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chently we showed that ABA is
t least partly responsible for the
induction of the polyamine exodus path-
way in Vitis vinifera plants. Both sen-
sitive and tolerant plants employ this
pathway to orchestrate stress responses,
differing between stress adaptation and
programmed cell death. Herein we show
that ABA is an upstream signal for the
induction of the polyamine catabolic
pathway in Vitis vinifera. Thus, amine
oxidases are producing H,O, which
signals stomata closure. Moreover, the
previously proposed model for the poly-
amine catabolic pathway is updated and
discussed.

We have shown that tobacco salin-
ity induces an exodus of the polyamine
(PA) spermidine (Spd) into the apoplast
where it is oxidized by polyamine oxi-
dase (PAO) generating hydrogen perox-
ide (H,0,). Depending on the size of
H,O,, it signals either tolerance-effector
genes or the programmed cell death
syndrome' (PCD). PAs are ubiquitous
and biologically active molecules. In
the recent years remarkable progress has
been accomplished regarding the regula-
tion of PAs biosynthesis and catalysis, not
only under normal physiological but also
under stress conditions." The most stud-
ied PAs are the diamine Putrescine (Put)
and its derivatives the triamine Spd and
the tetramine spermine (Spm). They are
present in the cells in soluble form (S),
or conjugated either to low molecular
weight compounds (soluble hydrolyzed
form, SH) or to “macro” molecules or
cell walls (pellet hydrolyzed form, PH).
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In higher plants, Put is synthesized either
directly from ornithine via ornithine
decarboxylase (ODC; EC 4.1.1.17) or
indirectly from arginine via arginine
decarboxylase (ADC; EC 4.1.1.19). Spd
and Spm are synthesized via Spd syn-
thase (EC 2.5.1.16, SPDS) and Spm syn-
thase (EC 2.5.1.22, SPMS), respectively,
by sequential addition of aminopropyl
groups to Put, catalyzed by S-adenosyl-L-
methionine decarboxylase (SAMDC; EC
4.1.1.50).%% In plants, PAs are present in
the cytoplasm, as well as in cellular organ-
elles.* Recently it was shown that during
stress, they are secreted into the apoplast
where they are oxidized by amine oxi-
dases (AOs), such as diamine oxidase for
Put (DAO, E.C. 1.4.3.6) and polyamine
oxidase (PAO, E.C. 1.4.3.4) for Spd and
Spm.">¢ Oxidation of PAs generates,
amongst other products, H,O,"”®* which
is involved in cell signaling processes
coordinated by abscissic acid (ABA),’ but
also acts as efficient oxidant and, at high
concentration, orchestrates the PCD syn-
drome.®!* Two types of PA catabolism by
PAO are known in plants: the terminal
and the back-conversion pathways. The
terminal one takes place in the apoplast,
produces except H,O,, 1,3-diamino-
propane and an aldehyde depending
on the species. On the other hand, the
back-conversion pathway is intracellular
(cytoplasm and peroxisomes) resulting to
the production of H,O, and the sequen-
tial production of Put by Spm via Spd."”
Now we have shown that PA exodus also
occurs in Vitis vinifera and this phe-
nomenon is at least partially induced by
abscissic acid (ABA)."" Thus, exogenous
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application of ABA results to PA exodus
into the apoplast of grapevine. PA is oxi-
dized by an AO resulting to production
of H,O,. When the titer of H,O, is below
a threshold, expression of tolerance-
effector genes is induced, while when it
exceeds this threshold the programmed
cell death (PCD) syndrome is induced.

Stress Conditions Facilitate the
Induction of the Polyamine
Exodus Pathway

Under stress conditions, the stress signal
is perceived and PA homeostasis is re-ad-
justed in order to further orchestrate stress
responses. The perceived signal involves
the ABA signaling pathway."! With respect
to the PA catabolic pathway, Moschou et
al.! and Toumi et al." showed that stress
induces exodus of PAs into the apoplast,
were they are catabolized by PAO. Grape
cultivars showing contrasting tolerance
to drought stress exhibit differential PA
biosynthesis rate and titers. In both, the
tolerant and the sensitive genotypes, stress
activates the exodus route of PAs, but only
in the tolerant one the higher PA biosyn-
thetic rate in the cellular compartment
eliminates potential detrimental effects
exerted by PAO-derived H,O, in the apo-
plast. On the contrary, in the sensitive
genotype intracellular homeostasis of PAs
is not restored, and their levels are insuffi-
cient to ameliorate the intervening effects
of H,O,; thus, the PCD syndrome is sig-
naled and executed."

Polyamines under stress could affect
vital cellular functions varying from
development and growth to PCD. For
instance under salinity, excessive amounts
of ions are absorbed by cells resulting to
osmotic and toxic phenomena which are
sensed by cells and are translated as cas-
cades of molecular signals, mainly under
the control of ABA."> The response of
PAs to ABA was shown in Arabidopsis"
and results show that, in contrast to wild
type, neither the ABA mutant, aba2-3,
nor the ABA insensitive, abil-1, plants
were able to regulate the PAs biosynthetic
genes; exogenous application of ABA
to these lines resulted to higher ADC2
and SAMDC levels, suggesting that PAs
upregulation is ABA-dependent under

stress.!?
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Correlation of Polyamine Exodus
Pathway with Biotic Stress
Responses and Morphogenesis

Recently, the PA exodus pathway was also
correlated with biotic stress tolerance.
Engineering the PA catabolic pathway
in tobacco to increase the generation of
H,O,, by overexpression of the PAO gene,
resulted in tolerance to certain patho-
gens, such as Pseudomonas syringae and
Phytopthtora infestans® Increased expres-
sion of PAO gene and PAO protein led
to the induction of an array of defensive
proteins; the two major proteins induced
were the salicylic-inducible protein kinase
(SIPK) and wound inducible protein
kinase (WIPK). These two MAPKs acti-
vate a series of proteins involved in defense
organization. Moreover, PA catabolism by
PAO was correlated with the elongation of
pollen tube in Arabidopsis and Pyrus pyri-
folia, since loss-of-function mutant alleles
of the AtPAO3 gene showed reduced seed
set due to defects in pollen tube growth."”
In this study, PAO derived-H,O, through
Spd oxidation was shown to induce a Ca**
permeable channel in the pollen tube tip
which is crucial for proper pollen tube
Thus, Spd derived-H,O,
through PAO may play a crucial role in

elongation.

the induction of the stress-dependent Ca**
permeable channels.

In the grapevine (Vitis vinifera L.)
exogenous Spd resulted to H,O, accumu-
lation as documented using the cell-per-
meable 2',7'-dichlorfluorescein-diacetate
(DCFH-DA) H,O,-specific dye in cell
suspension cultures (Fig. 1A). Application
of aminoguanidine and guazatine, DAO
and PAO potent inhibitors respectively,
abrogated accumulation of H,O,, and the
same effect was observed when supple-
menting the cell suspension culture with
ascorbate, a H,O, scavenger (Fig. 1A).
PAO activity resulted to H, O, accumula-
tion in planta as shown in leaves by DAB
staining (Fig. 1B). More importantly,
DAB deposits forming in the presence of
H,O, were localized primarily in the vas-
cular tissue (Fig. 1B). Transmission elec-
tron microscopy (TEM) specific for H,O,
(coupled with CeCl, staining) revealed
that the apoplast is the main location of
PAs oxidation in grapevine (Fig. 1C).
Furthermore, results by scanning electron
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microscopy (SEM) showed that in Spd-
treated leaf epidermis, Spd induced sto-
1D),
restricted by simultaneous application of

mata closure (Fig. which was
aminoguanidine and guazatine (Fig. 1D).
Additionally, post-treatment with Spd,
H,O, was shown to be localized particu-
larly in guard cells (Fig. 1E). Previously,
An et al.”” showed that DAO is involved in
the ABA-induced stomata closure in Vicia
Jfaba. Paschalidis et al.'®"” showed that in
Nicotiana tabacum plants PAO activity
correlates with vascular tissues as observed
here for Vitis vinifera. These results rein-
force the view of direct involvement of
PAOs-derived H,O, in stomata closure
signaling cascade. Moreover, it seems
likely that PAOs are a downstream target
of the ABA signaling network.

An Emerging New Picture
for Polyamine Catabolism

PA catabolism seems that it is not sim-
ply a biochemical process in plants. The
products of this reaction and especially
the reactive oxygen species H,O, seems
to actively participate in the signaling
network with numerous targets. In our
previous work and herein, we show that
PA cellular homeostasis is tightly con-
trolled via PAs sequestration, by regu-
lation of the biosynthetic and catabolic
PA genes to facilitate H,O, generation.!
Hydrogen peroxide, depending on its
‘size’, signals different cellular processes
ranging from induction of tolerance-
effector and defensive genes to PCD. In
addition, new developmental roles for
PA catabolism are revealed. A paradigm
is the involvement of Spd catabolism on
pollen tube elongation. Downstream
targets of Spd-derived H,O, are the Ca*
channels.” Furthermore, another down-
stream target of ABA is the exodus of PAs
into the apoplast where they are oxidized
by PAOs to generate H,O, Moschou
et al.'® reported that ABA is inducing
AtPAOs in Arabidopsis, enhancing the
back-conversion pathway of PAs in per-
oxisomes. Although the peroxisomal
pathway is functionally divergent from
the apoplastic PA catabolic pathway
described by Moschou et al.! and Toumi
et al.! both pathways are induced by
ABA (Fig. 2).
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Figure 1. Polyamine oxidase-induced H,0,
accumulation by Spermidine oxidation in
Vitis vinifera. (A) In situ H,O, epifluorescne

in control grapevine cells (a), in cells treated
with 10 mM Spd for 1 h (b), in cells treated
with 10 mM Spd, 0.5 mM aminoguanidine
and 0.5 mM guazatine for 1 h (c) and in cells
treated with 10 mM Spd and 1 mM ascorbate
for 1 h (d). (B) In situ DAB detection of H,0,

in fully developed leaves (15%") of grapevine.
Control leaf (a); leaf infiltrated with 10 mM
Spd for 10 min prior to DAB infiltration (b);
leaf infiltrated with 10 mM Spd for 1 h prior
to DAB infiltration (c); close-up pictures of

(b) showing H,0, accumulation in secondary
veins (d and e) and in closed stomata (f). (C)
Hydrogen peroxide detection by transmis-
sion Electron microscopy (TEM) in control
leaf (a), leaf treated with 10 mM Spd for 1

h (b) and with 10 mM Spd, 0.5 mM amino-
guanidine and 0.5 mM guazatine for 1 h (c).
Hydrogen peroxide was observed as cerium
perhydroxide deposits (CPD) in vascular
parenchyma cells. In (b), staining was heavy
in cell corner middle lamella and signifi-
cantly increased in cell walls and in plasma
membrane (arrow heads). Staining was sparse
in (a) and even lower in (c). CML, cell corner
middle lamella; CW, cell wall; IS, intercellular
space. (D) Scanning electron microscopy
(SEM) of control leaves (a), leaves treated with
10 mM Spd for 1 h (b) and leaves treated with
Spd supplemented with 0.5 mM aminogua-
nidine and 0.5 mM guazatine (c and d). (E) In
situ Spd-induced H,0, accumulation in guard
cells and stomatal closure. DCFH-DA fluores-
cence in control strips (a), in leaf strips treated
with 10 mM Spd (c) and in strips treated with
0.5 mM aminoguanidine and 0.5 mM guaza-
tine (e). (b, d and f) bright field images of (a, ¢
and e), respectively. Methods were described
previously in Moschou et al.!
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Figure 2. Proposed model for PAO-derived H,0,

participation in stress and development. That PAO correlates with development was previously high-
lighted by Paschalidis and Roubelakis-Angelakis'®'® and Paschalidis et al.? During development, intrinsic clues induce PA catabolism and generation of
H,O,. This molecule seems to act as signal to activate Ca? channels,” and stomata closure (herein). Higher Spd titers or increased PAO activity results
to high levels of H,0, that activate Ca* channels, but the Ca** influx is either not restricted or the influx is exceedingly high leading to deleterious
effects.” Under stress, PA exodus into the apoplast is signaled where it is oxidized by PAO. The generated H,0
effector genes or the PCD syndrome.' The decision depends both, on the size of the H,O, and on the restoration of intracellular PA homeostasis, which
is brought about by the simultaneous induction of the PA biosynthetic genes.! All the previous reinforce the view that only optimal oxidation of Spd
by PAO can lead to normal molecular responses. Moreover, in the case of the control of cation channels the back-conversion pathway seems to pos-
sess significant role,”” but yet a role for this pathway in other responses, like effector-genes induction remains to be established.
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