM. Noteworthily, spraying plants with aqueous
solution containing JA or methyl-JA resulted in a
lower increase of ZmPAO expression likely due to a
bad penetration of the chemicals.

Western-blot and northern-blot analysis of JA-treated
and control samples showed a ZmPAO protein and
mRNA accumulation pattern similar to that exhibited
in the corresponding ZmPAO activity values (Fig. 5B,
top insert). Indeed, western-blot analysis of 50 um JA-
treated seedlings revealed that the intensity of ZmPAO
protein bands were higher at each time checked (Fig.
5B, top insert). Moreover, northern-blot analysis showed
more intense hybridization bands in 50 um JA-treated
samples at every time checked, with the highest re-
sponse at 72 h after treatment onset (Fig. 5B, middle
insert).

Salicylic Acid Treatment Enhances JA Effect on
ZmPAO Activity

It has been suggested that salicylic acid (SA)- and
JA-signaling pathways are antagonistic to each other
and SA has been reported to suppress expression of
wound- and JA-induced genes (for review, see Pieterse
and Van Loon, 2004). Such antagonism has been linked
either to SA-mediated suppression of JA biosynthesis
(Pena-Cortés et al., 1993), or more recently, to a cyto-
solic function of the SA-activated NONEXPRESSOR
OF PATHOGENESIS-RELATED GENES1 protein, a
key regulator of systemic acquired resistance, whose
site of action in inhibiting JA signaling is still unknown
(for review, see Pieterse and Van Loon, 2004). How-
ever, emerging evidence reveals a more complex per-
spective by which the two mediators affect plant gene
expression antagonistically or synergistically, depend-
ing on their relative concentrations or on the duration
of coaccumulation (Mur et al., 2006). Taking these con-
siderations into account, we analyzed the effect of SA
or JA/SA treatments on extractable ZmPAO activity in
the mesocotyl outer tissues from maize seedlings kept
into a hydroponic culture supplied with SA in a
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concentration ranging between 0.1 and 5 mm for dose-
response studies and 1 mMm for time-course analysis.
Moreover, plants were simultaneously supplied with
50 uM JA/1 mMm SA or 100 um JA/1 mm SA, to analyze
eventual interactions of these plant growth regulators
in affecting ZmPAO activity.

ZmPAO activity was not altered in SA-treated ver-
sus SA-untreated plants up to 1 mm SA (data not
shown) that represents the highest nontoxic concen-
tration in our experimental system. Otherwise, SA and
JA, both 50 and 100 uM, displayed a synergistic effect
on ZmPAO activity. In fact, ZmPAO activity in 50 um
JA/1 mm SA- or in 100 um JA /1 mm SA-treated plants
exhibited higher levels after 48 h from the onset of the
treatments as compared, respectively, to 50 uM JA- or
100 um JA-treated plants. Indeed, differences were
statistically significant when ZmPAO was expressed
either on fresh weight basis or total protein content
(Fig. 6, A and B).

Wound-Induced H,0, Accumulation Is Inhibited by
G3, a Specific ZmPAO Inhibitor

G3 is a specific, powerful inhibitor of ZmPAO ac-
tivity with a K; of 1.5 X 107® m (Federico et al., 2001).
The select1v1ty of G3 toward ZmPAO has been dem-
onstrated by the in vitro and in vivo analysis of its
inhibitory activity on the other putative ROS-generating
enzyme systems in the apoplast (Cona et al 2006b). In
detail, G3 at a concentration of 1 X 10™* M did not
inhibit both barley oxalate oxidase and horseradish
(Armoracia lapathifolia) peroxidase enzyme activity in
vitro. Moreover at the same concentration the inhibitor
did not inhibit the NADPH oxidase-mediated O,
production in vivo (Cona et al.,, 2006b). On the basis
of these results it has been established that G3, even at a
concentration 10-fold higher than that used in this
work, represents a selective diagnostic tool in discrim-
inating ZmPAO-mediated H,O, production in vivo
from that generated by peroxidase, oxalate oxidase, or
NADPH oxidase activity (Cona et al., 2006b). To ana-
lyze PAO-specific contribution to wound-induced H,O,
production, the accumulation of this compound was
evaluated in maize mesocotyl from wounded seedlings
after 8 h incubation in DAB staining solution in the
presence or absence of G3. As shown in Figure 7, H,0,
accumulation was totally inhibited by G3 in wounded

control samples for each time. ns, Not significant; *, **, and ***, P
values = 0.05, 0.01, and 0.001, respectively. B, western-blot and
northern-blot analysis (samples as in A). Western immunoblotting of
extractable ZmPAO fractions was performed after SDS-PAGE loaded on
the basis of the total protein content (20 ug/well; top insert). Total RNA
was fractionated by agarose/formaldehyde gel electrophoresis, blotted
onto a nylon membrane, and hybridized with *2P-labeled maize PAO
cDNA probe (middle insert). As a loading control, samples were also
hybridized with the cDNA of the S13 ribosomal protein (bottom insert).
C, Control; JA, JA-treated samples; subscripted numbers indicate
sampling time.
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Figure 6. Effects of JA, SA, or JA/SA treatment on ZmPAO activity levels
in the outer tissues of the nongrowing zone of the maize mesocotyl.
Three-day-old seedlings were transferred into an aerated hydroponic
culture supplied with a nutrient solution, in the presence or absence of
50 or 100 um JA, 1T mm SA, or JA/SA. Mesocotyl segments were
sampled, after eliminating 0.3 cm above the seed and 0.3 cm below the
node from hormone-untreated (control) and hormone-treated plants
after 48 h from the onset of the treatments. Cortical plus epidermal
tissues (outer tissues) were obtained by drawing out the stele, and used
for extractable ZmPAO enzyme activity analysis at the indicated time
after the onset of the treatments (U: 1Us; mean values * sg; n = 5). P
values indicate statistical significance of differences between ZmPAO
activity levels in JA-treated with respect to the respective JA/SA-treated
samples for each time. ns, Not significant; *, **, and ***, P values =
0.05, 0.01, and 0.001, respectively. A, Extractable ZmPAO activity
levels expressed on a fresh weight (FW) basis. B, Extractable ZmPAO
activity levels expressed on total protein content.

mesocotyls either in longitudinally cut seedlings (Fig. 7,
A and B) or after removal of an epidermal strip (Fig. 7,
C and D). Unwounded mesocotyls did not show a DAB-
staining detectable production of H,O, in the epidermal
tissues 8 h after injury (data not shown), as also con-
firmed by the absence of DAB staining in the epidermal
areas far from the wound border in wounded meso-
cotyls (Fig. 7, A and C).

G3 Strongly Reduces Lignin and Suberin Polyphenolic
Domain Levels Along the Wound Periderm

Plants respond to wounding by differentiating a
lignosuberized layer that constitutes the wound peri-
derm. Besides fortifying cell wall structure, lignin and
suberin form important defense barriers against de-
hydration and pathogens. Lignin is a polyphenolic
polymer whose composition is highly variable, differ-
ing even among different cell types of a single tissue
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(Joseleau and Ruel, 1997), while suberin contains both
polyphenolic and aliphatic domains, the latter consist-
ing of esterified fatty acids.

To explore the role played by ZmPAO in lignin and
suberin deposition along wound lesion, we analyzed
the effect of G3 supply on the spatiotemporal accu-
mulation of ester-linked phenolics, lignin and suberin,
during wound healing, by the means of a combined
approach of UV-light-induced autofluorescence and
specific staining. To this scope, hand-cut cross sections
from wounded mesocotyls of G3-treated and G3-
untreated maize plants were examined for either
autofluorescence coupled with ammonium hydroxide
treatment or Sudan IV staining observed under light
microscopy at 0, 24, 48, and 72 h after wounding.

Cross sections of wounded mesocotyls from G3-
untreated seedlings showed UV-induced blue auto-
fluorescence in the phloem as well as in the cortical
and pith parenchyma cells (Fig. 8, A, C, and E) that
turned to blue green upon treatment of the sections
with ammonium hydroxide (Fig. 9, A, C, and E). This
is indicative of the presence of ester-linked phenolics
within cell walls (Harris and Hartley, 1976). Lignified
tissues, such as endodermis, xylem, xylem parenchyma,

A UNTREATED B

G3-TREATED

Figure 7. Inhibition of H,O, accumulation by G3 in wounded maize
mesocotyl. Etiolated seedlings were longitudinally wounded on the
mesocotyl with a razor blade (A and B). Alternatively, an epidermal
strip was removed (C and D). After root deprivation, wounded seedlings
were preincubated for 30 min in the presence or absence of 1 X 107> m
G3 (in 10 mm NaH,PO, solution containing 60 ug/mL peroxidase)
prior to be supplied with T mg mL™" DAB for 8 h. Afterward, reactions
were stopped by thoroughly washing in distilled water and H,O, was
directly visualized. Photograph magnification: A and B, X2.0; C and
D, X3.4.
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Figure 8. UV-induced autofluorescence microscopic analysis in
wound-healing maize mesocotyls. Histochemical analysis was performed
in hand-cut cross sections (approximately 100 um thick) obtained from
the wounded zone of the mesocoty! of G3-untreated and G3-treated
plants, at O (inset), 24 (A and B), 48 (C and D), and 72 (E and F) h after
wounding. Sections were directly mounted in buffer on slides and
observed for autofluorescence under UV light. Bars = 100 um.

and innermost cell layers underneath wound peri-
derm displayed a UV-induced whitish-blue or blue
autofluorescence (Fig. 8, A, C, and E) that was un-
changed upon ammonium hydroxide treatment (Fig. 9,
A, C, and E) according to what previously was de-
scribed for lignified tissues (Harris and Hartley, 1976).
In particular, this phenomenon was already evident
after 24 h in wound periderm (Fig. 9A) and later in the
other tissues (Fig. 9, C and E). Moreover, a strong UV-
induced yellow autofluorescence, already described in
wound-healed periderms (Sherf et al., 1993), was evi-
dent in the maize mesocotyl wound periderm (Fig. 8, A,
C, and E) owing to the presence of polymerized phe-
nolics associated to lignin and suberin polyphenolic
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domain (Sherf et al., 1993). Interestingly, these cells
turned into blue autofluorescence upon ammonium
hydroxide treatment (Fig. 9, A, C, and E). The occur-
rence of suberin or other aliphatic-domain containing
molecules, such as waxes or cutin, in the cell walls of
wound periderm was confirmed by staining with the
lipophilic dye Sudan IV (Fig. 10, A, C, and E).

As shown in Figure 8, G3 treatment strongly in-
hibited deposition of poliphenolic associated to lignin
and suberin polyphenolic domain occurring at the
wound site of G3-untreated plants from O h up to 72 h
after injury. Indeed the increase in yellow autofluo-
rescence observable along the lesions of G3-untreated

G3-TREATED

A UNTREATED B

Figure 9. UV-induced autofluorescence microscopic analysis after
ammonium hydroxide treatment in wound-healing maize mesocotyls.
Histochemical analysis was performed in hand-cut cross sections
(approximately 100 wm thick) obtained from the wounded zone of
the mesocotyl of G3-untreated and G3-treated plants, at O (inset), 24 (A
and B), 48 (C and D), and 72 (E and F) h after wounding. Sections were
incubated for 1 min in 10 mm NH,OH, pH 10, prior to observation
under UV light. Bars = 100 um.
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Figure 10. Light microscopy detection of suberin aliphatic domain in
wound-healing maize mesocotyls. Histochemical analysis was per-
formed in hand-cut cross sections (approximately 100 um thick)
obtained from the wounded zone of the mesocotyl of G3-untreated
and G3-treated plants, at O (inset), 24 (A and B), 48 (C and D), and 72 (E
and F) h after wounding. Sections were preincubated for 10 min in 50%
ethanol and then stained for 20 min in a filtered saturated solution of
Sudan IV in 70% ethanol. After washing in 50% ethanol (1 min),
sections were observed under light microscopy. Bars = 100 um.

plants (Fig. 8, A, C, and E) was greatly impaired by the
G3-mediated ZmPAO inhibition (Fig. 8, B, D, and F).
The autofluorescence level, after ammonium hy-
droxide treatment of cross section, was not affected by
G3 treatment in phloem as well as in cortical and pith
parenchyma, indicating that the level of ester-linked
phenolics was unchanged. Nevertheless, G3 treatment
inhibited lignin deposition in the innermost cell layers
underneath wound periderm (Fig. 9). In fact, the
intensity and the tissue extension of UV-induced
blue autofluorescence, after ammonium hydroxide
treatment, evident along the wound of G3-untreated
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plants (Fig. 9, A, C, and E) was strongly reduced after
G3 treatment (Fig. 9, B, D, and F).

Conversely, G3 supply failed to inhibit suberin
aliphatic-domain deposition (Fig. 10) as demonstrated
by the absence of any detectable differences in Sudan IV
staining intensity along the periderm of sections from
G3-untreated (Fig. 10, A, C, and E) and G3-treated plants
(Fig. 10, B, D, and F).

Polyamine Levels Are Not Altered during
Wound Healing

In plants, polyamine levels are altered by biotic and
abiotic stresses (for review, see Walters, 2003; Alcazar
et al.,, 2006) and changes in the levels of putrescine
(Put), Spd, or Spm occur in plants interacting with
fungal or viral pathogens (Yoda et al., 2003; for review,
see Walters, 2003) as well as after wounding (Perez-
Amador et al., 2002). To analyze eventual alterations of
polyamine levels consequent to wounding, we exam-
ined the levels of free and soluble-conjugated poly-
amines in the outer tissues of wounded and unwounded
(control) maize plants at 0, 24, 48, and 72 h after injury.
No detectable variations were determined (Supplemen-
tal Table S1) in the levels of free and soluble-conjugated
Dap, Put, Spd, and Spm in wounded versus control
plants at each time checked. In particular, soluble-
conjugated polyamines were absent in both control
and wounded plants. Moreover, in agreement with pre-
vious reports demonstrating the absence of detectable
polyamines in the apoplast of healthy leaves (Yoda et al.,
2003), no free polyamines were revealed in the inter-
cellular fluids extracted from control mesocotyls. Nev-
ertheless, no free polyamine accumulation occurred in
the intercellular fluids extracted from the mesocotyls of
wounded plants.

ZmPAO Expression in Transgenic Tobacco Plants
Enhances Lignin and Suberin Polyphenolic Domain
Deposition during Wound Healing

To verify the involvement of ZmPAO in the forma-
tion of lignosuberized depositions along wound peri-
derm, we exploited the availability of transgenic
tobacco plants constitutively expressing ZmPAO in
the cell wall (Rea et al., 2004). Wild-type and ZmPAO
transgenic tobacco plants were blade wounded on the
second internode (numbered from the apex) and ex-
amined for blue- (Fig. 11) or UV-light-induced (Fig. 12)
autofluorescence coupled with ammonium hydroxide
treatment. The spatiotemporal analysis of lignin and
suberin polyphenolic domain deposition along the
wound periderm cell walls indicated that ZmPAO
overexpression in this compartment greatly acceler-
ates the phenomenon (Figs. 11 and 12, A and B).
Moreover, treatment of wounded plants with Spd, the
preferential ZmPAO substrate, enhanced lignosuber-
ized deposition both in wild-type and transgenic to-
bacco plants (Fig. 11, D and E).
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In detail, the microscopic analysis of cross sections
from wild-type tobacco plants indicated that lignosu-
berization events occurred early on the external border
and late on the innermost part of the wound lesion.
Accordingly, after 72 h from wounding a remarkable
and similarly intense yellow autofluorescence was
already detected under blue light-induced fluores-
cence microscopy on the external margin of the wound
of both wild-type (Fig. 11I) and ZmPAO transgenic
plants (data not shown), while the middle and inner
boundary cells of the wound periderm displayed a
very different lignosuberization level in these two sets
of plants for each time examined (Fig. 11, A-C and F-H).
Indeed, a very pale yellow autofluorescence was de-
tected only on the outer margins of the wound peri-
derm in wild-type plants at 48 h after injury (data not
shown), whose intensity and extension toward the
boundary cells of the middle part of the wound in-
creased after 72 h (Fig. 11, A and C) until becoming
evident in the innermost terminal part of the wound
lesion at 96 h (Fig. 11G). Conversely, in ZmPAO trans-
genic tobacco plants at 72 h from injury a stronger

ZmPAO Spareated -
i ,

72h -

Plant Physiol. Vol. 146, 2008

Polyamine Oxidase Involvement in Wound Healing

yellow autofluorescence as compared to the corre-
sponding wild-type plants was revealed on the bound-
ary cells of both the middle part and the innermost
terminal part of the wound (Fig. 11, B and F). Moreover,
in the same plants at 96 h from wounding, a very strong
yellow autofluorescence was present in the whole le-
sion (Fig. 11H), especially in the innermost part of the
wound, indicating that an acceleration of wound heal-
ing processes occurred as a consequence of ZmPAO
ectopic expression. The presence of lignin in the cell
walls of wound periderm was also suggested by the
emission of blue autofluorescence under UV light upon
ammonium hydroxide treatment both in wild-type
(data not shown) and transgenic (Fig. 12, D and F)
tobacco plants (Harris and Hartley, 1976), as compared
to respective wild-type (data not shown) and transgenic
(Fig. 12, C and E) untreated plants.

A more sensitive investigation performed under
confocal laser scanning microscopy allowed to detect
healing progressing inside the wound cavity at earlier
developmental stages as compared to the blue- or UV-
induced fluorescence microscopic analysis (Fig. 11, L

Figure 11. Blue-induced autofluorescence and laser
scanning confocal microscopy analysis in wound-
healing tobacco plants overexpressing ZmPAQO in the
cell wall. Histochemical analysis under fluorescence
microscopy was performed in hand-cut cross sections
(approximately 100 um thick) obtained from the
wounded zone of the second internode (numbering
from the shoot apex) of Spd-untreated (A-C and F-I)
and Spd-treated (D-E) wild-type (WT) as well as
ZmPAO transgenic tobacco plants overexpressing
ZmPAO in the cell wall (ZmPAO), at 72 and 96 h
after wounding. Sections were directly mounted on
slides and observed for autofluorescence under blue
light (A-I). A, B, D, E, and G to |, bar = 100 um; C and
F, bar = 200 um. Confocal microscopy analysis was
performed on hand-cut cross sections from wild-type
and ZmPAO transgenic tobacco plants at 48 h after
wounding. L and M sections show a three-dimensional
reconstruction of autofluorescence images after blue
excitation. L and M, bar = 100 pum.
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Figure 12. UV-induced autofluorescence microscopic analysis after
ammonium hydroxide treatment in wound-healing tobacco plants
overexpressing ZmPAO in the cell wall. Histochemical analysis was
performed in hand-cut cross sections (approximately 100 um thick)
obtained from the wounded zone of the second internode (numbering
from the shoot apex) of Spd-untreated wild type (WT) as well as
tobacco plants overexpressing ZmPAO in the cell wall (ZmPAO), at 72
and 96 h after wounding. Some sections were directly mounted on
slides and observed for autofluorescence under UV (A-C and E) light.
Other sections were incubated for T min in 10 mm NH,OH, pH 10,
prior to observation under UV light (D and F). A, B, E, and F, bar = 100
um; C and D, bar = 50 um.

and M). The three-dimensional images of cross sec-
tions from wild-type and transgenic tobacco plants
revealed a remarkable blue-induced autofluorescence
on the innermost terminal part of the wound of trans-
genic plants (Fig. 11M) already 48 h after wounding,
that was not present in wild-type plants at the same
time (Fig. 11L), confirming the role played by ectop-
ically expressed ZmPAO in accelerating wound heal-
ing progression.

Spd-treated wild-type plants (Fig. 11D) showed a
stronger yellow autofluorescence under blue-induced
fluorescence microscopy as compared to the Spd-
untreated plants 72 h after wounding (Fig. 11A). As
shown in Figure 11D, autofluorescence was present
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also in the inside end of the lesion, suggesting that an
endogenous amine oxidase could be involved in wound
healing processes in tobacco plants. As expected, Spd
supply in ZmPAO transgenic plants (Fig. 11E) resulted
in even stronger yellow autofluorescence as compared
to Spd-untreated transgenic plants (Fig. 11B).

DISCUSSION

To counteract chewing insects or larger herbivores
as well as invasion by microbial pathogens, plants
make use of preexisting physical barriers and induc-
ible defense mechanisms, which largely depend on the
transcriptional activation of specific genes, directed to
the healing of the damaged tissues and to prevent
further damage. In this connection, owing to the ease
of microbe penetration allowed for the physical injury
consequent to either environmental stresses or animal
feeding, plants respond to wounding by enhancing
defense capacity against microbial pathogens. There-
fore, defense pathways activated in response to phys-
ical injury or pathogen attack cross communicate each
other, leading to the activation of distinct or partially
overlapping sets of genes. A common feature of these
defense strategies is a transient production of ROS,
whose chemical identity is spatially and temporally
regulated. In this regard, it is known that superoxide
anion is produced in the damaged tissues of wounded
plants only a few minutes after injury, while H,O, is
produced both locally and systemically, reaching a
peak after 4 to 6 h (for review, see Ledn et al., 2001).

Here, it is suggested that ZmPAO represents the
main source of apoplastic H,0O, production during
wound healing. Indeed, the increase in ZmPAQO en-
zyme activity, protein, and mRNA levels in mesocotyls
from wounded plants (Fig. 1) clearly demonstrates the
occurrence of a positive regulation of ZmPAO expres-
sion in damaged tissues. Noteworthily, the temporal
features of the increase of ZmPAO expression suggest
that ZmPAO is involved in the late phase of the
oxidative burst. Indeed, the increase in ZmPAO
mRNA accumulation that precedes the rise in ZmPAO
enzyme activity and protein levels is strongly evident
6 h after wounding and persists for several hours, up
to 48 h. This result is in keeping with previous studies,
suggesting that H,O, produced by polyamine degra-
dation contributes to the second phase of ROS pro-
duction during TMV-induced HR in tobacco plants
(Yoda et al., 2003; Takahashi et al., 2004) as well as in
tobacco cultured cells elicited with cryptogein (Yoda
et al., 2006). Further support for the hypothesis of a
ZmPAO role in the late phase of the oxidative burst
arises from previous studies that demonstrated that in
maize mesocotyls elicited with the phosphatase inhib-
itor cantharidin, ZmPAO-mediated H,O, accumulation
became evident 3 h after elicitation (Cona et al., 2006b).
The systemic induction of ZmPAO activity in response
to wounding (Fig. 2) indicated by the increase of
ZmPAO activity in coleoptiles of mesocotyl-wounded
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plants is consistent with the evidence that H,O, is
systemically produced after wounding (for review, see
Leon et al., 2001), which is in line with the previously
demonstrated systemic induction of copper amine ox-
idase in Cicer aretinum (Rea et al., 2002). The involve-
ment of ZmPAO activity in wound healing processes is
also supported by the tissue specificity of its increase
(Fig. 3), especially occurring in the damaged tissues of
wounded plants. In fact the histochemical visualization
of ZmPAO enzyme activity revealed the occurrence of a
gradual intensification of DAB staining from 0 up to 72
h after wounding in the epidermis and in the wound
periderm, while ZmPAO histochemical staining in the
stele of unwounded and wounded plants was similar.
Noteworthy is the wound-induced increase of
ZmPAO activity; besides confirming the ability of epi-
dermal ZmPAO to be rapidly regulated by various
external stimuli, it presents interesting analogies with
either the light-induced increase of ZmPAO gene ex-
pression or the ZmPAO-mediated H,O, production
upon cantharidin treatments, both also specifically oc-
curring in the outer tissues of the maize mesocotyls.
Indole-3-acetic acid, whose levels are known to decline
in maize mesocotyl epidermis upon light exposure
(Barker-Bridgers et al., 1998), has been reported to ex-
ert a negative effect on the light-induced increase of
ZmPAO gene expression in the same tissues (Cona et al.,
2003). Likewise, endogenous levels of indole-3-acetic
acid have been shown to decrease in wounded tissues,
the recovery of initial levels of active auxins represent-
ing a mechanism to limit the duration of the wound
response through the inhibition of wound-induced gene
expression (for review, see Leon et al., 2001). Therefore,
it is reasonable to presume that auxin represents a
common means of ZmPAO gene expression regulation
during both the wound and the deetiolation response.
Another interesting consideration is that reversible
protein phosphorylation regulates JA-dependent and
-independent wound signaling pathways (for review,
see Ledn et al, 2001). In this connection wound-
responsive genes are known to be activated by protein
phosphatase inhibitors in tomato cell culture (for
review, see Leon et al., 2001); likewise, ZmPAO activity
levels increase upon plant treatments with the phos-
phatase inhibitor cantharidin (Cona et al., 2006b).
With the aim of analyzing the molecular signals
responsible for the control of ZmPAO expression upon
mechanical injury, we tested the effect of plant treat-
ments with JA and SA, well known mediators of
wound and pathogen signaling, respectively. In line
with the hypothesis of ZmPAO involvement in wound
healing processes, JA treatments resulted in an in-
crease of ZmPAO expression, either in coleoptiles or in
mesocotyl outer tissues (Figs. 4 and 5). Conversely, SA
treatments had no effect on ZmPAO activity (data not
shown), confirming the specificity of the role played
by JA in the activation of the wound-responsive
ZmPAO gene. Worth noting is that JA-mediated in-
crease of ZmPAO gene expression could be ascribed to
the presence of a G-box motif in its promoter region
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(Cervelli et al., 2000), since this light-responsive motif
has been identified as an essential element for JA
responsiveness of wound-inducible genes (Kim et al.,
1992). However, ZmPAO activity levels in mesocotyl
outer tissues of plants treated with both JA and SA
were higher when compared to those observed when
applying JA alone (Fig. 6). This result reflects the
complexity of the relations between JA and SA signal-
ing pathway, whose interaction can be synergistic or
antagonistic, depending on their relative concentra-
tions or on the duration of coaccumulation (Mur et al.,
2006). The increase of ZmPAO activity described in JA-
treated plants suggests the hypothesis that the accumu-
lation of H,O, observed in plants upon JA treatments
(Mur et al., 2006) could be produced via the PAO-
mediated oxidation of polyamines, whose synthesis is
activated by JA as well (Walters, 2003).

The availability of a specific and selective inhibitor
of ZmPAO activity, such as G3 (K; = 1.5 X 1078 m;
Federico et al., 2001), which is able to discriminate in
vivo between ZmPAO-mediated H,O, production and
that derived by the other apoplastic sources of H,O,
(Cona et al., 2006b), allowed us to analyze the specific
contribution of polyamine-derived H,O, production to
the peroxidase-mediated oxidative cross-linking of
cell wall components occurring during wound heal-
ing. Effectively, this inhibitor totally inhibited the
extracellular H,0, production normally occurring in
wounded mesocotyl (Fig. 7). It is well known that
H,O, level could represent a limiting factor in the
peroxidase-catalyzed reactions leading to cross-linking
of lignin and suberin polyphenolic domain (Razem and
Bernards, 2002). Accordingly, G3 treatment decreases
the level of polymerized phenols in the wound peri-
derm (Fig. 8 and 9), while being ineffective in the
deposition of aliphatic suberin domain (Fig. 10), which
does not require H,O,-dependent cross-linking reac-
tion. As the cicatrization periderm autofluorescence of
wounded G3-treated samples is lower as compared to
that of wounded untreated ones, it could be hypothe-
sized that nonpolymerized phenols that should have
been incorporated into lignin and suberin polyphenolic
domain are uptaken by the cell and remetabolized.

The absence of variation in polyamine content after
wounding in mesocotyl outer tissues (Supplemental
Table S1) could be ascribed to the occurrence of a
strictly balanced rate of polyamine biosynthesis and
degradation, which results in no detectable polyamine
accumulation. On the other hand, this phenomenon
could arise also from variations occurring only in
tissues directly involved in wound healing processes,
such as the epidermis and wound periderm, and
therefore not measurable in a whole tissue extract.

A stronger causal relationship between ZmPAO
activity and lignosuberized depositions along wound
lesions has been established by the analysis of trans-
genic tobacco plants constitutively expressing ZmPAO
in the cell wall. As previously reported (Rea et al,,
2004), these plants, despite the high expression levels
of the transgene in the cell wall, did not show any

173



Angelini et al.

changes in the amount of free polyamines as well as in
the cell wall lignification levels with respect to those of
the wild-type plants. Furthermore, high levels of H,0O,
were produced only in the presence of exogenously
supplied enzyme substrate, suggesting the occurrence
of a different compartmentalization of the recombi-
nant protein and the polyamine bulk amount (Rea
et al., 2004). In this connection, the absence of detect-
able polyamines in the cell wall of healthy tobacco
leaves (Yoda et al., 2003) supported the idea that apo-
plastic polyamine levels represent the limiting factor
for the ZmPAO-mediated H,0O, production in trans-
genic plants under physiological conditions. However,
polyamines have been reported to accumulate in the
intercellular spaces of tobacco leaves upon TMV in-
fection, reaching 30 nmol per gram fresh weight after
50 h (Yoda et al., 2003). On this basis, it has been pro-
posed that an increase in apoplastic polyamine levels
is a required event in the NtPAO-mediated triggering
of HR onset (Yoda et al., 2003) and could be a general
response to various stresses. Thus, the stronger auto-
fluorescence observable during wound healing in to-
bacco plants expressing ZmPAO in the cell wall with
respect to wild-type plants (Figs. 11 and 12) could be
ascribable to an enhanced H,O, production, and con-
sequent higher cell wall lignosuberization, triggered
by degradation of increased amount of apoplastic poly-
amines. Indeed it has been demonstrated that cell wall
H,0, level is a limiting factor in lignin synthesis (Miisel
et al., 1997). Otherwise, the higher autofluorescence
levels revealed along the periderm upon Spd supply in
wild-type (Fig. 11D) plants with respect to the corre-
sponding Spd-untreated plants (Fig. 11A) could suggest
the involvement of an endogenous amine oxidase in
lignosuberization events, likely the cell wall localized
NtPAO previously reported to be implicated in defense
responses against pathogens (Yoda et al., 2003, 2006).

Overall these results suggest the involvement of
ZmPAO in wound healing processes, as a main pro-
vider of apoplastic H,O, needed for cell wall strength-
ening and lignosuberization events.

MATERIALS AND METHODS
Chemicals

N-prenylagmatine [G3; N-(4-aminobutyl)-N’-(3-methyl-2-butenyl)guani-
dine] was prepared as previously described (Corelli et al., 2002). Horseradish
(Armoracia lapathifolia) peroxidase, DAB, 4-aminoantipyrine (AAP), 3,5-
dichloro-2-hydroxybenzenesulfonic acid (DCHBS), Spd, Spm, Dap, Put, 1,6-
diaminohexane, JA, SA, and Sudan IV were from Sigma. TRIzol reagent was
from Invitrogen.

Plant Materials and Treatments

Maize (Zea mays ‘Corona’; from Monsanto Agricoltura) seeds were soaked
for 12 h in running water and germinated on paper under 2 cm of loam, at
22°C in a growth chamber in the dark. Five-day-old seedlings (average stem
length = 6.5 cm; average mesocotyl length = 4 cm) were longitudinally
wounded (wound length = 2 cm) on the nongrowing zone of the mesocotyl
with a blade, precisely from 1 cm above the seed up to 1 cm below the node.
After injury some seedlings were treated with 1 X 107> M G3 in aqueous
solution, by brushing 50 uL of the inhibitor along the wound at 0, 24, and 48 h
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after wounding. In detail, the inhibitor was first applied with a pipette over
the wound surface and then brushed to avoid dripping. G3-untreated plants
were supplied with 50 uL of distilled water. Five-, 6-, 7- and 8-d-old plants
were collected at 0, 24, 48, and 72 h after wounding, respectively.

Alternatively, after soaking, maize seeds were germinated on paper at 22°C
in a growth chamber in the dark for 3 d (average stem length = 1 cm) and then
transferred into an aerated hydroponic culture supplied with a nutrient
solution. Nutrient solution was prepared as follows: 4 mmM KNO,;, 1 mm
Na,HPO,, 1 mm MgSO,, 0.5 mm CaCl,, 1 mg L' Fe-citrate, pH value was
adjusted to 6 with NaOH. Hormone treatments were performed by adding JA
and SA at the appropriate concentration into the nutrient solution. Nutrient
solution alone (control plants) or nutrient solution plus JA or SA or JA/SA
were replaced every day. Four-, 5-, and 6-d-old plants were harvested after 24,
48, and 72 h from the onset of hormone treatments, respectively.

Coleoptiles from unwounded (control) and wounded maize plants were
collected at 0, 24, and 48 h after wounding, as well as coleoptiles from
untreated (control) and JA-treated plants were collected at 48 h from the onset
of JA treatments and then used for extractable ZmPAO activity analysis. Two-
centimeter-long mesocotyl segments were excised after eliminating 1 cm
above the seed from control and wounded maize plants at the indicated times
after wounding. Mesocotyl segments of variable length depending on plant
age were excised after eliminating 0.3 cm above the seed and 0.3 cm below the
node from control and hormone-treated maize plants at the indicated times
after the onset of the treatments. Cortical plus epidermal tissues (outer tissues)
from the mesocotyl were obtained by drawing out the stele and used for
determination of enzyme activity, western-blot, northern-blot, and polyamine
level analysis.

Maize plants were kept in the dark until the end of the treatments. All
technical operations were performed under photomorphogenically inactive
green light.

Plants of tobacco (Nicotiana tabacum ‘Petit Havana SR1’) constitutively
expressing ZmPAO in the cell wall (Rea et al., 2004) were grown in a growth
chamber with an irradiance of approximately 150 £E m s, a mean temper-
ature of 24°C, and a 16-h day length. Wild-type and transgenic 8-week-old plants
were selected for homogeneity of growth and wounded (wound length = 1.5 cm)
with a blade on the second internode (numbered from shoot apex). After injury,
some plants were treated with 1 X 107> M Spd in 0.01 M sodium phosphate
buffer, pH 6.5, by brushing 50 uL of the polyamine solution along the wound at
0,24, 48, and 72 h after wounding, as previously described for G3 treatment of
wounded maize plants. Spd-untreated plants were supplied with 50 L of 0.01
M sodium phosphate buffer, pH 6.5.

Preparation of Extractable and Wall-Bound ZmPAO
Fractions from Maize Seedlings

Plant material was ground with mortar and pestle at 4°C in 0.2 M sodium
phosphate buffer, pH 6.5 (tissue to buffer ratio 1:3, w/v). Homogenates were
centrifuged at 12,000g for 10 min at 4°C. Supernatants were used for the
determination of protein concentration, extractable ZmPAO activity, and
western-blot analysis. For determination of wall-bound ZmPAO activity,
pellets obtained after centrifugation of crude homogenates were resuspended
in the appropriate volume of 0.2 M sodium phosphate buffer, pH 6.5,
containing 0.01% Triton X-100 and then filtered onto Miracloth. This step
was repeated three times to remove traces of extractable enzyme. The washed
pellets were resuspended in 0.2 M sodium phosphate buffer, pH 6.5 [1 mL (g
fresh weight) '], and the suspension used for the polarographic determina-
tion of wall-bound ZmPAO activity as described in the following paragraph.

ZmPAO Enzyme Assays, Protein Determination, and
Western-Blot Analysis

Extractable ZmPAO enzyme activity was measured spectrophotometri-
cally by following the formation of a pink adduct (e5;5, = 2.6 X 10°M ' cm ™)
as a result of the H,0,-dependent oxidation of AAP catalyzed by horseradish
peroxidase and the subsequent condensation of the oxidized AAP with
DCHBS (Artiss and Entwistle, 1981). Assays were carried out in 0.2 M sodium
phosphate buffer pH 6.5, containing 60 ug horseradish peroxidase, 0.1 mm
AAP, and 1 mm DCHBS with 2 mm Spd as a substrate in 1 mL total volume.
Wall-bound as well as extractable ZmPAO activity were determined in 0.2 m
sodium phosphate buffer pH 6.5 and with 2 mm Spd as a substrate, by
measuring oxygen consumption in an oxygraph (Hansatech) equipped with a
Clark electrode, as described by Augeri et al. (1990).
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Enzyme activities were expressed in International Units (U; 1 unit is the
amount of enzyme that catalyzes the oxidation of 1 umol substrate per min).
The reported data are the average of values obtained in five different
experiments, each performed with two technical replicates. All data were
obtained at 25°C.

Protein content was evaluated by the method of Bradford (1976). Western-
blot analyses were performed after protein deglycosylation (Woodward et al.,
1985) to eliminate cross-reactivity due to glycan moieties, using a rabbit
polyclonal anti-MPAO antiserum (Federico et al., 1988). Analyses were
performed on 20 ug of total soluble proteins of each extract. Experiments
were performed independently at least five times, yielding reproducible
results. Single representative experiments are shown in the figures.

RNA-Blot Analysis

RNA-blot analysis was performed on maize mesocotyl outer tissues from
wounded, JA-treated, and control plants at different times from the onset of
the treatment.

Total RNA was isolated using the TRIzol reagent, following the manufac-
turer’s instructions. Blotting and hybridization procedures were performed as
reported by Sambrook et al. (1989). Twenty micrograms of total RNA for each
sample were fractionated on a 1.2% agarose/formaldehyde gel. Hybridization
was carried out using *?P-labeled ZmPAO cDNA as probe (EMBL DataBase
accession number AJ002204). As a control, samples were also hybridized with
an internal portion of the cDNA specific for the ribosomal protein 513 (rp-513,
GenBank accession number AF067732). Experiments were performed inde-
pendently at least three times, yielding reproducible results. Single represen-
tative experiments are shown in the figures.

In Vivo Detection of H,O,

H,O, was directly visualized in maize mesocotyls by DAB staining.
Etiolated maize seedlings (average stem length = 6 cm) were longitudinally
wounded on the mesocotyl with a razor blade. Alternatively, an epidermal
strip was removed. Afterward wounded seedlings were deprived of the roots
and then incubated for 30 min in 10 mm NaH,PO, containing 60 pg mL ™
peroxidase in the presence or absence of 1 X 10~° M G3, prior to be supplied
with 1 mg mL ™" DAB for 8 h. Reactions were stopped by thoroughly washing
in distilled water. Experiments were performed independently three times and a
minimum of three plants for each treatment were observed, yielding repro-
ducible results. Single representative experiments are shown in the figures.

Histochemical Methods

Hand-cut cross sections (approximately 100 um thick) obtained from the
wounded zone of the maize mesocotyl at 0, 24, 48, and 72 h after wounding
were utilized for light and fluorescence microscopic investigation of ZmPAO
histochemistry as well as cell wall-associated ester-linked phenolics, lignin
and suberin aliphatic and polyphenolic domain. Moreover, hand-cut cross
sections (approximately 100 wm thick) obtained from the wounded zone of
tobacco second internodes at 48, 72, and 96 h after wounding were used for
fluorescence and confocal laser scanning microscopic investigation of ligno-
suberized deposition. To this purpose, some sections were mounted on glass
slides and observed in an Axioplan 2 Zeiss microscope equipped with a video
camera (Delta Sistemi). Digitized images were acquired by an IAS 2000
software (Delta Sistemi). Other sections were analyzed under Leica TCS-SP5
confocal microscope supplied with the Leica Application Suite Advanced
Fluorescence software. Experiments were performed independently five times
and a minimum of three plants for each time and each treatment were
observed, yielding reproducible results. A minimum of 10 sections for
mesocotyl or internode was analyzed. The reported micrographs are repre-
sentative of single experiments.

Histochemical Visualization of ZmPAO Activity

ZmPAO activity was histochemically detected in sections obtained from
the wounded zone of the maize mesocotyl and from the corresponding
mesocotyl zone from unwounded (control) plants at 0, 24, 48, and 72 h after
wounding, using a peroxidase-coupled assay with the artificial substrate DAB
as the chromogen. After washing in distilled water, sections were preincu-
bated in sodium phosphate buffer 10 mm, pH 6.5, containing 60 ug mL™"
peroxidase and 0.04% DAB for 10 min and then incubated with 3 mm Spd.
Reactions were blocked after 3 min by thoroughly washing sections in

Plant Physiol. Vol. 146, 2008

Polyamine Oxidase Involvement in Wound Healing

distilled water. Sections were mounted in 25% glycerol prior to being observed
under light microscopy. Sections from wounded plants incubated in the
staining solutions lacking Spd were negative.

Autofluorescence Analysis Coupled with Ammonium
Hydroxide Treatment and Light Microscopic Sudan
1V Staining

Ester-linked phenolics and lignosuberized deposition were histochemi-
cally detected under fluorescence microscopy in sections obtained from the
wounded zone of the maize mesocotyl of G3-untreated and G3-treated plants,
at 0, 24, 48, and 72 h after wounding, as well as in sections obtained from
wounded internodes of Spd-untreated and Spd-treated wild-type and
ZmPAO-transgenic tobacco plants at 48, 72, and 96 h after wounding. Sections
were directly mounted on slides in 25% glycerol and observed for autofluo-
rescence under UV light (McLusky et al., 1999) or blue light (Daniel and Guest,
2006) or were incubated for 1 min in 10 mm NH,OH, pH 10 (Harris and
Hartley, 1976), prior to observation under UV light. Lignosuberized deposi-
tions were histochemically detected under confocal laser scanning microscope
in sections obtained from wounded internodes of wild-type and ZmPAO
transgenic tobacco plants 48 h after injury. Autofluorescence of lignosuberized
deposition was induced using an argon laser emitting at wavelength of 478
nm according to Xu et al. (2006) and detected with a selected emission band
ranging from 503 to 611 nm. For suberin aliphatic domain visualization
sections from maize mesocotyl were preincubated for 10 min in 50% ethanol
and then stained for 20 min in a filtered saturated solution of Sudan IV in 70%
ethanol. After washing in 50% ethanol (1 min), sections were mounted in 25%
glycerol prior to be observed under light microscopy (Krishnamurthy, 1999).

Polyamine Quantification

The levels of free and soluble-conjugated polyamines were determined in
the outer tissues obtained from the wounded zone of the maize mesocotyl and
from the corresponding mesocotyl zone of unwounded (control) plants, at 0,
24, 48, and 72 h after wounding. Polyamines were extracted overnight from
mesocotyl outer tissues in 5% (w/v) perchloric acid (PCA) containing 0.12 mm
1,6-diaminohexane as an internal standard (tissue to 5% PCA ratio 1:3 [w/v]).
The extracts were centrifuged at 20,000g for 15 min and then PCA-soluble free
polyamines were analyzed in one-half of the supernatant. The remaining
supernatant was acid hydrolyzed in 6 v HCI for 18 h at 110°C to obtain PCA-
soluble conjugates of polyamines (Slocum et al., 1989). Free polyamines were
determined also in intercellular fluid extracted from mesocotyl of wounded
and control plants as follows. After washing in distilled water, mesocotyls
were submerged in 20 mm Tris-HCI buffer, pH 8, containing 0.1 M NaCl and
1 X 107° M G3, under vacuum. Intercellular fluids were recovered by
centrifugation at 1,500¢ for 10 min and immediately mixed with PCA to a
final concentration of 5% (v/v). A reference solution containing Dap, Put, 1,6-
diaminohexane, Spd, and Spm was also prepared and treated as above, to
establish retention times and signal intensities for each compound during
HPLC analysis.

Polyamines were quantified after derivatization with dansyl chloride
according to Smith and Davies (1985) with minor modifications. Dansylated
polyamines were separated by HPLC (Spectra System P2000; Thermo Sepa-
ration Product) on a reverse-phase C18 column (Sperisorb S5 ODS2, 5-um
particle diameter, 4.6 X 250 mm) using a discontinued methanol to water
gradient (40%-60% methanol in 2 min, 60%-95% methanol in 20 min, 95%—
100% in 2.5 min, 100% for 1.5 min, 100%—-40% in 6 min at a flow rate of 1.5 mL
min Y. Eluted peaks were detected by a spectrofluorometer (Spectra System
FL 3000; excitation 365 nm, emission 510 nm), recorded, and integrated by an
attached computer using Thermo Finnigan Chrom-Card 32-bit software. The
retention times are as follows: Dap, 16.1 min; Put, 16.6 min; 1,6-diaminohexane,
18.08 min; Spd, 21.3 min; and Spm, 24.4 min.

The reported data are the average of values obtained in three different
experiments, each performed with two technical replicates.

Statistics

All statistical tests were performed using ANOVA using GraphPad Prism.
Statistical significance of differences was evaluated by P level.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AJ002204 and AF067732.
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The following material is available in the online version of this article.

Supplemental Table S1. Levels of free polyamines determined in maize
mesocotyl outer tissues from wounded and unwounded (control)
plants at 0, 24, 48, and 72 h after wounding.
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