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INTRODUCTION
Soil acidity results in declining crop production all over the world (Samac and 

in the world (Kochian et al
has increased to 4 billion hectares and importantly 178 million hectares were 

et al
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ABSTRACT

and subtropical regions where agriculture is the dominant business. Soil acidity, 

the critical constraints limiting crop production on these acid soils. Research on 
acid-tolerance mechanisms of soil grown plants will have important implication in 
facilitating soil and crop management in the tropical and subtropical regions. Soil 

is common due to solubilisation of Al
symptom of Al

highly acid soils. Low pH stress facilitates H

P availability in these soils. Different Al tolerance mechanisms such as an increase 

apoplast are discussed in this review. This review concludes that P may play an 
important role in Al tolerance. Thus, understanding acid tolerance mechanisms 
in soil grown plants has important implications for sustainable agriculture in the 
tropical and subtropical regions. This review suggests that introduction of Al-
tolerant crops in acid soils will improve crop production in these soils. 

Keywords:  Organic acid exudation, Al and P interaction, apoplast, plant                  
       tissue tolerance.



Al becomes solubilised in low pH soils that results in increased activity of 
Al  ions (Hoekenga et al. 

 et al  et al
Little work has been done on acid-tolerance mechanisms on soil-grown plants 

(Ishikawa et al.
culture show largely different results in soils (Ishikawa et al. et al. 

et al
Understanding soil chemistry and plant-soil interactions in acid soils is 

useful for making sound and cost-effective decisions to manage soil acidity. Thus, 

Al-tolerance mechanisms and a possible role of P in Al tolerance mechanisms.

THE CHEMISTRY OF SOIL ACIDITY

agricultural practices (Bolan et al.
the release of protons (H

Thus, inputs of H  ions, changes in soil C, N and S can have adverse impacts when 
soils are unable to buffer against pH decrease (Mason et al.

 ions. This 
H - -

4 -S by 
4  and 

- with charge-balancing basic cations (Ca , Mg , K  or Na
H

4
of NH4  or N  occur in plants, H

 ions are then separated from the rhizosphere soil and move to bulk 
soil, due to accumulation of organic N in the rhizosphere soil. This accumulation 

anions. As more organic N accumulates in the rhizosphere soil, acidity increases, 

NH
the N input is added in the form of  NH4  by the application of ammonium based 
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for soil acidity. The Al has a high ionic charge and a small crystalline radius, 
which confers it a level of reactivity that is unmatched by other soluble metals. 

 Al Behaviour in Soil

scheme of Al forms in soil can be shown as below:
 

, 

Effect of pH on Al Species
Below pH 5, Al is the main source of H  due to dissociation of Al from clay 

6 ], 
.

 Al

Each reaction releases H  and regenerates the Al  ions enabling further 

concentration of Al  decreases with increasing pH,  and Al(H 6  undergoes 

solutions, polynuclear forms of Al, contain more than one Al with the most 
4Al (H , referred to as 



4

Al 4
-, that is, aluminate ions are 

Phosphorous chemistry in acid soils can be affected by some physico-chemical 

and interactions with other ions. These processes/properties are described below:

Precipitation

(Sanchez et al. 

the adsorption process. The adsorption process is regarded as the accumulation 

reaction of phosphate ions in soil solution at the surface of soil constituents, 

as the principal mechanism by which P is adsorbed to variable-charge surfaces of 

Fig. 1
P becomes less available due to the molecular rearrangement of the adsorbed P. 

crystalline Al phosphate is considered completely unavailable for plant growth.

 
Fig. 1: Mechanism of P adsorption on Al oxide surface
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Effect of pH on P Availability

et al.
(Bowden et al.
concentration of P in the soil solution that is controlled by precipitation reactions 

et al.
availability of P also through increased P sorption reaction.

et al.

of P in soils characterised by cracking clays, where Al and Fe dominate. The P 

alkaline soils due to Fe, Al and Ca is shown in Fig. 2.

Interaction between Soluble Al and P Availability in Acid Soils
The addition of soluble phosphates to acid soils reduces the soluble Al (Brown et 
al.
acid to neutral. This could be due to high amounts of Al available in acid soils 
as compared to neutral soils that help to increase P availability in neutral soils 

availability of soluble Al. The Al phosphate forms surface coatings on particles of 
Al compounds that would have otherwise dissolved in highly acid soil. Thus the 

In many acid soils, P is concentrated at the surface of the soil while a high 

      (Source : CSIRO 2006)

Fig
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IMPACT OF SOIL ACIDITY ON PLANT GROWTH

, Mn  and 
H
further in the following sections.

Al Toxicity

et al.

solution affect root cell division and the ability of the root to elongate. This results 

et al.
(Fig. 3
sensitive to Al and accumulate Al easily. Greater physiological damage occurs 

(Source: Delhaize and Ryan 1995)

Fig. 3: Healthy root tip (left) compared to a root tip affected by Al toxicity (right). 
Photograph taken for healthy root tip on Al-tolerant (ET8) and affected root tip on Al-
sensitive (ES8) wheat genotypes that differ at the Alt1 locus. The seedlings were grown 

3 2 at pH 4.3 
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within meristematic and root cap cells, as well as a disruption of dictyosomes and 
their secretory function (Poschenrieder et al.

interactions within the cell wall, the plasma membrane or the root symplasm 

with the cell wall and be absorbed in the root cell wall by the negative charges 

stunting, small, dark green leaves and late maturity, purpling of stems, leaves and 
leaf veins, yellowing and death of leaf tips (Bouma et al.
is due to Al dislocation of the plant P metabolism. The occasional observation 

Oryza sativa
(Triticum aestivum Sorghum bicolor 

in leaves, reduced stomata opening, decreased photosynthetic activity, chlorosis 
and foliar necrosis (Vitorello et al.

Mn Toxicity

occur in acid soils (Delhaize et al.
et al.

soils (Sumner et al.

with the effect being pronounced in shoots. Shoot growth becomes stunted and 

crinkling or cupping of shoots and splotches of chlorotic tissue (Alam et al. 

understood. Horst et al
 et al.

tolerance. They also suggested that more detailed studies with emphasis on very 
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Low pH

acid soils (Kinraide et al.
root growth (Yang et al
tissues that result in poor plant growth (Rangel et al.
to understand H
more tolerant to H  stress in acid soils. At a low pH, the H  ions themselves are 

root membranes. Low pH activates rapid H
et al.

distal elongation zones in terms of H
which might contribute to the differential mechanisms of plant adaptation to acid 
soils (Bose et al.

Species or Genotypic Variation in Response to Soil Acidity
Tolerance to soil acidity varies across plant species and between genotypes of 
a same species. Some plant genotypes or species have evolved mechanisms to 
tolerate Al stress (Fukuda et al. et al.
wheat varieties collected from acid-soil regions are more likely to be Al tolerant 
than those collected from regions with natural or basic soils. Thus, the differences 
in Al tolerance among species and between genotypes are important to develop 
varieties that are suitable for cultivation in acid soils (Yang et al.

MECHANISMS OF AL TOLERANCE

changes in rhizosphere pH and plant tissue tolerance to Al.

Exudation of Organic Acid Anions

tolerance mechanisms. More than twelve Al-tolerant plant species are known to 

treatments from Al-tolerant plant species (Ma et al
malate are some of the commonly released organic acid anions (Ma et al.

Zea mays et al.
Fogopyrum esculentum et al. 

et al., 

Al (Guo et al
et al

et al
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study on protoplasts prepared from wheat roots showed that Al  activates an 
anion channel in the plasma membrane which is permeable to malate (Ryan et al. 

that differed in Al tolerance at a single genetic locus, Al  was found to activate 

et al. 

treatment by the activation of an anion channel on the plasma membrane (Pineros 

Increase in Rhizosphere pH
et al

et al.
 et al - and H  are transported across the 

plasma membrane in the root tips of wheat to maintain rhizosphere pH, and to alter 

et al
in rhizosphere pH occurs in Al-tolerant wheat cultivar, Atlas 66, compared to Al-
sensitive wheat cultivar, Brevor. 

 and have an 
-

not. This difference may relate to their genotypic tolerance to Al.

Tissue Tolerance
There is evidence that Al tolerance is associated with plant tissue tolerance to Al. 
Some plant species that can accumulate Al to high levels in the shoot appear to be 

et al.
-1 in leaves when grown on an 

et al.
genotype, Barbela
the Al-sensitive wheat genotype, Anahuac
reported that Al-tolerant wheat cultivars accumulate more Al in its root than Al-
sensitive wheat cultivar. 

tissue Al tolerance in wheat is metabolism-dependent. Poschenrieder et al.
speculated that the accumulation of Al in shoot occurs in cell wall or in leaf vacuoles. 
Likewise, Haridasan et al.

accompanied by their disintegration may allow the surrounding tissue to survive 



Role of Apoplast in Al Tolerance

(Poschenrieder et al
accumulates in roots corresponds to Al in this apoplastic space (Heim et al.

 is the 
et al et al

found that differences in cell wall pectin and its degree of methylation contribute 
to genotypic differences in Al tolerance in maize in addition to the release of 
organic acid anions discussed above. In addition, Horst et al

contributes to Al tolerance.

As discussed above, P  forms insoluble compounds with soluble Al. Thus, application 

P and Al Reactions in Acid Soils 
The most common Al and P reaction in acid soils is precipitation (Iyamuremye 

in acid soil (Gallardo et al

et al.

Role of P on Al Tolerance Mechanisms in Plants 

the presence of P. These include utilization of P as a nutrient, immobilization of Al 

Al-P interactions in the root apoplast.

(Akinrinde et al.

under Al-stress conditions appear to stimulate P uptake, enabling survival in Al-

The P nutrition may affect tolerance to Al through changes in cation-anion 
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cation uptake tended to increase with decreasing P supply and at a high Al stress. 
This causes Al-induced changes in root morphology and rises to higher root proton 

Immobilization of Al by P within the root tissue is one of the Al-tolerance 
 et al.

Al in the roots of Al-tolerant cultivar, Jiangxi, were higher than the Al-sensitive, 
Shanxi cultivar. They also found that more Al had localized in the cell walls of 
Jiangxi than the Shanxi cultivar. They suggested that immobilization of Al in the 
root with P may contribute to the genotypic differences in buckwheat. Similarly, 
Gaume et al.

Insoluble Al-P precipitates can accumulate on the root surface and in the cell 

et al.
higher P uptake in the presence of Al relative to the Al-sensitive genotype, IT89KD-

climatic conditions for a period of 8 days. They postulated that Al, in the presence 

et al.

4, might be helpful in retarding the uptake of Al 
into the cytosol. Thus, P may be involved in Al-tolerance mechanisms through 

precipitation of Al in the roots, but also through Al-P interactions in the root 
apoplast or even at the root cell plasma membrane. An earlier study conducted 

4 reaction occurs at the root 
surface. They also suggested that adsorption reaction between Al and P occurred 

et al
that Al and P interaction may occur in the root apoplast of Al-tolerant buckwheat 

et al

CONCLUDING REMARKS AND RESEARCH GAPS

At low pH, Al becomes solubilized in soil solution and Al  activity is high. 
This Al  primarily decreases root proliferation of plants that result in poor root 

introduction of acid-tolerant crops is necessary for optimal crop production in 
acid soils.



Plant genotypic characteristics are involved in plant tolerance to Al (Kochian 
et. al.

tolerance to Al. Phosphorous appears to play a role in improving Al-tolerance 
in plants. However, little is known about the mechanisms by which P alleviates 

interactions between P and Al in an attempt to improve understanding of Al-
tolerance in plants.
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