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ARTICLE INFO ABSTRACT

Keywords: Aluminium (Al) is a toxic element for plants living in soils with acidic pH values, and it causes reductions in the
Aluminium phytotoxicity roots and shoots development. High Al concentrations can cause physiological and structural changes, leading to
Antioxidative stress symptoms of toxicity in plant tissue. The aim of this study was to describe the Al toxicity in soybean plants
Ton homeostasis through physiological, nutritional, and ultrastructure analyses. Plants were grown in nutrient solution con-
g;;:::lr:grf taining increasing Al concentrations (0; 0.05; 0.1; 1.0, 2.0 and 4.0 mmol L.~ '). The Al toxicity in the soybean
plants was characterized by nutritional, anatomical, physiological, and biochemical analyses. The carbon di-
oxide assimilation rates and stomatal conductance were not affected by the Al. However, the capacity for in-
ternal carbon use decreased, and the transpiration rate increased, resulting in increased root biomass at the
lowest Al concentration in the nutrient solution. The soybean plants exposed to the highest Al concentration
exhibited lower root and shoot biomass. The nitrate reductase and urease activities decreased with the increasing
Al concentration, indicating that nitrogen metabolism was halted. The superoxide dismutase and peroxidase
activities increased with the increasing Al availability in the nutrient solution, and they were higher in the roots,
showing their role in Al detoxification. Despite presenting external lesions characterized by a damaged root cap,
the root xylem and phloem diameters were not affected by the Al. However, the leaf xylem diameter showed
ultrastructural alterations under higher Al concentrations in nutrient solution. These results have contributed to
our understanding of several physiological, biochemical and histological mechanisms of Al toxicity in soybean

plants.
1. Introduction Soluble Al ions, especially Al*3, are released at the soil exchange
complex in soils with pH values lower than 5. These ions lead to root
Aluminium (Al) toxicity is one of the primary factors limiting the growth inhibition, resulting in decreased water and nutrient uptake and
soybean yield and other crops in acidic soils, and these soils make up plant growth and changes in dry matter partitioning between the root

approximately 40% of arable land worldwide (Chen and Liao, 2016). and shoot (Chang et al., 2015; Eekhout et al., 2017). For this reason, Al
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active radiation; POD, peroxidase; RET, root epidermis thickness; ROS, reactive oxygen species; RPD, root phloem diameter; RXD, root xylem diameter; SOD,
superoxide dismutase
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is considered one of the primary abiotic factors that limit agricultural
productivity (Ritchey et al., 1995; Ryan et al., 2011). Various agro-
nomic and/or genetic interventions have been applied to overcome
negative effects of Al that inhibit soybean production (Lan et al., 2016).
Soybean is an acid-soil-sensitive plant. Therefore, physiological, bio-
chemical and ultrastructure indicators are needed to better understand
the soybean responses to Al exposure.

Excessive concentrations of metals such as Al in plant tissues may
affect several plant processes, such as enzyme activities, the uptake,
redistribution and use of essential elements (Ca, Mg, Fe, and P), and
crop yield responses (Lavres Junior et al., 2010; Roy and Bhadra, 2014;
Senger et al., 2014; Kichigina et al., 2017). Decreased chloroplast starch
concentration in response to Al has also been reported showing low CO,
assimilation rates in barley plants (Dai et al., 2014).

Metal toxicity (e.g., from Al) induces oxidative stress due to the
increased peroxidation of the membrane phospholipid bilayer (Ryan
et al., 2011). Cakmak and Horst (1991) were the first to report oxida-
tive stress caused by Al toxicity. The authors showed increased lipid
peroxidation in soybean roots that were exposed to excess Al. Oxidative
stress results from the increased production of reactive oxygen species
(ROS), such as singlet oxygen, hydrogen peroxide and hydroxyl radi-
cals, and it damages cell membranes, proteins, and nucleic acids
(Santos et al., 2017). Plants may decrease ROS production and oxida-
tive stress damage through the action of scavenger enzymes such as
glutathione reductase (GR), ascorbate peroxidase (APX), catalase
(CAT), and superoxide dismutase (SOD) (Giannakoula et al., 2010;
Cartes et al., 2012; Reis et al., 2017).

Aluminium tolerance mechanisms to Al toxicity in plants can be
divided into those that facilitate the exclusion of AI** from root cells
(exclusion mechanisms) and those that enable plants to tolerate AR
once it has entered on the root and shoot symplast, characterizing the
internal tolerance mechanisms (Ma et al., 2001; Horst et al., 2010;
Daspute et al., 2017; Kopittke et al., 2017). Furthermore, the physio-
logical and molecular basis of these mechanisms have been intensively
investigated in a myriad of plant species (Min et al., 2018; Arroyave
et al., 2018; Silva et al., 2018a, b). Some plants secrete organic acids
(especially citrate, malate, and oxalate), which are Al-chelating, and
phenols into the soil as a strategy to mitigate Al toxicity in acid soils
(Chen and Liao, 2016; Singh et al., 2017). At the cellular level, Al de-
toxification includes the formation of Al complexes with organic acids
and sequestration in vacuoles to maintain low levels of free Al in the
cytosol (Singh et al., 2017). Besides, few studies have stated that Al
stress increases plasma membrane (PM) H*-ATPase activity and citrate
secretion and simultaneously enhances the interaction between 14-3-3
proteins and phosphorylated PM H*-ATPase in the root tips of Al-tol-
erant soybean (Guo et al., 2013; Min et al., 2018). Furthermore, Al
sensitivity in some soybean varieties has been attributed to the low
level of citrate metabolism and exudation in the roots and the high level
of jasmonic acid-mediated defence response in the leaves (Huang et al.,
2017).

Aluminium uptake presents two phases, an initial rapid phase (for
the rapid uptake of exchangeable Al in the apoplast), followed by a
slower linear phase (symplastic uptake) (Ryan et al., 2011). Aluminium
compartmentalization in the symplast, especially through sequestration
in the vacuoles, seems to be one of the primary tolerance mechanisms in
response to excess Al, together with more homogeneous Al distribution
in plant tissues, especially in the roots, and the higher efficiency of the
enzymatic and non-enzymatic antioxidative systems (Chowra et al.,
2017). However, part of the Al taken up by plants is transported to the
shoots, resulting in detrimental effects to the development of vegetative
and reproductive organs. This finding may be related to decreased
photosynthetic activity, which could be associated or not with stomatal
factors (Xu et al., 2017).

Genetic, metabolomics, and proteomic studies have been performed
to try to understand Al toxicity in plants (Daspute et al., 2017; Xu et al.,
2017; Arroyave et al., 2018; Furlan et al., 2018; Riaz et al., 2018).
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However, the physiological and biochemical mechanisms of root
growth inhibition by Al are not fully understood (Ezaki et al., 2013;
Kopittke et al., 2017). Further studies of the biochemical processes at
the cellular and ultrastructural levels are needed to understand the
mechanisms of plant adaptation to the physiological stress caused by Al
toxicity.

This study examined the deleterious effects of Al toxicity in soybean
plants grown under hydroponic conditions, on leaf gas exchange (A,
CO,, assimilation rate; g;, stomatal conductance; E, transpiration rate;
and Ci, internal carbon on stomata chamber) and on the enzymatic
antioxidant protective system against Al-induced stress. Our hypotheses
were as follows: 1) increased Al compartmentalization in the roots is
favoured by root xylem vessels in a functional sense and is shaped by
the leaf stomatal conductance and leaf transpiration rate; 2) the leaf
stomatal conductance and transpiration rate are directly related to the
xylem vessels being functionally modulated by oxidative Al-induced
stress; and 3) having the highest antioxidant enzyme activity in the
roots rather than in the shoots is a feasible mechanism to protect the
functionality of the root cells. The objectives were as follows: 1) to gain
insight into the soybean toxicity mechanism against Al-induced stress as
well as to characterize the plant symptoms modulated by Al toxicity
and 2) to investigate Al toxicity-induced oxidative stress in the roots
and shoots, the leaf gas exchanges, and plant anatomical and mor-
phological changes at the root and leaf scales as well as to evaluate the
nutrient uptake and ion homeostasis.

2. Materials and methods
2.1. Plant growth conditions and experimental design

Seeds from soybean cv. BMX Poténcia RR were germinated in
polyethylene cone tubes containing vermiculite. Twenty-one days after
the seeds germination, uniform seedlings were selected, washed with
deionized water, and transferred to 6 L polyethylene pots containing
25% strength Hoagland solution (Hoagland and Arnon, 1950) without
Al. After five days of acclimatization, the following Al treatments were
applied: 0, 0.05, 0.10, 1, 2, or 4mmol L™ ! Al (as AICl3) in full-strength
Hoagland solution, with constant aeration under glasshouse condition.

A completely randomized experimental design was used, with four
replicates. The full-strength Hoagland solution had the following
composition: 12mmolL~' N-NO5;; 4mmol N-NH,*; 2mmolL~'P;
6mmolL"'K; 4mmolL™' Ca; 2mmolL™? Mg; 2mmol L7ts;
25umol L™ 'B; 0.5pumolL~! Cu; 54umolL~! Fe; 2pumolL~! Mn;
2umolL~! Zn and 0.5umolL~! Mo. The pH value was set at ap-
proximately 4.0 + 0.1 to guarantee Al availability at toxic levels, and
the pH was monitored daily in all the experimental units and kept
constant throughout the experiment.

After 48h of exposure to Al, gas exchange measurements were
performed, and soluble protein was extracted to determine the protein
content and urease, nitrate reductase and antioxidant enzyme activities.
The first fully expanded trifoliate leaf was collected from each treat-
ment. The plants were grown until serious Al toxicity symptoms were
evident (7 days after exposure to Al). Roots and shoots were collected at
the end of the experiment for mineral nutrition analysis (Lavres Junior
et al., 2010).

2.2. Gas exchange parameters

The gas exchange was evaluated via non-destructive analyses using
a portable gas exchange device (Infra-Red Gas Analyser — IRGA, brand
ADC BioScientific Ltd, model LC-Pro, Wuhan, China). The following
parameters were determined: the CO, assimilation rate as expressed by
area (A, umol CO, m™2 s~ 1), transpiration (E, mmol H,O m~2 s™1),
and stomatal conductance (Gs, mol H,O m~2 s~ 1), and the internal CO,
concentration in the substomatal chamber (C;, pmol mol ~!). The initial

conditions imposed for the measurements were 1000 umolm~2s~! of
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photosynthetically active radiation (PAR), which was provided by LED
lamps, 380 ppm of CO,, and a chamber temperature of 28 °C, in ac-
cordance with Santos et al. (2017).

2.3. Activity of urease (EC 3.5.1.5)

The urease activity was measured according to the whole-tissue
method by Hogan et al. (1983) and by using the ammonium determi-
nation suggested by McCullough (1967). One hundred milligrams of
fresh tissue was cut in discs and transferred to assay tubes containing
8 mL of 50 mM phosphate buffer (pH 7.4), 0.2 M urea, and 0.6 M n-
propanol for a period of 3 h. After this incubation, a 0.5 mL aliquot of
supernatant was added to 2.5 mL of Reagent I (0.1 M phenol and
170 uM sodium nitroprusside). Then, 2.5 mL of Reagent II (0.125 M
NaOH + 0.15 M Na,HPO4.12H,0 + NaOCI (3% Cl,)) was added for
the ammonium determination. This reaction was performed in capped
assay tubes under continuous shaking in a water bath at 37 °C for
35min. The ammonium was measured in a spectrophotometer (Shi-
madzu uv 1800, Kyoto, Japan) at 625nm using an NH,Cl standard
calibration curve, and the urease activity was expressed as pmol N-
NH,* h™! g~! FW (fresh weight).

2.4. Activity of nitrate reductase (EC 1.7.1.1)

The in vivo nitrate reductase activity was determined according to
Reis et al. (2009). Leaf samples were collected at 8:30 a.m., stored in
plastic bags, and transported to the laboratory on ice. Afterwards,
200 mg of fresh tissue that had been cut into discs was transferred to
assay tubes containing 5 mL of phosphate buffer solution, pH 7.5
(100 mM potassium phosphate buffer + 100 mM KNO3). Thereafter,
the assay tubes (wrapped in aluminium foil to protect them from light)
were incubated in a 30 °C water bath for 60 min. The reaction was
performed with 100 pL of supernatant + 1.9 mL of distilled water +
0.5 mL of 1% sulfanilamide in 2 M HCI, followed by 0.5 mL of 0.02%
naphthalenediamine solution. The resulting nitrite (NO, ™) was mea-
sured in a spectrophotometer (Shimadzu uv 1800, Kyoto, Japan) at
540 nm using a standard calibration curve for nitrite. The enzyme ac-
tivity was directly related to the amount of NO, ™, and the results were
expressed in umol NO,~ g~ ' h™! FW.

2.5. Extraction of antioxidant enzymes and proteins

The plant material was macerated in a mortar containing liquid
nitrogen. Protein extracts were obtained from 1.5 g of fresh plant ma-
terial, together with the addition of PVPP (polyvinylpolypyrrolidone)
corresponding to 20% (w:v). The protein extraction proceeded using a
potassium phosphate buffer solution at 100 mmol L™! (pH 7.5), EDTA
(ethylenediaminetetraacetic acid) at 1 mmol L™!, and DDT (dithio-
threitol) at 1 mmol L™ '. The homogenized extracts were centrifuged at
10,000rpm for 30minat 4°C. The supernatant was collected in
Eppendorf tubes, frozen in liquid nitrogen, and stored at —80 °C. The
soluble protein concentration was determined by Bradford method
(1976) using BSA (bovine serum albumin) as a standard. Aliquots
consisting of 100 pL of extract were mixed with 5mL of Bradford re-
agent, with four replicates. The readings were performed on a spec-
trophotometer (Shimadzu uv 1800, Kyoto, Japan) at 595 nm. The re-
sults were used to calculate the antioxidant enzyme concentrations.

2.6. Peroxidase activity (POD, EC. 1.11.1.7)

The method by Allain et al. (1974) was used to determine the POD
activity present in the leaf tissues of soybeans. From tissue extracts
obtained by the enzymatic extraction process described above, 0.5 mL
aliquots were removed and added to 0.5 mL of 0.2 M potassium phos-
phate buffer (pH 6.7), 0.5 mL of H,O, (hydrogen peroxide), and 0.5 mL
of aminoantipyrine. The tubes were placed in a water bath at 30 °C for
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Fig. 1. Soybean shoot (A) and root (B) dry mass in response to Al concentra-
tions in nutrient solution. ** and * = significant at 1 and 5% probability level,
respectively. The error bars indicate the standard errors of four replications
(n = 4).

5 min. After the incubation, 2 mL of ethanol was added to stop the re-
action, and after being cooled to room temperature, the samples were
vortexed and read on a spectrophotometer (Shimadzu uv 1800, Kyoto,
Japan) A = 505 nm. As a control, the enzyme extract was replaced with
0.2 M potassium phosphate buffer (pH 6.7). The total enzyme activity
was expressed in umol H,O, min~' mg~! protein 1.

2.7. Superoxide dismutase activity (SOD, EC 1.15.1.1)

The SOD activity was determined according to Giannopolitis and
Ries (1977). The reaction was conducted in a box reaction chamber
under illumination with a 15W fluorescent lightbulb at 25 °C. An ali-
quot (50 uL) of the sample was added to a 5-mL mixture of sodium
phosphate buffer (50 mmolL~!) pH 7.8, methionine (13 mmolL™1),
nitroblue tetrazolium (75 mmol L™ 1), EDTA (0.1 mmolL™!), and ribo-
flavin (2 pmol L™1). The tubes were placed inside the box, closed to any
external light, and maintained under box lighting for 15 min to form the
blue formazan compound produced by the photoreaction of nitroblue
tetrazolium. Other tubes containing the same mixture were covered
with aluminium foil to prevent light exposure; these test tubes served as
the control for each sample. After 15 min, the material was homo-
genized by vortexing. The readings were taken on a spectrophotometer
(Shimadzu uv 1800, Kyoto, Japan) at 560 nm, and the results were

expressed as U SOD Ing_l protein 1.
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conductance (gs) in soybean leaves in nutrient solution. ** = significant at 1% probability level. ns = not significant. The error bars indicate the standard errors of

four replications (n = 4).

2.8. Catalase activity (CAT, EC 1.11.1.6)

The CAT activity was determined by monitoring the H,O, de-
gradation at 240 nm according to Reis et al. (2015). First, 1 mL of
100 mM potassium phosphate buffer pH 7.5 and 2 pL of HO, 30% were
added to each tube, followed by 150 uL of protein extract. Immediately
after the addition of the protein extract, the tubes were quickly mixed
by vortexing. The enzyme activity was determined by the decomposi-
tion of H,O, during a 2 min interval in a spectrophotometer (Shimadzu
uv 1800, Kyoto, Japan) at a wavelength of 240 nm at 25 °C. The results
were expressed in ymol min~* mg~ ! protein~!.
2.9. Dry mass production of the plants

At harvest (phonological stage V4), the plants were separated into
shoots (leaves + stem) and roots. The material was identified, pack-
aged in paper bags, and dried in an oven at + 65 °C for 2 days, followed
by the measurement of the dry mass.

2.10. Plant chemical analysis

The root and shoot samples were digested in 5 mL of nitric acid and
2mL of hydrogen peroxide, according to Reis et al. (2018). The root
and shoot P, K, Ca, Mg, S, B, Cu, Fe, Mn, Zn, Ni and Al concentrations
were determined in the resulting extracts, using a ICP-OES radial view
spectrometer equipped with a nebulization chamber. The following
emission lines were used: P | 213.618 nm; K ; 769.897 nm; Ca ;
422.673nm; Mg ; 280.270nm; S ; 181.972nm; B ; 249.773 nm; Cu

380

324.754 nm; Fe ;1 259.940 nm; Mn ; 259.373 nm; Zn ; 231.865 nm; Ni 1
231.604 and Al ;; 396.15 nm. The analysis quality was evaluated using
4 certified reference materials, namely apple leaves (NIST SRM 1515),
peach leaves (NIST SRM 1547), trace elements in spinach leaves (NIST
SEM 1570), and tomato leaves (NIST SRM 1573a).

2.11. Leaf and root morphology

After 7 days of exposure to Al (phonological stage V1), the plants
were collected for symptomatology and histological analyses. The leaf
and root fragments were collected and fixed in F.A.A. 70 solution (37%
formaldehyde and acetic acid and 70% ethanol at a ratio of
1.0:1.0:18.0, V/V) and stored until analysis according to the method
described by Santos et al. (2017).

All the plant tissue fragments were subjected to the relevant pro-
cedures for dehydration, diafanization, inclusion, and fixation. With the
aid of a Leica microtome table containing a steel blade, 8-14 um sec-
tions were cut from each embedded fragment. For the histological
slides, the first cross-sections that showed the best-preserved material
were selected, i.e., without damage or injury caused by cutting the
plant tissue. All of the chosen sections were fixed with Mayer adhesive,
stained with 1% safranin, and mounted on slides and cover slips with
Entellan adhesive. All of the slides were observed under an Olympus
optical microscope with a coupled camera to measure the anatomical
parameters using the CellSens Standard image analysis program, which
was calibrated with a microscopic rule at the same zoom level as the
photographs.

In the midrib region of the leaves in the cross-sections, the following
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lution. ** and * = significant at the 1 and 5% probability levels, respectively.
The error bars indicate the standard errors of four replications (n = 4).

morpho-anatomical characteristics were observed: the epidermal
thickness of the lower or abaxial face (ABET), epidermal thickness of
the upper or adaxial face (ADET), leaf phloem diameter (LPD), and leaf
xylem diameter (LXD). The obtained morpho-anatomical root char-
acteristics were the root epidermis thickness (RET), root phloem dia-
meter (RPD), and root xylem diameter (RXD) (Reis et al., 2017). For
each characteristic, 10 measurements were performed per slide. The
plots show the mean values obtained for each characteristic.
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2.12. Scanning electron microscopy

The leaf and young roots plant material were fixed in modified
Karnovsky's fixative (2.5% glutaraldehyde and 2.5% formaldehyde in
0.05M sodium cacodylate buffer, pH 7.2), post-fixed with osmium
tetroxide (OsO,4), and dehydrated in solutions containing increasing
percentages of acetone (30, 50, 70, 90, and 100%). The specimens were
subsequently dried to their critical point with liquid CO, (Balzers CPD
030), sputter-coated (MED 010 Balzers) with a thin layer of gold and
examined on a scanning electron microscope (EVO-LS15-ZEIS), as de-
scribed in our previous study (Silva et al., 2018a; b).

2.13. Statistical analysis

In all of the datasets considered here, the normality of the data was
analysed using the Anderson-Darling test, and the homoscedasticity was
analysed with a variance equation test (or Levene's test). The results
were subjected to statistical analysis using the SAS statistical software
system for Windows 9.2.

A variance analysis of the responses to the Al supply was performed.
When a significant effect was found, linear and quadratic regression
analyses were performed. Regression models were selected based on the
significance of the regression coefficients and the F test (p < 0.05).

The heatmap was performed calculating the Pearson correlation
(p < 0.05) to evaluate the relationship among the physiological, bio-
chemical and ultrastructural parameters by using the R software (R
Development Core Team, 2015). The “corrplot” package was accessed
to generate the heatmap using the functions “corr” and “cor.mtest” to
create coefficient matrix and p-values, respectively. In order to better
visualize the statistical significant correlations was inserted asterisks
into heatmap cells.

3. Results
3.1. Dry matter production

The increased Al concentrations in the nutrient solution resulted in
decreased shoot and root dry weights. The lowest Al concentration
tested here (0.05 mmol L ™! Al) was sufficient to decrease the shoot dry
weight (Fig. 1A). The root dry weight increased with 0.05 mmol L ™7,
deacreased at 0.1 mmol L™ !, increased up to 1 mmol L~ ' Al and then
decreased from 2 mmol L' Al (Fig. 1B).

3.2. Gas exchange and nitrogen-assimilating enzymes

The Al supply had no significant effects on the A (Fig. 2A). The C;
decreased with the increasing Al concentrations in the nutrient solu-
tion, and it tended to stabilize from 2mmolL~! (Fig. 2B). The E in-
creased with the increasing Al concentrations in the nutrient solution
up to 2mmol L™ L Al, and then it decreased (Fig. 2C). Similar to A, the gs
was not affected by the Al supply (Fig. 2D).

The chlorophyll index (SPAD) decreased with the low Al con-
centrations in the nutrient solution, which was more pronounced at
2mmol L™ Al (Fig. 3A). The urease and nitrate reductase activities
decreased with the increasing Al concentrations in the nutrient solution
(Fig. 3B and C), showing an antagonism between high Al concentrations
and nitrogen metabolism.

3.3. Antioxidant enzymes

The total soluble protein concentrations were affected by the Al
supply. The highest protein concentrations (approximately
14 mg g’1 FW) were observed in leaves in the absence of Al (Fig. 4A).
By contrast, the soluble protein concentrations in the roots did not
decrease with the Al supply, and they significantly increased with
4mmol L™ Al (Fig. 4B).
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The leaf POD activity increased with 4mmol L™ Al (Fig. 4C). The
root POD activity increased linearly with the increasing Al concentra-
tions in the nutrient solution (Fig. 4D), indicating an important role for
POD in soybean roots that were exposed to high Al concentrations.

The leaf and root SOD activity presented similar responses to the Al
supply (Fig. 4E and F). The SOD activity increased from 350 to 550
Umg ™! prot ™! in the leaves, and from 500 to 4000 Umg~* prot ™! in
the roots, indicating that the SOD activity in plants under Al toxicity is
much higher in roots than in leaves.

The Al supply had no effect on the leaf CAT activity (Fig. 4G). The
root CAT activity increased up to 1 mmol L™ ! Al, and then it decreased
(Fig. 4H).
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3.4. Leaf and root morphology

No differences were observed in the root epidermal thickness or root
phloem and xylem diameter (Fig. 5 and Supplementary Material Fig.
S1). The Al supply had a negative effect on the leaf xylem diameter
(Fig. 6D and Supplementary Material Fig. S2), which decreased with the
increasing Al concentrations in the nutrient solution.

The increasing Al concentrations in the nutrient solution resulted in
changes in the green colour of the soybean leaves (Fig. 7), confirming
the effect of the Al on the chlorophyll. No toxic effects from the Al were
observed on the abaxial and adaxial epidermal thickness or the leaf
phloem diameter (Fig. 6A-C). This finding was confirmed by the ab-
sence of epidermal atrophies or lesions following plant exposure to Al
(Figs. 8 and 9). The haematoxylin staining (purple colour) was more
intense in plants that were exposed to Al, indicating the presence of Al
in the roots (Fig. 10). Root tip lesions were observed using scanning
electron microscope at Al concentrations higher than 2mmolL ™!
(Fig. 11).

3.5. Nutrient concentration

The shoot and root nutrient concentrations decreased with the toxic
Al levels (1, 2 and 4 mmol L™ 1) (Figs. 12 and 13). The shoot P, Ca and
Mg concentrations decreased linearly (32%, 22%, and 19%, respec-
tively) when compared to the control (0 mmol L™ LAD (Fig. 12 A, Cand
D). The shoot and root K concentrations were best fit by quadratic
equations, with inflexion points at 2.2 and 2.4mmol L™ ! Al, respec-
tively (Fig. 12B). The shoot and root S concentrations were not affected
by the Al supply (Fig. 12E). Similar to Ca, the shoot B concentrations
were best fit by a quadratic equation, with a minimum value at
1.2mmol L™ ' Al (51 mg Bkg ™! dry weight) (Fig. 12F). Except for P and
Ca, the root nutrient concentrations presented similar responses com-
pared to the shoot nutrient concentrations. No equation could be fit to
the root P concentrations, and the root Ca concentrations were best fit
by a quadratic equation.

The Al concentrations varied from 77.5 to 17,797.4 mgkg " in the
roots and 2.3 to 16,774.5 mg kg_1 in the shoots (Fig. 13). An increased
Al supply increased the shoot and root Al concentrations. It should be
highlighted that the average Al concentration was more than 65 times
higher in the roots than in the shoots. In addition, the root Al con-
centrations increased with up to approximately 3.3 mmolL ™! Al, and
then they plateaued. A heatmap was performed correlating all para-
meters analysed in this study to provide an insight showing the phy-
siological and ultrastructure responses affected by Al in nutrient solu-
tion (Fig. 14). Increased Al in solution clearly showed an increased
relationship with SOD and POD activities, and a decrease in shoot and
root dry weight, leaf phloem diameter, nitrogen assimilating enzymes
(nitrate reductase and urease), and substomatal CO, concentration as
illustrated in Fig. 14.

4. Discussion

4.1. Dry matter production, gas exchange, and nitrogen-assimilating
engymes

The increased Al supply resulted in lower root and shoot dry matter
production. The negative effects of Al toxicity on plant growth para-
meters have been well described for several plant species (Joris et al.,
2013; Nogueirol et al., 2015; Furlan et al., 2018). Aluminium con-
centrations in rooting media lower than 10 umol L~ were sufficient to
rupture the rhizodermis of cowpeas within a few hours of root ex-
posure, decreasing the root growth (Kopittke et al., 2008; Blamey et al.,
2011).

Although Al is not considered an essential nutrient, it is present in
plants at concentrations between 0.1 and 500 mgkg~*, and low Al
concentrations in nutrient solutions may increase plant growth
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(Marschner, 2012). In the present study, the root dry weight was ob-
served to increase at 0.05 and 1 mmol L~ Al. The value for root dry
weight under 0.1 mM was lower than 0.05 and 1 mM L™ of Al in nu-
trient solution. The reason for this phenomenon is still unknown.
Therefore, further studies are needed to elucidate the soybean root
growth rate and metabolism under different Al concentration in nu-
trient solution. Wang et al. (2016) observed endogenous auxin accu-
mulation in soybean roots that were exposed to low Al concentrations
(between 25 and 50 umol L™ "). However, the author did not evaluate
the plant dry weights. Auxin stimulates cell division, which may have
resulted in increased dry weight in the roots exposed to low Al con-
centrations.

The Al effects on shoot growth are considered a consequence of root
damage, especially when resulting in water and nutrient uptake defi-
ciencies. In addition to the decreasing shoot growth (Singh et al., 2017),
plant exposure to high Al concentrations affects nitrogen uptake and
therefore photosynthesis (Banhos et al., 2016). In the present study, low
Al concentrations increased the A, gs, E, and the SPAD index. This
finding is consistent with the typical responses reported by Banhos et al.
(2016).

The observed increases in the E and the SPAD index may have re-
sulted from the decreases in leaf area, increasing the chlorophyll con-
centration per leaf area. In addition to decreasing the shoot dry matter
production, the Al supply also decreased the urease and nitrate re-
ductase activities, which are related to plant N metabolism (Fig. 3A-C).

Photosynthesis is less affected in more tolerant plant species or
cultivars, and photosynthetic apparatus adaptation strategies may also
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be present depending on the stress duration (Singh et al., 2017). De-
creased CO, assimilation rates may result from photon energy accu-
mulation, because only a part of it is used for electron transport (Reis
et al., 2017). Part of the energy in the photosystem II reaction centre
may cause ROS production, which could result in damage to the pho-
tosynthetic apparatus (Santos et al., 2017). ROS production was
therefore directly related to the observed increases in peroxidase and
SOD activities and to decreases in the leaf and root protein con-
centrations.

The observed increases in the SPAD index might be attributed to
hormesis, which is an overcompensation response to a disruption in
homeostasis (Abbas et al., 2017). However, the chlorophyll con-
centrations decreased with high Al concentrations. This decrease oc-
curred because Al entry into plant cells destroys the cell wall, leading to
cell rupture and destruction and resulting in leaf yellowing and
chlorosis (Ryan et al., 2011).

4.2. Antioxidant enzymes

The cell growth inhibition caused by Al toxicity is related to oxi-
dative stress, leading to high peroxidation of the phospholipid bilayer
membrane (Yamamoto et al., 2001; Matsumoto and Motoda, 2013). An
increased Al supply causes plant stress, affecting the plant oxidative
balance, increasing ROS production, and damaging cellular structures
(Gratao et al., 2005; Nogueirol et al., 2015). Efficient antioxidant me-
chanisms are therefore important primary mechanisms of plant toler-
ance to Al, increasing the plant's ability to recover from stress and
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Fig. 7. Soybean leaves showing Al toxicity symptoms in the (A) control, (B)
0.05mmol L™, (C) 0.1 mmolL™%, (D) 1mmolL™%, (E) 2mmolL™?, and (F)
4mmol L™, The leaves were harvested after 7 days of exposure to Al treat-
ments.

decreasing the effects of ROS (Cai et al., 2011).

The first response to stress is direct ROS consumption by antioxidant
enzymes such as SOD, which converts O, into H,0,, followed by CAT
and POD, which convert H,O, into H,O + O,, and through non-en-
zymatic responses (Gratao et al., 2012). Increases in SOD activity, and
consequently POD and CAT activities, were therefore observed in re-
sponse to increased Al concentrations. This finding is consistent with
that of Cakmak and Horst (1991), who also observed increased SOD and
POD activities in soybean roots under oxidative stress caused by Al.

Increases in the antioxidant enzyme activities were more pro-
nounced in the roots. The SOD and POD activities increased linearly,
whereas the CAT activity increased up to 1 mmol L~ Al, and then it
decreased. Cakmak and Horst (1991) suggested that the decreased CAT
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activity and increased POD activity under stress conditions indicate that
the H,0, that is produced is mostly consumed during oxidative pro-
cesses rather than during lipid peroxidation. A similar response was
observed by Reis et al. (2017) in soybean roots that were subjected to
high nickel concentrations. However, the enzymatic responses in the
shoots were less pronounced, with shoot SOD and POD activities first
decreasing and then increasing again and with no differences being
observed in the CAT activity. These findings show that the root anti-
oxidant mechanisms were effective at preventing Al toxicity in the
shoots.

4.3. Symptoms of Al toxicity and ultrastructural changes in the leaves and
roots

Root exposure to high Al concentrations resulted in damage to the
root cap (Fig. 5). This damage exposes plants to microbiological attacks
and may result in death due to infections. The root growth decreases,
making nutrient scavenging more difficult (Cai et al., 2011). The mer-
istematic region, especially the transition zone, is the most Al-sensitive
root zone (Ma et al., 2002, 2012). Aluminium entry into the root cy-
toplasm and binding to the cell wall has been observed to increase cell
wall rigidity and decrease cell elasticity (Ma et al., 2004; Horst et al.,
2010). In addition to the observed damage to the root cap, the purple
colour resulting from haematoxylin staining indicated Al accumulation
in the roots (Fig. 10).

Despite the observed Al accumulation and damage to the roots, Al
had no effects on the root xylem diameter (Fig. 5C). Roots that are
exposed to high Al concentrations will become atrophied and stop
growing, but their cells will swell (Duressa et al., 2011). This finding is
consistent with the present results because the root internal tissues
remained the same size despite the decrease in the root dry weight.

The swelling of morphological structures may have been due to the
affinity of cell wall molecules, both in the symplast and apoplast,
maintaining the cytoplasmic volume constant as related by
Poschenrieder et al. (2008), who studied the resistance of plants ex-
posed to Al toxicity.

Metals are transported from roots to shoots via xylem. Metal accu-
mulation may have a negative effect on this transport (Salazar et al.,
2012). This finding is consistent with the present results, namely, the
pronounced purple colour resulting from haematoxylin staining in-
dicating the presence of Al in the roots (Fig. 10). The Al supply resulted
in a decreased leaf xylem diameter (Fig. 6D). This happens because the
lignin content in leaf tissue is lower than roots systems being easier to
lead ultrastructure changes in leaf xylem or phloem in comparison to
root tissues (Parizotto et al., 2015). Leaf damage may have been due to
decreased substomatal CO, concentrations (Fig. 2B), leading to a de-
creased net photosynthetic rate (Fig. 2B).

Fig. 8. Scanning electron micrographs showing the abaxial parts of the soybean leaves under Al treatments as collected after 7 days of exposure time. (A) Control, (B)
0.05mmol L™, (C) 0.1 mmolL™?, (D) 1 mmol L™, (E) 2mmol L™, and (F) 4 mmol L™ . The leaves were harvested after 7 days of exposure to Al treatments.
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Fig. 9. Scanning electron micrographs showing the adaxial parts of soybean leaves under Al treatments as collected after 7 days of exposure time. (A) Control, (B)
0.05mmol L™, (C) 0.1 mmol L™}, (D) 1 mmol L™, (E) 2mmol L™, and (F) 4 mmol L™ . The leaves were harvested after 7 days of exposure to Al treatments.

Fig. 10. Haematoxylin staining for Al localization in soybean roots. (A) Control,
(B) 0.05mmol L™}, (C) 0.1 mmol L ™!, (D) 1 mmol L™}, (E) 2mmol L™}, and (F)
4mmol L™, The roots were harvested after 7 days of exposure to Al treatments.

4.4. Al and nutrient concentrations

Al is primarily accumulated in the roots, as observed in several
studies (Giannakoula et al., 2010; Arroyave et al., 2011, 2013; Souza
et al., 2016; Furlan et al., 2018). Roots are therefore the plant organs
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Fig. 11. Scanning electron micrographs showing the destructive effect of Al in
soybean root caps that were growing in culture solution containing
2mmol L' Al. The letters a and b represent the same root harvested after 7
days of exposure to Al treatments.

that are most affected by Al, but they are also considered the first
protective barrier against excess Al, that is, the first tolerance me-
chanism.

High Al chemical retention in root tissues prevents high amounts of
Al from being transported to the shoot and being accumulated in the
leaves. However, Al accumulation in the roots interferes with nutrient
uptake and accumulation (Lin and Myhre, 1991; Banhos et al., 2016).
The uptake and accumulation of cations such as K, Ca, Mg, and B in
both the roots and shoots were therefore affected. This finding is
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Fig. 12. Shoot and root P (A), K (B), Ca (C), Mg (D), S (E) and B (F) concentrations in response to different Al concentrations in the nutrient solution. The error bars
indicate the standard errors (n = 4). Different upper- and lowercase letters indicate significant differences between the shoots and roots, respectively, according to

Tukey's test (p < 0.05). ns: non-significant.

consistent with Foy et al. (1978). Some studies have also suggested that
imbalances caused by Al can interfere with nitrogen and sulfur uptake
(Bolan and Hedley, 2003; Tang and Rengel, 2003). However, Al did not
affect the S concentrations in the soybeans in the present study.

Aluminium did not affect the root P concentrations, but the shoot P
concentrations linearly decreased with increasing Al concentrations.
One of the mechanisms that prevent Al from entering the roots is Al-P
binding, which forms low solubility compounds that precipitate in the P
uptake zone (Yang et al., 2011).

Plant Al toxicity symptoms are not fully understood, especially in
leaves and specifically in leaves (symptoms). Most studies focus on root
damage and changes caused by Al toxicity (Foy, 1992). Decreases in

plant growth (lower shoot dry matter production and leaf area) in re-
sponse to the Al supply are directly related to root damage, which limits
nutrient (e.g., Ca, Mg, and P) and water uptake, as observed in the
present study.

The Al concentrations were higher in the roots than in the shoots,
resulting from Al compartmentalization in the roots and with binding,
especially in the root apoplast. This trend was also observed by Wang
et al. (2004). The Al uptake and compartmentalization in the apparent
free space (apoplast) of the root cells are considered necessary for Al
tolerance (Horst et al., 2010; Jones and Ryan, 2017). Tolerance me-
chanisms to excess Al, via apoplastic and symplastic uptake (namely, in
vacuoles), are essential for preventing Al from reaching the xylem and
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being transported into the shoots. High root Al concentrations therefore
depend on the restriction of Al entry into the roots and on Al com-
plexation. However, the addressing question that appears is why and
how limiting the distribution of Al to the plant organs, or cells, con-
tributes to its detoxification and Al-tolerance? (Daspute et al., 2017;
Kopittke et al., 2017).

5. Conclusions

Increasing the Al concentrations in the nutrient solution resulted in
Al toxicity symptoms in the soybeans. Namely, supplying Al decreased
the shoot and root dry weight, negatively affected the plant nitrogen
metabolism.

Increased Al compartmentalization in the roots is shaped by the leaf
stomatal conductance and leaf transpiration rates modulated by Al-in-
duced stress. Increasing Al concentrations in the nutrient solution re-
sulted in increased antioxidant enzyme activity (POD and SOD) in the
leaves and roots as a defence against oxidative stress caused by Al.

The epidermal thickness and phloem and xylem diameters did not
change with the increasing Al concentrations. However, changes in the
leaf colour, together with increased transpiration and a decreased in-
ternal CO, concentration, indicated a negative effect of Al on photo-
synthesis.

The present results contribute to the understanding of several basic
mechanisms of Al toxicity in soybeans, and they indicate a negative Al
effect on soybean physiology, biochemistry, ultrastructure, and nutri-
tion.

Fig. 14. Heatmap showing the Pearson correlation
among the physiological, biochemical and ultra-
structural parameters analysed in this study in re-
sponse to Al stress conditions; Abbreviations: Al-S -
aluminium in shoot, Al-R - aluminium in root, S —
shoot, R-root, A - net photosynthetic rate, Ci - sub-
stomatal CO, concentration, E — transpiration rate,
gs - stomatal conductance, Chl chlorophyll, Ur — ur-
ease, NR - nitrate reductase, LSP - leaf soluble pro-
tein, POD-1. - peroxidase in leaves, SOD-L - superoxide
dismutase in leaves, CAT-L -catalase in leaves, RSP -
root soluble protein, POD-R - peroxidase in roots,
SOD-R - superoxide dismutase in roots, CAT-R - cat-
alase in roots, ADET - epidermal thickness of the
abaxial surface, ABET - adaxial surface, LPD - leaf
phloem diameter, LXD - leaf xylem diameter, RET -
root epidermis thickness, RPD -root phloem dia-
meter, RXD - root xylem diameter.
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