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Abstract

Polyamines (PAs) produce H,O, and nitric oxide (NO) during their normal catabolism and modulate plant growth
and development. To explore the biochemical basis of PAs-induced growth inhibition in Triticum aestivum L seed-
lings, we examined the role of O,”, H,O, or NO in shoot and root development. Although all PA treatments
resulted in a variable reduction of root and shoot elongation, spermine (Spm) caused the greater inhibition in a
similar way to that observed with the NO donor, sodium nitroprusside (SNP). In both cases, O,  production was
completely blocked whereas H,O, formation was high in the root apex under SNP or Spm treatments. Catalase
recovered root and shoot growth in SNP but not in Spm-treated plants, revealing the involvement of H,O, in SNP-
root length reduction. The addition of the NO scavenger, cPTIO, restored root length in SNP- or Spm-treated plants,
respectively, and partially recovered O, levels, compared to the plants exposed to PAs or SNP without cPTIO. A
strong correlation was observed between root growth restoration and O,  accumulation after treating roots with SNP
+ aminoguanidine, a diamine oxidase inhibitor, and with SNP + 1,8-diaminoctane, a polyamine oxidase inhibitor,
confirming the essential role of O, formation for root growth and the importance of the origin and level of H,O,.
The differential modulation of wheat growth by PAs through reactive oxygen species or NO is discussed.
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Abbreviations Introduction

AG Aminoguanidine

1,8-DO  1,8-diaminoctane . L. .

SNP Sodium nitroprusside Putrescine (Put), spermidine (Spd), and spermine (Spm) are

aliphatic amines namely polyamines, present in all plant cells
(Alcazar et al. 2011; Wojtasik et al. 2015), particularly in ac-
tively growing tissues (Takahashi and Kakehi 2010). They
have been involved in diverse physiological processes, such
as cell division, rhizogenesis, root elongation, senescence, flo-
ral development, fruit ripening, and the response to biotic and
abiotic stresses, as reported by Alcazar and Tiburcio (2014),
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Alcézar et al. (2011), Gupta et al. (2013, 2016) and Groppa
et al. (2008). Most studies carried out until now have been
focused on the beneficial effects of polyamines, pointing out
that a correlation exists between stress tolerance and elevated
polyamine levels (Minocha et al. 2014). Moreover, some stud-
ies have revealed that application of exogenous PAs alleviate
abiotic stress symptoms, thus conferring stress tolerance (Gupta
et al. 2016 and references therein). However, PAs could also be
deleterious to growth and development when they are applied
under non-stressful environmental conditions, revealing a new
dimension for these nitrogenous compounds which were
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unexpected earlier. PAs are well known to induce PCD or alter
growth or development upon depletion/overproduction with
respect to their physiological levels (Alcazar et al. 2005;
Gupta et al. 2016). Thus, it appears that the former idea that
higher PAs levels are better for stress tolerance cannot be ap-
plied under all conditions (Pottosin and Shabala 2014; Alcazar
and Tiburcio 2014; Minocha et al. 2014). For instance, regard-
ing root development, de Agazio et al. (1995) have reported
that exogenous supply of Spd in Zea mays affected cell
elongation and mitotic index, whereas Tisi et al. (2011) have
shown that it inhibited root cell elongation, promoted deposi-
tion of phenolics in cell walls and resulted in a higher number
of cells resting in G1 and G2 phases in the maize primary root
apex. Moreover, Alcazar et al. (2005) have addressed that trans-
genic plants with elevated Put content presented dwarfism and
late flowering.

Reactive oxygen species (ROS), like superoxide anion (O,
") or hydrogen peroxide (H,O,), are by-products constantly
formed along all physiological processes, such as photosyn-
thesis or photorespiration, as has been mentioned by Foyer
and Noctor (2009). They also function in signaling pathways,
regulating plant development in response to physiological and
environmental signs (Apel and Hirt 2004; Suzuki et al. 2011).
Despite abnormal high level of ROS can be lethal for the plant
cell integrity, it was recently demonstrated that ROS are also
essential for growth processes when they are present at low
levels (Foreman et al. 2003). Apoplastic ROS were suggested
to play a key role in cell expansion during morphogenesis of
roots and leaves via effects on cell-wall loosening (Carol and
Dolan 2006; Francoz et al. 2015).

Superoxide anions and H,O, are the most well studied
ROS in plant cells (Gapper and Dolan 2006) and can be gen-
erated via plasma membrane (PM)-localized NADPH oxi-
dases (NOXs), which are homologous to the catalytic subunit
(gp91phox) of mammalian phagocyte NOX (Jones et al.
2000). Superoxide anion signaling has been associated with
root hair growth (Foreman et al. 2003) and root gravitropism
(Joo etal. 2001) whereas growth of adventitious roots requires
the presence of H,O, (Montiel et al. 2012). The superoxide
ion may be converted into H,O, spontaneously or enzymati-
cally via superoxide dismutase (SOD), and this molecule can
further be reduced by peroxidases to generate more reactive
free radicals, as hydroxyl radical (*OH) (Liszkay et al. 2004).
Verbelen et al. (2006) stated that root growth is brought about
by the activity of the subapical meristem and the elongation of
the newly formed cells, whereas Dunand et al. (2007) reported
that hydroxyl anion is involved in cell elongation by cell wall
loosening mechanism in the growing zone of roots.

Polyamines are oxidatively deaminated at their primary or
secondary amino-groups by the copper-containing amine ox-
idases (CuAOs) and the FAD-dependent amine oxidases
(PAOs), respectively (Angelini et al. 2010), releasing H,O,
as one of the catabolic products. In this way, CuAOs and
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PAOs do not only contribute to important physiological pro-
cesses through the regulation of cellular PA levels with diverse
specificities and expression patterns, but they also do so
through their reaction products, especially H,O, (Fincato
et al. 2012; Moschou et al. 2008; Planas-Portell et al. 2013;
Tavladoraki et al. 2006).

Nitric oxide (NO) is a hydrophobic, highly diffusible gas-
eous molecule involved in communication from organ to organ
or from plant to plant (Beligni and Lamattina 2001). In the last
few years, a plethora of data have demonstrated that NO has an
outspread spectrum of regulatory functions, including those
related to processes like germination, metabolism, flowering,
senescence, cell death, ion homeostasis, as well as responses to
both biotic and abiotic stresses (Beligni and Lamattina 2001;
Correa-Aragunde et al. 2004; Groppa et al. 2008; Moreau et al.
2008), most of them resembling those of PAs. Moreover, PAs
and NO are clearly interconnected through a common precur-
sor, L-arginine. This aminoacid is a substrate for the biosynthe-
sis of PAs but it can also be used to form NO by a still unknown
pathway (Wimalasekera et al. 2011). Polyamines and NO have
common signaling functions, they interact with hormones, per-
form biological functions including growth, development and
stress responses (Lamattina et al. 2003; Takahashi and Kakehi
2010). The possible linkage between PAs and NO metabolism
have started to be explored just a few years ago, when Tun et al.
(2006) reported that PAs induced rapid NO biosynthesis in
specific tissues of Arabidopsis thaliana seedlings, mainly in
the elongation zone of root tips and in the veins and trichomes
of primary leaves. In this sense, a previous work of our group
has demonstrated that exogenous Spm increased endogenous
NO content and reduced wheat root growth rates (Groppa et al.
2008; Rosales et al. 2012).

Tissue specific cross-talk exists between ROS/NO produc-
ing organelles inside the cell, such us mitochondria, chloro-
plasts and peroxisomes (Apel and Hirt 2004; Farnese et al.
2016). It is well known that ROS are involved in signal trans-
duction pathways during biotic and abiotic stress protective
responses while, at the same time, they could directly damage
membranes, metabolites as chlorophylls, or oxidize lipids and
proteins (Gapper and Dolan 2006). In this way, PAs have been
involved in diverse protective responses in the cell (Groppa
et al. 2008; Tanou et al. 2014; Zepeda-Jazo et al. 2011), such
as the protection of membranes and other macromolecules,
which are the targets of ROS damage. Numerous studies have
emphasized the complexity of the interaction between PAs
and NO, which sometimes appears to be diametrically op-
posed, especially when plants are under stress (Pottosin et al.
2014; Velarde-Buendia et al. 2012).

The antioxidant properties of PAs have also been widely
studied in the context of their response to several types of
abiotic stress (Minocha et al. 2014). Nevertheless, there is
few data concerning the effect of PAs on certain aspects of
physiological development, like those harmful effects caused
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by the excess accumulation of PAs as a result of the overex-
pression of the genes involved in their biosynthesis or to their
exogenous addition to plant cells (Tiburcio et al. 2014).
Considering that ROS and NO can be produced by PAs, either
during normal catabolism (H,O,) or by still unknown mech-
anisms (NO), we decided to study the involvement of ROS
and NO on root elongation in wheat plants using a pharmaco-
logical approach by exogenously adding Put, Spd or Spm and
in comparison with SNP-treated plants. Looking for the mech-
anisms involved in such effect, and considering that PAs, NO
and ROS are undoubtedly linked and can share a cross-linked
pathway in essential developmental processes, the objective of
the present work was to study the interplay between PAs-
derived ROS and NO and to gain insight into the mechanisms
by which PAs affect root growth.

Materials and methods
Plant material and treatments

Wheat (Triticum aestivum L. 75 Aniversario) seeds (provided
by Buck S.A.) were germinated on wet Whatman paper over a
48-h period. After this time, seedlings were transferred to a
hydroponic system with Hoagland (Hoagland and Arnon
1950) solution containing 0.1 mM of the NO-donor SNP, or
1 mM Put, Spd or Spm. As control of CN release by SNP, a
solution of 0.1 mM SNP was left on the bench under light for
24 h and then used. This treatment did not affect growth com-
pared to controls (data is not shown). The NO-trapping agent
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (cPTIO, 0.3 mM) was added to the treatment solutions to
corroborate NO effects. When necessary, the following com-
pounds were used as exogenous pharmacological treatments:
0.1 to 10 mM H,0,; 1000 U ml ™! catalase (CAT) to eliminate
H,0,; 0.5 mM aminoguanidine (AG) as a CuAO inhibitor;
0.3 mM 1,8-diaminoctane (1,8-DO) as a PAO inhibitor.
Inhibition of NADPH oxidase activity was evaluated by means
of DPI (0.1 mM). To study the effect of calcium ions, 2 mM
CaCl, was used. Preliminary assays were performed to estab-
lish which concentrations were more adequate for modulating
ROS generation and/or root or shoot growth. Plants were
grown with a 16/8-h photoperiod at 26/20 °C, under fluorescent
white light (photon flux density: 175 pmol m > s ! at plants
level) in a controlled environmental growth chamber and were
harvested after 5 days of growth on each treatment solution.
Roots and leaves were used for determinations.

Root and shoot length
A sample of 10 to 15 plants per treatment was used to record

root (the main root) and shoot length at indicated time. Data
from four to five independent experiments were pooled for the

statistical analysis. Seedlings representative of each treatment
were chosen for imaging.

H,0, determination

Hydrogen peroxide concentration in wheat roots was mea-
sured according to Sergiev et al. (1997). Root tissues
(200 mg) were ground to powder using liquid N and then
homogenized in 5 ml 0.1% (w/v) TCA. The homogenate
was centrifuged at 12,000g for 15 min and 0.5 ml of the
supernatant was added to 0.5 ml 10 mM potassium phosphate
buffer (pH 7.0) and 1 ml of 1 M KI. The absorbance of the
supernatant was read at 390 nm. The content of H,O, was
given on a standard curve generated with known concentra-
tions of H,O,.

Root tissue staining of ROS

Superoxide accumulation in tissues was determined using
nitroblue tetrazolium (NBT), which reacts with O, producing
a blue formazan precipitate. Immediately after removal from
the plant, 1.5-2 cm of the apical portions of the primary roots
were immersed in a 0.05% solution of NBT in 50 mM potas-
sium phosphate buffer (pH 6.4) and vacuum-infiltrated. The
vacuum was broken and re-established every 30 s, three suc-
cessive times. Then, they were incubated in the same solution
for 30 min under light. To determine that this staining was
attributable to NADPH oxidase dependent O, formation,
root segments were incubated in 0.1 mM DPI for 45 m previ-
ously to NBT staining (Sagi and Fluhr 2001). To visualize the
presence of H,O,, the apical portion of the primary root were
immersed in an aqueous solution of 1 mg ml™' 3,3-diamino-
benzidine (DAB), vacuum infiltrated as describe above, and
incubated for 45 min in the dark. As a control for color devel-
opment, catalase (CAT) was used to dissipate H,O,. On each
experiment, 8—10 individuals randomly sampled from two
different trays were used. Stained segments were washed 3
times and put in water until images were taken (Thordal-
Christensen et al. 1997).

0," and NO fluorescent imaging

The presence of endogenous O, or NO formation were de-
tected by incubating 1.5-2 cm of the apical portions of the
primary roots with 10 mM of the positive fluorescent probe
dihydroethidium (DHE) or 10 uM DAF-2DA
diaminofluorescein diacetate (DAF-2DA) prepared in
10 mM Tris—HCI (pH 7.4) over 30 min, according to
Pagnussat et al. (2003) and Rodriguez-Serrano et al. (2009)
with some modifications, respectively. Thereafter, roots were
washed twice with the above buffer, and fluorescence was
examined in a fluorescence microscope (Olympus BX50,
Tokyo, Japan) with an excitation filter of 490 nm to detect
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red fluorescence of DHE (490-nm excitation, 520-nm emis-
sion) or green fluorescence of DAF-2DA (485-nm excitation,
530-nm emission). Exposure times were equal for all samples.
Experiments were repeated at least five times and similar re-
sults were obtained. Photographs are representative of the ob-
servations made. All manipulations were performed under
dim red light. Autofluorescence was recorded in unstained
controls.

Thiobarbituric acid reactive substances (TBARS)
determination

Lipid peroxidation was determined as the amount of TBARS,
measured by the TBA reaction (Heath and Packer 1968) with
minor modifications. Fresh roots or leaves (300 mg FW) were
homogenized in 3 ml of 20% (w/v) TCA. The homogenate
was centrifuged at 10,000g for 20 min. To 1 ml aliquot of the
supernatant, 1 ml of 20% (w/v) TCA containing 0.5% (w/v)
TBA and 100 ul 4% (w/v) butylated hydroxytoluene (BHT) in
ethanol were added. The mixture was heated at 95 °C for
30 min and then quickly cooled on ice. The contents were
centrifuged at 1000g for 3 min and the absorbance was mea-
sured at 532 nm. The value for non-specific absorption at
600 nm was subtracted. The concentration of TBARS was

calculated using an extinction coefficient of 155 mM ' cm ..

NADPH-dependent O," generation

Root samples (100 mg) were homogenized under ice cold
conditions in 0.7 ml of 50 mM Hepes buffer (pH 7.8) contain-
ing 250 mM sucrose, 10 mM cysteine, 3 mM ethylenedi-
aminetetraacetic acid (EDTA), 1 mM 1,4-dithiothreitol
(DTT), 1 mM MgCl, 0.6% p/v polyvinylpyrrolidone (PVP)
and 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and the
homogenate was centrifuged at 27,000g for 20 min. NADPH-
dependent O, ™ generation was measured using the tetrazolium
dye NBT as an electron acceptor, as described by Van
Gestelen et al. (1997). Samples were pre-incubated for 1 min
at 30 °C and the reaction was initiated by the addition of
100 uM NADPH, monitoring NBT reduction by NADPH at
530 nm for 3 min using 200 pl of the extract in a final volume
of 1 ml. NADPH oxidation activity was calculated using an
extinction coefficient of 12.8 mM ' cm . Diphenyl iodonium
(DPI) was used to inhibit NADPH oxidase-like enzyme activ-
ity and NaN3 was used to block peroxidase activity. NADH
was used alternative electron donor instead of NADPH.

Antioxidant enzymes
Extracts for determination of guaiacol peroxidase (GPOX),
catalase (CAT), and superoxide dismutase (SOD) activities

were prepared from root samples (100 mg in 1 ml), homoge-
nized under ice cold conditions in 50 mM phosphate buffer

@ Springer

(pH 7.4) containing EDTA (1 mM), PVP (0.6% p/v) and
Triton X-100 (0.5% v/v). The homogenates were centrifuged
at 27,000g for 20 min and the supernatant fraction was used
for the assays. CAT activity (EC 1.11.1.6) was assayed based
on the decrease in the absorbance at 240 nm due to the deg-
radation of H,O,, as described by Chance et al. (1979). Total
SOD (EC 1.15.1.1) activity was assayed by the inhibition of
the photochemical reduction of NBT, as described by Becana
et al. (1986), in a reaction mixture containing the O, gener-
ating solution (14.3 mM methionine, 82.5 uM NBT, and
2.2 uM riboflavin) and 5-25 ul of plant extract. The reduction
in NBT was followed by obtaining the A560 values. One unit
of SOD was defined as the amount of enzyme required to
cause a 50% inhibition of NBT reduction, under the assay
conditions. GPOX activity (EC 1.11.1.7) was determined in
a reaction mixture containing 50 mM phosphate buffer
(pH 7.4), 1 mM guaiacol, 0.1 mM H,O, and 100 pl of crude
extract in a final volume of 1 ml. Activity was measured by
following the increase in absorbance at 470 nm due to the
formation of tetraguaiacol (¢ 26.6 mM/cm) (Machly and
Chance 1954).

Statistics

All data presented are the mean values of three to ten indepen-
dent set of experiments. Each value was presented as means +
standard errors of the mean (SE), with a minimum of five
replicates. Statistical analysis was carried out by one-way
ANOVA using the Tukey test to evaluate whether the means
were significantly different, taking p < 0.05 as significant.

Results
Exogenous PAs and SNP reduced plant growth

Polyamines and SNP treatments resulted in a reduction in root
and shoot elongation to different extents (Fig. 1). The
tetraamine Spm was which most affected growth, reducing
root length to 32% and shoot elongation to 70% of the control
(Table 1), a similar value that the one produced by NO re-
leased from SNP (28 and 72% of the C for root and shoot
length, respectively). Putrescine and Spd, the diamine and
triamine respectively, inhibited root elongation to 63 and
43% of the control, respectively, whereas shoot elongation
remained close to control values in both treatments (Table 1).

PAs treatment affected 0,", H,0, and NO levels
in 7-day-old wheat roots

Looking for the reasons implicated in root growth reduction
after PAs or SNP exogenous addition, O, or H,O, formation
in 1-1.5-cm-root segments, including the root tip, were



Reactive oxygen species and nitric oxide are involved in polyamine-induced growth inhibition in wheat plants

1299

C SNP  Put Spd  Spm

Fig. 1 Effect of exogenous SNP or PAs addition on wheat root and shoot
length. Wheat seeds were germinated on moistened paper for 48 h. After
this time, seedlings were transferred for 5 days to a hydroponic system
with Hoagland solution containing 0.1 mM SNP, 1 mM Put, Spd or Spm,
as described in “Materials and methods.” The figure is representative of
the growth obtained from eight different experiments with 15 replicated
measurements

measured. After 5 days of treatment, the blue formazan depo-
sition denoting the presence of O, appeared rather widespread
in the main root segment of C, Put or Spd treatments (Fig. 2).
The development of the blue color was almost completely
inhibited in SNP- or Spm-treated-roots compared to control
roots, suggesting a severe reduction of the O, levels (Fig. 2).
Superoxide anion production was also detected using the fluo-
rescent probe DHE. Red fluorescence due to O, -dependent
DHE oxidation was evidenced in root segments in a compara-
ble pattern to that of NBT staining. Superoxide anion formation
was highest in C roots, and a significant reduction in fluores-
cence was detected in SNP or Spm-treated roots (Fig. 3a).

As shown in Fig. 4a, SNP, Spd, and Spm induced H,0O,
accumulation (160% for SNP and Spd and 148% for Spm
over than those values observed in untreated C roots, respec-
tively) in roots after 5 days of treatment, whereas no change in
H,0, formation was observed in Put treated roots. Almost
identical results were obtained for H,O, detection by staining
roots segments with DAB, a histochemical reagent that poly-
merizes and turns brown in the presence of H,O,. At day 5,
SNP, Spd, and Spm markedly increased H,O, levels com-
pared to the control (Fig. 4b). However, SNP or Spm clearly
inhibited O, formation. No correlation was neither observed
between H,O, and O, levels in control and Put-treated roots,
that showed a pale brown color developed after H,O, reaction
with DAB and did not increase quantitatively the H,O,

Root and shoot length of 7-day-old Triticum aestivum seedlings grown with different modulators

Table 1

Length (cm)

+ CaC12

+ 1,8 - diaminoctane

+ AG

+ cPTIO

+ CAT

Root Shoot Root Shoot Root Shoot

Shoot

Root

Shoot

Root

Shoot

Root

12.6 +£0.7bc
7.7+0.8a

10.0+£0.9d
2.0+0.4a

13.2+1.2¢

92+1.0cd
4.1+0.5b
6.6+0.7d
3.0£0.2ab

2.0+0.6a

11.3+1.1b

8.3+0.7¢c

10.2+0.8a
10.8+1.3¢c
9.9+0.8a

7.0+0.8b
4.1+0.3b

3.7+0.8a 10.1£1.3a
5.9+0.5¢

4.1+0.7b

10.9+0.1a
7.6+0.8%a

7.8 +0.6bc

Control
S

12.4+1.0d
13.0+1.1¢c

10.5+1.0c
9.6+1.0a

6.7+ 1.0c

10.2+1.8b
10.3+0.8a
9.7+0.7a

2.5+£0.2%%%q
4.9 +0.6*b

NP

12.1+0.6b

11.7+0.8b
11.0+1.0¢

5.3+0.7bc
3.9+0.4bc
3.3+0.3b

6.1+0.8 cd
3.6+0.8b

22+0.4a

3.8+0.5a
24+04a

10.3+0.9a

Put

12.2+0.9b
5.6+0.7a

10.7+0.9a
72+1.1b

10.0+0.8a
7.5+0.8b

4.2+0.2¢

10.1+0.7a
7.9+£1.2%b

3.4+£0.3%*p

Spd

3.4+0.4b

5.8+1.8a

1.7+0.3a

22+0.3%%*a

Spm

Seeds were germinated in moistened filter paper during 48 h. After this time, seedlings were transferred to a hydroponic system for 5 days with Hoagland solution alone (control), supplemented with
0.1 mM SNP, 1 mM Put, Spd, or Spm, and these treatments in the presence of the indicated ROS or NO scavengers or enzyme inhibitors, as described in “Materials and methods.” Data represent the means

30 plants). Asterisks (*) within a column indicate significant differences versus C value (Root and shoot length in treatments without added modulators)

(*P<0.05; **P<0.01; ***P < 0.001). Lower case letters indicate significant differences along rows (treatments with and without modulators). Numbers with different superscript letters indicate significant

difference (P < 0.05) according to Tukey’s multiple range test

+ SE from three independent experiments (n
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Fig. 2 O,"-NBT staining of wheat root segments after 5 d in the
respective treatment as it is indicated in the picture: 0.1 mM SNP;
1 mM Put, Spd or Spm, with the addition of ROS, NO or PAs
modulators: 1000 U ml-1 CAT; 200 uM cPTIO; 0.5 mM AG; 0.3 mM
1,8 OD; 2 mM CaCl,. The figure is representative of four different
experiments with twelve root segments stained in each experiment

content compared to C, despite the high O, levels observed
after NBT staining in these treatments (Fig. 4a, b). Only Spd
increased H,0, levels, accompanying the increase in O, ~ con-
tent observed with NBT or DHE staining (Fig. 4a, b).

SNP- or PA-induced NO formation was visualized by fluo-
rescence microscopy using the probe DAF-2DA after 5 days
of SNP or PA treatments. As shown in Fig. 3b, the three PAs
as well as SNP increased NO content to rather similar extents.
The addition of the NO-trapping compound (cPTIO) together
with SNP or PAs in the incubation medium partially reduced
NO formation thus confirming at least in part that the observed

A --

-cPTIO -----
+cPTIO -----
C SNP Put Spd Spm

Fig. 3 Histochemical detection of a O, production in the growing
meristematic zone of 7-day-old wheat roots. O, production was
visualized by incubating a root segment from an intact seedling in
10 mM DHE fluorescent probe for 30 min. b NO accumulation in
wheat roots using 10 uM DAF-2DA as a fluorescent probe, with or
without 200 uM cPTIO, as described in Materials and methods. Apical
portions of the roots (1.0-1.5 cm) were incubated with the probes and
were observed under fluorescence microscopy. The figure is
representative of five different experiments with 20 replicated
measurements
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fluorescence under PAs or SNP treatments corresponded to
NO (Fig. 3b).

NADPH-dependent O, generation

To evaluate if O, formation was related to a NADPH oxidation
activity, a quantitative measurement of NADPH-dependent
NBT reduction was estimated (Table 2). In accordance to the
results obtained regarding O," staining with NBT or DHE, a
similar degree of NADPH-dependent NBT reduction activity
was observed in C, Put or Spd-treated roots, while a reduction
of 44 and 32% respect to the C was measured in NBT-reduction
rate in SNP or Spm-treated roots, respectively (Table 2). Almost
no NBT-reduction activity was observed when NADH was used
instead of NADPH (data not shown). The NADPH oxidation
was completely inhibited by 10 uM diphenylene iodonium
added to the reaction mixture whereas azide did not modify
NADPH-dependent NBT reduction (data not shown).

0,7, H,0,, and NO are involved in SNP or PA-induced
root and shoot growth inhibition

With the aim to verify if H,O, was directly involved in the
growth inhibition observed in SNP- or Spm-treated wheat
roots, CAT was used to eliminate H,O,. Possible due to the
crucial role that ROS play in normal root growth (Foreman
et al. 2003), CAT by itself reduced growth of control roots to
52% of the growth without the scavenger (Table 1). However,
exogenously added CAT recovered root and shoot growth in
SNP-treated plants (Table 1), restoring 60% of root length and
95% of shoot elongation respect to the C treatment devoid of
CAT. The almost complete inhibition of O, production in SNP
or Spm-treated roots was evidently reversed when CAT was
added simultaneously with the respective treatment, suggesting
a direct engagement of H,O, in the inhibition of O, formation,
possible due to a direct effect on superoxide forming enzyme
(Fig. 2). In addition, CAT partially reduced DAB staining de-
rived from H,O, formation under SNP treatment (Fig. 4b),
where plant growth was strikingly recovered. In contrast, in
Spm-treated roots, CAT did not revert the effect produced by
the polyamine on H,O, formation and did not restore root
elongation (Table 1), although it recovered superoxide anion
production. These results could suggest that in Spm treatment,
plant growth remained inhibited due to the high levels of H,O,
still present in these roots or due to the additional NO effect on
root growth inhibition (Figs. 2 and 4a, b).

To evaluate if NO was involved in root-inhibited elonga-
tion upon SNP or PA treatments, we tested the simultaneous
addition of SNP, Put, Spd, or Spm with cPTIO (Table 1). The
recovery of root length was 64, 26, 23, and 54%, in SNP-,
Put-, Spd-, or Spm-treated plants, respectively, compared to
the plants exposed to PAs or SNP without cPTIO. Shoot
growth was restored 41% in SNP + cPTIO treated plants
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Fig. 4 a Quantitative determination of H,O,. Values in columns are the
mean of three independent experiments with six replicates. Significant
differences (P <0.05) are indicated with different letters. b H,O,-DAB
staining. Measurements were done in wheat root segments after 5 days in
the respective treatment as it is indicated in the picture: 0.1 mM SNP;

respect to SNP without the scavenger (Table 1), whereas in all
PA treatments with cPTIO, shoot growth was not modified
compared to the respective treatments without cPTIO.

In roots treated with SNP or Spm plus cPTIO, the increase in
NO formation was visible reduced (Fig. 3b), O, formation
revealed with NBT staining was evidently restored, and H,O,
formation diminished, accompanying the growth recovery ob-
served under those treatments. Plants treated with Put or Spd
plus cPTIO showed a similar result in growth restoration
(Table 1), suggesting that NO was engaged in both O,~ and
H,0, generation and consequently, in root elongation (Figs. 2
and 4a, b).

Effect of PAO and DAO modulators on root and shoot
elongation and ROS formation

With the aim to confirm if the level of ROS linked to the
reduction of root elongation were at least in part, a result of
PA catabolism, we checked the effect of DAO and PAO mod-
ulators on root and shoot elongation by adding AG (an amino
oxidase inhibitor) or 1,8-DO (a PAO inhibitor), to the growth
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1 mM Put, Spd or Spm, with the addition of ROS, NO or PAs modulators:
1000 U ml-1 CAT; 200 uM cPTIO; 0.5 mM AG:; 0.3 mM 1,8 OD; 2 mM

CaCl,. The figure is representative of four different experiments with 20
root segments stained in each experiment

medium simultaneously with SNP or PAs treatments
(Table 1). In the absence of exogenous PAs or SNP addition,
both DAO and PAO inhibitors slightly increased root or shoot
length, as compared to the control (Table 1). When AG or 1,8-
DO were used with SNP, root elongation was recovered to 86
and 53% of the control, respectively, whereas shoot growth
was restored to equal or more than 100%, compared to control
seedlings (grown without inhibitors). Both AG and 1,8-DO
recovered Put-treated roots length to 78 and 85% of the con-
trol values, whereas the inhibition of root elongation was not
reversed when plants were treated simultaneously with the
specific PAO inhibitor and 1 mM Spm (Table 1).

A strong correlation was observed between root
growth restoration and development of NBT staining
after treating roots with SNP + AG or SNP + 1,8-DO
(Table 1, Fig. 3). Seedlings treated with AG + Put
showed growth recovery and maintained NBT staining
to similar intensity than Put-treated plants, but 1,8-
diaminoctane and AG did not exert any visible effect
when they were added together with Spd or Spm.
However, roots treated with Spm plus the inhibitors

Table 2 Antioxidant enzyme activities, NADPH-dependent NBT reduction rate, and TBARS content in 7-day-old Triticum aestivum roots

TBARS CAT GPOX (pmol SOD (U g ! FW)* NADPH-dependent
(umol g' FW) (pmol min"' g”' FW) tetraguiacol NBT reduction
min~' g”' FW) (nmol O, g~' FW min™")
Control 11.70 + 0.57%° 244.25 +32.23%4 79.60 + 1.95¢ 367.44 + 42.42%° 165.48 +22.96"
SNP 13.06 = 0.86° 215.02 +24.33%¢ 22.67 +0.64% 316.72 + 40.40° 108.72 + 22.74°
Put 15.51 + 0.85¢ 254.23 +35.32¢ 67.20 + 8.41%¢ 396.74 + 43.6%° 163.32 + 13.93°
Spd 17.44 £12¢ 113.57 + 37.46° 60.13 £ 7.71°¢ 439.86 + 29.13¢ 167.38 + 23.66"
Spm 10.33 +0.87° 139.61 + 27.44*° 46.07 + 5.69° 303.82 + 10.68° 122.78 + 20.03*

Wheat seedlings were incubated with SNP (0.1 mM), Put, Spd or Spm (1 mM) during 5 days. Values are the means of three different experiments with six
replicated measurements. Different letters within columns indicate significant differences (P < 0.05), according to Tukey’s multiple range test. *One unit
of SOD is the amount of enzyme which produced a 50% inhibition of NBT reduction under the assay conditions
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Fig. 5 Effect of exogenous
addition of increasing a H,O, orb
SNP concentrations on wheat root
and shoot length. Wheat seeds
were germinated on wet paper for
48 h. After this time, seedlings
were transferred for 5 days to a
hydroponic system with
Hoagland solution containing
increasing H,O, or SNP
concentrations, as indicated in the
figure. The figure is
representative of three different
experiments with five replicated
measurements. ¢ NBT and DAB
staining of roots segments from
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showed a visible blue color compared to the lack of
blue staining in Spm-treated roots. The reduction of
the brown staining due to H,0,-derived DAB deposi-
tion in AG-treated roots could be related to the inhibi-
tion of DAO and the consequent decay in H,O, forma-
tion in PAs-treated roots (Fig. 4b).

Calcium was involved in Spm-inhibited 0, formation

In several plant systems, O,  generation by a NADPH
oxidation activity was shown to be stimulated by Ca”*
availability, so calcium was supplied to the medium to-
gether with SNP or Spm to analyze if this inhibition
was due to a SNP- or PA-induced decrease in Ca®* avail-
ability (Table 1). The addition of 2 mM CaCl, partially
restored root growth inhibition produced by Spm treatment
(to 43% of the C values and almost 50% over the root
length compared to Spm-treated roots) (Table 1) as well as
NBT staining (Fig. 2), revealing that Ca®* accessibility
was essential for NADPH-dependent superoxide anion for-
mation and root growth. Moreover, DAB intensity was
reduced in Spm + CaCl, compared to Spm-treated roots,
denoting a lower H,O, formation. A similar, though less
pronounced result, was observed in Put- or Spd-treated
roots respect to root growth recovery and DAB staining
(Table 1, Fig. 4). However, neither root elongation nor
NBT or DAB staining was modified in SNP + CaCl,-
treated roots compared to SNP-treated plants. Root length
was increased by almost 30% upon CaCl, addition in
untreated C plants (Table 1).
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Hydrogen peroxide and SNP inhibited seedlings
growth in a dose-dependent manner

Because H,O, as well as NO were undoubtedly involved in
the restriction of root and shoot elongation in wheat seedlings
treated with the NO donor SNP or PAs, we analyzed if this
result could be simulated using a pharmacological modulation
of seedlings growth through the exogenous addition of in-
creasing concentrations of H,O, or SNP to 2-day-old wheat
seedlings (Fig. 5a). Hydrogen peroxide did not produce any
effect added at 0.5 mM but reduced 20% the length of shoots
when was supplied at 1 mM, without changes in root growth
as compared to the control (Fig. 5a). However, from concen-
trations higher than 1 mM, a notable reduction both in root or
shoot elongation compared to the controls was observed, in-
dicating that root growth inhibition was a direct consequence
of H,O, toxicity. The highest H,O, concentrations used (5
and 10 mM) produced a comparable degree of inhibition to
that observed in SNP- or Spm-treated plants (Fig. 5a). A sim-
ilar result was observed using SNP as NO donor in a
concentration-dependent manner (Fig. 5b). SNP reduced root
elongation from 20% with 1 pM SNP to 70% with 100 pM
SNP compared to the control without SNP, and inhibited shoot
growth only with 50 and 100 uM SNP (24 and 40%, respec-
tively) (Fig. 5b). Seedlings treated with an SNP solution that
was left open under light for 72 h were used as control of NO
treatment and did not show differences compared to control
seedlings (data not shown).

Superoxide and H,O, formation, visualized using NBT and
DAB, respectively, also revealed an increasing H,O, and de-
creasing O, formation in root tissues, as H,O, (Fig. 5c) or
SNP (Fig. 5d) concentrations raised in the incubation medium,
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suggesting that the observed seedling growth inhibition was
concomitant with a H,O,-dependent inhibition of a NOX
type-dependent O, formation as well as to NO levels.

Antioxidant enzyme activity and lipid peroxidation

Superoxide dismutase activity, an important source of super-
oxide anion-derived H,O, in plant cells, did not show changes
compared to C roots under SNP, Put or Spm exposure and was
slightly increased (20%) in Spd-treated roots (Table 2).
Analysis of CAT showed that the enzyme activity was 54
and 43% reduced in Spd- and Spm-treated roots, respectively,
whereas GPOX activity was severely decreased by SNP (to
72% below the control) and 47% reduced compared to C in
roots treated with Spm (Table 2). To check if root growth
reduction was related to oxidative damage produced to mem-
brane lipids, TBARS content was measured (Table 2). The
magnitude of the oxidative damage was variable, depending
on the treatment and organ. Spermine and SNP did not affect
lipid peroxidation in roots compared to C, though they pro-
duced a dramatic root growth inhibition and high H,O, levels
(Table 2). However, Put, which was the PAs that less affected
growth, raised lipid peroxidation by 32% in roots, whereas
Spd increased TBARS by 49% over the C (Table 2).

Discussion

The last years, several works have reported the central role of
PAs in stress tolerance. However, despite high concentration
of these molecules either endogenously elevated by a stress
condition or exogenously added, can seriously modify plant
growth, there is scarce information regarding the mechanisms
associated to PAs functions. In the present work, PA treat-
ments caused a variable reduction of root and shoot elongation
in wheat plants, being Spm the one which produced the most
dramatic effects. These results corroborated previous reports
from our group (Groppa et al. 2008) and are in accordance
with those reported by de Agazio et al. (1995), who showed
that exogenously applied Spd elicited several physiological,
histochemical and biochemical effects in roots of young maize
seedlings, including the decrease in growth rate of primary
roots and the increased activities of PAO and peroxidase.
Tisi et al. (2011) has also documented that Spd, in a range
from 10 uM to 1 mM, strongly inhibited root growth by the
modulation of cell elongation in 5-day-old plants of maize,
whereas in Arabidopsis plants under non-stressed conditions,
1 mM PAs including Spm did not have any effects on growth
of WT or Spm-deficient mutant plants (Yamaguchi-Shinozaki
and Shinozaki 2006). This picture of variable results that come
from different plants species treated with PAs led us to focus
the attention in ROS or NO as the main signaling molecules
involved in growth reduction after PAs treatments, especially

in roots. In this scenario, the results obtained in PAs-treated
plants were compared with those observed in SNP- treated
plants, in view that PAs produce NO by still unknown
mechanisms.

There is evidence indicating that NOX activity is required
for cell expansion and elongation during shoot or root mor-
phogenesis (Liszkay et al. 2004), and are essential in plant
development, considering that mutants in various Atrboh
genes are affected in growth and development (Jones et al.
2007). It has been reported that Spd and Spm inhibit
NADPH oxidase and activity in human neutrophils (Ogata
et al. 1996), and Spd also completely inhibits the activity of
microsomal NADPH oxidase during chilling injury of cucum-
ber (Shen et al. 2000). Because O, ™ generation seems to be a
critical process for root growth, the widely used histochemical
specific probes NBT and DAB were used to reveal the appear-
ance of O, and H,0,, respectively, in the root growing zone.
The severe growth inhibition caused by SNP and Spm treat-
ment was accompanied by a clear attenuation of NBT staining
and DHE oxidation, suggesting that growth reduction was, at
least in part, directly related to O, formation. The roots of
Arabidopsis mutant plants impaired in rhd2 function have
decreased levels of ROS and are 20% shorter than the wild
type, indicating that cell expansion is defective in these plants
(Foreman et al. 2003).

In several other species (e.g., Lycopersicon esculentum,
Glycine max, Arabidopsis), histochemical staining confirmed
that apoplastic ROS production in the growing zone of roots
represents a common feature of seed plants (Liszkay et al.
2004). Surprisingly, there was no correlation between the high
H,0, accumulation observed in SNP- or Spm-treated wheat
roots and the severe inhibition of O, production, indicating
that H,O, did not come directly from a NADPH oxidation
activity. On the other hand, though NBT staining revealed
high levels of O, ™ anions in roots treated with Put or in control
plants, HO, accumulation was not detectable (Fig. 4a, b).
This lack of correspondence in the way leading from O, to
H,0, could be attributed, on one hand, to the crucial ROS
balance that modulates growth and is regulated through the
concerted activity of the antioxidant system, but on other hand
to the presence of other ROS sources different from NADPH
oxidase or SOD, located in other subcellular compartments
inside the cell. Among others, PAs catabolic enzymes
CuAOs or PAOs in the apoplast could be contributing to this
result. The pharmacological assay applying increasing con-
centrations of H,O, or the NO donor SNP to 2 day-old wheat
seedlings produced a concomitant and dose-dependent reduc-
tion of root elongation, implying that both molecules were
involved in PAs-related growth inhibition.

In tobacco leaves, NADPH oxidase activity was strongly
inhibited by Put, Spd, and Spm, in a concentration-dependent
manner and at concentrations considerably higher than those
used in this work (2.5 or 5 mM) (Papadakis and Roubelakis-
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Angelakis 2005). A similar result was demonstrated by
Iannone et al. (2013) in tobacco leaf discs, where the activity
of the enzyme was strongly inhibited by the three PAs, in a
concentration-dependent manner. Conversely, Spd led to a
significant increase of O, via the activation of the NADPH
oxidase in Arabidopsis plants, providing strong evidence for
the participation of the NADPH-oxidase in the Spd-induced
ROS accumulation (Andronis et al. 2014). In wheat roots,
plants treated with Spd showed a clear correlation between
0," and H,0, levels, as was indicated using NBT or DAB
staining. Hydrogen peroxide production is correlated with the
stiffening of cell walls as growth ceases in many cell types
(Gapper and Dolan 2006). To verify if H,O, accumulation in
SNP- or Spm-treated roots was implicated in the inhibition of
root elongation, a pharmacological approach using CAT to
eliminate H,O, was used. Catalase had a clear behavior in
the reversion of the SNP inhibitory effect on root and shoot
growth, confirming that H,O, was undoubtedly involved in
the reduction of root length. However, the reduction in root
elongation observed in Spm-treated roots was not reversed
using CAT, probably due to even higher H,O, levels formed
in these tissues, and due to the presence of other signaling
molecules, as NO, that were also acting as inhibitors of root
elongation. In this sense, the addition of cPTIO strongly re-
duced DAB staining in Spm-treated roots (Fig. 4b) and, thus,
recovered root length (Table 1). Besides, NBT staining was
partially recovered in Spm + CAT treated roots compared to
Spm-treated roots, which suggests that certain amount of
H,0,, that was inhibiting O,  formation, was eliminated,
but the balance O, /H,O; still remained inadequate to restore
growth.

It is widely recognized that many stresses are associated
with accumulation of ROS and PAs. In addition, export of PAs
to the apoplast, after being taken up by the root tissues and
catabolized by amineoxidases (CuAOs and PAOs), produced
H,0, and other ROS including hydroxyl radicals (HO")
(Angelini et al. 2010; Pottosin et al. 2014). Moschou et al.
(2008) have shown that exogenous application of Spd to to-
bacco plants leads to an important raise in H,O, content gen-
erated by the action of PAO, but no comments about growth
was reported. In tobacco leaf discs, 1 and 5 mM of Put, Spd or
Spm greatly increased H,O, as well as PAO activity (lannone
et al. 2013), while Diao et al. (2017) reported that during
chilling stress, the application of Spd and Spm (but not Put),
elevated NO and H,O, levels in tomato plants. The use of AG
and 1,8-DO, recognized inhibitors of CuAO or PAO activity
respectively, induced a remarkable recovery in the inhibition
of root and shoot length in SNP treated plants, as well as a
visible reduction in DAB staining and a recovery of O, for-
mation. These results suggest that an increased activity of both
catabolic H,O,-producing enzymes induced by SNP-derived
NO led to an increased H,O, formation which, concomitantly
to NO released from SNP, reduced root and shoot elongation
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due to a simultaneous oxidative and nitrosative effect. In ad-
dition, as AG has been proposed as an inhibitor of the animal
inducible nitric oxide synthase (Griffiths et al. 1993), a reduc-
tion in NO formation that contributed to inhibition of root
elongation could not be discarded. The PAO inhibitor 1,8-
DO used together with Spm neither reverse the inhibition of
root or shoot length nor NBT staining. It could be possible that
H,0O, remained high in Spm-treated roots due to CAT and
GPOX decreased activities or because both DAO and PAO
enzymes were present in wheat plants, H,O, was being pro-
duced mainly by DAO so DAO inhibition by AG had a greater
effect in the reduction of H,O, formation, as it is shown in Fig.
4b. However, NO was at least partially responsible for Spm-
induced inhibition of root length, as a significant recovery in
root elongation was observed when cPTIO was added togeth-
er with Spm.

It is well-known that NADPH oxidation activity localized
in the tips of growing root hairs can be modulated by cytosolic
Ca®* (Gupta et al. 2016; Takeda et al. 2008). An interplay
exists between PAs and ROS that causes a variation in intra-
cellular Ca** concentration by modifying both Ca** influx and
efflux transport systems at the root cell plasma membrane
(Pottosin et al. 2012, 2014; Zepeda-Jazo et al. 2011). Roots
and shoots of Spm-treated plants recovered 50% of length
when Ca®* was exogenously added, NBT staining was re-
stored and H,O, levels decreased compared to treatments
without Ca**. Put and Spd-treated plants also partially recov-
ered shoot growth when CaCl, was added. This result sug-
gested that PAs, particularly Spm, could inhibit Ca®* channels
inducing a decrease in Ca”* influx, thereby inhibiting a NOX-
dependent O, formation. However, SNP-treated plants not
only did not show any growth restoration upon CaCl, treat-
ment but also O, staining was completely abolished and
DAB-dependent H,O, staining remained elevated, denoting
that a different mechanism, probably not involving NADPH
oxidation activity but DAO or PAO activities for H,O, forma-
tion was operating in root growth reduction.

Considering that NO is a molecule related to PAs by a
common precursor arginine, and that previous reports indicat-
ed that PAs can be a source of NO by a still unknown pathway
(Groppa et al. 2008; Tun et al. 2006), we explored if NO was
involved in PAs-derived root growth inhibition in a complex
network with O, and H,0, using cPTIO to trap NO. When
cPTIO was included simultaneously with the respective treat-
ment, a remarkable reversion in the inhibition of root elonga-
tion was observed, particularly in SNP or Spm treated roots,
demonstrating the involvement of this signaling molecule in
root elongation, as was previously reported for wheat roots
(Groppa et al. 2008), or in sunflower root architecture (Corti
Monzon et al. 2014). Likewise, the addition of cPTIO evident-
ly reversed the inhibition of NBT staining as well as DAB
precipitation in roots of SNP or Spm-wheat treated roots and
restored root elongation, sustaining the fact that a balance



Reactive oxygen species and nitric oxide are involved in polyamine-induced growth inhibition in wheat plants 1305

between O, and H,0, are necessary for growth and this
balance could be altered by NO, possibly through the inhibi-
tion of a NADPH oxidation activity. Although it is well
established that H,O, induces the synthesis and accumulation
of NO, it has been suggested that NO also modulates H,O,
levels (He et al. 2005; Li et al. 2009). Correa-Aragunde et al.
(2004, 2015) reported that NO plays an important role during
lateral and adventitious root formation in tomato plants and an
acute ROS burst induces NO and other RNS formation that
could affect enzymes of the antioxidant system like ascorbate
peroxidase, by simultaneous carbonylation, tyrosine nitration,
and S-nitrosylation that would irreversibly affect its activity
(de Pinto et al. 2013; Tanou et al. 2014), thus modifying the
antioxidant status of the plant and consequently altering root
growth. Most probably, H,O, functions as a cofactor in en-
dogenous NO synthesis. Thus, it can be clearly said that both
of'their production pathways are inter-related and can regulate
production of each other. The possible multi-step interactions
between ROS, PAs, and NO showed a complex scenario to be
analyzed.

In view of the values recorded for lipid peroxidation and
the behavior of the antioxidant enzymes, it seems that ROS
levels, particularly H,O,, depended not only on PAs catabo-
lism but was also regulated through the activity of H,O, de-
toxifying enzymes CAT and GPOX. The strong decay in
GPOX activity in SNP-treated roots and CAT and GPOX ac-
tivities in Spm-treated roots allowed H,O, to be accumulated.
Surprisingly, no lipid peroxidation measured as TBARS was
detected in roots, suggesting that the inhibition of root elon-
gation was not associated to oxidative damage in these treat-
ments. On the contrary Put neither modified CAT or GPOX
activities nor increased H,O, content over the controls, while
Spd-induced lipid oxidation correlated well with a remarkably
decrease in CAT and an increased in SOD activities compared
to controls. In tobacco leaf discs, PAs showed a variable ef-
fect, decreasing or increasing the activity of H,O, detoxifying
enzymes according to the PA concentration and exposure time
(Iannone etal. 2013). Liu et al. (2017) reported that exogenous
application of 0.1 mM Put, Spd, or Spm resulted in enhanced
activities of SOD, CAT, APX, and GR in centipedegrass, but
in conditions of drought stress. Moreover, treatment with
polyamines increased activities of antioxidant enzymes and
reduces oxidative damages in Cicer arietinum L. (Nayyar
and Chander 2004), Brassica juncea (Verma and Mishra
2005), and white clover (Peng et al. 2016) but in every case,
an abiotic stress condition was additional to PAs application.
In this case, other ROS or NO sources are active due to the
stress situation, thus PAs might be acting by other ways. The
complex scenario observed in relation to ROS formation and
degradation, oxidative damage and root growth inhibition
suggested that other factors beyond ROS are associated to
growth inhibition. H,O,-induced toxicity and the activity of
the detoxifying enzymes might depend on multiple factors

related to the subcellular localization of ROS and enzymes,
PAs export and catabolization, as well as formation, degrada-
tion and transport of different PAs-derived ROS (Pottosin
etal. 2014).

The maintenance of ROS homeostasis is crucial for plant
development and the root apex is a zone of active ROS pro-
duction (Zinta et al. 2016). If ROS are involved in basic cell
growth, then they might be expected to influence or be influ-
enced by phytohormones or other growth-related molecules
like PAs or NO. The dual role of PAs in the regulation of cell
growth and cell death as well as the involvement of PAs, H,O,
and NO in plant differentiation events and PCD signaling
keeps on the still unresolved question whether amine oxidases
play their roles mainly through modulation of PAs homeosta-
sis or H>O,/ NO production via PAs catabolism (Tisi et al.
2011). This work demonstrates that a complex interaction
among PAs-derived ROS and NO is taking place after the
exogenous addition of PAs to wheat plants, triggering a pleth-
ora of events at different cellular levels that led to growth
inhibition. Further studies addressing the cellular and molec-
ular mechanisms underlying the intriguing crosstalk between
PAs-derived ROS or NO will be essential to identify their
roles in plant growth.
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