
Aluminum-induced stress differently modifies Urochloa
genotypes responses on growth and regrowth: root-to-shoot
Al-translocation and oxidative stress

Felipe Furlan . Lucelia Borgo . Flávio Henrique Silveira Rabêlo .
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José Lavres

Received: 27 March 2018 / Accepted: 8 May 2018 / Published online: 21 May 2018

� Brazilian Society of Plant Physiology 2018

Abstract Forage grasses belonging to the Urochloa

(Brachiaria) genus present tolerance to Al toxicity,

however there are intra- and interspecific differences

among the species, which in turn should be better

depicted. Here we evaluate genotypic differences in

Al tolerance in four Urochloa (U. decumbens cultivar

Basilisk; U. brizantha cultivar Marandu; U. brizantha

cultivar Piatã and U. brizantha cultivar Xaraés)

cultivated in nutrient solution, during growth and

regrowth. We analyzed the effect of Al uptake on

epidermal and cell membrane damage, and lipid

peroxidation in shoots and roots. Exposure of geno-

types to Al concentration up to 1.33 mmol L-1 led to

different degrees of shoot yield, mainly during the

growth period. Increased Al concentration decreased

dry matter production in shoots and roots, reduced leaf

area (LA), relative root growth, increased Al accumu-

lation in the roots and root-to-shoot Al translocation,

notably during the first growth period. However,

Al translocation from roots to shoots augmented

massively in all genotypes, during the regrowth. Plant

roots exposed to Al were damaged, exhibiting rup-

tures in the epidermis and reduced number of root

hairs. Lipid peroxidation in shoots ranged in all

genotypes exposed to Al, however, the oxidative stress

was 2–5 times higher in shoots than in roots, notably in

Marandu that accumulated 95% more Al than U.

decumbens. This suggests that in the genotypes that

are more tolerant to Al there is maintenance of

metabolic activities, including upregulated and effi-

cient antioxidant activity, root growth, LA growth and

biomass yield.
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DM Dry matter

H2O2 Hydrogen peroxide

LA Leaf area

MDA Malondialdehyde

PVPP Polyvinylpyrrolidone

RRG Relative root growth

SEM Scanning electron microscope

TBA 2-Thiobarbituric acid
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TCA Trichloroanisole

TRL Total root length

1 Introduction

Soil acidity is a limiting factor to crop production in

tropical regions, and also in some temperate areas.

Acidic soils account for 30% of the world’s ice-free

land (Von Uexküll and Mutert 1995). At pH lower

than 5.0, solubilization of phytotoxic species of

available aluminum (Al3?) occurs, which reduces

plant growth considerably (Nogueirol et al. 2015;

Tamás et al. 2003). Thus, Al is considered one of the

major limiting factors to plant growth in acidic soils

(Kochian 1995; Von Uexküll and Mutert 1995).

Although progress has been made to better understand

the physiological and molecular mechanisms of toler-

ance, mainly related to Al exclusion capacity of roots,

very little is known about these mechanisms in species

considered Al resistant, such as Urochloa—formerly

known as Brachiaria—(Ramos et al. 2012; Watanabe

et al. 2006; Wenzl et al. 2001, 2002). The mechanisms

of these adaptations can be divided into those that

facilitate the exclusion of Al3? from root cells

(exclusion mechanisms) and those that enable plants

to tolerate Al3? once it has entered the root and shoot

apoplast and symplast, characterizing internal toler-

ance mechanisms (Ma et al. 2001; Horst et al. 2010;

Kopittke et al. 2017). Furthermore, the physiological

and molecular basis of these mechanisms have been

intensively investigated in a plenty of plant species,

including Urochloa (Brachiaria) genus (Brunner and

Sperisen 2013; Arroyave et al. 2018).

For many crop species, Al tolerance rely on

exclusion of this element at the rhizosphere scale,

notably in the root apical region through the release of

anionic organic acids, such as citrate, malate, succi-

nate and oxalate (Delhaize and Ryan 1995; Ma et al.

2001). These organic acids sequester the Al, prevent-

ing its entry into the root cells (Horst et al. 2010). Once

Al3? has entered the root, there is an internal or

symplastic detoxifying mechanism, which includes

Al-organic acid complexation and eventually accu-

mulation in, for example, vacuoles (Delhaize and

Ryan 1995; Kochian 1995; Ma et al. 2001; Matsumoto

2000).

Secondly, another external Al resistance mecha-

nism is the alkalinization of the rhizosphere, which

shifts the concentrations of mononuclear Al species in

favor of less toxic Al hydroxides. However, Wenzl

et al. (2001, 2002) pointed out that Al tolerance of

Urochloa species based on external detoxification of

Al by chelating ligands or rhizosphere alkalinization

do not adequately account for the outstanding resis-

tance of signalgrass to Al, suggesting that other

physiological strategies could be responsible for the

high resistance level of this species. Lastly, Arroyave

et al. (2013) suggested that the presence of a multi-

seriate exodermis might contribute to efficient Al

exclusion in U. decumbens because these tissues are

present in Al-tolerant U. decumbens and absent in Al-

sensitive U. ruziziensis. Although this tolerance pro-

cess is still unknown for Urochloa genus.

The plasma membrane is a subsequent target for Al

toxicity. This toxic metal may halts the plasma

membrane functioning by inducing reactive oxygen

species (ROS), such as oxygen (1O2), hydrogen

peroxide (H2O2) and hydroxyl radical (OH�), result-

ing in lipid peroxidation, which has been well docu-

mented in the literature (Vitoria et al. 2001; Gratão

et al. 2005, 2015; Guo et al. 2007; Capaldi et al. 2015).

To fight these harmful effects to cells, plants rely on

the antioxidant protective system composed by

enzymes (e.g., superoxide dismutase—SOD, cata-

lase—CAT, ascorbate peroxidase—APX, and glu-

tathione reductase—GR), or by organic compounds

(e.g., phenols, sugars, organic acids and non-protein

thiols), which are able to balance intracellular con-

centrations of ROS (Yamamoto et al. 2003; Gratão

et al. 2005, 2015; Lee et al. 2007; Nogueirol et al.

2015). Lastly, Arroyave et al. (2018) pointed out that

few proteins such as phenylalanine ammonium lyase

(PAL), methionine synthase (MS), and deoxymug-

ineic acid synthase (DMAS) decreased, while acid

phosphatase (APase) abundance increased in response

to Al toxicity, suggesting these phenomena as the

initial response to Al toxicity in U. decumbens.

Therefore, to our knowledge, there is still not

enough information in the literature on how these

mechanisms occur in tropical forage grasses of the

genus Urochloa. Thus, less lipid peroxidation of the

cell membrane as well as an effective antioxidant

system may result in increased Al tolerance or a

combination of strategies involving the use of antiox-

idants such as reported by Alcântara et al. (2015).
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Thus, here we investigate the occurrence of differen-

tial tolerance to Al between genotypes ofU. brizantha

(cv. Marandu, cv. Piatã and cv. Xaraés) and U.

decumbens (cv. Basilisk) through stress indicators

such as lipid peroxidation, Al accumulation in roots,

and root-to-shoot Al translocation. In addition,

we evaluate relative root growth, morphological

changes in the roots, and shoot and root biomass

yields, considering two periods of growth in plants

exposed to Al.

2 Material and methods

2.1 Seedlings, Al treatment and nutrient solution

Seeds of Urochloa decumbens cv. Basilisk, Urochloa

brizantha cv. Marandu, Urochloa brizantha cv. Piatã

and Urochloa brizantha cv. Xaraés were placed to

germinate in a tray with vermiculite, moistened with

calcium sulphate solution (CaSO4, 10
-4 mol L-1), for

12 days. On the 13th day, five seedlings of each

genotype (with uniform root length) were transferred

to individual 2.2 L pots, with four replications per

treatment, containing 2 L of the modified nutrient

solution proposed by Clark (1975), diluted to 20% of

maximum ionic strength for the seven remaining days.

Subsequently, the initial solution was replaced by

another with 100% ionic strength and Al was added

(0, 0.44, 0.89 and 1.33 mmol L-1) provided

with AlCl3�6H2O. The pots were rearranged within

each block every 3 days for uniformity.

The nutrient concentrations in the solution corre-

sponded to (in mmol L-1): 2.50 Ca, 1.88 N-NO3,

0.57 N-NH4
?, 2.17 K, 0.032 P, 0.89 Mg,

0.54 S, and (in lmol L-1): 50 Fe, 20 B, 7.0 Mn,

1.83 Zn, 0.47 Cu, and 0.62 Mo. The pH of the nutrient

solution was initially adjusted to 4.0 ± 0.1 and

monitored every 2 days until the end of the experi-

ment. The nutrient solution was renewed every 7 days.

During the experimental period, the solutions were

constantly aerated. Estimates of Al species were

obtained using Geochem-EZ� software, according to

pH variation of the nutrient solution (Shaff et al.

2010). Each pot (2.2 L) with five plants were

maintained at 14 h photoperiod, photosynthetic pho-

ton flux density around 1700 lmol m-2s-1,

28 ± 5 �C and relative humidity (RH) of 70 ± 20%,

for 35 days of Al exposure (first growth), and for

36 days after cut, for regrowth.

2.2 Plant tissues harvest—roots and shoots

The experiment was evaluated in two periods: growth

and regrowth. Shoots were harvested 35 days after Al

exposure and for regrowth 36 days after the harvest,

with shoots being cut 3 cm above plant collar.

Immediately after the second harvest, the roots were

washed in running deionized water, and collected in

two 0.25 x 1.00 mm sieves. In both harvests, the plant

aerial part was separated into leaf blades, and stalks

plus leaf sheaths. During both harvests, observations

were made to detect early senescence of mature

leaves, or toxicity symptoms. The plant material

collected in both harvests was dried in a forced-air

circulation oven, at 65 �C, for 72 h, and later weighed

with a precision scale.

2.3 Leaf area, total root length and relative root

growth

The leaf area (LA) at both harvests was determined

with a digital area integrator system, LICOR LI

3100�. A subsample from each pot, compris-

ing ± 20% of total fresh matter of roots, was collected

to calculate the total root length (TRL). Then, the

subsamples were stained with Gentian violet (50 mg

L-1) and stored at approximately 10 �C. Subse-

quently, the roots were placed in clear blades (3 M�,

210 9 297 mm), avoiding overlapping, and digitized.

The root images were obtained by using a HP� Scanjet

2400 scanner. TRL was measured in plants grown

under the conditions previously described for 36 days

after the first harvest, after which subsamples of roots

were scanned for subsequent image analysis using the

3rd version of SIARCS (Integrated System for Anal-

ysis and Covering of Soil, Embrapa, Sao Carlos,

Brazil). After determining TRL, the subsamples were

placed in a forced-air oven, at 65 �C, for 72 h, and

their dry matter (DM) yield values were added to the

remaining root DM previously recorded. Values of

TRL was expressed through direct count among the

values of subsample DM with the total DM roots.

Relative root growth (RRG) was calculated as

[(length ? Al3?)/(length - Al3?) 9 100] (Ryan

et al. 2011).
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2.4 Al-accumulation in plant tissue

The remaining plant parts were collected, washed and

dried, at 65 �C, for 48 h in a forced-air oven before

grinding them in a stainless steel mill. The samples

(0.25 g DW) were microwave-assisted acid digested.

A closed vessel microwave oven (ETHOS 1600�,

Milestone, Italy) was used according to the following

procedure: 250 mg of ground material was accurately

weighed in the TFM vessels and then 6.0 mL of 65%

v/v HNO3 and 1.0 mL of 30% v/v H2O2 were added.

Thereafter, the residual solutions were transferred to

25 mL volumetric flasks and the volume made up with

high purity deionized water (resistivity 18.2 MX cm).

The final solutions were analyzed by a radially viewed

ICP-OES (Vista RL�, Varian, Australia). Al accumu-

lation in plant tissue was obtained by multiplying Al

content (Supplementary data) by DM yield. The Al

transport factor was calculated by dividing the Al

accumulation in the shoots (sum of the two growth

periods) by the Al accumulation in the roots (Kabata-

Pendias and Pendias 2001).

2.5 Determining hydrogen peroxide (H2O2)

and malondialdehyde (MDA) content

Thirty days after plants were exposed to Al, one plant

from each pot was collected, preserved in liquid N, and

stored in a freezer at - 80 �C. The measurement of

H2O2 concentration was performed in the leaf blades

and roots, following themethod described by Alexieva

et al. (2001), with modifications. Firstly, 0.2 g of

frozen samples was macerated in 2 mL of 0.1% (w/v)

trichloroacetic acid (TCA) in the presence of 20%

(w/w) polyvinyl polypyrrolidone (PVPP). After com-

plete homogenization, 1.4 mL of the extract was

centrifuged at 10,000 rpm for 5 min, at 4 �C. An

aliquot of 0.2 mL was withdrawn from supernatant,

and 0.2 mL of 100 mmol L-1 potassium phosphate

buffer (pH 7.0) and 0.8 mL of 1 mol L-1 potassium

iodide were added. Then, the solution was kept for 1 h

in the dark for stabilizing the reaction and the readings

were taken in a spectrophotometer at 390 nm. Three

independent replicates from each sample—one plant

per pot—were used.

Lipid peroxidation was also determined in the leaf

blades and roots of plants, in which metabolites that

were reactive to 2-thiobarbituric acid (TBA) were

used to estimate the MDA concentration (Heath and

Packer 1968). The initial procedures for MDA mea-

surements were the same for H2O2 measurements as

described above. Following centrifugation, 0.25 mL

of supernatant was added to 1 mL of 20% (w/v) TCA

containing 0.5% TBA. The mixture was placed in a

water bath at 95 �C for 30 min and then on ice. After

20 min on ice, the samples were centrifuged at

10,000 rpm for 10 min in order to separate some

residue formed during heating and to clarify the

samples. Readings at 535 and 600 nm were measured

using a spectrophotometer, and MDA concentration

was determined using the following Eq. 1 (Alcântara

et al. 2015). Three independent replicates from each

sample—one plant per pot—were used.

Concentration ¼ Absorbanceð535� 600Þ
155000

� �
� 103:

ð1Þ

2.6 Microscopical analysis of secondary roots

Root sampling was determined based on visual

manifestations of toxicity in the roots and shoots

(growth reduction, morphological changes and senes-

cence) of Urochloa genotypes depending on the

treatments (0 and 1.33 mmol L-1 Al).

For scanning electron microscopical observations,

secondary root apices fixed in the modified Karnovsky

solution (Lavres Junior et al. 2009, 2010) for 48 h

were rinsed three times, for 10 min each, in sodium

cacodylate buffer (0.1 mol L-1). Samples were dehy-

drated in an ethanol series (35, 50, 60, 70, 80 and 90%,

15 min each, and 100% three times, 20 min each),

critical point dried in liquid CO2 (CPD 300, Leica

Microsystem, Vienna, Austria), mounted on metal

stubs and sputter coated (MED 010, Balzers Union,

Balzers, Liechtenstein) with gold for 260 s (Lavres

Junior et al. 2009, 2010). Observations were made at

20 kV, in a scanning electron microscope (LEO 435

VP, Zeiss, Cambridge, UK), and digital images were

obtained.

2.7 Experimental design and statistical analysis

Experimental units were set up in a completely

randomized block design, with four replications. A

two-way analysis of variance (ANOVA) was per-

formed in order to evaluate the interaction between Al
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and the Urochloa genotypes, followed by Duncan’s

multiple range test (DMRT; P B 0.05) in order to

determine the significant difference between treat-

ments—genotypes within each Al concentration—

using the Statistical Analysis System software (v. 8.0;

SAS Institute Inc., Cary, NC).

3 Results

3.1 Ionic interactions predicted by Geochem-EZ

The changes in pH of the nutrient solution had little

interference with Al availability, with a small per-

centage of bonding of the metal with the following

chemical species: PO4
3-, SO4

2-, B (OH)4
- and OH-

(Table 1). During the first growth period, the pH of the

nutrient solution ranged from 3.0 to approximately

4.5. For nutrient solutions with nominal Al concen-

trations of 0.44, 0.89 and 1.33 mmol L-1, the variation

in pH values was also of 3.0–4.5. In both plant

growth periods, with nutrient solution at pH 3.0,

83.4% of Al was available in the solution as Al3?, and

about 1.5% Al was bound to PO4
3-, 14.6% linked to

SO4
2-, 0.02% bound to B (OH)4

-, and 0.41% linked to

OH- (Table 1).

3.2 Biomass production, LA, surface and total

length of roots

After 35 days of Al exposure in the first growth

period, all the genotypes exhibited a progressive

decrease in LA (Fig. 1) and dry matter (DM) produc-

tion (Fig. 2) with the increase of Al concentration.

However, when grown under 1.33 mmol L-1, U.

brizantha cv. Xaraés exhibited lower relative reduc-

tion of both LA (54%) and shoot DM (63%) when

compared to the other genotypes, which, nevertheless,

exhibited LA reduction rates between 67 and 76%

when grown under 1.33 mmol L-1 Al.

This response pattern was also observed during re-

growth of U. brizantha cv. Xaraés, which exhibited

the lowest rate of relative reduction of LA

(21%) (Fig. 1b) and smaller relative reduction of

shoot DM (29%) (Fig. 2b) when grown under 1.33

mmol L-1 Al. At 1.33 mmol L-1 Al, U. brizantha cv.

Marandu and U. decumbens cv. Basilisk exhibited the

highest values of relative reduction of LA and shoot

DM, both in the first and second growth periods.

The production of root dry biomass (Fig. 3a) and

relative root growth (Fig. 3b) were reduced with the

increase of Al concentrations for all genotypes. In

general, U. brizantha cv. Xaraés showed the lowest

relative reduction values for these parameters.

3.3 Al accumulation in plant tissues

Al content increased in shoots and roots of all

genotypes during the first and second growth peri-

ods with the increase of Al in the nutrient solution

Table 1 Ionic interactions predicted by Geochem-EZ�

Al (mmol L-1)

0.44 0.89 1.33

pH = 3.0

As a free metal (Al3?) (%) 80.73 83.72 85.81

Complexed with PO4
3- (%) 1.85 1.46 1.21

Complexed with SO4
2- (%) 17.00 14.39 12.55

Complexed with B(OH)4
- (%) 0.02 0.02 0.02

Complexed with OH- (%) 0.41 0.41 0.41

pH = 4.0

As a free metal (Al3?) (%) 74.42 78.57 81.14

Complexed with PO4
3- (%) 4.66 2.83 2.04

Complexed with SO4
2- (%) 16.81 14.39 12.62

Complexed with B(OH)4
- (%) 0.18 0.18 0.17

Complexed with OH- (%) 3.93 4.03 4.04

pH = 5.0

As a free metal (Al3?) (%) 45.80 49.00 50.49

Complexed with PO4
3- (%) 6.67 3.46 2.35

Complexed with SO4
2- (%) 10.94 10.07 9.24

Complexed with B(OH)4
- (%) 0.93 0.78 0.67

Complexed with OH- (%) 35.66 36.70 37.25

pH = 6.0

As a free metal (Al3?) (%) 2.07 2.16 2.23

Complexed with PO4
3- (%) 5.85 3.23 2.25

Complexed with SO4
2- (%) 0.56 0.56 0.57

Complexed with B(OH)4
- (%) 0.50 0.46 0.41

Complexed with OH- (%) 91.02 93.59 94.54

pH = 7.0

Complexed with PO4
3- (%) 0.08 0.07 0.07

Complexed with OH- (%) 99.92 99.92 99.92

Primary percentage distribution output for Clark’s nutrient

solution (Clark 1975), considering only Al (0.44, 0.89,

1.33 mmol L-1) at pH 3.0–7.0, showing the speciation of the

individual Al and ligands as a percentage of the total

123

Theor. Exp. Plant Physiol. (2018) 30:141–152 145



(Fig. 4). The highest Al accumulation in shoots

occurred for U. brizantha cv. Marandu either during

growth (Fig. 4a) or regrowth (Fig. 4b). At harvest, the

Al accumulation in roots was highest for U. brizantha

cv. Xaraés especially when grown under 0.89 and 1.33

mmol L-1 Al (Fig. 4c).

At 1.33 mmol L–1, Al accumulation in roots was

57, 72 and 51% higher in Xaraés as compared to U.

decumbens, U. brizantha cv. Piatã, and U. brizantha

cv. Marandu, respectively (Fig. 4c). The latter sug-

gests that Xaraés retain Al in roots more effectively as

compared to the other genotypes. Compared to

Al accumulation in shoots at first growth, roots

exhibited higher Al content, on average 17-fold

higher. In contrast, the Al accumulation in the

shoots at regrowth was very close to its accumulation

in the roots at harvest (Fig. 4c).

The distinct genotypes showed a variable root-to-

shoot Al translocation, and Marandu showed the

lowest Al-transport factor when grown

under 1.33 mmol L-1 as compared to the other geno-

types, while Piatã and U. decumbens showed the

highest root-to-shoot Al translocation.
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3.4 Lipid peroxidation (MDA) and concentration

of hydrogen peroxide (H2O2)

The genotypes tested in the experiment showed

distinct differences in MDA concentration in leaf

extracts (Fig. 5a). At the highest Al concentration,

MDA content in U. brizantha cv. Piatã, Marandu, and

U. decumbens increased by 15, 12, and 1% when

compared to U. brizantha cv. Xaraés, respectively.

However, the root MDA variation between the four

genotypes was not significantly changed by the

increase of Al in the solution, except for

1.33 mmol L-1; at this concentration, root MDA

content in Piatã, Marandu and U. decumbens was 36,

25, and 34% higher than Xaraés, respectively

(Fig. 5c). When grown under 1.33 mmol L-1 leaf

H2O2 increased by 25, 24, and 10% in Piatã, Marandu

andU. decumbens as compared to Xaraés, respectively

(Fig. 5b). In contrast, root H2O2 of all genotypes was

not significantly changed by the increase of Al in the

solution (Fig. 5d). In general, shoot H2O2 was

six times higher than in roots.

3.5 Morphological changes in Urochloa roots

The roots tips of Urochloa genotypes showed the

presence of root hairs and epidermal cells well

organized when not exposed to Al (Fig. 6a, b, e, f).

In the presence of Al, the root tips ofUrochloa species

showed drastic changes in its root morphology (bent

and curved root), resulting in roughness of root and

exhibiting ruptures in the epidermis as well as a

reduced number of root hairs (Fig. 6g, h). Flaking cells

were observed on the root surface of Marandu and

Xaraés cultivars (Fig. 6g, h), notably on the root apex,

and these changes were pronounced in both U.

brizantha cv. Marandu and U. brizantha cv. Xaraés

(Fig. 6e, f).
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4 Discussion

Aluminum caused physiological stress in Urochloa

genotypes because approximately 81% of the mono-

meric Al species did not form solid-phase Al (precip-

itant) in the nutrient solution. These results confirmed

the continuous Al availability and toxicity of Al3? ions

in all solutions used.

Between genotypes, we were able to detect differ-

ent levels of Al tolerance in the following order: U.

brizantha cv. Xaraés[U. decumbens cv. Basilisk C

U. brizantha cv. Piatã[U. brizantha cv. Marandu.

Thus, although regarded as an Al-tolerant genus

(Arroyave et al. 2011, 2013), there is a gradient of

tolerance among genotypes of U. brizantha (palisade-

grass) and U. decumbens (signalgrass). In general, we

have observed for all genotypes a greater decrease in

LA, SDM (shoot dry matter), relative root growth and

root dry matter at the first growth, in contrast to the

regrowth period. On the other hand, Al-translocation

from roots to shoots as well as Al-accumulation in

shoots increased massively in all genotypes, during the

regrowth.

The data obtained in this study showed that, in

general, there was a decrease in both LA and DM in all

genotypes evaluated when subjected to Al doses

(Figs. 1, 2), which is also reported for several species

of forage grasses (Poozesh et al. 2007). DM of plant

shoots reduced more during the first growth period

(Fig. 2a), possibly due to the high-energy requirement

for initial growth, morphogenesis and root system

establishment (Lavres Junior et al. 2004). Another

factor possibly related to the significant decrease in

DM in the first growth may be the greater sensitivity to

Al presented by young plants in detriment of adult

plants, notably on regrowth. On the other hand, DM

reduction in roots was more pronounced than in shoots

during the second growth period (Figs. 2, 3), which is

expected, since Al hinders the development of the root

system (Horst et al. 2010). Although the damage

caused by Al to shoot tissues is not thoroughly known,

particularly in leaves, significant injuries in roots

caused by Al were observed, being pronounced in both

Marandu and Xaraés (Fig. 6). Low DM production in

the shoots and LA reduction are directly related to the

damage caused to the roots, since damages to root

tissues result in low water and nutrients uptake (e.g.,

Ca2?, Mg2? and H2PO4
-), consequently limiting

plant growth (Giannakoula et al. 2008).

Dry matter yield in all the genotypes was dramat-

ically decreased when Al concentration in solution

was increased. However, U. brizantha cv. Xaraés

exhibited the smallest DM reduction in the roots,

while U. brizantha cv. Marandu exhibited the highest

decrease (Fig. 3). In addition, U. brizantha cv.

Marandu has also exhibited the greatest decrease of

root growth when Al concentration in the solution was

augmented.

The results presented here concerning productive

(DM production) and morphological parameters (re-

duction of relative LA, and root length) indicate that

U. brizantha cv. Xaraés obtained lower values of

relative reduction rates, thus being considered more

tolerant to Al, different from U. brizantha cv.

Marandu, which showed less tolerance to Al-stress,

among the four genotypes.

The data obtained here also indicated differ-

ences between the genotypes studied in terms of Al

accumulation in shoots and roots. For shoot Al accu-

mulation it was showed that during the first growth

period (Fig. 4a, b),U. brizantha cv. Marandu followed

by U. brizantha cv. Piatã, accumulated larger amounts

of Al when grown under almost Al concentrations,

with lower DM production (Figs. 2a, b, 3a). The roots

of the genotypes evaluated showed values of Al

accumulation higher than those recorded in leaf blades

(Fig. 4), indicating this phenomena as an important

pathway for Al tolerance (Wang et al. 2004; Rangel

et al. 2009; Horst et al. 2010). Comparing Al

accumulation in roots of the four genotypes exposed

to 0.89 and 1.33 mmol L-1, we observed that U.

brizantha cv. Xaraés showed the highest root Al

accumulation (Fig. 4c). These data indicate that tol-

erance showed by U. brizantha cv. Xaraés is probably

related to the maintenance of metabolic activities,

such as upregulated synthesis of metabolites, like

bFig. 6 Root apex of Urochloa brizantha cv. Marandu (a, c, e,
g), and U. brizantha cv. Xaraés (b, d, f, h), observed under

scanning electron microscope, showing a smooth surface and

root hair development when not exposed to Al (a–d), and

absence of root hairs when exposed to Al (e–h). Yellow arrow

indicate crater and throttled surface in Marandu (e). Arrow
heads indicate the shortening or absence of the cap and cracks on

the surface cells adhering to the root tip surface (e, f) and arrows
indicate ruptures on the root surface of U. brizantha cv.

Marandu (e). Bars: a, b, e, f 500 lm; c, d, g, h 100 lm. (Color

figure online)
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phytochelatins, glutathione, sugar, and amino acids

(Rabêlo et al. 2018), notably in more tolerant

genotype.

The analysis of MDA and H2O2 concentration in

plant tissues showed that substantial differences in

oxidative stress occurred in shoot tissues among the

four genotypes. Conversely, less difference of MDA

and H2O2 concentrations appeared in roots, although

there was higher Al accumulation in roots, indicating

a possible role of efficient antioxidative protection

system in this tissue (Fig. 5).

H2O2 concentrations in the leaf blades (Fig. 5b)

were more than six times higher than in the roots

(Fig. 5d), regardless of Al concentration in the nutri-

ent solution. This result can be attributed in some

extent to functions of H2O2 as opening and closing

stomata (Desikan et al. 2004) and regulation of genes

encoding antioxidant enzymes in the leaves of plants

exposed to stress conditions (Neill et al. 2002).

Although H2O2 acts in processes related to cellular

defense and as signalling molecules in plants,

increased ROS production can cause lipid peroxida-

tion (Loix et al. 2017). In this sense, U. brizantha cv.

Xaraés and U. decumbens cv. Basilisk were the only

genotypes that kept oxidative stress lower with

increased Al concentration in solution (Fig. 5a–c),

indicating that these genotypes have more efficient

detoxifying mechanisms and tolerance to Al in rela-

tion to the other genotypes. Guo et al. (2004) showed

similar results, reporting lower MDA concentration in

leaves of tolerant genotypes of barley in response to Al

and Cd, and higher MDA amounts in sensitive

genotypes.

In root tissues of Urochloa genotypes investigated

in this study, the average MDA content in response to

an increase of Al concentrations in U. brizantha cv.

Xaraés was 25% lower than in U. brizantha cv.

Marandu, and 36% lower than U. brizantha cv. Piatã

(Fig. 5c). These data also provide evidence that U.

brizantha cv. Xaraés has different tolerance to Al

compared to other genotypes, possibly for having

internal mechanisms that minimize the peroxida-

tion of lipid membranes, thereby decreasing cell

damage caused by Al. This fact corroborates the

lower root DM reduction presented by this genotype

(Fig. 3).

The data obtained in this study provide the basis for

better understanding different tolerances between the

four Urochloa genotypes assessed, highlighting the U.

brizantha cv. Xaraés as more tolerant to Al. However,

further studies considering responsiveness of the

antioxidant protective system, Al-uptake in the

apoplast-symplast interface, root ultrastructure and

subcellular location of Al are necessary to elucidate

the intrinsic mechanisms involved in different toler-

ance to Al in the genus Urochloa.
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