The effects of aluminum-phosphorus interactions on plant growth in
acidic soils

Submitted by

Md. Toufiq Iqbal
B.Sc in Agril. Engg.; M.S in Farm Power and Machinery; Av. Dip. in Agril. Env. Protection

A thesis submitted in total fulfilment
of the requirements for the degree of
Doctor of Philosophy

Department of Agricultural Sciences
School of Life Sciences
Faculty of Science, Technology and Engineering

La Trobe University
Bundoora, Victoria 3086
Australia
March 2011

TABLE OF CONTENTS
Pages
Table of Contents ………………………………………………………………………………

ii

List of Publication……………………………………………………………………….............. viii
List of Tables ……………………………………………………………………………............. ix
List of Figures ………………………………………………………………………………….

x

Summary..…..……………………………………………………………………………............. xii
Statement of Authorship………………………………………………………………………... xiii
Acknowledgements …………………………………………………………………………….... xiv
Dedication………………………………………………………………………………………... xv
Chapter 1

General introduction…………………………………………………………….... 1

1.1

Background of the study ………………………………………………………….... 2

1.2

Soil acidity problem for crop production.. ……………………………………….... 2

1.3

Tolerance of plants to soil acidity………………….. ………………………........... 3

1.4

Effect of P on Al tolerance mechanisms in plants grown on acid soils…….............. 3

1.5

Aims of the research……… ……………………………………………………….. 4

Chapter 2 Review of literature………………………………………………………………..... 5
2.1

Introduction …………………………………………………………………........... 6

2.2

The chemistry of soil acidity……………………………………………………….. 6

2.3

2.2.1

Soil acidification process…………………………………………………..

6

2.2.2

Aluminum chemistry in acid soils…………………………………………

7

2.2.3

Phosphorus chemistry in acid soils………………………………………..

8

Impact of soil acidity on plant growth……..………………………………………. 11
2.3.1

Al toxicity…………………………………………………………….......... 11

2.3.2

Mn toxicity…………………………………………………………………

2.3.3

Low pH………………………………………………………………........... 13

12

2.4

Species or genotypic variation in response to soil acidity……..…………………... 13

2.5

Mechanisms of Al tolerance………………………………………………………... 14
2.5.1 Exudation of organic acid anions………………....………………………….. 14
2.5.2 Increase in rhizosphere pH…………………...……………………………..... 14
2.5.3 Tissue tolerance……………....……………………………………………..... 15

2.6

Role of apoplast in Al tolerance…………………………………………………..... 15

2.7

Management of soil acidity……………………………………………………….... 16
2.7.1 Chemical amelioration………………………………………………….......... 16

ii

2.7.2 Biological amelioration……………………………………………………..... 17
2.7.3 Growing tolerant crops……………………………………………………….. 18
2.8

Role of P on Al-tolerance mechanisms…………………………………….............. 19
2.8.1 P and Al reactions in acid soils………………………………………... …..... 19
2.8.2 Role of P on Al tolerance mechanisms in plant …………………………....... 19

2.9

Concluding remarks and research gap…………………………………………….... 20

Chapter 3: General Materials and Methods…………………………………………………..... 22
3.1

Soils………………………………………………... …………………………….... 23

3.2

Plant materials………………………………………..…………………………….. 23

3.3

Seed germination ……………………………………………………………........... 23

3.4

Plant harvesting and collection procedure of rhizosphere soils……………............. 23

3.5

Plant growth condition in controlled environment..……………………………....... 24

3.6

Morphological analysis of roots ………………………………………………….... 24

3.7

Root and shoot weight…………………………………………………………….... 24

3.8

Stock solution preparation for Al and P source……………………………………. 24

3.9

Mixing techniques of chemicals within soils……………………………………..... 24

3.10

Estimation of bulk density and field capacity............................................................. 25

3.11

pH measurements……………………………………………………………............ 25

3.12

Al measurements………………………………………………………………….... 25
3.12.1 Measurements of soil extractable Al…………………………………........... 25
3.12.2 Collection and measurements of apoplast Al……………………………….. 28
3.12.3 Measurements of Al in plant tissue………………………………………..... 28

3.13

Phosphorus measurements…………………………………………………………. 28
3.13.1 Olsen P in soils…………………………………………………………….... 28
3.13.2 Collection and measurement of P in apoplast……………………………..... 29
3.13.3 Measurement of P in plant tissue………………………………………….... 29

3.14

Quality control……………………………………………………………………... 29

Chapter 4: Effect of Al compound on soil pH and bioavailability of Al in two acid
soils……………………………………………………………………………........ 30
4.1

Introduction …………………………………………………………………........... 31

4.2

Materials and Methods……………………………... ………………………........

32

4.2.1 Soils and basal nutrients ………………………………………………........

32

4.2.2 Al compound ………………………………………………………………..

32

4.2.3 Experimental design and treatments…………………………………………

33

iii

4.2.4 Soil incubation……………………………….. ………………………............ 33
4.2.5 Plant growth………………………………………………………………….. 33
4.2.6 Measurements…………………………………………………………............ 34
4.2.7 Statistical analysis…………………………………………………………...... 34
4.3

Results………………………………….. ……………………….…........................ 34
4.3.1Bulk soil pH, extractable Al and root length of wheat seedlings i
Podosol.............................................................................................................. 34
4.3.2 Root length of Al-tolerant and Al-sensitive wheat seedlings under soil pH
and extractable Al amended by AlCl3 compound…………………………..... 36
4.3.3 Effect of incubation time on soil pH in Podosol and Chromosol……............. 36
4.3.4 Effect of incubation time on soil extractable Al in Podosol and
Chromosol…………………………………………………………………. 37

4.4

4.5

Discussion………………………………………………………………………

39

4.4.1 Effects of Al compounds on soil acidity……………………………….........

39

4.4.2 The effects on incubation time………………………………………………

40

4.4.3 Effect of soil type……………………………………………………………

41

Conclusions………………………………………………………………………

41

Chapter 5: Effect of elevated Al and pH on plant growth and root morphology of Altolerant and Al-sensitive wheat seedlings in an acid soil…………………….... 42
5.1

Introduction …………………………………………………………………... …

43

5.2

Materials and Methods...………………………………………………….…........

44

5.3

5.2.1

Soil and plants ………………………………………………………........... 44

5.2.2

Experimental design and pre-incubation procedure.....…………………….. 44

5.2.3

Seed germination and plant sowing……………………………………….... 44

5.2.4

Plant growth condition…………………………………………………....... 45

5.2.5

Plant harvest ………...…………………………………………………....... 45

5.2.6

Analytical procedure……………………………………………………...... 45

5.2.7

Statistical analysis of data……………………………………………......... 46

Results…………………………………………………………………………….... 46
5.3.1 Effect of AlCl3 and CaCO3 supply on soil………………………………….... 46
5.3.2 Effect of AlCl3 and CaCO3 supply on shoot growth…………………............. 48
5.3.3 Effect of AlCl3 and CaCO3 supply on root growth………………………....... 50
5.3.4 Effect of AlCl3 and CaCO3 supply on the root morphology of the wheat
genotypes…………………………………………………………………...... 52

5.3.5 Effect of AlCl3 and CaCO3 supply on apoplast, root and shoot Al
concentrations and total Al uptake by the seedlings………………....... 54
5.4

Discussion………………………………………………………………………….. 56

iv

5.4.1 Solubility of Al ions and their effect on soil pH………………………........... 56
5.4.2 Genotypic differences due to elevated Al…………………………………..... 57
5.4.3 Genotypic variation to high pH……………………………………………..... 58
5.4.4 Impact of elevated Al on root morphology of wheat seedlings…………….... 59
5.4.5 Accumulation of Al in root apoplast relates to soil available extractable Al..
5.5

60

Conclusions …………………………………………………………………........... 61

Chapter 6: Phosphorus alleviates Al-toxicity in Al-sensitive wheat seedlings ……………..

62

6.1

Introduction ………………………………….…………………………………….. 63

6.2

Materials and Methods……………………………………………………................ 63
6.2.1 Soil and plant…………………………………………………………............. 63
6.2.2 Rationale for selecting Al level………………………………………............. 64
6.2.3 Experimental design and procedure………………………………………...... 64
6.2.4 Plant harvest………………………………………………………………...... 64
6.2.5 Soil analysis………………………………………………………………....... 64
6.2.6 Apoplast P and Al determination…………………………………………...... 65
6.2.7 Plant analysis………………………………………………………………..... 65
6.2.8 Statistical analysis…………………………………………………………..... 65

6.3

Results……………………………………………………………………................ 65
6.3.1 Effect of P and Al supply on extractable Al in bulk soil and bulk soil pH....... 65
6.3.2 Effect of P and Al supply on seedlings growth……………………………..... 66
6.3.3 Effect of P and Al supply on Al concentration in plants…………………....... 67
6.3.4 Effect of P and Al supply on P concentration in plants……………………..... 69

6.4

Discussion………………………………………………………………………...... 70
6.4.1 Response to added P by ES8 seedlings under different Al toxicity regimes.... 70
6.4.2 Sites for the detoxification of Al by added P: in the soil or in the plant roots.. 72

6.5

Concluding remarks. …………………………………………………………… .... 75

Chapter 7: Phosphorus enhances Al tolerance in both Al-sensitive and Al-tolerant wheat
seedlings…………………………………………………………………............... 76
7.1

Introduction ………………………………………………………………………… 77

7.2

Materials and methods……………………………………………………………… 78
7.2.1 Soil and plants………………………………………………………………… 78
7.2.2 Experimental design and procedure………………………………………...... 78
7.2.3 Plant growth condition……………………………………………………...... 78
7.2.4 Plant harvest……………………………………………………….................. 78

v

7.2.5 Collection of rhizosphere soil………………………………………................ 78
7.2.6 Collection and analysis of Apoplast Al …………………………………….... 79
7.2.7 Soil analyses……………………………………………………….................. 79
7.2.8 Plant tissue analyses……………………………………………….................. 79
7.2.9 Statistical analysis…………………………………………………................. 79
7.3

Results……………………………………………………………………………… 79
7.3.1 Effect of Al and P addition on extractable Al and soil pH………………….... 79
7.3.2 Plant growth response……………………………………………………....... 81
7.3.3 Phosphorus concentrations in plants………………………………................. 83
7.3.4 Aluminum concentrations in plants………………………………................... 85

7.4

Discussion………………………………………………………………………….. 87
7.4.1 Al and P dynamics in soil………….………………………………………..... 87
7.4.2 Genotypic variation to seedlings growth response………………………….... 88
7.4.3 Genotypic variation to apoplast Al …………………………………............... 89
7.4.4 Genotypic variation and Al and P concentrations and uptake in wheat
seedlings…………………………………………………………………………..... 90

7.5

Conclusions ……………………………………………………………………….. 91

Chapter 8: Translocated phosphorus does not alleviate aluminum-toxicity in the root
of wheat seedlings……………………………………………………………….. ....................... 92
8.1

Introduction …..…………………………………………………………………..... 93

8.2

Materials and Methods ……………………………………………………………. 94
8.2.1 Soil and plants……………………………………………………………....... 94
8.2.2 Experimental design and treatments……………………………….................. 94
8.2.3 Rationale for experimental treatments……………………………………...... 94
8.2.4 Basal nutrients……………………………………………………………....... 95
8.2.5 Construction of the split-root system……………………………………….... 95
8.2.6 Experimental preparation………………………………………….................. 96
8.2.7 Seed germination and cultivation of wheat seedlings……………………....... 96
8.2.8 Cultivation of plant ………….……………………………………………...... 96
8.2.9 Soil moisture monitoring…………………………………………………....... 97
8.2.10 Plant harvest……………………………………………………………….... 97
8.2.11 Analytical methods……………………………………………….................. 97
8.2.12 Statistical analysis………………………………………………………....... 97

8.3

Results…………………………………………………………………………….... 98
8.3.1 Plant height…………………………………….………................................... 98

vi

8.3.2 Shoot dry weight………………………………………................................... 98
8.3.3 Root dry weight…………………………………………………………......... 99
8.3.4 Root length………………………………………………………………........ 99
8.3.5 Root thickness……………………………………………………………....... 100
8.3.6 Root tips…………………………………………………………………….... 100
8.3.7 Shoot P concentration……………………………………………………….... 102
8.3.8 Root P concentration………………………………………………………..... 103
8.3.9 P uptake per cm of root……………………………………………………..... 103
8.3.10 Apoplast P………………………………………………............................... 103
8.3.11 Total P uptake and P distribution………………………………………….....103
8.3.12 Al concentration in plants…………………………………..………………. 104
8.3.13 Apoplast Al………………………………………………………………...... 105
8.3.14 Total Al uptake and Al distribution………………………………………..... 105
8.4

Discussion…………………………………………………………………………...107
8.4.1 Aluminum detoxification by P in soil……………………………………....... 107
8.4.2 Lack of Al detoxification by added P within plant tissue…..………………... 108
8.4.3 Exposure to Al toxic soil by part of root system stimulates P uptake by other
part of root system …………………………………………………................ 110
8.4.4 Genotypic variation………….... ………………………..………………........ 110

8.5

Conclusions ………………………………………………………………………... 112

Chapter 9: General discussion………………………………………………………………....... 113
9.1

General discussion …………………………………………………………… …....114
9.1.1 Al3+ toxicity damage in ES8 seedlings……………………………………......114
9.1.2 Al3+ detoxifying agent and genotype response …………………………….....115
9.1.3 Al3+ detoxification by soluble P ……………………………............................116
9.1.4 Seedling is a tool and its effect on age for the critical Al level ……………....116

9.2

Implications for this research on Al toxicity……………………………………..... 118

9.3

Recommendation for further research…………………………………………….. 118

Chapter 10: References ………………………………………………………………………... 119

vii

List of Publication
Conference paper:
Iqbal, M.T, Sale, P. and Tang, C. (2010). “Phosphorus ameliorates aluminium toxicity of
Al-sensitive wheat seedlings” in 19th World Congress of Soil Science p.92-95.

viii

List of Tables
Table 3.1

Properties of soils used in different experiments. …………………………………...... 26

Table 4.1

Amount of basal nutrient added in each cup…...…………………………………….... 32

Table 4.2

Summary of treatments and incubation period for this experiment…………………… 33

Table 5.1

Significance level for the main and interactive effect of AlCl3 and genotypes as well
as CaCO3, and genotypes on plant height and shoot dry weight…………………….. 49

Table 5.2

Main-effect means for shoot dry weight and plant heights, for genotype, AlCl3 and
CaCO3 treatments, where the interactions with genotypes were not significant
(P>0.05)……………………………………………………………………………… 49

Table 5.3

Significance levels for the main effect and interaction means for root measurements,
with the genotypes, AlCl3 and CaCO3 treatments……………………………………. 51

Table 5.4

Significance level for the main effect and interaction means for root morphology
measurements with AlCl3, CaCO3 and genotype treatments.......................................... 53

Table 5.5

Significance level for the main effect and interaction means for Al concentrations
and uptake with AlCl3, CaCO3 and genotype treatments.............................................. 55

Table 5.6

Significance level for the main effect and interaction means for Al concentrations and
uptake with AlCl3, CaCO3 and genotype treatments………………………………...... 55

Table 7.1

Significance levels for the main and interactive effect of Al, P and genotypes on
extractable Al in bulk soil, bulk soil pH and rhizosphere soil pH……………………

80

Table 7.2

Level of significance for the main and interactive effect of Al, P and genotypes on
root length, plant height and shoot dry weight after 8 days of growth………………. 81

Table 7.3

Level of significance for the main and interactive effect of Al, P and genotypes on
root P concentration, shoot P concentration and total P uptake……………………… 85

Table 7.4

Level of significance for the main and interactive effect of Al, P and genotypes on
apoplast Al, root Al, shoot Al and total Al uptake………………………………….. 86

Table 7.5

Main effects for Al concentration in roots and total Al uptake in roots and shoots of
the wheat seedlings…………………………………………………………………... 86

Table 8.1

Split-root system with different treatments…………………………………………..... 94

Table 8.2

Composition of stock solutions and basal nutrients added to 1.4 kg soil …………….. 95

Table 8.3

Levels of significance for main effects and interaction terms for plant height, shoot
dry weight, P and Al concentration in shoot and P uptake per unit of root
length……………………………………………………............................................... 98
Level of significance for main effects and interaction terms for root dry weight, mean
root length, root thickness, number of root tips, P concentration in root, apoplast P,
root Al concentration and apoplast Al.……………………………………………… 100

Table 8.4

Table 8.5

Total P uptake by plant, total P uptake in different plant parts of the split-root system
and distribution of P in shoot and roots of two separate compartments……………… 104

Table 8.6

Total Al uptake by plant, total Al uptake in different plant parts of the split-root
system and distribution of Al in shoot and two separate compartments……………… 104

Table 9.1

Effect of the age of ES8 seedlings on the shoot and root growth with 50 mg AlCl3/kg,
expressed as a percentage of the growth with nil AlCl3………………………………
114

ix

List of Figures
Figure 2.1

Mechanism of P adsorption on Al oxide surface………………………................ 9

Figure 2.2

The availability of phosphorus is affected by soil pH…………………………..... 10

Figure 2.3

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……………... 12

Figure 2.4

Al tolerant and sensitive barley grown in two different pH soils………................ 16

Figure 4.1

Effect of aluminium compound (Al(OH)3 and AlCl3) on (a) bulk soil pH; (b)
extractable Al in bulk soil and (c) root length of Al-tolerant (ET8) and Alsensitive (ES8) wheat seedlings grown in Podosol amended with 500 mg/kg
CaCO3…………………………………………………………………………...... 35

Figure 4.2

Changes in mean root length due to increase in (a) bulk soil pH and (b)
extractable Al in bulk soil for the Al-tolerant (ET8) and Al-sensitive (ES8)
wheat seedlings………………………………………………………………….... 36

Figure 4.3

Effect of incubation time on soil pH for (a) Podosol and (c) Chromosol at 0 mg
CaCO3 supply, and (b) Podosol and (d) Chromosol at 2000 mg CaCO3 supply
under different rates of AlCl3 addition…………………………………..............

37

Effect of incubation time on soil extractable Al for (a) Podosol and (c)
Chromosol at 0 mg CaCO3 supply, and (b) Podosol and (d) Chromosol at 2000
mg CaCO3 supply under different rates of AlCl3 addition……………… ...........

38

Figure 4.5

Effect of AlCl3 addition on mean root length of Al-sensitive (ES8) wheat
seedlings grown for 11 days in (a) Podosol and (b) Chromosol………………. .

39

Figure 5.1

Effect of AlCl3 and CaCO3 addition on bulk soil pH (a and b) and extractable
Al in bulk soil (c and d)………………………………………………………..

47

Figure 4.4

Figure 5.2

Relationship between bulk soil pH and extractable Al in bulk soil regarding
AlCl3 and CaCO3 addition. Extractable Al in bulk soil reduced from 1.9 to 0
48
mg/kg, when 130 to 1000 mg CaCO3/kg applied to soil………………………...

Figure 5.3

Effect of AlCl3 and CaCO3 addition on plant height (a and b) and shoot dry
weight (c and d) after 6 days…………………………………………………... .

50

Figure 5.4

Effect of AlCl3 and CaCO3 addition on mean root length (a and b) and root dry
weight (c and d). …………………………………………………………........... 51

Figure 5.5

Effect of AlCl3 addition on root surface area (a) root tip number (b) and
average root diameter (c)………………………………………………………... 53

Figure 5.6

Effect of CaCO3 addition on root surface area (a) root tip number (b) and
average root diameter (c)………………………………………………………... 54

Figure 5.7

Effect of AlCl3 and CaCO3 addition on apoplast Al (a and b)…………………... 56

Figure 6.1

Effect of P supply and AlCl3 addition on (a) bulk soil extractable Al and (b)
bulk soil pH……………………………………………………………………. .

x

66

Figure 6.2

Effect of P supply on (a) root length (b) plant height (c) root dry weight and (d)
shoot dry weight of aluminium-sensitive wheat seedlings grown for 13 d at
67
various levels of AlCl3…………………………………………………………...

Figure 6.3

Effect of P supply on Al concentrations in (a) apoplast, (b) root and (c) shoot of
aluminium-sensitive wheat seedlings of grown for 13 d at various levels of
68
AlCl3…………………………………………………………………………......

Figure 6.4

Effect of P supply on concentrations of (a) apoplast P, (b) root P, (c) shoot P
and (d) total P uptake of aluminium-sensitive wheat seedlings grown for 13 d
70
at various levels of AlCl3. ……………………………………………………….

Figure 7.1

Effect of Al and P addition on (a) extractable Al in bulk soil (b) bulk soil pH
and (c) rhizosphere pH (Data were the mean of Al-sensitive (ES8) and Al80
tolerant (ET8) wheat genotypes)………………………………………………...

Figure 7.2

Effect of Al and P addition on (a) mean root length of ES8 and (b) ET8, (c)
plant height of ES8 and (d) ET8 and (e) shoot dry weight under G×P
82
interaction (f) shoot dry weight under Al×P interaction.......................................

Figure 7.3

Effect of Al and P addition on concentration of P in shoot (a & b) and roots (c
& d) and total P uptake (e & f) of ES8 (a, c & e) and ET8 (b, d & f).Vertical
84
bar represent LSD (P = 0.05) for Al×P×G interaction………………………......

Figure 7.4

Effect of Al and P on (a) apoplast Al of ES8 and (b) ET8…………………….... 85

Figure 7.5

Effect of Al and P on Shoot Al concentration (Data were the average value of
ES8 and ET8)…………………………………………………………………… 87

Figure 8.1

Photographic view of a split-root system, showing two compartments (90 mm
× 90 mm × 180 mm deep) with ET8 (left) and ES8 (right) in Treatment A at 20
96
DAT………………………………………………………………………... …...

Figure 8.2

Height of plants grown under different Al and P treatments in each separate
compartment (a) after 10 days of transplanting (10 DAT) and (b) before harvest
(21 DAT)………………………………………………………………... ……... 98
Responses of (a) shoot dry weight and (b) root dry weight to different Al and P
treatments in each separate compartment……………………………………….. 99

Figure 8.3
Figure 8.4

Root parameters of plants grown in different Al and P treatments in separate
compartments: (a) root length, (b) root thickness and (c) number of root tips … 101

Figure 8.5

(a) Shoot P concentration, (b) root P concentration, (c) P uptake per cm root
length and (d) apoplast P of ET8 and ES8 grown in different Al and P
treatments in separate compartments………………………………………….. 102

Figure 8.6

(a) Shoot Al concentration, (b) root Al concentration and (c) apoplast Al of
ES8 and ET8 grown in different Al and P treatments in separate
compartments………………………………………………………………….. 106

xi

Summary

Understanding acid-tolerance mechanisms is important for developing management strategies to
combat soil acidity. Previous studies on acid-tolerance mechanisms have been conducted mainly
in solution culture. The aim of this thesis is to understand acid tolerance mechanisms in soilgrown plants with an emphasis on how phosphorus (P) ameliorates aluminium (Al) toxicity in
plants. Initially, the effects of Al compound, CaCO3 and incubation time on the concentration of
toxic Al and pH of two acid soils were studied. Two near-isogenic wheat lines, Al-tolerant ET8
and Al-sensitive ES8, were compared for their response to treatments. In the subsequent
experiments, AlCl3 and 7 day incubation were used to vary Al3+ concentrations in Podosol.
Results showed that AlCl3 addition increased but CaCO3 supply decreased concentrations of Al
in the root and its apoplast. In contrast, the supply of P to soil reduced bio-availability of Al3+ in
soil and Al3+ binding capacity in root apoplast. Likewise, P supply decreased Al concentration in
roots and protects Al translocation to the shoot. An experiment using a split-root system showed
that P was involved in Al tolerance of the wheat lines. The P did not appear to alleviate Al
toxicity within the plant tissue and its translocation from the P-adequate root half to the root half
exposed to elevated Al3+ was limited. The ET8 took up more P than ES8 when one root half was
exposed to Al3+ and the other received either adequate or inadequate P. As a result, greater
amounts of apoplast P were accumulated in ES8 than ET8. In addition, ET8 had higher
concentrations of Al in its shoot than ES8. It is concluded that P was involved in acid tolerance of
both Al-tolerant and Al-sensitive wheat through the exclusion of Al from the root and decreased
translocation of Al from roots to shoots.
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General introduction

Chapter 1

Chapter 1

General introduction
1.1 BACKGROUND OF THE STUDY
Crop production will need to increase remarkably over the next 40 years to support an extra two
billion population by 2050 (Ma and Ryan 2010). Soil acidity is a major barrier for this increasing
crop production, as 30% of the world’s land (3,950 million hectares) excluding ice areas is acidic
(Von Uexkull and Mutert 2004). Several strategies have been pursued to manage acid soils.
These include liming, application of phosphorus (P) and organic amendments, increasing
permeability and development of acid-tolerant crops. Liming is not always economically feasible
(Foy 1988) or physically accessible in several crop production systems (Samac and Tesfaye
2003). Incorporation of organic matter has only a temporary ameliorative effect on soil acidity
(Haynes and Mokolobate 2001). Phosphorus deficiency is a major problem in acid soils due to
the generally high P fixation capacity of these soils (Barber 1995). Application of P fertilizer
along with growing acid-tolerant crops may provide an effective approach to combat soil acidity.
A better understanding of the role of P in acid-tolerance helps develop good farming practice for
sustainable crop production on acid soils.

1.2 SOIL ACIDITY PROBLEM FOR CROP PRODUCTION
While soil acidity is a major constraint to crop production, soil acidification is a continuous
process and is accelerated by factors such as acid rain, the excess application of ammoniumbased fertilizers and nitrate leaching (Zheng 2010). The primary limitations for crop production
on acid soils are toxic levels of aluminum (Al) and manganese (Mn), as well as suboptimal levels
of P (Kochain et al. 2004). Of these limitations, Al toxicity has been recognized as a major
constraint for crop production in acid soil (Yang et al. 2005). The toxic Al3+ ions in acid soils
restrict crop production by reducing either the availability of essential nutrients or the
effectiveness of the roots to obtain nutrients and moisture (Tang et al. 2001). Similarly, the
accumulation of toxic Al3+ within the plant tissue affects the plant growth and development in
acid soil (Ritchey et al. 1991). Another limitation is the shortage of P that occurs due to the
decrease in soluble P in the soil in presence of high Al so that P deficiency is often associated
with Al toxicity in acid soil. As a result, both Al toxicity and P deficiency limit crop production
in acid soils (Sanchez et al. 1997). Therefore, it is important to understand how P interacts with
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Al on plant growth in acid soils so that a feasible and cost-effective method to alleviate the
acidity problem may be proposed.

1.3 TOLERANCE OF PLANTS TO SOIL ACIDITY
Plant species and genotypes within species, differ widely in their tolerance to Al (Scott and
Fisher 1989) and so some plant species or genotypes are more able than others to grow on acid
soils. For a plant to tolerate soil acidity, the plant would need to tolerate low pH and high Al
and/or high Mn concentrations in the soil solution. Different Al tolerance mechanisms for plants
have been reported in the literature. These include the exudation of organic acid from roots, the
exclusion of Al from root tips and a high internal tissue tolerance. Although these mechanisms
play a central role for plant tolerance to Al, additional Al tolerance mechanisms in plants have
been identified. Zheng et al. (2005) found that Al-tolerant buckwheat that originated from acid
soils was able to accumulate more P in their roots than Al-sensitive genotypes. This finding
suggests that Al-tolerant buckwheat cultivar could tolerate both Al toxicity and P deficiency
conditions. Similarly, Kochain et al. (2004) suggested that plant tolerance to soil acidity is not
just Al tolerance but also involves the plant enhanced ability to acquire P. Therefore, research
that investigates how P is involved in Al-tolerance mechanisms in Al toxic acid soils may offer
clues for plants to tolerate to soil acidity.

1.4 EFFECT OF P ON Al TOLERANCE MECHANISMS IN PLANTS GROWN ON
ACID SOILS
Application of P to Al toxic acid soil may play an important role in increasing a plant’s tolerance
to Al (Pellet et al. 1997). In soil, Al-P interactions are able to lower the activity of Al3+ within
soil solution (Nakagawa et al. 2003). Whereas, in plant, insoluble Al-P precipitates can
accumulate on the root surface, or in the cell wall, or in the root cells (Taylor 1991) and are
generally considered non-toxic to plants. Similarly, Zheng et al. (2005) proposed that buckwheat
can improve Al tolerance by Al-P precipitation in the root apoplast. They also suggested that
plant tolerance to Al might be related to the immobilization and detoxification of Al by P in the
root tissue. Likewise, Rowell (1988) found that P translocates internally within root and
detoxifies Al3+ in root tissue. In addition, McLaughlin and James (1991) speculated that P may
affect plant tolerance to Al through changes in the cation-anion balance within plant tissue. All of
these findings or speculations or suggestions indicate that P plays a role in a plant’s tolerated to
Al. Thus, a better understanding of the effect of P on plant Al tolerance to acid soil is required to
know how P is involved in Al-tolerance mechanisms.
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1.5 AIMS OF THE RESEARCH

Most of the studies on Al-tolerance mechanisms have been conducted in nutrient solutions and
rooting media which are substantially different from the soil. The primary Al tolerance
mechanisms in soil-grown plants are not fully understood. Existing solution experiments may not
be appropriate to understand mechanism of Al tolerance in soil-plant systems. Therefore, in this
thesis different experimental studies have been conducted to understand acid-tolerance
mechanisms in soil-grown plants with the following aims:

To examine the effects of Al compounds and incubation times on soil pH and bioavailability of Al3+ in acid soils.
To compare the growth response and root morphological characteristics of Al-tolerant
(ET8) and Al-sensitive (ES8) wheat seedlings in response to low pH and high Al.
To test the role of soluble P in ameliorating Al3+ toxicity in ET8 and ES8 wheat
seedlings.
To investigate how added P might alleviate Al toxicity in these wheat seedlings.
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2.1 INTRODUCTION
Soil acidity reduces crop production all over the world (Samac and Tesfaye 2003). In the 1970’s,
there were about 3 billion hectares of acid soils in the world (Von Uexkull and Mutert 1995).
Twenty years later, a survey stated that this has increased to 4 billion hectares and importantly
178 million hectares were agricultural soils (Kochian et al. 2004). Furthermore, it is now
estimated that approximately 50% of the world’s potentially arable lands are acidic (Panda and
Matsumoto 2007).
Aluminum (Al) becomes solubilised in low pH soils that resulted in increases in the activity of
Al3+ ions (Hoekenga et al. 2003). Thus, the concentration of soluble Al is high in acid soils which
are toxic for plants and severely limit crop production (Delhaize and Ryan 1995; Foy 1988;
Kochian et al. 2004; Pellet et al. 1996).
Little work has been done on acid-tolerance mechanisms in soil-grown plants (Ishikawa et al.
2000). Some studies on acid-tolerance mechanisms in solution culture show largely different
results in soils (Ishikawa et al. 2000; Wenzl et al. 2001; Zheng et al. 2005).
Integrate and collate information on understanding soil chemistry and plant-soil interactions in
acid soils is useful in making sound and cost-effective decisions to manage soil acidity. Thus, this
review attempts to understand different issues like Al and P chemistry in acid soils, Al and
manganese (Mn) toxicity effects on plant growth in acid soils, Al-tolerance mechanisms,
management of soil acidity and possible role of P in Al tolerance mechanisms.

2.2 THE CHEMISTRY OF SOIL ACIDITY

2.2.1 Soil acidification processes
Soil acidification is an ongoing natural process that can be accelerated by the activity of
agricultural practices (Bolan et al. 1991). Soil acidification is mainly caused by the release of
protons (H+) during the transformation and cycling of carbon (C), nitrogen (N) and sulphur (S) in
the soil-plant interfaces (Ulrich and Summer 1991). Thus inputs of H+ ions, changes in soil C, N
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and S can have adverse impacts when soils are unable to buffer against pH decrease (Mason et al.
1994). In the N and S cycles, mineralization and oxidation of organic N and S produces H+ ions.
This produced H+ is balanced by OH- through uptake and assimilation of NO3--N and SO42--S by
plants and microorganisms (Vries and Breeuwsma 1987). Leaching of SO42- and NO3- with
charge-balancing basic cations (Ca2+, Mg2+, K+ or Na+), rather than the H+ ions generated during
oxidation, results in permanent acidity remaining in the soil. This is reflected in a decrease in pH
in soils with low pH buffer capacity (Breemen 1991).
Other processes leading to permanent soil acidification includes accumulation of organic N and
nitrification of ammonium based fertilizers. When uptake and assimilation of NH4+ or N2 occur in
plants, H+ ions are excreted into the rhizosphere soil. This excreted H+ ion is then separated from
the rhizosphere soil and move to bulk soil, due to accumulation of organic N in the rhizosphere
soil. This accumulation of organic N in rhizosphere soil occurs by the decarboxylation of organic
acid anions. As more organic N accumulates in the rhizosphere soil, acidity increases,
particularly decrease in bulk soil pH (Williams 1980). Similarly, losses of N through NH3
volatilization or denitrification produce permanent soil acidity only when the N input is added as
a NH4+ form by the application of ammonium based fertilizers (Bolan and Hedley 2003).

2.2.2 Aluminum chemistry in acid soils
The Al chemistry in acid soils is quite complex and its cations are partly responsible for soil
acidity. The Al has a high ionic charge and a small crystalline radius, which confer it a level of
reactivity that is unmatched by other soluble metals (O’Neil et al. 2001).

Al behaviour in soil
The forms of Al in the soil are complex. This is due to multiple Al compounds and its species
that can be found in the soil solution or on the soil solids. A simplified scheme of Al forms in soil
can be shown as below:
Total Al = [Solid phase Al] + [Soil solution Al]
= [Lattice Al + Surface Al] + [“Al3+” + AlL]
Where, “Lattice Al” is structural Al and means that no direct or short-term influence on Al
toxicity occurs other than as a potential source of Al; “Surface Al” represents a number of species
on various surfaces; Al3+ represents phytotoxic forms of Al, and “AlL” means ligands that bind
with Al (Ritchie 1995).
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There are many soluble and insoluble forms of Al in acid soils. Not all of these insoluble and
soluble Al are harmful to plants. For example, Al exists in the form of insoluble aluminosilicate
or oxide in acid soils that is non-toxic for plants. Similarly, soluble Al likes polynuclear Al and
low molecular-weight Al complexes are non toxic for plant. In contrast, a soluble mononuclear
form of Al, like Al3+ is toxic for plant. This toxic Al3+ is usually exchangeable and bound closely
with the cation exchange complex because of its high strength of adsorption to soil particles
(Kochain, 1995).

Effect of pH on Al species
Below pH 5, Al is the main source of H+ due to dissociation of Al from clay minerals. Also, a
soluble form of Al exists as octahydro-hexahydrated [Al(H2O)63+], frequently abbreviated to Al3+.
Hydrolysis occurs when the charge/size ratio of the cation is sufficiently large to break the H-O
links. The result is hydrate ionization which produces hydrogen ions. Reactions (1), (2) and (3)
are abbreviated and are as follows:
Al3+ + H2O

Al(OH)2+ + H+……………………..........(1)

Al(OH)2+ + H2O

Al(OH)2+ + H+…………………………..(2)

Al(OH)+ + H2O

Al(OH)3 + H+……....………….………...(3)

Each reaction releases H+ and regenerates the Al3+ ions enabling further reaction (Serrano 2003).
When the pH of a solution is raised above 5.0, the concentration of Al3+ decreases with increasing
pH, Al(H2O)63+ undergoes repeated deprotonations to form insoluble Al(OH)3 at pH 7.0. In near
neutral solutions, polynuclear forms of Al, which contain more than one Al of the most important
being triskaidekaaluminum, AlO4Al12(OH)24(H2O)127+, referred to as Al13. At pH 7.4 (common
pH in cytosol), Al(OH)4-, that is, aluminate ions are formed (Parker and Bertseh 1992).

2.2.3 Phosphorus chemistry in acid soils
Phosphorus (P) chemistry in acid soils can be affected by some physio-chemical processes such
as precipitation and specific adsorption and properties such as pH and interactions with other
ions. These processes/properties are described below:
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Precipitation
High levels of extractable Al in acid soils cause the deficiency of P which mainly occurs due to
precipitation and formation of Al-phosphate complexes in acid soil solution (Sanchez et al.
1997). The initial precipitates of Al phosphates are amorphous and may show solubilities that are
10 to 100 times greater than the crystalline minerals (Veith and Sposito 1977). As a result,
precipitated Al-P complex controls the level of P in acid soils (Lindsay 1979).

Specific adsorption
In most acid soils, the major processes that control the soil solution P concentration are
adsorption process. The adsorption process is regarded as the accumulation of P onto surfaces of
soil particles (Sanyal and de Datta 1991). It describes the reaction of phosphate ions in soil
solution at the surface of soil constituents, resulting in a chemical bond. The surfaces of Mn, Al
and Iron (Fe) oxides in acid soils play an important role in the P adsorption process (Wild 1950).
The oxide surfaces may exhibit net negative, net positive or net zero charge (Sanchez and Uehara
1980).

The adsorption of P in acid soils increases with the increase of extractable Al (Hall and Baker
1971; Robarge and Corey 1979). Ligand exchange reactions act as the principal mechanism by
which P is adsorbed to variable-charge surfaces of Al (Hingston et al. 1967). Initially, P is bound
to the surface of adsorbents Al oxides and hydro-oxides by ligand exhchange (Parfitt 1978).
Adsorption occurs when P anions replace the hydroxyl groups on the surface of Al oxides and
hydrous oxides (Figure 2.1). Then, P becomes less available due to the molecular rearrangement
of the adsorbed P (Munns and Fox 1976). Furthermore, P ions are adsorbed in the surface of the
Al hydroxides are generally converted into crystalline Al phosphates (Dean 1949). The P
converted to crystalline Al phosphate is considered to be completely unavailable for plant
growth.
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Figure 2.1: Mechanism of P adsorption on Al oxide surface

Effect of pH on P availability
Low P availability in acid soils is a major limiting factor for plant growth (Nian et al. 2009).
Generally, P availability in soil is minimum in the pH range of 2 to 4 (Bowden et al. 1980). In
low-pH soils, the formation of Al-phosphate decreases the concentration of P in the soil solution
that is controlled by precipitation reactions (Pratt 1961). In addition, Schefe et al. (2007) reported
that low soil pH reduces the availability of P also through increased P sorption reaction.

The fixation of P depends on soil pH (Hsu 1964). The fixation onto colloidal Fe surfaces
beginning at very low pH levels, usually below 4, is the dominant P fixation process in soils
(Kanwar and Grewal 1990; Naidu et al. 1990). There is a relationship between soil pH and P
fixation (Hocking et al. 1999). Soil pH below 5.5 affects solubility of P in soils characterised by
cracking clays, where Al and Fe dominate. The P fixation with Al is more commonly seen from
pH 4.5 to 6 and results in substantial lock-up of P, while in less acid-to-neutral pH soils, calcium
(Ca) phosphate is the more commonly encountered inorganic form of P. Above the pH level 7.0,
Ca is the dominant ions and fixation is less permanent. The fixation of P in acid, neutral and
alkaline soil due to Fe, Al and Ca is shown in Figure 2.2.

Figure 2.2: The availability of phosphorus is affected by soil pH (Source: CSIRO, 2006).

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. 1950;
Hartwell and Pember 1918). Soluble P increases when soils turn from 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 (Holford 1997). In contrast, the soluble P decreases in
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highly acid soils due to 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
interaction of Al and P in acid soils reduces the soluble Al (Pratt 1961).

In many acid soils, P is concentrated at the surface soil while high concentration of phytotoxic Al
is found in the subsoil. Crops growing on such soils are exposed to various concentrations of P
and Al at different depths in the soil profile. Therefore, surface applied P interacts little with Al
in subsoil (McLaughlin and James 1991).

2.3 IMPACT OF SOIL ACIDITY ON PLANT GROWTH
In acid soils, plant growth can be limited by various toxicities like Al3+, Mn2+ and H+ (Kidd and
Proctor 2001). These toxic effects on plant growth are described further in the following sections.

2.3.1 Al toxicity
Aluminum (Al) toxicity is one of the principal factors that limit plant growth in acid soils (Foy
1988; Panda et al. 2009). The primary symptom of Al toxicity is the inhibition of root growth
that can occur within 3 h in solution culture experiments (Ownby and Popham 1989). Plant roots
become thickened, stubby and distorted due to the inhibition of growth (Helyar 1998). Similarly,
toxic level of Al in the soil solution affects root cell division and the ability of the root to
elongate. This results in reduction in root growth and branching (Gazey and Davies 2009).

Primary toxic effects of Al are localized to the distal transition zone in the root tip (Sivaguru and
Horst 1998). The root tip appears to be a critical site for Al toxicity (Ryan et al. 1993). The root
tips are deformed and brittle under Al toxicity (Figure 2.3). The root tip i.e., root cap, meristem
and elongation zones are highly sensitive to Al and accumulate Al easily. Greater physiological
damage occurs within meristematic and root cap cells, as well as a disruption of dictyosomes and
their secretory function (Puthota et al. 1991).

A number of mechanisms may cause Al-induced root injury, including Al interactions within the
cell wall, the plasma membrane or the root symplasm (Horst 1995; Kochian 1995; Marschner
1991; Taylor 1988). Al may interact with cell wall and absorbed in the root cell wall by the
negative changes (Wagatsuma 1983b). The cell wall and the cell membrane probably function as
an important barrier to the passive movement of Al into the symplasm (Wagatsuma 1983a). Thus,
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a large amount of Al is bound to the plasma membrane and the plasma membrane is eventually
destroyed by Al (Wagatsuma 1989).

Figure 2.3: 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 for 4 days in a solution that contained 5 µM AlCl3 in 200
µM CaCl2 at pH 4.3 [Source: Delhaize and Ryan (1995)].

The toxic effects of Al on shoots are generally not easily identifiable. The shoots of Al- toxic
plants appear typically P deficient (Foy, 1992). The Al toxicity shows overall stunting, small,
dark green leaves and late maturity, purpling of stems, leaves and leaf veins, yellowing and death
of leaf tips (Bouma et al. 1981). This Al toxicity reflects due to Al dislocation of the plant P
metabolism. The occasional observation of yellow spots or pale flecking of the leaves of grasses
or cereals may reflect the effects of Al toxicity on other metabolic processes (Helyar 1998). In
some cases, Al toxicity induces calcium deficiency or reduces calcium transport (curling or
rolling of young leaves and collapse of growing points or petioles). Excess Al even induces Fe
deficiency symptoms in rice (Oryza sativa L.), wheat (Triticum aestivum) and sorghum (Sorghum
bicolor L.) (Furlani and Clark 1981). But in most cases, Al toxicity in shoots associated with
cellular modifications in leaves, reduced stomata opening, decreased photosynthetic activity,
chlorosis and foliar necrosis (Vitorello et al. 2005).

2.3.2 Mn toxicity
Although Al is generally the major toxic metal in acid soils, Mn toxicity can occur in acid soils
(Delhaize et al. 2004). The Mn toxicity is possibly the second most important metal toxicity in
acid soils after Al (Foy et al. 1973). Unlike Al, Mn is an essential plant nutrient, but is toxic
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when taken up in excessive quantities. Its toxicity is common at pH level as high as 5.6. In
addition, Mn toxicity may be more important than Al toxicity in limiting crop production, in
some acid mineral soils (Sumner et al. 1991).

The Mn toxicity symptoms in plants are localized at the morphological level, with the effect is
pronounced in shoots. The shoot growth becomes stunted and necrotic lesions due to Mn toxicity.
Also, toxic effects of Mn include crinkling or cupping of shoots and splotches of chlorotic tissue
(Alam et al. 2000). The physiological mechanism of Mn toxicity and tolerance is still poorly
understood. Horst et al. (1999) suggested that Mn-induced oxidative stress was a cause of Mn
toxicity. Later, Fecht-Christoffers et al. (2007) proposed that shoot apoplast was the most
important compartment for development of Mn toxicity and tolerance. They also suggested that
more detailed studies with emphasis on very early stages of Mn toxicity and a comparison of Mnsensitive and Mn-tolerant for shoot are required.

2.3.3 Low pH
In addition to Al and Mn toxicity, plants show other effects when grown in highly acid soils
(Kinraide et al. 1992). There is evidence that low pH can directly inhibit root growth (Yang et al.
2005a). Low pH stress facilitated H+ influx into root tissues that resulted in poor plant growth
(Rangel et al. 2005). Thus, it is imperative to understand H+ toxicity mechanisms in plants in
order to develop plants that are more tolerant to H+ stress in acid soils. At a low pH, the H+ ions
themselves are of sufficient concentration to be toxic to some plants, mainly by damaging the
root membranes. Low pH activates rapid H+ influx that depolarizes the plasma membrane
potential and causes cytoplasmic acidification (Babourina et al. 2001). Short-term root responses
to low pH exhibited similar responses in mature and distal elongation zones in terms of H+ flux.
Thus, low pH affects root tissues which might contribute to the differential mechanisms of plant
adaptation to acid soils (Bose et al. 2010).

2.4 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.
2007). For example, Hede et al. (1996) showed that 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 to grow in acid soils (Yang et al. 2005b).
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2.5 MECHANISMS OF Al TOLERANCE
Mechanisms of Al tolerance mainly involve exudation of organic acid anions, changes in
rhizosphere pH and plant tissue tolerance to Al.

2.5.1 Exudation of organic acid anions
Exudations of organic acid anions from plant roots play a central role in Al tolerance
mechanisms. More than twelve Al-tolerant plant species are known to exude organic acid anions
from their roots in response to Al treatment (Ryan and Delhaize 2001). Although many types of
organic acid anions are found in root cells, only one or two specific organic acid anions are
exuded in response to Al treatments from Al-tolerant plant species (Ma et al. 1997b). Citrate,
oxalate and malate are some of the commonly released organic acid anions (Ma et al. 2001).
Citrate exudates from Al-tolerant cultivars of maize (Zea mays) (Pellet et al. 1995), oxalate
exudates from Al-tolerant buckwheat (Fogopyrum esculentum) (Ma et al. 1997a) and malate
exudates from of Al-tolerant wheat genotypes (Delhaize et al. 1993b). These exuded organic acid
anions are able to form stable complexes with Al (Guo et al. 2007) and protects the root apex
from Al toxicity damage (Delhaize et al. 2004).

Anion channels are responsible for exudation of organic acid anion (Kollmeier et al. 2001). An
anion channel is a membrane-bound transport protein that allows the passive flow of anions down
their electrochemical gradient. One patch-clamp study on protoplasts prepared from wheat roots
showed that Al3+ activities and anion channel in the plasma membrane which is permeable to
malate (Ryan et al. 1997). When this response was compared in a pair of near-isogenic wheat
lines that differed in Al tolerance at a single genetic locus, Al3+ was found to activate anion
channels that were both larger and more frequent in the protoplast of the Al-tolerant genotype
than of the Al-sensitive genotype (Zhang et al. 2001). Other studies also showed that Al-tolerant
maize exudated citrate in response to Al treatment by the activation of an anion channel on the
plasma membrane (Pineros and Kochain 2001).

2.5.2 Increase in rhizosphere pH
Rhizosphere pH has a positive effect on Al tolerance (Wang et al. 2006). Elevated rhizosphere
pH reduces the toxicity and solubility of Al (Foy et al. 1965). Likewise, Ohno et al. (2003)
postulated that OH- and H+ are transported across the plasma membrane in the root tips of wheat
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to maintain rhizosphere pH and to alter rooting Al species by changing the plasma membrane
charge positively and reject external Al. For example, Wang et al. (2006) found that an Alinduced increase in rhizosphere pH occur in Al-tolerant wheat cultivar, Atlas 66 than Al-sensitive
wheat cultivar, Brevor ones. They conducted a solution culture experiment under controlled
environment condition for a period of 14 days. They explained that Al-induced organic acid
anions exude to the rhizosphere, which made wheat root tips positively charged. Then the root
tips can exclude Al3+ and have an attraction for OH- and thus tolerate to Al. On the contrary, the
cultivar Brevor does not. This difference may relate to their genotypic tolerance to Al.

2.5.3 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 mechanisms of internal Al
detoxification (Kochian et al. 2004). For example, buckwheat accumulates Al as high as 15000
ppm in leaves when grown on an acid soil (Ma 2000). Likewise, Silva et al. (2010) found that the
Al-tolerant wheat genotype, Barbela 7/72 has the ability to accumulate more Al in the shoots than
the Al-sensitive wheat genotype, Anahuac. Similarly, Zhang and Taylor (1988) reported that Altolerant wheat cultivars accumulate more Al in its root than Al-sensitive wheat cultivar.

Rincon and Gonzales (1992) stated that part of the mechanisms for plant tissue Al tolerance in
wheat is metabolism-dependent. Poschenrieder et al. (2008) speculated that the accumulation of
Al in shoot occur in cell wall or in leaf vacuoles. Likewise, Haridasan et al. (1986) suggested that
high shoot Al accumulation implies xylem transport of soluble Al complexes and the
accumulation of Al in the shoot apoplast. This accumulation of the toxic Al ion in the individual
cells accompanied by their disintegration may allow the surrounding tissue to survive under Alstress conditions (Ciamporova 2002).

2.6 ROLE OF APOPLAST IN Al TOLERANCE
Cell walls and intercellular spaces, the apoplast, are the first compartments of the root that
contact with the potentially toxic Al species present in the soil solution (Poschenrieder et al.
2008). Many studies have shown that most of the Al that accumulates in roots corresponds to Al
in this apoplastic space (Heim et al. 1999). This root apoplast plays a major role both in
perception of Al toxicity and expression of Al tolerance mechanism (Horst 1995). Al
accumulates predominantly in the root apoplast where it binds to the pectin matrix of the cell wall
with its negative charges (Schmohl and Horst 2002). This suggests that the strong bindings of Al
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to the pectic matrix of the cell wall that is not desorbable by 50 mM BaCl2 is the main factor for
Al tolerance (Wang et al. 2004). Likewise, Eticha et al. (2005) 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. (2010)
recently speculated that the modification of the binding properties of the root apoplast contributes
to Al tolerance.

2.7 MANAGEMENT OF SOIL ACIDITY
Different integrated management strategies like chemical and biological amelioration as well as
growing acid-tolerant crops are needed to combat soil acidity.

2.7.1 Chemical amelioration
Chemical amelioration such as use of lime (CaCO3), dolomite [CaMg(CO3)2], kieserite
(MgSO4·H2O) and langbeinite [K2Mg2(SO4)3] offers a common method to reduce soil acidity.
Evidence shows that Al-tolerant and sensitive barley varieties grew better (Figure 2.4) after the
soil pH increased from 4.4 to 6.5 in a lime-amended soil (Rahman 2004). Cations such as Ca
have been shown to ameliorate Al toxicity (Edmeades et al. 1990). This occurs

Figure 2.4: Al tolerant and sensitive barley grew in two different pH soils (Source: Rahman 2004).

when lime (CaCO3) dissolves in the soil, allowing Ca to move onto the surface of soil colloids
and exchanged with residual acidity. The acidity reacts with the carbonate (CO3) to form carbon
dioxide (CO2) and water (H2O), resulting in increase in pH. The whole process (i.e how lime
manages soil acidity) can be described in the following illustration:
Water
Clay soil + Lime = Neutral clay + Carbon dioxide
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Aluminium oxide
The application of CaMg(CO3)2, instead of CaCO3, not only reduces Al toxicity, but is also more
cost-efficient than CaCO3. It is well known that CaMg(CO3)2 contains low reactive CaCO3 that
helps slow release of CO3 to acid soil (Wijewardena 2001). In addition, small amounts of
MgSO4·H2O and K2Mg2(SO4)3 (50 kg/ha) may have an effect similar to that of liming with more
than 1000 kg CaCO3 if soils are also deficient in Mg (Sanchez 1976). So, a mixture of
MgSO4·H2O and K2Mg2(SO4)3 may also be a cost-effective chemical amelioration (comparative
to liming) to manage soil acidity, as both liming materials contain nutrients like Mg and K .

The chemical reaction of liming materials is quite simple. For example, CaMg(CO3)2 ameliorates
Al toxicity through Al(OH)3 precipitates. The H+ and Al3+ ions are attracted to soil colloids which
have a negative charge. When liming materials are applied, these H+ and Al3+ ions are exchanged
with calcium or magnesium (Ca++ or Mg++) ions which have a greater positive charge as well as
produce insoluble Al(OH)3 compound. This helps to neutralize the acidity of the soil (Brady and
Weil 2000). The reaction process of CaMg(CO3)2, can be shown further as follows:
CaMg(CO3)2 + 2H2O ↔ Ca++ + Mg++ + 2HCO3- + 2OHH+

H+

Ca++ Mg++

H+

H+

H+ Clay

H+

H+

H+

H+

Ca++
+

Mg++

+

2H2O

+ 2CO2 ↔

Clay

OH-

+ Al(OH)3 +H2O
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Al3+
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2.7.2 Biological amelioration
Biological amelioration is an integrated approach that involves increasing perenniality, changing
land use system and managing cation-anion uptake. This last approach is expected to be costeffective in areas where rainfall is low and profit margin is small (Tang et al. 2011).

Increasing perenniality
Limited options are available to combat soil acidity through increasing perenniality. Modification
of the grazing system may reduce, but will not halt acid addition to soils. Perennial grass reduces
soil acidity through minimizing nitrate loss compared with annual grass while maintaining
constant N application to soil (Scott et al. 2000). For example, in southern New South Wales,
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Australia, soil acidity due to nitrate loss has been reduced under grazed perennial grass pastures
by 5-8 kg N/ha year (0.4-0.6 kmol H+/ha.year) (Ridley et al. 2001).

Changing land use
Changes in land use occur with time subjected to different land management practices (Velde and
Peck 2002). For example, the conversion of woodland to agriculture of any form (organic or
conventional, grassland or arable) has been shown to reduce the organic matter content of soil
that results in increased soil acidity (Johnston et al. 1986). Similarly, Tye et al. (2009) found that
changes in the clay mineralogy of soil samples are related to the changing land use. They also
demonstrated that clay minerals reduce soil acidity under long-term land management practices
through changes to clay properties such as cation exchange capacity.

Managing cation-anion uptake
New biological amelioration option like managing plant cation-anion uptake is being tested for
combating soil acidity (Tang et al. 2011). Plants generally extrude net excess H+ when cation
uptake exceeds anion uptake and, conversely, extrude net excess of OH-/HCO-3 or consume H+
when anion uptake exceeds cation uptake (Tang and Rengel 2003). The amount of net excess of
H+ or OH- excreted by the root is equivalent to the respective excess cations or anions taken up
by the plant. This overall cation-anion relationship in plant depends on form of N supply (Moody
and Aitken 1997). For example, when nitrate was the only source of nitrogen, pea plants took up
more anions than cations by 1.47 mmol/plant at day 21 and by 4.2 at day 42, leading to net OHextrusion of 1.41 and 4.44 mmol/plant, respectively. In contrast, when relying on N2 fixation, the
plants took up more cations than anions by 0.28 mmol/plant at day 21 and by 1.51 at day 42 and
simultaneously released 0.33 and 1.58 mmol H+ /plant, respectively (Beusichem 1981).

2.7.3 Growing tolerant crops
Growing crops that are more tolerant to acid soils are one of the options to manage soil acidity
(Helyar 1990; Scott et al. 1992). Growing acid-tolerant species and genotypes on acid soils leads
to increase root growth into acid soils (Tang and Rengel 2001). High root proliferation helps Altolerant plants to take up greater amounts of nutrient and water than Al-sensitive plants. For
example, Al-tolerant wheat, ET8 uptake greater water and nutrients than Al-sensitive, ES8 wheat
plant that results higher grain yield in ET8 when grown in a mildly acid soil (Tang et al. 2002).
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2.8 ROLE OF P ON Al-TOLERANCE MECHANISMS
As discussed above, P forms insoluble compounds with soluble Al. Thus, application of P to acid
soils reduces the availability of extractable Al. Furthermore, P may improve plant Al tolerance by
alleviating Al toxicity in the plant. Thus, P is too valuable to be used to alleviate Al toxicity.

2.8.1 P and Al reactions in acid soils
The most common Al and P reaction in acid soils is precipitation (Iyamuremye and Dick 1996).
The Al and P react within acid soil solution and precipitate as insoluble Al-phosphate (Wright
1989), thus reducing the bio-availability of Al in soil solution.
This precipitation process is prominent when excess Al is available in acid soil (Gallardo et al.
1995). Therefore, the precipitation and formation of non-toxic Al-P complex within soil solution
results in the reduction of extractable Al in acid soil (Nakagawa et al. 2003).

2.8.2 Role of P on Al tolerance mechanisms in plants
Although P nutrition plays a major role in Al-tolerance, the mechanisms are still poorly
understood. Several mechanisms exist that enable plants to tolerate Al in the presence of P. These
include utilization of P as a nutrient, immobilization of Al by P in the root tissue, complexation
and precipitation of Al by P in the root and Al-P interactions in the root apoplast.
Plants enhance less P available in soil as stated above. Therefore, increase its ability to acquire P
when they suffer Al toxicity (Akinrinde et al. 2006). Plants develop mechanisms to utilize P
efficiently and to detoxify Al simultaneously to survive in Al-toxic acid soils. Plants survived
under Al-stress conditions appear to stimulate P uptake, enabling survived in Al-toxic acid soil
(Watanabe and Osaki 2001).

The P nutrition may affect tolerance to Al through changes in cation-anion balance within plants
(McLaughlin and James 1991). The nutrient uptake pattern i.e. total cation and anion uptake was
influenced by both Al and P. Excess 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 efflux density that may make plant tolerance to Al (Tan and Keltjens 1990).
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Immobilization of Al by P within the root tissue is one of the Al-tolerance mechanisms in plants.
Zheng et al. (2005) found that the concentrations of P and Al in the roots of Al-tolerant cultivar,
Jiangxi was higher than the Al-sensitive, Shanxi cultivar. They also found that more Al has
localized in the cell walls of Jiangxi than 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. (2001) stated that P deficiency symptoms in plants suffering from Al toxicity are due to the
immobilization of Al by P on or within the root tissue.

Insoluble Al-P precipitates can accumulate on the root surface and in the cell wall, or in the root
cells and are generally not toxic to plants (Taylor, 1991). Jemo et al. (2007) found that Altolerant cowpea genotype, IT89KD-319 maintained higher P uptake in the presence of Al relative
to the Al-sensitive genotype, IT89KD-349. Similarly, IT89KD-319 accumulates higher Al than
IT89KD-349. They also found that Al accumulation in roots of IT89KD-319 significantly
increased with P application. They conducted a solution-culture experiment under controlled
climatic conditions for a period of 8 days. They postulated that Al, in the presence of P, forms
insoluble complexes (Al-P) precipitating and accumulating at the surface or inside plants root,
thus reducing Al toxicity. Zheng et al. (2005) also speculated that the formation of Al-P
complexes in the cell wall, and especially insoluble compounds like AlPO4, might be helpful in
retarding the uptake of Al into the cytosol. Thus, P may be involved in Al-tolerance mechanisms
through precipitation and formation of Al-P complex in roots.

The tolerance of Al may not only occur through Al complexation and possible 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 by McCormick and Borden (1972) found that that AlPO4
reaction occur at the root surface. They also suggested that adsorption reaction between Al and P
occurred along the cell wall or membrane. In addition, Zheng et al. (2005) also speculated that Al
and P interaction may occur in the root apoplast of Al-tolerant buckwheat .

2.9 CONCLUDING REMARKS AND RESEARCH GAP
Soil acidity is characterized by low pH, Al toxicity, Mn toxicity and P deficiency. At low pH, Al
becomes solubilised in soil solution and Al3+ activity is high. This Al3+ primarily decreases root
proliferation of plants that result in poor root systems and less nutrient uptake than plant grown
without Al-toxic condition. This decreases final yields for the plants grown in Al-toxic acid soil.
Therefore, introduction of acid-tolerant crops is necessary for optimal crop production in acid
soils.
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Plant genotypic characteristics are involved in plant tolerance to Al (Kochain et. al. 2004). There
are generally three classes of Al tolerance mechanisms like exudation of organic acid anions,
increase in rhizosphere pH and plant tissue tolerance to Al is available in literature. Phosphorus
appears to play a role in improving Al-tolerance in plants. However, little is known about the
mechanisms by which P alleviates Al toxicity. Furthermore, the majority of previous studies have
used solution culture; this thesis used soil-grown plants and near-isogenic wheat lines to study the
interactions between P and Al with an attempt to improve understanding of Al-tolerance in
plants.
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General Materials and Methods
Experimental materials and methodologies which are commonly used throughout this thesis are
outlined below. Modifications or specific techniques are further described in the materials and
methods section of individual chapters.

3.1 SOILS
Three types of soils were used in this study. The basic properties of the soils are outlined in Table
3.1.

3.2 PLANT MATERIALS
Al-tolerant (ET8) and Al-sensitive (ES8) wheat (Triticum aestivum L.) genotypes were used in
most of the experiments. These genotypes were near-isogenic (over 95%) lines differing in Al
tolerance at the Alt1 locus (Ahn and Matsumoto 2006). ET8 and ES8 lines were derived from a
cross between the Al-tolerant cultivar Carazinho and the Al-sensitive cultivar Egret, with the
resulting progeny backcrossed eight times to Egret or derivatives of Egret (Fisher and Scott
1987).

3.3 SEED GERMINATION
The seeds were washed three times with deionised (DI) water, soaked in DI water for 2 h and
germinated at 250C in the dark for 72 h on moistened paper towel in two separate trays (One for
ES8 and other for ET8). After germination, uniform seeds were selected for sowing.

3.4 PLANT HARVESTING AND COLLECTION PROCEDURE OF RHIZOSPHERE
SOILS
Whole plants and roots with surrounding soils were removed from cups (180 ml) by gentle
agitating of the cups to provide minimum disturbance to the roots and shoots. Intact plants were
then lifted gently from the soil and shaken lightly to remove bulk soil from the roots. Whole
plants including roots (after removal of bulk soil) were then placed in a levelled snap polythene
bag as well as kept 20-30 minutes for air-dry. The soils were then dunked gently from roots to
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remove uniform rhizosphere soil from plant roots across the treatments. Collected bulk and
rhizosphere soils were air-dried in controlled temperature (250C) room before analysis.

3.5 PLANT GROWTH CONDITION IN CONTROLLED ENVIRONMENT
The cups were completely randomized and re-positioned daily during spraying or watering to
minimize any effect of uneven environmental factors in all experiments. Plants were grown in
different growth cabinets with day temperature of 200C, night temperature of 180C, 10 h dark, 14
h light conditions and average day light intensity of 210 µM photons/m2/s.

3.6 MORPHOLOGICAL ANALYSIS OF ROOTS
The roots were separated from the shoots after collection of rhizosphere soil. The separated roots
were washed 3-4 times with deionised water. Then, the whole root system was scanned by a rootsystem scanner. Root length, root surface area, root volume, root diameter and the number of root
tips were measured and analysed using the software WinRHIZO image analysis system (WIN
MAC, Regent Instruments Inc., Quebec, Canada, http://www.regentinstruments.com/)
(Arsenault et al. 1995). The scanner was set to 13×19 cm for standardization of the scanner area.

3.7 ROOT AND SHOOT WEIGHT
Roots and shoots were dried at 700C for at least 72 h and weighed prior to chemical analysis.

3.8 STOCK SOLUTION PREPARATION FOR Al AND P SOURCE
Monopotassium phosphate (KH2PO4) and AlCl3 were used as P and Al source. According to the
treatment of each experiment, the total amount of AlCl3 was calculated for different rates and
diluted with deionised water in volumetric flasks. The diluted AlCl3 solution was pipetted
immediately into the soil to avoid precipitation of Al within the diluted solution. The same
principle was followed for preparation of P stock solution.

3.9 MIXING TECHNIQUES OF CHEMICALS WITHIN SOILS
Stock solutions of basal nutrients and treated chemicals (like Al and P) were pipette directly to
soil within a snap polythene bag. The treated sample was allowed to air-dry for 1-2 days. After
that, soil was thoroughly mixed with nutrients and treatment chemicals. The soil was then filled
into the cup. The lime (CaCO3) was added as a solid form in each replication into a covered
plastic jar and well mixed with soil by shaking. To avoid contamination within the soil, different
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plastic jars and separate snap polythene were used for different treatments and replicated
samples.
3.10 ESTIMATION OF BULK DENSITY AND FIELD CAPACITY

For bulk density, soil was compacted up to 45 ml level within vials and same amount of
soil (90 g) was poured into vials. In this way, bulk density was estimated. For field
capacity, 100 ml DI water added in 1 kg soil within a plastic box with cover its lead.
After 24 hr, soil sample was collected and water content measured. The water content
measured in this way was considered as a field capacity.

3.11 pH MEASUREMENTS
Soil pH was determined with a 1:5 extraction in 0.01 M CaCl2. A 5 g sample of air-dried soil was
mixed with 25 ml 0.01 M CaCl2 in 50-ml plastic vials and was shaken mechanically overnight
(16 h). Vials were centrifuged for 30 minutes at 3500 rpm to recover soil solution. The pH was
measured, after allowing tubes to stand 5 minutes, using a glass electrode and a Thermo Orion
720 pH meter.

3.12 Al MEASUREMENTS
3.12.1 Measurements of soil extractable Al
Soil extracts and soil solution
The extracts used for pH measurements (1:5 in 0.01 M CaCl2) were used for measurement of
extractable Al in soil. Before pH measurement, about 6 ml of extracted soil solution was filtered
through Whiteman No. 42 filter papers and filtered solution was used for measurement of
extractable Al (Ginting et al. 2000; Ruth et al. 1998).

Preparation of Pyrocatechol violet solution
A Pyrocatechol violet (PCV) solution was prepared by dissolving 38.5 mg of Pyrocatechol violet
in 100 ml of DI water. During preparation of catechol violet solution, 38.5 mg of Pyrocatechol
violet was dissolved in 7.5 ml of DI water in a 30-ml beaker. Then the solution was transferred
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Soil type

Collection
site

GPS
location

Podosol

Cranbourne,
Victoria

Chromos
ol
Podosol
subsoil

Horizon

Sampling
depth

pH

38006´S
145016´E

B

0.3-0.5 m

Wagga
Wagga, New
South Wales

35005´S
147035´E

A

Frankston,
Victoria

38014´S
145022´E

B

pHBC
(cmol/kg
/pH)

EC
(mS/cm)

Field
capacity
(%w/w)

Extractable Al
(mg/kg)

Olsen P
(mg/kg)

Sand
%

Silt
%

3.76

0.81

0.113

19

3.9

2.0

92

0.1-0.3 m

4.10

1.46

0.069

13

2.9

1.4

1.5 m

4.50

0.24

0.038

13

5.0

1.4

NH4-N
(mg/kg)

NO3-N
(mg/kg)

3.40

14.7

10.7

0.052

0.58

2.7

14.1

0.005

0.15

0.9

1.6

Clay
%

Total
N%

Total
C%

4

4

0.150

55

25

20

95

1

4
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into a 100-ml volumetric flask, diluted to the mark with DI water and mixed. The solution was
stored in a polyethylene bottle for a maximum of 11 weeks at 40C ( Kerven et al. 1989)

Preparation of hexamine buffer solution
A hexamine buffer (15%) solution was prepared by dissolving 37.5 g of hexamine in 200 ml of
DI water with the addition of 8 ml of concentrated ammonia solution in the hexamine dissolved
water. The solution was adjusted to a pH of 6.2 by the addition of 5 M HCl. The solution was
then transferred into a 250-ml volumetric flask and was diluted with DI water and mixed. The
solution was stored in a polyethylene bottle for a maximum of 11 weeks at 40C ( Kerven et al.
1989).

Preparation of iron interference reagent
Iron interference reagent was prepared by dissolving 0.1 g of 1, 10-phenanthroline and 0.50 g
ascorbic acid in 100 ml of deionized water. This reagent was prepared daily during measurement
(Ginting et al. 2000; Kerven et al. 1989).

Preparation of aluminum standard solution
All Al standard solutions were prepared from a single source of Al standard solution of 1000
mg/l Al (Al nitrate nonahydrate in 0.5 mol/l nitric acid) (Scarlau, Scarlau Chemie, Australia).
One ml of this standard Al solution was transferred into a 100-ml volumetric flask, diluted to the
mark with 0.01 M CaCl2 and mixed. Concentration of this Al solution was 10 mg/l. This solution
was freshly prepared during analysis.

Preparation of standard calibration curve
Standard Al solutions of 0, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 mg Al/l in 0.01 M CaCl2 were prepared by
pipetting 0, 1, 2, 4, 6, 8 and 10 ml of 10 mg Al/l into 100-ml volumetric flask diluted with 0.01 M
CaCl2 and mixed. Three millilitres of each standard solution, 0.50 ml of the iron interference
reagent, 0.20 ml of PCV reagent and 1 ml of hexamine buffer reagent were added together.
Added solution and reagents was well mixed and kept stable in 30 minutes for colour
development. The absorbances of the solution were measured at 585 nm using a Cary 50 Bio,
UV-visible spectrometer (Varian Australia Pty Ltd). The polynomial equations were used in
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every calculations and R2 value in every equation was above 0.99. Batch wise measurement was
taken for every 2 h to avoid instability of colour development.

Measurement of soil extractable Al
The soil Al in the 0.01 M CaCl2 extract was measured by use of a modification of the
pyrocatechol violet (PCV) method of Uehiro et al. (1984). For the analysis of soil extractable Al,
the same procedure was followed as for the standard curve (Ginting et al. 2000; Kerven et al.
1989). Blank samples were used in every 30 samples to check cross contamination between
samples. Similarly, reference soil samples were used to verify the results in each analysis.

3.12.2 Collection and measurements of apoplast Al
Harvested roots were washed 3 times in DI water to remove adhered soil from the root surface.
Then the roots were submerged in 50-ml vials containing 20 ml of 50 mM BaCl2 solution chilled
to 00C for 45 minutes. All vials were shaken gently for 45 minutes to desorb Al from the root
apoplast. The apoplast is the free diffusion space outside the plasma membrane of the root (Felle
1998). The 50 mM BaCl2 solution was able to desorb Al from the apoplast under low temperature
condition (00C) (Wang 2004). After collection of apoplast Al, all vials were stored in a freezer
until analysis. A 3 ml of the sample solution was taken to measure apoplastic Al
spectrophotometrically by the PCV methods at 585 nm using standards that were prepared in 50
mM BaCl2 solution (Kerven et al. 1989).

3.12.3 Measurements of Al in plant tissue
Root and shoot samples collected from different experiments were cut into small pieces. They
were digested in an HNO3/HClO4 mixture (4:1, v/v) through heating stepwise by means of
Tecator DS40 digestion systems until 2300C was reached and then held for 20 minutes at this
temperature (AOAC 1975). The PCV method was followed to measure Al in plant digests using
the standard solutions with 1.0% HClO4 (Kerven et al. 1989).

3.13 PHOSPHORUS MEASUREMENTS
3.13.1 Olsen P in soils
The available soil P (Olsen P) was determined calorimetrically according to the method described
by Olsen and Dean (1965). The available P was extracted by shaking 5 g soil with 100 ml of 0.5
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M NaHCO3 solution at pH 8.5 for 30 minutes (Rayment and Higginson 1992).

3.13.2 Collection and measurement of P in apoplast
The apoplast P was collected following the same procedure as for Al (Wang 2004). The apoplast
P was determined according to Murphy and Riley (1962) with some modifications. The
modification was the addition of HNO3 instead of H2SO4 to avoid BaSO4 precipitation.

3.13.3 Measurement of P in plant tissue
The concentrations of P in plant digests were determined using the molydovanado-phosphate
method. Briefly, 3 ml of digested solution, 2 ml of reagent (ammonium molybdite and
ammonium vanadate mixed with 15.8 M HNO3) and 5 ml of DI water added as well as well
mixed through vortex. After 20 minutes, the absorbance reading was taken at 470 nm using a
spectrophotometer. This molydovanado-phosphate method was used for chapters 7 and 8.
Concentrations of P in root and shoot materials were also determined by malachite green method
(Motomizu et al. 1983) for the Chapter 6. During plant tissue analysis, 0.7 to 1.0 g plant materials
were used.

3.14 QUALITY CONTROL
All chemicals and standards were analytical reagent (AR) or laboratory reagent (LR) grade and
soil as well as plant samples analysis were verified with reference samples throughout the study
period. If unexpected results were found during measurement, measurements were repeated three
times to confirm the results.
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4.1 INTRODUCTION
The soil aluminum (Al) chemistry is quite complex and different forms of soil available Al are
involved in the retention of anions, cations and phototoxicity of Al ions in acid soils (Soon 1993).
The type of Al compound is also responsible to produce different form of bio-available Al in soil
(Skyllberg 1999). This availability of different forms of Al ions in soil solution can be
manipulated by the application of different types and rates of Al compounds and lime (Bache
1974). Thus, the amount of Al present in the soil solution depends on the amount and kind of Al
compounds present in the soil and its reaction capacity within soil solution (Magistad 1925).
The speciation of Al compound was controlled by the hydrolysis of Al3+ ion (Perdue 1985).
During hydrolysis process proton is released. This is because the extent to which an acid cation
likes Al3+ induces hydrolysis and decreases soil pH (Milne et al. 1995).

Bio-availability of Al and nutrients is dependent on their concentration in the soil solution (Curtin
and Smille, 1995). Incubation time can affect on different Al compounds for the activity of Al3+
ion in soil solution (Menzies and Bell 1988). Menzies et al. (1991) concluded that plant toxic
Al3+ reached a stable concentration in soil solution after incubation for 1 day. Thus,
understanding the effect of incubation time for solubilisation of Al compound is necessary to
study the Al toxicity in plants.

In this chapter, the effects of Al compound and incubation time on soil pH and extractable Al
were examined in order to select an appropriate Al compound for varying pH and Al toxicity
levels in soil and to define a pre-incubation time for the following chapters. Different soil pH and
Al levels were achieved by incubating the soil with various amounts of CaCO3, AlCl3 and
Al(OH)3, respectively. Also, Al-tolerant (ET8) and Al-sensitive (ES8) wheat seedlings were
grown to test the bio-availability of Al in soil. The hypothesis of this experimental chapter is that
addition of AlCl3 will increase bio-availability of Al3+ in soil and a longer incubation period
(more than 3 days) will have no further effects on soil pH and Al.
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4.2 MATERIALS AND METHODS

4.2.1 Soils and basal nutrients
Two acid soils, a Podosol and a Chromosol (Isbell 2002), were used in this experiment. The
Podosol had an initial pH 3.76 (0.01 M CaCl2) and extractable Al 3.90 mg/kg. The Chromosol
had initial pH 4.10 (0.01 M CaCl2) and extractable Al 2.88 mg/kg. Other basic soil properties
were described in Chapter 3. The Chromosol was mixed with sand at a ratio of 1:3 to reduce its
pH buffer capacity (pHBC). Podosol already has a low pHBC and thus no sand was added. Both
Podosol and Chromosol were mechanically sieved to less than 2 mm diameter. Likewise, sand
was sieved in 600 micron sieve before mixing with Chromosol. The amounts of basal nutrients
added for this experiment are listed in Table 4.1.
Table 4.1: Amount of basal nutrient added in each cup (180 ml).
Fertilizer

M wt

Ca(NO3)2.4H2O
NaH2PO4.2H2O
K2SO4
MgCl2.6H2O
MnSO4.7H2O
ZnSO4.7H2O
CuSO4.5H2O
H3BO3
Na2MoO4.2H2O

236.15
156.01
174.25
203.3
169.01
287.54
249.68
61.83
241.96

g/500 ml in stock
solution
66.2
31.435
20
1.7
1
1
0.2
0.067
0.017

Aliquot
ml/200g
1
1
1
1
1
1
1
1
1

The amount of nutrients
added (mg/200 g)
132.4
62.87
40
3.4
2
2
0.4
0.134
0.034

4.2.2 Al compound
In this study, two Al compounds aluminum chloride (AlCl3) and aluminum hydroxide (Al(OH)3)
were selected. Aluminum sulphate (Al2(SO4)3) was not used in this experiment, because,
Al2(SO4)3 compound is less toxic due to Al-SO4 complex (Alva et al. 1991).

4.2.3 Experimental design and treatments
Initially, all treatments were considered for large scale i.e especially for this experiment.
After that some treatments were overlooked/discarded as not relevant for following
experimental chapters. Thus, the experiment was arranged factorially and has the following
treatments:
1) 4 AlCl3 × 3 CaCO3 × 2 Soils × 2 genotypes
2) 4 Al(OH)3 × 1 CaCO3 × 1 Podosol × 2 genotypes.
Each treatment had three replications. The CaCO3 was used to manipulate soil pH and Al level in
both soils. The different treatments and incubation period are summarized in Table 4.2.
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Table 4.2. Summary of treatments and incubation period for this experiment
AlCl3 rates
(g/kg soil)
0
0.5
1
2

Al(OH)3 rates at 0.5g
CaCO3 (g/kg soil)
0
0.5
1
2

CaCO3 rates
(g/kg soil)
0
0.5
2

Sampling times
(day)
3
10
30

Note: All treatments used 3 replicates

4.2.4 Soil incubation
A 200 g of soil was weighed in each cup (180 ml) and kept to 100% field capacity by weighing
cups during incubation. Water was maintained to the field capacity for both Podosol (19% w/w)
and Chromosol sand mix (13% w/w). To prevent evaporation loss, all cups were placed in plastic
boxes which were covered with lid during the incubation period in a controlled temperature room
at 250C. Also, a standing water of 2.5 cm high was maintained at the bottom of each box during
incubation. The soils were sampled at 3, 10 and 30 days of incubation by a small core sampler
(0.5 mm diameter and 3 cores per cup) which collected about 6 g per core. Three days were
considered as adequate duration required reaching equilibrium of AlCl3 in soil. Initially, it was

expected that long incubation period will be required to equilibrate Al and Ca. For that
reason, sampling was done up to 30 days to know the changes in soil pH and extractable
Al with respect to time. All holes were closed after soil collection by shaking or oscillating
each cup. All collected soils were air-dried for pH and Al measurements.

4.2.5 Plant growth
Following the last soil sampling (30 days), soils of each cup (180 ml) were equally divided into
two parts (90 g each) and transformed into two separate 50-ml vials. Soils were compacted
properly by tapping each vial during filling of soils into vials. Five uniform pre-germinated seeds
were placed in each vial and covered by 0.5 cm of soil from the top of vials. Two Al-tolerant
(ET8) and Al-sensitive (ES8) wheat (Triticum aestivum L.) genotypes were grown in each vial
(Plant genotypic characteristics were described in Chapter 3 at section 3.2). Water was added
daily by spraying in each vial during the plant growth period. The plants were grown in a growth
cabinet under controlled environment conditions in which constant day/night temperature was
200C, 10 h dark, 14 h light and the average light intensity was 210 µM photons/m2/s. Plants were
harvested 11 days after sowing (DAS). Roots were collected and washed with deionized (DI)
water before measurements.
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4.2.6 Measurements
Soil pH was determined with a 1:5 extraction of 0.01 M CaCl2 after shaking for 17 h. Extractable
Al was determined in 0.01 M CaCl2 using the pyrocatechol violet (PCV) method (Kerven et al.
1989). The root length was measured using a root scanner.

4.2.7 Statistical analysis
Results were analysed by either two-way or three-way analysis of variance (ANOVA) using
Genstat 5th edition for Windows (Lawes Agricultural Trust, UK, 2008). Three-way ANOVA was
conducted for compound and incubation time, whereas two-way ANOVA was accomplished for
two genotypes.

4.3 RESULTS
4.3.1 Bulk soil pH, extractable Al and root length of wheat seedlings in Podosol
The addition of 500 mg CaCO3/kg soil increased the bulk soil pH by 0.33 units. In the soil
amended with 500 mg of CaCO3, the addition of AlCl3 at 2000 mg/kg resulted in a pH reduction
of 0.57 units. In comparison, the addition of Al(OH)3 at the 2000 mg/kg resulted in an increase of
pH around 0.05 unit. Bulk soil pH is similar in 500 and 1000 mg/kg Al(OH)3 compound along
with 500 mg/kg CaCO3 supply. However, bulk soil pH reduced significantly (P < 0.05) at 500
and 1000 mg/kg AlCl3 compound in the 500 mg/kg CaCO3 treatment (Figure 4.1a).
The concentration of extractable Al in bulk soil remained unchanged following the addition of
Al(OH)3 compound in no-lime control treatment. However, it reduced significantly (P < 0.05) at
500 mg/kg CaCO3 supply but was not affected by addition rate of Al(OH)3. In contrast, the
concentration of extractable Al in bulk soil increased remarkably due to increasing addition of
AlCl3 compound at 500 mg/kg CaCO3 supply (Figure 4.1b).
The root length of both Al-tolerant (ET8) and Al-sensitive (ES8) wheat seedlings increased
significantly (P < 0.05) at 500 mg/kg CaCO3 supply compared with control treatment. In general,
root length of both ES8 and ET8 was not affected by addition of Al(OH)3 at 500 mg/kg CaCO3
supply. However, root length of both ES8 and ET8 were dramatically reduced following addition
of AlCl3 at 500 mg/kg CaCO3 supply. The two genotypes responded similarly in terms of root
length in response to the addition of Al(OH)3 at 500 mg/kg CaCO3 supply. The two genotypes
tended to be responses differently to the treatments. On average, root length of the ET8 seedlings
tended to be higher than the ES8 seedlings in different treatments (Figure 4.1c).
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Figure 4.1 Effect of aluminium compound (Al(OH)3 and AlCl3) on (a) bulk soil pH; (b) extractable Al in
bulk soil and (c) root length of Al-tolerant (ET8) and Al-sensitive (ES8) wheat seedlings grown in Podosol
amended with 500 mg/kg CaCO3. Plants were grown after 30 days of incubation and were harvested after
11 days of growth. The effect on bulk soil pH and extractable Al in bulk soil was significant at P ≤ 0.001
for compound, treatment and their interaction. Mean root length was significant at P ≤ 0.001 for AlCl3 and
P ≤ 0.01 for Al(OH)3 and not significant (P > 0.05) for genotype as well as genotype and Al compound
interaction. Data shown is the mean value of six replicates for bulk soil pH and extractable Al in bulk soil
because the effect of genotype is not significant and three replicates for mean root length. Vertical bars
represent LSD (P= 0.05) for genotype and Al compound interaction.
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4.3.2 Root length of Al-tolerant and Al-sensitive wheat seedlings under soil pH and
extractable Al amended by AlCl3 compound
The root length of both ES8 and ET8 seedlings increased significantly (P < 0.05) with the
increase in bulk soil pH. In contrast, root length of both ES8 and ET8 dramatically reduced with
the increase in extractable Al in bulk soil. However, there was no significant difference in root
length between the genotypes for both bulk soil pH and extractable Al. Fitted line was

provided to show the trend of graph. As seedlings were grown in vials, so root length
become up and down due to inconsistent compaction of incubated soil within vials.
(Figures 4.2a and 4.2b).
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Figure 4.2 Changes in mean root length due to increase in (a) bulk soil pH and (b) extractable Al in bulk
soil for the Al-tolerant (ET8) and Al-sensitive (ES8) wheat seedlings. Data were mean values of three
replicates. The effect of bulk soil pH and extractable Al in bulk soil were significant at P ≤ 0.001 and not
significant between genotypes. Vertical bars represent LSD (P = 0.05) for genotype and bulk soil pH as
well as genotype and extractable Al interaction.

4.3.3 Effect of incubation time on soil pH in Podosol and Chromosol
The incubation time did not differ for 0 and 2000 mg CaCO3/kg treatments under various level of
AlCl3 supply in Podosol. The incubation time differ in 500 and 1000 mg AlCl3/kg supply at 0 and
2000 mg CaCO3 treatments, respectively, in Chromosol. Both soils added with 0 AlCl3 and 0
CaCO3 become more acidic after 3 days of incubation and generally reached similar values of pH
after 30 days of incubation. At 2000 mg/kg AlCl3, changes in soil pH exhibited similar
characteristics in both soils which suggested that pH level did not changed in 3, 10 and 30 days
of incubation. The soil pH dramatically reduced due to different AlCl3 and 2000 mg CaCO3/kg
supply in Podosol and Chromosol. Soil pH was similar among 3, 10 and 30 days of incubation in
different AlCl3 supply along with 2000 mg CaCO3/kg addition in Podosol (Figures 4.3a to 4.3d).
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Figure 4.3: Effect of incubation time on soil pH for (a) Podosol and (c) Chromosol at 0 mg CaCO3 supply,
and (b) Podosol and (d) Chromosol at 2000 mg CaCO3 supply under different rates of AlCl3 addition.
Vertical bars represent LSD (P= 0.05) for day, soil and treatment interaction. Data were the average value
of three replicates.

4.3.4 Effect of incubation time on soil extractable Al in Podosol and Chromosol
In general, the concentration of extractable Al was not affected by incubation time in Podosol.
The soil extractable Al increased significantly (P < 0.05) with increasing AlCl3 supply along
with 0 CaCO3 in both Podosol and Chromosol. The extractable Al did differ for 3, 10 and 30 days
of incubation at 0 and 2000 mg CaCO3 treatments in Podosol under various level of AlCl3
addition. The extractable Al concentration in Chromosol at 0 CaCO3 did not differ for 3, 10 and
30 days of incubation under various level of AlCl3 addition. The extractable Al concentration in
Chromosol at 2000 mg CaCO3/kg treatments differ for 3, 10 and 30 days of incubation under
1000 and 2000 mg AlCl3/kg treatments. The soil available Al was 2-fold higher in Podosol than
Chromosol at 2000 mg CaCO3 under different AlCl3 treatments. This was because the
concentration of extractable Al was originally higher in Podosol than Chromosol. Similar to 0
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CaCO3, the effect of incubation was not significant at 2000 mg CaCO3 under different AlCl3
treatment in both soils (Figures 4.4a-4.4d).
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Figure 4.4: Effect of incubation time on soil extractable Al for (a) Podosol and (c) Chromosol at 0 mg
CaCO3 supply, and (b) Podosol and (d) Chromosol at 2000 mg CaCO3 supply under different rates of AlCl3
addition. Vertical bars represent LSD (P= 0.05) for day, soil and treatment interaction. Data were the
average value of three replicates.

The mean root length of ES8 seedlings was initially 29% higher in Chromosol than Podosol at 0
CaCO3 supply. It was reduced significantly (P < 0.05) due to addition of AlCl3 along with 0
CaCO3 supply. The mean root length of ES8 seedlings in Podosol significantly (P < 0.05)
differed between 0 and 2000 mg CaCO3 treatment under different AlCl3 supply. However, the
mean root length of ES8 seedlings in Chromosol did not significantly differ between the lime
treatments at 0 and 2000 mg AlCl3/kg supply, respectively. Similarly, mean root length did not
differ between 0 and 2000 mg CaCO3 along with 2000 mg AlCl3/kg treatment in Chromosol.
Moreover, mean root length of ES8 seedlings increased in 0 compared to 500 mg CaCO3/kg
treatments at 500 and 1000 mg AlCl3/kg treatments, respectively in Chromosol (Figures 4.5a and
4.5b).
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Figure 4.5: Effect of AlCl3 addition on mean root length of Al-sensitive (ES8) wheat seedlings grown for
11 days in (a) Podosol and (b) Chromosol. Soils were incubated for 30 days prior to commencement of
plant growth experiment. Soil treatment and their interaction were significant at P ≥ 0.001. Mean root
length was significant at P ≤ 0.001. Vertical bars represent LSD (P = 0.05) for soil × treatment interaction.
Data were the mean of three replicates.

4.4 DISCUSSION

4.4.1 Effect of Al compounds on soil acidity
The two Al compounds, aluminium chloride (AlCl3) and aluminium hydroxide (Al(OH)3),
differed markedly in their ability to increase the bio-availability of Al in soil. The bulk soil pH
declined and the concentration of extractable Al increased with the addition of AlCl3 to the soil.
In contrast, these measurements did not change with the addition of Al(OH)3 to the soil. As a
result, root growth of both the Al-tolerant (ET8) and Al-sensitive (ES8) wheat seedlings declined
only with increasing amounts of AlCl3 addition (Figures 4.1a, 4.1b and 4.1c). The differences
between these two Al compounds can be attributed to their different solubility product constants
(Ksp). The Ksp values for AlCl3 and Al(OH)3 at 250C are 2.04×104 and 1.8×10-33, respectively
(Chang 2010). Thus, the mass of AlCl3 that will dissolves in 100 ml of water at 250C is 111 g
whereas Al(OH)3 practically does not dissolve in water (Budavari 1989).
The chemical properties of AlCl3 and Al(OH)3 compounds and their solubility in the soil solution
are responsible for differences in their effects on soil pH and extractable Al. The dissociation of
AlCl3 compound (AlCl3 → Al3+ + 3Cl-) initiates acidity by the reaction of Al3+ with water in soil
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solution (Al3+ + 2H2O → Al(OH)2+ + 2H+). Thus AlCl3 dissociates to Al3+ in the soil solution and
increases both bio-availability of Al in soil and Al3+ in soil solution. This Al3+ again reacts with
water to form mononuclear hydroxy-Al species (Al(OH)2+), releasing H+ ions and lowering the
soil pH (Serrano 2003). In complete contrast, Al(OH)3 does not dissolve in the soil solution at pH
4.0-6.0 and so does not increase the bio-availability of Al in soil solution. This experiment
demonstrates that AlCl3 is the preferred compound for manipulating different levels of bioavailability of Al3+ in soil. It will therefore be used in subsequent experiments in this thesis.

4.4.2 The effect of incubation time
Increasing incubation time from 3 to 30 days did not markedly affect the measurement of soil pH
(Figures 4.3a-4.3d) or extractable Al (Figures 4.4a-4.4d) with the exception of 2000 mg CaCO3
in Chromosol following the addition of AlCl3 to the soils in this study. There was a rapid
decrease in the pH and an increase in extractable Al, in both soils after application of AlCl3; the
effects were found stabilized during the measurement at day 3 and remained constant over the 30
day incubation period. The high solubility of AlCl3 means that it quickly dissociates in water
followed by the hydration of Al3+ forming mononuclear hydroxyl-Al species like Al(OH)+2
(Richens 1997). Likewise, Tanaka et al. (1987) reported that the chemical species of Al changed
as soon as the AlCl3 solution was added to the soil.
Other studies have reported similar effects of incubation time for inorganic and organically
complexed forms of Al. Thus both organic and inorganic Al did not significantly change with
incubation time and remained stable for periods of time. For example, Menzies et al. (1991)
incubated soil samples at 280C from one to sixty four days. They found that soil pH and
extractable Al did not change significantly with the extended (up to sixty four days) incubation
times. These researchers also reported that the plant-toxic monomeric Al (Al3+) reached a stable
concentration in soil solution after incubating for one day. It should be pointed out that they did
not manipulate soil Al. They just collected five acid soils of widely divergent chemical and
physical characteristics and incubated at 280C from one to sixty four days. Similarly, Menzies
and Bell (1988) also found that incubating a Krasnozem (Ferosol) surface soil at 280C for one
day was sufficient to attain an equilibrium condition for most ions, similar to that present under
field conditions. Moreover, they did not manipulate soil Al but incubated soils for a period of up
to sixteen days. These findings indirectly suggest that short incubation periods are required for
experiments where the activity of Al3+ in soil is manipulated. Thus, a short incubation would
allow Al3+ concentrations to stabilize in the soil solutions.
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4.4.3 Effect of soil type
The Podosol was an inherently more acidic soil than the Chromosol soil in this experiment. The
Podosol had a lower pH (3.8 in 0.01 M CaCl2) and a higher concentration of extractable Al (3.9
mg/kg) than Chromosol. Even when 2000 mg CaCO3 was applied to both soils, the Podosol still
had a lower pH and high extractable Al than the Chromosol (Figures 4.3a – 4.3d). Thus, the root
proliferation of the Al-sensitive wheat (ES8) seedlings was lower in the Podosol than the
Chromosol both with and without CaCO3 addition, due to the lower pH and higher extractable Al
(Figures 4.5a and 4.5b).
This particular acidic Podosol soil was collected from the surface layer of the soil at Cranbourne,
Victoria. The acidity with the low pH and high extractable Al had markedly reduced the growth
of wheat roots. It was found in two earlier preliminary experiments (data not presented) that it
was not possible to demonstrate differences in root growth between the Al-sensitive ES8 and
more Al-tolerant ET8 wheat genotypes, as the root growth of both genotypes were markedly
suppressed by the acidic properties of this surface soil. Given those subsequent experiments in
this thesis, where differential effects of acidic soil properties on these two genotypes will be
studied then a soil with less acidic properties is required. Therefore, another Podosol collected
from the subsoil at Frankston, Victoria (initial pH 4.5 and extractable Al 5.0 mg/kg), will be used
in subsequent experiments which will involve the manipulation of Al concentrations using AlCl3
addition.

4.5 CONCLUSIONS

Type of Al compound affected soil pH and Al3+ activity in soil solution. The AlCl3 compound
increased the concentration of extractable Al and decreased in soil pH. The root length of ES8
and ET8 reduced in AlCl3 compound treatments due to increases in bio-availability of Al3+ in
soil. In contrast, Al(OH)3 had no effect on soil pH or activity of Al3+ in soil solution. As a result,
the root proliferation of both ES8 and E8 was similar with or without addition of Al(OH)3
compound. However, no remarkable incubation effect was found any of the treatments regarding
soil pH and extractable Al. Therefore, short incubation with increased temperature (7 days at
300C) was selected to incubate the soil and AlCl3 compound was chosen to manipulate soil
available Al for successive experiments.
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5.1 INTRODUCTION
Low pH and high concentrations of toxic Al are the major causes of poor plant growth in acid
soils (Bose et al. 2010). Generally, Al3+ activities reduce plant growth in low pH soil and
therefore it is necessary to study Al3+ stress in combination with low pH soil (Lazof and Holland
1999). It is also important to know how plants respond under low Al3+ activities and high pH, in
order to gain a deeper understanding of Al-tolerance mechanisms. Although some research has
examined plant growth response under Al3+ activities with low pH soils, few experiments have
been conducted under low Al3+ activities and high pH conditions (Ma et al. 2003).
Plant species and different genotypes within species respond differently to Al3+ toxicity. For
example, Al-tolerant wheat (ET8) seedlings release 10 times more malate from the root tips than
the Al-sensitive wheat (ES8) seedlings when exposed to toxic level of Al3+ (Delhaize et al.
1993b). This released malate chelate Al3+ in the rhizosphere of ET8 seedlings and enables the
ET8 seedlings to grow better than that of the ES8 seedlings (Ryan et al. 1995). This malate
exudation has been quantified for ES8 and ET8 genotype in solution culture using excised root
tips of wheat seedlings (Kataoka et al. 2002). But, solution culture experiments avoid the
chemical and biological complexities that occur in soil (Schefe et al. 2008). Thus, soil-grown
experiments with respect to high Al3+ is needed to verify the genotypic variation.
Plant species and genotypes also respond differently to low pH. One solution culture study
confirmed that ES8 seedlings grew better at pH 5.5, whereas ET8 seedlings grew better at pH 4.2
(Babourina et al. 2006). This different growth response between ES8 and ET8 may be due to pH
differences in the solution (Stewart and Lieffers 1994). The better growth response of ET8 than
that of ES8 at low pH may also be associated with the loosening of pectin bonds in acidified
medium (Cleland 2002). However, it is unclear how these two genotypes behave in low pH soils.
Therefore, genotypic variation irrespective to low pH soil will be considered in this study.
Chapter 4 showed that AlCl3 addition to soil reduced bulk soil pH and increased extractable Al.
Likewise, root length of ES8 seedlings decreased with the increase of extractable Al in bulk soil.
It was also found that root length of ES8 seedlings increased with the increase in bulk soil pH.
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However, no genotypic variation was studied specific to CaCO3 supply in Chapter 4. Therefore,
root morphological changes and genotypic variation in relation to CaCO3 supply will be
examined in this chapter. The aims of this experiment are therefore to compare the growth
response of ET8 and ES8 wheat seedlings in relation to a spectrum of pH levels and Al
concentrations and to identify root morphological characteristics that might explain the difference
in Al tolerance.

5.2 MATERIALS AND METHODS
5.2.1 Soil and plants
A Podosol subsoil (Isbell 2002) was used in this study and had an initial pH 4.5 and an
extractable Al 4.98 mg/kg, with both measurements being made in 0.01 M CaCl2. The Al-tolerant
(ET8) and Al-sensitive (ES8) wheat genotypes were used in this experiment. Other properties of
the soil and plant materials were described in Chapter 3.

5.2.2 Experimental design and pre-incubation procedure
The experiment had a completely randomised design with 13 treatments, comprising 8 AlCl3 and
5 CaCO3 rates, in combination with the 2 genotypes ET8 and ES8, with all treatment
combinations replicated 3 times. The eight levels of AlCl3 were 0, 50, 100, 200, 300, 400, 600
and 800 mg/kg and the five levels of CaCO3 were 0, 130, 250, 500 and 1000 mg/kg, respectively.
The CaCO3 was directly applied to soil in a powder form and mixed within the soil before preincubation. AlCl3 was added as a stock solution to soil and the soil was pre-incubated at 300C for
7 days before sowing. The Al and lime experiments were conducted separately.

5.2.3 Seed germination and plant sowing
Uniform-size seeds were selected for germination. The seeds were germinated on moist paper
towel in the dark at 250C for 70 h. Eight holes (1.0 cm depth) were made in the soil in each
plastic cups which contained 200 g pre-incubated soil. Then, eight uniform pre-germinated seeds
of ES8 and ET8 were placed carefully in these holes in each cup. The germinated seeds were
sown in the same way with their radicals pointing downwards and then they were gently covered
with the same treated soil. The ES8 and ET8 germinated seed sowed separately in separate cups.
After sowing, each cup was covered by filter paper for first two days to avoid disturbance of top
soil. Deionised (DI) water was sprayed from top on the filter paper. The soil was kept at field
capacity (15% w/w) by weighing pots during incubation and the growing period of wheat plants.
Basal nutrients were not applied to the soil and so the seedling growth relied only on seed
reserves.
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5.2.4 Plant growth condition
Plants were grown in a growth cabinet with day/night temperatures of 20/18 0C, with 10 h of dark
and 14 h of light conditions and an average light intensity of 210 µM photons/m2/s. All cups were
re-randomised within the growth chamber on alternate days during the incubation and the
growing period for the wheat seedlings, to minimize positional effects.

5.2.5 Plant harvest
Plants were harvested 6 days after sowing. Seeds were germinated 3 days before sowing. Whole
plants with roots and surrounding soil were removed from each cup by gentle agitating to provide
minimum disturbance to the roots and shoots. Intact plants were then lifted gently from the soil
and shaken lightly to remove bulk soil from the roots. Collected bulk soil was air-dried and
stored in controlled temperature (250C) room until analysis. Shoots and roots were separated and
the shoots were dried at 700C in an oven for a minimum of 3 days before analysis. Roots were
washed three times by DI water to remove adhered soil from the external root surfaces. Then the
roots were submerged in 50-ml vials containing 20 ml of 50 mM BaCl2 solution that had been
chilled to 40C for 45 minutes. All vials were shaken gently for 45 minutes at the chilling
temperature of 40C to desorb apoplast Al in the 50 mM BaCl2 solution. After the desorption of
this apoplast Al, all tubes were stored in the freezer until measurements of apoplastic Al in the
solution were made. The root length was then measured using a root scanner. After measuring the
root length, roots were washed by DI water and dried at 700C in an oven for minimum 3 days
before analysis.

5.2.6 Analytical procedure
Bulk soil pH was determined in 0.01M CaCl2 solution after overnight (17 h) shaking. Extractable
Al in this 0.01M CaCl2 extract was determined using the pyrocathecol violet (PCV) method
(Kerven et al. 1989). The desorbed apoplast Al was also determined using this PCV method with
the standard solutions made up in 50 mM BaCl2 solution to maintain similar ionic matrix for the
measurement. Root and shoot samples were cut into small pieces and digested in a mixture of
concentrated nitric and perchloric acid (4:1) with stepwise heating using a Tecator DS 400
digestion system, until 2300C was reached, and then held for 20 minutes. The Al concentration in
the digest was determined calorimetrically by using the PCV method (Kerven et al. 1989) using a
a Cary 50 Bio, UV-visible spectrometer, with the pH in each sample being adjusted to 2.0 prior to
the colour development step.
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5.2.7 Statistical analysis of data

The experiment was set up in a completely randomised design consisting of eight AlCl3 and five
CaCO3 treatments with three replicates. Soil data were analysed by a one way analysis of
variance for the effect of AlCl3 and CaCO3 additions to the soil. Seedling growth and
composition data were analysed by a two-way analysis of variance for the main effects and
interactions between AlCl3 and CaCO3 additions and wheat genotypes. All statistical analysis was
conducted using Genstat 5th edn for Windows (Lawes Agricultural Trust, UK, 2008).

5.3 RESULTS

5.3.1 Effect of AlCl3 and CaCO3 supply on soil

The bulk soil pH declined with increased addition of AlCl3 up to 200 mg/kg, but then did not
decline further with higher AlCl3 additions. In contrast, the addition of CaCO3 linearly increased
the bulk soil pH values (Figures 5.1a and 5.1b).

The extractable Al in bulk soil increased markedly with increasing rates of AlCl3. In contrast, the
extractable Al in bulk soil declined with the increasing amounts of CaCO3 and no extractable Al
was detected in the 500 and 1000 mg CaCO3/kg treatments (Figure 5.1c and 5.1d).
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Figure 5.1: Effect of AlCl3 and CaCO3 addition on bulk soil pH (a and b) and extractable Al in bulk soil (c
and d). Data were means of six replicates. AlCl3 and CaCO3 treatments were highly significant (P < 0.001)
for both measurements. Vertical bar represent LSD (P= 0.05) for AlCl3 and CaCO3 separately.

Irrespective of the AlCl3 and CaCO3 additions, a close relationship was found between bulk soil
pH and extractable Al in bulk soil. The bulk soil pH decreased exponentially with the increased
concentration of extractable Al in bulk soil. The extractable Al in bulk soil varied from 5 to 72
mg/kg, and the bulk soil pH from 4.4 to 4.1 with AlCl3 addition. In contrast, the concentrations of
extractable Al in bulk soil decreased from 1.8 to 0 mg/kg and the bulk soil pH increased from 4.9
to 7.2 with CaCO3 additions (Figure 5.2).
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Figure 5.2: Relationship between bulk soil pH and extractable Al in bulk soil with AlCl3 and CaCO3
additions. Extractable Al in bulk soil reduced to 0 mg/kg, when 500 mg CaCO3/kg was applied to the soil.

5.3.2 Effect of AlCl3 and CaCO3 supply on shoot growth

The plant height reduced with increasing AlCl3 additions to the soil. However, the seedlings did
not grow with 200 mg AlCl3/kg soil or higher. This indicated that wheat seedlings were not able
to survive under extremely Al-toxic conditions. However, wheat seedlings were able to survive
under moderately acidic conditions as seedlings survived and grew with the 100 mg AlCl3/kg soil
treatment. Plant height showed an asymptotic response to increasing lime additions. The plant
heights of the two genotypes varied with AlCl3 and CaCO3 additions. The plant height was
consistently higher with ET8 than ES8 for the different rates of AlCl3 and CaCO3 addition
(Figures 5.3a and 5.3b; Tables 5.1 and 5.2).
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Table 5.1: Significance levels from the analysis of variance for the main effects and interaction terms for
plant height and shoot dry weight, for AlCl3 rate and genotypes, and CaCO3 rate and genotypes
Source of variation
AlCl3 experiment
Genotype (G)
AlCl3 (Al)
G×Al
CaCO3 experiment
Genotype (G)
CaCO3 (Ca)
G×Ca

Plant height

Shoot dry weight

***
***
n.s.

***
***
n.s.

***
**
n.s.

***
***
n.s.

Where n.s., ** and *** represent probability of > 0.05, ≤ 0.01 and ≤ 0.001. Values were means of three replicates.

Table 5.2: Main-effect means for shoot dry weight and plant heights, for genotype, AlCl3 and CaCO3
treatments, where the interactions with genotypes were not significant (P > 0.05).
Treatments
Al experiment

Plant height (cm)

Shoot dry weight (mg/plant)

Genotypes
ES8
ET8
LSD (P = 0.05)
P value

6.11
7.65
0.56
<0.001

4.97
6.25
0.53
<0.001

AlCl3 addition (mg AlCl3/kg)
0
50
100
LSD (P = 0.05)
P value

8.97
7.36
4.31
0.68
<0.001

6.97
6.13
3.73
0.59
<0.001

Genotypes
ES8
ET8
LSD (P = 0.05)
P value

10.36
10.79
0.32
0.010

7.92
9.06
0.39
<0.001

CaCO3 addition (mg CaCO3/kg)
0
130
250
500
1000
LSD (P = 0.05)
P value

8.97
10.62
10.94
11.20
11.17
0.51
<0.001

6.97
8.68
8.51
9.14
9.07
0.62
<0.001

Lime experiment

The shoot dry weight declined significantly (P < 0.05) with increasing rate of AlCl3 addition. In
contrast, shoot dry weight increased significantly (P < 0.05) at 130 mg CaCO3/kg treatment and
remained steady for the rest of the lime treatments. The shoot biomass was also consistently
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higher in ET8 seedlings than ES8 seedlings with the different rates of CaCO3 and AlCl3 addition
(Figures 5.3c and 5.3d; Tables 5.1 and 5.2).
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Figure 5.3: Effect of AlCl3 and CaCO3 addition on plant height (a and b) and shoot dry weight (c and d)
after 6 days. Seedlings died with the 200 mg AlCl3 treatment and the data were not included in the analysis.
Vertical bar represent LSD (P= 0.05) for G × Al and G × Ca interactions separately.

5.3.3 Effect of AlCl3 and CaCO3 supply on root growth
Root length decreased as AlCl3 addition increased. In contrast, root length increased significantly
(P< 0.05) with the 130 mg CaCO3/kg treatment and remained similar for the remaining of CaCO3
rates compared with the control. The two genotypes responded differently to AlCl3 and CaCO3
additions. The mean root lengths of ET8 seedlings were higher than the ES8 seedlings with the
50 and 150 mg AlCl3/kg treatments, but similar with the nil AlCl3, resulting in the significant
genotype × AlCl3 interaction. In contrast, the mean root length was consistently higher for the
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ET8 seedlings than the ES8 seedlings with the range of CaCO3 additions, as there was no
interaction between genotype and CaCO3 addition (Figures 5.4a and 5.4b; Table 5.3).
Table 5.3: Significance levels for the main effect and interaction means for root measurements, with the
genotypes, AlCl3 and CaCO3 treatments.
Source of variation

Root length

Root dry
weight

Root surface
area

Root average
diameter

Root tips
number

***
***
***

**
***
n.s.

***
***
n.s.

*
***
**

***
*
**

***
***
n.s.

**
***
n.s.

n.s.
***
n.s.

n.s.
*
n.s.

***
***
*

AlCl3 experiment
Genotype (G)
AlCl3(Al)
G×Al
CaCO3 experiment
Genotype (G)
CaCO3(Ca)
G×Ca

Where n.s.,*, ** and *** represent probability of > 0.05, ≤ 0.01 and ≤ 0.001, respectively. Values were means of three replicates.
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Figure 5.4: Effect of AlCl3 and CaCO3 addition on mean root length (a and b) and root dry weight (c and
d). Seedlings died with the 200 mg AlCl3 treatment and the data were not included in the analysis. Vertical
bar represent LSD (P = 0.05) for the G × Al when this interaction was significant. The absence of bars
indicates that the interaction was not significant.
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The root dry weight declined as the AlCl3 addition increased. The root dry weight was
consistently greater in the ET8 seedlings than the ES8 seedlings for the different levels of AlCl3
addition (Figure 5.4c; Table 5.3), as the main effect for AlCl3 addition was significant and there
was no interaction between genotypes and AlCl3 additions.
Root dry weight increased with CaCO3 addition. The root dry weight increased by 56% with the
250 mg CaCO3/kg treatment compared to the control and then remained similar with further
increases of CaCO3 addition. The root dry weight was consistently higher with ET8 seedlings
than the ES8 seedlings under different level of CaCO3 addition (Figure 5.4d; Table 5.3), as the
main effect for genotype was again significant, and there was no interaction between genotypes
and CaCO3 addition.

5.3.4 Effect of AlCl3 and CaCO3 supply on the root morphology of the wheat
genotypes
The root surface area declined with increased AlCl3 addition but increased with the initial rate of
130 mg CaCO3/kg by 29%, compared to the control. The root surface area was higher in the ET8
seedlings than the ES8 seedlings for both the AlCl3 and CaCO3 additions (Figures 5.5a and 5.6a;
Tables 5.3 and 5.4). However there was no interaction for root surface area between genotypes
and AlCl3 or CaCO3 additions.
The number of root tips was reduced as AlCl3 addition increased. The number of root tips for the
ET8 seedlings was higher than of the ES8 seedlings for 0 mg AlCl3/kg treatments, but did not
differ with 50 and 100 mg AlCl3/kg treatments, resulting in the significant genotype by AlCl3
interaction. Similarly the root tip number of the genotypes was affected by CaCO3 addition in
different ways. Root tip number was higher for ET8 at the low rates of CaCO3, but the number
did not differ between ES8 and ET8 at the higher rates of CaCO3, resulting in the significant
interaction for root tip number between genotypes and CaCO3 addition (Figure 5.5b; Tables 5.3
and 5.4).
The average root diameter increased as AlCl3 addition increased. However there were differences
between the genotypes but only with the 100 mg AlCl3/kg treatment, when ES8 produced thicker
roots than ET8, resulting in the significant genotype by AlCl3 interaction (Figure 5.5b; Table
5.3). In contrast, root diameter increased gradually between the nil CaCO3 rate and the 1000 mg
CaCO3 /kg treatments. Root diameter did not differ between ES8 and ET8 with different rates of
CaCO3 supply (Figure 5.6c; Tables 5.3 and 5.4).
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Table 5.4: The main effect means for root morphology measurements with AlCl3, CaCO3 and
genotype treatments.
Root surface area
(cm2/plant)

Root tips
(no/plant)

Average root diameter
(mm)

AlCl3
Genotypes
ES8
ET8
LSD (P = 0.05)
P value

3.3
4.6
0.3
<0.001

12.0
16.4
3.6
0.001

0.92
0.79
0.09
0.014

AlCl3 addition (mg AlCl3/kg)
0
50
100
LSD (P = 0.05)
P value

5.1
4.3
2.5
0.4
<0.001

26.2
10.3
6.1
6.9
0.020

0.61
0.76
1.18
0.05
<0.001

6.5
6.8
0.4
0.101

13.9
31.1
3.6
<0.001

0.63
0.66
0.03
0.10

5.1
6.9
6.7
6.9
7.7
0.6
<0.001

26.2
23.5
17.8
16.9
24.8
5.8
0.001

0.61
0.62
0.67
0.64
0.70
0.06
0.03

Lime
Genotypes
ES8
ET8
LSD (P = 0.05)
P value
CaCO3 addition (mg CaCO3/kg)
0
130
250
500
1000
LSD (P = 0.05)
P value
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Figure 5.5: Effect of AlCl3 addition on root surface area (a) root tip number (b) and average root
diameter (c). Vertical bar represent LSD (P = 0.05) where the G × Al interaction was significant.
No bars are presented if the G × Al interactions were not significant (P > 0.05).
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Figure 5.6: Effect of CaCO3 addition on root surface area (a) root tip number (b) and average
root diameter (c). Vertical bar represent LSD (P= 0.05) where the G × Ca interaction was
significant. No bars are presented if the G × Al interactions were not significant (P > 0.05). LSD
values were presented Table 5.4.

5.3.5 Effect of AlCl3 and CaCO3 supply on apoplast, root and shoot Al
concentrations and total Al uptake by the seedlings

The concentration of apoplast Al increased as AlCl3 addition increased. The concentration was
higher in ET8 than ES8, but only for the 50 mg AlCl3/kg treatment, which resulted in the
significant interaction for apoplast Al concentration between genotypes and AlCl3 addition
(Figure 5.7). In contrast, the apoplast Al concentration declined as CaCO3 supply increased. In
addition the concentration was consistently higher in ET8 than ES8 across all rates of CaCO3
(Tables 5.5 and 5.6). Thus there was no interaction between genotypes and CaCO3 addition for
this measure.

The root Al concentration increased as AlCl3 addition increased. The root Al
concentrations did not differ between the ET8 and ES8 seedlings under different levels of
AlCl3 addition (Tables 5.5 and 5.6), as there was no significant genotype main effect for
shoot Al concentration, nor was there any interaction for root Al concentration between
genotype and AlCl3 addition.
The shoot Al concentration increased as AlCl3 addition increased. At 100 mg AlCl3/kg
treatment, shoot Al concentration was 1.5 times higher compared to the control. The two
genotypes did not differ for shoot Al concentration (Tables 5.5 and 5.6), nor was there
any interaction between for shoot Al concentration between genotype and AlCl3 addition.
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The total Al uptake by wheat seedlings increased as AlCl3 addition increased. However
ET8 seedlings did take up more total Al than the ES8 seedlings across the AlCl3
treatments (Tables 5.5 and 5.6). There was no interaction between the genotypes and
AlCl3 addition.
Table 5.5: Significance level for the main effect and interaction means for Al concentrations and
uptake with AlCl3, CaCO3 and genotype treatments.
Source of variation

Apoplast
Al

Root Al
concentration

Shoot Al
concentration

Total Al
uptake

***
**
**

n.s.
***
n.s.

n.s.
*
n.s.

**
n.s.
n.s.

***
***
n.s.

NA
NA
NA

NA
NA
NA

NA
NA
NA

AlCl3 experiment
Genotype (G)
AlCl3 (Al)
G×Al
CaCO3 experiment
Genotype (G)
CaCO3 (Ca)
G×Ca

Where n.s., ** and *** represent probability of > 0.05, ≤ 0.01 and ≤ 0.001, respectively. NA represents no measurements were
undertaken. Values were means of three replicates.

Table 5.6: Main effect means for Al concentrations and total uptake of Al with AlCl3, CaCO3
and genotype treatments.
Treatments
AlCl3
Genotypes
ES8
ET8
LSD (P = 0.05)
P value
AlCl3 addition (mg AlCl3/kg)
0
50
100
LSD (P = 0.05)
P value
Lime
Genotypes
ES8
ET8
LSD (P = 0.05)
P value
CaCO3 addition (mg
CaCO3/kg)
0
130
250
500
1000
LSD (P = 0.05)
P value

Apoplast Al
(µg/g r.dwt)

Root Al
concentration
(µg/g r.d.wt)

Shoot Al
concentration
(µg/g r.d.wt)

Total Al
uptake
µg/plant

78
130
20
<0.001

95
95
24
0.98

17
17
4
0.84

0.60
0.86
0.17
0.006

72
91
142
25
0.002

56
96
132
30
<0.001

14
16
21
2
0.02

0.59
0.76
0.83
0.21
0.48

23
35
8
<0.001

-

-

-

72
51
45
33
0
13
<0.001

-

-

-

‘-‘ indicates measurements not undertaken.
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Figure 5.7: Effect of AlCl3 (a) and CaCO3 addition (b) on apoplast Al concentrations. Vertical
bar represent LSD (P= 0.05) where the G × Al interaction was significant. The absence of
vertical bars indicates that the G ×Ca interactions were not significant.

5.4 DISCUSSION
5.4.1 Solubility of Al ions and their effect on soil pH
The extractable Al in the bulk soil increased from 4.9 to 5.2 mg/kg with the addition of 100 mg
AlCl3/kg to the Podosol soil. At 200 mg AlCl3/kg, the extractable Al in the bulk soil reached to
9.6 mg/kg (Figure 5.1c) which was too toxic for the wheat seedlings as both ET8 and ES8
seedlings died with this treatment. Thus, less than 200 mg AlCl3/kg will be used for the next
experiments undertaken in this thesis. This indicates that the level of added Al needs to be
between 0 to 200 mg AlCl3/kg, i.e 150 mg AlCl3/kg in subsequent experiments resulting in an
extractable Al concentration between 4.5 and 6.0 mg/kg, for the short term experiments with ES8
and ET8 seedlings.
The bulk soil pH declined to 4.1 with the addition of AlCl3 and then remained constant with
further additions (Figure 5.1a). Naramabuye and Haynes (2006) speculated that below pH 4.5,
the bulk of Al ions are present as aluminium hexahydrate ion [(Al.6H2O)3+], which is usually
designated as Al3+. This Al3+ becomes more soluble in low pH enabling it to react with water in
the soil solution to form aluminium hydroxide (Al(OH)+2) releasing H+ ions which lower the soil
pH (Serrano 2003).
It appears that adding further AlCl3 from 100 to above 200 mg/kg to this Podosol soil saturated
this reaction. As a result, pH did not decline further with additional AlCl3. The likely reason is
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that AlCl3 in water forms a series of hydrous oxides (Faust and Hunter 1967) and the amphoteric
nature of these hydrous oxides and the combinations with soil results in the buffering to pH 4.1.
The hydrogen ion concentration remains constant during the dissolution of the hydroxide due to
amphoteric nature of hydrous oxides (Robinson and Britton 1931) which buffers the pH.
Extractable Al declined as pH increased with the addition of CaCO3 (Figures 5.1d and 5.2). The
CaCO3 increases soil pH by providing carbonate (CO3-) ions which react with H+ ions from water
to form bicarbonate (HCO3-) releasing OH- ions. The bicarbonate ions react with additional H+
ions to form H2O and CO2. The pH increases as the H+ concentration declines (Edmeades et al.
1990). As pH increases, Al3+ ions sequentially dissociate, releasing OH- ions in place of OH2
groups, resulting in the formation of increasing insoluble monomers AlOH2+, Al(OH)+2 and
Al(OH)3. This results in the reduction of CaCl2 extractable Al (Figure 5.1d). The decline in the
concentration of Al3+ means that the soil should become less Al toxic for the wheat seedlings.

5.4.2 Genotypic differences due to elevated Al
The 6 day old ET8 seedlings grew better and produced more shoot biomass than the ES8
seedlings under Al3+ toxic conditions in this study (Figure 5.3a and Table 5.2). The highly
significant main effect for genotypes indicates that ET8 seedlings produced 1.1 mg shoot dry
matter more than ES8 seedlings over the nil, 50 and 100 mg AlCl3/kg treatments. The Al toxicity
level corresponds to a CaCl2 extractable Al concentration ranging from 4.9 to 5.2 mg Al/kg. With
the 200 mg AlCl3/kg treatment, the extractable Al concentration rose to 9.6 mg Al/kg, which was
too toxic and the seedlings of both genotypes died in this treatment, as discussed above.
The data for shoot height and root length confirm the greater tolerance of ET8 seedlings to toxic
Al concentration resulting from the 50 and 100 mg AlCl3/kg treatments. However, there were
highly significant genotype ×Al interactions for both measurements (Tables 5.1 and 5.3), which
resulted from similar shoot height and root length responses from the two genotypes, with the nil
AlCl3 treatment (Figures 5.3c and 5.4a). Thus, under the conditions of this experiment there was
a greater reduction in ES8 shoot biomass relative to ET8 in soil with the nil added Al, where the
extractable Al concentration was 4.8 mg/kg, than the reduction in shoot height or root length for
ES8, relative to ET8.
Many studies explain why ET8 is more Al-tolerant than ES8. Zhang et al. (2001) suggested that
Al3+ dependent efflux of malate from root apices is a mechanism for Al-tolerance in ET8. The
malate anions protect the sensitive root tips by chelating the toxic Al3+ cations in the rhizosphere
to form non-toxic complexes. Their findings also provided evidence that the higher Al3+-induced
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malate efflux in ET8 than ES8 is due to the activation of both malate-permeable and cation
channels for sustained malate release. Later, Ahn et al. (2004) reported that the ET8 had higher
H+-ATPase activities in the plasma membrane resulting in increased transport of H+ through the
plasma membrane in ET8 compared with ES8. This higher H+-ATPase activity and associated
increase in H+ transport through the plasma membrane in ET8 is also thought to contribute to the
difference in Al-tolerance. Thus, the higher malate exudation from ET8 seedlings (Delhaize et al.
1993b) via malate-permeable channels is accompanied by the increased zeta potential of the
plasma membrane from enhanced H+-ATPase activity in ET8, compared with ES8. This indicates
that the ALMT1 locus, which was identified as being responsible for the difference in Altolerance between ES8 and ET8 (Delhaize et al. 1993b) is potentially pleiotropic, having multiple
effects from this single gene locus. This was also confirmed by Wherrett et al. (2005), and their
findings suggested that the Alt1 locus may control more than the malate channels in the plasma
membrane of ET8. They also suggested that the ET8 had higher Al-induced signalling capacity in
its root vacuoles than the ES8, and this also contributed to the greater Al-tolerance in ET8. This
proposed mechanism for ET8 was that the Al3+ induced the opening of slow Al channels into the
vacuole, enabling Al to be sequested in the root vacuole. Thus, these are a range of proposed
mechanisms that contribute to the differential response between ES8 and ET8 that may help ET8,
and assist the Al-tolerance in ET8.

5.4.3 Genotypic variation to high pH
The increased growth of ET8, relative to ES8 that occurred when AlCl3 was added, continued
with the addition of CaCO3. Thus, even in the absence of toxic Al, the ET8 seedlings were
consistently larger than ES8 for every growth measurement. The increased growth was reflected
in larger shoot biomass, taller shoots, larger roots, large root biomass and in root surface areas
(Figures 5.3, 5.4 and 5.5a; Table 5.2). The relative increases in growth by the ET8 seedlings, over
and above that of ES8, ranged from 20% for shoot biomass, and 13%, 16%, 20% and 26% for
plant height, root length, root biomass and root surface area, respectively, over the high soil pH
range. Interestingly, there were no interactions between the two genotypes and the level of
CaCO3 addition and instead there were only highly significant genotype main effect mean
differences (P<0.001). This means that the superior growth of ET8 over ES8 occurred over all
levels of CaCO3 addition.
There are additional reports that Al-tolerant genotypes outperform Al-sensitive genotypes when
Al-toxic soil is limed with CaCO3. For example, Scott et al. (2001) grew Al tolerant wheat
(Carazinho) in an acid soil (pH in CaCl2 4.38 with an exchangeable Al of 0.47 cmol/kg) in the
field at Binnaway, NSW. The Carazinho variety contains the ALMT1 gene which increases
malate secretion from root apices under Al stress condition (Delhaize et al. 1993b). They applied
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lime to the fields and found that Al-tolerant genotype grew taller, was visually healthier and was
slightly more advanced in plant development compared with the Al-sensitive Egret cultivar. They
also speculated that malate efflux was the general mechanism of Al tolerance in wheat (Ryan et
al. 1995), but evidence from the literature that is discussed above, suggests that the ALMT1 gene
has other effects in addition to malate exudation. This multi-genetic behaviour may help
Carazinho to produce increased plant biomass production than Egret in lime amended soil. My
speculation is that ET8 seedlings are generally more vigorous than the ES8 seedlings in the
presence of added lime.

5.4.4 Impact of elevated Al on root morphology of wheat seedlings
The increased concentration of extractable Al in the Podosol soil in this study resulted in marked
changes in the root morphology of the wheat seedlings. There were highly significant main effect
reductions in root surface area and root tip numbers and increases in root diameter with the AlCl3
treatments (Table 5.3). In addition there were significant main effect differences between the
genotypes, are consistent with ES8’s increased sensitivity to Al-toxic concentrations in the soil.
The significant G × Al interaction for root surface area (Table 5.3, Figure 5.5a) resulted from the
minimal effects of the 50 mg AlCl3/kg treatment on root surface area of ET8, compared to the
30% reduction in the root surface area of ES8 with this treatment, when AlCl3 increased from nil
to 50 mg/kg.
Other studies in the literature confirm that Al toxicity impacts on the morphology of plant roots.
For example, Hirano and Hijii (1998) found that increased Al supply increased the root diameter
of sensitive plants. They conducted pot experiment and grew Japanese red cedar in forest soil
with additions of AlCl3 as the Al source at a concentration of 5 mM and found that root diameter
doubled from 0.4 to 0.9 mm in the Al treatment compared to control. They speculated that the
effects of excess Al in increasing the root diameter resulted from an increased concentration of
Al in whole roots. However, the root Al concentrations in this study do not support this
speculation as root Al concentrations increased only marginally with elevated Al supply (Figure
5.7a). In contrast, elevated Al reduced the root tip numbers of wheat seedlings (Figure 5.5e).
Wright (1989) speculated in his review paper that Al supply reduces root tip number in sensitive
species. These changes in root morphology such as the increase in root diameter and decrease in
root tip numbers and root surface area are therefore symptomatic of Al toxicity in sensitive
plants.
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5.4.5 Accumulation of Al in root apoplast relates to soil available extractable Al
This study found that Al accumulated in the root apoplast as the availability of extractable Al in
the soil increased. Furthermore, as the concentration of the extractable Al in the soil declined
with CaCO3 addition, there was a decline in apoplast Al in the roots. It was found that soil

extractable Al reduced with the addition of CaCO3. In contrast, soil extractable Al
increased with the addition of AlCl3. Similarly, root apoplast Al increased with the
increase of AlCl3 addition. Also, root apoplast Al reduced with the addition of CaCO3.
These findings provided evidence that root apoplast Al is depend on soil available
extractable Al. These results indicate that the binding of Al in the apoplast is directly related to
soil available Al (Table 5.6). Chang et al. (1999) speculated that the primary binding site of Al3+
in apoplast is probably the pectic matrix, with its negatively charged carboxylic groups having a
particularly a high affinity for Al3+ ions. Likewise, Rangel et al. (2009) demonstrated that Al
stress increases cell wall pectin content in common bean. Thus, the increased Al3+ concentration
in the Podosol soil in this study may have increased the pectin content in the cell walls of the
wheat seedlings. This increased cell wall pectin content in turn helps to bind Al (Le et al. 1994)
and increases apoplast Al.
The results also showed that the ET8 seedling binds more Al in the apoplast than the ES8
seedlings even when the soil was amended by lime additions (Tables 5.5 and 5.6). This binding is
reversible such that this apoplast P can be desorbed by BaCl2. The higher Al binding capacity in
the root apoplast of ET8 seedlings, compared to the ES8 seedlings, suggests that the ‘reversible’
binding of Al3+ ions in the apoplast might be contributing to the increased Al tolerance of the
ET8 seedlings. Recently, Horst et al. (2010) reported that strongly bound Al3+, which presumably
is not desorbed by BaCl2, contributes to Al toxicity damage. They speculated that this strongly
bound Al, which accumulates in the root apoplast, modifies the cell wall composition and its
properties. Eticha et al. (2005) suggested that the negativity of the cell wall depends mainly on
the pectin content and its methylation. They also demonstrated that the importance of the
methylation of pectin in the cell wall in accounting for the differential Al tolerance between two
maize cultivars. The cultivars did not differ in pectin content but differed in the methylation of
the cell walls. The Al-sensitive cultivar had lower methylation and experienced more severe Al
injury compared with the Al-tolerant maize cultivar. According to this finding, then it is possible
that ES8 has lower methylation of pectin substances in its cell walls than ET8 resulting less Al
being bound in its root apoplast. This needs to be determined by further research.
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5.5 CONCLUSIONS
Elevated Al was responsible for the toxicity of the wheat seedlings grown in an acid soil, with
high rates of added AlCl3 increasing soil extractable Al. In contrast, liming increased soil pH and
removed Al toxicity from soil. The ET8 seedlings responded better than ES8 seedlings in both
the AlCl3 and lime treatments. This indicates that the ALMT1 gene, which is involved in Al
tolerance through malate exudation, also has other multi-genetic effects involved in Al tolerance.
The root surface area and the number of root tips were reduced and root thickness increased due
to effect of elevated Al. Apoplast Al increased with the increase in extractable Al in soil and
declined with the reduction in extractable Al in soil with CaCO3 additions. ET8 binds more Al in
its root apoplast than ES8, which is desorbed by BaCl2. This difference in the reversible binding
of Al in the apoplast may be involved in the increase Al tolerance of ET8.
As lime is not able to ameliorate Al toxicity in subsoil, I will investigate the role of soluble P in
the soil, as an alternate detoxifying agent to lime. Subsequent experiments in this thesis will
examine how effective soluble P might be in assisting the wheat seedlings to tolerate Al toxicity
in the acid Podosol soil.
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Chapter 6
Phosphorus alleviates Al-toxicity in Al-sensitive wheat seedlings
6.1 INTRODUCTION
Aluminum (Al) toxicity is considered to be closely associated with the phosphorus (P) deficiency
of plants, and P may be an effective nutrient for detoxifying excess Al3+ (Bollard 1983).
Additions of P fertilizer to soils may ameliorate the toxic effect of Al through direct precipitation
of Al-P in soil or in the root surface or within the root (McCormick and Borden 1974; Pellet et al.
1997). Such Al-P precipitates are believed to be nontoxic to plants (Zheng et al. 2005).
There are reports that the application of soluble P ameliorates Al3+ toxicity in plants resulting in
an increase in root growth and dry matter production (Ismail 2005). Similarly, Tan and Keltjens
(1990) found in a solution culture study that increasing P supply ameliorates Al toxicity by
enhancing P uptake and root growth of Al-sensitive sorghum genotype (TAM 428). Likewise,
Mclaughlin and James (1991) postulated that P nutrition increases Al tolerance through changes
in the cation-anion balance within plants. Excess cation uptake increases with reduced P supply
and increases Al toxicity (Tan and Keltjens 1990), indicating that P may be involved in Altolerance in plants.
Chapter 5 showed that liming reduced extractable Al in soil that increased plant biomass
production in both Al-sensitive (ES8) and Al-tolerant (ET8) wheat seedlings. However, it is not
sure whether increasing P supply is able to increase plant biomass production in Al-toxic acidic
soils. Therefore, this study was undertaken to test the role of P in ameliorating Al3+ toxicity in an
Al-sensitive wheat genotype. The hypothesis of this experimental chapter is that soluble P will
reduce Al3+ activity in soil and detoxify Al3+ within the plant tissue.

6.2 MATERIALS AND METHODS

6.2.1 Soil and plant
The subsoil of a Podosol (Isbell 2002) that was used in the previous chapter was again used in
this experiment. The soil had a very low Olsen P test of 1.4 mg P/kg. The aluminium-sensitive
(ES8) wheat genotype was used as the test plant. Other soil properties and plant material
characteristics are described in Chapter 3.
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6.2.2 Rationale for selecting Al level
Chapter 5 showed that both Al-tolerant (ET8) and Al-sensitive (ES8) wheat seedlings were not
able to survive at 200 mg AlCl3/kg treatment due to high elevated Al supply. Therefore, in this
study, the 150 mg AlCl3/kg rate was selected as the highest Al treatment, which should allow
plants to survive with minimum growth.

6.2.3 Experimental design and procedure
The experiment consisted of 3 levels of added Al (0, 50 and 150 mg AlCl3/kg soil) and 4 levels of
P (0, 20, 40 and 80 mg P/kg soil) with 5 replications. Basal nutrients were not applied to
minimize the interactions between nutrients and Al in the soil. Plant growth over the 13-day
study therefore relied on the seed reserve. AlCl3 was added as a stock solution to soil and the soil
was pre-incubated at 300C for 7 days. Before sowing, KH2PO4 was applied directly to the soil
after pre-incubation and thoroughly mixed. Eight uniform pre-germinated seeds were sown in
each plastic cup containing 200 g soil, and seedlings were thinned to 6 plants per cup. Soil water
content was maintained to 70% field capacity (9% w/w) by weighing. Plants were grown in a
growth cabinet with day/night temperatures 20/18 0C, with 10 h dark and 14 h light conditions
and an average light intensity of 210 µM photons/m2/s.

6.2.4 Plant harvest
Plants were harvested 13 days after sowing. Whole plants with roots and surrounding soil were
removed from each cup by gentle agitating to provide minimum disturbance to the roots and
shoots. Intact plants were then lifted gently from the soil and shaken lightly to remove adhered
soil from the roots. Collected soil was air-dried and stored in a controlled temperature (250C)
room until analysis. Shoot and root were separated and shoot was dried at 700C for 3 days and
retained for analysis. Harvested roots were washed with deionised water and then submersed in a
50-ml vial containing 25 ml of 50 mM BaCl2 solution at chilled temperature (40C) for duration of
45 minutes to desorb apoplast Al and P from root apoplast. All vials were shaken every 15
minutes during the desorption of apoplast Al and P. The BaCl2 solutions containing the apoplast
Al and P were stored in a freezer until analysis. The root length was then determined using a root
scanner. After measurement of root length, roots were washed in deionised water and dried at
700C in an oven for 3 days and retained for analysis.

6.2.5 Soil analysis
Bulk soil pH was determined in 0.01 M CaCl2 solution after overnight shaking (17 h).
Extractable Al in bulk soil was determined using the PCV method in 0.01 M CaCl2 extracts
(Kerven et al. 1989).
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6.2.6 Apoplast P and Al determination
The apoplast P from the desorbing 50 mM BaCl2 solution was determined with some
modifications of Murphy and Riley (1962) method. The modification involved acidifying the
solution with HNO3. The apoplast Al was determined using the PCV method (Kerven et al.
1989).

6.2.7 Plant analysis
Root and shoot samples were cut into small pieces and digested in a mixture of concentrated
nitric and perchloric acid (4:1) by the stepwise heating with a Tector DS 400 digestion system
until 2300C was reached and then held for 20 minutes at this temperature. The Al concentration in
the digest was determined calorimetrically by using the PCV method. The concentration of P in
root and shoot materials were determined by the malachite green method (Motomizu et al. 1983).

6.2.8 Statistical analysis
Results were analysed by a two-way analysis of variance (ANOVA) using Genstat 5th edn for
Windows (Lawes Agricultural Trust, UK, 2008).

6.3 RESULTS
6.3.1 Effect of P and Al supply on extractable Al in bulk soil and bulk soil pH
The application of P to soil significantly (P < 0.05) decreased the concentration of extractable Al
in the bulk soil. This decrease of extractable Al was more marked at 150 mg AlCl3/kg soil than at
the 0 and 50 mg AlCl3/kg soil treatments. Increasing Al addition increased Al in bulk soil with an
average of 4.7, 5.3 and 8.6 mg/kg of extractable Al for 0, 50 and 150 mg AlCl3/kg treatments,
respectively (Figure 6.1a).
The bulk soil pH in the 0 AlCl3 treatments remained similar up to 40P and increased with further
addition of P. In contrast, bulk soil pH dropped by 0.06 and 0.20 units in the 50 and 150 mg
AlCl3/kg treatments, respectively, as compared to 0 AlCl3 treatments, when no P was added to
soil. At 50 mg AlCl3/kg, the bulk soil pH declined significantly (P < 0.05) at 20P and remained
similar with further addition of P. At 150 mg AlCl3/kg, the bulk soil pH declined with the
increasing level of P addition (Figure 6.1b).
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Figure 6.1: Effect of P supply and AlCl3 addition on (a) bulk soil extractable Al and (b) bulk soil pH. Bars
represent LSD (P = 0.05) for Al×P interaction. The effects of P and Al addition and their interactions on
bulk soil extractable Al and pH was significant at P ≤0.001.

6.3.2 Effect of P and Al supply on seedling growth

A marked Al by P interaction occurred for the root growth. Increasing P supply resulted in a
linear decline in root length and root dry weight in the absence of added Al. With the 50 mg
AlCl3/kg treatment, both root length and root dry weight increased with addition of 20 mg P/kg
but did not increase with further increasing additions of P. The addition of 150 mg AlCl3/kg
markedly decreased root length and dry weight, compared with 50 mg AlCl3/kg treatment. With
this 150 mg AlCl3/kg treatment, both root length and root dry weight was similar at P supply of 0
- 40 mg/kg and then tended to increase at 80 mg P/kg (Figures 6.2a and 6.2 c).

In the 0 AlCl3 treatments, plant height was not affected by P supply despite the very low Olsen
soil test value. In the 50 mg AlCl3/kg treatment, the plant height increased significantly with the
20 mg P/kg treatment and did not change with further addition of P. In the 150 mg AlCl3/kg
treatment, plant height increased linearly with increasing P addition. The addition of 50 and 150
mg AlCl3/kg decreased plant height at the nil P (Figure 6.2b).
The treatment effects on shoot dry weights followed a similar pattern to the effect on plant height
(Figure 6.2d).

66

Effect of elevated Al and pH on the growth and root morphology of ET8 and ES8 seedlings in an acid soil

25

(a)

40

Plant height (cm)

Mean root length (cm/plant)

50

30
20

0 AlCl3

10

50 mg/kg AlCl3
150 mg/kg AlCl3

15
10
5
0

0

20
40
60
P rates (mg P/kg)

0

80

14

(c)

12
10
8
6
4

20

40

60

80

P rates (mg P/kg)

Shoot dry weight (mg/plant)

Root dry weight (mg/plant)

(b)

20

0

14

Chapter 5

(d)

12
10
8
6
4
2

2

0

0
0

20
40
60
P rates (mg P/kg)

0

80

20
40
60
P rates (mg P/kg)

80

Figure 6.2: Effect of P supply on (a) root length, (b) plant height, (c) root dry weight and (d) shoot dry
weight of Al-sensitive wheat seedlings grown for 13 days at various levels of AlCl3. Bars represent LSD (P
= 0.05) for Al×P interaction. The effects of Al and P addition and their interactions on plant height, shoot
dry weight and root dry weight were significant at P ≤0.001. Mean root length were significant at P ≤0.001
for the Al treatments and Al×P interaction, and not significant (P > 0.05) for the P treatment.

6.3.3 Effect of P and Al supply on Al concentration in plants
The concentration of apoplast Al declined with increasing P supply in all Al treatments. In
contrast, the apoplast Al increased significantly (P < 0.05) with the increasing level of added
AlCl3 at nil P. The effect of P on apoplast Al differs at different Al treatments. Apoplast Al was
reduced by 72%, 57% and 65% in 0, 50 and 150 mg/kg AlCl3 treatments, respectively, when 80 P
was added to soil (Figure 6.3a).

67

Effect of elevated Al and pH on the growth and root morphology of ET8 and ES8 seedlings in an acid soil

0.18

(a)

0 AlCl3

0.16

Apoplast Al (mg/g d.wt)

Chapter 5

50 mg/kg AlCl3
150 mg/kg AlCl3

0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

Root Al concentration (mg/g d.wt)

0.25

0

20
40
60
P rates (mg P/kg)

80

0

20
40
60
P rates (mg P/kg)

80

0

20
40
60
P rates (mg P/kg)

80

(b)

0.20
0.15
0.10
0.05

Shoot Al concentration (mg/g d.wt)

0.00

0.12
(c)

0.10
0.08
0.06
0.04
0.02
0.00

Figure 6.3: Effect of P supply on Al concentrations in (a) apoplast, (b) root and (c) shoot of Al-sensitive
wheat seedlings of grown for 13 days at various levels of AlCl3. Bars represent LSD (P = 0.05) for Al×P
interaction. The effect of P and Al addition and their interactions on apoplast Al, shoot Al, root Al were
significant at P ≤0.001, P ≤0.001 and P≤0.05, respectively.

68

Effect of elevated Al and pH on the growth and root morphology of ET8 and ES8 seedlings in an acid soil

Chapter 5

The root Al concentration did not differ significantly (P > 0.05) with increasing rate of P addition
at 0 AlCl3 treatments. The root Al concentration tended to decline with increasing P supply with
the 50 and 150 mg AlCl3/kg treatments. In contrast, root Al concentration tended to increase with
increasing AlCl3 addition (Figure 6.3b).
The shoot Al concentration did not differ between 0 and 50 Al treatments under various level of
added P. However shoot Al concentration was significantly (P < 0.05) higher at 150 mg AlCl3/kg
treatments with the two lower level of added P. The shoot Al concentration was similar among
three Al treatments on two higher rates of P supply (Figure 6.3c).

6.3.4 Effect of P and Al supply on P concentration in plants

Increasing P supply generally increased the concentration of apoplast P with the increase being
more marked at 0 AlCl3 than at 50 mg AlCl3/kg and 150 mg AlCl3/kg treatments (Figure 6.4a).

The concentration of P in the root was not significantly affected by P supply with an exception of
40 mg P/kg at 50 mg AlCl3/kg treatments. Adding 150 mg AlCl3/kg tended to increase
concentration of P in the root, probably due to the low root biomass (Figure 6.4b).

Whereas increasing P supply increased P concentration in shoots at 0 and 50 mg AlCl3/kg, it
decreased P concentration at 150 mg AlCl3/kg. On average, plants had a lower P concentration in
shoot at 150 mg AlCl3/kg than other two Al treatments (Figure 6.4c).

Total P uptake generally increased as P supply increased but was lower at 150 mg AlCl3/kg than
at 0 and 50 mg AlCl3/kg (Figure 6.4d).

69

Apoplast P (mg/g d.wt)

0.05

(a)
0 AlCl3

0.04

50 mg/kg AlCl3
150 mg/kg AlCl3

0.03
0.02
0.01
0.00

9.0

20 40 60
P rates (mg P/kg)

80

Chapter 5

6
(b)

5
4
3
2
1
0

0

20
40
60
P rates (mg P/kg)

80

0.16

(c)

Total P uptake (mg/plant)

Shoot P concentration (mg/g d.wt)

0

Root P concentration (mg/g d.wt)

Effect of elevated Al and pH on the growth and root morphology of ET8 and ES8 seedlings in an acid soil

8.5
8.0
7.5
7.0
6.5

0.14

(d)

0.12
0.10
0.08
0.06
0.04
0.02
0.00

6.0

0

20
40
60
P rates (mg P/kg)

0

80

20 40 60
P rates (mg P/kg)

80

Figure 6.4: Effect of P supply on concentrations of (a) apoplast P, (b) root P and (c) shoot P, and (d) total
P uptake of Al-sensitive wheat seedlings grown for 13 days at various levels of AlCl3. Bars represent LSD
(P = 0.05) for Al×P interaction. The effects of Al and P addition on apoplast P were significant at P ≤
0.001 and their interaction was not significant (P > 0.05). The effect of Al and Al×P interaction on root P
was significant at P ≤ 0.001 and the effect of P significant at P ≤ 0.05. The effect of Al on shoot P was
significant at P ≤ 0.001, the effect of P was not significant at P > 0.05 and Al×P was significant at P ≤
0.05. The effect of Al and P on total P uptake was significant at P ≤ 0.001 and Al×P was significant at P ≤
0.05.

6.4 DISCUSSION
6.4.1 Response to added P by ES8 seedlings under different Al toxicity regimes
Increasing the P supply overcame the suppression of the growth of ES8 seedling shoots that
resulted from the Al toxicity with the 150 mg AlCl3/kg treatment. In the absence of any added P,
there was a 60% reduction in shoot growth in this high Al treatment, yet, with the addition of 80
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mg P/kg, there was no difference in seedling shoot growth. Furthermore, the results indicated that
under the conditions of this study, the demand by the seedling shoots for added P to achieve
maximum growth increased as Al supply increased. For example, with 50 mg AlCl3/kg,
maximum shoot growth occurred with 20 mg P/kg. The P requirement increased to 80 mg P/kg
with the highest 150 mg AlCl3/kg treatment (Figure 6.2d). Other researchers have found similar
results. Kolawole et al. (2000) found that the shoot dry matter yield of two Al-sensitive cowpea
genotypes, grown in an acidic Alfisol top soil (pH 6.0 in H2O and Olsen-P 7.5 mg/kg) declined
by 0.7 g/pot when 90 mg AlCl3/kg was added to the soil. This growth suppression was removed
when single superphosphate at 26.25 mg P/pot was added to the soil on top of 5 mg P/kg soil.
Likewise, Jiang et al. (2009) found that shoot dry weight of citrus seedlings, growing in a
nutrient solution with 1.2 mM AlCl3, increased from 6 to 22 g/plant over an 18 week period, when
the P concentration in the solution was increased from 50 µM to 500 µM. Thus there is clear
evidence that the addition of plant-available P can be used to overcome Al toxicity in sensitive
plants, and that more P will be required as the severity of the toxicity increases.

Aluminium toxicity damage that suppressed ES8 shoots was most marked with the 0P-150 mg
AlCl3/kg treatment, with the damage being most apparent in two growth parameters. The first
was root length, where the root length of the seedling was reduced by more than 90% of the
length for the 0P-0Al seedlings. Similar observations have been made in other studies. Panda et
al. (2003) found that root length of greengram (Vigna radiata L.) decreased from 2.3 to 0.4 cm
per day due to addition of 1 mM AlCl3 in Hoagland nutrient solution. This reduction in root
length with an increasing concentration of Al has also been observed for other crops like rice
(Wang and Kao 2004) and bean (Blair et al. 2009), as the first sign of Al toxicity damage appears
in the roots which become short and stubby as a result of inhibition of elongation of root main
axis (Subramanyam 1998). The second seedling response associated with Al toxicity damage was
the increase in Al uptake by the seedling shoots. The shoot Al concentration in the 0P-150 mg
AlCl3/kg seedlings was more than 4 times that for the 0P-0Al seedlings was associated with a
46% reduction in shoot growth by the ES8 seedlings. Tabali et al. (2007) also found that Al
concentration in the shoots of Macaca potato clones increased from 1 to 11 mg/kg with the
addition of 200 mg Al/l in the nutrient solution. They also reported that the height of the shoots
decreased by 80% from 1.8 to 0.4 cm with the addition of Al to the nutrient solution, but there
was no explanation given as to why the shoots were damaged by Al toxicity. Similarly, Larsen et
al. (1997) found that Al inhibits both shoot development and root growth in an Al-sensitive
Arabidopsis mutant (als3). They suggested that inhibition of shoot development in als3 was due
to the hyperaccumulation of Al in shoot tissue. They also speculated that Al inhibition of als3
shoot development may be a root-mediated effect on the shoots. A possible explanation for this
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result in als3 is that Al reduces nutrient supplies to the shoot because of reduced nutrient uptake
rates in roots (Foy 1984).
Marked differences in the root responses by the ES8 seedlings to increasing P supply between the
3 AlCl3 treatments were also apparent in this study. The first of the responses occurred with the 0
Al treatment where there was linear decline in root biomass and length with increasing P supply,
even though the shoot biomass remained constant with added P. The reduction in root growth that
occurs with increasing P supply is a widely reported phenomenon and applies to other nutrients
like N (Marschner 1995; Marschner et al. 1986; Sattelmacher et al. 1993). Plants reduce root size
relative to shoots, in response to an increasing P or N supply. It seems that plants are able to take
up nutrients from a smaller root system when the nutrient supplies are optimal, so there is no
need for an extensive root system (Hill et al. 2006). Some form of shoot-to-root signalling
process is likely to be involved in this response to reduce root growth when nutrient supply is
optimal (Dodd 2005).
The second root response occurred with the 50 mg AlCl3/kg treatment. Here an asymptotic root
response to increasing P supply mirrored a similar asymptotic shoot biomass response to added P.
This moderate level of added Al clearly negated any shoot-to-root signalling to reduce root
growth with the high 80 mg P/kg treatment. The final root response occurred with the 150 mg
AlCl3/kg treatment where the root response had a more exponential form with an increasing, yet
gradual increase in root biomass and length, to added P. This occurred as the high P levels were
able to detoxify the most severe Al toxicity regime. However, this root growth response was
considerably less than the associated increase in shoot growth; there was only a 16% increase in
root biomass between the 0 and 80 P additions with the 150 mg AlCl3/kg treatment compared to
an 83% increase in shoot biomass. Clearly, this smaller root system was nevertheless functional
under the conditions of this experiment and enabled seedlings to produce maximum shoot
growth. These 3 contrasting root responses in this study point to the important effects that both
Al toxicity damage, and variations in P supply, have on the root system of these ES8 wheat
seedlings.
In addition, different rates of KH2PO4 were added to soil as P treatment, which varied the
amounts of potassium (K) between the P treatments. The effect of K is unknown but is expected
to be minimal.

6.4.2 Sites for the detoxification of Al by added P: in the soil or in the plant roots
Given that there is alleviation of Al toxicity for the Al-sensitive ES8 seedlings with the
increasing supply of soluble P, then a key issue is where the detoxification is occurring and how
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it is occurring. Many authors (McCormick and Borden 1972; Rowell 1988; Taylor 1991)
speculate that the Al detoxification occurs in the roots with the formation of insoluble, non-toxic
Al-phosphate. If soluble P is reacting with the Al to form Al-P precipitates, either in the root
tissue or in the root apoplast space, then it would be expected that an increase in Al and P
concentrations would occur in the roots with increasing P additions with the 150 mg AlCl3/kg
treatment, and that these concentrations would be detected in the acid digest. Initially, with no
added P, both the P and the Al concentrations in the roots were high with the 150 mg AlCl3/kg
treatment and lowest with the nil Al treatment (Figures 6.4b and 6.3b). This indicated that there
might have been some Al phosphate formed in the roots. However, the root P concentration did
not change with increasing P supply for the high Al treatment. Also the root Al concentrations
gradually decreased with increasing P supply with the high Al treatment. These findings do not
therefore support the view that significant amounts of Al phosphate were accumulating in the
root tissue or in the root apoplast space. Rasmussen (1968) reported similar results and
speculated that localization of P in root was the same as that of Al when no P was added with Al.
He found that both the control and Al-treated plants contained the same concentration of P in the
roots. He suggested that Al diffused into new tissues and cells of the roots, causing tissue damage
that resulted in decrease in root elongation or stops root proliferation. He also speculated that
existing P in the tissue appeared to be precipitated as Al phosphate on the surface of the
epidermal cells of the root and therefore become unavailable for use by the root cells. Thus
precipitation of P by Al on the root surface would be limited to the root surfaces and would result
in the reduction of P uptake by the roots and shoots with increasing Al supply.

In contrast to the detoxification of Al in the roots, there is convincing evidence that the
detoxification of Al is occurring in the soil with added soluble P. The first is that there was a
reduction in the concentration of CaCl2-extractable Al in the soil with the addition of P (Figure
6.1a). The reduction in extractable Al was most marked with the 150 mg AlCl3/kg treatment as P
supply was increased from 20 to 80 mg P/kg. This reduction in the extractable Al in this acidic
soil with added P is consistent with other studies. For example, Sloan et al. (1995) reported that
adding 0, 88, 175 and 262 mg P/kg to a highly acidic soil (pH 4.0 in 1:1 soil/H2O) resulted in
CaCl2-extractable Al levels in the soil of 18.6, 14.8, 10.8 and 9.4 mg/kg, respectively. In another
study, Wright et al. (1991) added increasing rates of P up to 1600 mg P/kg to two acidic soils,
with a 0.01 M CaCl2-extractable Al of 3.9 mg/kg and 2.9 mg/kg. They found that extractable Al
was reduced to 1.0 mg/kg and 0.4 mg/kg for these two soils, respectively for the highest rate of P
addition. These authors also grew an Al-sensitive soft red winter wheat (cv. Hart) following 30
days of soil incubation at a temperature of 210C. They reported that the 800 mg P/kg treatment
increased root length by 5 to 6 times in the two soils, respectively, when compared to nil P
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treatment. Both Sloan et al. (1995) and Wright et al. (1991) speculated that the added soluble P
reacted with the available Al3+ in their acid soils to lower less toxic Al phosphates in the soil.
The second piece of evidence supporting the detoxification of Al in soil with added soluble P, is
provided by the changes in soil pH with added P. The proposition is that the detoxification is
occurring because of the formation of insoluble Al-phosphate in the soil. The effects of ligand
exchange between added P and surface hydroxy (OH) on soil pH also occurred due to insoluble
aluminium phosphate. The increase in soil pH of the control soil with the addition of P (Figure
6.1b) clearly indicated this effect. According to Dabin (1980), the likely reaction between the
soluble P and the Al3+ in this acid soil can be represented by the equation:
Al3+ + H2PO-4 + 2H2O→ Al(OH)2H2PO4 + 2H+
This aluminium phosphate complex is extremely insoluble with a Ksp of 10-29 (McDowell and
Sharpley 2003). Thus the Al3+ is removed from the soil solution and is formed into this non-toxic,
insoluble Al-P complex form. According to the above equation, we would expect to see a decline
in soil pH, as additional P was added to 150 mg AlCl3/kg soil treatment. This in fact did happen,
with the bulk soil pH declining from 4.24 to 4.07, as the added P increased from nil to 80 mg
P/kg with the high Al treatment. An earlier study reported that detoxification of Al by added P
occurred with a decline in soil pH (Azmi et al. 1976). These authors used Al2(SO4)3 and
Na2HPO4.12H2O as the Al and P sources and grew Kikuyu grass. They found that soil pH
declined in the toxic Al treatment from 4.36 to 4.0 with added P; at the same time the shoot dry
weight increased 2.4 to 9.8 g/pot, and this was attributed to the alleviation of the Al toxicity due
to addition of P. These findings are consistent with the occurrence of the chemical reaction above
that releases protons, as the Al and the P react to form the insoluble Al phosphate.

The final piece of evidence supporting the hypothesis that Al detoxification is occurring in the
soil, is provided by the apoplast data. If the detoxification of the Al was occurring in soil due to
its precipitation with phosphate ions, then one would expect to see a decline in the concentration
of the Al and P ions in the soil solution with increasing P supply. Now the Al and P
concentrations in the apoplast of the seedling roots in this study were a measure of these ions that
were adsorbed in the apoplast, and they were measured by desorbing with the BaCl2 solution.
They would be in equilibrium with similar ions in the soil solution. Increasing P supply resulted
in marked reduction in the apoplast Al content in the roots. Similarly, there was a decrease in the
apoplast P concentration with increasing additions of AlCl3, and this was particularly marked
with the 80 mg P/kg of soil addition. These reductions in apoplast Al and P concentrations are
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therefore consistent with the removal of Al and P ions from the soil solution as the added soluble
P reacts with the toxic Al ions.

6.5 CONCLUDING REMARKS

This study demonstrated that increasing P supply improves the tolerance of Al-sensitive wheat
seedlings to Al toxicity. There are at least four ways in which P alleviates Al toxicity to Alsensitive wheat seedlings. First, P directly reacts with Al in soil presumably to form Al-P
precipitates, and thus lower Al3+ activity in soil solution. Second, P decreased the amount of
apoplastic Al that was bound to the root cell walls. Third, high P supply decreased total uptake of
Al. Finally, P decreased the translocation of Al from root to shoot. This study also indicated that
the effects of Al toxicity with 50 mg AlCl3/kg in this soil could be fully alleviated by the
application of P. The highest 150 mg/kg AlCl3 treatment significantly reduced shoot growth, but
this was overcome by the 80 mg/kg P addition. This finding suggested that demand for P
increases as Al supply increases to achieve maximum shoot growth.

It is not known whether increasing P supply improves the tolerance of Al-tolerant (ET8) wheat
seedlings to Al toxicity. Also, it is not known, if P supplied in excess of 80 mg P/kg to the Alsensitive (ES8) wheat seedlings in the Podosol soil will improve Al tolerance, particularly with
respect to root length. Thus, both ES8 and ET8 wheat seedlings with increasing P supply (0 to
160 mg P/kg) will be investigated in the following chapter to determine the extent to which
soluble P can increase Al-tolerance in both genotypes.
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Chapter 7

Phosphorus enhances Al tolerance in both Al-tolerant and Al-sensitive
wheat seedlings
7.1 INTRODUCTION
Aluminum (Al) toxicity and phosphorus (P) deficiency occur together (Miranda and Rowell
1989) and are the two major limiting factors for crop production in acid soils (Du et al. 2009;
Fukuda et al. 2007; Kochian et al. 2004). The chemical reactions of Al and P are able to lower
the activity of Al3+ in the soil solution (Nakagawa et al. 2003; Sanzonowicz et al. 1998; Silva et
al. 2001).
Most of the studies consider Al toxicity and P deficiency as independent factors to evaluate the
effect of P deficiency or Al toxicity on plant growth (Foy 1988; Yan et al. 1995). The limited
studies on Al and P interaction in plants were conducted in solution culture (Dong et al. 2004;
Nian et al. 2003; Tan and Keltjens 1990) with only a small number of studies being conducted in
a soil system (Liao et al. 2006). Understanding the mechanisms underlying Al and P interactions
in plants grown in a soil system is necessary to facilitate the development of acid-tolerant crops.
Genotypic differences in Al tolerance have been found in many crops including wheat (Delhaize
et al., 1993a; de Sousa, 1998; Kariuki et al., 2007). Previous studies have suggested that the
genotypic variation in Al tolerance between Al-sensitive (ES8) and Al-tolerant (ET8) wheat
genotypes is associated with the exudation of malate under Al stress condition (Delhaize and
Ryan 1995). However, no information is available about Al and P interactions on ET8 and ES8
seedlings grown in an acid soil.
Chapter 6 showed that P enhances Al tolerance in Al-sensitive (ES8) wheat seedlings. However,
it is unknown whether P enhances Al tolerance in Al-tolerant (ET8) wheat seedlings, or the
extent to which this might occur. The genotypic variation regarding Al and P interaction in an
acid soil is necessary to understand how P is involved in Al-tolerance mechanisms. The aim of
this chapter is to investigate genotypic differences between ET8 and ES8 wheat seedlings in
response to Al toxicity in soil, and how these differences might be affected by the addition of
soluble P to the soil. It is hypothesized that ES8 will respond better than ET8 to P application in
acid Al-toxic soils.
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7.2 MATERIALS AND METHODS
7.2.1 Soil and plants
The subsoil of a Podosol (Isbell 2002) was collected from Frankston, Victoria. The Al-tolerant
(ET8) and Al-sensitive (ES8) wheat genotypes were used. Soil properties and plant genotypic
characteristics were described in Sections 3.1 and 3.2 of Chapter 3.

7.2.2 Experimental design and procedure
The experiment consisted of three levels of Al (0, 50 and 150 mg AlCl3/kg soil) and five levels of
P (0, 20, 40, 80 and 160 mg P/kg). AlCl3 and KH2PO4 were used as Al and P source, respectively.
The soil was pre-incubated with different levels of added Al at 300C for 7 days. Water content
was maintained at 70% field capacity (9% w/w). KH2PO4 was added to pre-incubated soils and
well mixed before sowing. Eight uniform pre-germinated seeds were sown in each plastic cup
containing 200 g of treated soil. The cups were covered with filter paper at the first 2 days after
sowing (DAS). Basal nutrients were not applied to minimize possible interactions between
nutrients, P and Al within the soil. Water was sprayed twice a day to the surface of soil during
plant growth.

7.2.3 Plant growth condition
Plants were grown in a growth cabinet with temperature set at 200C day/180C night, 10 h dark
and 14 h light conditions and average light intensity of 210 µM photons/m2/s.

7.2.4 Plant harvest
Plants were harvested after 8 days of growth and 7 uniform plants were selected for
measurements and analysis.

7.2.5 Collection of rhizosphere soil
Whole plants were removed from each cup by gentle agitating to provide minimum disturbance
to the roots and shoots. Intact plants were then lifted gently from the soil and shaken lightly to
remove bulk soil from the roots. The remaining soil adhering to the roots of wheat seedlings was
removed by gentle dunking in deionised water (DI), and treated as rhizosphere soil. Collected
rhizosphere soil was air-dried and stored in controlled temperature (250C) room until analysis.
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7.2.6 Collection and analysis of Apoplast Al
After collection of rhizosphere soil, roots and shoots were separated. The separated shoots were
dried in oven at 700C for minimum 3 days before analysis. The separated roots were washed in
DI water and placed in 50-ml vials that contained 25 ml of 50 mM BaCl2 solution to desorb Al
from the root apoplast. All vials were shaken every 15 minutes during collection of apoplast Al
and chilled to 40C for 45 minutes. After collection of apoplast Al, roots were washed with DI
water and dried in oven at 700C for minimum 3 days before analysis. The Al desorbed from the
root apoplast was determined colorimetrically by the PCV method at 585 nm (Kerven et al.
1989). A 50 mM BaCl2 solution was used for preparing the Al standards during analysis of
apoplast Al.

7.2.7 Soil analyses
Bulk and rhizosphere soil pH was determined with a 1:5 extraction in 0.01 M CaCl2 after
overnight shaking (17 h). Extractable Al in bulk soil was determined using the PCV method in
0.01 M CaCl2 extracts (Kerven et al. 1989).

7.2.8 Plant tissue analyses
All root and shoot samples were cut into small pieces and digested in a mixture of concentrated
nitric and perchloric acid (4:1) by heating stepwise using a Tector DS 400 digestion system until
2300C was reached and then held for 20 minutes at this temperature. The Al concentration in the
digest was determined colorimetrically using the PCV method (Kerven et al. 1989). The
concentration of P in the extract was determined by the molydovanado-phosphate method
(Bassett et al. 1978).

7.2.9 Statistical analysis
Results were analysed by a two-way or three-way analysis of variance (ANOVA) using Genstat
5th edn for Windows (Lawes Agricultural Trust, UK,2008).

7.3 RESULTS
7.3.1 Effect of Al and P addition on extractable Al and soil pH
The extractable Al in bulk soil declined significantly (P < 0.05) as P supply increased in all the
Al treatments. In contrast, the extractable Al in bulk soil increased significantly (P < 0.05) as
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AlCl3 addition increased at nil P supply. The decrease in extractable Al concentration by P supply
was more marked at 150 mg/kg AlCl3 than at the 0 or 50 mg/kg AlCl3 (Figure 7.1a; Table 7.1).
At 0 AlCl3, bulk soil pH tended to increase as P supply increased. However with nil P supply the
bulk soil pH declined significantly (P < 0.05) as AlCl3 addition increased. Bulk soil pH for the
50 and 150 mg AlCl3/kg treatments declined as P supply increased from 0 to 20 mg P/kg and
remained stable till 80 mg P/kg was applied and then increased as P supply was further increased
to 160 mg P/kg (Figure 7.1b, Table 7.1).

Table 7.1. Significance levels for the main and interactive effect of Al, P and genotypes on extractable Al
in bulk soil, bulk soil pH and rhizosphere soil pH.
Source of variation
Genotype (G)
Al treatment (Al)
P treatment (P)
G × Al
G×P
Al× P
G ×Al× P

Extractable Al in bulk soil
NA
***
***
NA
NA
***
NA

Bulk soil pH
NA
***
***
NA
NA
***
NA

Rhizosphere soil pH
n.s.
***
***
n.s.
n.s.
***
n.s.

Where n.s. and *** represent probability of > 0.05 and ≤ 0.001, respectively. ’NA’ indicates no data available. Values were means of
six replicates for bulk soil pH as well as extractable Al in bulk soil (As no plant effect in bulk soil) and three replicates for rhizosphere
pH. Incubation was done in 7 days at 300C for Al treatment and P was added directly to soils before sowing.

Rhizosphere soil pH did not differ significantly between the genotypes (P > 0.05). Rhizosphere
soil pH declined as AlCl3 addition increased at all the P treatments. Rhizosphere pH decreased as
P supply increased from 0 to 80 mg P/kg for the 0 and 150 mg AlCl3/kg treatments and to 40 mg
P/kg for the 50 mg AlCl3/kg treatments, and then increased as P supply further increased (Figure
7.1c, Table 7.1).
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Figure 7.1: Effect of Al and P addition on (a) extractable Al in bulk soil (b) bulk soil pH and (c)
rhizosphere pH (Data were the mean of Al-sensitive (ES8) and Al-tolerant (ET8) wheat genotypes).
Vertical bar represents LSD (P = 0.05) for Al×P interaction.

80

Phosphorus enhances Al tolerance in both Al-sensitive and Al-tolerant wheat seedlings …………

…………………………Chapter 7

7.3.2 Plant growth response
With nil AlCl3, the mean root length of ES8 seedlings increased when P supply increased from 0
to 20 mg/kg, and then declined linearly with the further increase of P supply. With 50 mg
AlCl3/kg, the mean root length of ES8 seedlings reached peak at 40 mg P/kg and then declined
sharply with further addition of P. With 150 mg AlCl3/kg, the mean root length of ES8 seedlings
was low and remained similar up to 40 mg P/kg, and then reached the peak at 80 mg P/kg (Figure
7.2a; Table 7.2).
With nil AlCl3, the mean root length of ET8 seedlings declined linearly with increasing P supply.
With 50 mg AlCl3/kg, the mean root length of ET8 seedlings increased at 20 mg P/kg and
remained similar up to 80 mg P/kg and then gradually declined at 160 mg P/kg supply. With 150
mg AlCl3/kg, the mean root length of ET8 seedlings increased significantly (P < 0.05) up to 80
mg P/kg. Increasing Al addition generally decreased root length when P supply was ≤ 40 mg/kg
but tended to increase root length at 160 mg P/kg. ET8 had longer roots than ES8 at 50 mg
AlCl3/kg (Figure 7.2b; Table 7.2).
Table 7.2. Level of significance for the main and interactive effect of Al, P and genotypes on root length,
root dry weight, plant height and shoot dry weight after 8 days of growth.
Source of variation
Genotype (G)
Al treatment (Al)
P treatment (P)
G × Al
G×P
Al× P
G ×Al× P

Root length
n.s.
***
***
***
n.s.
***
***

Root dry weight
**
*
***
n.s.
n.s.
***
n.s.

Plant height
n.s.
***
**
***
**
***
***

Shoot dry weight
n.s.
***
***
n.s.
*
***
n.s.

Where n.s.,*, ** and *** represent probability of > 0.05, ≤ 0.05, ≤ 0.01 and ≤ 0.001, respectively. Values were means of three
replicates for all measurements.

At 0 and 50 mg AlCl3/kg, plant height of ES8 seedlings increased significantly (P < 0.05) when
P supply increased from 0 to 20 mg/kg and remained constant up to 80 mg P/kg and then slightly
declined at 160 mg P/kg. At 150 mg AlCl3/kg, plant height increased linearly and reached
maximum at 160 mg P/kg. Response of plant height of ET8 to P supply followed a similar pattern
to that of ES8. The ET8 generally had higher plant height than ES8 when P supply was low
(Figures 7.2c and 7.2d; Table 7.2).
On average for the two genotypes, shoot dry weight increased with increasing P supply and
reached the maximum at 40 mg P/kg for ES8 and at 80 mg P/kg for ET8. The ES8 had similar
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Figure 7.2: Effect of Al and P addition on (a) mean root length of ES8 and (b) ET8, (c) plant height of ES8
and (d) ET8 and (e) shoot dry weight under G×P interaction (f) shoot dry weight under Al×P interaction
(Data were average value between ES8 and ET8) after 8 days of growth. Vertical bar represents LSD (P =
0.05) for Al×P×G interaction for Figure 7.2a to 7.2d.
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shoot biomass at P supply ≤ 40 mg/kg but had a greater shoot biomass than ET8 with higher P
supply (Figure 7.2e).
When averaged over the two genotypes, shoot dry weight was not affected by P supply at 0
AlCl3. At 50 mg AlCl3/kg, shoot biomass slightly increased when P supply increased from 0 to
20 mg/kg and did not increase further at higher P supply. At 150 mg AlCl3/kg, shoot dry weight
increased linearly with increasing P supply. There was a clear interaction between Al and P
supply on shoot growth. Compared to 0 and 50 mg AlCl3/kg, the addition of 150 mg AlCl3/kg
markedly decreased shoot biomass at low supply of P but slightly increased it at 160 mg P/kg
(Figure 7.2f).

7.3.3 Phosphorus concentrations in plants

There were no differences between the 2 genotypes in their shoot P concentrations, nor were
there any genotype interactions with P or Al additions. With nil AlCl3, P concentration in shoot
of ES8 seedlings reached the peak at 20 mg P/kg and then decreased as P supply increased from
20 to 40 mg P/kg and remained similar up to 160 mg P/kg. With 50 mg AlCl3/kg, P concentration
in shoots increased gradually as P supply increased up to 160 mg P/kg. At 150 mg AlCl3/kg, P
concentration in shoot did not increase when P supply increased from 0 to 40 mg P/kg and then
linearly increased as P supply further increased. The treatment effect on P concentration in shoot
of ET8 followed the same pattern (Figures 7.3a and 7.3b; Table 7.3).
The concentration of P in the root generally increased with increasing P supply with all Al
treatments with the increase being greater in ES8 than ET8. In general, increasing Al addition
increased P concentration but the effect of Al was less for ET8 than ES8 (Figures 7.3c and 7.3d).

With nil AlCl3, total P uptake tended to increase with increasing P supply and reached a peak at
80 mg P/kg for ET8. At 50 mg AlCl3/kg, total P uptake increased with increasing P supply and
also reached the peak at 80 mg P/kg. However with 150 mg AlCl3/kg, it linearly increased with
increasing P supply up to 160 mg/kg; the increase was greater in ES8 than ET8. On average, total
P uptake was greater in ET8 than ES8 at 0 and 50 mg AlCl3/kg treatments (Figures 7.3e and
7.3f).
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Figure 7.3: Effect of Al and P addition on concentration of P in shoot (a & b) and roots (c & d) and total P
uptake (e & f) of ES8 (a, c & e) and ET8 (b, d & f).Vertical bar represent LSD (P = 0.05) for Al×P×G
interaction.
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Table 7.3 Level of significance for the main and interactive effect of Al, P and genotypes on shoot P
concentration, root P concentration and total P uptake.
Source of variation
Genotype (G)
Al treatment (Al)
P treatment (P)
G × Al
G×P
Al× P
G ×Al× P

Shoot P Concentration
n.s.
*
***
n.s.
n.s.
***
n.s.

Root P Concentration
n.s.
***
***
***
*
***
*

Total P uptake
n.s.
***
***
n.s.
**
***
*

Where n.s., *, ** and *** represent probability of > 0.05, ≤ 0.05, ≤ 0.01 and ≤ 0.001, respectively. Values were means of three
replicates for all measurements.

7.3.4 Aluminum concentrations in plants
The concentration of Al in root apoplast exponentially decreased as P supply increased.
Increasing Al addition increased the concentration of apoplast Al at 0 P supply with the apoplast
Al in ET8 being twice that in ES8 (Figures 7.4a and 7.4b; Table 7.4).
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Figure 7.4: Effect of Al and P on (a) apoplast Al of ES8 and (b) ET8; Vertical bars represent LSD (P =
0.05) for Al×P×G interaction.

The concentration of Al in roots decreased with increasing P supply and increased with
increasing Al addition. On average, ES8 had higher Al concentrations in roots than ET8 (Table
7.5).
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Table 7.4 Level of significance for the main and interactive effect of Al, P and genotypes on apoplast Al,
root Al concentration, shoot Al concentration, root Al uptake, shoot Al uptake and total Al uptake.
Source of variation
Genotype (G)
Al treatment (Al)
P treatment (P)
G × Al
G×P
Al× P
G ×Al× P

Apoplast
Al
***
***
*
***
***
***
***

Root Al
concentration
*
***
***
n.s.
n.s.
n.s.
n.s.

Shoot Al
concentration
n.s.
***
***
n.s.
n.s
***
n.s.

Root Al
Uptake
**
***
***
n.s.
*
n.s.
n.s.

Shoot Al
Uptake
n.s.
***
***
**
***
***
***

Total Al
uptake
**
***
***
n.s.
n.s.
n.s.
n.s.

Where n.s., *, ** and *** represent probability of > 0.05, ≤ 0.05, ≤ 0.01 and ≤ 0.001, respectively. Values were means of three
replicates for all measurements.

Table 7.5 Main effects for Al concentration in roots and total Al uptake in roots and shoots of the wheat
seedlings.
Treatments
Genotype
ES8
ET8
LSD (P = 0.05)
P value
Al treatments (mg AlCl3/kg)
0
50
150
LSD (P = 0.05)
P value
P treatments (mgP/kg)
0
20
40
80
160
LSD (P = 0.05)
P value

Root Al concentration
(µg/g d.wt)

Root Al uptake
(µg/plant)

Shoot Al uptake
(µg/plant)

95.7
86.6
5.7
0.002

0.68
0.73
0.04
<0.001

0.0588
0.0554
0.004
0.152

79.7
91.7
102.0
6.9
<0.001

0.64
0.75
0.74
0.03
<0.001

0.0403
0.0440
0.0871
0.0056
<0.001

142.6
96.1
84.7
72.3
60.0
8.9
<0.001

1.00
0.77
0.74
0.62
0.42
0.05
<0.001

0.0797
0.0694
0.0588
0.0411
0.0371
0.0073
<0.001

The concentration of Al in shoots did not differ at 0 and 50 mg AlCl3/kg and slightly decreased
with increasing P supply. The addition of 150 mg AlCl3/kg markedly increased Al concentrations
in shoots contributing to the highly significant Al by P interaction (P < 0.001). The Al
concentration with 150 mg AlCl3/kg decreased exponentially with increasing P supply. (Figure
7.5; Table 7.4).
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Figure 7.5: Effect of Al and P on Shoot Al concentration (Data were the average value of ES8 and ET8).
Vertical bars represent LSD (P = 0.05) for Al×P interaction.

Root Al uptake declined with increasing P supply and increased when AlCl3 addition increased
from 0 to 50 mg/kg. Root Al uptake did not differ between the 50 and 150 mg AlCl3/kg
treatments. On average, the ET8 seedlings took up more Al in root than the ES8 seedlings
(Tables 7.4 and 7.5).
Shoot Al uptake declined with increasing P supply and increased with increased Al addition.
There was no difference in shoot Al uptake between ET8 seedlings and ES8 seedlings (Tables 7.4
and 7.5).

7.4 DISCUSSION

7.4.1 Al and P dynamics in soil

The maximum amount of P that was added to the Podosol soil in this experiment increased to 160
mg P/kg from the 80 mg P/kg in the previous chapter. This doubling of the maximum P amount
continued to reduce the extractable Al in the bulk soil (Figure 7.1a). The reduction in Al appeared
to be more marked with the 150 mg AlCl3/kg treatment. Nevertheless the continuing reduction in
extractable Al with the additional soluble P to soil further confirms that soluble P acts as an
effective detoxifying agent for plant available Al in soil. The bulk soil pH decreased in line with
the increasing levels of added Al, and decreased further at each Al level when soluble P was
added (Figure 7.1b). This is consistent with the results in the previous chapter (Figure 6.1b). In
addition, the pH in the rhizosphere for the different P and Al treatment combinations was
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generally similar to the pH levels in the bulk soil (Figures 7.1a and 7.1c). This suggest that the
detoxification of Al by added soluble P and the associated reduction in soil pH was not unduly
affected by, or driven by, pH changes in the rhizosphere. This evidence suggests that the Al
detoxification, resulting from the precipitation of plant-available Al with the soluble P, was a
general chemical reaction that occurred throughout the soil mass.

7.4.2 Genotypic variations to seedlings growth response

The highly significant G×Al×P interaction for shoot growth (P ≤ 0.001) in this study indicates
that the shoot growth responses of ES8 and ET8 seedlings were dependent on the level of both
added Al and P. The different relative shoot responses between the ES8 and ET8 seedlings can
readily be seen with the 150 mg AlCl3/kg treatment. With low rates of added P, at nil P, and at 20
mg P/kg, there were no differences in ES8 and ET8 seedlings growth for any measurement
(Figures 7.2c and 7.2d), with seedlings from both genotypes being suppressed by the high Al
levels. With 40 mg P/kg, ET8 seedlings had significantly greater growth (P < 0.05) than ES8
seedlings for all growth measurements, including root length, shoot height and shoot biomass
measures. Then at with 80 mg P/kg, there were again no significant differences between ES8 and
ET8 seedlings for any growth measure. Finally, with 160 mg P/kg, the ES8 seedlings produced
greater shoot biomass than ET8 seedlings and similar root lengths (Figures 7.2a - 7.2d). These
comparisons can be continued for the 50 mg AlCl3/kg treatment, when the ES8 seedlings
produced less root growth than the ET8 seedlings with nil and 20 mg P/kg. With higher P rates
the ES8 seedlings were either equal or superior to the ET8 seedlings in their growth responses
(Figure 7.2e). These changes in the relative growth of the seedlings of these two isogenic wheat
genotypes, ES8 and ET8 can be attributed to the changing levels of available Al in the soil, and
the differences in the growth potential of the wheat genotypes with low levels of soil Al, and
different levels of added KH2PO4 solution.
One possible reason why ES8 seedlings can produce more shoots biomass than the ET8 seedlings
at low Al toxicity levels is that the ET8 seedlings continue to secret malate from their root apices
at low Al levels. Delhaize et al. (1993b) reported that the ET8 seedlings secreted malate
continuously with as little as 0.3 µM Al in a study where 6 day-old ES8 and ET8 seedlings were
grown in solutions containing different concentrations of Al. The authors reported that the
amount of malate secreted over 24 h by the ET8 seedlings was 0.1 µmol malate/seedlings greater
than the ES8 seedlings at an Al concentration that would be equivalent to a CaCl2 extractable Al
concentration of 1.35 ppm. The continuous loss of malate from ET8, with an associated loss of
energy and carbon may be sufficient to reduce shoot growth from the ET8 seedlings may losses
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the carbon energy to produce shoot growth. In this experiment, extractable Al was 0.4 mg/kg at
160P and 150 mg AlCl3/kg. This lower amount of soil extractable Al may still provide the
stimulus for malate secretion. It is interesting to note in another experiment reported by Weinger
et al. (1992) the Al-tolerant wheat cultivars Carazinho was able to release 566 µg malate/g of
root without any exposure to Al, when grown in sand culture. Carazinho and ET8 are both Altolerant, and rely on malate secretion from their root tips to acquire the Al tolerance. Thus it is
possible that the growth advantage of ES8 over ET8 with low levels for Al (due to presence of
high rates of P) could be due to the additional malate secretion by ET8.

7.4.3 Genotypic variations to apoplast Al

There were significantly higher apoplast Al concentration in the seedlings roots of ET8 compared
with ES8 with the most toxic Al treatments. These occurred with nil P for all Al treatments, and
with 20 mg P/kg and the high 150 mg AlCl3/kg treatments (Figures 7.4a and 7.4b). These
findings were responsible for the highly significant (P < 0.001) G×Al×P interaction (Table 7.4).
Given the improved tolerance to Al by ET8 over ES8 in the 50 mg AlCl3/kg with nil P and 20 mg
P/kg treatment combinations, with respect to root length, then it is tempting to suggest that the
increased apoplast Al concentration in ET8 for these treatments is related to the improved Al
tolerance of the ET8 seedlings. This proposition is supported by the results of Zhang and Taylor
(1989). They conducted a solution culture study and desorbed loosely bound Al from excised
roots of Al-tolerant (Atlas-66) and Al-sensitive (Neepawa) wheat cultivars with the application of
0.5 mM citric acid at 00C. They found that Atlas-66 desorbed 10% more Al than Neepawa from
their excised roots after a period of 180 minutes after exposure to an Al concentration of 180
mM. They suggested that the possible involvement of an active exclusion mechanism, achieved
by means of an active efflux of Al into the apoplast in Atlas-66, may be the reason for greater
accumulation of Al in its root apoplast than that of Neepawa. They also speculated that
differences in desorbable Al concentrations between tolerant and sensitive cultivars may help to
identify possible exclusion mechanisms. These differences occur due to loosely or tightly Al
bound capacity in apoplast that have been surrounded across the plasma membrane. This
interpretation is consistent with Wagatusma and Ezoe’s (1985) suggestion that the Al-tolerant
plant is able to exclude Al from contact with the plasma membrane, by promoting polymerization
and accumulation of hydroxyl Al in the apoplast, thus contributing to detoxification of Al. This
increased accumulation of Al in the apoplast in the Al tolerant plant may help to identify Al
tolerance mechanism.
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My findings clearly demonstrated that ET8 seedlings were superior in binding Al3+ in the root
apoplast than the ES8 seedlings specific to high Al treatment. This binding of Al in the apoplast
assists in the exclusion of Al3+ into roots and the close exposure of Al3+ into roots to the plasma
membranes in the root apical cells. As a result, the ET8 had lower root Al concentration than the
ES8 seedlings irrespective to Al supply at nil P and 150 mg AlCl3/kg treatment (Figures 7.4c and
7.4d). Thus it seems that the higher Al3+ binding capacity in root apoplast of the ET8 seedlings
contributes to its improved tolerance to Al toxicity compared to ES8.

7.4.4 Genotypic variation and Al and P concentrations and uptake in wheat
seedlings

The differential tolerance of ET8 compared with ES8 at moderate Al toxicity was not related to
the concentrations or the uptake of Al by the seedlings shoots. First there were no significant
differences between genotypes in the shoot Al concentrations for all treatments, particularly the
treatment 40 mg P/kg plus 150 mg AlCl3/kg, where the moderate Al toxicity resulted in
differences in shoot and root growth between ET8 and ES8. A second reason was that there were
marked differences in the shoot Al concentrations (both species) between treatments where ET8
seedlings displayed greater tolerance to Al toxicity than ES8 seedlings. These were on the one
hand the nil P and 20 mg P/kg plus 50 mg AlCl3/kg and the 40 mg P/kg plus 150 mg AlCl3/kg on
the other. For both sets of treatments ES8 was being suppressed by the Al toxicity more than
ET8, yet the shoot Al concentrations were about half the concentration in the former set of
treatments (Figure 7.5). Shoot Al uptake also had little direct relationship to the differential Al
tolerance between the two wheat genotypes. An example here is the marked difference in the Al
uptake by ES8 and ET8 shoots for the nil and 20 mg P/kg plus 150 mg AlCl3/kg treatment
combinations (Table 7.5), yet the roots and shoot of both genotypes were being equally
suppressed by the severe Al toxicity with these treatments.
As the differential tolerance between the wheat genotypes was not related to shoot Al levels, it
was also the case that the differential tolerance was not related to the Al levels in the roots. Very
few interactions occurred between the genotype and either P or Al addition (Table 7.4). The
significant main effect for genotype (Table 7.5) and the absence of interactions indicates that the
ES8 seedlings had higher root Al concentrations than ET8 seedlings across all P and Al
treatments. Certainly there was no indication of any really elevated Al levels in the roots of ES8
for those P and Al treatment combinations producing moderate Al toxicity that enabled ET8
seedlings to produce larger shoot and roots than ES8 seedlings.
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The P data do not provide any additional insights into the differential tolerance in Al toxicity
between ES8 and ET8 as there were minimal differences between ES8 and ET8 seedlings with
respect to their P concentration and P uptake data in this study. Also there no major differences in
the response by these genotypes when P supply was increased to alleviate Al toxicity. Both P
concentration and uptake measurements were affected by P and Al treatments resulting in highly
significant P × Al interactions (Table 7.3).

7.5 CONCLUSIONS
The current study demonstrated that doubling the amount of added P continues to reduce the
extractable Al in soil. These findings indicated that added soluble P can be an agent for
alleviating Al toxicity in soil. However, it was found that added P was more efficient for
increasing shoot development but not as efficient for increasing root growth. The G×P interaction
findings showed that the ES8 seedlings responded better than the ET8 seedlings, when high P
was supplied to the soil. There is the possibility that the ET8 seedlings expend more energy to
produce continuous malate secretion even when lower level of Al existing in soil solution. Thus
the ES8 seedlings are able to use carbon to increase their shoot developments with higher levels
of P supply. The ET8 seedlings also accumulated more Al in its apoplast than the ES8 seedlings
due to their increased ability to bind with BaCl2 desorbable Al in the apoplast. My findings
showed that the Al tolerance of both ET8 and ES8 seedlings increased with increasing P supply.
Further investigations are required to determine how P is involved in Al tolerance mechanisms. A
split-root experiment will be documented in the next chapter to confirm whether added P, that
made available to one part of the root system, is able to be translocated to another part of the root
system to ameliorate Al3+ toxicity that is affecting those roots.
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8.1 INTRODUCTION
Aluminum (Al) toxicity and phosphorus (P) deficiency are important constraints for plant growth
in acid soils (Kochian et al. 2004). Both Al and P are heterogeneously distributed in most acidic
soils due to long-term soil genesis processes and differences in soil mineralogy, soil chemical
conditions and agricultural practices such as fertilization and liming (Pothuluri et al. 1986;
Sumner 1995). Therefore, soil P availability and Al toxicity can vary greatly from one soil to the
next. As a result, the plant root system may respond differently to heterogeneous Al and P
distribution in soil (Liao et al. 2006).
Exudation of organic acid anions is a key mechanism of Al tolerance (Delhaize et al. 1993a;
Jones and Kochian 1996; Li et al. 2000; Ligaba et al. 2004; Ma et al. 2001; Rincon and Gonzales
1992; Tice et al. 1992). Organic acids chelate toxic Al ions and ameliorate Al toxicity in plants
(Foy 1984; Foy 1988; Taylor 1988). The amount of organic acids exuded by tolerant plants
increases with increasing external Al concentration (Delhaize et al. 1993b; Ma et al. 1997) and
the exudation has been localized to the apex of the roots in wheat (Delhaize et al. 1993b; Kochian
et al. 2004). However, Al tolerance in different plant species and genotypes is not always
correlated with Al-induced organic acid exudation (Kochian et al. 2004; Nian 2004; Wenzl et al.
2001). This suggests that additional mechanisms may be involved in the expression of Al
tolerance (Liao et al. 2006).
Phosphorus may play an important role in alleviation of Al toxicity (Poschenrieder et al. 2005;
Zheng et al. 2005). In this respect, studies have shown that P addition ameliorates Al toxicity in
plant tissues (Gaume et al. 2001; Liao et al. 2006; Zheng et al. 2005). Phosphorus precipitates as
AlPO4 in root tissue (Hairiah et al. 1995; Taylor 1991). The accumulation of Al as AlPO4 in roots
(Naidoo et al. 1978) has shown to be non-toxic to the plant (Zheng and Yang 2005).
Furthermore, P addition to the soil can result in a reaction between added P and soil Al which
forms Al-P complexes within soil that decreases bioavailability of Al in soil (Iyamuremye and
Dick 1996).

Chapters 6 and 7 showed how increasing P supply alleviated Al stress for wheat plants. This
chapter documents the results of a split-root experiment. This will investigate whether wheat
seedlings can translocate P from roots that are free from Al-toxicity, to other parts of their root
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system that are exposed to Al-toxicity, and then alleviate the Al-toxicity. The study will be
conducted with Al-tolerant ET8 seedlings and Al-sensitive ES8 seedlings.

8.2 MATERIALS AND METHODS
8.2.1 Soil and plants
The subsoil of a Podosol (Isbell 2002) was used and had the following properties: initial pH 4.5
(0.01M CaCl2), extractable Al 5.0 mg/kg and Olsen-P 1.36 mg/kg. Aluminium-tolerant (ET8)
and aluminium-sensitive (ES8) wheat genotypes were used as testing plants. Soil properties and
plant materials were described in Chapter 3.

8.2.2 Experimental design and treatments
The split-root experiment was conducted with the treatments described in Table 8.1. The Alsensitive (ES8) and Al-tolerant wheat (ET8) were compared. The treatments were replicated six
times.

Table 8.1: Split-root system with different treatments
Treatment

Symbols

A

50P/0Al

B
C
D

50P/60Al
10P/(40P+60Al)
10P/60Al

Treatment symbols
Compartment I
Compartment II
50P
0Al
50P
10P
10P

60Al
(40P+ 60Al)
60Al

Compartment I
50 mg P/kg

P and Al level
Compartment II
0 mg/kg AlCl3

50 mg P/kg
10 mg P/kg
10 mg P/kg

60 mg/kg AlCl3
40 mg P/kg + 60 mg/kg AlCl3
60 mg/kg AlCl3

8.2.3 Rationale for experimental treatments
Treatment A (50P/0Al):
This treatment examined the effect of P on P nutrition within the plant.
Treatment B (50P/60Al):
This treatment examined how high P, supplied in one part of the roots, can affect Al toxicity in
another part of the root system.
Treatment C [10P/(40P+60Al)]:
This treatment examined how the detoxification of Al3+ by H2PO-4 in soil affects the P deficient
plant.
Treatment D (10P/60Al):
This treatment tested the effect of high concentration of Al on part of the root system affects the
plants under P deficient condition.

94

Translocated phosphorus does not alleviate aluminum-toxicity in the roots of wheat seedlings

Chapter 8

Treatment D (10P/60Al) vs. Treatment B (50P/60Al):
The difference between these two treatments would result from improved P nutrition and the
possible alleviation of Al toxicity affecting part of the root system.
Treatment A (50P/0Al) vs. Treatment B (50P/60Al):
Comparison of these treatments reveals the effect of Al toxicity on part of the root system on
plant growth under adequate P (50P) supply.
Treatment D (10P/60Al) vs. Treatment C [10P/(40P+60Al)]:
The comparison would confirm that P detoxifies Al in soil.
Treatment B (50P/60Al) vs. Treatment C [10P/(40P+60Al)]:
These treatments examined whether the effect of P on Al toxicity within the plant was greater
than the effect of P on Al toxicity in the soil.

8.2.4 Basal nutrients
Basal nutrients were applied to the soil added to all the compartments, at the following rates
(Table 8.2). In addition, 14.5 mg/ml NH4NO3 was applied in each compartment at 13 and 17 days
after transplanting (DAT).
Table 8.2: Composition of stock solutions and basal nutrients added to 1.4 kg soil
Fertiliser

M wt

NH4NO3
K2SO4
MgCl2.6H2O
CaCl2
MnSO4.7H2O
ZnSO4.7H2O
CuSO4.5H2O
H3BO3
Na2MoO4.2H2O

80.04
174.25
203.3
147.02
169.01
287.54
249.68
61.83
241.96

g/500 ml in stock
solution
14.5
20
1.7
20.04
1
1
0.2
0.067
0.198

Aliquot
ml/1.4 kg
1.75
1.75
1.75
1.75
1.75
1.75
1.75
1.75
1.75

The amount added
(mg/1.4 kg)
50.8
70
6.0
70.1
3.5
3.5
0.7
0.23
0.69

8.2.5 Construction of the split-root system
Olive pots were used to construct the split-root system. Each olive pot (90 mm × 90 mm × 180
mm deep) was termed as a compartment and two olive pots made a treatment. One side of each
olive pot (compartment) was divided into five slots (2.5 cm depth and 1.0 cm wide) in the middle
of each compartment and attached together by scotch tap. The whole split-root system with soil
and plant (20 DAT) was shown in Figure 8.1.
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8.2.6 Experimental preparation
Basal nutrients and the Al additions (as AlCl3) were added to 1.4 kg soil lots, watered to 60% of
field capacity (8% w/w) and pre-incubated for 7 days at 300C. At the end of pre-incubation, P (as
KH2PO4) was added for the rate of 10 mg P/kg to compartment I in Treatments C and D, 40 mg
P/kg to compartment II in Treatment C and 50 mg P/kg to compartment I in Treatments A and B
(Table 8.1).

Figure 8.1: Photographic view of a split-root system, showing two compartments (90 mm × 90 mm × 180
mm deep) with ET8 (left) and ES8 (right) in Treatment A at 20 DAT.

8.2.7 Seed germination and cultivation of wheat seedlings
White triple washed river sand (‘A’ Grade Sand, Chris Cross, Australia) was used to grow wheat
seedlings. The sand had an initial pH in 0.01 M CaCl2 of 4.5 and extractable Al in 0.01M CaCl2
of 1.62 mg/kg. Germinated seeds of ET8 and ES8 were grown to this sand in two separate trays
(42 cm length × 37 cm wide × 15 cm height) up to 5 days.

8.2.8 Cultivation of plant
Five-days-old uniform seedlings were transplanted into the split-root system, after cutting one
uneven seminal root. Five slots (2.5 cm depth and 1.0 cm wide) were made in the joint wall of
two compartments to support the plant (Figure 8.1). One seedling was placed in each slot. Four
uniform seminal roots (6-7 cm each) were selected in each plant. Consequently, two seminal
roots were placed in each compartment. The roots were then covered with the same treated
subsoil in each compartment and watered immediately after planting. Plants were grown in a
growth cabinet with day/night temperatures 20/18 0C, 10 h dark and 14 h light conditions and an
average light intensity of 210 µM photons/m2/s. Each split-root system was repositioned within
the growth chamber to avoid positional errors during the plant growth period.
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8.2.9 Soil moisture monitoring
Immediately after transplanting, soil was moistened to 100% field capacity (13% w/w) in all
compartments. Water was not added up to 7 days after transplanting (DAT) to avoid disturbance
into the split-root system at the first stage. The soil moisture in each compartment was monitored
with a Theta probe soil moisture sensor (Measurement Engineering Australia) during plant
growth period. Water content was maintained at 60% field capacity (8% w/w) from 7 DAT due
to slow reduction of existing soil moisture in each compartment. Water content was adjusted
every alternative day up to 17 DAT to 60% field capacity. After that water content was adjusted
daily to 60% till harvest.

8.2.10 Plant harvest
Plants were harvested at 21 DAT. Shoot was cut uniformly across the stem in which 0.5 cm of
stem was discarded from the base part. Similarly, 0.5 cm of root base was cut to separate root
halves, and was not included for measurements. Two compartments of each system were
separated after the cut of shoot. The root were washed by DI water and placed in 35 ml of 50 mM
BaCl2 solution that was chilled to 4oC, to collect apoplast P and Al.

8.2.11 Analytical methods
The amount of P desorbed from the apoplast was determined by some modifications (HNO3 was
used to acidify the solution) of Murphy and Riley (1962) from the desorbed 50 mM BaCl2
solution. Apoplast Al was determined using the PCV method. Concentration of P in root and
shoot materials were determined using the vanadomolybdate method (Bassett et. al. 1978) after
digestion in a mixture of concentrated nitric and perchloric acids (4:1). The root and shoot Al
concentrations in the same digest were determined using the PCV method in a solution of 1.0%
HClO4 (Kerven et. al. 1989).

8.2.12 Statistical analysis
Shoot parameters were analysed by two-way ANOVA (Treatment × Genotype), root parameters
by three-way ANOVA (Treatment × Compartment × Genotype), and the data for total P and Al
uptake as well as the distribution of Al and P in different plant parts, were analysed by one-way
ANOVA using Genstat 5th edition for Windows (Lawes Agricultural Trust, UK, 2008).

97

Translocated phosphorus does not alleviate aluminum-toxicity in the roots of wheat seedlings

Chapter 8

8.3 RESULTS
8.3.1 Plant height
Plant height increased by 41-45% in all treatments from 10 DAT to the harvest at 21 DAT. Plant
height at 10 DAT and at 21 DAT were lowest for the Treatment D, followed by Treatments C, B
and A. Plant height was 2 and 9% greater in ET8 than ES8 at 10 and 21 DAT, respectively
(Figure 8.2, Table 8.3).
Table 8.3 Levels of significance for main effects and interaction terms for plant height, shoot dry weight, P
and Al concentration in shoot and P uptake per unit of root length.
Source of
Plant height
Plant height
Shoot dry weight
P concentration
variation
10 DAT
21 DAT
21 DAT
in shoot
Treatment (T)
***
***
***
***
Genotype (G)
***
***
***
***
T×G
n.s.
n.s.
***
n.s.
Where *** and n.s. represents probability of ≤ 0.001 and > 0.05, respectively.

Al concentration
in shoot
***
***
***

P uptake per unit
root length
***
***
n.s.

8.3.2 Shoot dry weight
When 50 mg P/kg was applied in one root half and 60 mg/kg AlCl3 in the other (Treatment B),
ES8 plants produced a similar shoot biomass to those grown in treatments A and C. The ES8
grown in Treatment D produced 15% less shoot biomass as compared to those grown in the
Treatment A. The two genotypes responded differently to the treatments. While ET8 produced
15% and 24% higher biomass than ES8 in the Treatments A and B, respectively, the two
genotype had similar shoot dry weights in the other two treatments (C and D) (Figure 8.3a, Table
8.3).
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P/Al level : 50P/0Al
Compartment: I/II
Treatment : A

50P/60Al
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B
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D
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Compartment: I/II
Treatment :
A
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C

10P/60Al
I/II
D

Figure 8.2. Height of plants grown under different Al and P treatments in each separate compartment (a)
for 10 days after transplanting (10 DAT) and (b) before harvest (21 DAT). Where 10P, 40P and 50P
represent 10, 40 and 50 mg P/kg soil respectively, and 0Al and 60Al represents 0 and 60 mg/kg AlCl3 soil,
respectively. Vertical bars represent LSD (P = 0.05) for genotype × treatment interaction.

98

Translocated phosphorus does not alleviate aluminum-toxicity in the roots of wheat seedlings

Chapter 8

8.3.3 Root dry weight
Total root biomass (combination of the two compartments) varied among the treatments. Total
root biomass in Treatment B was highest (114 mg/plant), followed by Treatments A (109
mg/plant), C (106 mg/plant) and Treatment D (84 mg/plant) was lowest (Figure 8.3b).

Where 50 mg/kg of P was added in one compartment (I), the addition of 60 mg/kg of AlCl3 in the
other compartment (II) decreased root dry weight by 37% (ET8) and 81% (ES8) in the Al-added
part (Compartment II) but increased root dry weight by 10% (ES8) and 25% (ET8) in the Padded part (Treatments A vs. B). Decreasing P supply in Compartment I decreased root dry
weight by 46% (ES8) and 24% (ET8) but slightly increased root dry weight in Compartment II
with 60 Al (Treatments B vs. D). Adding 40 mg P/kg to the 60Al compartment (II) greatly
increased root biomass (Treatments C vs. D). While ET8 had 33-64% higher root biomass in the
Al-added compartments (Compartment II), ES8 had greater root biomass in the other
compartment (I) in Treatment C. The exception was Treatment D, where ET8 tended to have a
higher root biomass than ES8 in the Compartment I (Figure 8.3b, Table 8.4).
90 (a)
ES8
ET8

R o ot d ry w eig ht (m g/p lant/co m p artm en t)
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Compartment: I/II
Treatment : A

50P/60Al
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I/II
C
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10P/60Al
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Treatment : A
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C
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Figure 8.3. Responses of (a) shoot dry weight and (b) root dry weight to different Al and P treatments in
each separate compartment at 21 days after transplanting. Where 10P, 40P and 50P represent 10, 40 and 50
mg P/kg soil, respectively, and 0Al and 60Al represent 0 and 60 mg/kg AlCl3 soil, respectively. Vertical
bars represent LSD (P=0.05) for genotype × treatment interaction for shoot dry weight and genotype ×
treatment × compartment interaction for root dry weight.

8.3.4 Root length
Similar to root dry weight, total root length (combination of the two compartments) differed
among the treatments. The total root lengths were 449, 436, 372 and 338 cm for Treatments C, A,
D and B, respectively (Figure 8.4a).
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Table 8.4 Level of significance for main effects and interaction terms for root dry weight, mean root
length, root thickness, number of root tips, P concentration in root, apoplast P, root Al concentration and
apoplast Al.
Source of
Root dry
Mean root
Root
Root
P concentration
Apoplast
variation
weight
length
thickness
tip
in root
P
Treatment (T)
**
***
***
***
***
n.s.
Genotype (G)
n.s.
***
n.s.
***
***
***
Compartment (C)
***
***
***
n.s.
***
n.s.
T×G
n.s.
***
n.s.
**
***
**
T×C
***
**
***
*
***
***
G×C
***
***
n.s.
***
**
n.s.
T×G×C
*
n.s.
n.s.
n.s.
n.s.
***
Where n.s., *, ** and *** represent probability of > 0.05, ≤0.05, ≤ 0.01 and ≤ 0.001, respectively.

Root Al
Concentration
***
***
***
***
***
*
***

Apoplast
Al
*
n.s
***
n.s
***
n.s
n.s

In general, total root length was greater in the P-supplied compartment than the Al-supplied
compartment. For example, total root length was 2-fold longer in Compartment I (50P, 222 cm)
than Compartment II (60Al, 116 cm) in the Treatment B. Furthermore, when 40P was added with
60Al (Compartment II), total root length was 52% higher than when only 60Al (Compartment II)
was added (Treatments C vs. D) (Figure 8.4a).

On average, ET8 tended to have higher root length than ES8 in both compartments. Root length
was 2-fold greater for ET8 than ES8 grown in Compartment II in all treatments. There was no
significant difference (P > 0.05) in root length between ES8 and ET8 in Compartment I when
adequate P (50P) was supplied in Compartment I for Treatments A and B. However, root length
was significantly (P < 0.05) higher in ET8 than ES8 for inadequate P (10P) application in
Compartment I of Treatments C and D (Figure 8.4a, Table 8.4).

8.3.5 Root thickness
Root thickness was lowest in Treatment C (0.13-0.19 mm), followed by Treatment D (0.12-0.23
mm) and A (0.13-0.32 mm) and highest in Treatment B (0.12-0.39 mm). On average, root
thickness was similar between Compartments I and II in all treatments. The ES8 plant had a
higher root thickness than the ET8 plant. The root thickness was 2-3 folds higher in ES8 than
ET8 in the Treatments A and B. However, root thickness was not significant (P > 0.05) between
ES8 and ET8 for Compartments I and II in the Treatments C and D (Figure 8.4b, Table 8.4).

8.3.6 Root tips
The total root tip number was highest in Treatment A, followed by Treatments C, D and B. On
average, root tip number was higher in Compartment II than Compartment I in all treatments.
The ES8 plant had a higher root tip number than the ET8 plant in Compartment I of all
treatments. In contrast, the ET8 plant had a higher root tip number than the ES8 plant in
Compartment II of all treatments with the exception of Treatment C (Figure 8.4c, Table 8.4).
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Figure 8.4. Root parameters of plants grown in different Al and P treatments in separate compartments: (a)
root length, (b) root thickness and (c) number of root tips. Where 10P, 40P and 50P represent 10, 40 and 50
mg P/kg soil, respectively, and 0Al and 60Al represents 0 and 60 mg/kg AlCl3 soil, respectively. Vertical
bars represent LSD (P = 0.05) for genotype × treatment × compartment interaction.
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Figure 8.5. (a) Shoot P concentration, (b) root P concentration, (c) P uptake per cm root length and (d)
apoplast P of ET8 and ES8 grown in different Al and P treatments in separate compartments. 10P, 40P and
50P represent 10, 40 and 50 mg P/kg soil respectively, and 0Al and 60Al represent 0 and 60 mg/kg AlCl3
soil, respectively. Vertical bars represent LSD (P = 0.05) for genotype × treatment interaction on shoot P
concentration as well as P uptake and genotype × treatment × compartment interaction on root P
concentration and apoplast P.

8.3.7 Shoot P concentration
The P concentration was 3-18% higher in the shoots of plant grown in Treatment B than in
Treatment A. The P concentration in shoots of plants grown in Treatments C and D was 42-44%
lower than that of plants grown in the Treatment A. The shoot P concentration was 8% and 22%
higher in ET8 than ES8 in the Treatments B and A, respectively. However, both genotypes had
similar shoot P concentrations in the other two treatments (C and D) (Figure 8.5a, Table 8.3).
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8.3.8 Root P concentration
Root P concentration (average of two compartments) was the highest in Treatment B followed by
the Treatment A. Root P concentration did not significantly (P>0.05) differed between
Treatments C and D. Root P concentration was 2-fold higher in Compartment I than
Compartment II in the Treatment B. There was no significant (P>0.05) difference in root P
concentration between Compartments I and II in other treatments. Furthermore, root P
concentration was significantly (P<0.05) higher in ET8 than ES8 in both compartments of
Treatment A but was similar between ES8 and ET8 in other treatments (Figure 8.5b; Table 8.4).

8.3.9 P uptake per cm of root
The P uptake per cm of root was determined to know exactly how much P was absorbed by the
root. Treatment B had significantly (P<0.05) higher P uptake per cm of root than other
treatments. The P uptake per cm of root did not significantly (P>0.05) differ among Treatments
A, C and D. The ET8 plant had greater P uptake per cm of root than the ES8 plant in all
treatments (Figure 8.5c; Table 8.4).

8.3.10 Apoplast P
The apoplast P was highest in Treatment B, followed by Treatments D, A and C. In general, ES8
had a greater concentration of apoplast P than ET8 if the supplied level of P was either adequate
P (50 mg P/kg) or inadequate P (10 mg P/kg). The exception was Treatment B where the ET8
had 3-fold higher apoplast P than ES8 in Compartment II (60Al). However, apoplast P is not

as high due to any applied P in Compartment II of Treatment B. Normally, apoplast P is
high in P supplied compartment could be due to P availability. (Figure 8.5d).

8.3.11 Total P uptake and P distribution
Total P uptake was highest in Treatment B, followed by Treatments A, C and D. Total P uptake
by plants in Treatment B doubled that in Treatments C and D. However, total P uptake was 2-18
times greater in Compartment I than Compartment II in all treatments. The two genotypes
responded differently to the treatments. Total P uptake was greater in ET8 than ES8 in all
treatments. Similarly, root P uptake tended to be higher in ET8 than ES8 in Compartment II
(Table 8.5).

103

Translocated phosphorus does not alleviate aluminum-toxicity in the roots of wheat seedlings

Chapter 8

Most of P was distributed in shoot and more P distributed in P-supplied root part (Compartment
I) than in Al-supplied root part (Compartment II). The distribution of P in shoot was similar for
ES8 and ET8 in all treatments. However, the distribution of P in roots of Compartment II was
higher in ET8 than ES8. The opposite was true in Compartment I (Table 8.5).

Table 8.5 Total P uptake by plant, total P uptake in different plant parts of the split-root system and
distribution of P in shoot and roots of two separate compartments.
Plant parts
/Genotypes
ES8
ET8
ES8
Shoot
Compartment-I
Compartment-II
ET8
Shoot
Compartment-I
Compartment-II

Total P uptake (µg P/plant)
Treatment A
Treatment B
Treatment C
Treatment D
336
484
249
170
466
563
295
224
Total P uptake (µg P/plant) in different plant parts of the split-root system

LSD
(P=0.05)
29
34

182
128
27

228
243
14

122
97
30

90
66
14

23
30
5

285
126
56

311
228
24

143
82
70

114
71
38

23
25
12

The distribution of P (%) in shoot and roots grown in two separate soil compartments (I and II)
ES8
Shoot
54
47
49
53
11
Compartment I
38
50
39
39
11
Compartment II
8
3
12
8
2
ET8
Shoot
61
55
48
51
4
Compartment I
27
41
28
32
11
Compartment II
12
4
24
17
3
Where, 10P, 40P and 50P represent 10, 40 and 50 mg P/kg soil, respectively. Also, 0Al and 60Al represent
0 and 60 mg/kg AlCl3 soil, respectively.

8.3.12 Al concentration in plants
The concentration of Al in shoots of ES8 was similar across the treatments, whereas Al
concentration in ET8 differed 3-fold with Al in plants grown in Treatment D being highest,
followed by Treatment C, and Al concentration in plant grown in Treatment A lowest (Figure
8.6a).

The Al concentration in roots tended to be higher in Treatments B and D than Treatments A and
C. Treatments A and C had similar root Al concentrations, although Treatment C received 60Al.
Root Al concentrations in Compartments I and II were 48% and 23% higher in ET8 than ES8 in
Treatment D. Root Al concentration was 7% (Compartment I) and 12% (Compartment II) higher
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in ET8 than ES8 in Treatment B. In contrast, Al concentration in roots grown in Compartment I
was 42% higher in ES8 than ET8 but that in Compartment II was 34% higher in ET8 than ES8 in
the Treatment C. In comparison, Al concentration in root halves was similar in two genotypes in
the Treatment A (Figure 8.6b).

8.3.13 Apoplast Al
The concentration of apoplast Al was highest in Treatment B, followed by Treatments C, D and
A. Apoplast Al was 1.5 to 4 fold greater in Compartment II than Compartment I of Treatments A,
B and D. Apoplast Al did not significantly (P>0.05) differ between compartments in Treatment
C. Apoplast Al was significantly (P<0.05) higher in ES8 than ET8 in Compartment II of
Treatment A. The two genotypes had a similar apoplast Al concentration in both compartments (I
and II) in Treatments B, C and D. In Treatment B, Compartment II, apoplast Al was high

due to the application of 50 mg AlCl3/kg (Figure 8.6c; Table 8.4).

8.3.14 Total Al uptake and Al distribution

Total Al uptake varied between the treatments. Total Al uptake was highest in the Treatment B,
followed by Treatments C, A and D. Total Al uptake was significantly (P < 0.05) higher in ET8
than ES8 in Treatments B and D but was similar between ES8 and ET8 in Treatments A and C.
Total Al uptake was lower in Compartment I than Compartment II. The ET8 plant took up more
Al than ES8 plant in both adequate (50P) and inadequate (10P) P-supplied compartments
although shoot had much lower Al uptake than roots (Table 8.6).

In general, a small percentage of Al distributed in shoot and most of Al distributed in the Alsupplied root half (Compartment II). The distribution of Al in shoot and in roots of Compartment
I and Compartment II were 1-5%, 15-44% and 51-84%, respectively. The distribution of Al in
shoot was greater in ET8 than ES8 in all treatments. Similarly, the distribution of Al was higher
in the ET8 plant than the ES8 plant in both adequate (50P) and inadequate (10P) P-supplied root
halves. In contrast, the distribution of Al was higher in ES8 than ET8 in Al-supplied rooting
halves (Table 8.6).
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Figure 8.6. (a) Shoot Al concentration, (b) root Al concentration and (c) apoplast Al of ES8 and ET8
grown in different Al and P treatments in separate compartments, where 10P, 40P and 50P represent 10, 40
and 50 mg P/kg soil, respectively, and 0Al and 60Al represent 0 and 60 mg/kg AlCl3 soil, respectively.
Vertical bars represent LSD (P=0.05) for genotype × treatment interaction on shoot Al concentration and
genotype × treatment × compartment interaction on root Al concentration and apoplast Al.
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Table 8.6 Total Al uptake by plant, total Al uptake in different plant parts of the split-root system and
distribution of Al in shoot and two separate compartments.
Plant parts
/Genotypes
ES8
ET8

Total Al uptake (µg Al/plant)
Treatment A
Treatment B
Treatment C
Treatment D
13.8
20.5
15.2
8.4
14.8
24.7
14.6
20.3
Total Al uptake (µg Al/plant) in different plant parts of the split-root system

ES8
Shoot
Compartment-I
Compartment-II
ET8
Shoot
Compartment-I
Compartment-II

LSD
(P=0.05)
1.8
1.9

0.4
3.9
9.4

0.3
3.0
17.1

0.4
2.8
11.9

0.4
2.8
5.1

0.1
1.0
2.6

0.7
6.5
7.5

0.9
5.8
17.9

1.2
5.2
8.0

1.5
7.1
11.6

0.1
1.0
2.9

The distribution of Al (%) in shoot and roots grown in two separate soil compartments (I and II)
ES8
Shoot
3
1
3
5
0.5
Compartment I
29
15
19
33
4.9
Compartment II
68
84
78
62
5.0
ET8
Shoot
5
4
9
8
0.8
Compartment I
44
24
36
35
4.7
Compartment II
51
72
55
57
4.9
10P, 40P and 50P represent 10, 40 and 50 mg P/kg soil, respectively. 0Al and 60Al represent 0 and 60
mg/kg AlCl3 soil, respectively.

8.4 DISCUSSION

8.4.1 Aluminium detoxification by P in soil

Wheat root growth increased substantially (Figures 8.3b and 8.4a) in soil where 40 mg P/kg was
added to Al-toxic soil that had received 60 mg AlCl3/kg in Compartment II, Treatment C. This
finding suggests that the added P had been able to overcome the inhibition of root growth caused
by the toxic levels of Al3+ in soil. This detoxification of Al by added P was likely to result from
the formation of Al-P complex in soil that reduced the availability of Al in soil (Brady and Weil
2000; Pellet et al. 1996). Likewise, the total Al uptake by whole plants (the two root half and the
shoots) was similar in Treatments A and C (Table 8.6). This suggests that Treatment C plants
were not able to take up more Al from the soil in Compartment II that had received 60 mg AlCl3,
due to its reduced availability from the added P. These findings are consistent with the hypothesis
that such detoxification of Al3+ by added P occurred in the soil.
Additional evidence suggests that the added P was able to alleviate the Al toxicity resulting from
the addition of 60 mg AlCl3/kg. This is provided by the findings that the total P uptake in the
wheat shoots was much lower in Treatment C compared to Treatments A and B, although the
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same amount of P (50 mg P/kg) was added to the split-root systems in Treatments A, B and C
(Table 8.5). This lower shoot P uptake in Treatment C can be explained by part of the added P to
Compartment II in Treatment C being used in the precipitation and formation of the Al-P
complex in the soil, rendering this P less available for plant use (Hayes and Mokolabate
2001;Crocker and Holford 1994). The higher total P uptake in shoots of Treatments A and B can
be attributed to the greater availability of P in these treatments as the availability of the added P
was not reduced by precipitation with added Al.
Another factor may have contributed to the increased root growth (Figures 8.3b and 8.4a) in
Compartment II in Treatment C compared to Treatment D. The effect could also be due to the
increased P uptake that occurred from the soil in Compartment II, Treatment C (Table 8.5), due
to the addition of 40 mg P/kg that soil. This added P was able to overcome the P deficiency that
was occurring in the wheat plants in Treatment D. It is likely that the wheat plants in Treatment
D were P deficient, given that the P concentrations in their shoots ranged from 0.16 to 0.22% P
(Table 8.5) which is in the deficient range for such wheat seedlings (Reuter and Robinson 1997).
Thus, the addition of 40 mg P/kg to the soil in Compartment II, Treatment C played dual role in
increasing root growth by reducing the availability of Al in soil and by increasing P availability
to the wheat roots.

8.4.2 Lack of Al detoxification by added P within plant tissue
Increasing P supply to one half of the root system did not overcome constraints to roots caused
by Al toxicity in the other half of the root system. Despite adding 50 mg P/kg to the soil in
Compartment I in Treatment B, there was no difference to the root mass (Figure 8.3b) or root
length (Figure 8.4a) in Compartment II for Treatment B, compared to the roots in Compartment
II for Treatment D. The soil in this compartment for both treatments (B and D) was Al toxic,
from the addition of 60 mg AlCl3/kg. It was expected that in Treatment B, plants would be able to
translocate P from the roots in Compartment I to those Compartment II that help to alleviate Al
toxicity in the roots in Compartment II and increase root growth in that compartment. However,
this did not occur. Therefore, the results in this study do not support the hypothesis that P
translocated internally within the plant from roots growing in a high-P, low-Al soil, can alleviate
Al toxicity in other roots that are growing in Al toxic soil.

Similar results supporting my findings that the P cannot be translocated within the plant to
alleviate Al toxicity in parts of the root system was reported by McLaughlin and James (1989).
They conducted a sand/solution culture experiment where wheat plants were grown (20-day
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duration) in a sand container, situated above a solution culture container. They found that
subsurface root growth increased in an acidic solution (pH = 4.2) when P supply was increased to
the surface roots in the sand, but only if there was no Al in the subsurface solution. When toxic
Al (2.7 mg Al/l) was present in the solution, increased P supply to surface roots had no effect on
root growth in the solution below the sand. Therefore, surface-applied P was not able to be
translocated to subsurface roots and enable them to overcome the Al injury in this study.

On the other hand, there are three studies suggesting that internal P translocation may be able to
reduce Al injury in subsurface roots. Miranda and Rowell (1987) conducted a two-layer column
experiment for wheat plants in which lime and P, enriched with

32

P, was added and mixed

through the top soil. The top soil (pH=6.4) was placed over an acidic subsoil (pH=3.7) which
contained 189 mg Al/kg (2.1 meq Al/100 g soil). The plant growing period was 22 days. They
found that when the 32P-enriched P was added to the topsoil, 32P was measured in the roots in the
subsoil and root growth in the acidic Al-toxic subsoil increased by 38%. Likewise, McKenzie and
Nyborg (1984) conducted a growth cabinet experiment to determine the effect of heavy
application of phosphorus (150 mg P/kg as KH2PO4) to the surface 10 cm of a loam soil (pH =
5.7, 0.02 M CaCl2 -extractable Al 5.8 µg/g). They measured root growth in the 20-40 cm acidic
subsoil (pH = 5.2, 0.02 M CaCl2-extractable Al 6.8 µg/g) after 66 days of growth. They found
that the large application of P to top soil increased barley root yield by 25% in the top soil and
17% in subsoil. The third study involved a repeat experiment by McLaughlin and James (1991),
where Al concentration in the solution, located below the sand layer, was reduced to 2.0 mg Al/l,
and clover (Trifolium subterraneum L.var. Woogenellup) was used as the test plant. Increasing
the P supply to surface roots resulted in increased growth of clover roots in the low to moderate
concentration of Al solution.

Thus there are differing results regarding the translocation of internal P within the plant alleviate
Al damage in subsoil roots. It appears that the extent to which this can occur depends on the plant
genotype, the severity of the Al toxicity, the level of added P and the experimental conditions.
There are a number of possible explanations to account for previous observations of the
ameliorating effect of surface P applications on subsurface Al. Previous studies have been
conducted in soils highly deficient in P, with high rates of P addition to the surface soil
(equivalent to 190 kg P/ha in the study of McKenzie and Nyborg (1984), 625 kg P/ha in the study
of de Miranda and Rowell (1987) and 90 mg P/l in the study of (McLaughlin and James 1991).
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8.4.3 Exposure to Al toxic soil by part of root system stimulates P uptake by other
part of root system
Shoot and root dry matter production was similar in both A and B treatments (Figures 8.3a and
8.3b). This indicates that there was no yield limiting effect from exposing one half of the roots to
toxic Al3+, as long as the other half of the roots had exposure to plant available P, free from the
toxic effects of Al3+, as occurred in Treatment B. Surprisingly, the total P uptake by the whole
plant (by the two separate root halves and the shoots) was significantly higher in Treatment B
than Treatment A. Thus, when Al3+ was limiting root growth in one half of the root system the
other half of the roots that were free from Al3+ toxicity, responded by taking up more P. This was
only possible if there was readily available P to the roots in the soil that was not exposed to Al3+
toxicity as occurred in Treatment B. Where P was limiting in the soil that was not Al-toxic, as
occurred in Treatment D, then there was less P taken up by the wheat shoots (Table 8.5). Similar
results were reported from another split-root solution culture study with Mucuna pruriens. In that
split-root study, the total P uptake by Mucuna pruriens increased significantly when sufficient P
was supplied to one half of the roots, and when toxic Al was supplied to the other of the roots in a
separate container (Hairiah et al. 1993).
The increased P uptake by roots in Compartment I for Treatment B is likely to be an internal
metabolic process resulting from a root signal, induced by Al3+ exposure in Compartment II for
that treatment. It would appear that the plant roots in Compartment I are compensating for the
lack of P uptake by the Al-damaged roots in Compartment II. This explanation is also put
forward by Hariah et al. (1993) who suggested that the root signal from the Al-damaged roots to
the rest of the root system has a compensatory effect, increasing P uptake from the undamaged
roots, to compensate for the reduced P uptake by the Al-damaged roots. Bennet and Breen (1991)
suggest that Al3+-induced signals originated in the root cap cells, while Miller (1986) suggests
that the signals can affect the whole plant. Thus in my study, the root half not exposed to Al3+
toxicity was affected by the Al3+- induced signal, and this stimulated metabolic processes resulted
in more P uptake of that root half from available P source. This observation is consistent with the
views of Jordan et al. (1979) who stated that compensatory growth may occur whenever a portion
of the root system is reduced or inhibited, so long as the potential for growth exists in the
remaining part of the root system.

8.4.4 Genotypic variation
The ET8 plant took up more P (combination of two separate root halves and shoots) than the ES8
plant (Table 8.5). Likewise, the total P uptakes by the shoots (Table 8.5) as well as the shoot P
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concentrations were higher in ET8 than ES8 in all treatments (Figure 8.5a). This difference in P
uptake could be due to the ALMT1 gene that results in more malate exudates from the roots of
ET8 than ES8. Delhaize et al. (2009) reported that the greater exudation of malate from ET8 root
solubilises more soil P directly, making the P more available for plant use, and this enables the
ET8 plant to take up more P from the soil compared to the ES8 plant. Likewise, this ALMT1
effect is likely to protect the root function of the ET8 plant from Al3+ toxicity and result in a
larger root system than that of the ES8 plant in an acid soil. Also, the uptake of P per unit of root
length was greater for this larger root system in the ET8 plant (Figure 8.5c). As phosphate ions
have a limited mobility in soil then the plant’s ability to acquire phosphorus relies, to a large
extent, on a large effective root system that is able to explore the soil. Thus, increased P uptake
efficiency by ET8 plant results both from the likely solubilisation of soil P and protection of root
function by malate exudates (Delhaize et al. 2009), and a larger root system.

The Al-sensitive (ES8) plant accumulated more P in its apoplast than the Al-tolerant (ET8) plant
(Figure 8.5d). This finding, that phosphate is retained in the apoplast and not translocated to the
shoots (Figure 8.5a; Table 8.5), no doubt contributes to the comparatively lower P uptake by ES8
shoots (Table 8.5). One explanation as to why there was greater P retained in the apoplast of the
ES8 plant compared to the ET8 plant is provided in the review paper by Ahn and Matsumoto
(2006). They reported that the ES8 plant had a more negative zeta potential in the root plasma
membrane than the ET8 plant. They argued that this enabled Al3+ ions to react more with
negative charges of the plasma membrane of the ES8 plant, with H2PO-4 ions then reacting with
Al3+ ions on plasma membrane of ES8, to form of Al-P complexes on the plasma membrane of
the ES8 plant. Such P was then able to be desorbed by BaCl2 and so was measured in the apoplast
P fraction.

The shoot Al concentration (Figure 8.6a) and total Al uptake in shoot (Table 8.6) was higher in
ET8 plant than ES8 plant in all treatments. This finding indicates that the ET8 plant has the
capacity to accumulate more Al in its shoots, whereas the ES8 plant was better able to prevent Al
translocation to its shoots. This is consistent with solution culture studies by Zhang and Taylor
(1988) with Al-tolerant (Atlass-66) and Al-sensitive (Scout-66) wheat (Triticum aestivum L.)
cultivars. The authors reported that concentrations of Al in shoots were higher, by 10-50 µg/g, in
the Al-tolerant (Atlass-66) cultivar than in Al-sensitive (Scout-66) cultivar, with solution Al
concentration between 200 and 1000 µM Al. Zhang and Taylor (1988) suggested that Altolerance in wheat is not achieved by the exclusion of Al from the symplasm, rather, the Al in the
symplasm is able to be compartmentalized or chelated with proteins or organic acids. My data

111

Translocated phosphorus does not alleviate aluminum-toxicity in the roots of wheat seedlings

Chapter 8

support their findings, with the higher Al concentrations in the shoots of the ET8 not causing any
Al injury to the plant.

8.5 CONCLUSIONS
The current study demonstrated that the addition of P to soil reduced availability of toxic Al3+ and
alleviated Al toxicity in soil. However, plants were able to take up some of this added P, resulting
in greater plant biomass production. Therefore, supplied P played dual role like ameliorating Al
toxicity in soil and utilizing P as nutrition for plant growth and development. In contrast, no
evidence was found that P can alleviate Al toxicity within the plant tissue by translocation of P
through roots that exposed to Al3+ toxicity. Moreover, an exposure of a part of roots to Al3+
toxicity stimulated the roots to increase P uptake from other parts of roots not exposed to Al3+
toxicity but still with access to available P. In contrast, plants were not able to take up P although
one root half was exposed to Al3+ toxicity and other root half had not exposed to Al3+ due to
limited P available of that root part. The possible mechanism is some Al-induced signal from the
one root half enhanced P uptake in the other root half. This can be seen as a survival mechanism
for the plant. However, the two genotypes responded differently to P and Al supply in two
separate root compartments. The ET8 plant had greater Al and P uptake by shoots than ES8,
suggesting that ES8 plants are able to prevent Al translocation from root to shoot than ET8 plant.
However, ET8 had lower apoplast P concentration than ES8 due to uptake of more P by ET8
plant resulting in greater shoot biomass in ET8 than ES8 wheat plant. Finally, this study revealed
that application of P Fertiliser to Al-toxic soils along with Al-tolerant crops may be a useful
option to increase crop production in Al-toxic acid soils.
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9.1 GENERAL DISCUSSION
The focus of this thesis has been to understand P-Al interactions in an acid Podosol soil as well as
the sensitivity and tolerance to Al3+ toxicity by seedlings of the isogenic pair of wheat genotypes
ET8 and ES8. The genotype ET8 was selected for Al tolerance as it carries the ALMT1 gene
which confers tolerance by increasing the capacity to excrete malate from its root tips. The key
findings are: 1) accumulation of Al in root apoplast relates to soil available Al; 2) phosphorus
detoxifies Al in soil; 3) translocated phosphorus did not alleviate Al toxicity within plant tissue;
4) ET8 seedlings accumulates more Al in root apoplast as well as uptake Al and P than the ES8
seedlings. A number of additional issues relating to these experiments will be discussed in this
chapter.

9.1.1 Al3+ toxicity damage in ES8 seedlings
The ES8 seedlings were more sensitive to Al3+ toxicity than the ET8 seedlings (Chapters 4, 5 and
7). Different mechanisms were involved in the sensitivity to Al3+ toxicity by the ES8 seedlings.
It is likely that the strong binding of Al3+ to the pectic matrix of the cell wall in the apoplasm and
to the apoplastic face of the plasma membrane in the root apex leads to Al-damage and Alinduced inhibition of root elongation with ES8 seedlings (Horst et al. 2010). This strong binding
of Al3+ causes more Al damage to the ES8 seedlings. My results showed that ET8 accumulated
more apoplast Al than ES8. However, this apoplast Al was the “BaCl2-desorbed-Al” and is likely
to be relatively ‘labile’, as it can be exchanged and displaced by Ba2+. It is unlikely to be strongly
bound to the pectic matrix of the cell wall, as this strongly bound Al is unlikely to be desorbed by
BaCl2. The labile apoplast Al was lower in ES8 than in ET8. Such a result could be explained by
the fact that more of the Al3+ in the apoplasm of ES8 was bound strongly with the pectic matrix
of the cell wall, resulting in Al-toxicity damage to the root tips. It follows then that root damage
in ES8 seedlings occurred externally on the outside of the roots, by the strong bindings of Al to
the pectic matrix in the cell wall.
This suggests that Al damage was external, occurring in the apoplasm of the root tips. Such a
proposition is supported by the findings that there were minimal differences in root Al
concentrations between ES8 and ET8, when ES8 was being suppressed by Al toxicity (Chapters
5 and 7). Thus there was no large influx of Al into the symplast of cells and tissue of the root that
was causing the Al-damage in ES8 seedlings. Instead, damage seemed to be caused by exposure
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of root tips to external Al3+ in the rhizosphere, with Al3+ damage occurring in the apoplast cell
walls of ES8. This is consistent with the view expressed by Horst et al. (2010) in their review
paper where the strong binding of Al3+ to the pectic substances in cell walls of Al-sensitive
genotypes, causes Al3+ toxicity damage.
The ES8 seedlings do not secrete malate from its root tips in the rhizosphere (Delhaize et al.
1993). Therefore, they were less able to detoxify Al in the rhizosphere through exudation of
malate compared to ET8, as malate chelates Al in the rhizosphere. So, the extra free Al3+ ions that
are in the rhizosphere solution of ES8 are likely to have damaged the ES8 seedlings.

9.1.2 Al3+ detoxifying agent and genotype response

Liming detoxifies Al3+ in soil and increases soil pH. The application of CaCO3 results in
increases in the Ca2+ ion concentrations soil solution. Even though the added lime detoxified the
Al3+ in soil, ET8 was still superior to ES8 in the lime amended-soil (Chapter 5). Tang et al.
(2003) conducted a field experiment in a sandy acid soil (pH 4.6 in CaCl2) and grew ES8 and
ET8 wheat plants. They found that ET8 produced higher yields than ES8 when the soil was
amended by lime. Likewise, the field experiment undertaken by Scott et al. (2001) produced
similar results with the Al tolerant Carazinho and Al-sensitive Egret cultivars. Although, ES8 and
ET8 were an isogenic pair of lines, they were still is not completely genetically pure with
differences only occurring at the ALMT1 locus (Ryan et al. 1995). Other factors may also be
involved that contributed to the superior growth of ET8 in the lime amended soil.
A second detoxifying agent used in this thesis to detoxify Al3+ in the soil, was KH2PO4 (Chapters
6 and 7). Although the soil became more acidic due with high P supply, the ES8 seedlings
increased their biomass production in the high P, high Al soil (Chapter 6). Also, the ES8
seedlings responded better than the ET8 seedlings when high P was supplied with nil Al
treatment (Chapter 7). Thus there were two contrasting responses. The first was that ES8 grew
better than ET8 in the high P, high K, and low pH soil when Al3+ was detoxified by added soluble
P (Chapter 6). The reverse occurred with added lime where ET8 outperformed ES8 in the high
Ca, high pH soil (Chapter 6). These different responses to the Al-detoxifying regimes suggest
that there are other genetic differences between their isogenic pair of wheat genotypes, apart from
differences of the ALMT1 gene locus.
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9.1.3 Al3+ detoxification by soluble P
The results presented in this thesis confirm that addition of P to Al toxic soil reduces the
bioavailability of Al in soil, resulting in increases in plant biomass production in Al-sensitive
wheat seedlings. Another finding was a reduction of apoplast Al with added P supply in chapters
6 and 7. Similarly in Chapter 8, wheat genotypes proliferated more roots in the compartment that
received 40P along with 60 Al compared to the compartment that received 60 Al. Likewise, the
same amount of total Al uptake by wheat plant in Treatment A and Treatment C in Chapter 8,
provided evidence that P detoxifies Al in soil. Two possible mechanisms whereby P reduces
availability of CaCl2 extractable Al in soil were that soluble P reacted with Al in the soil, or
within the roots of the seedlings in Chapter 6. It was concluded that Al ions react with phosphate
ions and precipitate as Al-P complexes in the soil solution, which reduces the availability of Al in
soil.
Many studies speculated that P may react with Al to form Al-P precipitates in root apoplast or
root tissue. For example, Zheng et al. (2005) suggested that detoxification of Al by P occur
within root tissue through immobilization of Al by P. My findings showed that root P
concentrations did not change with increasing P supply for the high Al treatment. Also, the root
Al concentrations gradually decreased with the increasing P supply at high Al treatment.
Therefore, both root P and Al concentration data did not support this speculation or suggestion
that detoxification of Al by P occurs in the root apoplast space or within root tissue (Chapters 6
and 7). Similarly, my findings from split-root experiment showed that P could not be translocated
from one part of the root system to another root part and could not detoxify Al within root tissue
(Chapter 8).These findings confirm that detoxification of Al by P within plant tissue is not the
major mechanism whereby soluble P reduces Al3+ toxicity in sensitive plants.

9.1.4 Seedlings is a tool and its effect on age for the critical Al level
Seedlings are the most sensitive stage of growth of plants to Al3+ toxicity. For example, the
deleterious effect of Al on the growth of rice was noticeable only in the seedling stage. At the
seedling stage, rice is sensitive to Al, but looses some of this sensitivity during more advanced
stages of growth (Thawornwong and Diest 1974). Conducting the experiments in this thesis with
seedlings in the controlled environment conditions in the growth cabinet had several advantages.
First, the seedling stage of growth is sensitive to Al3+ toxicity and so differences between
genotypes, and from detoxifying agents, are likely to be readily detectable. Second, it was
possible to get rapid results from the seedling experiments. This meant that the seedling
experiment could be repeated to confirm the results. Third, it was possible to conduct short-term
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experiments where the seedlings relied on nutrient reserves in the seed. This enabled any
confounding effects from the addition of basal nutrients to be avoided. An example could be the
addition of SO42-S, which reacts with Al3+ and reduces the toxic Al3+ concentrations (Alva et al.
1991). The experiments revealed that seedlings could survive for at least 2 weeks when grown in
soil system from their existing seed reserves under controlled environment conditions (Chapter
6). On the other hand, seedling studies have the disadvantage is that they respond somewhat
differently to mature plants under field conditions. This will be discussed further below.
The suppression of shoot biomass of ES8 seedlings by Al3+ toxicity declined with increasing age.
Result showed that shoot biomass of ES8 seedlings with 50 mg AlCl3/kg had a shoot biomass
yield of that was 48% of the biomass with nil AlCl3 at 6 days of growth but after 14 days, the 50
mg AlCl3/kg treatment yield 98% of the nil treatment. In contrast, the root length with 50 mg
AlCl3/kg remained suppressed consistently for 6 to 13 days at around 50% of the root length with
nil AlCl3 (Table 9.1). The damage to the shoots of young ES8 seedlings, less than 8 days of age,
suggests during the first few days after emergence, the shoot growth might be particularly
sensitive to Al3+ toxicity. It is possible that the emerging coleoptiles of the sensitive ES8
seedlings might also be particularly sensitive to Al3+ damage. In fact my observations of the
emergence of the seedlings support this proposition. I consistently observed in all experiments
that ES8 emergence was delayed by several days compared with ET8, and that fewer seedlings
emerged. Further research is required to understand how seedling emergence is affected by Al3+
toxicity, particularly with sensitive genotypes.
The growth of Al-sensitive wheat seedlings (ES8) was suppressed by Al toxicity when soil has a
moderate concentration of around 5 mg/kg level of CaCl2 extractable Al (Chapter 6). Under field
conditions, a CaCl2 extractable Al concentration of 2-4 mg/kg resulted in highly toxic Al that
reduced mature wheat plant yields by 50% in Sodosol (Peverill and Sparrow 1999). Thus, the
critical level of CaCl2 extractable Al for Al toxicity is less for wheat plants grown in field then
for seedlings in my experiments. This is because field conditions are different to the controlled
environment conditions. In the field, plants are frequently exposed to varying degrees of water
deficit stress, whereas in controlled environment condition the seedlings do not face any moisture
stress. Even with small roots, the seedlings were able to take up moisture. This is unlikely to
happen in the field. Therefore, seedling growth and particularly their shoot growth, is less
sensitive to soil Al3+ concentrations in the experiments outlined in this thesis, than to the similar
Al3+ concentrations in soils in the field.
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Table 9.1: Effect of the age of ES8 seedlings on the shoot and root growth with 50 mg AlCl3/kg,
expressed as a percentage of the growth with nil AlCl3.
Age of seedlings

Plant height

Shoot dry weight

Root length

(Days)

(%)

(%)

(%)

6

48

48

48

8

83

89

39

13

87

94

51

9.2 IMPLICATIONS FOR THIS RESEARCH ON Al TOXICITY
An important strategy to combat soil acidity and Al toxicity is to grow Al-tolerant crops and
apply P fertilizer to the Al-toxic soils. This research on amelioration of Al3+ toxicity in an acid
soil by P clearly demonstrates that P fertilizer can alleviate Al3+ toxicity in acid soils and may
become an effective option for increasing food production on acid soils.
Another approach to using acid soils for crop production is to use plants that are capable of
secreting organic acids from roots to chelate and detoxify Al3+ and to release P from insoluble AlP complexes. As large non-labile pools of previously-applied fertilizer P remain in many soils,
then the use of the organic acid exudation mechanism has merit. The application of P fertilizer to
Al toxic acid soil, along with these Al-tolerant crops may well become an option for increasing
crop production on Al toxic acid soils.

9.3 RECOMMENDATIONS FOR FURTHER RESEARCH
•

The formation of aluminum phosphates merit further research. Some new technologies
such as synchrotron X-ray can be used to detect if discrete phase of phosphates is formed
in the P amended acid soils.

•

The synchrotron based X-ray technology is one approach which may be able to
determine the organic anions present in these systems and the complexes formed in situ,
at a resolution not previously possible. Such applications may provide major advances in
the knowledge of the specific roles of organic anions in soil system for acid tolerance
mechanism in soil system.

•

Al-P fractionation study needs to be considered to quantify toxic effect of this compound.
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