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h i g h l i g h t s

� Endogenous NO levels are higher in
roots of Al-tolerant wheat.

� NO precursors decrease Al
accumulation in wheat root cells.

� NO precursors stimulate auxin flow
towards roots in Al-treated wheat.

� Al-induced oxidative stress is
attenuated in wheat roots by NO
precursors.

� Increased endogenous NO content
contribute, in part, to wheat Al
tolerance.
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Aluminum (Al) is an element widely distributed in soils, even though Al3+ is one of the most detrimental
cations to plant growth. The effect of nitric oxide (NO) precursors on indole-3-acetic acid (IAA) flow
towards roots upon Al treatment is herein reported using two Triticum aestivum (wheat) cultivars with
recognized differential Al tolerance. Roots of Al-tolerant seedlings with no treatment (control) accumu-
lated higher amounts of NO than Al-sensitive ones. The treatment with Al further stimulated NO produc-
tion in root cells while root exposure to NO3

�, L-arginine (Arg) or the NO donor S-nitrosoglutathione
(GSNO) decreased both Al and lipid peroxide accumulation in both cultivars. Regardless of the cultivar,
NO3

�, Arg or GSNO prevented the blockage of IAA flow towards roots. Overall, the treatment of wheat
roots with NO precursors prior to Al treatment effectively guarantees normal IAA flow towards roots, a
condition that favors the organ’s growth and development.
� 2018 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Aluminum (Al) is a metallic element widely distributed in soils.
The pH affects Al availability and acid soils (pH � 5) have Al in the
soluble form (Al3+), which can be promptly taken up by plant root
systems. Indeed, the presence of bioavailable Al is one of the major
limitations for crop growth in acid soils [1,2].
It is well known that even at relatively low concentrations, Al3+

may affect plants growth and development [2]. The distal part of
the transition zone in roots was found to be the primary Al target,
which results in impaired root growth [1,3] and plant development
[4]. Common symptoms of Al damage to roots include the appear-
ance of a yellowish or dark coloration at the tips due to oxidation of
phenolic compounds and the formation of lateral-branched, tortu-
ous and thickened roots devoid of the development of absorbent
root hairs [5]. Anatomically, a phenomenon that also contributes
to this is the wrinkling or even the collapse of root cells as a func-
tion of the Al concentration and exposure time. Indeed, a decrease
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in the number of cells undergoing division and their arrangement
in Al-treated root tips has been recorded [5,6]. As a result, both
absorption and transport of water and nutrients were seriously
affected, compromising the plant development [7].

The disruption of polar auxin transport from shoots to root
apices has been demonstrated to be one of the effects of Al that
drives the inhibition of root elongation [8]. The transport of PIN2
vesicles between the plasma membrane and endosome was dis-
rupted by Al in Arabidopsis roots that, in turn, caused a decrease
by 34% of indole-3-acetic acid (IAA; an auxin) transport to the root
apex [9]. Accordingly, the treatment of the elongation zone of
maize roots with the auxin indole-3-acetic acid (IAA) reestablished
root growth in the presence of Al [8].

Plants have several strategies to respond to Al stress, which
includes Al exclusion from roots and enhancement of their
antioxidant system [10,11]. Although the mechanisms of Al tox-
icity and tolerance are still not completely understood, it is
known that Al inhibits the signaling cascade related to inositol
1,4,5-trisphosphate in Triticum aestivum (wheat) roots [12]. Sev-
eral signaling molecules, including nitric oxide (NO), were iden-
tified to be involved in Al tolerance by plants [13,14]. NO is a
free radical that has emerged as a signaling molecule in plant
cells during seed germination, root growth and development,
photomorphogenesis, cell death, senescence and response to abi-
otic and biotic stresses [15–22]. The NO produced from nitrate
reductase (NR) activity was suggested to account for the toler-
ance of Phaseolus vulgaris (red kidney bean) to Al as this free rad-
ical decreased reactive oxygen species (ROS) and lipid
hydroperoxide levels [23]. The NR mediated an early NO burst,
which plays a key role in Al resistance of wheat through modu-
lating antioxidant defense [24]. Putrescine-induced NR activity
and NO production was reported to enhance Al tolerance in
red kidney bean via modulation of citrate secretion from roots
[25]. Additionally, the endosomal compartmentalization of Al
was accompanied by a decreased NO biosynthesis in the root
apex [3].

The role of exogenous NO in the response of root cells to Al has
been disclosed. The use of sodium nitroprusside (SNP), an NO
donor, decreased Al accumulation in Cassia tora roots after Al treat-
ment [26] and restored root elongation in Al-treated Hibiscus
moscheutos (rose mallow) [13]. Modulation of the activity of
apoplastic peroxidases was observed in Al-challenged Cassia tora
upon SNP treatment [27]. Exogenous NO was implicated in the reg-
ulation of hormone equilibrium to different extents in root apices
in response to Al in wheat cv. Jinmai47 (Al-sensitive) and Secale
cereale cv. King (rye; Al-tolerant) [28]. As observed for SNP, the
NO donor S-nitrosoglutathione (GSNO) attenuated the
Al-triggered growth inhibition of roots of wheat cvs. Yang-5 (Al-
sensitive) and Jian-864 (Al-tolerant) [29]. Indeed, IAA content
increased in wheat root apices, but not in rye root apices in
response to Al after SNP treatment [28]. Furthermore, a body of
evidence suggests that NO can be directly or indirectly originated
in plant cells from NO3

�, NO2
� and/or L-arginine (Arg)

[17,19,20,30,31], which make them precursors of NO in plant cells.
To expand the knowledge on the extent of NO production and

its effect on IAA transport to plant roots in response to Al, it was
investigated the ability of the NO precursors NO3

� and Arg and
the NO donor GSNO to prevent Al-caused IAA flow blockage
towards wheat roots. Two wheat cultivars with differential toler-
ance to Al were used to check the hypothesis and verify whether
NO precursors successfully boost the enzymatic antioxidant sys-
tem and mitigate lipid and protein oxidations in roots upon Al
stress. Additionally, experiments of in situ histochemical localiza-
tion of NO in root apices were performed to verify if the pattern
of NO distribution in root cells is associated with the innate Al
tolerance in wheat.
Material and methods

Plant material and treatments

Experiments were performed with seedlings of wheat cvs.
Anahuac (Al-sensitive) and BH1146 (Al-tolerant) [32], whose seeds
were kindly supplied by Dr. Antônio Wilson Penteado Ferreira
Filho from the Agronomic Institute of Campinas (IAC), SP, Brazil.

Seeds were surface sterilized with 1% NaClO for 5 min, washed
with deionized water and lined up on WhatmanTM paper (15 seeds
per paper) imbibed with 0.2% Nystatin� aqueous solution to pre-
vent fungal contamination. WhatmanTM paper was folded to obtain
a cylinder that was transferred to a water-containing beaker and
kept in a Bio-Oxygen Demand chamber set to 25 �C and 12 h pho-
toperiod. After four days, seedlings were rinsed with deionized
water, transferred to 500 mL-pots (6 seedlings per pot) and hydro-
ponically maintained for 24 h under the following treatments: H2O
(control); 300 mM NO3

�; 300 mM Arg or 300 mM GSNO. Afterwards,
roots were washed, incubated with 200 mM Ca2+ (provided as
CaCl2; pH 4.0) or 75 mM AlCl3 (pH 4.0) in 200 mM Ca2+ for 48 h
and harvested for the analyses. The concentration of Al3+ in the
solution was not determined. It is known that Al species other than
Al3+ form at pH below 5.0 [32,33], such as AlOH2+ and Al(OH)2+.

Detection of Al and NO in root tissues

For Al histochemical localization, sections of fresh root apices
were incubated with 100 lM morin in acetate buffer (pH 5.0) for
1 h, washed and observed with an epi-fluorescence microscope
(Olympus BX41 equipped with Olympus FITC filters and an Olym-
pus SC30 digital camera) using excitation and emission wave-
lengths of 450 and 570 nm, respectively [34]. For NO localization,
sections of fresh root apices were incubated with 4,5-
diaminofluorescein diacetate (DAF-2DA; 10 mM) [18] for 15 min,
washed, mounted in Vectashield� and observed at the same epi-
fluorescence microscope (excitation at 450 nm; emission at
570 nm). The amounts of Al and NO accumulated in root apices
were estimated in terms of percentage of pixels by measuring
the green fluorescence intensity in the freehand sections using
the software ImageJ (imagej.nih.gov/ij/download.html).

Immunohistochemical localization of IAA

An immunohistochemical approach was used to localize IAA in
tissues of fresh-collected root tip 5-mm-segments [35–37]. The seg-
mentswere pre-fixed at 4 �C for 4 h in 4% 1-ethyl-3-(3-dimethylami
nopropyl)-carbodiimide (EDAC), followed by post-fixation in
10 mM phosphate buffer (pH 7.2) containing 5% glutaraldehyde
and 4% formaldehyde [38] at 4 �C for 16 h. The fixed tissues were
then dehydrated in a butanol series, embedded in Paraplast� at
60 �C and sectioned at 10 lm. After the paraffin was removed, the
sections were rehydrated and incubated for 45 min in a blocking
solution constituted of 10 mM phosphate-buffered saline (PBS; pH
7.0), 0.1% tween-20, 1.5% glycine and 5% BSA. After washing with a
10 mM PBS/0.1% tween-20/0.8% BSA solution, the sections were
incubated overnight at 4 �C with 50 mg mL�1 monoclonal anti-
auxin antibody produced in mouse (Sigma). Sections were washed
with a mixture of 10 mM PBS and 0.8% BSA and further incubated
with the secondary antibody anti-mouse IgG alkaline phosphatase
conjugate (20-fold diluted; Sigma) for 7 h at room temperature.
After washing with the diluent solution, sections were developed
in 0.34 g L�1 nitro blue tetrazolium (NBT)/0.18 g L�1 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) until formation of a bluish color.
A stop buffer [100 mM Tris (pH 8.0) plus 1 mM EDTA] was used to
rinse the sections that were further mounted in Mounting Medium
and observed at a Leica DM500 Optical Microscope equippedwith a
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Leica ICC50 HD camera. In addition to the usual treatments, roots
were treated for 24 h with 2,3,5-triiodobenzoic acid (TIBA; 10 lM),
an inhibitor of auxin transport, alone or in combination with
300 mM GSNO prior to the exposure (or not) to Al for 48 h.

Quantification of lipid hydroperoxides (LOOH) and oxidized proteins

Roots were ground in liquid nitrogen in the presence of
polyvinylpolypyrrolidone (PVPP). Total lipids were extracted with
80% ethanol containing butylated hydroxytoluene (BHT;
1 mL/0.3 g plant material) and quantified using a ferrous
oxidation-xylenol orange (FOX) reagent essentially as described
elsewhere [39]. The LOOH contents were determined as hydrogen
peroxide equivalents g�1 dry weight using a standard curve pre-
pared with the commercial substance.

As for the quantification of oxidized proteins, roots were ground
in liquid nitrogen in the presence of PVPP for the extraction of sol-
uble proteins with 50 mMHEPES (pH 7.0). Homogenates were cen-
trifuged at 10,000g for 10 min at 4 �C. A 1.5-vol of supernatant was
added to 1-vol of 8 mM 2,4-dinitrophenylhydrazine/2 M HCl and
after incubation for 1 h in the dark, a half-volume of 30% trichloroa-
cetic acid (w/v) was added to each reaction. The solution was cen-
trifuged at 10.000g for 10 min, the supernatants were disposed of,
the pellets washed 3 times with ethanol/ethyl acetate (1:1) and
resuspended in 6 M guanidine/20 mM phosphate buffer (pH 2.3).
Sampleswere analyzedat 360 nmand the levels of oxidizedproteins
expressed as nmols of carbonyl equivalents mg�1 total protein.

Antioxidant enzymes assay

Root samples were ground in liquid nitrogen in the presence
of PVPP. Soluble proteins were extracted with 50 mM phosphate
Fig. 1. Localization of Al in wheat root apices using morin. Four-day-old seedlings o
incubated with 200 mM Ca2+ (Ctrl) or 75 mM AlCl3 in 200 mM Ca2+ for 48 h. Alternatively, se
at 300 mM for 24 h followed by exposure to Al for 48 h. Green fluorescence indicates pre
representative of at least two experiments, each done in triplicate. Bar = 100 mm.
buffer (pH 6.8) containing 100 mM EDTA and protease inhibitor
cocktail (Sigma). Superoxide dismutase (SOD) activity was mea-
sured by incubating plant homogenates with 50 mM phosphate
buffer (pH 7.8), 13 mM L-methionine, 100 mM EDTA, 2 mM ribo-
flavin and 75 mM NBT [40]. Reactions were maintained for
10 min at room temperature in a chamber equipped with a
15W fluorescent light. Control reactions were carried out under
darkness. The blue formazan derived from NBT reduction was
quantified at 575 nm. One unit of SOD activity was defined as
the amount of enzyme required to inhibit NBT reduction by
50%. Catalase (CAT) activity was determined from incubations
of plant homogenates with 50 mM phosphate buffer (pH 6.8)
in the presence of 125 mM H2O2 [41]. The H2O2 degradation
was monitored at 240 nm and CAT activity calculated using the
molar extinction coefficient of 39.4 M�1 cm�1. Ascorbate peroxi-
dase (APX) activity was determined by incubating root homoge-
nates with 50 mM phosphate buffer (pH 6.0), 1 mM ascorbic acid
and 2 mM H2O2 [42]. The oxidation of ascorbic acid was moni-
tored at 290 nm and APX activity expressed as mmol of con-
sumed ascorbate min�1 mg�1 protein.

Protein contents were determined by the Coomassie Blue-
binding method [43], using BSA as the standard.
Statistical analysis

Data were analyzed by one-way ANOVA. Comparison of means
of different treatments in the same cultivar was performed by
Tukey test at 5% significance level while the effect of each treat-
ment on the cultivars was assessed by Student’s t-test at a 5%
significance level.
f cultivars Anahuac (Al-sensitive) and BH1146 (Al-tolerant) were hydroponically
edlings were pre-treated with NO3

�, L-arginine (Arg) or S-nitrosoglutathione (GSNO)
sence of Al. VC, vascular cylinder; Pe, pericycle; C, cortex; E, epidermis. Images are



Table 1
Aluminum (Al) and nitric oxide (NO) content in wheat root apices. Four-day-old
seedlings of cultivars Anahuac (Al-sensitive) and BH1146 (Al-tolerant) were hydro-
ponically incubated with 200 mM Ca2+ (Ctrl) or 75 mM AlCl3 in 200 mM Ca2+ for 48 h.
Alternatively, seedlings were pre-treated with NO3

�, L-arginine (Arg) or S-nitrosog-
lutathione (GSNO) at 300 mM for 24 h followed by exposure to Al for 48 h. Values
correspond to the percentage of green fluorescence pixels present in the images of
Figs. 1 and 3.

Treatments Al (%) NO (%)

Anahuac BH1146 Anahuac BH1146

Ctrl 0.0 0.0 15.5 42.6
Al 43.0 38.0 29.9 34.8
NO3

�/Al 38.3 22.7 35.0 38.4
Arg/Al 6.3 9.9 36.8 30.4
GSNO/Al 49.7 34.6 48.4 32.2
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Results

Histochemical localization of Al in root

As expected, after incubation with morin, control roots (Ctrl)
of wheat seedlings from both cultivars did not exhibit any green
fluorescence typical of Al complexation to this flavonoid (Fig. 1).
The pattern of Al accumulation in both wheat cultivars was dis-
tinct from one another; Al-sensitive seedlings presented Al all
over root tissues from epidermis to vascular cylinder while the
metal cation was mainly detected in epidermal and cortex cells
of Al-tolerant roots (Figs. 1 and 2). The intensity of green fluores-
cence in the Al-exposed root of both cultivars in seedlings
decreased upon pre-treatment with Arg or NO3

�; application of
Arg or NO3

� yielded 85.3 and 73.9% less Al in Al-sensitive roots
and 10.9 and 40.2% less Al in Al-tolerant ones (Fig. 1; Table 1).
In addition, Al was detected mainly in cortex cells of roots pre-
treated with NO3

� or Arg and in epidermal cells in NO3
�-

exposed roots. The treatment with NO3
� prevented Al accumula-

tion in the vascular cylinder of the Al-sensitive cultivar. The Arg
treatment lowered Al accumulation in the root epidermis of both
cultivars but did not prevent Al accumulation in the vascular
cylinder of Al-tolerant roots (Fig. 1). The Al distribution in roots
also changed upon pre-treatment with the NO donor GSNO. In
Al-sensitive roots green fluorescence was exhibited in the epider-
mal and vascular cylinder cells while only a few of the epider-
mal, cortex, and vascular cylinder cells of Al-tolerant roots
displayed green fluorescence (Fig. 1). The Al-derived green fluo-
rescence was decreased by 9% in Al-tolerant roots treated with
GSNO while an increment of 15% was recorded in roots of Al-
sensitive seedlings under similar treatment (Table 1).
Fig. 2. Localization of Al in the stele of wheat root apices using morin. Images correspond
and neighborhood. VC, vascular cylinder; Pe, pericycle; C, cortex. Images are representa
Histochemical localization of NO in root

The presence of NO in root tissues was confirmed by the for-
mation of triazolo-fluorescein (a green fluorescent molecule),
after incubation of cross-sections with DAF-2DA. Some green flu-
orescence was detected in the epidermis and cortex of Al-
sensitive control roots while a very intense green fluorescence
was observed in the vascular cylinder of Al-tolerant control roots
(Figs. 3 and 4). The NO content in control Al-tolerant roots apices
was at least 2.7-fold higher than that of Al-sensitive roots apices
under comparable conditions (Table 1). Upon Al treatment, NO
formation increased 1.9-fold in Al-sensitive roots, with distribu-
tion in epidermal and cortex cells. The NO production decreased
by 18% in Al-tolerant roots exposed to Al in which, the very
intense fluorescence originally observed in the vascular cylinder
of control roots is now distributed throughout cells of outer
to magnifications of those shown in Fig. 1 to better visualize Al in vascular cylinder
tive of at least two experiments, each done in triplicate. Bars = 25 mm.



Fig. 3. Localization of NO in wheat root apices using DAF-2DA. Four-day-old seedlings of cultivars Anahuac (Al-sensitive) and BH1146 (Al-tolerant) were hydroponically
incubated with 200 mM Ca2+ (Ctrl) or 75 mM AlCl3 in 200 mM Ca2+ for 48 h. Alternatively, seedlings were pre-treated with NO3

�, L-arginine (Arg) or S-nitrosoglutathione (GSNO)
at 300 mM for 24 h followed by exposure to Al for 48 h. Green fluorescence indicates presence of NO. VC, vascular cylinder; Pe, pericycle; C, cortex; E, epidermis. Images are
representative of at least two experiments, each done in triplicate. Bar = 100 mm.

Fig. 4. Localization of NO in the stele of wheat root apices using DAF-2DA. Images correspond to magnifications of those shown in Fig. 3 to better visualize NO in vascular
cylinder and neighborhood. VC, vascular cylinder; Pe, pericycle; C, cortex. Images are representative of at least two experiments, each done in triplicate. Bars = 25 mm.
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Table 2
Indole-3-acetic acid (IAA) content in wheat root apices. Four-day-old seedlings of
cultivars Anahuac (Al-sensitive) and BH1146 (Al-tolerant) were hydroponically
incubated with 200 mM Ca2+ (Ctrl) or 75 mM AlCl3 in 200 mM Ca2+ for 48 h.
Alternatively, seedlings were pre-treated for 24 h with NO3

�, L-arginine (Arg) or S-
nitrosoglutathione (GSNO) at 300 mM or 2,3,5-triiodobenzoic acid (TIBA; 10 lM) alone
or in combination with 300 mM GSNO followed by exposure to Al or Ca2+ for 48 h.
Values correspond to the percentage of blue color pixels present in the images of
Figs. 5 and 6.

Treatments IAA (%)

Anahuac BH1146

Ctrl 13.0 16.9
Al 9.0 13.4
NO3

�/Al 17.6 19.4
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tissues (Fig. 3; Table 1). Pre-treatment with NO3
� or Arg caused

NO accumulation in almost all tissues of Al-exposed roots in
comparison to those seedlings solely treated with this metal
cation, regardless of the cultivar (Fig. 3). Whereas NO levels
increased by 17, 23 and 62% in Al-treated Al-sensitive roots
pre-treated with NO3

�, Arg or GSNO, respectively, a 10% incre-
ment was observed in Al-tolerant roots pre-treated with NO3

�

and a 12 and 7.4% decrease of NO content was shown in these
roots pre-treated with Arg or GSNO, respectively (Table 1). Inter-
estingly, the treatment of roots with GSNO yielded NO in all tis-
sues of Al-sensitive roots while an intense green fluorescence
typical of NO presence was detected only in pericycle and epi-
dermal cells of Al-tolerant roots (Fig. 3).
Arg/Al 26.6 22.2
GSNO/Al 16.0 29.5
TIBA + CaCl2 3.5 11.2
GSNO + TIBA + CaCl2 7.4 12.6
TIBA + Al 6.0 12.5
GSNO + TIBA + Al 14.5 17.5
Immunohistochemical localization of IAA

The presence of IAA in root cells was characterized by the for-
mation of blue spots. The IAA was detected in the protoderm, pro-
cambium and promeristem cells of control (Ctrl) roots, regardless
of the plant cultivar (Fig. 5). However, the intensity of the blue
color was especially high in the Al-tolerant cultivar in the procam-
bium and promeristem of Ctrl roots. The Al negatively affected the
distribution of IAA in roots of Al-sensitive and Al-tolerant cultivars
by 30 and 20%, respectively (Fig. 5; Table 2).

Both NO3
� and Arg pre-treatments restored or even induced IAA

flow in the roots of both cultivars after Al treatment (Table 2).
Under these treatments, the formation of blue spots was intense
in promeristem and procambial cells, although some staining
was also detected in the fundamental meristem cells (Fig. 5). The
GSNO also induced the IAA flow in roots of the Al-sensitive and
Al-tolerant cultivars by 23 and 75%, respectively (in relation to
Fig. 5. Immunolocalization of auxin in wheat root apices. Four-day-old seedlings of cultiv
with 200 mM Ca2+ (Ctrl) or 75 mM AlCl3 in 200 mM Ca2+ for 48 h. Alternatively, seedlings w
for 24 h followed by exposure to Al for 48 h. Blue spots, indicated by the arrow, represent
fundamental meristem; PD, protoderm. Images are representative of experiments done
the control), in which IAA was detected mainly in epidermal and
procambial cells (Fig. 5).

Roots from both cultivars pre-treated with TIBA, an inhibitor of
auxin transport, presented IAA levels (Fig. 6; treatments TIBA
+ CaCl2) that were 73% (for Al-sensitive) and 33.7% (for Al-
tolerant) lower than those observed in the respective control
plants devoid of TIBA treatment (Fig. 6; Table 2). Exposure to Al
(treatments TIBA + Al) further decreased the number of blue spots
in both cultivars. Notably, the effects of TIBA on IAA transport were
suppressed by the pre-treatment of roots with GSNO (treatments
GSNO + TIBA + CaCl2 or GSNO + TIBA + Al). The IAA was localized
in the protoderm, promeristem and procambium of roots under
ars Anahuac (Al-sensitive) and BH1146 (Al-tolerant) were hydroponically incubated
ere pre-treated with NO3

�, L-arginine (Arg) or S-nitrosoglutathione (GSNO) at 300 mM
the presence of indole-3-acetic acid (IAA). PM, promeristem; PC, procambium; FM,
in sextuplicate. Bar = 200 mm.



Fig. 6. Effect of an NO donor on auxin distribution in wheat root apices treated with an inhibitor of auxin transport. Four-day-old seedlings of cultivars Anahuac (Al-sensitive)
and BH1146 (Al-tolerant) were hydroponically incubated with 200 mM Ca2+ (Ctrl) or 75 mM AlCl3 in 200 mM Ca2+ for 48 h. Alternatively, seedlings were pre-treated with 2,3,5-
triiodobenzoic acid (TIBA) at 10 lM or S-nitrosoglutathione (GSNO) at 300 mM or 10 lM TIBA plus 300 mM GSNO for 24 h followed by exposure (or not) to Al for 48 h. Blue
spots indicate presence of indole-3-acetic acid (IAA). PM, promeristem; PC, procambium; FM, fundamental meristem; PD, protoderm. Images are representative of
experiments done in sextuplicate. Bar = 200 mm.
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these treatments (Fig. 6). As expected, TIBA impaired the develop-
ment of the root elongation zone as visualized by a decrease in the
diameter of this region in comparison to control roots. The IAA was
localized in protoderm, promeristem and procambium of roots
under these treatments (Fig. 6).
Table 3
Effect of NO precursors on the levels of lipid hydroperoxide and oxidized proteins in whe

Treatments Al-sensitive cultivar

Number of samples LOOH (nmol g DW�1)

Ctrl 6 443.9 ± 34.8 aA
Al 6 390.4 ± 10.0 bB
NO3

�/Al 6 161.7 ± 5.3 dD
Arg/Al 6 202.0 ± 26.9 dD
GSNO/Al 6 256.6 ± 19.7 cC

Number of samples Protein carbonyl (nmol mg protein

Ctrl 5 14.4 ± 2.5 eG
Al 5 17.2 ± 1.6 eG
NO3

�/Al 5 18.2 ± 0.8 eG
Arg/Al 5 15.6 ± 1.6 eG
GSNO/Al 5 21.9 ± 0.5 eG

Values are the means + SE. Arg, L-arginine; GSNO, S-nitrosoglutathione; DW, dry weight;
among treatments within a cultivar while distinct uppercase letters indicate significant
Quantification of lipid hydroperoxides (LOOH) and oxidized proteins

Control roots of both cultivars presented comparable LOOH
levels (450 nmol g�1 DW) that were higher than those of Al
pre-treated roots (Table 3). Upon Al treatment, LOOH levels in
at root challenged with Al.

Al-tolerant cultivar

Number of samples LOOH (nmol g DW�1)

6 451.5 ± 36.5 aA
6 290.6 ± 5.7 bC
6 280.2 ± 18.6 bC
6 199.6 ± 11.2 cD
6 173.2 ± 20.4 cD

�1) Number of samples Protein carbonyl (nmol mg protein�1)

5 32.1 ± 1.0 eF
8 29.7 ± 1.2 eF
5 32.7 ± 3.5 eF
5 30.2 ± 2.0 eF
5 34.3 ± 1.8 eF

LOOH, lipid hydroperoxide. Distinct lowercase letters indicate significant difference
difference for a certain treatment between cultivars.



Table 4
Effect of NO precursors on the activity of superoxide dismutase (SOD), catalase (CAT)
and ascorbate peroxidase (APX) in wheat root challenged with Al.

Treatments Al-sensitive cultivar

SOD CAT APX

(U min�1 mg
prot�1)

(mmol H2O2 min�1 mg
prot�1)

(mmol ASC min�1 mg
prot�1)

Ctrl 27.5 ± 0.7 aA 402.9 ± 17.5 aA 59.7 ± 2.1 aA
Al 27.4 ± 1.1 aA 417.4 ± 18.1 aA 60.8 ± 2.3 aA
NO3

�/Al 41.0 ± 1.5 bC 534.5 ± 12.1 bC 78.5 ± 1.7 bC
Arg/Al 33.8 ± 0.7 cC 453.0 ± 30.2 aAB 35.4 ± 2.0 dE
GSNO/Al 26.7 ± 0.9 aA 336.2 ± 9.1 cD 49.7 ± 1.0 cD

Al-tolerant cultivar

Ctrl 30.4 ± 0.7 aB 475.0 ± 15.7 aB 68.5 ± 1.8 aB
Al 36.0 ± 1.4 bC 555.1 ± 2.6 bC 80.5 ± 1.4 bC
NO3

�/Al 26.9 ± 1.0 cA 337.1 ± 11.7 cD 51.2 ± 1.7 cD
Arg/Al 64.8 ± 4.6 dD 889.5 ± 29.5 dE 69.4 ± 2.8 aB
GSNO/Al 26.2 ± 1.6 cA 330.7 ± 18.4 cD 50.7 ± 2.6 cD

Values are the means + SE (n = 4). Arg, L-arginine; GSNO, S-nitrosoglutathione; ASC,
ascorbate. Distinct lowercase letters indicate significant difference among treat-
ments within a cultivar while distinct uppercase letters indicate significant differ-
ence for a same treatment between cultivars.
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the Al-sensitive and Al-tolerant roots decreased 12.1% and 35.6%,
respectively (Table 3). The NO3

� pre-treatment further decreased
LOOH content in Al-sensitive roots without affecting that of Al-
tolerant ones. Both Arg and GSNO pre-treatments decreased LOOH
contents in Al-treated roots of both cultivars (Table 3). The lowest
levels of LOOH were observed in Al-sensitive roots treated with
NO3

� or Arg, while the lowest LOOH values were found in Al-
tolerant roots treated with Arg or GSNO. Oxidized proteins levels
in Al-tolerant Ctrl roots was twice as much as that of control Al-
sensitive roots. Moreover, neither Al incubation nor any pre-
treatment affected the oxidized protein levels in their roots
(Table 3).
Antioxidant enzymes assay

The activity of SOD in Al-tolerant roots under physiological con-
ditions (Ctrl) was 10% higher than that of Al-sensitive roots
(Table 4). The Al stimulated SOD activity by 18.4% in roots of Al-
tolerant seedlings while the activity of this enzyme remained unaf-
fected in Al-sensitive roots under the same experimental condi-
tion. The Al stimulated SOD activity by 49.1% in NO3

� pre-treated
Al-sensitive roots, while the enzyme activity decreased by 25.3%
in Al-tolerant roots upon the same conditions. The SOD activity
in Al-sensitive roots increased 19% upon pre-treatment with Arg.
An increment of 85.5% in SOD activity was recorded in Al-
tolerant roots with Arg pre-treatment when compared to that of
roots treated solely with Al. The Al did not affect SOD activity in
Al-sensitive roots pre-treated with GSNO but induced the activity
of the enzyme in Al-tolerant roots under the same conditions
(Table 2). The CAT activity in control Al-tolerant roots was 18%
higher than that of Al-sensitive roots (Table 4). The activity of
CAT further increased upon exposure of Al-tolerant roots to Al
while this cation exerted no effect on the CAT activity in Al-
sensitive roots. The CAT activity in Al-sensitive roots was stimu-
lated by Al in NO3

� (28%) and Arg (8.5%) treated seedlings. On the
other hand, CAT activity decreased by 39.8% (in average) in NO3

�

and GSNO pre-treated Al-tolerant roots exposed to Al. The abiotic
stress led to a 60% increment in CAT activity in Al-tolerant roots
pre-treated with Arg (Table 4). As noticed for SOD and CAT, the
basal APX activity in Al-tolerant roots was higher than that of Al-
sensitive roots (Table 2). Overall, the effect of the treatments on
APX activity in both cultivars was like that observed for CAT activ-
ity, except for the Arg treatment; the Arg decreased APX activity in
Al-sensitive roots without affecting the activity of this enzyme in
Al-tolerant ones (Table 4).
Discussion

Notably, the incubation of roots of both wheat cultivars with NO
precursors (NO3

� or Arg) led to lower levels of Al in cells than those
of Al-treated roots suggesting that both molecules were metabo-
lized to form NO that in turn, decreased Al uptake by roots
(Fig. 1; Table 1). Indeed, exogenous NO was shown to decrease pec-
tin levels and increase the activity of xyloglucan endotransglucosy-
lase (important for cell expansion) in Arachis hypogaea, thus
inhibiting Al adsorption to the cell wall [44].

Although pre-treatment with GSNO yielded higher green fluo-
rescence typical of Al in Al-sensitive roots (Table 1), this NO donor
altered the Al distribution pattern in tissues preventing the mas-
sive accumulation of this metal cation in the vascular cylinder
(Fig. 2). Because root sections were freehand prepared, it cannot
be ruled out that the higher amounts of Al in GSNO-pre-treated
Al-sensitive roots is because the analyzed section may be thicker
than those derived from roots solely exposed to Al.

Incubation of wheat roots with NO precursors increased the NO
levels in Al-sensitive roots but not in Al-tolerant ones which can be
explained by the fact that Al-tolerant roots have much higher
endogenous NO levels than those of Al-sensitive ones (Table 1).
The endogenous NO seems to be sufficient to prevent Al uptake
and dispersal in Al-tolerant root tissues, although one needs to
consider that the supposedly NO excess, provided as NO3

�, Arg or
GSNO, may also be diverted to the S-nitrosylation of proteins or
L-tyrosine nitration, events shown to take place in Citrus aurantium
plants under drought [45]. An increment in NO levels was found to
play a crucial role in the initiation of a tolerance response to Al
stress in wheat, in which the NO response was Al-specific and
much faster in the Al-tolerant cultivar (Jian-864) than the Al-
sensitive one (Yang-5) [24].

The nitrate reductase (NR), whose substrate is NO3
�, has been

directly or indirectly implicated in the NO biosynthesis in plant cells
[17,18,46]. The fact that Al did not interfere with NR activity in rose
mallow [13] suggests that supplementation of Al-sensitive wheat
roots (Anahuac) with the NR substrate may provide enough NO
(Table 1) to inhibit Al uptake (Fig. 1). Similarly, leaves of an NR-
defective Arabidopsis mutant infiltrated with Arg exhibited an
increased amount ofNOwhen comparedwith non-infiltrated leaves
[18]. The pathway by which Arg leads to NO formation is still under
investigation. Experimental evidence suggests that polyamines pro-
duced from arginase activity are metabolized to provide NO via
unknownmechanisms [30,47]. Also, the increased arginase activity
in the leaves of tobacco plants upon salt stress was accompanied by
the accumulation of higher amounts of NO [48].

The pattern of NO accumulation in roots was quite distinct
between the cultivars, in which the metabolism of Al-tolerant roots
favored NO accumulation in tissues that function as primary or
secondary barriers to Al entry into vascular cylinder (endodermal
and pericycle cells). The Al-triggered alteration of NO accumulation
in tissues of Al-tolerant roots in direct contact with the metal
cation is likely a strategy to prevent the stressing agent access to
the inner cortex and vascular cylinder. In fact, prevalence of Al
was recorded in the endodermis (only) of Al-tolerant wheat roots
with no detectable green fluorescence registered in inner tissues
(Figs. 1 and 2). Alteration of NO distribution in different zones of
Arabidopsis roots was reported elsewhere [3] and the data pre-
sented here confirm that the response pattern vary in wheat roots
according to the degree of Al tolerance.

The negative effect of Al on the basipetal polar auxin transport
in the epidermis and outer cortex cells and on signaling in roots
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has been shown in Arabidopsis plants [3,49], in which AUX1 and
PIN, proteins involved in IAA influx and efflux, respectively, were
primarily Al targets [3,8]. In addition, the role of auxins in modu-
lating root architecture and the involvement of NO in root growth
and development and in gravitropic response is known [50]. The
crosstalk between auxins and NO appears to take place at all levels
(synthesis, transport and perception) during early plant develop-
ment [50]. However, the possible role of NO in the prevention of
Al-induced IAA flow blockage and the anatomical extent of IAA
flow reestablishment deserves more investigation. Herein, it is
demonstrated that pre-treatment of wheat roots with NO precur-
sors or an NO donor attenuated the inhibitory effect of Al on IAA
flow towards root apices, independent of the cultivar. The reestab-
lishment of IAA flow in the procambium and fundamental meris-
tem cells (Figs. 5 and 6), known to present AUX1 proteins [51],
indicates that both acropetal and basipetal auxin transports were
occurring in root apices pre-treated with NO precursors or an NO
donor. Remarkably, exogenous NO applied in conjunction with
an inhibitor of IAA transport guaranteed the presence of IAA in
the roots of both cultivars even in the presence of Al (Fig. 5;
Table 2), endorsing that NO from NO3

� or Arg alleviated the Al-
induced impairment of IAA flow in root cells. The much lower
endogenous production of NO in Al-sensitive roots after Al treat-
ment in comparison to Al-tolerant roots (Fig. 3; Table 1) partly
explains the findings of Camargo et al. [52] in which Al-sensitive
plants (Anahuac), but not Al-tolerant ones (BH1146), have their
root growth affected by Al [52]. The Al effect on an Al-sensitive
maize line was comparable to that of auxin transport inhibitors
as morphogenic alterations took place in the Al-treated root apex
[6]. Additionally, the polar auxin transport was found to be insen-
sitive to Al in an Al-tolerant tobacco mutant (AlRes4) as such plants
presented significant increase of actin production and microfila-
ment packing upon Al treatment [53]. Nitrosylation of cytoskeleton
proteins by NO [54] is a post-translational modification that may
influence endocytosis and vesicle movement. Considering that
IAA exportation is of secretory nature, as observed for neurotrans-
mitters, it is proposed that endosome and vesicle recycling are
essential to the polar transport of IAA [55]. Thus, it is likely that
the NO that originated from NO3

� or Arg or was released from GSNO
could restore the movement of IAA-containing endosomes inhib-
ited by Al, especially in root cells of the elongation zone.

Surprisingly, the treatment with Al decreased the LOOH levels
in roots of both cultivars, a result that was more prominent in
Al-tolerant roots (Table 2), opposing various reports for different
plant species [10,41,56,57]. Investigations carried out with maize
plants, however, showed that Al did not affect the LOOH levels in
roots [58,59]. On the other hand, a decrease in LOOH levels was
observed in Citrus sinensis (orange) culture cells exposed to Al, a
phenomenon attributed to the increased activity of SOD, CAT and
APX [60]. The results herein presented suggest that roots of
wheat cv. BH1146 (Al-tolerant) decrease LOOH levels upon Al
stress by boosting the antioxidant enzyme system as it occurs
in orange culture cells. Furthermore, lipids did not seem to be
the primary cellular target of Al-induced oxidative stress [59].
Further decreases of LOOH levels occurred in Al-treated roots
pre-treated with NO precursors or an NO donor, indicating the
protective role of NO in the cell. The NO was also shown to react
with LOO� and/or alkoxyl radicals (LO�), dismantling LOOH for-
mation [61]. The GSNO-caused S-nitrosylation of monodehy-
droascorbate reductase (antioxidant enzyme) stimulated the
activity of this enzyme in Arabidopsis in response to Pseu-
domonas syringae pv. tomato [62]. Moreover, it cannot be
excluded a possible increment of other antioxidant molecules
as previously observed in wheat roots in response to Al [63].
The unchanged levels of oxidized proteins in Al-treated wheat
supports the findings previously reported [64].
The rate of metabolization of NO precursors in Al-sensitive and
Al-tolerant wheat roots may be different in both cultivars, explain-
ing the distinct effects of NO3

� and Arg on the activity of antioxidant
enzymes in such plants (Table 4). Some Al-tolerant wheat cultivars
have shown significantly higher NR activity than the Al-sensitive
cultivar have in the first three hours of exposure to Al [24]. In this
sense, it is possible that the stimulation of antioxidant enzymes by
NO3

� pre-treatment took place much earlier than the 48 h of Al
exposure, the period in which samples were analyzed for the
activity of antioxidant enzymes. The antioxidant role of putrescine,
an Arg-derived polyamine, has been shown to partly attenuate Al
toxic effects on wheat cv. Xi Aimai-1 [65]. Here, the higher levels
of NO found in Al-tolerant wheat roots exposed to Al may con-
tribute to the control of oxidative burst in the seedlings either by
de novo synthesis or by activation of antioxidant enzymes.

Conclusions

Overall, the results demonstrate that NO, either generated from
GSNO or produced from the metabolism of NO3

� or Arg, alleviates
the negative effects of Al on auxin flow. The higher endogenous
NO levels in roots of Al-tolerant seedlings and their ability to fur-
ther increase NO content upon Al stress may partly explain the
innate tolerance of the wheat cv. BH1146 to one of the most widely
distributed metals in soils.
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