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Abstract

Aluminum toxicity represents a limiting factor for yield in crops, and study linked to aluminum impact on nitrate reductase and
nitrogen compounds is fundamental to explain decreases in growth and development of sorghum plants. Aim of this study was to
investigate (i) auminum impact in sorghum plants, and to measure (ii) nitrate reductase activity, nitrogen compounds, and
morphological parameters. Experimental design was completely randomized with 4 aluminum concentrations (0, 50, 100, and 150
uM Al). Parameters measured were leaf area, nitrate reductase activity in leaf and root, proline, amino acids, and total soluble
proteins. Significant decreases in nitrate reductase activities were showed in leaf and root tissues. Results linked to total soluble
proteins demonstrated that plants treated with aluminum suffered reduction in this parameter promoted by aluminum. This study
revealed two relationships between nitrate reductase in leaf and total soluble proteins, as well as between total soluble proteins and
shoot dry matter, and also low tolerance of sorghum plants to aluminum

K eywords: Sorghum bicolor, abiotic stress, aluminum, nitrogen compounds, nitrate reductase, proteins.
Abbreviations: NO; - nitrate, Al - aluminum, R? - determination coefficient, r - correlation analysis, photosynthetic active radiation

- PAR, cv - cultivar, ATP - Adenosine-5'-triphosphate, DNA - deoxyribonucleic acid, ROS - reactive oxygen specie.

Introduction

Sorghum [Sorghum bicolor (L.) Moench.] plants are frequently
used in areas with irregular rainfall distribution, due to it be
more tolerant for drought that other crops such as maize and
wheat (Torrecilas et a., 2011), and this characteristic is
associated your capacity in water use of efficient form and
translocation/mobilization of organic solutes (Ali et al., 2009;
Beheshti and Behboodi fard, 2010). Shoot of sorghum can be an
option aiming silage production due to adequate production of
dry matter and high nutritional value (Bramel-Cox et al., 1995).
Sorghum contributes with about 10 to 12% of cultivated total
area with silage in Brazil, therefore this culture exercises strong
influence over agricultural activity of this country (Rocha Jr. et
a., 2000). Aluminum toxicity represents a limiting factor for
yield in crops (Valle et al., 2009), because aluminum contained
in soil and available to plant promotes reduction in root growth
(Tang et a., 2001) and inhibits simulation and transport of
nutrients, influencing negatively on yield (Kochian et al., 2005).
Study linked to aluminum impact on nitrate reductase and
nitrogen compounds is fundamental to explain decreases in
growth and development previously reported (Kariuki et al.,
2007). In addition, this enzyme is first into nitrogen metabolism,
and it is responsible by nitrate (NO53") assimilation. In sorghum
is unknown proline role under Al toxicity situation, and to
evaluate behavior of this amino acid can contribute in breeding
programs focusing tolerance to aluminum. This compound is

accumulated during abiotic stresses induced through water,
temperature, and nutrients (Hare and Cress, 1997), including
stress by aluminum (Khan et al., 2000). Proline action is
intensively linked to osmotic adjust process, contributing also to
establish membranes and proteins, neutralizing action of free
radicals, besides to act as buffer during regulation of the cell
redox potential under inadequate conditions (Ashraf and Foolad,
2007). Aim of this study was to investigate (i) aluminum impact
in sorghum plants, and to measure (ii) nitrate reductase activity,
nitrogen compounds, and morphological parameters.

Materials and methods
Experimental conditions

Study was implemented in Instituto de Ciéncias Agrarias (ICA)
of the Universidade Federal Rural da Amazonia (UFRA), Para
state, Belém city, Brazil (01°27°S and 48°26’W). Experiment
was conducted in greenhouse under natural conditions day/night
(air temperature minimum/maximum and relative humidity were
245/39.7°C and 40/89%, respectively, during experimental
period). Photoperiod medium was of 12 h of light, and
Photosynthetic Active Radiation (PAR) was 968 pmol m?2s? (at
12:00 h).
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Fig 1. Nitrate reductase activity in leaf (A) and root (B) of
Sorghum bicolor plants (cv. BR-700) exposed to 0, 50, 100 e
150 pM of aluminum. The bars represent the mean standard
errors.

Plant material and aluminum treatment

Seeds of Sorghum bicolor (L.) Moench (cv. BR-700) were used
in this study, in which it were developed and obtained from
Empresa Brasileira de Pesquisa Agropecuéria — Milho e Sorgo
(Embrapa/Brazil), harvested in 2006 season. Aluminum source
used in this study was aluminum sulphate (Al,(SO,)s.18H,0),
being dissolved in nutritive solution under 4 concentrations (0,
50, 100, and 150 uM of Al).

Seedling and pots

Seeds were placed to germinate into substrate composed by sand
washed and autoclaved at 120°C by 40 min, and after 5 days
were selected seedlings with aspect and size similar.
Subsequently, these selected seedlings were transferred to pots
with individual capacity of 1.2 L, using as substrate sand and
silicagel in proportion of 2:1 (v:v), respectively.

Experimental design and treatments

Experimental design was completely randomized with 4
treatments (0, 50, 100, and 150 puM of Al). Experiment was
composed by 10 replicates and 40 experimental units, where
each experimental unit was constituted by 1 plant.

Plant conduction

During 5™ until 10™ day after experiment implementation the
seedlings were acclimatized with nutritive solution presenting
25% of ionic force. In addition, 11" until 15" day was applied
50% of ionic force, and 16™ until 30" day was imposed 100%
(total) of ionic force, being this solution changed in constant
intervals of three days. During this study, solution pH was kept
in 4.5+0.2, and when necessary HCl and NaOH were added.

Harvest and foliar area

Plants were harvested and divided in shoot and root, with cut
located in plant collar, being removed branch and determined
foliar area from leaves. Subsequently, fresh leaf and fresh root
were used for biochemical evaluation.

I'n vivo nitrate reductase activity in leaf and root

Extraction of the nitrate reductase enzyme (E.C. 1.6.6.1) was
carried out with leaf and root until to reach the weight of 200
mg, in which the samples were incubated in 5 mL of extraction
buffer (KH,PO, at 0.1M, KNO; at 50 mM, isopropanol at 1%
(v/v) and pH 7.5) by 30 minutes at 30 °C, and all the procedures
carried out in dark. The quantification of the enzyme activity
was makes by the method of Hageman and Hucklesby (1971)
with absorbance at 540 nm and using spectrophotometer
(Quimis, model Q798DP).

Dehydration and dry matter measurements

Leaves and root harvested were placed in an oven with forced
air circulation at 70° C by 96 h. After this period, shoot dry
matter and root dry matter were measured and triturated, with
the powder resulting kept in glass containers. These containers
were remained in the dark at temperature of 15°C until the
moment to carry out biochemical analysis.

Total soluble amino acids

Determination of amino acids was performed using 50 mg of
leaf dry matter powder, and was incubated with 5 mL of sterile
distilled water at 100 °C by 30 minutes, after the homogenized
was centrifuged to 2.000 g by 5 minutes at 20 °C and
supernatant was removed. Quantification of the total soluble
amino acids was carried out at 570 nm according to Peoples et
a. (1989), and was used L-asparagine + L-glutamine (Sigma
Chemicals) as standard.

Proline

Proline level was determined with 50 mg of leaf dry matter
powder, which was incubated with 5 mL of sterile distilled
water at 100 °C by 30 minutes, after the homogenized was
centrifuged to 2.000 g by 5 minutes at 20 °C. Quantification of
proline was carried out at 520 nm according to Bates et d.
(1973), in which was utilized L-proline (Sigma Chemicals) as
standard.

Total soluble proteins

Determination of the total soluble proteins was carried out with
100 mg of powder, being incubated with 5 mL of extraction
buffer (Tris-HCI at 25 mM and pH 7.6). Homogenized was kept
in agitation by 2 h, after this period was centrifuged to 2000 g
by 10 minutes at 20 °C. Quantification of the total soluble
proteins was carried out at 595 nm in agreement with Bradford
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(1976), as well as was used albumin bovine (Sigma Chemicals)
as standard.

Data analysis

Results were subjected to regression analysis, and equation more
adequate was defined using as main criterion the significant
effect, and secondary criterion the determination coefficient
(R). In addition, standard errors were calculated in al points
and treatments, as well as correlation analysis (r) was performed
by the Pearson parametric method using SAS (Sted et a.,
2006).

Results and discussion
Changes in nitrate reductase activity of leaf and root

Significant decreases in nitrate reductase activity were obtained
in leaf (Figure 1 A) and root (Figure 1 B) of sorghum plants
exposed to aluminum, when compared to control plants (0 uM
Al). In addition, this parameter in leaf and root presented
quadratic behavior, and was showed lower values into each
aluminum concentration in root tissue, if compared with leaf.
Aluminum concentrations investigated promoted reduction in
nitrate reductase activity due to probably lower gene expressions
that act in synthesis of nitrate reductase.

These genes are over-expressed by factors such as NO3
concentration and light (Epstein and Bloom, 2004). These
environment factors induce the synthesis of new enzymes
(Sivazankar and Oaks, 1996) and stimulate phosphatase protein
that will desphosphoryla several residues of serine found in
enzyme nitrate reductase, which this mechanism will keep
active. In contrary, factors such as dark and ion Mg*? stimulate
kinase protein responsible by the phosphorylation of nitrate
reductase activity resulting in enzyme inactivation (Kaiser and
Huber, 1994). Study conducted by Purcino et al. (2003) reveals
that aluminum in excess promotes negative effects on nitrate
reductase activity. However, results described by Rufty Janior et
al. (1995) working with Glycine max plants was not showed
changes provoked by aluminum.

Aluminum conseguences on nitrogen compounds

Concentrations of total soluble amino acids in leaf were
significantly reduced (P < 0.05) with increase in auminum
levels applied during this study, as well as was found better
adjust in linear equation (Figure 2 A). Proline suffered decrease
at 50, 100, and 150 uM Al, and equation model more adequate
was quadratic (Figure 2 B). Results linked to total soluble
proteins demonstrate significant reduction promoted by
aluminum, and value lower was found in 150 uM Al (Figure 2
C). Additionally, correlation analysis demonstrated that there is
a positive and linear relationship (Figure 3) between nitrate
reductase in leaf and total soluble proteins (r=0.97; P < 0.05).
Reduction in total soluble amino acids can be explained by
decrease of protein synthesis, because the aluminum promotes
fall in ATP levels (Lorenc-Plucinska and Ziegler, 1996), and
this restriction will affect DNA transcription during to protein
synthesis. In other words, aluminum promoted indirect negative
effect on total soluble amino acids due to reduction in ATP
production that will supply energy to process protein synthesis,
decreasing consequently degradation to proteins from amino
acids. Study conducted by Amaral et a. (2000) evaluated
responses of Stylosanthes guianensis and Stylosanthes
macrocephala
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Fig 2. Total soluble amino acids (A), proline (B), and total
soluble proteins (C) in leaf of Sorghum bicolor plants (cv. BR-
700) exposed to O, 50, 100 e 150 uM of auminum. The bars
represent the mean standard errors.

over effect of aluminum toxicity, and this nutrient in excess
provokes decrease in total soluble amino acids of both specie.
Decrease in proline level suggests that anti-stress mechanism of
this species is not efficient to control changes induced by
aluminum. Proline is an amino acid that is normally associated
to protection mechanism of proteins, enzymes, and membrane
structures against reactive oxygen specie (ROS) (Sharma and
Dubey, 2005) in stress conditions induced by heavy metals,
salts, and water deficiency. Giannokoula et al. (2007) studying
two contrasting hybrids of Zea mays to aluminum obtained that
proline reduced in leaf and root of sensitive hybrid, compared to
tolerant plants. Plants treated with aluminum presented decrease
in total soluble proteins, and these results showed are connected
to fact of nitrate
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Fig 3. Linear relationship between nitrate reductase activity in
leaf and total soluble proteins of Sorghum bicolor plants (cv.
BR-700) exposed to 0, 50, 100 e 150 uM of auminum. Asterisk
(*) indicates significance at 0.05 probability level.

reductase activity in leaf to be inhibited. During stress induced
by aluminum this element acts as limiting factor in nitrogen
assimilation, because it reduces the nitrate reductase activity,
that is first enzyme linked to nitrogen metabolism, and with
lower nitrogen supply will have as consequence decrease in
protein synthesis.

Morphological modifications induced by aluminum

Significant decreases were obtained in shoot dry matter (Figure
4 A), and root dry matter (Figure 4 B), with both parameters
presenting linear eguation. In relation to leaf area also was
showed significant reduction (P < 0.05) promoted by aluminum,
as well as equation more adequate was quadratic (Figure 4 C).
In correlation analysis was found a positive and linear
relationship (Figure 5) between total soluble proteins and shoot
dry matter (r=0.95; P < 0.05). Reduction in shoot dry matter
was promoted by lower protein production, as well as this
explanation is supported by correlation analysis. This result
reveals the fundamental role of proteins in plant metabolism of
Sorghum bicolor. Decrease in root dry matter was probably
provoked by phytotoxic effect of Al*®, because aluminum
inhibits cell division due to aluminum ligation to DNA during
cell transcription, which impossibilities your synthesis and,
consequently, decrease in root growth (Matsumoto, 1991).
Similar results are described by Justino et a. (2006) showed
reductions in shoot dry matter and root dry matter of Oryza
sativa plants exposed to aluminum. Leaf area also suffered
decrease, and this change is probably linked to lower nitrogen
supply showed in nitrate and ammonium in leaf, that are
normally two nitrogen forms absorbed in this culture. Therefore,
auminum induces lower nitrogen assimilation and this reduction
promotes reduction in leaf area. In selection of Sorghum bicolor
plants aiming silage production and consequently maximum |eaf
area, nitrogen metabolism exercises direct influence in growth
and development of plants, and this fact suggests other studies
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linked to interaction between nitrogen and cultivar. Aluminum
promotes reduction in nitrate reductase activities

of leaf and root, and this nutrient contributed indirectly to
decrease total soluble amino acids, proline, and total soluble
proteins in leaf of Sorghum bicolor plants (cv. BR-700). These
reductions in nitrogen compounds are explained by the limited
nitrogen assimilation, because there is a linear relationship
between nitrate reductase activity in leaf and total soluble
proteins. Results linked to morphological parameters such as
shoot dry matter, root dry matter, and leaf area also suffered
significant decreases, and was found relationship between total
soluble proteins and shoot dry matter. Therefore, this study
reveals that this cultivar is sensitive to mineral stress simulated
by auminum.

Acknowledgements

This research had financial support from Conselho Nacional de
Pesquisa (CNPg/Brazil) to R.C.L. Costa, as well as F.J.R. Cruz
and A.K.S. Lobato were supported by a graduate scholarship
from de Conselho de Aperfeicoamento de Nivel Superior
(CAPES/Brazil).

References

Ali MA, Niaz S, Abbas A, Sabir W, Jabran K (2009) Genetic
diversity and assessment of drought tolerant sorghum
landraces based on morph-physiological traits at different
growth stages. Plant Omics J 2:214-227.

Amaral JAT, Cordeiro AT, Rena AB (2000) Effects of
aluminum, nitrate and ammonium on the metabolic nitrogened
composition and of carbohydrates in Stylosanthes guianensis
and S. macrocephala. Pesq Agrop Bras 35: 313-320.

Ashraf M, Foolad MR (2007) Role of Glycine betaine and
proline in improving plant abiotic stress resistance. Env Exp
Bot 59: 206-216.

Bates LS, Waldren RP, Teare ID (1973) Rapid determination of
free proline for water-stress studies. Short communication.
Plant Soil 39: 205-207.

Beheshti AR, Behboodi fard B (2010) Dry matter accumulation
and remobilization in grain sorghum genotypes (Sorghum
bicolor L. Moench) under drought stress. Aust J Crop Sci
4:185-189.

Bradford MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Ann Biochem 72: 248-254.

Bramel-Cox PJ, Kumar KA, Hancock JD, Andrews DJ (1995)
Sorghum and Millets for Forage and Feed. In: Dendy DA (ed)
Sorghum and Millets: Chemistry and Technology. American
Association of Cereal Chemists, St. Paul, Minnesota, USA.

Epstein E, Bloom A (2006) Minera Nutrition of Plants:
Principles and Perspectives. Sinauer associates, Sunderland.

Giannakoula A, Moustakas M, Mylona P, Papadakis |, Y upsanis
T (2008) Aluminum tolerance in maize is correlated with
increased levels of mineral nutrients, carbohydrates and
proline, and decreased levels of lipid peroxidation and Al
accumulation. J Plant Physiol 165:385-396.

Hageman RHG, Hucklesby DP (1971) Nitrate reductase from
higher plants. Methods enzimol 17: 491-503.

Hare PD, Cress WA (1997) Metabolic implications of stress-
induced proline accumulation in plants. Plant Grow Reg 21:
79-102.

Justino GC, Cambraia J, Oliva MA, Oliveira JA (2006) Uptake
and reduction of nitrate in two rice cultivars in the presence of
aluminum. Pesg Agrop Bras 41: 1285-1290.

Kaiser WM, Huber SC (1994) Posttranslational regulation of
nitrate reductase in higher plants. Plant Physiol 106: 817-821.

Kariuki SK, Zhang H, Schroder JL, Edwards J, Payton M,
Carver BF, Raun WR, Krenzer EG (2007) Hard red winter
wheat cultivar responses to a pH and aluminum concentrations
gradient. Agron J 99: 88-98.

Khan AA, McNeilly T, Callins C (2000) Accumulation of
amino acids, proline, and manganese stress in maize. J Plant
Nutrition 23: 1303-1314.

Kochian LV, Pineros MA, Hoekenga OA (2005) The
physiology, genetics and molecular biology of plant aluminum
resistance and toxicity. Plant Soil 274: 175-195.

Lorenc-Plucinska G, Ziegler H (1996) Changesin ATP levelsin
scots pine needles during aluminuium stress. Photosyntetica
32: 141-144.

Matsumoto H (1991) Biochemical mechanism of the toxity of
aluminium and the sequestration of aluminium in plant cells.
Plant Cell Physiol 45: 825-838.

Peoples MB, Faizah AW, Reakasem B, Herridge DF (1989)
Methods for evaluating nitrogen fixation by nodulated
legumes in the field. Australian Centre for International
Agricultural Research, Canberra. 76 p.

Purcino AAC, Alves VMC, Parentoni SN, Belele CL, Loguercio
LL (2003) Aluminum effects on nitrogen uptake and nitrogen
assimilating enzymes in maize genotypes with contrasting
tolerance to aluminum toxicity. J Plant Nutr 26: 31-61.

Rocha Junior VR, Gongalves LC, Rodrigues JAS, Brito AF,
Borges |, Rodriguez NM (2001) Evaluation of seven sorghum
genotypes (Sorghum bicolor (L.) Moench) for silage
production. I11. Nutritional value. Arq Bras Med Vet Zootec
52: 506-511.

Rufty Junior TW, Mackown CT, Lazof DB, Carter TE (1995)
Effects of aluminum on nitrate uptake and assimilation. Plant
Cell Env 18: 1325-1331.

Sharma P, Dubey RS (2005) Modulation of nitrate reductase
activity in rice seedlings under aluminum toxicity and water
stress: role of osmolytes as enzyme protectant. J Plant Physiol
162: 854-864.

Sinvasakar S, Oaks A (1996) Nitrate assimilation in higher
plants: the effect of metabolites and light. Plant physiol 34:
609-620.

Steel RGD, Torrie JH, Dickey DA (2006) Principles and
Procedures of Statistics: a Biometrical Approach. Academic
Internet Publishers, Moorpark.

Valle SR, Carrasco J, Pinochet D, Calderini DF (2009) Grain
yield, above-ground and root biomass of Al-tolerant and Al-
sensitive wheat cultivars under different soil auminum
concentrations at field conditions. Plant Soil 318:299-310.

Tang C, Diatloff E, Rengel Z, Mc Gann B (2001) Growth
response to subsurface soil acidity of wheat genotypes
differing in @uminum tolerance. Plant Soil 236:1-10.

Torrecillas M, Cantamutto MA, Bertoia LM (2011) Head and
stover contribution to digestible dry matter yield on grain and
dual-purpose sorghum crop. Aust J Crop Sci 5:116-122.

645



