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APRESENTAÇÃO 

 
A obra “Plant Abiotic Stress Tolerance”, uma publicação da Pantanal Editora, apresenta, em 

seus 9 capítulos, uma ampla gama de assuntos sobre os recentes avanços e conhecimentos científicos 

nas áreas de ecofisiologia da produção vegetal e conservação dos recursos naturais e meio ambiente. Os 

temas abordados mostram algumas das ferramentas atuais que permitem o incremento da produção de 

alimentos, a melhoria da qualidade de vida da população, e a preservação e a sustentabilidade dos 

recursos disponíveis no planeta. A obra, vem a materializar o anseio da Editora Pantanal na divulgação 

de resultados e conhecimentos, que contribuem de modo direto no desenvolvimento humano. 

Nas últimas décadas, a produção de alimentos tem sido frequentemente limitada por inúmeros 

fatores de estresse abióticos, dentre os quais, podemos citar a baixa disponibilidade de água (deficiência 

hídrica), temperaturas extremas (frio, geadas, calor e fogo), salinidade, deficiência de nutrientes minerais 

e toxicidade. Esses fatores são responsáveis por consideráveis perdas econômicas tanto para os 

pequenos agricultores quanto para os produtores de commodities como a cultura da soja, entre outras. 

Além disso, estes danos podem ser potencialmente agravados pelos efeitos das recentes mudanças 

climáticas globais, sendo, portanto, a sua mitigação um grande desafio para a comunidade científica. O 

foco principal das pesquisas abordadas neste e-book é compreender os mecanismos de 

defesa/tolerância dos estresses abióticos em plantas e apresentar tecnologias e práticas de manejo que 

possibilitem o aumento da tolerância das plantas a esses estresses abióticos.  

Temas associados à identificação de cultivares de soja tolerantes à seca e o manejo da salinidade 

e da restrição hídrica nas culturas de soja, amendoim e pepino são abordados. A tolerância de plantas 

de pinhão-manso a toxicidade do alumínio (Al3+), a tolerância de quatro espécies hortícolas ao estresse 

térmico causado por altas temperaturas e a tolerância de mutantes de trigo ao estresse salino também é 

sugerido. Na área de recursos naturais é mostrado os efeitos fitotóxicos dos metais pesados nas plantas 

cultivadas e o estresse ambiental causado pelo fogo na região do Cerrado. Portanto, esses 

conhecimentos irão agregar muito aos seus leitores que procuram promover melhorias quantitativas e 

qualitativas na produção de alimentos e, ou melhorar a qualidade de vida da sociedade. Sempre em 

busca da sustentabilidade do planeta.  

Aos autores dos diversos capítulos, pela dedicação e esforços sem limites, que viabilizaram esta 

obra que retrata os recentes avanços científicos e tecnológicos nas áreas de ecofisiologia da produção 

vegetal e conservação dos recursos naturais e meio ambiente, os agradecimentos do Organizador e da 

Pantanal Editora. 

Por fim, esperamos que este e-book possa colaborar e instigar mais estudantes e pesquisadores 

na constante busca de novas tecnologias. Assim, garantir uma difusão de conhecimento fácil, rápido 

para a sociedade. 

 

Fábio Steiner 
  



PRESENTATION 

 

The eBook “Plant Abiotic Stress Tolerance”, a publication by Pantanal Editora, presents in its 

9 chapters a wide range of questions about recent advances and scientific knowledge in the areas of 

ecophysiology of plant production and conservation of natural resources and the environment. The 

topics presented show some of the current tools that allow the increase in food production, the 

improvement of quality of life in people's and the preservation and sustainability of the resources 

available on the planet. This eBook materializes Editora Pantanal's desire to disseminate results and 

knowledge, which directly contribute to the development of society. 

In the last decades, food production has often been limited by numerous abiotic stress factors, 

among which, we can mention the low availability of water (water deficit), extreme temperatures (cold, 

frosts, heat and fire), salinity, mineral nutrient deficiency and toxicity. These factors are responsible for 

considerable economic losses, both for small farmers and for producers of commodities such as 

soybean, among others. In addition, these damages can potentially be aggravated by the effects of recent 

global climate changes, and therefore, mitigating these damages is a major challenge for the scientific 

community. The main objective of the research presented in this e-book is to understand the defense 

or tolerance mechanisms of abiotic stresses in plants and to present technologies and management 

practices that enable greater tolerance of plants to these abiotic stresses. 

Topics associated with the identification of drought-tolerant soybean cultivars and the 

management of salinity and water restriction in soybean, peanut and cucumber crops are presented. 

The tolerance of physic nut plants to aluminum toxicity (Al3+), the tolerance of four vegetable species 

to heat stress caused by high temperatures and the tolerance of wheat mutants to salt stress is also 

suggested. In the area of natural resources, the phytotoxic effects of heavy metals on plant growth and 

the environmental stress caused by fire in the Cerrado region are shown. Therefore, this knowledge can 

add much to its readers who seek to promote quantitative and qualitative improvements in food 

production and, or improve the quality of life in society. Always in search of the planet's sustainability. 

To the authors of the chapters, for their dedication and efforts, that made this eBook possible, 

which exposes the recent scientific and technological advances in the areas of ecophysiology of plant 

production and conservation of natural resources and the environment, thanks to the Organizer and 

Pantanal Editora. 

Finally, we hope that this e-book can collaborate and instigate more students and researchers in 

the constant search for new technologies. Thus, ensuring an easy and quick dissemination of knowledge 

to society. 

 

Fábio Steiner 
  



 
 

PRESENTACIÓN 

 

El trabajo “Plant Abiotic Stress Tolerance”, publicación de Pantanal Editora, presenta, en sus 9 

capítulos, una amplia gama de temas sobre avances recientes y conocimientos científicos en las áreas de 

ecofisiología de la producción vegetal y conservación de los recursos naturales y el medio ambiente. Los 

temas tratados muestran algunas de las herramientas actuales que permiten el aumento de la producción 

de alimentos, la mejora de la calidad de vida de la población y la preservación y sostenibilidad de los 

recursos disponibles en el planeta. El trabajo materializa el afán de Editora Pantanal por difundir 

resultados y conocimientos, que contribuyan directamente al desarrollo humano. 

En las últimas décadas, la producción de alimentos se ha visto a menudo limitada por numerosos 

factores de estrés abiótico, entre los que podemos mencionar la baja disponibilidad de agua (deficiencia 

de agua), temperaturas extremas (frío, heladas, calor y fuego), salinidad, deficiência, nutrientes minerales 

y toxicidad. Estos factores son responsables de considerables pérdidas económicas tanto para los 

pequeños agricultores como para los productores de commodities como la soja, entre otros. Además, 

estos daños pueden verse potencialmente agravados por los efectos de los cambios climáticos globales 

recientes y, por lo tanto, mitigarlos es un desafío importante para la comunidad científica. El foco 

principal de las investigaciones cubiertas en este libro electrónico es comprender los mecanismos de 

defensa / tolerancia contra el estrés abiótico en las plantas y presentar tecnologías y prácticas de manejo 

que permitan aumentar la tolerancia de las plantas a estos estreses abióticos. 

Se abordan temas relacionados con la identificación de cultivares de soja tolerantes a la sequía y 

el manejo de la salinidad y la restricción hídrica en cultivos de soja, maní y pepino. También se sugiere 

la tolerancia de las plantas de frutos secos a la toxicidad del aluminio (Al3 +), la tolerancia de cuatro 

especies hortícolas al estrés por calor causado por las altas temperaturas y la tolerancia de los mutantes 

del trigo al estrés por sal. El área de recursos naturales muestra los efectos fitotóxicos de los metales 

pesados en las plantas cultivadas y el estrés ambiental causado por los incendios en la región del Cerrado. 

Por tanto, este conocimiento aportará mucho a sus lectores que buscan promover mejoras cuantitativas 

y cualitativas en la producción de alimentos y, o mejorar la calidad de vida en la sociedad siempre en 

busca de la sostenibilidad del planeta. 

A los autores de los distintos capítulos, por su dedicación y esfuerzo irrestricto, que hizo posible 

este trabajo, que retrata los recientes avances científicos y tecnológicos en las áreas de ecofisiología de 

la producción vegetal y conservación de los recursos naturales y el medio ambiente, gracias a la 

Organización y a Pantanal Editora. 

Finalmente, esperamos que este libro electrónico pueda colaborar e instigar a más estudiantes e 

investigadores en la búsqueda constante de nuevas tecnologías. De esta forma, se garantiza una fácil y 

rápida difusión del conocimiento a la sociedad. 

 

Fábio Steiner 
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Capítulo V 

 

Aluminum toxicity inhibits growth and nutrient uptake 
in physic nut plants 
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INTRODUCTION 

Physic nut (Jatropha curcas L.) is a native species to tropical America and belongs to the family 

Euphorbiaceae. This species is widely distributed in tropical areas, both wild and cultivated, in Central 

and South America, Africa, India, Southeast Asia and Australia (King et al., 2009). In the last years, it 

has received special attention due to its high seed oil content and quality, which can be converted into 

biodiesel by the industry (Arruda et al., 2004; Kumar; Sharma, 2008). 

Physic nut grows in environments with constraining conditions, such as reduced rainfall, high 

temperatures, poor soil conditions, where most of the agriculturally important plant species are not able 

to grow satisfactorily (Francis et al., 2005). However, to achieve high yield levels, plant requires fertile 

soils and good physical conditions (Kumar; Sharma, 2008). According to Arruda et al. (2004), in acid 

soils with pH below 4.5, roots of physic nut do not grow. Thus, the acidity correction and soil fertility 

are critical for success and profitability in this culture (Laviola; Dias, 2008; Souza et al., 2011). This 

finding becomes even more relevant because the main producing regions of physic nut in Brazil are 

located in acid soils, characterized by low base saturation and high aluminum (Al3+) levels, sufficient to 

alter the optimal growth of many species of cultivated plants. 

Aluminum toxicity is considered one of the main factors limiting plant growth in acidic soils of 

tropical regions, mainly by inhibiting root growth (Giannakoula et al., 2008). In Brazil, toxic levels of 

aluminum are present in 60% of areas with agricultural potential (Sánchez; Salinas, 1981). Thus, 

                                                             
1 Curso de Agronomia, Universidade Estadual de Mato Grosso do Sul (UEMS), Rod. MS 306, km 6,4, CEP 795400-000, 

Cassilândia, MS, Brasil.  
* Autor de correspondência: steiner@uems.br. 
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knowledge and selection of species less susceptible to the deleterious effects of aluminum is an 

alternative to the deployment of crops in agricultural areas with these conditions of fertility. 

Several studies have been conducted using nutrient solutions to determine the Al tolerance of 

perennial species (Braccini et al., 1998a; Dantas et al., 2001; Tecchio et al., 2006; Mattiello et al., 2008; 

Macedo et al., 2011; Lana et al., 2013). Aluminum toxicity manifests initially as a reduced rate of root 

elongation after contact with a solution containing Al (Hartwig et al., 2007), and drastic reduction in 

shoot growth (Beutler et al., 2001). Phytotoxic effects of Al on roots include reductions in dry matter 

yield, the number and length of lateral roots, and root area, which are often associated with increases in 

the mean root diameter and root volume (Barceló; Poschenrieder, 2002; Hartwig et al., 2007). The 

damage to the root system results in exploitation of a smaller volume of soil by the plants and losses in 

nutrient uptake and utilization of soil water. Research results have shown that Al negatively affects the 

uptake of essential nutrients such as phosphorus (P), calcium (Ca) and magnesium (Mg) (López-Bucio 

et al., 2000). 

Studies with castor beans, species also belonging to the family Euphorbiaceae, reported high 

sensitivity of this species to the presence of exchangeable Al in soil (Lima et al., 2007). Studies of physic 

nut plants are still rare and inconclusive. Macedo et al. (2011) found that the presence of Al in nutrient 

solution affected only the root growth of physic nut plants, and had no effect on shoot growth. 

However, in this study, plants were grown in the presence of Al for only seven days and, because physic 

nut is a perennial species, responsiveness to environmental change is slow. Thus, the deleterious effects 

resulting from Al toxicity may have been minimized. An improved understanding of physic nut Al 

tolerance is essential in order to adopt competitive strategies for improving crop production.  

The present study analyzes the effect of aluminum on growth and uptake of P, Ca, Mg and Al 

on young physic nut plants grown in nutrient solution. 

 

MATERIAL AND METHODS 

The experiment was carried out under greenhouse conditions, where the environmental 

conditions were minimum and maximum mean air temperature of 18 and 34ºC, respectively; mean air 

relative humidity of 65%. Jatropha curcas L. seeds, collected directly from the treetop of a plant population 

in Eldorado, Mato Grosso do Sul State, Brazil, were previously selected considering the seed size and 

weight. Afterwards, seeds were germinated in sand. Twelve days after germination in sand, seedlings 

were transferred to plastic pots (2.5 L), containing Hoagland and Arnon (1950) nutrient solution (pH 

6.0) with one-quarter strength in the first week and full strength thereafter. 

After fourteen days of adaptation to nutrient solution, plants were exposed to Al concentrations 

of 0, 370, 740, 1,100 and 1,480 μmol L–1, corresponding to an active Al3+ solution, estimated by the 
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software Visual MINTEQ 3.0 (Gustafsson, 2020) of: 13.3, 35.3, 90.0, 153.3 and 220.7 μmol L–1, 

respectively. Aluminum was added in form of AlCl3.6H2O. The pH of the solution (4.1 ± 0.1) was 

monitored daily, and adjusted when necessary using 0.5 mol L–1 NaOH or 0.5 mol L–1 HCl solutions. 

During the experiment, the nutrient solutions, under constant aeration, were changed every 15 days and 

the volume in each pot was complemented daily with deionized water. 

After 75 days exposure to Al3+, the plants in all treatments were harvested and separated into 

roots, stems, and leaves. The plant parts were removed carefully and washed with deionized water, dried 

for four days at 65 ºC, and then weighed. The root and shoot lengths were measured (centimeter plant) 

using meter scale. The leaf area (LA, dm2 plant–1) was determined using the following equation proposed 

by Severino, Vale and Beltrão (2007): LA = 0.84 (L × W) 0.99, where L and W are leaf length and width, 

respectively. The leaf, stem and root material was ground, digested in nitric-perchloric acid, and the Ca 

and Mg content was determined by flame atomic absorption spectrophotometry, and P content was 

determined by colorimetry at 725 nm wave length, as previously described (Malavolta et al., 1997). 

Aluminum content was determined by spectrophotometry with Eriochrome cyanine R, as described by 

Miyazawa et al. (1999). The amount of Al accumulated in leaf, stem and root was calculated from the 

dry mass of each plant part and its Al content in dry matter. 

The experiment was arranged in a completely randomized design with five replicates (an 

individual pot containing one plant represented one replicate). Data were subjected to analysis of 

variance (ANOVA); regression analysis was carried out by F test for variables that presented a 

significant difference (p < 0.05) between treatments. The significant equations with the greatest 

determination coefficients were adjusted. All analyses were performed using SigmaPlot 11.0 software 

for Windows (Systat Software, Inc., San Jose, CA, USA). 

 

RESULTS AND DISCUSSION 

The plant shoot growth of physic nut was negatively affected by the presence of Al (Figure 1). 

Increasing levels of Al3+ activity in solution linearly decreased the plant height, leaf area and dry matter 

production. The phytotoxic effect of this metal in plant development was reflected in the lowest shoot 

growth at the highest level of active Al3+ in solution. According to Beutler et al. (2001), among the 

effects of Al3+ toxicity on shoots was a reduction in the height and dry matter production of plants. 
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Figure 1. Effects of aluminum activity in nutrient solution on plant height (A), leaf area (B) and shoot 

dry matter (C) of young physic nut (Jatropha curcas L.) plants. Measurements were taken after 75 days of 

exposure to stressful conditions. Data refer to mean values (n = 5). **: statistical significance at 1% by 

F test. Source: The authors. 

 

In coffee (Braccini et al., 1998a) and apple (Dantas et al., 2001) plants, one of the main effects 

of Al in the shoot was the shortening of internodes, resulting in plants with reduced height. In this 
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study of physic nut plants, plant height was the characteristic of shoots that was least affected, with a 

54% decrease when comparing plants exposed to solutions of 13.3 and 220.7 μmol L–1 active Al3+ 

(Figure 1a). For leaf area and shoot dry matter, this decrease was 64% and 76%, respectively, when 

comparing plants exposed to 13.3 and 220.7 μmol L–1 of Al3+ (Figure 1b, c). Our findings are similar to 

those reported for apple rootstocks (Tecchio et al., 2006), where reductions of 65% in leaf number, 

81% in plant height, and 85% in the dry matter of shoots were observed at 1.110 μmol L–1 Al in nutrient 

solution after 75 days. 

The root length (Figure 2a) and root dry matter (Figure 2b) of physic nut decreased progressively 

with increasing levels of Al3+ activity in solution. When the plants were exposed to active Al3+ of 153.3 

and 220.7 μmol L–1, there was practically no root growth. The percentage reduction in root length and 

root dry matter was 74% and 57%, respectively, when comparing the growth of plants exposed to active 

Al3+ of 13.3 and 220.7 μmol L–1 (Figure 2a, b). A major reported effect of Al3+ is the inhibition of root 

growth, where roots become short and thick (Barceló; Poschenrieder, 2002). This feature, incidentally, 

serves as the best indicator to assess the tolerance of a species to Al in nutrient solution.  

However, a tolerance index based only on root elongation may not be the best indicator of Al 

tolerance (Massot et al., 1992). The growth of shoots should be considered since damage to the root 

system may result in reduced shoot growth. In agreement with this, Braccini et al. (1998a) found that 

the percentage reduction in the dry mass of shoots and roots were more appropriate characteristics to 

classify the genotypes of coffee according to Al tolerance. They also reported that when a reduction in 

the dry mass of shoots and roots was greater than 40%, the genotype in question was classified as 

sensitive to Al. Based on these data and the results presented here, we infer that the genotype of physic 

nut plants used in this study is sensitive to Al toxicity. Another species belonging to the same family 

(Euphorbiaceae) as physic nut, the castor bean (Ricinus communis), is also extremely sensitive to Al (Lima 

et al., 2007). 

Plants exposed to the higher active Al3+ levels (153.3 and 220.7 μmol L–1) showed characteristic 

symptoms of Al toxicity. The young leaves were small, chlorotic, with small necrotic spots on the 

border, and with the typical appearance of winding. On the other hand, the older leaves had marginal 

chlorosis, which progressed to the center of the lamina. In roots, the symptoms of Al toxicity were 

quite evident, manifested by a delay and/or an inhibition of lengthening of the main shaft, thickening 

of the tips of the roots, reduction of the number of lateral roots, and yellowing of the roots. These 

symptoms of Al toxicity in the leaves and roots of physic nut were similar to those reported in coffee 

plants (Braccini et al., 1998a). 

 



PLANT ABIOTIC STRESS TOLERANCE 

- 74 - 

0 50 100 150 200 250

L
en

g
th

 o
f 

lo
n
g

es
t 

ro
o

ts
 (

cm
)

0

20

40

60

80

y = 17.68 + 77.26e
-0.0336x

R
2
 = 0.98**

A

 

Aluminum activity in solution (µmol L
-1

 of Al
3+

)

0 50 100 150 200 250

R
o

o
t 

d
ry

 m
at

te
r 

(g
 p

la
n

t-1
)

0

5

10

15

20

25

30

35
B

y = 13.34 + 34.50e
-0.0516x

R
2
 = 0.98**

 

Figure 2. Effects of aluminum activity in nutrient solution on the length of longest roots (A) and root 

dry matter (B) of young physic nut (Jatropha curcas L.) plants. Measurements were taken after 75 days of 

exposure to stressful conditions. Data refer to mean values (n = 5). **: statistical significance at 1% by 

F test. Source: The authors. 

 

In general, the deleterious effects of Al are most evident in the roots and can be attributed to 

the low mobility of this metal in the plant (Massot et al., 1992). The damage to the structure of roots – 

an increase in diameter and a decrease in the permeability of root cells – accentuates the deleterious 

effects of Al on the root system (Barceló; Poschenrieder, 2002). Moreover, as the roots are the organs 

in direct contact with the nutrient solution, they are more likely to be affected by stressful factors in this 

environment. The effects of Al on roots are well documented in the literature, and the reduction in root 
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growth (elongation and cell division) of susceptible species has been considered the main effect of toxic 

levels of Al (Mengel; Kirkby, 2001). Consistent with this interpretation, Samac and Tesfaye (2003) found 

that the primary site of the toxic action of Al is the distal part of the transition zone at the apex of the 

roots, where the cells are entering the elongation phase. Inhibition of root growth is the most visible 

symptom of Al toxicity in plants (Samac; Tesfaye, 2003; Hartwig et al., 2007).  

These morphological anomalies and the damage to root systems result in the exploration of a 

reduced volume of soil by plants, with consequent losses in nutrient uptake and soil water utilization. 

As a result, the ability of plants to acquire nutrients in the presence of Al, especially P, Ca and Mg, has 

been interpreted as differing tolerances to this metal between plant species (Braccini et al., 1998b; 

López-Bucio et al., 2000). 

Increasing the active Al3+ in solution decreased the concentration of P in the leaves of physic 

nut (Table 1). There was an average reduction in P levels of 52% between plants exposed to 13.3 and 

220.7 μmol L–1 of Al3+. In roots, the P content was not affected by the presence of Al (Table 1). The 

higher P content measured in the roots of physic nut (Table 1) is due to the fact that the Al precipitates 

with the P in root apoplast, reducing translocation to shoots (Giannakoula et al., 2008). Studies suggest 

that this interaction occurs in the cell wall and outside the cell plasma membrane of the root cap 

(McCormick; Borden, 1974), or in the vacuole of the root cells (Macklon; Sim, 1992). Furthermore, Al 

can reduce the solubility of P, making it less available to plants (Pavan; Bingham, 1982). 

Increased active Al3+ in solution reduced the Ca and Mg contents in leaves and roots of physic 

nut (Table 1). There was an average reduction in Ca and Mg content of 33% and 39% in leaves, and 

42% and 37% in roots, respectively, when comparing the plants exposed to 13.3 and 220.7 μmol L–1 of 

Al3+. The lower Ca and Mg content in plant tissues in the presence of Al is due to both ions competing 

for binding with Al to the active site of ion channels involved in the absorption process (Malavolta et 

al., 1997). However, inhibition of Ca2+ and Mg2+ influx into the cell by Al3+ is rapid and reversible. The 

Ca2+ channels in the plasma membrane of root cells are very sensitive to Al. This block may be involved 

in Al toxicity to plants, and it may contribute to a disruption of intracellular Ca2+ homeostasis (Kochian 

et al., 2004). 
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Table 1. Effects of aluminum activity in nutrient solution on the phosphorus, calcium and magnesium 

content of the leaves and roots of young physic nut (Jatropha curcas L.) plants. Data refer to mean values 

(n = 5). 

Aluminum 

activity 

Phosphorus 
 

Calcium 
 

Magnesium 

Leaf Root Leaf Root Leaf Root 

µmol L–1 of Al3+ -------------------------------------------------- g kg–1 ----------------------------------- 

  13.3 3.42 5.27  30.31 14.36  7.53 5.56 

  35.3 2.85 6.71  31.71 12.82  7.14 5.75 

  90.0 2.26 5.73  28.32 10.75  6.71 5.46 

153.3 1.97 5.49  25.06   9.26  5.27 4.12 

220.7 1.63 5.58  20.19   8.34  4.58 3.48 

Mean 2.43 5.76  27.12 11.10  6.25 4.87 

F test ** ns  ** **  ** * 

Regression L ns  L L  L L 

CV (%) 9.4 12.6  8.7 9.2  6.4 8.8 

ns: not significant. * and **: statistical significance at 5% and 1%, respectively, by F test. 1%. L: linear equation. CV: 

coefficient of variation. 

Aluminum content was highest in roots, followed by leaves and stems (Table 2). Increasing 

levels of active Al3+ in solution led to increased Al content in leaves, stems, and roots of physic nut 

plants (Table 2). Al accumulation in leaves, stems and roots was similar in all Al treatments, differing 

significantly only from the treatment without addition of metal. 
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Table 2. Effects of aluminum activity in nutrient solution on the aluminum content and accumulation 
of the leaves, stems and roots of young physic nut (Jatropha curcas L.) plants. Data refer to mean values 
(n = 5). 

Aluminum 

activity 

Aluminum content 
 

Aluminum accumulated 

Leaf Stem Root Leaf Stem Root 

µmol L–1 of Al3+ ------------ mg kg–1 ------------  ------------------ mg plant–1 ------------------- 

  13.3    46.8   13.5    890    2.35  (7.8)† 0.44  (1,5)   27.4  (90.8) 

  35.3 162.9   60.9 5,728  7.81  (6.7) 1.79  (1,5) 107.4  (91.8) 

  90.0 199.5   80.5 6,575  7.80  (7.4) 1.62  (1,5)   95.3  (91.0) 

153.3 302.9 179.7 7,398  6.92  (6.3) 2.38  (2,2) 100.0  (91.5) 

220.7 425.3 316.9 8,521  5.87  (5.1) 2.99  (2,6) 106.5  (92.3) 

Mean 227.5 130.3 5,822  6.15  (6.4) 1.84  (1,9)   87.3  (91.6) 

F test ** ** **  * ** ** 

Regression L L Q  Exp L Exp 

CV (%) 13.7 11.5 9.6  14.8 11.5 18.5 

* and **: statistical significance at 5% and 1%, respectively, by F test. L: linear equation. Q: quadratic equation. Exp: 

exponential equation. CV: coefficient of variation. † Values in parentheses represent the percentage of Al accumulated in 

each part of the plant (leaf, stem, and root) in relation to the total amount accumulated in the plant. 

 

Aluminum accumulated preferentially in the root system of physic nut plants (Table 2). On 

average, only 8.3% of total Al accumulated by plants was transported to the shoot – long-distance 

transport. These results confirm the general finding that Al accumulation occurs preferentially in the 

root system of plants (Massot et al., 1992; Mattiello et al., 2008). This accumulation may explain the 

deleterious effect of Al on the growth of the physic nut roots reported in this study. The retention of 

Al in the roots, preventing its transport to the shoot of the plant, can be an important factor for Al 

tolerance in plants, by preventing the deleterious effects of this metal in other organs. 

 

FINAL CONSIDERATIONS 

Physic nut shoot and root growth progressively decreased with increasing Al3+ activity in 

solution, and plants showed morphological abnormalities typical of injury caused by this metal at the 

two highest Al levels. Increasing active Al3+ levels reduced P concentrations in leaves, and Ca and Mg 

in leaves and roots of physic nut, demonstrating the effect of Al on the uptake, transport and use of 
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these nutrients by plants. Aluminum accumulated preferentially in the roots of physic nut, whereas only 

a small amount was transported to shoots. 
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