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• Aluminum (Al) reduced the growth and
photosynthesis and induced oxidative
stress in maize plants.

• Nano-SiO2 (SNPs) did not affect Al accu-
mulation but mitigated its phytotoxic-
ity.

• SNPs induced organic acid exudation by
roots and metal detoxification activity.

• SNPs reduced ROS production and im-
proved ROS scavenging systems.

• Maize responses to Al and SNPs were in
a dose- and organ-specific manner.
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Aluminum (Al) toxicity is a major constraint for crop production in acid soils. Therefore, looking for sustainable
solutions to increase plant tolerance to Al toxicity is needed. Although several studies addressed the potential uti-
lization of silica or silicon dioxide nanoparticles (SNPs) to ameliorate heavymetal phytotoxicity, the exact mech-
anisms underlying SNPs-induced stress tolerance are still unknown. The current study investigated how SNPs
could mitigate Al toxicity in maize plants grown on acidic soil. The impact of Al alone or in combination with
SNPs on Al accumulation and detoxification, plant growth, photosynthetic C assimilation and redox homeostasis
has been investigated. Al accumulation in stressed-maize organs reduced their growth, decreased photosynthesis
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related parameters and increased production of reactive oxygen species, through induced NADPH oxidase and
photorespiration activities, and cell damage. These effects were more pronounced in roots than in leaves. SNPs
ameliorated Al toxicity at growth, physiological and oxidative damage levels. Co-application of SNPs significantly
reduced the activities of the photorespiratory enzymes andNADPHoxidase. It stimulated the antioxidant defense
systems at enzymatic (superoxide dismutase, catalase, ascorbate and glutathione peroxidases) and non-
enzymatic (ascorbate, glutathione, polyphenols, flavonoids, tocopherols, and FRAP) levels. Moreover, SNPs in-
creased organic acids accumulation and metal detoxification (i.e. glutathione-S-transferase activity) in roots, as
a protective mechanism against Al toxicity. The SNPs induced-protectivemechanismswas dependent on the ap-
plied Al concentration and acted in organ-specific manner. Overall, the current study suggests the promising ap-
plication of SNPs as an innovative approach to mitigate Al phytotoxicity in acidic soils and provides a
comprehensive view of the cellular and biochemical mechanisms underlying this mitigation capacity.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Aluminum (Al) is one of the most dominant minerals in the earth's
crust, representing about 8% of its mass. Fortunately, Al is mostly
bounded in non-phytotoxic forms (Kochian et al., 2015), however,
under acidic soil conditions (pH b 5.5), Al is solubilized into aluminum
ion (Al3+) and became biologically available (Sparling and Lowe,
1996). Leaching of alkaline cations, Ca2+ and K+, from the soil, acidic
rainfall, and acidic mine drainage are among the major causes for soil
acidification and generation of the phytotoxic hazards of Al (Sparling
and Lowe, 1996). Al3+ impairs the growth of many plant species at mi-
cromolar concentrations (50 μM) and, therefore, decreased crop pro-
ductivity (Delhaize and Ryan, 1995). (Brunner and Sperisen, 2013). In
Al-sensitive plants, such maize, Al toxicity strongly affects root growth
and development features such as cell division, root elongation and
cell membrane polarization (Arunakumara et al., 2013; Kochian et al.,
2015). It also modifies nutrient acquisition processes, disturbs several
metabolic pathways and causes oxidative damage (Arunakumara
et al., 2013; Kochian et al., 2015). In leaves, Al toxicity induces a reduc-
tion in pigment content, photosynthetic rates, and PSII efficiency (Chen
et al., 2010). Oxidative stress is also one of the well-known effects of Al
toxicity (Panda and Matsumoto, 2007). Al increases reactive oxygen
species (ROS) production, causing damage to membranes, proteins,
and nucleic acids. For instance, Al stressed-maize, onion, rye, and cu-
cumber seedlings, exhibitedDNA and protein oxidation and lipid perox-
idation (Boscolo et al., 2003; Achary et al., 2008; Pereira et al., 2010; De
Sousa et al., 2016).

On the other hand, plants develop several mechanisms to cope with
Al-induced stress. The best-documented mechanism of Al tolerance is
the efflux of organic acids (OAs) from roots and/or accumulation of
OAs within roots apoplast (Brunner and Sperisen, 2013; Kochian et al.,
2015). Exudation of phenolics and polypeptides and secretion of muci-
lage are also involved in Al tolerance in several plants (Brunner and
Sperisen, 2013; Kochian et al., 2015). Higher lignification levels were
found in roots of sunflower plants in response to Al treatment (da
Silva de Jesus et al., 2016). The activation of Al-tolerant metabolic path-
ways (e.g. antioxidant responses) were also recorded for several plant
species (Giannakoula et al., 2010; Ma et al., 2012; Brunner and
Sperisen, 2013; Kochian et al., 2015; Bojórquez-Quintal et al., 2017;
Xu et al., 2017).

Silicon (Si) is not an essential element for plant growth and develop-
ment, however, its beneficial role in development processes is well de-
scribed (Marschner, 2011; DalCorso et al., 2014). Chemical amendment
of soils withmaterials rich in Si canmitigatemetal toxicity and improve
plant growth (Chen et al., 2010). For instance, it enhanced the plant tol-
erance against several metals toxicity such as Al, As, Cd, Cr and Mn
(Horiguchi, 1988; Li et al., 2009; Singh et al., 2011; Wang et al., 2016).
Different protectivemechanisms are suggested to bemediated by Si, in-
cluding modifications of cell walls through deposition of SiO2 to act as
physical and mechanical protection (Luyckx et al., 2017; Wang et al.,
2017). Si is believed to induce changes in plant cell metabolism, de-
crease heavymetal (HM) uptake by roots and induced exudation of cer-
tain compounds such as organic acids (OAs) and phenols (Kidd et al.,
2001;Wang et al., 2004; Gu et al., 2011). However, deep research to un-
derstand the physiological role of Si in the regulation of abiotic and bi-
otic stresses are still needed (Azeem et al., 2015; Coskun et al., 2016;
Guerriero et al., 2016).

Nanotechnology is an emergent technology used in agricultural ac-
tivities as a way to decrease the use of pesticides and to optimize nutri-
ent management (Siddiqui et al., 2014). To present, the emphasis has
been given to the protective role of bulk Si sources to plants; however,
the use of nano-sized Si, such as SiO2-nanoparticles (SNPs), in the miti-
gation of metal stress ismuch less studied. Despite having unique phys-
icochemical properties, kinematics, and bioactivity, SNPs are also
known to be taken up by plant roots (e.g. maize, wheat, lupin,
Arabidopsis) via symplastic and apoplastic pathways, reaching the aerial
parts through the xylem (Sun et al., 2016). Because of their higher dis-
solution, nano-sized metals could exert stronger effects compared to
their bulk counterpart (Faisal et al., 2013). In this context, SNPs was
found to be more effective in ameliorating ultra-violet (UV) stress
than bulk Si in wheat seedlings (Tripathi et al., 2017). Moreover, the
use of SNPs to mitigate the toxic effects of some stresses in plants, in-
cluding salt and some HM, has been suggested (Tripathi et al., 2015a;
Tripathi et al., 2015b; Tripathi et al., 2016; Gowayed et al., 2017;
Soares et al., 2018). Nonetheless, mechanisms underlying the
nanoparticle-mediated amelioration of metal stress are poorly under-
stood. Thus,we attempted to evaluate SNPs as an innovative tool tomit-
igate Al-induced phytotoxicity in one of the most important crops,
maize (Zea mays L.), grown on artificially acidified soil. Covering dosage
and organ-specific responses were studied. We elucidated how ac-
quired tolerance was reached by Al-stressed maize plants under SNPs
co-treatment and how plants were able to partially restore their growth
and reach a metabolic rebalancing.
2. Materials and methods

2.1. Characterization of silicon dioxide nanoparticles (SNPs)

Nano-SiO2 (spherical and porous nanopowder with a particle size of
5–15 nm, surface area of 590-690 m2 g−1 and 99.5% purity) was pur-
chased from Sigma Aldrich (https://www.sigmaaldrich.com/catalog/
product/aldrich/637246?lang=de&region=DE). To confirm the size
and shape of nano-SiO2, transmission electron microscopy (TEM) anal-
yses using JEOL-JEM2100 (Hitachi Corporation, Japan) operated at an
acceleration voltage of 200 kV, were performed (Faisal et al., 2013).
The images were acquired by an Olympus KeenView digital Camera
with the iTEM software. SNPs nanoparticles presented a spherical
shape with an average size of 20 nm diameter, corroborating the man-
ufacturer's information. In aqueous solution, these particles tended to
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form coarse aggregates, whichwere avoided in the experiments by son-
ication (Supplementary data, Fig. S1).

2.2. Experimental design

Maize grains (Zea mays L. Giza 117, a commercial variety, Research
Center of agriculture, Giza, Egypt) were surface sterilized with 35% (v/
v) of sodium hypochlorite for 30 min. Healthy sterilized grains were
germinated in petri plates and then grown in artificial soil (70% dry wt
sand, 8% dry clay, 15% silt, 10% dry wt Sphagnum peat, 5.4% organic
mater, 1.2 N (g/kg), 0.17 P (g/kg), 5.9 K (g/kg), 79 Ca (g/kg), 1.5 Mg
(g/kg), 9 (cmol/kg) cation exchange capacity, 65% soil water capacity,
adjusted to pH around 5 with CaCO3) (OECD, 2006). The AlCl3 solution
was mixed with the soil at 0, 12 and 25 mg kg−1 Al+3 alone or in com-
bination with SNPs suspension (4 mg/kg). To assure the bioavailability
of Al+3, the soil was maintained at pH 5 and soil water capacity of
65%. The maize plants were grown in a green house maintained at 25/
18 °C (day/night), 55% relative humidity, 16/8 h photoperiod and pho-
tosynthetic active radiation (75 μmol m−2 s−1). After 3 weeks of expo-
sure to SNPs and/or Al+3, the roots and leaves were harvested and their
growth parametrs were measured. Some harvested materials were fro-
zen in liquid N2, and stored at −80 °C to be used for biochemical
analysis.

2.3. Al level in maize tissues and soil

Al content was determined in dried plant organs and rhizosphere
soil according to Giannakoula et al. (2008). Rhizosphere was obtained
by shaking the excavated root very gently to separate from the bulk
soil, then soil attached to the fine roots (0–2-mm thick layer) was ob-
tained by brushing. Plant tissues (0.1 g) and 5 g of soil were digested
in a nitric acid/perchloric acid solution (HNO3/HClO4) 4:1 (v/v) to get
ready for analysis by inductively coupled plasma atomic emission spec-
trometry (ICP-AES). After the extraction, Al content was determined
using ICP-AES (Perkin-Elmer Optima 3300XL Perkin-Elmer, USA).
Rodhium was used as an internal standard, being added to samples
and calibration solutions at known concentrations.

2.4. Organic acids (OAs)

Root tips (0.1 g) were ground in a MagNALyser (Roche, Vilvoorde,
Belgium), and extracted with 0.1% phosphoric acid contained butylated
hydroxyanisole. The internal standard (ribitol) was added during the
extraction procedures. After centrifugation for 30 min at 14,000 rpm,
the supernatant was transferred to new tubes for high-performance liq-
uid chromatography (HPLC) quantification, SUPELCOGEL C-610H col-
umn coupled to UV detection system adjusted at 210 nm (LaChrom L-
7455 diode array, LaChrom, Tokyo, Japan) (De Sousa et al., 2016). Sam-
ples were eluted usingmethanol as mobile phase A andmobile phase B
was 5% potassium dihydrogen phosphate (pH 2.5) at 0.5mL/min and
the injection volume was 40 μL (De Sousa et al., 2016).

2.5. Photosynthetic parameters

Both light-saturated photosynthetic and respiration rates (μmol CO2

m−2 s−1) were measured (LI-COR LI-6400, LI-COR Inc., Lincoln, NE,
USA) (Saleh et al., 2019). Stomatal conductance (gs, mol CO2

m−2 s−1)wasmeasured using Leaf Porometer (Model SC1, DecagonDe-
vices, Inc., Hopkins, Pullman, WA USA) on the abaxial side of the fully
developed leaves. Chlorophyllfluorescencewasmeasured on dark accli-
mated fully expanded leaves using FMS-2 pulse-modulatedfluorometer
(Han- satech Instruments, Norfolk, UK). The minimal fluorescence (F0)
and maximal fluorescence (Fm) were measured for 30 min dark accli-
mated leaves. The photochemical efficiency of PSII (Fv/Fm) for dark
adapted leaves were calculated, where Fv (Maximal variable
fluorescence) = Fm _ F0. Chlorophyll and carotenoid concentrations
were assayed according to the method adopted by Zhao et al. (2008).
2.6. Oxidative markers

Photorespiration enzymes, glycolate oxidase (GO) and
hydroxypyruvate reductase (HPR), were determined as previously de-
scribed in De Sousa et al. (2017). Lipid peroxidation was determined
using the thiobarbituric acid–malondialdehyde (TBA–MDA) assay. The
absorbance was measured at 440, 532, 600 nm and TBARS content
were calculated and expressed as nmol g−1 FW tissue (De Sousa et al.,
2017). Hydrogen peroxide (H2O2) was extracted from fresh tissues
with 0.1% (w/v) TCA. After centrifugation, the H2O2 concentration was
measured as previously described in De Sousa et al. (2017). Nitric acid
(NO) concentration was determined by measuring the production of
methemoglobin (Murphy andNoack, 1994). Cell viabilitywas evaluated
by triphenyl tetrazolium chloride (TTC) reduction method (Casida Jr
et al., 1964). Protein oxidation was assessed through carbonyl quantifi-
cation using a 2,4-dinitrophenylhydrazine (DNPH)-based Protein Car-
bonyl Colorimetric Assay Kit (cat. 10,005,020; Cayman Chemical
Company, Ann Arbor, MI, USA) (Levine et al., 1994). NADPH oxidase ac-
tivity was assayed according to Sarath et al. (2007).
2.7. Antioxidant defense system

2.7.1. Total antioxidant capacity (TAC) and antioxidant metabolites
TAC was measured by a modified ferric ion reducing antioxidant

power (FRAP) assay (De Sousa et al., 2017). Antioxidantswere extracted
from the frozen plant tissue (0.1 g) with ethanol 80% (v/v). After centri-
fugation (3000g, 4 °C, 15 min) the FRAP reagent (0.3 M acetate buffer,
pH 3.6, 0.01 mM TPTZ in 0.04 mM HCl, 0.002 FeCl3.H2O) was mixed
with the extracts and measured at 600 nm, using Trolox as a standard.
Total phenolic content and flavonoids were extracted in 80% ethanol
(v/v) and estimated as previously described in De Sousa et al. (2017).
Tocopherols, ascorbate (ASC), glutathione (GSH), carotenoids and
starch levels were measured by HPLC using the procedures previously
described by De Sousa et al. (2017).
2.7.2. Enzymatic activities
Superoxide dismutase (SOD), ascorbate peroxidase (APX), peroxi-

dases (POX), guaiacol peroxidases (GPX), catalase (CAT),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reduc-
tase (DHAR), glutathione reductase (GR) and glutathione-S-
transferase (GST)were extracted in 50mMpotassiumphosphate buffer
(pH 7.0), containing 10% (w/v) polyvinylpyrrolidone (PVP), 0.25% (v/v)
Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM
ascorbate, by using a MagNALyser (Roche, Vilvoorde, Belgium). The
SOD activity was determined by measuring the inhibition of nitroblue
tetrazolium (NBT) reduction at 560 nm (De Sousa et al., 2017). APX,
MDHAR, DHAR and GR activities were measured as previously de-
scribed in De Sousa et al. (2017). POX activity was determined by the
oxidation of pyrogallol (ε430 = 2.47 mM−1 cm−1) (De Sousa et al.,
2017). GPX activity was assayed by measuring the decrease in NADPH
absorbance measured at 340 nm (ε340 = 6.22 mM−1 cm−1) (De Sousa
et al., 2017). The CAT activity was assayed bymonitoring the decompo-
sition of H2O2 at 240 nm (Aebi, 1984). GST activity was estimated by
measuring the conjugation of GSHwith the excess of 1-chloro-2,4-dini-
trobenzene (CDNB) at 340 nm (ε340 = 0.0096 μM−1 cm−1) (De Sousa
et al., 2017). Ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCo) was measured as previously described in De Sousa et al.
(2017). All activity measurements were scaled down for semi-high
throughput using a microplate reader (Synergy Mx, Biotek Instruments
Inc., Winooski, VT, USA). Total soluble proteins concentration was esti-
mated according to the method of Lowry et al. (1951).
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2.8. Statistical analysis

The results were expressed as mean ± SD (standard deviation) and
analyzed by three-way and two-way ANOVA using IBM SPSS Statistical
23 software package (SPSS® Inc., Chicago, IL, USA) for windows. Data
were analyzed by the three-way ANOVA (SPSS Statistica 23, SPSS Inc.,
Chicago, IL, USA), with organ (O), treatment (T) and concentrations
(C) as fixed variables (ANOVA results in Supplementary Table 1). Mea-
surements performed only in soil, roots or leaves were analyzed by the
two-way ANOVA with treatment (T) and concentrations (C) as fixed
variables (ANOVA results in Supplementary Table 2). In cases of signif-
icant interactions between factors, one-way ANOVA was performed
for each factor, and Tukey'smultiple range tests were used to determine
significant differences amongmeans. A significance level of P b 0.05was
used for rejection of the null hypothesis. All experiments were carried
out in four replicates (n = 4).

To explore theOrgan specific responses to the different treatments, a
cluster analysis was performed by using the Pearson distance metric
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using the MultiExperiment Viewer (MeV)™ 4 software package (ver-
sion 4.5, Dana-Farber Cancer Institute, Boston, MA, USA).
3. Results

3.1. Al, Si and total polyphenol content

Al concentration increased in soil, roots, and leaves in a dose depen-
dent manner (Fig. 1A, C, D). A 190- and 407-fold increase in Al levels
was detected in roots of plants grown at mild (12 mg kg−1) and severe
(24 mg kg−1) Al stress, respectively (Fig. 1A). In leaves, a 54- and 119-
fold increase of Al levels was found in plants grown at 12- and
24 mg kg−1 of Al, respectively (Fig. 1D). SNPs treatment alone did not
affected Al levels in both organs (Fig. 1A, D). Leaves and roots of Al +
SNPs-treated plants exhibited a similar pattern of Al accumulation
(Fig. 1A, D) (P b 0.05). Similar results were found for Al content in rhizo-
sphere (Fig. 1C).
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Si levelswere not affected byAl treatment in both organs (Fig. 1B, E).
Also, SNPs alone treatment did not affected Si levels in both organs
(Fig. 1B, E). However, SNPs co-treatment induced a 6- and 5- fold in-
crease in Si levels in the roots of plants exposed to mild and severe Al
stress, respectively. In the leaves, a 3-fold increase in Si was observed
for Al-nanoSiO2-treated plants (Fig. 1B, E) (P b 0.05).

A 4- and 8-fold increase was quantified for total polyphenol content
(TPC) in soils treated with 12- and 24 mg kg−1 of Al, respectively
(Fig. 1F), while SNPs treatment alone did not exert major effetcs. A pos-
itive effect of SNPs in TPC accumulation was only found in the soil of
plants exposed to severe Al stress. Exudation of TPC was similar in
both Al and Al-nanoSiO2-treated plants (Fig. 1F) (P b 0.05).

3.2. Organic acids (OAs) levels

Accumulation of aconitic acid, lactate, and oxalate was not affected
by Al treatment (Fig. 2D, E, F). However, plants exposed to severe Al
conditions exhibited an increase of about 78%, 145% and 97% in citrate,
malate and succinate levels, respectively (Fig. 2A, B, C). SNPs treatment
did not affected OAs acumuation in rhizhospere. SNPs treatment signif-
icantly increased the accumulation of citrate, lactate, malate, and succi-
nate in roots of plants exposed to severe Al stress (Fig. 2A, B, C, E). This
pattern was also observed in Al-nanoSiO2-treated maize plants (Fig. 2A,
B, C, E). A significant interaction between treatment and concentrations
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3.3. Biomass production

Al exposure decreased biomass production in both organs (Fig. 3A–
D), while SNPs alone did not has significant effects. However, SNPs co-
application partially diminished the negative impact of Al on plant
growth. The reduction in fresh weight and dry weight was less pro-
nounced in roots (21% and 45%) (P b 0.05) and leaves (19% and 39%)
(P b 0.05) of Al treated-maize plants (Fig. 3A–D). Foliar symptoms of
Al toxicity appeared as marginal yellowing and death of leaf tipsmainly
in plants exposed to Severe Al stress (Supplementary data, Fig. S2).
Overall, nanopriming of maize plants significantly mitigated the toxic
effects of Al on biomass production.

3.4. Photosynthetic-related parameters

Maize plants leaves exposed to severe Al stress showed a decline in
the photosynthetic rate (82%) (Fig. 4A) and a 200% increase in the respi-
ration rate (Fig. 4B). Consistently, stomatal conductance decreased by
about 67% and 85% in plants exposed to mild and Severe Al stresses, re-
spectively (Fig. 4C). Chlorophyll fluorescence (Fv/Fm), as well as
RuBisCo activity and total chlorophyll levels (Fig. 4D, E, F), were found
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to be decreased in Al-treated plants. Carotenoids levels increased in
leaves (58%) of severely stressed plants, while starch levels decreased
by 38% (Fig. 4G, H). All above described parameters, enzymes and me-
tabolites were not affected by SNPs alone treatment.

Photosynthetic rates decreased to a less extent in plants co-treated
with nano-SiO2 (P b 0.05), while respiration rates increased (P b 0.05)
(Fig. 4A, B). Stomatal conductance and Rubisco activity decreased in
Al-nanoSiO2-treated plants (P b 0.05) (Fig. 4C, E), but again to a less ex-
tent compared with plants treated solely with Al. Also, Fv/Fm ratios in-
creased by 6% in Al-nanoSiO2-treated plants compared to Al treatment
alone (P b 0.05) (Fig. 4D). Moreover, pigment levels and Rubisco cata-
lytic activity tended to increase in maize plants after nano-SiO2 treat-
ment (P b 0.05) (Fig. 4E, F). At starch level, nanoSiO2 co-treatment did
not affect starch accumulation in maize stressed plants (P b 0.05)
(Fig. 4H). Interestingly, a significant interaction between treatment
and concentrations was observed for all photosynthesis related param-
eters (P b 0.05, Supplementary Table 2).

3.5. Oxidative stress markers

Lipid peroxidation decreased by 62% and 100% in leaves ofmild- and
severely stressed plants, respectively (Fig. 5F) and similar results were
observed for protein oxidation in severely stressed plants (Fig. 5H).
H2O2 and NO levels increased in both organs of maize plants exposed
to mild and Severe Al stresses (Figs. 5B, G and 8C, D). Consequentially,
cell viability reduced by 48% in Al-treated roots (Fig. 5D).

Nanopriming of maize plants had no significant effect on oxidative
stress-related parameters under control conditions. On the other
hand, SNPs co-application counteracted the toxic effects of Al in almost
all assessed parameters, particularly under severe stress conditions (P b
0.05) (Figs. 5A–J and 8C, D).

NADPH oxidase activity significantly increased in both organs of the
Al-treated plants (Fig. 5E, J), while the activities of GO and HDR were
increased by 148% and 167% in severely stressed leaves, respectively
(Fig. 6A, B). Also, increased Gly/Ser ratios (51%)were observed in leaves
for the same group of plants (Fig. 6C). SNPs treatment did not affected
NADPH oxidase, GO and HDR activities as well as Gly/Ser ratio. Interest-
ingly, co-application of SNPs attenuated the effects of severe Al toxicity
on NADPH oxidase, GO and HDR activities as well as on Gly/Ser ratios
(Figs. 5E, J, and 6A–C) (P b 0.05).

3.6. Antioxidant defense systems

3.6.1. Non-enzymatic antioxidants
Regarding all the non-enzymatic antioxidants assayed (Fig. 7A–H),

only flavonoids levels increased (73%) in roots of Al-severely stressed
plants (Fig. 7C). Maize plants exposure to SNPs alone did not cause
any significant change in accumulation of non-enzymatic metabolites
in both organs. SNPs co-treatment partially reversed the Al-induced
toxicity, since increases between 45% and 88% were found among
non-enzymatic antioxidants in roots and leaves of plants exposed to se-
vere Al stress, respectively (Fig. 7A–H) (P b 0.05).

3.6.2. Antioxidant enzymes
Roots and leaves of maize plants exhibited a significant increase, of

about 64% and 69%, respectively, in SODactivitywhen exposed to severe
Al stress (Fig. 8A, B). Similar resultswere found for theH2O2-scavenging
enzymes, CAT, APX, GPX and POX (Fig. 8E–L). Antioxidant enzyme ac-
tivities (SOD, CAT, APX, GPX and POX) remainded unaltered upon
SNPs treatment alone in both organs. Upon SNPs co-treatment, about
bifold in SOD activity was observed for both roots and leaves of the
plants exposed to severe Al stress (Fig. 8A, B). Similar results were
also found for APX, POX, CAT and GPX activities (Fig. 8E–L). SNPs co-
treatment generally enhanced the activity of ROS scavenging enzymes
(Fig. 8A, B, E–L) (P b 0.05).
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3.6.3. ASC and GSH recycling
Al stress did not exert any significant effect on ASC content (Fig. 8M)

and its redox status (data not shown) in roots, while leaves of plants ex-
posed to severeAl stress exhibited an increase of about 94% in ASC levels
(Fig. 8N). In relation to MDHAR and DHAR activities, no significant
changes were observed in leaves and roots (Fig. 8O–R). GSH levels in-
creased by 200% in roots of Severely stressed plants (Fig. 8W); however,
no changeswere observed in GSH redox status (data not shown). GR ac-
tivity increased significantly in roots and leaves (152% and 110%, re-
spectively) of plants exposed to severe Al stress (Fig. 8U, V). As for
antioxidant enzymes, no significant changes were found for MDHAR,
DHAR and GR activities upon SNPs treatment alone. The same was ob-
served for ASC and GSH levels.

In general, almost no significant effectswere reported for SNPs treat-
ment in control conditions. Nonetheless, co-treatment of Al stressed
plants with SNPs increased ASC and GSH levels (Fig. 8M, N,W, X). A sig-
nificant increase in the activity of DHAR in roots was also observed
(Fig. 8Q) (P b 0.05).

3.6.4. Metal detoxification (GST activity)
GST activity increased 3- and 4-fold in roots of maize plants exposed

to mild and severe stress conditions (Fig. 8S), whereas in leaves this
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increase was only observed in plants exposed to severe Al stress (4-
fold) (Fig. 8T). GST activity remainded unchanged under SNPs treat-
ment alone.In contrast, SNPs alone did alter GST activity in control and
in stressed plants, except for roots under severe stress conditions
(Fig. 8S, T) (P b 0.05).

3.6.5. Hierarchical cluster analysis
Hierarchical clustering of growth, physiological and biochemical pa-

rameters revealed variations in their relative levels in maize roots and
leaves and in their responsiveness to Al and/or SNPs treatments
(Fig. 9). There were four major clusters: those were higher in leaves
than roots under control conditions and altered by Al and/or SNPs (an-
tioxidants ASC, GSH, and phenols, cluster 1); those were lower in Se-
verely stressed maize leaves and this effect was reduced by SNPs
application (photosynthetic related parameters, cluster 2); those in-
creased by Al stress and SNPs further increased this effect, particularly
in maize roots (antioxidant enzymes, cluster 3,); and thosewere higher
Fig. 5. Aluminum (Al)- and nano-SiO2(SNPs)-induced changes in oxidative stress markers in
oxidation; D, I: cell viability, E, J: NADPH oxidase activity. Data are the mean of 4 experime
letters: leaves).
in stressed roots and leaves and SNPs mitigated Al effects (oxidative
markers and photorespiration, cluster 4). Interestingly, we also found
significant interactions between treatment, Al concentrations, and or-
gans (Supplementary Table 1).

4. Discussion

4.1. SNPs did not affect Al uptake but induced its detoxification in roots

It's well known that Si is able to overcome toxic metal such as Al
(Song et al., 2011; Ali et al., 2013; Farooq et al., 2013;). Although com-
partmentalization of HM in roots is a common tolerance mechanism
mediated by Si that prevents metal translocation to leaves (Adrees
et al., 2015), we found that Al level in maize tissues was not affected
by SNPs treatment. Therefore, we hypothesized that there are other
mechanisms underlying the protective effects of SNPs reported herein,
compared with their bulk counterparts. For instance, Al tolerance can
be achieved by the exudation of OAs from root tips, the primary site of
Al toxicity in maize (Ryan et al., 1993), or by its accumulation within
root apoplasts (Delhaize and Ryan, 1995; Kochian, 1995; Ma et al.,
2001; Kinraide et al., 2005). Citrate and malate showed the highest ab-
solute changes in plants exposed to Severe Al stress. Citrate, compared
to another organic acid, is more effective in Al detoxification (Ma,
2000; Pineros et al., 2002; Yang et al., 2013). These increases in citrate
level have been also reported for maize, rye and soybean cultivars
(Pellet et al., 1995; Li et al., 2000; Silva et al., 2001). Interestingly, SNPs
co-treatment further stimulated OAs accumulation, suggesting that
OAs play a significant role in Si-mediated amelioration of Al toxicity.
Such results were not previously recorded in maize and wheat after Si
pre-treatments (Cocker et al., 1998; Kidd et al., 2001;Wang et al., 2004).

Additional mechanisms other than OAs may be involved in Al toler-
ance and one of them comprises the exudation of phenolic compounds
by roots. Kidd et al. (Kidd et al., 2001) reported that Si-induced amelio-
ration of Al toxicity in the Al-tolerant genotypewas due to the active ex-
udation of phenolic compounds. In our study, we observed that both Al
and SNPs treatments induced the release of phenols from roots, which
was dependent on the applied Al concentrations.

Hence, we suggest that SNPs similar to Si can stimulate the exuda-
tion of OAs and polyphenols ameliorating the toxic effects of Al in
maize plants. This presents a new outcome since SNPs-induced exuda-
tion of OAs and polyphenols in response to stressors has not reported.

4.2. SNPs improved maize growth and photosynthetic reactions under Al
stress

It is well known that Al significantly decreased plant biomass and
metabolism and These decrease were correlated with reduced photo-
synthesis (Ryan et al., 1993; Yamamoto et al., 2001). The decrease in
photosynthesis can be explained by the changes at stomatal and non-
stomatal (e.g., chlorophyll content, Fm/Fv ratios and Rubisco activity)
factors. Similarly, Al-induced responses in stomatal conductance were
recorded before (Moustakas et al., 1996; Pereira et al., 2000; Peixoto
et al., 2002). Regarding non-stomatal responses, Al could damage pho-
tosystem, for instance, Moustakas et al. (Moustakas et al., 1995) found
that Al exposure can alter chlorophyll content by displacing Mg ion
from chlorophyll molecules (Mihailovic et al., 2008; Yang et al., 2015).
Moreover, we and others found that Al reduced PSII efficiency and
RuBisCo activity (Chen et al., 2010). High respiration was also observed
in stressed plants, whichmay be a consequence of increased energy de-
mand for the production of specific metal-binding proteins and their
roots and leaves. A, F: TBARS (lipid peroxidation); B, G: NO (nitric oxide); C, H: protein
nts (±SD). Letters indicate statistical difference (p b 0.05) (capital letters: roots; small
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sequestration into vacuoles. This finding was also observed for plants
treated with Cd and Zn (Prasad, 2013).

In thiswork,we show that SNPs co-application reduced Al toxicity at
a growth level. This protective effect was attributed to enhanced photo-
synthetic reactions. SNPs co-application improved both stomatal and
non-stomatal factors, e.g., stomatal conductance as well as pigment
levels, Fm/Fv ratios and Rubisco activity. Under control condition,
SNPs improved photosynthetic rate by increasing the activity of car-
bonic anhydrase and the synthesis of pigments (Xie et al., 2012). Cor-
roborating with our results, application of SNPs also mitigated abiotic
stress-induced photosynthesis inhibition by increasing the level of chlo-
rophyll and stomatal conductance (Siddiqui et al., 2014).
4.3. SNPs regulate production and scavenging of reactive oxygen species
(ROS) under Al stress

At oxidative stress level, SNPs decreased lipid peroxidation and pro-
tein oxidation in leaves of Al stressed plants. In this regard, our results
interestingly showed that SNPs down-regulated Al induced-ROS pro-
duction by reducing the activities of the photorespiration related en-
zymes (GO and HPR) and glycine/serine ratio as well as NADPH
oxidase. GO and HPR are key enzymes catalyzing the photorespiratory
reactions, and glycine/serine ratio is frequently used as an index to esti-
mate photorespiration (Kebeish et al., 2007). Consequently, we ob-
served low reactive oxygen species and reduced oxidative damage in
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SNPs treated plants. Similarly, squash abiotic stressed Seedlings treated
with SNPs exhibited reduced lipid peroxidation and H2O2 levels
(Kebeish et al., 2007).

Stimulation of the antioxidant defense system in roots and leaves by
SNPs co-application seems to be held responsible for the decrease in the
oxidative markers. As a matter of fact, we observed that almost all anti-
oxidant enzymes (SOD, CAT, APX, and GPX) and antioxidant metabo-
lites (polyphenols, flavonoids, tocopherols, and FRAP) were enhanced
in leaves and roots by SNPs exposure. In previous studies, SNPs were
also shown to protect wheat, pea and barley Seedlings against UV-B,
Cr and Ni stress by the enhancement of the antioxidant defense system
(Tripathi et al., 2015a; Tripathi et al., 2017; Soares et al., 2018). In this
context, SNPs-mitigated oxidative stress, by a more proactive perfor-
mance of several antioxidantmetabolites and enzymes activities. For in-
stance, foliar application of SNPs reduced Cd toxicity in rice Seedlings by
improving antioxidant SOD, CAT and APX enzymes activities (Wang
et al., 2015). Thus, These increases in defense system maintain the
membrane integrity of stressed plants as demonstrated by reduced
lipid peroxidation.

It is also worth noticing that SNPs enhanced ASC and GSH contents
providing a strong defense against Al-induced oxidative stress in these
organs. In this regard, both Si and SNPs could reduce arsenate toxicity
in maize plants though enhancing the components of the ascorbate-
glutathione cycle (ASC-GSH cycle) (Tripathi et al., 2016). SNPs induced
GSH level as a mechanism to protect the plant against oxidative stress
was also previously suggested (Wang et al., 2015). Also, In the study
of Tripathi et al. (2015a), enhancement of APX, GR, and DHAR activity
after SNPs application on heavy metal-stressed pea counteract metal-
mediated oxidative damage. GSH is not only necessary for maintaining
GSH/GSSG redox balance and regeneration of ASC, but it is also impor-
tant for detoxification of toxic compounds in a reaction catalyzed by
GST (Yadav et al., 2010). Similarly, improved HM detoxification by
GST activitywas also involved in the stressmitigating impact of SNPs ac-
tivity. Taken together, severe Al stress-mitigating SNPs effects operated
through controlling ROS production and scavenging, as well as increas-
ing Al detoxification by GST activity.

4.4. SNPs mitigated Al toxicity showed organ- and dose-specific responses

Al was accumulated in both organs of maize plants, however, its
levels were higher in roots than in leaves. In agreementwith these find-
ings, preferential accumulation of Al in the radicular system of several
plant species was reported (see the review by Kochian et al. (2015)).
This increase of Al level induced more oxidative stress in root as indi-
cated by higher H2O2, TBARS levels, protein oxidation and NAPDH activ-
ity, on the other hand, SNPs protective effect was more pronounced in
roots. Compared to leaves, roots of maize plants showed higher antiox-
idant defense system under severe stress conditions (cluster 4, Fig. 9).
The greater impact of SNPs on antioxidants e.g., GPX, CAT, APX, and
POX activities, and polyphenols, flavonoids, and tocopherols contents
were also observed for root.

Although, roots rather than leaves increased the activities of en-
zymes involved in the ASC-GSH cycle (MDHAR, DHAR, and GR) in an at-
tempt to control ROS levels andmaintain cellular redox, stressed leaves,
increases in ASC and GSH levels (cluster 1, Fig. 9) could tame the Al-
induced oxidative damage. Overall, a dose-specific response was
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found since significant changes occurred at severe Al stress for almost
all measured parameters.

5. Conclusions

The role of SNPs in plant response to abiotic stress is not well known
and the attempts to associate these nanoparticles with physiological or
metabolic activities have been inconclusive. Here we hypothesized that
SNPs treated plants have a greater capacity for Al-detoxification in roots
through accumulation and exudation of organic acids and polyphenols
and enhanced GST activity. Moreover, SNPs treatment enhances the
plant tolerance to Al-induced oxidative stress through regulating ROS
production and detoxification. Therefore, SNPs could be used in agricul-
tural practices to improve the production of economically important
plants under numerous environmental constraints including Al stress.

Acknowledgments

The authors are grateful to the Deanship of Scientific Research, King
Saud University for funding through Vice Deanship of Scientific Re-
search Chairs.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.133636.

References

Achary, V.M.M., Jena, S., Panda, K.K., Panda, B.B., 2008. Aluminium induced oxidative
stress and DNA damage in root cells of Allium cepa L. Ecotoxicol. Environ. Saf. 70,
300–310.

Adrees, M., Ali, S., Rizwan, M., Zia-ur-Rehman, M., Ibrahim, M., Abbas, F., et al., 2015.
Mechanisms of silicon-mediated alleviation of heavy metal toxicity in plants: a re-
view. Ecotoxicol. Environ. Saf. 119, 186–197.

Aebi, H., 1984. [13] Catalase in vitro. Methods Enzymol. 105, 121–126.
Ali, S., Farooq, M.A., Yasmeen, T., Hussain, S., Arif, M.S., Abbas, F., et al., 2013. The influence

of silicon on barley growth, photosynthesis and ultra-structure under chromium
stress. Ecotoxicol. Environ. Saf. 89, 66–72.

Arunakumara, K.K.I.U., Walpola, B.C., Yoon, M.-H., 2013. Aluminum toxicity and tolerance
mechanism in cereals and legumes—a review. J. Kor. Soc. Appl. Biol. Chem. 56, 1–9.

Azeem, M., Iqbal, N., Kausar, S., Javed, M.T., Akram, M.S., Sajid, M.A., 2015. Efficacy of sili-
con priming and fertigation to modulate seedling's vigor and ion homeostasis of
wheat (Triticum aestivum L.) under saline environment. Environ. Sci. Pollut. Res. 22,
14367–14371.

Bojórquez-Quintal, E., Escalante-Magaña, C., Echevarría-Machado, I., Martínez-Estévez,
M., 2017. Aluminum, a friend or foe of higher plants in acid soils. Front. Plant Sci. 8,
1767.

Boscolo, P.R., Menossi, M., Jorge, R.A., 2003. Aluminum-induced oxidative stress in maize.
Phytochemistry 62, 181–189.

Brunner, I., Sperisen, C., 2013. Aluminum exclusion and aluminum tolerance in woody
plants. Front. Plant Sci. 4.

Casida Jr., L., Klein, D., Santoro, T., 1964. Soil dehydrogenase activity. Soil Sci. 98, 371–376.
Chen, L.-S., Qi, Y.-P., Jiang, H.-X., Yang, L.-T., Yang, G.-H., 2010. Photosynthesis and

photoprotective systems of plants in response to aluminum toxicity. Afr.
J. Biotechnol. 9, 9237–9247.

Cocker, K.M., Evans, D.E., Hodson, M.J., 1998. The amelioration of aluminium toxicity by
silicon in higher plants: solution chemistry or an in planta mechanism? Physiol.
Plant. 104, 608–614.

Coskun, D., Britto, D.T., Huynh, W.Q., Kronzucker, H.J., 2016. The role of silicon in higher
plants under salinity and drought stress. Front. Plant Sci. 7, 1072.

da Silva de Jesus, D., Machado Martins, F., Dias de Azevedo Neto, A., 2016. Structural
changes in leaves and roots are anatomical markers of aluminum sensitivity in sun-
flower. Pesq. Agrop. Trop. 46.

DalCorso, G., Manara, A., Piasentin, S., Furini, A., 2014. Nutrient metal elements in plants.
Metallomics 6, 1770–1788.

De Sousa, A., AbdElgawad, H., Asard, H., Teixeira, J., Matos, M., Fidalgo, F., 2016. Oxidative
metabolism of rye (Secale cereal L.) after short term exposure to aluminum:
uncovering the glutathione-ascorbate redox network. Front. Plant Sci. 7.

De Sousa, A., AbdElgawad, H., Asard, H., Pinto, A., Soares, C., Branco-Neves, S., et al., 2017.
Metalaxyl effects on antioxidant defenses in leaves and roots of Solanum nigrum L.
Front. Plant Sci. 8, 1967.

Delhaize, E., Ryan, P.R., 1995. Aluminum toxicity and tolerance in plants. Plant Physiol.
107, 315.

Faisal, M., Saquib, Q., Alatar, A.A., Al-khedhairy, A.A., Hegazy, A.K., Musarrat, J., 2013. Phy-
totoxic hazards of NiO-nanoparticles in tomato: a study on mechanism of cell death.
J. Hazard. Mater. 250–251, 318–332.
Farooq, M.A., Ali, S., Hameed, A., Ishaque, W., Mahmood, K., Iqbal, Z., 2013. Alleviation of
cadmium toxicity by silicon is related to elevated photosynthesis, antioxidant en-
zymes; suppressed cadmium uptake and oxidative stress in cotton. Ecotoxicol. Envi-
ron. Saf. 96, 242–249.

Giannakoula, A., Moustakas, M., Mylona, P., Papadakis, I., Yupsanis, T., 2008. Aluminum
tolerance in maize is correlated with increased levels of mineral nutrients, carbohy-
drates and proline, and decreased levels of lipid peroxidation and Al accumulation.
J. Plant Physiol. 165, 385–396.

Giannakoula, A., Moustakas, M., Syros, T., Yupsanis, T., 2010. Aluminum stress induces up-
regulation of an efficient antioxidant system in the Al-tolerant maize line but not in
the Al-sensitive line. Environ. Exp. Bot. 67, 487–494.

Gowayed, S.M., Al-Zahrani, H.S., Metwali, E.M., 2017. Improving the salinity tolerance in
potato (Solanum tuberosum) by exogenous application of silicon dioxide nanoparti-
cles. Int. J. Agric. Biol. 19.

Gu, H.-H., Qiu, H., Tian, T., Zhan, S.-S., Chaney, R.L., Wang, S.-Z., et al., 2011. Mitigation ef-
fects of silicon rich amendments on heavymetal accumulation in rice (Oryza sativa L.)
planted on multi-metal contaminated acidic soil. Chemosphere 83, 1234–1240.

Guerriero, G., Hausman, J.-F., Legay, S., 2016. Silicon and the plant extracellular matrix.
Front. Plant Sci. 7, 463.

Horiguchi, T., 1988. Mechanism of manganese toxicity and tolerance of plants: IV. Effects
of silicon on alleviation of manganese toxicity of rice plants. Soil Sci. Plant Nutr. 34,
65–73.

Kebeish, R., Niessen, M., Thiruveedhi, K., Bari, R., Hirsch, H.-J., Rosenkranz, R., et al., 2007.
Chloroplastic photorespiratory bypass increases photosynthesis and biomass produc-
tion in Arabidopsis thaliana. Nat. Biotechnol. 25, 593.

Kidd, P., Llugany, M., Poschenrieder, C., Gunse, B., Barcelo, J., 2001. The role of root exu-
dates in aluminium resistance and silicon-induced amelioration of aluminium toxic-
ity in three varieties of maize (Zea mays L.). J. Exp. Bot. 52, 1339–1352.

Kinraide, T.B., Parker, D.R., Zobel, R.W., 2005. Organic acid secretion as a mechanism of al-
uminium resistance: a model incorporating the root cortex, epidermis, and the exter-
nal unstirred layer. J. Exp. Bot. 56, 1853–1865.

Kochian, L.V., 1995. Cellular mechanisms of aluminum toxicity and resistance in plants.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 46.

Kochian, L.V., Pineros, M.A., Liu, J., Magalhaes, J.V., 2015. Plant adaptation to acid soils: the
molecular basis for crop aluminum resistance. Annu. Rev. Plant Biol. 66, 571–598.

Levine, R.L., Williams, J.A., Stadtman, E.P., Shacter, E., 1994. [37] Carbonyl assays for deter-
mination of oxidatively modified proteins. Methods Enzymol. 233, 346–357 Elsevier.

Li, X.F., Ma, J.F., Matsumoto, H., 2000. Pattern of aluminum-induced secretion of organic
acids differs between rye and wheat. Plant Physiol. 123, 1537–1544.

Li, R., Stroud, J., Ma, J., McGrath, S., Zhao, F., 2009. Mitigation of arsenic accumulation in
rice with water management and silicon fertilization. Environ. Sci. Technol. 43,
3778–3783.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein measurement with the
Folin phenol reagent. J. Biol. Chem. 193, 265–275.

Luyckx, M., Hausman, J.-F., Lutts, S., Guerriero, G., 2017. Silicon and plants: current knowl-
edge and technological perspectives. Front. Plant Sci. 8, 411.

Ma, J.F., 2000. Role of organic acids in detoxification of aluminum in higher plants. Plant
Cell Physiol. 41, 383–390.

Ma, J., Ryan, P.R., Delhaize, E., 2001. Aluminium tolerance in plants and the complexing
role of organic acids. Trends Plant Sci. 6.

Ma, B., Gao, L., Zhang, H., Cui, J., Shen, Z., 2012. Aluminum-induced oxidative stress and
changes in antioxidant defenses in the roots of rice varieties differing in Al tolerance.
Plant Cell Rep. 31, 687–696.

Marschner, H., 2011. Marschner's Mineral Nutrition of Higher Plants. Academic Press.
Mihailovic, N., Drazic, G., Vucinic, Z., 2008. Effects of aluminium on photosynthetic perfor-

mance in Al-sensitive and Al-tolerant maize inbred lines. Photosynthetica 46,
476–480.

Moustakas, M., Ouzounidou, G., Lannoye, R., 1995. Aluminum effects on photosynthesis
and elemental uptake in an aluminum-tolerant and non-tolerant wheat cultivar.
J. Plant Nutr. 18, 669–683.

Moustakas, M., Ouzounidou, G., Eleftheriou, E.P., Lannoye, R., 1996. Of the photosynthetic
apparatus. Plant Physiol. Biochem. 34, 553–560.

Murphy, M.E., Noack, E., 1994. [24] Nitric oxide assay using hemoglobinmethod.Methods
Enzymol. 233, 240–250 Elsevier.

OECD, 2006. Guideline for the Testing of Chemicals. Proposal for Updating Guideline 208.
Terrestrial Plant Test: Seedling emergence and seedling growth test. Organisation for
Economic Co-operation and Development, París, Francia, p. 19.

Panda, S.K., Matsumoto, H., 2007. Molecular physiology of aluminum toxicity and toler-
ance in plants. Bot. Rev. 73, 326–347.

Peixoto, H., Da Matta, F.M., Da Matta, J.C., 2002. Responses of the Photosynthetic Appara-
tus to Aluminum Stress in Two Sorghum Cultivars.

Pellet, D.M., Grunes, D.L., Kochian, L.V., 1995. Organic acid exudation as an aluminum-
tolerance mechanism in maize (Zea mays L.). Planta 196, 788–795.

Pereira, W.E., de Siqueira, D.L., Martínez, C.A., Puiatti, M., 2000. Gas exchange and chloro-
phyll fluorescence in four citrus rootstocks under aluminium stress. J. Plant Physiol.
157, 513–520.

Pereira, L.B., Mazzanti, CMdA, Gonçalves, J.F., Cargnelutti, D., Tabaldi, L.A., Becker, A.G., et
al., 2010. Aluminum-induced oxidative stress in cucumber. Plant Physiol. Biochem.
48, 683–689.

Pineros, M.A., Magalhaes, J.V., Alves, V.M.C., Kochian, L.V., 2002. The physiology and bio-
physics of an aluminum tolerance mechanism based on root citrate exudation in
maize. Plant Physiol. 129, 1194–1206.

Prasad, M.N.V., 2013. Heavy Metal Stress in Plants: From Biomolecules to Ecosystems.
Springer Science & Business Media.

Ryan, P.R., DiTomaso, J.M., Kochian, L.V., 1993. Aluminium toxicity in roots: an investiga-
tion of spatial sensitivity and the role of the root cap. J. Exp. Bot. 44.



14 A. de Sousa et al. / Science of the Total Environment 693 (2019) 133636
Saleh, A.M., Hassan, Y.M., Selim, S., AbdElgawad, H., 2019. NiO-nanoparticles induce re-
duced phytotoxic hazards inwheat (Triticum aestivum L.) grown under future climate
CO2. Chemosphere 220, 1047–1057.

Sarath, G., Hou, G., Baird, L.M., Mitchell, R.B., 2007. Reactive oxygen species, ABA and nitric
oxide interactions on the germination of warm-season C4-grasses. Planta 226,
697–708.

Siddiqui, M.H., Al-Whaibi, M.H., Faisal, M., Al Sahli, A.A., 2014. Nano-silicon dioxide miti-
gates the adverse effects of salt stress on Cucurbita pepo L. Environ. Toxicol. Chem. 33,
2429–2437.

Silva, I.R., Smyth, T.J., Israel, D.W., Raper, C.D., Rufty, T.W., 2001. Magnesium ameliorates
aluminum rhizotoxicity in soybean by increasing citric acid production and exuda-
tion by roots. Plant Cell Physiol. 42, 546–554.

Singh, V.P., Tripathi, D.K., Kumar, D., Chauhan, D.K., 2011. Influence of exogenous silicon
addition on aluminium tolerance in rice seedlings. Biol. Trace Elem. Res. 144,
1260–1274.

Soares, C., Branco-Neves, S., de Sousa, A., Azenha, M., Cunha, A., Pereira, R., et al., 2018.
SiO2 nanomaterial as a tool to improve Hordeum vulgare L. tolerance to nano-NiO
stress. Sci. Total Environ. 622, 517–525.

Song, A., Li, P., Li, Z., Fan, F., Nikolic, M., Liang, Y., 2011. The alleviation of zinc toxicity by
silicon is related to zinc transport and antioxidative reactions in rice. Plant Soil 344,
319–333.

Sparling, Donald W., Lowe, T.P., 1996. Environmental hazards of aluminum to plants, in-
vertebrates, fish, and wildlife. In: Ware, W., Gunther, F.A. (Eds.), Reviews of Environ-
mental Contamination and Toxicology. Springer, New York, NY, pp. 1–127 https://
doi.org/10.1007/978-1-4612-2354-2_1.

Sun, D., Hussain, H.I., Yi, Z., Rookes, J.E., Kong, L., Cahill, D.M., 2016. Mesoporous silica
nanoparticles enhance seedling growth and photosynthesis in wheat and lupin.
Chemosphere 152, 81–91.

Tripathi, D.K., Singh, V.P., Prasad, S.M., Chauhan, D.K., Dubey, N.K., 2015a. Silicon nanopar-
ticles (SiNp) alleviate chromium (VI) phytotoxicity in Pisum sativum (L.) seedlings.
Plant Physiol. Biochem. 96, 189–198.

Tripathi, D.K., Singh, V.P., Prasad, S.M., Chauhan, D.K., Dubey, N.K., Rai, A.K., 2015b. Silicon-
mediated alleviation of Cr (VI) toxicity in wheat seedlings as evidenced by chloro-
phyll florescence, laser induced breakdown spectroscopy and anatomical changes.
Ecotoxicol. Environ. Saf. 113, 133–144.

Tripathi, D.K., Singh, S., Singh, V.P., Prasad, S.M., Chauhan, D.K., Dubey, N.K., 2016. Silicon
nanoparticles more efficiently alleviate arsenate toxicity than silicon inmaize cultiver
and hybrid differing in arsenate tolerance. Front. Environ. Sci. 4, 46.
Tripathi, D.K., Singh, S., Singh, V.P., Prasad, S.M., Dubey, N.K., Chauhan, D.K., 2017. Silicon
nanoparticles more effectively alleviated UV-B stress than silicon in wheat (Triticum
aestivum) seedlings. Plant Physiol. Biochem. 110, 70–81.

Wang, Y., Stass, A., Horst, W.J., 2004. Apoplastic binding of aluminum is involved in
silicon-induced amelioration of aluminum toxicity in maize. Plant Physiol. 136,
3762–3770.

Wang, S., Wang, F., Gao, S., 2015. Foliar application with nano-silicon alleviates cd toxicity
in rice seedlings. Environ. Sci. Pollut. Res. 22, 2837–2845.

Wang, H.-Y., Wen, S.-L., Chen, P., Zhang, L., Cen, K., Sun, G.-X., 2016. Mitigation of cad-
mium and arsenic in rice grain by applying different silicon fertilizers in contami-
nated fields. Environ. Sci. Pollut. Res. 23, 3781–3788.

Wang, M., Gao, L., Dong, S., Sun, Y., Shen, Q., Guo, S., 2017. Role of silicon on plant–
pathogen interactions. Front. Plant Sci. 8, 701.

Xie, Y., Li, B., Zhang, Q., Zhang, C., 2012. Effects of nano-silicon dioxide on photosynthetic
fluorescence characteristics of Indocalamus barbatus McClure. J. Nanjing For. Univ.
(Nat. Sci. Ed.) 2, 59–63.

Xu, Q., Wang, Y., Ding, Z., Fan, K., Ma, D., Zhang, Y., et al., 2017. Aluminum induced phys-
iological and proteomic responses in tea (Camellia sinensis) roots and leaves. Plant
Physiol. Biochem. 115, 141–151.

Yadav, S.K., Dhote, M., Kumar, P., Sharma, J., Chakrabarti, T., Juwarkar, A.A., 2010. Differen-
tial antioxidative enzyme responses of Jatropha curcas L. to chromium stress.
J. Hazard. Mater. 180, 609–615.

Yamamoto, Y., Kobayashi, Y., Matsumoto, H., 2001. Lipid peroxidation is an early symp-
tom triggered by aluminum, but not the primary cause of elongation inhibition in
pea roots. Plant Physiol. 125, 199–208.

Yang, L.-T., Qi, Y.-P., Jiang, H.-X., Chen, L.-S., 2013. Roles of organic acid anion secretion in
aluminium tolerance of higher plants. Biomed. Res. Int. 2013.

Yang, M., Tan, L., Xu, Y., Zhao, Y., Cheng, F., Ye, S., et al., 2015. Effect of low pH and alumi-
num toxicity on the photosynthetic characteristics of different fast-growing Eucalyp-
tus vegetatively propagated clones. PLoS One 10, e0130963.

Zhao, Z., Cai, Y., Fu, M., Bai, Z., 2008. Response of the soils of different land use types to
drought: eco-physiological characteristics of plants grown on the soils by pot exper-
iment. Ecol. Eng. 34, 215–222.


