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Spermidine (Spd) treatment inhibited root cell elongation, promoted deposition of phenolics in cell walls of rhizodermis, xylem
elements, and vascular parenchyma, and resulted in a higher number of cells resting in G, and G, phases in the maize (Zea mays)
primary root apex. Furthermore, Spd treatment induced nuclear condensation and DNA fragmentation as well as precocious
differentiation and cell death in both early metaxylem and late metaxylem precursors. Treatment with either N-prenylagmatine, a
selective inhibitor of polyamine oxidase (PAO) enzyme activity, or N,N'-dimethylthiourea, a hydrogen peroxide (H,O,) scavenger,
reverted Spd-induced autofluorescence intensification, DNA fragmentation, inhibition of root cell elongation, as well as reduction
of percentage of nuclei in S phase. Transmission electron microscopy showed that N-prenylagmatine inhibited the differentiation
of the secondary wall of early and late metaxylem elements, and xylem parenchymal cells. Moreover, although root growth and
xylem differentiation in antisense PAO tobacco (Nicotiana tabacum) plants were unaltered, overexpression of maize PAO (S-
ZmPAO) as well as down-regulation of the gene encoding S-adenosyl-L-methionine decarboxylase via RNAi in tobacco plants
promoted vascular cell differentiation and induced programmed cell death in root cap cells. Furthermore, following Spd
treatment in maize and ZmPAQO overexpression in tobacco, the in vivo H,O, production was enhanced in xylem tissues. Overall,
our results suggest that, after Spd supply or PAO overexpression, H,0, derived from polyamine catabolism behaves as a signal

for secondary wall deposition and for induction of developmental programmed cell death.

Polyamines (PAs) are ubiquitous, low-molecular
mass aliphatic polycations. These compounds include
the diamine putrescine (Put), the triamine spermidine
(Spd), and the tetraamine spermine (Spm), as well as
the less common 1,3-diaminopropane (DAP), cadav-
erine, norspermidine, norspermine, and thermosper-
mine. It has been suggested that PAs participate in cell
growth and differentiation, by regulating cell cycle
progression and physicochemical properties of mem-
branes, as well as by influencing the stabilization
and protection of nucleic acid and protein structure
(Cohen, 1998). Their essential role in cell growth and
differentiation (Torrigiani et al., 1987; Wallace et al.,
2003; Kusano et al., 2008) has been strongly supported
by the observation that the loss of function of genes
involved in PA biosynthesis results in early embryonic
lethality in mouse (Wang et al., 2004), and in lethal
defects in embryonic development in Arabidopsis
(Arabidopsis thaliana; Imai et al., 2004; Urano et al.,
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2005; Ge et al., 2006). Consistent with the role of PAs as
positive regulators of cell growth, these compounds
protect cells from apoptosis and their overproduction
has been linked to cell overproliferation and malignant
development in animal cells (Wallace et al., 2003). On
the other hand, either the increase or the decrease of
physiological levels of PAs, induce the execution of the
programmed cell death (PCD) syndrome (Seiler and
Raul, 2005) either by caspase activation (Stefanelli
et al., 1998) or cytochrome c release from mitocondria
(Stefanelli et al., 2000), revealing PAs as bivalent reg-
ulators of cellular functions.

In plants, it has been suggested that PAs play im-
portant roles in diverse developmental processes, in-
cluding morphogenesis, growth, differentiation, and
senescence. Moreover, they are implicated in defense
responses to various biotic and abiotic stresses
(Bouchereau et al., 1999; Walters, 2003; Kusano et al.,
2007; Cuevas et al., 2008) and participate in signaling
pathways by regulation of cation channel activities
(Kusano et al., 2008) such as during stomatal closure
(Liu et al., 2000) and salt stress response (Zhao et al.,
2007). As concerns root development, it has been
reported that exogenously supplied Spd affects cell
elongation and shape as well as the mitotic index in
maize (Zea mays) primary roots (de Agazio et al., 1995).
The involvement of PAs in vascular development
(Vera-Sirera et al., 2010) has been recently highlighted
by investigation of the Arabidopsis dwarf mutant bud2
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(the loss-of-function mutant of an S-adenosyl-Met de-
carboxylase), impaired in PA biosynthesis and homeo-
stasis and displaying enlarged vascular systems in
inflorescences, roots, and petioles (Ge et al., 2006). In
addition, the importance of PAs in xylem differentiation
and cell death has been confirmed by studies of the
Arabidopsis mutant of ACAULIS5 (acl5), encoding a
thermospermine synthase specifically expressed in the
xylem tissues at a precise developmental stage (Knott
et al., 2007). This acl5 mutant shows severely reduced
secondary growth of the vascular tissue, dramatically
altered morphology of the vessel element, and total lack
of xylem fibers (Clay and Nelson, 2005). It has been
hypothesized that under physiological conditions,
ACLS5 prevents premature death of the developing
vessel elements to allow complete expansion and
secondary cell wall patterning (Mufiiz et al., 2008).

PAs are catabolized by two classes of amine oxi-
dases, the copper-containing amine oxidases (CuAOs)
and the FAD-dependent amine oxidases (PAOs).
CuAOs oxidize Put at the primary amino group pro-
ducing 4-aminobutyraldehyde (ABAL), hydrogen per-
oxide (H,0,), and ammonia (Medda et al., 2009). PAOs
catalyze the oxidation of Spm, Spd, and/or their
acetylated derivatives at the secondary amino group
(Cona et al., 2006; Angelini et al., 2010). The chemical
nature of PAO reaction products depends on the en-
zyme source and reflects the mode of substrate oxida-
tion. In monocotyledons, PAOs oxidize the carbon at
the endo-side of the N*nitrogen of Spd and Spm,
producing ABAL and N-(3-aminopropyl)-ABAL, re-
spectively, in addition to DAP and H,0O, (Cona et al.,
2006, Angelini et al.,, 2010). In Arabidopsis, PAOs,
namely AtPAO1 (Tavladoraki et al., 2006), AtPAO2
(Fincato et al., 2011), AtPAO3 (Moschou et al., 2008c),
and AtPAO4 (Kamada-Nobusada et al., 2008), oxidize
the carbon at the exo-side of the N*-nitrogen of Spd
and Spm, giving rise to an interconversion catabolism,
with the production of Spd from Spm and Put from
Spd, in addition to 3-aminopropionaldehyde and H,O,.
Thus, H,O, is the only shared compound in all the
amine oxidase-catalyzed reactions.

Maize PAO (ZmPAO), the best plant PAO charac-
terized so far, is a 53-kD monomeric glycoprotein,
containing one FAD molecule and localizing at the
apoplast in mature tissues (Cona et al., 2005, 2006).
Indeed, using ultrastructural and immunocytochemi-
cal techniques, it has been previously reported that
ZmPAO protein is localized in both the cytoplasm and
cell wall of developing tracheary elements and in the
endodermis of maize primary roots, with a progres-
sive increase of cell wall immunolabeling as the tissues
mature (Cona et al., 2005). Until now, three ZmPAO-
encoding genes (ZmPAO1, ZmPAO2, ZmPAQO3) have
been identified that show a conserved organization
resulting in identical amino acid sequences except for
the substitution of one amino acid in ZmPAO3 (Cona
et al., 2006).

CuAOs and PAOs do not only contribute to impor-
tant physiological processes through the regulation of
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cellular PA levels, but do so also through their reaction
products: aminoaldehydes, DAP and, markedly, H,O,
(Bouchereau et al., 1999; Walters, 2003; Cona et al.,
2006; Angelini et al., 2010). In Arabidopsis, intracellu-
lar Spd-derived H,O, triggers the opening of the
hyperpolarization-activated Ca**-permeable channels
in pollen, thus regulating pollen tube growth (Wu
et al, 2010). In tobacco (Nicotiana tabacum), H,O,
derived from apoplastic PA catabolism is a key mol-
ecule in PCD signaling during the cryptogein-induced
hypersensitive response (HR; Yoda et al., 2006) as well
as in the induction of HR marker genes by mitochon-
drial dysfunction and activation of mitogen-activated
protein kinases (Takahashi et al., 2003; Kusano et al.,
2007; Moschou et al., 2009). Moreover, it has been
recently demonstrated that salinity stress induces the
exodus of Spd into the apoplast, resulting in the
induction of a PAO-mediated H,O, burst leading to
either tolerance responses or PCD, depending on the
levels of intracellular PAs (Moschou et al., 2008b).

The abundant expression of plant CuAOs and
ZmPAO in tissues undergoing lignification or exten-
sive cell wall-stiffening events, such as vascular tis-
sues, epidermis, and wound periderm, suggests that
these enzymes influence plant growth and develop-
ment as well as taking part in defense responses by
affecting cell wall strengthening and rigidity, through
H,0O, production (Cona et al., 2005, 2006; Paschalidis
and Roubelakis-Angelakis, 2005; Angelini et al., 2008).
Importantly, an additional role for CuAOs and PAOs
in PCD associated with developmental differentiation,
has been proposed (Moller and McPherson, 1998; Cona
et al., 2005). Indeed, the presence of PAO (Cona et al.,
2005; this work) and CuAO (Mgller and McPherson,
1998) proteins in developing root tracheary elements
and sloughed root cap cells of maize and Arabidopsis
seedlings, respectively, suggests their potential involve-
ment, as H,0O,-delivering sources, in PCD of both
cell types. Thus it is evident that both PA anabolism
and catabolism through either cell autonomous and
nonautonomous pathways may mediate physiologi-
cal events associated with PA-induced regulation
of growth and development as well as induction of
PCD involved in tissue differentiation or defense
responses.

In this work, we focused on the role exerted by PAO
in root growth and development, and especially in
vascular tissue differentiation, by means of both phar-
macological and genetic approaches. In particular, we
studied PAO expression, by a combined histochemical
and immunocytochemical approach, in differentiating
maize root tissues, focusing on those tissues undergo-
ing developmental PCD, to achieve full maturity. We
also examined the effect of H,O, derived from PAO-
mediated catabolism of Spd, on root growth and cell
elongation, cell cycle phase distributions, nuclear con-
densation, and DNA fragmentation. Moreover we
investigated the consequences of PAO-mediated H,O,
overproduction on early differentiation of metaxylem
and protoxylem precursors, to address the issue of the
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possible involvement of PAO activity in the PCD of
xylem tissues. Finally the effect of the perturbation
of PA metabolism on root xylem differentiation was
investigated by genetic means, with the aim of dis-
cerning the specific contribution of altered PAs on
H,0, levels.

Overall, our data suggest that H,O, derived from PA
catabolism strongly affects root development and xy-
lem differentiation by inducing differentiation of
secondary wall and precocious cell death in xylem
precursors of Spd-treated maize primary root as well
as by inducing early differentiation of vascular tissues
and increased cell death in root cap cells of tobacco
root apices from transgenic plants overexpressing
ZmPAO.

RESULTS

Cell- and Tissue-Specific Expression of PAO in Maize
Primary Roots

To investigate the role of ZmPAO in root develop-
ment, we applied a light-microscope-based histochem-
ical assay, to visualize PAO enzymatic activity on
transversal sections at increasing distances from the
root cap, up to 1,000 um from the apical meristem (Fig.
1, A-F), as well as on longitudinal sections of meriste-
matic and differentiating zones (Fig. 1, G and H) of the
maize primary root, by 3,3'-diaminobenzidine (DAB)
staining, enhanced (Fig. 1, A-F) or not (Fig. 1, G and H)

by CoCl,. As shown in Figure 1, B, C, and G, PAO
activity was detected in sloughed root cap cells, but not
in the columella (Fig. 1A). Concomitant with initial root
tissue differentiation, we observed a progressive in-
crease of PAO activity in xylem parenchyma as well as
in early metaxylem (EMX) and late metaxylem (LMX)
precursors, while PAO enzymatic activity appeared
very low in the rhizodermis at the same developmental
stage (Fig. 1, C-H). In particular, PAO activity appeared
in the procambium (Fig. 1B), greatly increasing as stelar
tissues mature up to 1,000 um from the apical meristem
(Fig. 1, B-F). LMX precursors appeared earlier (approx-
imately at 40 um from the apical meristem, Fig. 1C)
than EMX (approximately at 100 um from the apical
meristem, Fig. 1D) in agreement with McCully (1995).
As shown in Figure 1H, in the more mature region of
the root, where the xylem was well differentiated, high
PAO enzymatic activity was evident in the vascular
cylinder. Light microscopic, silver-enhanced immuno-
gold labeling revealed that ZmPAO protein accumu-
lated prevalently in the cytoplasm of xylem precursors,
xylem parenchyma, and rhizodermis at approximately
1,000 um from the apical meristem (Fig. 1, I-K). The
accumulation of apparently inactive ZmPAO protein in
young rhizodermal cells may be related to the necessity
of a high extension rate, and thus low H,O, level in the
cell wall (Cona et al., 2005), at this developmental stage
and to the requirement of H,O, production in the
successive wall stiffening events during the maturation
phase.

Figure 1. ZmPAO expression in longitudinal and
cross sections from maize primary root at differ-
ent distances from the apical meristem. A to H,
Histochemical visualization under light micro-
scope of ZmPAO enzyme activity in agar-embed-
ded vibratome-cut sections. H,O, accumulation,
upon Spd addition, was visualized by DAB stain-
ing in either cross sections at increasing distances

from the root cap up to 1,000 um from the apical
meristem (A-F), or longitudinal sections of both
root apex and region of maturation (G and H,
respectively). In some sections DAB staining was
enhanced by CoCl, treatment (A—F). Insets illus-
trate longitudinal control sections without Spd
supply. I to K, ZmPAO light microscopic immu-
nolocalization revealed by silver-enhanced

immuno-gold staining on paraffin-embedded
cross sections at approximately 1,000 um from
the apical meristem. D, Distance from the apical
meristem. CP, Cortical parenchyma; RZ, rhizo-
dermis; PC, procambium; SRC, sloughed root cap
cells; VC, vascular cylinder; XP, xylem paren-

chima. Micrographs are representative of those
obtained from 25 roots from five independent
experiments. A to F, Bar = 52 um; G and respec-
tive inset, bar = 340 um; H, bar = 56 um; inset in
H, bar = 140 um; |, bar = 40 um; J, bar = 20 um;
K, bar = 16 um.
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Spd Catabolism Negatively Regulates Growth and
Perturbs Cell Cycle Phase Distributions in Maize
Primary Roots

To reveal whether PAO participates in root tissue
differentiation, 5-d-old maize seedlings were supplied
with Spd for 24 h in aerated hydroponic culture either
in the presence of or in the absence of N-prenylagma-
tine (G3), a powerful and selective inhibitor of ZmPAO
activity. Indeed, this compound has been shown not to
affect other cell wall or plasma membrane enzymatic
sources of H,O,, namely NADPH oxidase, peroxidase
or oxalate oxidase, or proteases, such as papaine (Cona
et al., 2006). To discriminate the role of the different
reaction products, plants were also treated with either
two H,0O, scavengers, N,Nl—dimethylthiourea (DMTU)
and L-ascorbic acid, or chemically synthesized ABAL,
the aldehyde released during PAO-mediated Spd oxi-
dation. Spd strongly inhibited root growth (Supple-
mental Table S1) by the simultaneous modulation of
both cell elongation (Table I) and cell cycle phase
distributions (Fig. 2). As shown in Supplemental Table
51, 1 um Spd slightly affected root growth while 10 um
Spd was the lowest concentration at which almost
complete inhibition of root total growth (94% * 9%)
was observed when compared to untreated controls,
and hence this concentration was hereafter used in
combined hydroponics culture treatments, such as Spd
and G3, Spd and DMTU, as well as Spd and L-ascorbic
acid. Put, Spm, and ABAL were supplied at a concen-
tration equimolar to 10 um Spd, while G3 and DMTU
were used at the working concentration of 10 um and 5
mw, respectively, as previously reported (Zacchini and
De Agazio, 2001; Angelini et al., 2008). Treatment with
10 uM or 1 mm Spd resulted in a decrease in the average
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length of cortical parenchymal cells (Table I) without
affecting PAO enzymatic activity, protein abundance
(Supplemental Fig. S1), or PAO immunocytochemical
localization (data not shown). Put (10 um) did not affect
root cell growth, while 10 uM Spm exerted a similar
effect to 10 um Spd (data not shown). Supply of 5 mm
DMTU or 10 um G3 partially reverted the 10 um Spd-
induced inhibition of both root growth and cortical
parenchyma cell elongation (Table I), whereas 10 um
L-ascorbic acid unexpectedly inhibited root elongation,
even at lower concentrations such as 1 uM, therefore
being ineffective in antagonizing Spd action (Supple-
mental Table S2).

Furthermore, flow cytometry analysis of root tip
nuclei stained with 4’,6-diamidino-2-phenylindole
(DAPI) revealed that a 10 um Spd treatment altered
cell cycle phase distributions, with a reduced percent-
age of nuclei in S phase and a higher number of cells
resting in G; and G, phases compared to untreated
control (Fig. 2). Data analysis based on DNA content
histograms and biparametric dot plots (forward scat-
ter light signal /DNA) showed 36.6% and 46.8% of the
cells to be in G, phase, 34.8% and 14.3% in S phase, and
28.6% and 38.8% in G, phase, for untreated and
Spd-treated maize roots, respectively (Fig. 2B). Bipara-
metric dot plots (data not shown) allowed the dis-
crimination of true nuclei from cellular debris and
aggregates, thus accounting for a more precise de-
scription of cell cycle phases. G3 and DMTU reverted
Spd-induced perturbation of cell cycle phase distribu-
tions, while ABAL alone (Fig. 2) failed to affect this
event, suggesting that the observed effect was exclu-
sively induced by H,O, released by PAO-mediated
Spd oxidation. Both 10 um G3 and 5 mm DMTU did not
affect the proportion of cells in different phases of the

Table 1. Effect of Spd treatment on maize primary root growth and cell elongation growth of root

cortical parenchyma cells

Morphometric analysis was performed at a fixed distance (1,000 um) from the apical meristem on
eosin-stained 5-mm-long longitudinal sections of paraffin-embedded roots, from 5-d-old plants grown for
24 h in aerated hydroponics either in the absence of (control) or in the presence of Spd, G3, ABAL, and
DMTU. Average root length in control: Ty, 3.0 cm; T,,, 6 cm. Inhibition of root growth was calculated as
percentage of root length increase of untreated control. Inhibition of cell elongation growth has been
calculated as percentage of total cell length of untreated control. Experiments were performed indepen-
dently five times, each time measuring five roots and analyzing two sections from two different roots for
each treatment. Reported results are mean values * sp (so was within 10% for root length). Statistical
analysis was performed using ANOVA. P values indicate statistical significance between cell length in
treated plants with respect to control plants. ns, Not significant; P value > 0.05; *, **, and ***, P values =
0.05, 0.01, and 0.001, respectively. P values between G3/Spd and DMTU/Spd versus Spd were = 0.01.

Treatment Inhibition of Cell Inhibition of Cell
Root Growth Length Elongation Growth
% ©wm %
Control (untreated) / 203 * 1.6 /
G3 (10 um) 11.0 189 = 1.3 ns 6.8
ABAL (10 um) 9.7 18.0 £ 1.3 ns 11.2
DMTU (5 mm) 8.0 19.5 £ 1.4 ns 3.9
Spd (10 um) 94.0 11.3 £ 0.7 *** 44.3
Spd (1 mm) 100.0 7.1 £ 0.57%** 65.0
G3 (10 um) and Spd (10 um) 49.4 16.2 = 1.0* 20.2
DMTU (5 mm) and Spd (10 um) 45.2 16.8 = 1.2* 17.2
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Figure 2. Effect of Spd, DMTU, G3, and ABAL exogenous supply on
cell cycle phase distributions in the maize primary root tip. A, DNA
fluorescence pulse area histograms of DAPI-stained nuclei isolated
from maize root tips from 5-d-old plants, grown for 24 h in aerated
hydroponics either in the absence of (control) or in the presence of Spd,
G3, DMTU, or ABAL. FL1-A: DNA fluorescence total emission; counts:
relative nuclei frequency. Cell cycle analysis were performed measur-
ing 10* nuclei/sample (one typical shown for DNA fluorescence pulse
area histograms). B, Data analysis based on DNA content histograms.
Control: Untreated plants; Spd: 10 um Spd-treated plants; G3/Spd:
10 um Spd and 10 um G3-treated plants; DMTU/Spd: 10 um Spd and
5 mm DMTU-treated plants; ABAL: 10 um ABAL-treated plants. Experi-
ments were performed five times, each time utilizing 10 plants for each
treatment. Results are mean values * sp. Statistical test was performed
using ANOVA. P values indicate statistical significance between %
nuclei in each cell cycle phase in treated plants with respect to control
plants. ns, Not significant; P value > 0.05; *, **, and ***, P values =
0.05, 0.01, and 0.001, respectively.

cell cycle (data not shown). Spd at concentrations lower
than 10 uM was ineffective in altering cell distribution in
different phases of cell cycle, whereas higher concen-
trations of Spd up to 1 mm exerted a stronger effect as
compared to 10 um Spd, with a simultaneous marked
increase of cellular debris and aggregates (data not
shown).

Spd Induces Nuclear Condensation and DNA
Fragmentation in Maize Primary Roots

To study the effect of Spd on the cell death of root
tissues, paraffin-embedded transverse sections ob-
tained at 1,000 um from the apical meristem of the
maize primary root, grown in aerated hydroponics for
24 h either in the presence of or in the absence of Spd
and/or G3, DMTU, and ABAL, were analyzed using
the terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay. Moreover, the analyses
of nuclear dimension and chromatin condensation were
carried out on digitally acquired images of nuclei
stained with propidium iodide (PI; Vergani et al., 1998).

204

Treatment with 10 um Spd, a concentration congru-
ent with the corresponding level detectable in maize
root tissues (Cohen, 1998) and significantly lower than
that inducing PCD in tobacco leaf (0.5 mM; Takahashi
et al., 2004), induced DNA fragmentation, as detected
by the TUNEL in situ assay (Fig. 3C; Table II), as
compared to untreated control plants (Fig. 3A; Table
II), which was efficiently reverted by both G3 and
DMTU (Fig. 3, E and G; Table II). DMTU or G3 alone
did not induce TUNEL (Supplemental Fig. S2; Table
II). Moreover, 10 um H,O, (Supplemental Fig. S2; Table
II) but not ABAL (Fig. 3I; Table II), behaved as Spd in
inducing TUNEL, thus indicating that Spd-induced
TUNEL was exclusively mediated by H,O, released
via PAO-mediated Spd oxidation. Spd treatment in-
duced chromatin condensation and reduction of nu-
clear volume in all tissues (Fig. 3D; Table II) as
compared to untreated control plants (Fig. 3B; Table
II), as also observed in Spd-treated cells of animal
origin (Vergani et al., 1998), while DMTU or G3 alone
did not have any effect (Supplemental Fig. S2; Table II).
However, the reduction in nuclear volume and chro-
matin condensation were not reverted by G3 and
DMTU, indicating a possible direct effect of Spd (Fig.
3, F and H; Table II), as also confirmed by the lower
efficiency shown by H,O, with respect to Spd in induc-
ing nuclear condensation. DNA laddering was not
observed after the aforementioned treatments (data
not shown). As shown in Supplemental Figure S2 and
Table II, 1 mm Spd caused a stronger effect on DNA
fragmentation and chromatin condensation as com-
pared to 10 um Spd while 1 um Spd failed to induce
TUNEL, demonstrating that 10 uMm Spd represents the
lowest active concentration.

Spd Oxidation Induces Precocious Cell Death of EMX
and LMX Precursors and This Hinders Full
Differentiation of the Secondary Cell Wall in Maize
Primary Roots

With the aim of further studying the effect of Spd
on differentiation and cell death of xylem tissues, we
performed electron microscopy on the apex or mature
zone of maize primary roots grown in hydroponics
either in the presence of or in the absence of 10 um Spd
and/or G3. Figure 4C shows that G3 treatment did not
affect cytoplasm ultrastructure of cells in the apical
zone at 1,000 um from the apical meristem, as com-
pared to untreated controls (Fig. 4A), while Spd in-
duced apparent cytoplasm degradation (Fig. 4B), an
effect that was only partly reverted by G3 (Fig. 4D).
Owing to the considerable difference in total length of
Spd-treated roots as compared to untreated controls,
sections of mature zones were prepared from a root
portion that already existed at the treatment onset,
namely 1.5 cm from the seed. At this distance from the
seed, EMX and LMX precursors were still alive in the
untreated control roots after 24 h hydroponics, show-
ing a well-differentiated secondary wall and regular
cytoplasmic features (Fig. 4, E and I). Xylem paren-
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Figure 3. Effect of exogenously supplied Spd, DMTU, G3, and ABAL on
DNA fragmentation detected by TUNEL in situ assay in cross sections of
the maize primary root apex. A, C, E, G, and I, TUNEL staining of 10-um-
thick transversal sections at 1,000 um from the apical meristem of
paraffin-embedded maize root from 5-d-old plants, grown for 24 h in
aerated hydroponics either in the absence of (control) or in the presence
of Spd, G3, DMTU, or ABAL. Sections stained with PI (B, D, F, H, J) are
shown for comparison. Control: Untreated plants; Spd: 10 um Spd-
treated plants; G3/Spd: 10 um Spd and 10 um G3-treated plants; DMTU/
Spd: 10 um Spd and 5 mm DMTU-treated plants; ABAL: 10 um ABAL-
treated plants. Micrographs are representative of those obtained from five
independent experiments (the relative statistical analysis is reported in
Table ). Bar = 150 um.

chymal cells showed a very thick secondary wall and
moderate cytoplasm degradation, suggestive of an
initial cell death process (Fig. 4, E and I). Indeed, the
walls of these cells are reported to lignify as their
maturation proceeds, as assessed by floroglucinol/
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hydrochloric acid staining (Augeri et al., 1990). Sec-
ondary walls of xylem parenchyma and EMX cells of
Spd-treated roots were very thin or even absent (Fig. 4,
F and ]), a condition similar to that of the same cells at
the onset of the treatment (data not shown) that is
likely due to early cell death of xylem precursors, a
hypothesis consistent with the cytoplasmic degenera-
tion observed in these cells.

G3 treatment also resulted in the inhibition of cell
wall differentiation of both EMX and LMX elements
and especially of xylem parenchymal cells (Fig. 4, G
and K) as compared to control roots (Fig. 4, E and I),
possibly caused by the inhibition of PAO-mediated
H,O, release necessary for wall maturation and as a
signal for deposition of secondary wall (Potikha et al.,
1999). Accordingly, an incomplete differentiation of
the secondary walls of the cell types reported above
was observed in specimens treated with both Spd and
G3 (Fig. 4, H and L).

PAO-Mediated Spd Catabolism Induces Early
Differentiation of EMX and LMX Tissues in the Maize
Root Apex with Enhanced H,O, Production in

Xylem Tissues

Unfixed agar-embedded transverse sections ob-
tained from the subapical zone of the primary root of
maize seedlings, grown in aerated hydroponics for 24
h either in the presence of or in the absence of 10 um
Spd and/or G3, were analyzed by fluorescence mi-
croscopy under UV to visualize autofluorescence of
root tissues (Fig. 5, A-D). The selection of Spd con-
centration was based on previous results in which PAs
at concentration lower than 10 uM were ineffective
in inducing TUNEL in maize roots (this work) as well
as xylem differentiation in Arabidopsis roots (A. Tisi,
R. Angelini, and A. Cona, unpublished data).

At 2,500 um from the apical meristem, Spd induced
a strong intensity of autofluorescence of xylem paren-
chyma, EMX, and LMX tissues (Fig. 5B), as compared
to untreated control roots (Fig. 5A), which is indicative
of the deposition of phenolics likely associated to early
maturation of the cell wall and precocious cell death of
xylem precursors. G3 (Fig. 5, C and D) or DMTU (data
not shown) inhibited the basal levels of fluorescence,
as compared to untreated control plants (Fig. 5A) as
well as efficiently reverting the Spd-induced effect.
H,O,, but not ABAL, exhibited a similar effect as
compared to Spd (Supplemental Fig. S3).

A detailed analysis under laser-scanning confocal
microscope (LSCM) of root serial sections allowed us
to detect an intensification in phenolic autofluores-
cence in cell walls of xylem parenchyma as early as 200
um from the apical meristem in Spd-treated roots (Fig.
5F) as compared to untreated control roots (Fig. 5E).
Moreover, LMX and xylem parenchyma of Spd-treated
roots showed increased autofluorescence especially in
the intercellular spaces at approximately 1,000 um
from the apical meristem (Fig. 5, G and H) as well as in
the rhizodermis outer cell wall (Fig. 5, I and J).
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Table II. Effect of Spd, G3, ABAL, DMTU, or H,O, treatment on DNA fragmentation, chromatin
condensation, and nuclear dimension in maize primary root, estimated by analysis of the percentage
of TUNEL-positive nuclei, integrated fluorescence intensity, and nuclear diameter

Analyses were performed after TUNEL in situ assay and Pl staining of paraffin-embedded cross sections
at approximately 1,000 um from the apical meristem of maize root tissues from 5-d-old plants, grown for
24 h in aerated hydroponics either in the absence of (control) or in the presence of Spd at different
concentrations, G3, ABAL, DMTU, and H,O,. The percentage of TUNEL-positive nuclei was calculated
with respect to the number of nuclei stained with Pl in the same sections. Experiments were performed
independently five times, each time analyzing four sections from four different roots for each treatment
(reported results are mean values; so was within 10%). Chromatin condensation was estimated by analysis
of integrated fluorescence intensity (Vergani et al., 1998). Nuclear diameter and integrated fluorescence
intensity were measured using Image ] software on digitally acquired images of nuclei stained with PI.
Experiments were performed independently five times, each time analyzing two sections from two
different roots for each treatment, by measuring 45 randomly chosen nuclei in parenchimal cells for each
section (reported results are mean values * sp). Statistical test was performed using ANOVA. P values
indicate statistical significance between the percentage of TUNEL-positive nuclei, integrated fluorescence
intensity, and nuclear diameter in treated plants with respect to control plants (rows 2—-8) or with respect to
10 um Spd (rows 9 and 10). ns, Not significant; P value > 0.05; *, **, and ***, P values = 0.05, 0.01, and
0.001, respectively.

Row Treatment TUNEL-Positive  Integrated Fluorescence Nuclear

Nuclei Intensity Diameter

% x10* wm

1 Control (untreated) 0 1.81 = 0.17 154 + 15
2 G3 (10 um) 0 ns 1.86 = 0.18 ns 15.0 = 1.4 ns
3 ABAL (10 um) 0 ns 1.86 = 0.17 ns 154 = 1.5 ns
4 DMTU (5 mm) 0 ns 1.85 = 0.18 ns 16.0 = 1.5 ns
5 H,0, (10 um) 77 AFEx 1.00 = 0.27*** 10.4 = 1.4 **
6 Spd (10 um) 34 3xx* 0.75 = 0.06*** 9.0 = 0.8***
7 Spd (T um) 0ns 1.6 = 0.14 ns 14.4 + 1.2 ns
8 Spd (1 mm) 77.0%** 0.56 = 0.05*** 9.1 ® 0.7%**
9 G3 (10 um) and Spd (10 um) 14.4%** 0.93 = 0.10 ns 10.8 = 1.0 ns
10 DMTU (5 mm) and Spd (10 um) 6.4%** 0.83 = 0.07 ns 10.3 £ 0.9 ns

To get further insights into the possible effect of Spd
treatment on xylem tissue differentiation we analyzed
longitudinal sections stained with PI to visualize cell
walls under LSCM and performed a statistical analysis
of the distances between the apical meristem and the
first recognizable LMX cells that showed a diameter of
about 30 to 35 um (Fig. 6B). Moreover we analyzed the
distances between the apical meristem and the first
EMX precursors (Fig. 6, E and F) as well as LMX cells
with a diameter of about 60 to 65 um (Fig. 6, C and D),
that we used as a reference size to compare the de-
velopmental stage of LMX elements along the root
length in control and Spd-treated plants. Spd induced
early differentiation of the first LMX cells and the first
EMX precursors with initial development of second-
ary walls. Indeed, in Spd-treated plants the first LMX
cells with a diameter of 30 to 35 um appeared at an
average of 330 um from the apical meristem (Fig. 6, B
and G), while LMX cells showing the same size were
found further than 750 um from the apical meristem in
untreated control roots (Fig. 6A), at about 900 um
(image not shown; Fig. 6G). LMX cells with 60 to 65
pm of diameter were readily recognized at approxi-
mately 500 um from the apical meristem in Spd-
treated plants (Fig. 6, D and G) while they were
present only at an average of 1,400 um in untreated
control plants (Fig. 6, C and G). EMX precursors with
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initial development of secondary walls (Fig. 6, E and
G) or extensive annular thickenings (Fig. 6F), were
present in Spd-treated plants, respectively, at 1,500 and
3,000 um from the apical meristem. In control plants
they were detectable much further than 3,000 um
(image not shown; Fig. 6G).

To verify whether PAO-mediated production of H,O,
resulted in detectable H,O, levels in xylem differenti-
ating tissues, in situ H,0O, localization by in vivo DAB
staining was performed in untreated control and Spd-
treated maize roots. To detect the in vivo Spd-induced
production of H,O,, DAB staining was achieved by
simultaneously supplying Spd and DAB in hydropon-
ics. As shown in Figure 6, H to J, a strong DAB staining
was detectable at 1,000 um from the apical meristem in
xylem tissues of 10 um Spd-treated primary root (Fig. 6,
H and J), especially xylem parenchyma and EMX, while
in untreated control roots H,O, was not detected in the
same zone (Fig. 6I). Notably, tissue distribution of in
vivo H,O, production paralleled that shown by
ZmPAO hystochemical enzyme activity (Fig. 1F), fur-
ther supporting the hypothesis that Spd treatment
could be responsible for early xylem tissue differenti-
ation by inducing precocious cell wall stiffening and
PCD in xylem precursors via PAO-mediated H,O,
production. Treatment with Spd at lower concentration,
such as 1 uM, induced a weaker DAB staining localized

Plant Physiol. Vol. 157, 2011



Polyamine Oxidase and Root Development

Control Spd G3
A Bl B ' c
x ". ~\)A
Q|-
D- ¥
<
s€ 27 HIE xp 76 ¥
$’~-—-¥“/,f/ XP: ./
e (e ENX
“2_ | J 3 3 K\;:’-;-." 4 |
Eexp S xp LUUE|
SH € x| i LMX I P LMX
w| | o Ay E - ¢ |
B < LMX A

Figure 4. Effect of Spd and G3 treatment on differentiation of cortical parenchyma and xylem tissues in maize primary root.
Transmission electron microscopy of cortical parenchyma cells at 1,000 um from the apical meristem (A-D) and stelar tissues at
1.5 cm from the seed, namely a zone preexistent at the onset of treatment (E-L) of maize root from 5-d-old plants, grown for 24 h
in aerated hydroponics either in the absence of (control) or in the presence of Spd and/or G3. Control: Untreated plants; Spd: 10
uM Spd-treated plants; G3: 10 um G3-treated plants; G3/Spd: 10 um Spd and 10 um G3-treated plants. XP, Xylem parenchyma.
Micrographs are representative fields of sections obtained from 10 roots from five independent experiments. A to D, Bar = 6 um,
maghnification X1,333; E to L, bar = 12 um, magnification X666.

in the outer zone of the central cylinder as compared to
10 um Spd treatment (Supplemental Fig. S4).

Transgenic Tobacco Plants Overexpressing ZmPAO in the
Apoplast Show Early Differentiation of Vascular Tissues,
Increased Cell Death, and Enhanced H,O, Production in
Root Apices as Compared to Wild-Type Plants

To further document the fact that PAO does play a
central role in tracheary element development, we
analyzed xylem tissue differentiation in transgenic
tobacco plants overexpressing ZmPAO (S5-ZmPAO;
Rea et al., 2004). These plants show a significant
perturbation of ascorbate peroxidase activity indica-
tive of altered redox state without any significant
reduction in the levels of free PAs (Rea et al., 2004).
Root apices from wild-type and S-ZmPAO tobacco
plants were stained with PI to visualize cell walls
under LSCM and with fluorescein diacetate-SYTOX
orange double fluorescence staining, indicative of cell
death. Statistical analysis (Fig. 7, C and D) demon-
strated that S-ZmPAO exhibited early differentiation of
vascular tissues (Fig. 7, B and C) and a higher level of
cell death (Fig. 7, inset in B and D) as compared to
wild-type plants (Fig. 7A, insetin A, C, and D). Indeed,
in transgenic plants, xylem precursors with secondary
wall thickening appeared at an average of 350 um
from the root cap (Fig. 7, B and E), as compared to
wild-type plants where they appeared at an average of
500 wm from the root cap (Fig. 7, A and C). Moreover, a
higher number of nuclei stained by SYTOX orange
occurred in root cap cells and in the rhizodermis of the
subapical region (up to 300 um from the root cap) of
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S-ZmPAO tobacco plants (Fig. 7, inset in B and D) as
compared to the same tissues of wild-type roots (Fig. 7,
inset in A and D), with a ratio 3:1 (P value = 0.01, the
ratio was not significantly different in all Z stacks
analyzed). Consistent with the results found in Spd-
treated maize roots, a significantly higher generation
of H,0, was detected in S-ZmPAO tobacco roots (Fig. 7,
E and F) as compared to wild-type roots (Fig. 7, G and
H). In particular, H,0, production was visualized by
Amplex Ultra Red (AUR) staining in xylem tissue at
about 370 um from the root cap in transgenic plants
(Fig. 7E), whereas in wild-type tobacco roots the first
detectable H,O, appeared at about 1,200 um from the
root cap (Fig. 7G). These results further support the
role of H,O, generated by the PAO-mediated PA
oxidation in early xylem tissue differentiation and
cell death.

Transgenic Tobacco Plants Down-Regulating
S-Adenosyl-.-Met Decarboxylase Show Altered
Differentiation of Vascular Tissues While Antisense
PAO Plants Are Unaffected

To gain further insight into the role played by PAs
and/or their catabolic products in xylem differentia-
tion, transgenic tobacco plants down-regulating the
gene encoding S-adenosyl-L.-Met decarboxylase via
RNAi (RNAi-SAMDC; Moschou et al., 2008b) or ex-
pressing the ZmPAO gene in the antisense orientation
(A-ZmPAO; Moschou et al., 2008b), were examined
under LSCM after PI staining.

As shown in Figure 8, RNAi-SAMDC plants re-
vealed a S-ZmPAO plant-like phenotype, showing
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Figure 5. Effect of Spd and G3 treatment on maize primary root
autofluorescence under UV and blue light. Fluorescence microscopy
(A-D) and LSCM (E-)) analysis of unfixed agar-embedded maize root
tissues from 5-d-old plants, grown for 24 h in aerated hydroponics
either in the absence of (control) or in the presence of Spd and/or G3. A
to D, UV-light-induced autofluorescence microscopy analysis of root
transverse sections at 2,500 um from the apical meristem. E to ], LSCM
analysis (Z stack 3 um, with Z-step size of 0.045 um) of autofluo-
rescence under blue light excitation in cross sections from maize
primary root at different distances from the apical meristem (E and F:
200 wm; G toJ: 1,000 wm). Control: Untreated plants; Spd: 10 um Spd-
treated plants; G3: 10 um G3-treated plants; G3/Spd: 10 um Spd and 10
um G3-treated plants. RZ, Rhizodermis; XP, xylem parenchyma. Mi-
crographs are representative of those obtained from 25 roots from five
independent experiments. A to D, Bar = 20 um; E to ], bar = 31 um.

early differentiation of vascular tissues (Fig. 8, B and
C) and increased cell death (Fig. 8, inset in B and D) as
compared to wild-type plants (Fig. 8, A, C, and D).
Indeed, in RNAi-SAMDC transgenic plants, xylem
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precursors appeared at an average of 380 um from
the root cap (Fig. 8, B and C), as compared to wild-type
plants where they appeared at an average of 520 um
from the root cap (Fig. 8, A and C). Moreover, a higher
number of nuclei stained by SYTOX orange occurred
in root cap cells (up to 200 um from the root cap) in
RNAi-SAMDC transgenic tobacco plants (Fig. 8, inset
in B and D) as compared to wild-type plants (Fig. 8,
inset in A and D), with a ratio 4.4:1 (P value = 0.01, the
ratio was not significantly different in all Z stacks ana-
lyzed). Vascular terminal differentiation in A-ZmPAO
plants down-regulating endogenous PAO, occurred in
a similar fashion as compared to wild-type plants (not
shown).

DISCUSSION

In this work we show that ZmPAO is mainly ex-
pressed in primary root tissues undergoing develop-
mental PCD, such as EMX, LMX, and associated
paratracheal parenchyma, as well as in sloughed root
cap cells (Fig. 1). In xylem precursors, PAO mainly has
a cytoplasmic localization and it was shown that as the
cells mature, the enzyme will accumulate in the cell
wall parallel to secondary wall deposition and devel-
opmental cell death (Cona et al., 2005). Development
of vascular tissues is associated with cell cycle/endo-
cycle progression and amine oxidase expression in
tobacco (Paschalidis and Roubelakis-Angelakis, 2005).
It has been proposed that these events are to be linked
with the physiological need for the higher production
of H,O, via amine oxidases in the secretion pathway
(Cona et al., 2005) and in the apoplast to drive perox-
idase-catalyzed cross linking of cell wall polysaccha-
rides and proteins to complete cell wall maturation, to
stimulate endoreduplication, and possibly to act as a
signal triggering xylem precursor cell death (Cona
et al, 2005; Paschalidis and Roubelakis-Angelakis,
2005). Accordingly, Spd treatment at a concentration
similar to that found in maize roots (Cohen, 1998)
suppressed root growth by inhibiting cell elongation
and altering cell cycle phase distributions in maize
primary root apices, thus allowing cells to initiate their
differentiation programs (Table I; Fig. 2). Importantly,
the PAO inhibitor G3 or the H,0O, scavenger DMTU,
reverted Spd-induced inhibition of cell growth and
reduction of percentage of nuclei in S phase, while
ABAL, G3, or DMTU alone failed to affect these
events, thus indicating that the observed effect was
exclusively mediated by H,O, generated by PAO
activity. Unexpectedly, the H,O, scavenger L-ascorbic
acid inhibited root elongation by itself, being ineffec-
tive in antagonizing Spd action (Supplemental Table
S2). In fact L-ascorbic acid, although it is an effective
antioxidant in vivo (Pignocchi and Foyer, 2003), is
rapidly oxidized by the apoplastic ascorbate oxidase to
dehydroascorbate, which can be transported into the
cytoplasm to negatively affect cell cycle progression
(de Pinto et al., 1999), or can be further degraded in
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Figure 6. Effect of exogenously supplied Spd on tracheary element development and in vivo H,O, production in maize primary
root. Pl-staining analysis under LSCM of unfixed agar-embedded longitudinal sections (A-F) and in situ DAB-staining analysis
under light microscope of unfixed agar-embedded cross sections (H-J) at 1,000 wm from the apical meristem from maize primary
root from 5-d-old plants, grown for 24 h in aerated hydroponics either in the absence of (control) or in the presence of 10 um Spd.
Insets in H and 1 illustrate cross sections without DAB supply. Control: Untreated plants; Spd: 10 um Spd-treated plants; D,
Average distance from the apical meristem. A to F, Experiments were performed five times, each time analyzing three sections
from three different roots for each treatment. Micrographs are representative of those obtained. G, Distance values between
xylem precursor and apical meristem were measured under LSCM exploiting the LAS AF software and then used for statistical
analysis. Results are mean values * sp. H to J, Micrographs are representative fields of sections obtained from five independent
experiments, each time analyzing five roots for plant treatment. A and B, Bar = 95 um; C to F, bar = 47.5 um; H and |, bar = 50
um; J, bar = 12.5 um. P values have been calculated with Student’s t test analysis, comparing distance of LMX cells from the
apical meristem in Spd-treated plants with respect to untreated control plants (G). ns, Not significant; P value > 0.05; *, **, and

*** Pvalues = 0.05, 0.01, and 0.001, respectively.

the cell wall with concomitant generation of H,O,
(Kérkonen and Fry, 2006). Moreover, Spd treatment
induced DNA fragmentation, which was also reverted
by G3 or DMTU (Fig. 3). The apparent lack of DNA
laddering in Spd-treated roots could be explained by
the fact that this event in plants is not universal. In this
regard, there is no evidence of DNA laddering in PCD
of tracheary elements, in which S1-type nucleases may
degrade chromosomal DNA instead of the ladder-
forming nucleases seen in animal apoptosis (Ito and
Fukuda, 2002). The early differentiation of xylem
precursors (Figs. 4-6) associated with enhanced H,0,
production (Fig. 6) in Spd-treated maize primary roots,
further supports the hypothesis that root differentia-
tion could be mediated by the PAO-driven Spd oxi-
dation. Moreover, the incomplete differentiation of the
secondary wall in EMX and LMX elements observed
after Spd treatment, could be interpreted as the result
of a sudden H,O, burst leading to premature cell death
of the precursor, occurring prior to the onset of sec-
ondary wall deposition (Fig. 4). Accordingly, PAO
overexpression in the cell wall of tobacco plants
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resulted in early differentiation of root xylem precur-
sors and cell death of sloughed root cap cells and
rhizodermis of the subapical region, as well as en-
hanced in vivo H,O, production in xylem tissues (Fig.
7). On the other hand, the incomplete cell wall differ-
entiation observed in these tissues after G3 treatment
(Fig. 4) could be ascribed to the inhibition of PAO
activity and lack of H,O, production that represents an
essential signal for the biosynthesis of the secondary
wall (Potikha et al., 1999). Indeed, combined G3/Spd
treatment resulted in an intermediate degree of differ-
entiation of the secondary wall (Fig. 4). In apparent
contradiction with our hypothesis about the role
played by PA in xylem differentiation and cell death,
is the finding that exogenous Spm prolongs xylem
element differentiation in xylogenic Zinnia elegans cell
cultures, reducing the time of appearance and the rate
of tracheal element differentiation as well as the find-
ing that ACL5 controls xylem specification through the
prevention of premature cell death in Arabidopsis
(Muniz et al., 2008). However, this incongruity can be
explained by two considerations: (1) contrary to Z.
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Figure 7. LSCM analysis of tracheary element development and cell death by PI (A and B) and fluorescein diacetate-SYTOX
orange double fluorescence staining (inset in A and B; up to 300 um from the root cap), respectively, and in situ H,O, detection
by AUR staining (E-H) in root apices of tobacco plants (cv Petit Havana SR1) both wild-type (WT) and overexpressing ZmPAO
(S-ZmPAO). D, Average distance from the root cap. Micrographs are relative to the root central zone and are representative of
those obtained from five independent experiments, each time analyzing five roots for plant genotype. Images in A, B, E, and F
were obtained aligning multiple layers representing serial overlapping micrographs of the same root by Photoshop software. Inset
in A and B represent a Z-stack analysis (thickness 20 um with a Z-step size of T um). C, Mean values = sp relative to the distance
of first xylem precursor with secondary walls from the root cap. Distance values were measured under LSCM exploiting the LAS
AF software and then used for statistical analysis. D, Mean values * sp relative to the number of nuclei stained with SYTOX
orange in the central 20-um Z stack. A and B, Inset in A and B, bar = 30 um; E to H, bar = 30 um. Pvalues have been calculated
with Student’s t test analysis, comparing distance of xylem precursors (E) or number of SYTOX orange-labeled nuclei (F) in
transgenic tobacco plants with respect to wild-type plants. ns, Not significant; P value > 0.05; *, **, and ***, P values = 0.05,

0.01, and 0.001, respectively.

elegans or Arabidopsis plants, PAO expression levels
are particularly high in the cytoplasm and cell wall of
monocotyledons (Cohen, 1998; Cona et al., 2005) and
thus the physiological role of PAs in maize root may
depend on the H,0O, released upon PAO-mediated PA
oxidation; (2) ACL5, actually being a thermospermine
synthase (Knott et al., 2007), may exert its function
through a specific effect of thermospermine (Kakehi
et al., 2008) that is indeed a poor substrate of ZmPAO
(P. Tavladoraki, personal communication).
Remarkably, down-regulation of SAMDC promoted
vascular cell differentiation and induced PCD in root
cap cells (Fig. 8) similarly to ZmPAO overexpression in
the cell wall, suggesting that xylem differentiation and
PCD induction are governed by a complex regulatory
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system in which intracellular PAs and apoplastic PA-
derived H,O, are likely integrated in coordinated sig-
naling pathways; this is consistent with a previous
hypothesis where salinity-induced cell death was pro-
posed to be governed by the PAs/H,0, ratio (Moschou
et al., 2008b). In this regard, Moschou et al. (2008a,
2008b) reported that the balance between the apoplastic
PA catabolism versus the intracellular PA levels plays a
central role in plant responses to salinity by governing
the cell fate decision, leading to either induction of PCD
or to tolerance mechanisms. Specifically, it was pro-
posed that lowering the PA anabolism/PA catabolism
ratio promotes PCD (S5-ZmPAO and RNAi-SAMDC
plants), while if PA anabolism predominates over ca-
tabolism, PCD fails to occur, allowing simultaneous

Plant Physiol. Vol. 157, 2011
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Figure 8. LSCM analysis of tracheary element development and cell
death by PI (A and B) and SYTOX orange staining (inset in A and B; up to
200 um from the root cap), respectively, in root apices of tobacco
plants (cv Xanthi), both wild-type (WT) and transgenic plants down-
regulating the gene encoding RNAi-SAMDC. Micrographs are relative
to the root central zone and are representative of those obtained from
five independent experiments, each time analyzing five roots per plant
genotype. Images in A and B were obtained aligning multiple layers
representing serial overlapping micrographs of the same root by
Photoshop software. Inset in A and B represent a Z-stack analysis
(thickness 20 wm with a Z-step size of 1 um). C, Mean values * sp
relative to the distance of first xylem precursor with secondary walls
from the root cap. Distance values were measured under LSCM
exploiting the LAS AF software and then used for statistical analysis.
D, Mean values * sp relative to the number of nuclei stained with
SYTOX orange in the central 20-um Z stack. Bar = 25 um. P values
have been calculated with Student’s ttest analysis, comparing distance
of xylem precursors (C) or number of SYTOX orange-labeled nuclei (D)
in transgenic tobacco plants with respect to wild-type plants. ns, Not
significant, P value > 0.05; *, **, and ***, P values = 0.05, 0.01, and
0.001, respectively.
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induction of stress-responsive genes and plant toler-
ance (wild-type and A-ZmPAO plants). Indeed, the
RNAi-SAMDC plants, while keeping normal apoplas-
tic Spd exodus and oxidation, exhibited constitutively
lower intracellular PA levels as well as enhanced H,O,
production under salt stress in comparison to wild-
type plants, with a PAs/H,0, ratio analogous to that
shown by S-ZmPAO plants, which also exhibited lower
Spd and Spm levels and higher H,O, production than
the wild-type plants (Moschou et al., 2008b). In agree-
ment with the hypothesis based on the PA /H,0, ratio,
our results showed that lowering the PAs/H,0O, ratio,
by either increasing H,O, production (S-ZmPAO trans-
genic plants; Fig. 7) or by decreasing PA levels (RNAi-
SAMDC transgenic plants; Fig. 8), promoted root
differentiation, resulting in a similar plant phenotype.
Moreover, vascular terminal differentiation occurred
in a similar fashion in A-ZmPAO plants down-regu-
lating endogenous PAO (in which PA anabolism pre-
dominates over catabolism and salinity-induced PCD
failed to occur; Moschou et al., 2008b) as compared to
wild-type plants (not shown). Another possible expla-
nation for the lack of phenotype shown by A-ZmPAO
plants could be the involvement of additional and/or
alternative H,O, sources, such as apoplastic CuAOs,
that could cooperate with PAOs in H,0O, delivery dur-
ing tobacco xylem tissue differentiation. Indeed the
simultaneous presence of CuAO and PAO activity
working at the same time in the same tissues has
been previously reported in tobacco, where the two
enzymes have been proposed to cooperate during
physiological and stress response events, such as
lignification of vascular tissues (Paschalidis and
Roubelakis-Angelakis, 2005) and wound healing re-
sponses (Tisi et al., 2008). Furthermore, the phenotype
shown by the RNAi-SAMDC transgenic plants could
be ascribable to the absence of some specific PA
directly involved in xylem differentiation, and there-
fore unrelated to its catabolism to H,O, and/or to the
PA /H,O, ratio, once more underlining the complexity
of PA physiology.

Overall, the reported results obtained after Spd treat-
ment or PAO overexpression, indicate a role for PAO in
regulating differentiation and developmental cell death
of xylem precursors and other root tissues, namely
sloughed root cap cells. Within this context, PA biosyn-
thesis in xylem precursors, or their secretion from
neighboring paratracheal tissues, or even their phloem
and xylem mediated translocation (Antognoni et al.,
1998) represent a physiological source of H,O, via
amine oxidase activity in root stelar tissues. The abun-
dance of PAO in xylem parenchymal cells is consistent
with this concept, as it is known that this tissue may
contribute to H,O, supply in the xylem elements even
after their autolysis (Ros Barcel6, 2005). Interestingly, it
has been recently highlighted that specific transcription
factors involved in the modulation of the balance be-
tween cell proliferation and differentiation regulate the
expression of a set of peroxidases influencing the ROS
balance between the zones of cell proliferation and the
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zone of cell elongation where differentiation begins
(Tsukagoshi et al., 2010).

The proposed scenario is supported by several
studies performed in both plants or animals, where
a role of PA oxidation products in mitochondrial
damage and cell death has been reported. In partic-
ular, in plants, it has been shown that PAs accumulate
in the intercellular space during HR in tobacco, and
that H,O, produced by PAO-mediated oxidation ini-
tiates a signaling transduction pathway, mediated by
mitochondrial dysfunction, leading to activation of
mitogen-activated protein kinases SIPK and WIPK,
up-regulation of HR-associated genes, and ultimately
to cell death (Takahashi et al., 2003, 2004; Yoda et al.,
2006). Other data also have emphasized the involve-
ment of mitochondria in PCD of Z. elegans cells dif-
ferentiating into tracheary elements (Yu et al., 2002).
Even though caspases are not present in plants
(Rogers, 2005; Vercammen et al., 2007), metacaspases
are distant relatives of animal caspases found in
protozoa, fungi, and plants (Coll et al., 2010). It has
been reported that in the apoptotic process induced
by hyperosmotic stress in yeast (Saccharomyces cerevi-
sige), cytochrome ¢ is important for metacaspase
activation, probably acting upstream of this protease
in triggering cell death (Silva et al., 2005). In Arabi-
dopsis several metacaspases control PCD (Coll et al.,
2010), among which it is noteworthy to mention that
metacaspase 8 is induced by H,O, (He et al., 2008).

Further studies addressing the molecular mecha-
nisms underlying these processes will be fundamental
to identifying potential targets of intervention aimed
at ameliorating defense responses and improving the
morpho-functional traits of plants.

MATERIALS AND METHODS
Chemicals

Spd, Spm, Put, DMTU, ABAL diethyl acetal, DAB, bromelain, L-ascorbic
acid, PI, fluorescein diacetate, 2-aminobenzaldehyde, DAPI, and peroxidase
were from Sigma-Aldrich. AUR reagent and SYTOX orange were from
Molecular Probes, Invitrogen. Ultraclear and 812 resin embedding kit were
from TAAB Laboratories Equipment Ltd. Bio-Plast, Carazzi’s hematoxylin,
eosin Y, and eukitt were from Bio Optica. Vectabond reagent was from Vector
laboratories. CNBr-activated Sepharose 4B column was from GE Healthcare.
Goat anti-rabbit IgG conjugated to 5-nm colloidal gold particles, normal goat
serum, and silver enhancement kit were from British Biocell Int. TUNEL,
DNasel, and RNasel-DNase free were from Roche Applied Science.

G3 [N-(4-aminobutyl)-N"-(3-methyl-2-butenyl)guanidine] was prepared as
previously described (Corelli et al., 2002).

ABAL was prepared by acid hydrolysis of ABAL diethyl acetal in 0.5 M HCl
at room temperature. ABAL production was determined spectrophotometri-
cally by measuring the formation of a yellow adduct (gy50,, = 1.86 X 10> M
cm™') produced through the reaction of Al-pyrroline with 2-aminobenzalde-
hyde. Assay was carried out in 0.1 M sodium phosphate buffer (pH 6.5)
containing 5 mm 2-aminobenzaldehyde at 37°C. Reaction was blocked after 20
min by adding trichloroacetic acid to a final concentration of 4% (w/v).

Plant Materials and Treatments

Maize (Zea mays ‘CORONA’; from Monsanto Agricoltura) seeds were
soaked in tap water for 12 h and germinated in the dark, at 21°C over three
layers of filter paper moistened with distilled water. A stock of 5-d-old maize
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seedlings was selected on the basis of root length (3 cm) and transferred into
an aerated hydroponics culture with magnetic stirring. Seedlings were grown
hydroponically for 24 h in distilled water (control plants) or alternatively
supplied with Spd (ranging from 1 X 108 M to 1 X 1072 m), Spm (10 pwm), Put
(10 wm), DMTU (5 um), G3 (10 um), ABAL (10 um), H,O, (10 um), L-ascorbic
acid (ranging from 1 um to 1 mm), G3/Spd, DMTU/Spd, or L-ascorbic acid/
Spd. If necessary, the pH value of the hydroponics was adjusted to 5.8. To
avoid photomorphogenic effects on ZmPAO expression (Cona et al., 2003),
maize seedlings were kept in the dark for the entire duration of the exper-
iments and every technical operation was performed under photomorpho-
genically inactive green light. Seeds of tobacco (Nicotiana tabacum) both cv
Petit Havana SR1 (wild-type and transgenic genotype constitutively express-
ing ZmPAO in the cell wall, reported as S-ZmPAO plants; Rea et al., 2004),
and cv Xanthi (wild-type and transgenic plants expressing in the antisense
orientation the ZmPAO gene or down-regulating the gene encoding RNAi-
SAMDC, reported as A-ZmPAO and RNAi-SAMDC plants, respectively;
Moschou et al., 2008b) were sown in a custom-built hydroponics culture
apparatus that allows seed germination in loam and the subsequent root
growth in distilled water. Tobacco plants were grown hydroponically for 3
weeks in aerated distilled water, in a growth chamber equipped with Osram
Lumilux L36W /840 lamps, irradiance at plant level of approximately 150 uE
m ?s™!, constant temperature of 24°C * 2°C, and a 16 h day length.

Enzyme Activity, Protein Assays, and DNA
Ladder Analysis

Western blot, PAO enzymatic activity, and protein level determination
were carried out in maize primary root apex extracts as previously described
(Angelini et al., 2008). For DNA ladder detection, genomic DNA was isolated
from maize primary root apices and run on an agarose gel according to
Gunawardena et al. (2001).

Autofluorescence Analysis under UV or Blue Light of
Cell Wall Ester-Linked Phenolics

Cross sections (50-um-thick) obtained with a vibratome (Vibratome Series
1000, TPI Int.) at 200, 1,000, and 2,500 um from the apical meristem of unfixed
agar-embedded segments (5-mm-long) from untreated (control) and treated
maize primary roots, were collected in 0.1 M sodium phosphate buffer (pH
7.4). Sections were directly mounted on slides and observed for cell wall
phenolics autofluorescence under UV light (McLusky et al., 1999) in an
Axioplan 2 (Zeiss) microscope equipped with a video camera (A Sistemi).
Digitized images were acquired by an IAS 2000 software (A Sistemi). Other
sections were analyzed under Leica TCS-SP5 confocal microscope supplied
with the Leica application suite advanced fluorescence (LAS AF) software
(Leica Microsystems) using an argon laser emitting at wavelength of 488 nm
and selecting the emission range from 495 to 590 nm (Angelini et al., 2008). Z
stacks of 3 um were performed with Z-step size of 0.045 um.

Histochemical Visualization under Light Microscope of
ZmPAO Enzyme Activity

Apical segments (5-mm-long) from maize primary root were fixed in 4%
paraformaldehyde, 0.5% glutaraldehyde, and 0.05% Suc in 0.1 M sodium
phosphate buffer (pH 6.5), for 1 h at room temperature under vacuum. After
fixation, specimens were embedded in 0.4% agar. ZmPAO activity was
histochemically detected in longitudinal sections using a peroxidase-coupled
assay with the chromogenic peroxidase substrate DAB that is oxidized to a
brown compound upon PAO-mediated H,O, release after Spd supply (Augeri
et al., 1990). Vibratome-cut cross sections (50-um-thick) at different distances
from the apical meristem and longitudinal sections were collected in 0.1 m
sodium phosphate buffer (pH 6.5). After washing in the same bulffer, longi-
tudinal sections were preincubated in DAB-staining solution (10 mm sodium
phosphate buffer [pH 6.5], containing 60 pg mL™"' peroxidase and 0.04%
[w/v] DAB) for 10 min and then incubated with 3 mm Spd in DAB-staining
solution. Reactions were blocked after 3 min by thoroughly washing sections
in distilled water. In cross sections, DAB staining was enhanced by addition of
0.05% (w/v) CoCl, to the staining solution, obtaining a blue color (Hsu and
Soban, 1982). Sections were mounted on glass slides in 25% glycerol, prior to
being observed under light microscope. Control sections incubated in the
staining solution lacking Spd were negative.
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Preparation of Wax-Embedded Specimen for Tissue
Morphometric Analysis, ZmPAO Immunohistochemistry,
and TUNEL Assay

Apical segments (5-mm-long) from untreated (control) and treated maize
primary root were fixed in 2% formaldehyde, 5% acetic acid, 45% ethanol for
3 h under vacuum at 4°C. Specimens were dehydrated through a graded
ethanol series (10%, 20%, 30%, 50%, 75%, 100%), 20 min each step, and then
incubated overnight in 100% ethanol. Dehydrated tissues were successively
taken through a graded Ultraclear series (25%, 50%, 75% in ethanol, 100%), 1 h
each step, and then embedded in paraffin wax (Bio-Plast) through a graded
Bio-Plast series (25%, 50%, 75% in Ultraclear, 100%), 45 min each step at 60°C.
Longitudinal sections (20-um-thick) or cross sections (10-um-thick at approx-
imately 1,000 um from the apical meristem) of paraffin wax-embedded
specimens were cut using a microtome (Microm HM-330; Zeiss) and collected
onto slides coated with Vectabond reagent, prepared following manufac-
turer’s instructions. Tissue sections were dewaxed in Ultraclear for 20 min and
then hydrated through a graded ethanol series (100%, 95%, 90%, 80%, 70%), 5
min each step, and at the end washed in distilled water for 1 min.

Tissue Morphometric Analysis

Paraffin-embedded longitudinal sections were incubated in 1% Carazzi’s
hematoxylin in distilled water for 10 min, washed in distilled water for 20 min,
and stained with 1% eosin Y in distilled water for 30 s. Afterward, sections
were dehydrated through ethanol 95% for 1 min and ethanol 100% for 5 min
and finally incubated in Ultraclear for 5 min. Sections were mounted with
eukitt, prior to being observed under light microscope. Cell length was
measured using Image J software (Rasband, W.S., Image], U.S. National
Institutes of Health, http:/ /rsb.info.nih.gov/ij/, 1997-2008) on digitally ac-
quired images as described above.

ZmPAO Immunohistochemistry

Paraffin-embedded cross sections were dewaxed and hydrated as de-
scribed above and then processed for immunohistochemistry using a rabbit
polyclonal antiserum against ZmPAO, fractionated by affinity chromatogra-
phy through a CNBr-activated Sepharose 4B column coupled to bromelain,
according to the manufacturer’s instructions, to eliminate antiglycan anti-
bodies (Cona et al., 2005). The resulting antiserum against ZmPAO polypep-
tide recognized a single protein band corresponding to ZmPAO when probed
against maize crude extract. As the three maize genes encoding ZmPAO
express the same protein product, the antiserum recognized all the ZmPAO
gene products. After washing first in distilled water (30 min) and in 0.1 m
sodium phosphate buffer (pH 7; buffer A) for 10 min, sections were incubated
in blocking solution (5% nonfat dry milk in buffer A) for 3 h. Afterward,
sections were incubated in the primary antibody diluted 1:2,000 in buffer A
containing 2.5% nonfat dry milk for 24 h at 4°C. Control sections were
incubated in the absence of primary antibody. Subsequently, sections were
washed in buffer A (for three times 10 min each) and then incubated in goat
anti-rabbit IgG conjugated to 5-nm colloidal gold particles diluted 1:200 (w/v)
in medium A containing 1% normal goat serum for 2 h at room temperature.
The reaction was finally visualized by using a silver enhancement kit. Anti-
ZmPAO antiserum preadsorbed onto a column of CNBr-activated Sepharose
4B conjugated to pure ZmPAO (Cona et al., 2005), used as primary antibody
control, and colloidal gold conjugated goat anti-rabbit IgG, used as secondary
antibody control, did not show any immunoreactivity.

TUNEL Assay

The TUNEL assay was carried out on paraffin-embedded cross sections
according to the manufacturer’s (Roche Applied Science) instructions. Nuclei
were stained by incubating in PI (2 ug/mL) for 2 min. To avoid interference
due to the binding of PI to ribonucleic acids, samples were incubated in 0.5
mg/mL RNasel-DNase-free for 10 min at 37°C before starting with the
TUNEL procedure. As a negative control terminal deoxynucleotidyl transfer-
ase enzyme was omitted and as a positive control, DNasel was added,
according to manufacturer’s instructions (Roche Applied Science). The per-
centage of TUNEL-positive nuclei (excitation: 450-500 nm; emission: 515-565
nm) was calculated with respect to the number of nuclei stained with PIin the
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same sections (excitation: 510-530 nm; emission: 632—-675 nm). Nuclear diam-
eter and integrated fluorescence intensity for the estimation of chromatin
condensation (Vergani et al., 1998) were measured using Image J software on
digitally acquired images of nuclei stained with PL

Transmission Electron Microscopy

Specimens (1-mm-long) from the apex (at about 1,000 um from the apical
meristem) or mature zone (at about 1.5 cm from the seed) of maize primary
roots were fixed in 2.5% (v/v) glutaraldehyde in 0.1 M cacodylate buffer (pH
7.4), for 2 h at room temperature under vacuum aspiration. After washes in
0.1 M cacodylate buffer (pH 7.4), fragments were postfixed in 2% osmium
tetroxide in 0.1 M cacodylate buffer (pH 7.4), for 2 h at 4°C, then dehydrated in
graded ethanol (50%-100%) at 4°C, immersed in propylene oxide for 20 min,
and gradually infiltrated with epoxy resin mixture (812 resin embedding kit),
prior to embedding in the same resin. Ultrathin sections (70-nm-thick), cut
from randomly chosen blocks on an ultramicrotome (Ultracut S; Leica
Microsystems) were contrasted by uranyl acetate and lead citrate and col-
lected on collodium-coated nickel grids. Sections were observed in a CM120
electron microscope (Philips) and images were electronically captured.

Flow Cytometric Analysis

Apical segments (1-cm-long) from maize primary roots (10 roots for each
treatment) were thoroughly washed in cold distilled water, prior to being fixed
into 30 mL formaldehyde 4% TRIS buffer (10 mm Tris/HCI, 10 mm Na,-EDTA,
100 mm NaCl, 0.1% Triton X-100 [pH 7.5]) for 20 min at 5°C. Segments were
washed three times in 30 mL Tris buffer (30 min each). Root caps (1.5-2 mm)
were excised and transferred in LBO1 lysis buffer (15 mm Tris/HCI, 2 mm Na,-
EDTA, 80 mm KCl, 20 mm NaCl, 0.5 mm Spm, 15 mm mercaptoethanol, 0.1%
Triton X-100 [pH 7.4]; Dolezel et al., 1992). Nuclei were isolated as described by
Gualberti et al. (1996) and then stained with 2 ug/mL DAPI. DAPI-stained
nuclear suspensions were analyzed with a FACSVantage SE flow cytometer cell
sorter (Becton Dickinson) equipped with an argon ion laser tuned to A = 351/364
nm adjusted to 200 mW power output. Fluorescence pulse height emitted from
nuclei together with integral fluorescence and width was collected through a
400-nm long-pass filter and converted on a 1,024-channel analog-to-digital con-
verter. The instrument was aligned with chicken red blood nuclei showing a G1
DNA content histogram with a coefficient of variation better than 2.5%.
VANTAGE SE amplification was adjusted so that the peak corresponding to
single G1 nuclei was positioned at approximately channel 300. Flow cytometric
analysis data were acquired and analyzed by the program CELLQUEST Pro
v.4.01 for Mac OS (Becton Dickinson). A total of 10* nuclei were analyzed for
each sample; all analyses were run in triplicates.

PI Staining of Cell Wall and Cell Death/Vitality Analysis

Longitudinal sections (150-um-thick) were cut with a vibratome from agar-
embedded maize primary root apices (5-mm-long) from untreated (control)
and Spd-treated plants, stained with PI, and observed under LSCM at 543 nm
(He-Ne laser) to reveal the outlines of cells in the root apex. The selected
emission band ranged from 580 to 680 nm.

Tobacco root apices (5-mm-long), obtained from both 3-week-old tobacco cv
Petit Havana SR1 plants (wild-type and transgenic S-ZmPAO) as well as tobacco
cv Xanthi plants (wild-type, transgenic A-ZmPAO and transgenic RNAi-
SAMDC), were stained with PI (10 ug/mL) in distilled water for 15 min to
reveal the outlines of cells. Root apices of wild-type and transgenic S-ZmPAO
tobacco plants (cv Petit Havana SR1) were also stained with fluorescein
diacetate-SYTOX orange double fluorescence staining (5 um SYTOX orange in
distilled water for 15 min, two washes in distilled water, 10 um fluorescein
diacetate in distilled water) to discriminate between alive and dead cells. Cell
death was visualized in wild type, transgenic A-ZmPAO, and transgenic RNAi-
SAMDC tobacco plants (cv Xanthi) by SYTOX orange staining. Root apices
stained with PI were observed under LSCM using He-Ne laser emitting at
wavelength of 543 nm. The selected emission band ranged from 580 to 680 nm.
Root apices stained with fluorescein diacetate-SYTOX orange double fluores-
cence staining were observed under LSCM (argon laser emitting at wavelength
of 488 nm and He-Ne laser emitting at wavelength of 543 nm). The selected
emission bands ranged from 500 to 530 nm for fluorescein diacetate and from
565 to 580 nm for SYTOX orange. Z stacks of 20 um were performed with Z-step
size of 1 um. Shown micrographs are relative to the central Z stack.
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In Situ Detection of H,O, in Maize and Tobacco Root

In situ detection of H,O, in the maize primary root was achieved by in vivo
DAB staining (Graham and Karnovsky, 1966). Maize seedlings were grown
hydroponically for 24 h in distilled water (control plants) or alternatively
supplied with Spd at 10 or 1 um. After 12 h from the beginning of the
treatment, 1 um DAB was added into the hydroponic culture of both untreated
and Spd-treated plants. After further 12 h, roots were collected and sectioned
for direct H,0, visualization. Cross sections (50-um-thick) obtained with a
vibratome (Vibratome Series 1000, TPI Int.) at 1,000 um from the apical
meristem of unfixed agar-embedded 5-mm-long segments from untreated
(control) and Spd-treated primary root, were collected in 0.1 M sodium
phosphate buffer (pH 7.4). After washing, sections were directly mounted on
slides and observed for DAB staining by light microscopy.

In situ detection of H,O, in the tobacco root was carried out by exploiting
the fluorogenic peroxidase substrate AUR that reacts in a 1:1 stoichiometry
with H,O, to produce a highly fluorescent reaction product (excitation/
emission maxima approximately 568/581 nm). Tobacco (cv Petit Havana SR1)
root apices (5-mm-long), obtained from 3-week-old wild-type and S-ZmPAO
transgenic tobacco plants, were stained by incubation in 0.1 mm AUR, for 5
min under vacuum. After washing, root apices were observed under LSCM
(HeNe laser emitting at wavelength of 543 nm). The selected emission bands
ranged from 550 to 700 nm.

Statistics

Experiments were performed independently five times and a minimum of
five plants for treatment were observed, unless otherwise specified, yielding
reproducible results. A minimum of three sections per plant portion and
treatment were examined under light and confocal microscope. Distance
values between xylem precursor and apical meristem (maize plants) or root
cap (tobacco plants) that have been used for statistical analysis, were mea-
sured under LSCM exploiting the LAS AF software. Five grids per block were
examined in the transmission electron microscope. Single representative
experiments are shown in the figures. Ten plants for each treatment were
utilized in each independent experiment of flow cytometric analysis. Statis-
tical tests were performed using GraphPad Prism with ANOVA or Student’s ¢
test analysis. Statistical significance of differences was evaluated by P level
(ns, Not significant; *, **, and ***, P values = 0.05, 0.01, and 0.001, respectively).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. ZmPAO activity and protein accumulation level
in the primary root apex of hydroponically grown maize plants after
Spd treatment.

Supplemental Figure S2. Effect of G3, DMTU, H,O,, 1 um Spd, and 1 mm
Spd exogenous supply on DNA fragmentation detected by TUNEL in
situ assay in cross sections of the maize primary root apex.

Supplemental Figure S3. UV light-induced autofluorescence of maize
primary root after H,O, or ABAL treatment.

Supplemental Figure S4. Effect of exogenously supplied Spd on in vivo
H,0, production in maize primary root.

Supplemental Table S1. Effect of Spd treatment on maize primary root
growth, dose-response relationship.

Supplemental Table S2. Effect of L-ascorbic acid treatment on maize
primary root growth.
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