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Abstract: Al3+-toxicity in acidic soils is among the main abiotic stress factors that generate adverse
effects in plant growth; in leaves, it affects several physiological parameters such as photosynthesis
and ROS balance, leading to limited crop production. On the other hand, sulfur is a macronutrient
that has a key role against oxidative stress and improves plant growth in acidic soils; however,
the implication of sulfate nutritional status in the modulation of short-term Al3+-toxicity tolerance
mechanisms in plant leaves are barely reported. This study is focused on the role of sulfate on
the leaf response of an Al3-sensitive perennial ryegrass (Lolium perenne cv. Jumbo) after 48 h of
exposure. Lolium perenne cv. Jumbo seeds were cultivated in hydroponic conditions with modified
Taylor Foy solutions supplemented with 120, 240, and 360 µM sulfate in the presence or absence
of Al3+-toxicity. The L. perenne cv. Jumbo leaves were collected after 48 h of Al3+-toxicity exposure
and processed to evaluate the effects of sulfate on Al3+ toxicity, measuring total proteins, mineral
uptake, photosynthesis modulation, and ROS defense mechanism activation. The plants exposed to
Al3+-toxicity and cultivated with a 240 µM sulfate amendment showed a recovery of total proteins
and Ca2+ and Mg2+ concentration levels and a reduction in TBARS, along with no changes in the
chlorophyll A/B ratio, gene expression of proteins related to photosynthesis (Rubisco, ChlAbp, and
Fered), or ROS defense mechanism (SOD, APX, GR, and CAT) as compared with their respective
controls and the other sulfate conditions (120 and 360 µM). The present study demonstrates that
adequate sulfate amendments have a key role in regulating the physiological response against the
stress caused by Al3+ toxicity.

Keywords: aluminum; Al3+-toxicity; sulfate; oxidative stress; antioxidant response

1. Introduction

Soil acidification is the second strongest environmental factor, after desertification,
that affects food production worldwide. Acid soils occupy approximately 40% of the
total area available for agricultural activity worldwide and 70% of potential lands for
agriculture [1,2]. In Chile, the agricultural industry is mostly located in the southern region
of the country, where 60% of agricultural lands are taxonomically classified as andosols [3,4],
which are characterized by low pH ranges (lower than 5.5) that facilitate the presence of the
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toxic aluminum specie of trivalent aluminum (Al3+), which is capable of reducing forage
production [3,5].

In this context, Al3+-toxicity’s most significant effects on root tissue are cell morphology
modifications, leading to poor development of the root apex and the inhibition of root hair
development [6]. This damage was observed in Al-sensitive plants as early as 30 min after
exposure [7–9], showing that Al3+ internalization is a rapid event that occurs mainly by an
apoplastic translocation mechanism in plants treated with 1.45 µM Al3+ between 30 min
and 72 h [10], resulting in negative effects on several cellular pathways such as root cell
division, cell wall arrangement, and ROS-induced membrane damage [11–15]. Increased
ROS production, an Al3+-toxicity consequence, activates biochemical and physiological
mechanisms that prevent oxidative stress, such as gene expression of enzymes involved
in ROS catabolism, such as catalase (CAT), glutathione peroxidase (GR), and superoxide
dismutase (SOD), along with other enzymes associated with the Halliwell–Asada–Foyer
cycle. Consequently, increased ROS catabolism generates an imbalance in the antioxidant
metabolites associated with free radical damage reduction, such as ascorbic acid and
glutathione [12,16–20]. As mentioned above, Al3+-toxicity affect plant root growth as the
first organ directly exposed to this metal toxicity. Consequently, aluminum is transported
to leaves through the xylem, affecting the photochemical efficiency of photosystem II and
pigment concentration [20]. Studies on varieties of citrus species have shown that Al3+

toxicity decreases CO2 assimilation, stomatal conductance, and soluble proteins, resulting
in damage to the light-dependent and -independent phases of photosynthesis [21–23].
In addition, Al3+ toxicity was able to modify the activity of enzymes related to ROS
defense [24].

To handle Al3+ toxicity in agronomy field crops, the addition of alkaline amendments
of gypsum (CaSO4) (2.0 ton ha−1) and lime (CaCO3) (7.5 ton ha−1) ) are used to decrease
soil acidity, improving the crop yield of perennial ryegrass, corn and alfalfa by around 30
to 50% [25–27], showing reduced effects of Al3+ toxicity in root tissue and improving soil
nutrient uptake and plant growth [28,29]. In this context, Kinraide et al., 1991 [30] and
Mora et al., 2002 [31] suggested that a gypsum supply (CaSO4 10/1 sulfate–aluminum
ratio) reduced the Al3+ toxicity symptoms of andosol-cultivated ryegrass, indicating that
AlSO4

+ complexes constitute an important mechanism of Al3+ detoxification for this forage
species. However, sulfate supply did not reduce the amount of free Al3+ available in
nutrient solutions, suggesting that AlSO4

+ formation do not play an important role in
decreasing Al3+-toxicity in perennial ryegrass roots at short term periods, and further
proposes that an adequate sulfate-supply may protect from Al3+-toxicity by adjusting key
root homeostatic mechanisms [32]. Additionally, sulfur is an essential macronutrient mainly
assimilated by root plants from soil and in a lower degree as SO2 from the atmosphere by
leaves [33] and is used in the synthesis of a variety of molecules, such as amino acids (i.e.,
cysteine and methionine), antioxidant metabolites (glutathione), phytochelatins, vitamins,
and cofactors [34]. This explains the importance of maintaining adequate sulfate nutrition
levels to activate the mechanisms involved in sulfate amendment to prevent Al3+-toxicity
damage. Recent studies reported that increased sulfate availability enhances physiological
and biochemical mechanisms to reduce the effects of long-term Al3+-toxicity, such as a
decrease in the lipid damage of biological membranes in L. perenne cv. Jumbo roots [18]
and Citrus grandis seedlings [24]. On the other hand, Zhu et al., 2018 [35] showed that
2 µM hydrogen sulfide can ameliorate Al3+ toxicity in rice roots. Nevertheless, Alarcón-
Poblete et al., 2018 [36] reported a scarcity of studies related to the interaction between
Al3+-toxicity and sulfur nutrition as well as the molecular approaches involved in Al3+

tolerance through sulfate homeostasis. In this context, our previous studies on long-term
Al3+-toxicity demonstrated that proper sulfate conditions could improve the plant growth
of L. perenne cv. Jumbo cultured with four different conditions of sulfate amendments
in the presence or absence of aluminum for 28 days [18]. On the other hand, we also
demonstrated that Al3+ incorporation in L. perenne cv. Jumbo roots is a rapid event that
causes a disturbance in magnesium and calcium assimilation and activates ROS antioxidant
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machinery such as SOD enzymes as early as 48 h after first exposure to Al species in a
response modulated by sulfate amendments [32]. Nevertheless, few reports regarding the
mechanism of sulfate in modulating short-term (48 h) Al3+-toxicity response in plant leaves
are documented.

The present study is the first to describe how sulfate nutrition modulates the response
that activates different mechanisms against short-term Al3+-toxicity in Al-sensitive Lolium
perenne cv. Jumbo leaves. This response includes changes in mineral uptake, photosynthetic
parameters, and ROS response in leaf tissue after 48 h of Al3+-toxicity exposure.

2. Material and Methods
2.1. Experimental Growth Conditions and Plant Leaves Tissue Collection

The current study focused on the Al3+-toxicity short-term response in L. perenne cv.
Jumbo cultivar, an Al-sensitive variety, since it provides a significant response to Al3+-
toxicity, and therefore the response activated by sulfate amendment could be observed.
Al-sensitive Lolium perenne cv. Jumbo seeds were sterilized in 4% sodium hypochlorite
(NaClO) solution for 10 min and then washed with distilled water 3 times, as previously
described by Cartes et al., 2012 [12]. Then, 50 sterilized seeds were placed in 36 plastic plates
(3.5 L pots) each, and were germinated using distilled water under the following controlled
conditions: 23 ◦C and 100 µmol photons m−2 seg−1 and 60% relative humidity at the
Universidad de Antofagasta greenhouse. After 10 days, germinated seeds from 12 plastic
plates were transferred into 3.5 L pots filled with aerated Taylor Foy (TF) hydroponic
nutrient solution with 120 µM sulfate supply [37]; the remaining 24 plates were transferred
to plastic pots filled with modified TF solutions with 240 and 360 µM sulfate supply, and
the plants were allowed to grow for 21 days. The detailed nutrient composition of the
240 and 360 µM sulfate hydroponic solutions were described by Vera-Villalobos et al.,
2020 [32]. The L. perenne cv. Jumbo plants were evaluated in an experimental design with
three sulfate conditions (120, 240 and 360 µM) in the presence or absence of 100 µM of
AlCl3, according to the protocol described by Vera-Villalobos et al., 2020 [32]. The average
concentration of Al3+ free metal in 100 µM AlCl3-containing TF nutrient solutions at pH
4.5 was estimated in 8.4 ± 0.1 µM using Geochem-EZ software [38]. The modified TF
and increased sulfate supply hydroponic solutions are specified in in the multimedia
componenent of the appendix of supplementary data annexed to Vera-Villalobos et al.
(2020). The L. perenne cv. Jumbo shoot tissues were collected 48 h after the addition of AlCl3.
For biochemical and molecular analyses, the plant leaves were frozen in liquid nitrogen and
stored at −80 ◦C until use. On the other hand, to estimate Al, Ca, Mg, and S concentration,
the plant leaves were stored in paper bags and dried in an oven at 60◦ C. The dried plant
leaves were weighted for dry mass phenotype analysis and stored at RT until use.

2.2. Aluminum, Calcium, and Magnesium Estimation in Plant Leaves via Atomic Absorption
Spectroscopy (AAS)

A total of 150 mg of dried plant leaves previously stored in paper bags was chemically
digested as described by Vera-Villalobos et al., 2020 [32]. After digestion, the samples were
filtered and analyzed using an atomic absorption spectrometer (ContrAA 300, Analytik Jena,
Jena, Germany) based on the work of Román-Silva et al., 2003 [39]. The amounts of Al, Ca,
and Mg were normalized to the dry weight of plant leaves in every experimental treatment.

2.3. Sulfur Estimation in L. perenne Leaves via Gravimetry

To obtain the sulfur concentration in plant leaves of L. perenne cv. Jumbo subjected to
Al3+-toxicity, and their respective controls, in the presence of different sulfate amendments,
the gravimetric method described by Vera-Villalobos et al., 2020 [32] was used. Firstly,
5 mL of leaves digested using a microwave oven was transferred to a 10 mL glass beaker.
After digestion, 10 mL of BaCl2 solution (HCl 5 M and BaCl2 5% w/v) was added and the
samples were incubated for 24 h for BaSO4 formation. Then, the samples were filtered
through a 0.45 µm pore diameter using Whatman paper and heated at 80 ◦C to discard any
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water traces. Finally, to estimate sulfur concentration, the crystalized BaSO4 was weighted,
and the sulfur was calculated.

2.4. Lipid Peroxidation Measurements

Thiobarbituric reactive species (TBARS) were assessed to determine membrane lipid
peroxidation. The TBARS were measured following the modified protocol reported by
Du and Bramlage, 1992 [40]. 150 mg of fresh plant leaves were ground in a chilled mortar
with liquid nitrogen and extracted with 0.1% (w/v) trichloroacetic acid (TCA) solution.
Following centrifugation (10,000× g at 4 ◦C for 10 min), an aliquot of 500 µL of supernatant
was transferred to a fresh microcentrifuge tube and mixed with TBA solution [0.5% thiobar-
bituric acid in TCA 20% (w/v)] and then heated at 95 ◦C for 30 min. After incubation, the
samples were chilled at 4 ◦C. The TBARS were measured at three wavelengths, 400, 532,
and 600 nm, to discard any signal given by TBARS–sugar complexes.

2.5. Ascorbic Acid and Dehydroascorbic Acid Quantitation

The total ascorbate (Asc tot) and dehydroascorbate (DHA) were measured as described
by Gillespie and Ainsworth, 2007 [41]. 100 mg of shoot tissue was homogenized using
a mortar and pestle cooled in liquid nitrogen and resuspended in 2.0 mL 6% (w/v) TCA
solution, then transferred into a microcentrifuge tube. After centrifugation (13,000× g
at 4 ◦C for 5 min), the supernatant was transferred to a new microcentrifuge tube. The
reduced ascorbate (Asc red) was determined in 100 µL of the supernatant mixed with 900 µL
of developing reagent [TCA 2.5% (w/v), H3PO4 8.6% (v/v), α-α′ bipyridyl 0.08% (w/v)
and FeCl3 0.3% (w/v)]. For Asc tot determination, 100 µL of supernatant was incubated
with 50 µL of 10 mM DTT for 10 min and the reaction was stopped with 50 µL of 0.5%
N-ethyl-maleimide. The absorbances of Asc red and Asc tot were measured at 525 nm in an
UV/VIS spectrophotometer (Lambda EZ 210, Perkin Elmer, Waltham, MA, USA). These
absorbances were used to calculate the ascorbate concentration using a calibration curve
constructed with L-ascorbic acid (Asc red, Sigma-Aldrich, St. Louis, MO, USA, A7506)
treated with the developing reagent in the concentration range of 0.15 to 10 mM.

2.6. Quantitation of Oxidized (GSSG) and Reduced (GSH) Glutathione in Leaves of L. perenne

Approximately 200 mg of liquid nitrogen frozen leaves was ground with mortar and
pestle and suspended with 800 µL of 5% w/v sulfosalicylic acid diluted in potassium
phosphate EDTA buffer (KPE) [2.5 mM EDTA and 100 mM potassium phosphate pH 7.5],
following centrifugation at 13,000× g at 4 ◦C for 20 min. Subsequently, 100 µL of su-
pernatant was quickly mixed with 19.6 µL of 1.84 M triethanolamine. Amounts of total
gluthatione (GSH tot) and glutathione disulfide (GSSG) extracted from shoot tissues were
carried out using a colorimetric microplate assay based in the protocol described Rahman
et al [42], with glutathione reductase (GR, Sigma Aldrich), β-NADPH (MP Biomedicals,
USA), and Ellman´s reagent [DNTB, 5,5’-dithiobis-(2-nitrobenzoic acid), Sigma-Aldrich].
Absorbance of the enzymatic assay 2-nitro-5-thiobenzoate (TNB) was measured at 412 nm.
Calibration curves were made for GSH red and GSSG enzymatic assay substrates in ranges
of (0 to 25 µM). Amounts of GSH tot and GSSG were used to compute the amount of
reduced gluthathione (GSH red).

2.7. Protein Extraction from L. perenne Leaf Tissue and Calculation of ROS Enzymatic Activities

For total protein extraction, 150 mg of plant leaves frozen in liquid nitrogen were
ground via mechanical methods using a mortar and pestle. The lysate was then suspended
in 2.0 mL of extraction buffer [50 mM potassium phosphate pH 7.0, 0.1% polyvinylpyrrolo-
dine, and 0.01% Triton X-100] and centrifuged at 13,000× g at 4 ◦C for 10 min. The super-
natant was used to measure the total protein concentration via the colorimetric method
described by Bradford, 1976. The same samples were used to measure the SOD, APX,
GR, and CAT enzyme activities. The SOD (E.C. 1.15.1.1) activity reaction was carried out
with 60 µL of protein extract diluted to a 1.0 mL final volume with enzyme reaction buffer
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[50 mM phosphate buffer pH 7.0, 13 mM methionine, EDTA 0.1 mM, and riboflavin 22 µM]
and incubated with light irradiation (fluorescent tube of 40 W) for 10 min at 25 ◦C as
described [43]. The blanks and controls were assayed without light irradiation. The total
SOD enzyme activity was determined by monitoring the inhibition of nitroblue tetrazolium
(NBT) reduction at 560 nm in a UV/VIS spectrophotometer (Lambda EZ 210, Perkin Elmer,
Waltham, MA, USA). The SOD unit was established as the amount of SOD enzyme that
is necessary to inhibit the NBT reduction to 50%. The enzymatic activity was normalized
by total protein amount. An assessment of APX activity was carried out as described by
Nakano Y and Asada K., 1981 [44]; the assay contained 125 µL of ascorbic acid [10 mM],
1 mL of phosphate buffer [50 mM, pH 7.0], 2.5 µL of 30% v/v H2O2, and 100 µL protein
extract. The ascorbic acid oxidation was measured at 290 nm for 60 s in a spectrophotome-
ter. The GR activity was based on the glutathione determination method described by
Rahman et al., 2006 [42], using the Ellman´s reagent [5,5′-dithio-bis (2-nitrobenzoic acid)]
that reacts with reduced glutathione (GSH). The enzyme activity was measured in 100 µL
of protein extract suspended in KPE buffer, with 75 µL of DTNB [0.1 mM], 15 µL of GSSG
[0.1 mM], and 30 µL of β-NADPH [0.1 M]; the reaction was measured at 412 nm for 120 s.
To calculate catalase (CAT) enzymatic activity, the protocol described by Ambuko et al.,
2013 [45] and Aebi, 1984 [46] was used. First, 100 µL of protein extract was used, then
added to a reaction mix (100 µM H2O2 and 50mM phosphate buffer, pH 7). The reaction
of H2O2 decomposition was spectrophotometrically measured for 60 s at a wavelength
of 240 nm and calculated using a molar extinction coefficient of (39.4 mM−1 cm−1). The
amount of H2O2 degraded per second was determined and normalized to total protein in
the extract.

2.8. Total RNA Extraction from Leaves of Lolium perenne and qRT-PCR Assays

The total RNA extraction was carried out following the Trizol®, (Invitrogen, Waltham,
MA, USA) standard protocol. Then, 1 µg of total RNA was used for cDNA synthesis
with a ThermoScript® Invitrogen Kit (Thermo, Waltham, MA, USA). The gene expression
profiles were carried out via the SyBR Green qRT-PCR technique in an ABI7500 thermal
cycler (Applied Biosystems, Foster City, CA, USA). The data were evaluated with LinReg
software [47], and subsequently, the Ct values (threshold cycle) for each sample were used
to estimate relative gene expression using the 2∆∆CT algorithm described by Schmittgen and
Livak, 2001 [48]. The gene expression was normalized using the 26 S proteosome subunit
(26S) as the housekeeping gene. Detailed information of primers and PCR conditions are in
Table 1 and the primers validation data are available in Supplementary File S2.

Table 1. List of primers used for qRT-PCR procedures.

Gene Type Sequence
(5′->3′) Tm (◦C) Product Size (pb)

26s proteosome subunit (26S) Forward TGCTTAGTTCCCCTAAGATAGTGA
54 142Reverse CTGAGACCAAACACGATTTCA

RuBisCO (RuBisCO)
Forward TCATATCGAGCCTGTTGCTG

60 144Reverse AGAGCACGTAGGGCTTTGAA
Chlorophyll A binding protein
(ChlAbp)

Forward GCGCTCGGCCTATAATCTAC
60 170Reverse AACACACCACCCGAAAGAAG

Ferredoxin (Fered)
Forward CGTCATCGAGACCCACAAGG

58 93Reverse GGTGGCGATGCCCATGTA
Copper–zinc superoxide
dismutase (Cu/Zn-SOD)

Forward CTCTTGCTAAGCTCATGTCC
57 49Reverse TCCTGGACTTCATGGCTTC

Iron superoxide dismu-tase
(Fe-SOD)

Forward GAAGCATCAGCAGGATCAC
58 70Reverse GTTAACTACCGAGAGTTTCCTC

Ascorbate peroxidase (APX) Forward GCTCTATCTGGTGGCCACAG
57 82Reverse TCAGAGGATCACGGGTCCAT

Glutathione reductase (GR)
Forward TATCCGTCGTGGGTCTCAGT

57 84Reverse GACAGACTTCTCCTGCCGTT
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2.9. Statistical Analysis

This study was carried out through seven experimental replicates and three analytical
replicates for each evaluated parameter. The values are expressed as mean ± standard error
(ES) using Microsoft Excel 365 (Microsoft Corporation, Seattle, WA, USA). The effects of
sulfate supply in the presence of Al3+ toxicity on the evaluated parameters were analyzed
via one- or two-way ANOVA using Sigma Plot 13.0 software (Systat software, San Jose, CA,
USA) (Supplementary Tables S1 and S2) [18]. For multiple comparison, the means were
compared using Sidak’s or Tukey test as appropriate (p ≤ 0.05).

3. Results
3.1. Sulfate Supplementation Modulates Total Proteins, Calcium, Magnesium and TBARs
Concentration in Leaves of Plants Subjected to Al3+ Toxicity

A total protein quantitation was performed to evaluate the physiological effects of
sulfate amendments after 48 h of exposure to Al3+ -toxicity. These results show a significant
decrease in total protein amount in plant leaves grown in 120 µM sulfate in presence of
Al3+-toxity (p < 0.01) compared to control with no Al3+-toxicity. A similar result, but in
smaller magnitude, was observed in the leaves of plants grown with 240 µM sulfate in Al3+

(p < 0.05). No changes in protein amount were observed in the leaves of plants exposed to
Al3+ toxicity grown in 360 µM sulfate (Figure 1A).
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Figure 1. Total protein, Ca, Mg, and TBARS concentrations in leaves of perennial ryegrass shoots
cultured at increased sulfate supply after 48 h with or without Al3+-toxicity. Total protein (A),
calcium (B), magnesium (C) and TBARS (D) in control (black bars) or Al3+-treated (gray bars) L.
perenne grown in the respective sulfate amendments (120, 240, 360 µM). Two-way ANOVA and
Sidak’s test (p values: * <0.05; ** <0.01; and **** <0.001) provided evidence of significant differences.
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Calcium and magnesium amounts were quantified in plant leaves grown in different
sulfate nutrition conditions in the presence of Al3+-toxicity for 48 h. The results show a
significant decrease in calcium and magnesium amounts in plant leaves grown with 120
or 360 µM sulfate fertilization when Al3+-toxicity was present (p < 0.001). Contrarily, a
significant increase in calcium (p < 0.001) and magnesium (p < 0.05) amounts were observed
in plants grown with 240 µM sulfate and Al3+ (Figure 1B,C).

A TBARS assay was performed to analyze the ability of sulfate amendments to reduce
the adverse effects of Al3+ toxicity at 28 h of exposure on leaves of L. perenne cv. Jumbo. The
results show a decrease in TBARS production in plant leaves grown with 120 or 240 µM
sulfate and Al3+-toxicity (p < 0.001). Contrarily, a significant increase in TBARS level
was observed in the leaves of plants grown with 360 µM sulfate in the presence of Al3+

(p < 0.001) (Figure 1D).

3.2. Sulfate Supplementation Modulated Photosynthetic Response in Leaves of Plants Subjected to
Al3+ Toxicity

The analysis of both photosynthetic pigments, total amounts chlorophyll and carotenoids,
showed similar patterns. A decrease in total chlorophyll was observed in the leaves of
plants grown with 120 (p < 0.01) or 240 µM (p < 0.001) sulfate exposed to Al3+-toxicity
for 48 h; however, the opposite effect was observed in plants grown with 360 µM sulfate
(p < 0.001) (Figure 2A). The analysis of carotenoids showed a decrease in the leaves of
plants grown with 120 (p < 0.05) or 240 µM (p < 0.001) sulfate when Al3+-toxicity was
present for 48 h; however, the opposite effect was observed in plants grown with 360 µM
sulfate (p < 0.001) (Figure 2B). Interestingly, the chlorophyll A/B ratio, an indicator of
cellular stress, showed no changes in plants grown with 120 or 240 µM sulfate exposed
to Al3+-toxicity for 48 h, but an important decrease in the chlorophyll A/B ratio in the
plant leaves of L. perenne grown with 360 µM sulfate in the presence of Al3+-toxicity for
48 h compared with their respective controls suggests modifications in the photosynthetic
system responses (Figure 2C).

To evaluate the outcome of sulfate nutrition on Al3+-toxicity at the transcriptional
level, we measured gene expression for proteins involved in different phases of photosyn-
thesis such as ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), chlorophyll A
binding protein (ChlAbp), and ferredoxin (Fered). The data collected in Table 2 represent
gene expression profiles expressed as Al3+/control ratio for every sulfate concentration. In
the presence of Al3+-toxicity, important increases in the expression of every analyzed gene,
RuBisCO, ChlAbp, and Fered, were observed in plant leaves grown with 120 µM sulfate
(p < 0.05). Interestingly, no changes in gene expression levels were detected for any of the
analyzed genes in plant leaves grown with 240 µM sulfate. No changes were observed
in the expression of RuBisCO and ChlAbp genes in plants grown with 360 µM sulfate;
however, Fered gene expression significantly decreased in that same condition (p < 0.05).

Table 2. Gene expression analysis for proteins involved in photosynthesis mechanism response in
leaves of Al3+-toxicity treated L. perenne cv. Jumbo. Al/control expression ratio of RuBisCO, ChlAbp
(chlorophyll A binding protein), and Fered (ferredoxin) for every sulfate condition are shown. One-
way ANOVA was carried out and significant differences with Tukey’s post-test between sulfate
conditions are highlighted with asterisks (* p < 0.05).

Sulfate Nutrition
(µM) RuBisCO ChlAbp Fered

120 7.54 * ± 2.20 11.49 * ± 3.96 2.24 * ± 0.40
240 1.84 ± 1.09 1.17 ± 0.55 1.12 ± 0.15
360 1.54 ± 0.24 1.30 ± 0.20 0.26 * ± 0.02
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Figure 2. Sulfate nutrition modulates photosynthetic pigment amounts in shoots of L. perenne cv.
Jumbo after 48 h of Al3+-toxicity exposure. Total chlorophyll (A), carotenoids (B), and chlorophyll
A/B ratio (C) in leaves of L. perenne grown with different sulfate amendments (120, 240 or 360 µM)
in absence (black bars) or presence (grey bars) of Al3+ toxicity. The values reported are means ± SE
(n = 3). Two-way ANOVA and Sidak’s test were carried out (p values: ** <0.01; *** <0.005; and
**** <0.001). Asterisks show statistical differences between Al and control for every sulfate condition.

3.3. Sulfate Supply Modulates Antioxidant Metabolites in Shoots of L. perenne cv. Jumbo Exposed
to Al3+ Toxicity

Due to their close relationship in the Halliwell–Asada cycle, ascorbate and glutathione
species were quantified as described by Gillespie and Ainsworth et al., 2007 and Rahman
et al., 2006 [41,42], respectively. In general, the results show variations in both glutathione
and ascorbate species; however, the effects of sulfate supplementation were significantly
more drastic for glutathione species, compared to ascorbate species. In detail, total ascorbate
(Asc tot) decreased in plant leaves grown in the presence of Al3+-toxicity with 120 or 240 µM
sulfate (p < 0.001); however, the opposite effect was observed in the leaves of plants grown
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with 360 µM sulfate (p < 0.01) (Figure 3A). Reduced ascorbate ratio (Asc red /Asc tot),
an indicator of plant cell redox homeostasis status, displayed a similar pattern to those
previously described, showing a decrease in plant leaves grown in the presence of Al3+-
toxicity along with 120 (p < 0.01) and 240 µM sulfate supply (p < 0.05), but not at 360 µM
sulfate treatment (Figure 3C). On the other hand, total glutathione species (GSH red + GSSG,
or [GSH tot]) decreased in plant leaves grown in 120 or 360 µM sulfate in the presence of
Al3+-toxicity (p < 0.005); contrarily, GSH tot increased two times in the leaves of plants
grown with 240 µM sulfate (p < 0.001) as compared to their respective controls in the
absence of aluminum (Figure 3B). Interestingly, GSH red ratio, expressed as (GSH red/ GSH
tot), were at least 1.4 folds more in plant leaves grown with 120 or 360 µM sulfate and
Al3+-toxicity (p < 0.001 and 0.05, respectively), compared to the respectively tissue of control
plants without Al3+-toxicity, but the opposite effect was observed in plant leaves grown
with 240 µM sulfate exposed to Al3+-toxicity (p < 0.001) (Figure 3D).
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Figure 3. Sulfate-nutrition-modulated redox status of antioxidant metabolites, ascorbate, and glu-
tathione species in shoots of L. perenne cv. Jumbo after 48 h of Al3+-toxicity exposure. Total ascorbate
[Asc tot] (A), total glutathione [GSH tot] amounts (B), reduced ascorbate ratio (C) and reduced glu-
tathione ratio (D) in leaves of L. perenne grown in different sulfate amendments (120, 240 or 360 µM)
and in absence (black bars) or presence (grey bars) of 48 h Al3+-toxicity. TWO-WAY-ANOVA and
Sidak’s test were carried out (p values: * <0.05; ** <0.01; *** <0.005 and **** <0.001). Asterisks show
statistical differences for every sulfate condition. The value reported are mean ± SE (n = 3).

3.4. Sulfate Supplementation Modulates Enzyme Activity and Gene Expression of ROS
Scavenging Enzymes in Shoots of L. perenne cv. Jumbo Exposed to Al3+ Toxicity

Ascorbate peroxidase (APX), glutathione reductase (GR), and superoxide dismutase
(SOD), and Catalase (CAT), total enzymatic activities, and gene expression profiles of
representative isoenzymes ROS scavenging proteins, were analyzed to evaluate their
involvement in cell defense against reactive oxygen species (ROS) derived of short-term
Al3+-toxity of plant leaves. SOD activity showed notable differences depending on sulfate
supply amounts, showing a dramatic decrease in leaves grown with 120 µM sulfate with
Al3+-toxicity (p < 0.005); by the contrary, we observed increased SOD activity in leaves of
plants grown with 360 µM sulfate exposed Al3+ -toxicity (p < 0.05) as compared to their
respective controls. No statistical difference in SOD activity was observed in plants grown
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with 240 µM sulfate (Figure 4A). In addition, a similar profile was observed in APX enzyme
activity, showing a decrease in APX activity in the leaves of plants grown with 120 µM
sulfate when Al3+-toxicity was present (p < 0.005); on the contrary, a two-fold increase was
detected in the leaves of the plants grown with 360 µM sulfate and Al3+-toxicity (p < 0.001),
and again, no changes were observed in plants grown with 240 µM sulfate and exposed to
Al3+-toxicity (Figure 4B). Finally, GR enzyme activity showed a decrease in the leaves of
plants grown with 120 or 360 µM sulfate and Al3+-toxicity (p < 0.01); the opposite effect, a
two-fold increase (p < 0.01), was observed in the leaves of plants grown with 240 µM sulfate
compared to their respective controls (Figure 4C). On the contrary, an increase in catalase
activity was detected in the plants exposed to 120 and 360 µM sulfate in the presence of
Al3+ toxicity (p < 0.001 and 0.05, respectively); nevertheless, 240 µM of sulfate showed less
activity (Figure 4D), and a similar pattern was observed in SOD activity.
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Figure 4. Sulfate nutrition recovers enzymatic activities involved in ROS detoxification mechanism
when L. perenne cv. Jumbo is exposed to 48 h Al3+-toxicity. Superoxide dismutase, SOD (A), ascorbate
peroxidase, APX (B), glutathione reductase, GR (C), and catalase (CAT) (D). Leaves of perennial
ryegrass in absence (black bars) or presence of Al3+-toxicity (grey bars) grown in three different sulfate
conditions (120, 240, or 360 µM) were considered. Two-way ANOVA and Sidak’s test were carried
out (p values: * <0.05; ** <0.01; *** <0.005; and **** <0.001). Asterisk shows statistical differences
between Al and control for every sulfate condition. The values reported are means ± SE (n = 3).

The gene expression profiles of enzymes involved in ROS detoxification are shown
in Table 3. Interestingly, Fe-SOD and APX gene expression level increased in the leaves of
plants grown with 120 µM sulfate concentration and exposed to Al3+-toxicity (p < 0.05). In
addition, a significant decrease in Fe-SOD and APX gene expression level were observed in
the leaves of plants grown with 360 µM sulfate in the presence of Al3+-toxicity (p < 0.05).
No changes were observed for Cu/Zn-SOD or GR for every sulfate condition. Also, no
changes were observed for any of the evaluated genes in plants grown with 240 µM sulfate.
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Table 3. Gene expression profiles of enzymes involved in ROS detoxification mechanism in leaves.
Al3+/control ratios of Fe-SOD (iron superoxide dismutase), Cu/Zn SOD (copper/zinc superoxide
dismutase), APX (ascorbate peroxidase), and GR (glutathione reductase) are shown in every sulfate
condition. One-way ANOVA was carried out and significant differences with Tukey post-test between
sulfate conditions are highlighted with asterisks (* p < 0.05).

Sulfate Nutrition
(µM) Fe-SOD Cu/Zn SOD APX GR

120 1.69 * ± 0.26 0.86 ± 0.15 1.63 * ± 0.34 0.93 ± 0.16
240 1.27 ± 0.13 1.11 ± 0.11 0.98 ± 0.03 1.01 ± 0.03
360 0.47 * ± 0.12 0.60 ± 0.12 0.47 * ± 0.07 0.80 ± 0.07

4. Discussion

It has been described that some of the adverse effects produced by Al3+-toxicity in
root tissue can be ameliorated by the administration of sulfate amendments, improving
soil nutrient uptake and plant growth [8,9,49]. Nevertheless, few data reported the effects
of sulfate amendments being able to ameliorate symptoms induced by trivalent aluminum
(Al+3) in leaves [18,32,36], despite aluminum inducing negative effects in leaves after
short-term and long-term exposures [11,19,50,51]. The current study demonstrates that
the proper amount of sulfate nutrition ameliorates the effects of aluminum stress in plant
leaves, improving mineral uptake, photosynthetic response, and the enhancement of ROS
scavenging mechanisms

4.1. Adequate Sulfate Supply Recovered Membrane Damage, and Mineral Uptake; but Not Total
Protein Amount after Al3+ Toxicity Exposure

To verify the effects of short-term Al3+-toxicity in leaves along with evaluating the
role of sulfate to ameliorate Al3+-toxicity symptoms, we evaluated different physiological
parameters such as total protein concentration, membrane damage, and Ca and Mg uptake,
previously reported as possible targets of Al3+-toxicity [12,18,24].

On one first assessment of the experiment, no morphological changes were ob-
served after 48 h in leaves of L. perenne plants cultivated in combined conditions of in-
creasing sulfate supply and short-term Al3+-toxicity, that was additionally corroborated
by dry mass percentage, fresh weight, and dry weight measurements (Supplementary
Figure S1). After 48 h of Al3+-toxicity exposure, significant amounts of total aluminum
were found in leaves of plants grown in all the experimental treatments of sulfate combined
with Al3+-toxicity, compared to their respective sulfate supply without Al3+-treatment
(Supplementary Figure S2A); but, these Al amounts were ten times smaller than those ac-
cumulated in root tissue after 48 h in the same experimental conditions reported previously
by our group [32]. However, regardless of the small concentration of Al detected in the
plant leaves after 48 h of treatment, a significant antioxidant response was observed. To
evaluate the effect of sulfate addition on some physiologic parameters affected by Al3+-
toxicity, total sulfur contents were measured in every experimental condition. After 48 h,
a progressive increase in the concentrations of total sulfur was determined in the leaves
of plants treated with increased sulfate supply concentrations. Remarkably, Al3+-toxicity
treatment causes a significant sulfur accumulation in leaves compared to controls, and this
increase is modulated in a dose dependent manner (Supplementary Figure S2B). Similar
patterns in SO4

2− content were observed in A. thaliana, and N. tabacum cultured in com-
bined conditions of increasing sulfate supply and long-term cadmium toxicity [52]. In
detail, an increase in sulfate nutrition from 120 to 360 µM was not effective to restore total
protein amount in plant leaves of Al3+-treated plants; this is a key point due to high-protein
content in crops are relevant for human and livestock nourishment. Our results are similar
to previously reported data where sulfur supplementation improved crop yield and protein
concentration in wheat [53], Citrus grandis leaves [24], and Perennial ryegrass [18], as an in-
crease in sulfur concentration improved soluble protein amount; but not when Al+3-toxicity
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is presented. Nevertheless, short term-Al3+ toxicity inhibited the protein yield in L. perenne
leaves of plants cultivated on the three sulfate supply treatments used in the experiment.

In view of the important functions of Ca2+ in plant metabolism, such as cell wall and
membrane formation and molecular messenger production, several studies suggested that
Al3+ toxicity generates a reduction in mineral uptake and translocation from roots to other
plant organs [54], having a stronger effect on Ca2+ and Mg2+ uptake than other minerals,
showing reductions of 61% and 72%, respectively, in 10 different maize genotypes [55].
In addition, short-term growth studies demonstrated that the additions of Ca2+, Mg2+,
and Sr2+ were equally effective in alleviating Al3+ toxicity symptoms [30,54]. On the
other hand, sulfur administration was able to improve nutrient uptake in olive fruits and
wheat [56,57]. Additionally, recent studies demonstrated that sulfate amendments, such
as gypsum, improve plant growth through soil structure stabilization, enhancing cation
exchange capacity and increasing magnesium and calcium availability [58,59]; moreover,
SO4

2− fertilizers prevent cadmium and arsenic availability in paddy fields used to grow
rice, giving insight on the use of sulfate to improve crop production [60,61]. In the present
study, we observed a reduction in Ca2+ and Mg2+ amounts in the leaves of L. perenne cv
Jumbo grown with 120 and 360 µM sulfate and exposed to Al3+ after 48 h. On the contrary,
increased Ca2+ and Mg2+ amounts were observed in the leaves of plants grown with 240 µM
sulfate and exposed to Al3+ toxicity. In addition, these increases in Ca2+ and Mg2+ amounts
were accompanied by a decrease in TBARS accumulation in plants grown in the same
experimental conditions. Similar results were observed by Wulff et al., 2014 [18], showing
the lowest TBARS levels in L. perenne cv. Jumbo grown in 240 µM sulfate after 28 days
of exposure to Al3+. The benefits of sulfur supplementation were also observed by Guo
et al., 2017 [24], in which an increase in S supply of 1 mM may cause a decrease in TBARS
accumulation in Citrus grandis exposed to aluminum toxicity.

In this respect, it has been previously reported that Al3+ accumulates in the cell wall,
mostly interacting with pectin [62–64] and displacing Ca2+, an essential macronutrient
element for plant cell wall stability [8]. In addition, Al3+ may also cause the displacement of
Ca2+ from interacting with phospholipids in biological membranes, showing an important
reduction in membrane fluidity [65,66]. On the other hand, Mg2+ plays a central function
in several metabolic processes such as being a cofactor of enzyme activity with ATP and
being the central atom in chlorophylls; therefore, Mg2+ deficiency is the most important
candidate to cause a reduction in chlorophyll synthesis (chlorosis), ROS production, and
metal accumulation [67]. All these data together suggest that an adequate amount of sulfate
is necessary to maintain Ca2+ and Mg2+ concentrations along with their cell metabolic
functions close to normal and therefore ameliorate Al3+ toxicity symptoms. However, as
previously reported, an excessive increase in sulfur can cause severe adverse effects [18,68].

4.2. Adequate Sulfate Supplementation Was Able to Maintain Photosynthetic Parameters in Leaves
of L. perennial cv. Jumbo Exposed to Al3+ Toxicity

A significant decrease in total chlorophyll and carotenoids after 48 h of exposure to
different Al3+ concentrations was observed in three blueberry varieties most frequently
cultivated in southern Chile [19,20]; additionally, reduction in photosynthetic pigments
were observed in Eucaliptus clones, caused by 1-day exposure to 4.4 mM Al3+ toxicity [51].
In addition, studies in citrus species show that Al3+ toxicity causes decreases in stomatal
conductance and total protein in foliar tissues at a maximum 1.4 mM aluminum concentra-
tion for 18 weeks [69]. However, those studies did not consider the effect of plant sulfate
nutrient status as a modulator against Al3+ toxicity.

The present study demonstrates a decrease in both total chlorophyll and carotenoids in
plants grown with 120 or 240 µM sulfate and exposed to Al3+-toxicity by 48 h. Interestingly,
chlorophyll A/B ratio, a plant photosynthetic stress indicator, showed no change for these
same experimental conditions. On the other hand, the opposite effect was observed in plants
grown with 360 µM sulfate and exposed to Al3+-toxicity, showing an important increase
in total chlorophyll and carotenoids, along with a significant decrease in chlorophyll
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A/B ratio. In this respect, a decrease in chlorophyll A/B ratio has been associated with
oxidative stress in plants subjected to abiotic stresses such as light or nitrogen deficiency
and paraquat [70,71]. The observed chlorophyll A/B ratio suggests that a 360 µM sulfate
supply could be in excess, having no effect to ameliorate Al3+-toxicity symptoms. These
results are supported by the gene expression of proteins involved in photosynthesis such as
RuBisCO, ChlAbp, and Ferred. Plants grown with 120 µM sulfate with Al3+-toxicity showed
an increase in gene expression; however, plants cultured with higher amounts of sulfate
showed values close to 1 for RuBisCO and ChlAbp, suggesting that sulfate in a proper
amount can prevent changes in photosynthetic response induced by aluminum stress.
These data are supported by Guo et al., 2017 [24] showing that 1.0 mM sulfur amendment
plays an important role in the alleviation of 1 mM AlCl3 exposure by improving pigment
concentration and photosynthetic efficiency in Citrus grandis after 18 weeks. On the other
hand, Filipovic and Jovanović, 2017 [68] demonstrated that an excess of hydrogen sulfide
plays a phytotoxic effect in several plant species. In addition, an optimal N/S ratio near
to 14/1 is required for wheat and perennial ryegrass growth [72]. In summary, a high
N/S ratio due to S deficiency may cause lower N availability and therefore a subsequent
disruption in amino acids/protein metabolism in plants [73], giving important clues about
the role of sulfur balance in preventing or alleviating the effects of Al3+ toxicity response
at a physiological level. In this study, an important response in plant leaves grown with
240 µM sulfate exposed to Al3+-toxicity was observed in L. perenne cv. Jumbo. In this
condition, 16.47 µmoles/plant of sulfur availability and 275.19 µmoles/plant of nitrogen
were observed [32]; thus, 240 µM sulfate provides a N/S ratio of 16/1, very similar to that
described as an adequate N/S for ryegrass. These data together support the hypothesis that
a proper nutrient ratio is important for plant growth; thus, a suitable sulfur amendment
among plant species may vary, and in this context 240 µM provides a good response for L.
perenne cv. Jumbo. Instead, 1 mM sulfur fertilization is suitable for Citrus grandis growth,
and additionally, 45 kg S ha−1 is recommended to obtain a maximum yield in tobacco crops.
Therefore, a specific analysis of the proper amount of sulfur supply to improve culture
production must be carried out [74].

4.3. Sulfate Supplementation Activates ROS Defense Mechanism in Leaves of L. perennial cv.
Jumbo Exposed to Al3+ Toxicity

In plant cells, oxidative stress occurs mainly due to electron decoupling from biochem-
ical redox processes of photosynthesis as well as mitochondrial cellular respiration [75,76].
Imbalance in electron-transport chains as well as ROS production are secondary symp-
toms of Al3+-toxicity able to activate antioxidant mechanisms. The antioxidant machinery
is mainly composed of biomolecules such as ascorbic acid and glutathione, which help
to maintain intracellular redox balance, which can transform ROS species into less toxic
species. In detail, glutathione can act as a secondary substrate that allows for the recy-
cling of ascorbic acid used for H2O2 catabolism by ascorbate peroxidase, which comprises
the Halliwell–Asada–Foyer cycle metabolic pathway. Furthermore, this ROS scavenging
enzymatic cycle is very close to photosystems to overcome probable electron leaks from
electron transport chain due to abiotic stress [77–79]. In this respect, long-term Al3+-stress
(14-21 days) causes increasing lipid peroxidation, and ROS production in tomato and wheat
leaves, respectively [6,17,80]. On the other hand, Vera-Villalobos et al., 2020 and D. B. Zhu
et al., 2015 [32,81] demonstrated the effects of sulfate in roots, reducing the ROS damage
caused by a short-term Al3+-toxicity response (48 h) in wheat grains and L. perenne cv. Jumbo.
The present data demonstrated that 240 µM sulfate fertilization was the optimal amount to
modulate the antioxidant response in the leaves of plants exposed to 48 h of Al3+ -toxicity,
and the effect of this macronutrient was mainly focused on the regulation of SOD and APX
enzyme activities and their gene expression, along with the redox status of antioxidant
metabolites, modulating glutathione rather than ascorbate. These results are related to
those observed by Wulff-Zottele et al., 2014 [18], in which a sulfate-dependent response was
observed after 28 days of exposure to Al3+-toxicity, playing an important role in TBARS
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and ROS scavenging enzymes regulation and the glutathione redox balance. Similarly,
hydrogen sulfide (H2S; a cell signaling molecule) modified ROS scavenging enzymatic
activity, like catalases, peroxidases, and SOD dismutases [35]. However, Filipovic and
Jovanovic., 2017 [69] described that an excess of H2S inhibits plant growth.

5. Conclusions

In summary, the present study is the first to demonstrate that sulfate metabolism has
a fundamental function in modulating the response against stress caused by short-term
Al3+-toxicity in the aerial tissue of L. perenne cv. Jumbo (Figure 5). Even when long-term
Al3+-toxicity is a well-characterized event that produces drastic effects on plants, the
antioxidant response is a rapid event that might be appreciated at 48 h of this metal toxicity
exposure; additionally, sulfate plays an important role to maintain the redox equilibrium
and counteract early symptoms of Al3+-toxicity. However, every plant species possesses
different culture condition and soil preferences; thus, a specific analysis of the proper
amount of sulfate supplementation to ameliorate Al3+ symptoms must be established for
each plant species, because, according to our previous data, an excess of sulfate may cause
adverse physiological effects.
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