
 

ROLES OF MYCORRHIZAL SYMBIOSIS IN GROWTH 

AND PHOSPHORUS NUTRITION OF WHEAT IN A 

HIGHLY CALCAREOUS SOIL 

 

 

Huiying Li 

 

Thesis submitted for the degree of  

Doctor of Philosophy 

in  

The University of Adelaide  

Faculty of Sciences 

 

 

 

 

Discipline of Soil and Land Systems 

School of Earth and Environmental Sciences 

The University of Adelaide 

July 2005 

 



Table of contents i

Table of contents 

Table of contents…..…………………………………………….………… i 

List of figures…………………………………………..………….……... vi 

List of tables…………………………………………..………….………. ix 

Summary…………………………………………..……………….……. xii 

Publications and presentations from the thesis………………………. xvi 

Declaration……………………………………….………….…………. xvii 

Acknowledgments………………………………….…………….……. xviii 

Chapter 1 General introduction .................................................................1 

Chapter 2 Literature review .......................................................................6 

2.1 Introduction................................................................................................................. 6 
2.2 Phosphorus in calcareous soils from the Eyre Peninsula, South Australia ................. 8 

2.2.1 Basic characteristics.......................................................................................... 8 
2.2.2 Phosphorus forms ............................................................................................. 8 
2.2.3 Phosphorus deficiency ...................................................................................... 9 
2.2.4 Use-efficiencies of P fertilisers by plants........................................................ 11 

2.3 Interactions of arbuscular mycorrhizal fungi and wheat plants ................................ 12 
2.3.1 Arbuscular mycorrhizal colonisation .............................................................. 12 
2.3.2 Functional attributes of symbioses between arbuscular mycorrhizal fungi 

and wheat ............................................................................................................ 17 
2.4 From mutualism to parasitism: arbuscular mycorrhizal responses in wheat ............ 21 
2.5 Estimates of the fungal contribution to phosphorus uptake...................................... 27 
2.6 Summary and conclusions ........................................................................................ 31 

Chapter 3 General materials and methods .............................................32 

3.1 Soil ............................................................................................................................ 32 
3.1.1 Selection of the soil......................................................................................... 32 
3.1.2 Soil treatment .................................................................................................. 33 

3.2 Plants......................................................................................................................... 33 
3.2.1 Selection of plant species................................................................................ 33 

 



Table of contents ii

3.2.2 Seed treatment................................................................................................. 34 
3.2.3 Nutrient addition ............................................................................................. 34 
3.2.4 Glasshouse conditions..................................................................................... 35 

3.3 Arbuscular mycorrhizal fungi ................................................................................... 35 
3.3.1 Selection of fungal species ............................................................................. 35 
3.3.2 Inoculum production....................................................................................... 36 
3.3.3 Application of inoculation............................................................................... 37 

3.4 Harvesting of plants .................................................................................................. 37 
3.5 Measurement of arbuscular mycorrhizal colonisation.............................................. 37 
3.6 Measurement of external hyphae .............................................................................. 38 
3.7 Determination of phosphorus in plant tissues........................................................... 39 
3.8 Determination of plant-available phosphorus in soil ................................................ 40 

3.8.1 Resin-extractable phosphorus ......................................................................... 40 
3.8.2 Colwell-extractable phosphorus...................................................................... 41 
3.8.3 Olsen-extractable phosphorus......................................................................... 41 

3.9 Determination of total elemental concentrations in soil ........................................... 42 
3.10 Calculations............................................................................................................. 42 
3.11 Statistical analysis ................................................................................................... 43 

Chapter 4 Preparation and testing of soil/sand mixes for use in 

experiments.................................................................................................44 

4.1 Introduction............................................................................................................... 44 
4.2 Assessment of the capacity of anion exchange membranes to extract phosphorus .. 45 

4.2.1 Aim.................................................................................................................. 45 
4.2.2 Materials and methods .................................................................................... 45 
4.2.3 Results and discussion .................................................................................... 46 

4.3 Choices and testing of soil/sand mixes for experiments........................................... 47 
4.3.1 Aim.................................................................................................................. 47 
4.3.2 Materials and methods .................................................................................... 47 
4.3.3 Results and discussion .................................................................................... 48 

4.4 Determination of appropriate incubation times for phosphorus equilibration in the     
soil/sand mixes.......................................................................................................... 51 
4.4.1 Aim.................................................................................................................. 51 
4.4.2 Materials and methods .................................................................................... 51 
4.4.3 Results and discussion .................................................................................... 52 

4.5 Appropriate levels of phosphorus added in experiments .......................................... 53 
4.5.1 Aim.................................................................................................................. 53 
4.5.2 Materials and methods .................................................................................... 53 
4.5.3 Results and discussion .................................................................................... 54 

4.6 Effects of applications of different phosphorus sources on phosphorus availability 55 
4.6.1 Aim.................................................................................................................. 55 
4.6.2 Materials and methods .................................................................................... 55 

 



Table of contents iii

4.6.3 Results and discussion .................................................................................... 55 
4.7 Conclusions............................................................................................................... 57 

Chapter 5 Infectivity and effectiveness of indigenous and cultivated 

mycorrhizal fungi on wheat ......................................................................58 

5.1 Introduction............................................................................................................... 58 
5.2 Materials and methods .............................................................................................. 60 

5.2.1 Soil treatments ................................................................................................ 60 
5.2.2 Plant growth and harvest................................................................................. 60 

5.3 Results....................................................................................................................... 61 
5.3.1 Available phosphorus in soil ........................................................................... 61 
5.3.2 Arbuscular mycorrhizal colonisation and plant growth .................................. 62 
5.3.3 Phosphorus uptake .......................................................................................... 64 

5.4 Discussion ................................................................................................................. 65 

Chapter 6 Wheat responses to arbuscular mycorrhizal fungi and 

phosphorus supply differ from those of clover .......................................68 

6.1 Introduction............................................................................................................... 68 
6.2 Materials and methods .............................................................................................. 69 
6.3 Results....................................................................................................................... 70 

6.3.1 Plant growth.................................................................................................... 70 
6.3.2 Arbuscular mycorrhizal colonisation .............................................................. 71 
6.3.3 Phosphorus uptake .......................................................................................... 74 

6.4 Discussion ................................................................................................................. 77 

Chapter 7 Effects of arbuscular mycorrhizal fungi and phosphorus 

supply on growth and phosphorus nutrition of two wheat cultivars 

change during development ......................................................................80 

7.1 Introduction............................................................................................................... 80 
7.2 Materials and methods .............................................................................................. 80 
7.3 Results....................................................................................................................... 82 

7.3.1 Arbuscular mycorrhizal colonisation and hyphal length densities ................. 82 
7.3.2 Plant growth and grain yield ........................................................................... 83 
7.3.3 Phosphorus uptake .......................................................................................... 84 
7.3.4 Concentrations of protein and cations in grain ............................................... 86 

7.4 Discussion ................................................................................................................. 92 

 



Table of contents iv

Chapter 8 Mycorrhiza-induced plant growth depressions are 

mitigated by increasing plant density that lowers fungal demands on 

photosynthesis ............................................................................................94 

8.1 Introduction............................................................................................................... 94 
8.2 Materials and methods .............................................................................................. 95 
8.3 Results....................................................................................................................... 96 

8.3.1 Plant growth.................................................................................................... 96 
8.3.2 Mycorrhizal colonisation and hyphal length densities.................................. 100 
8.3.3 Phosphorus uptake ........................................................................................ 100 

8.4 Discussion ............................................................................................................... 103 

Chapter 9 Examination of the contribution of arbuscular mycorrhizal 

fungi to phosphorus uptake by wheat................................................... 106 

9.1 Introduction............................................................................................................. 106 
9.2 Experiment 1........................................................................................................... 108 

9.2.1 Aim................................................................................................................ 108 
9.2.2 Materials and methods .................................................................................. 108 
9.2.3 Results........................................................................................................... 110 
9.2.4 Discussion..................................................................................................... 118 

9.3 Experiment 2........................................................................................................... 120 
9.3.1 Aim................................................................................................................ 120 
9.3.2 Materials and methods .................................................................................. 120 
9.3.3 Results........................................................................................................... 125 
9.3.4 Discussion..................................................................................................... 126 

9.4 Experiment 3........................................................................................................... 130 
9.4.1 Aim................................................................................................................ 130 
9.4.2 Materials and methods .................................................................................. 130 
9.4.3 Results........................................................................................................... 131 
9.4.4 Discussion..................................................................................................... 135 

9.5 Conclusion .............................................................................................................. 136 

Chapter 10 General discussion and future research ........................... 137 

10.1 Introduction........................................................................................................... 137 
10.2 Discussion ............................................................................................................. 137 

10.2.1 Special characteristics of phosphorus in the highly calcareous soil from 
the Eye Peninsula, South Australia ................................................................... 137 

10.2.2 Responses of plants to resin-extractable phosphorus.................................. 139 
10.2.3 Arbuscular mycorrhizal colonisation .......................................................... 140 

 



Table of contents v

10.2.4 Responses of wheat to arbuscular mycorrhizal fungi: from mutualism to 
parasitism .......................................................................................................... 141 

10.2.5 Contribution of arbuscular mycorrhizal fungi to phosphorus uptake of 
wheat ................................................................................................................. 145 

10.3 Conclusion ............................................................................................................ 147 
10.4 Future research...................................................................................................... 148 

References…………………………………………………………….… 150 
 

 

 

 

 

 

 

 

 

 

 

 



List of figures vi

List of figures 

Figure 4.1 Concentrations of soil P extracted by either Colwell (open bars) or resin 
(black bars) methods with different proportion of soil in soil/sand mixes. Bars are 
means of three replicates ± SEM. ................................................................................... 49 

Figure 4.2 The relationship between Colwell-extractable P and P added as CaHPO4 
in soil after incubation for 3, 7 and 35 d. Values are means of three replicates ± SEM. 52 

Figure 4.3 Differences in available P extracted by the resin and Colwell methods 
with increases of additional P. Values are means of three replicates ± SEM.................. 54 

Figure 4.4 The concentration of P extracted by the Colwell (open bars) and resin 
(black bars) methods with or without P addition (P0). Twenty mg P kg-1 was added to 
soil as CaHPO4 (Ca-P), H3PO4 (H-P) or Na3PO4.12H2O (Na-P). The bars are means 
of three replicates ± SEM. Bars of each extraction method with the same letters are 
not significantly different................................................................................................ 56 

Figure 6.1 Total (shoot + root) DW (g pot-1) of wheat (a) and clover (b) uninoculated 
(NM) or inoculated with Glomus coronatum, G. mosseae, G. intraradices, and G. 
etunicatum (Gc, Gm, Gi and Ge respectively), grown in P0 (white bars) and P100 
(diagonally hatched bars) soil. Bars are means of three replicates ± SEM. Bars with 
the same letters are not significantly different. ............................................................... 72 

Figure 6.2 Percent root length colonised (% RLC) by Glomus coronatum, G. 
mosseae, G. intraradices, and G. etunicatum (Gc, Gm, Gi and Ge respectively) in 
wheat (a) and clover (b), grown in P0 (white bars) and P100 (diagonally hatched bars) 
soil. Bars are means of three replicates ± SEM. Bars with the same letters are not 
significantly different. ..................................................................................................... 73 

Figure 6.3 The concentration of P in shoots of wheat (a) and clover (b) uninoculated 
(NM) or inoculated with Glomus coronatum, G. mosseae, G. intraradices, and G. 
etunicatum (Gc, Gm, Gi and Ge respectively), grown in P0 (white bars) and P100 
(diagonally hatched bars) soil. Bars are means of three replicates ± SEM. Bars with 
the same letters are not significantly different. ............................................................... 75 

Figure 6.4 Total (shoot + root) P contents of wheat (a) and clover (b) uninoculated 
(NM) or inoculated with Glomus coronatum, G. mosseae, G. intraradices, and G. 
etunicatum (Gc, Gm, Gi and Ge respectively), grown in P0 (white bars) and P100 
(diagonally hatched bars) soil. Bars are means of three replicates ± SEM. Bars with 
the same letters are not significantly different. ............................................................... 76 

Figure 7.1 Total DW (shoot + root) at 6 weeks (a) and (shoot + root + head) at 19 
weeks (b) and grain yield (c) of two wheat cultivars grown with different soil P 
supply. Brookton (B): non-mycorrhizal (NM; white bars) and arbuscular mycorrhizal 
(AM; stippled bars); Krichauff (K): NM (black bars) and AM (diagonally hatched 
bars). Bars are means of four replicates ± SEM. Bars with the same letters are not 

 



List of figures vii

significantly different. Significant differences by t test (two-sample paired) between 
two cultivars at the same soil P and mycorrhizal treatment at P<0.05 are shown by 
‘*’. ................................................................................................................................... 85 

Figure 7.2 Total P contents in vegetative tissue (shoot + root) at 6 weeks (a) and 19 
weeks (b) and grain (c) of two wheat cultivars grown with different soil P supply. 
Brookton (B): non-mycorrhizal (NM; white bars) and arbuscular mycorrhizal (AM; 
stippled bars); Krichauff (K): NM (black bars) and AM (diagonally hatched bars). 
Bars are means of four replicates ± SEM. Bars with the same letters are not 
significantly different. Significant differences by t test (two-sample paired) between 
two cultivars at the same soil P and mycorrhizal treatment at P<0.05 are shown by 
‘*’. ................................................................................................................................... 88 

Figure 8.1 Total (shoot + root) dry weight (g) per plant (a) and per pot (b) of wheat 
uninoculated (NM; white bars)) or inoculated with Glomus intraradices (diagonally 
hatched bars) or Gigaspora margarita (black bars) under different plant densities. 
Bars are means of four replicates ± SEM. Bars with the same letters are not 
significantly different. ..................................................................................................... 97 

Figure 8.2 Percent mycorrhizal growth response (% MGR; a), and relative 
competition intensity (RCI; b) of wheat uninoculated (NM, white bars) and 
inoculated with Glomus intraradices (diagonally hatched bars) or Gigaspora 
margarita (black bars), grown at different plant densities. Bars are means of four 
replicates ± SEM. Bars with the same letters are not significantly different.................. 98 

Figure 8.3 Root/shoot ratios (a), tillers per plant (b) and per pot (c) of wheat 
uninoculated (NM, white bars) and inoculated with Glomus intraradices (diagonally 
hatched bars) or Gigaspora margarita (black bars), under different plant densities. 
Bars are means of four replicates ± SEM. Bars with the same letters are not 
significantly different. ..................................................................................................... 99 

Figure 8.4 Percentage of root length colonised (% RLC, 8.4a) and hyphal length 
densities (HLDs) of wheat uninoculated (NM; white bars) and inoculated with 
Glomus intraradices (diagonally hatched bars) or Gigaspora margarita (black bars), 
grown with different plant densities (8.4 b). Bars are means of four replicates ± SEM. 
Bars with the same letters are not significantly different.............................................. 101 

Figure 8.5 The P concentration in shoots and roots (a), and total P uptake per plant (b) 
and per pot (c) of wheat uninoculated (NM; white bars) and inoculated with Glomus 
intraradices (diagonally hatched bars) or Gigaspora margarita (black bars), under 
different plant densities. Bars are means of four replicates ± SEM. Bars with the 
same letters are not significantly different.................................................................... 102 

Figure 8.6 Percent mycorrhizal P response (% MPR) of wheat colonised by Glomus  
intraradices (diagonally hatched bars) or Gigaspora margarita (black bars), grown 
with different plant densities. Bars are means of four replicates ± SEM. Bars with the 
same letters are not significantly different.................................................................... 103 

 



List of figures viii

Figure 9.1 Diagrammatic representation (not to scale) of the compartmented pot used 
in Experiment 1............................................................................................................. 108 

Figure 9.2 Percent root length colonised (% RLC) by Glomus intraradices of wheat 
with (+B) or without (-B) mesh bags harvested at 6, 11 and 15 weeks. Bars are 
means of four replicates ± SEM. Bars with the same letters are not significantly 
different. .........................................................................................................................111 

Figure 9.3 Hyphal length densities (HLDs) in root + hyphal compartments (RHC, 
black bars) and hyphal compartments (HC; diagonally hatched bars) of mycorrhizal 
pots with (+B) or without bags (-B). Bars are means of four replicates ± SEM. Bars 
with the same letters are not significantly different. ..................................................... 112 

Figure 9.4 Total DW (a) at 6, 11 and 15 weeks and grain yield at 15 weeks (maturity: 
b) of wheat uninoculated (open bars) or inoculated (black bars) with Glomus 
intraradices grown in pots with (+B) or without (-B) mesh bags. Bars are means of 
four replicates ± SEM. Bars with the same letters at each harvest are not significantly 
different. ........................................................................................................................ 113 

Figure 9.5 Concentrations of P in shoots (a), roots (b) and grain (c) of plants 
uninoculated (open bars) or inoculated (black bars) with Glomus intraradices grown 
in pots with (+B) or without (-B) mesh bags. Bars are means of four replicates ± 
SEM. Bars with the same letters at each harvest are not significantly different........... 115 

Figure 9.6 Total P (a) and grain P (b) of plants uninoculated (open bars) or inoculated 
(black bars) with Glomus intraradices grown in pots with (+B) or without (-B) mesh 
bags. Bars are means of four replicates ± SEM. Bars with the same letters at each 
harvest are not significantly different ........................................................................... 116 

Figure 9.7 Percent mycorrhizal P responses (% MPR) of plants grown in pots with 
(+B) or without (-B) mesh bags. Bars are means of four replicates ± SEM. Bars with 
the same letters are not significantly different .............................................................. 117 

Figure 9.8 Total P of plants with mesh bags (+B) as % of total P in plants without 
mesh bags (-B). Bars are means of four replicates ± SEM. Bars with the same letters 
are not significantly different........................................................................................ 117 

Figure 9.9 Diagrammatic representation (not to scale) of the compartmented pot 
design in Experiment 2. ................................................................................................ 121 

 

 

 



List of tables ix

List of tables 

Table 3.1 Long Ashton nutrient solution......................................................................... 35 

Table 3.2 Digestion steps in programmed Tractor digestion block................................. 40 

Table 4.1 The concentrations of P extracted by an annion exchange membrane (AEM) 
strip from standard solution. Values are means of three replicates ± SEM .................... 46 

Table 4.2 DW of shoots and roots, grain yield, and total P uptake of wheat grown in 
different proportions of soil in soil/sand mixes. Values are means of three replicates 
± SEM. Values with the same letters are not significantly different............................... 49 

Table 5.1 Concentrations of P extracted by the resin or Colwell methods from the 
soil mixes before planting and after harvest. The soil was non-sterile and sterilised, 
and sterilised and inoculated with 10% non-sterile soil or Glomus intraradices 
culture material. Values are means of two replicate pots. ............................................... 62 

Table 5.2 Percent root length colonised (% RLC) and DW of wheat grown in 
non-sterile and sterilised soil mixes, and sterilised soil inoculated with 10% 
non-sterile soil or Glomus  intraradices pot culture material. Values are means of 
four replicates ± SEM. Significant differences between sterilised and non-sterile soil 
are shown as ‘*’. Differences in sterilised soil with or without inoculum are 
compared and values in the same row followed by the same letter (uppercase) are not 
significantly different. Values in the same column followed by the same letter 
(lowercase within brackets) are not significantly different between soil/sand mixes..... 63 

Table 5.3 Shoot and root P concentrations and total P uptake of wheat grown in 
non-sterile or sterilised, and sterilised soil inoculated with 10% non-sterile soil or 
Glomus intraradices culture material, with three soil/sand mixes. Values are means 
of four replicates ± SEM. Significant differences between sterilised and non-sterile 
soil are shown as ‘*’. Differences in sterilised soil with or without inoculum are 
compared and values in the same row followed by the same letter (uppercase) are not 
significantly different. Values in the same column followed by the same letter 
(lowercase within brackets) are not significantly different between soil/sand mixes..... 64 

Table 7.1. Percent root length colonised (% RLC) at 6 and 19 weeks and hyphal 
length density (HLDs) at 6 weeks only, of two wheat cultivars Brookton and 
Krichauff associated with Glomus intraradices, grown with different soil P supply. 
Values are means of four replicates ± SEM. Values with the same letters are not 
significantly different. Differences in % RLC and HLD between two cultivars were 
analysed using t test and significant differences are shown as ‘*’.................................. 83 

Table 7.2 Concentrations (mg g-1) of P in shoots and roots and grain of two wheat 
cultivars with (AM) or without (NM) mycorrhizas, grown with different soil P 
supply. Values are means of four replicates ± SEM. Values with the same letters are 
not significantly different. Significant differences by t test (two-sample paired) 

 



List of tables x

between two cultivars at the same soil P and mycorrhizal treatment at P<0.05 are 
shown by ‘*’. .................................................................................................................. 87 

Table 7.3 The protein concentration in grain of two wheat cultivars Brookton and 
Krichauff with (AM) or without (NM) mycorrhizas, grown with different soil P 
supply. Values are means of four replicates ± SEM. Values with the same letters are 
not significantly different. Significant differences by t test (two-sample paired) 
between the two cultivars at the same soil P and mycorrhizal treatment at P<0.05 are 
shown by ‘*’. .................................................................................................................. 89 

Table 7.4 Micronutrient concentration in grain of two wheat cultivars with (AM) or 
without (NM) mycorrhizas, grown with different soil P supply. Values are means of 
four replicates ± SEM. Values with the same letters are not significantly different. 
Significant differences by t test (two-sample paired) between two cultivars at the 
same soil P and mycorrhizal treatment at P<0.05 are shown by ‘*’............................... 90 

Table 7.5 Macronutrient concentrations in grain of two wheat cultivars with (AM) or 
without (NM) mycorrhizas, grown with different soil P supply. Values are means of 
four replicates ± SEM. Values with the same letters are not significantly different. 
There were no significant effects of AM fungi and P supply on concentrations of Ca, 
K and Na. ........................................................................................................................ 91 

Table 9.1 32P in soil measured as CPM, 32P fraction remaining, 32P activity corrected 
for decay, Colwell-extractable P and specific activity (SA) of 32P in the soil in HC at 
different sampling times. Values are means of three replicate subsamples ± SEM...... 124 

Table 9.2 Total DW, P concentration in shoots and roots, total P uptake and percent 
mycorrhizal P responses (% MPR) of plants either (AM) or not inoculated (NM) 
with Glomus intraradices harvested at 28 or 46 d. Values are means of four 
replicates ± SEM. The significant differences between NM and AM plants were 
analysed by t test and are shown as ‘*’ (P<0.05).......................................................... 125 

Table 9.3 The 32P activity measured as CPM, corrected for decay in shoots or roots, 
total 32P and specific activity (SA) of 32P in plants, hyphal length densities (HLDs; 
subtracted background of NM pots) and percent P uptake via hyphae calculated 
using Colwell-extractable P. The values are means of four replicates of mycorrhizal 
plants harvested at 46 d. The values of four individual plants (1-4) are also presented. 
No 32P was detected in all plants at 28 d and NM plants at 46 d (results not shown). . 127 

Table 9.4 Soil P-extraction methods and dry weight of soil subsample for P, soil 
dilution, concentrations of extractable P, 32P activity measured as CPM and specific 
activity (SA) of 32P in soil. Values are mean of three replicate samples ± SEM. ......... 132 

Table 9.5 Total DW, P concentration in shoots and roots, total P uptake and percent 
mycorrhizal P responses (% MPR) of plants that were either inoculated with Glomus 
intraradices (AM) or not (NM), harvested at 60 d. Values are means of five 
replicates ± SEM. The significant differences between NM and AM plants were 
analysed by t test and are shown as ‘*’ (P<0.05).......................................................... 133 

 



List of tables xi

Table 9.6 The 32P activity measured as CPM, 32P corrected for decay in shoots and 
roots, total 32P and specific activity (SA) of 32P in plants and hyphal length densities 
(HLDs; subtracted background of NM pots) and percent P uptake via hyphae 
calculated using the resin-, Olsen- or Colwell-extractable P. The values are means of 
five replicates of AM plants grown in P0 and P20 soils. The values of five individual 
plants (1-5) are also presented. No 32P was detected in NM plants (results not shown).
....................................................................................................................................... 134 

 

 



Summary xii

Summary 

The overall objective of the work presented in this thesis was to investigate roles of 

arbuscular mycorrhizal (AM) fungi in growth and phosphorus (P) nutrition of wheat 

(Triticum aestivum L.) in a highly calcareous soil from the Eyre Peninsula, South 

Australia.  

The soil used for this study is one of the main soil types used for wheat 

production in South Australia. It is severely P-deficient, but plant responses to 

conventional fertiliser application are poor. Although the total P and 

Colwell-extractable P contents of the soil are high, the resin-extractable P content is 

very low. Resin-extractable P is better able to predict P availability for plant growth 

than Colwell-extractable P. The soil is also strongly P-fixing. Moderate levels (about 

20 mg kg-1) of resin-extractable P for wheat could only be achieved by adding high 

rates (up to 100 mg kg-1) of CaHPO4 in this soil. A bioassay with wheat showed that it 

can be highly colonised by AM fungi in the soil. AM fungi have been shown to 

improve P nutrition of plants, particularly in nutrient poor soils. They may thus be 

important for wheat grown in the soil with low amounts of plant-available P such as 

the one used.  

The first part of the work involved conventional pot experiments. Effects of AM 

fungi on wheat were compared between sterilised soil and non-sterile soil, sterilised 

soil inoculated with non-sterile soil or with Glomus intraradices or noninoculated, 

with different soil/sand mixes. Colonisation of wheat at 8 weeks was high, with about 

75% of root length colonised for indigenous fungi and 55% for Glomus intraradices, 
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regardless of the soil treatments. Growth and P uptake of wheat were significantly 

increased by both indigenous fungi and G. intraradices, irrespective of soil/sand 

mixes. Effects of indigenous fungi on plant growth were larger in sterilised and 

inoculated soil than in non-sterile soil. In sterilised soil, increases of plant growth by 

AM fungi were higher with G. intraradices than with indigenous fungi. Dilution of 

the soil by mixing with sand reduced plant growth and P uptake of both AM and 

non-mycorrhizal (NM) plants.  

In another experiment, responses of wheat to AM fungi and P supply were 

compared with those of clover. Plants were inoculated with four different AM fungi. 

Colonisation of wheat was lower than clover. Although suffering from P deficiency, 

NM wheat (6 weeks) grew relatively well with no added P (P0) and application of P at 

100 mg kg-1 (P100) increased the dry weight (DW). Shoot P concentrations increased 

with P application and there were positive effects of all AM fungi at P100. In contrast, 

NM clover (8 weeks) grew very poorly at P0 and did not respond to P application. 

Clover responded positively to all AM fungi at both P levels, associated with 

increases in P uptake. The results showed that responses of wheat to AM inoculation 

and P supply were quite different from those of clover, and emphasized the different 

abilities of the two species to access P in the very high P-fixing soil used. 

 Responses of two wheat cultivars (Brookton and Krichauff) to AM fungus (G. 

intraradices) were also evaluated with different P supplies at two developmental 

stages (vegetative and maturity). Colonisation by G. intraradices of both cultivars was 

well established at 6 weeks (~50% in P0 plants) and continued to increase up to 
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maturity (~70%), but decreased greatly at both harvests as P supply was increased (up 

to 150 mg P kg-1). Addition of P significantly increased plant growth, grain yield and 

P uptake irrespective of cultivar and harvest time, and the optimum soil P for grain 

yield was 100 mg kg-1. In both cultivars, a growth depression in AM plants occurred 

at 6 weeks at all P levels, but this disappeared at 19 weeks with added P. At P0, AM 

plants produced lower grain yield per plant, but with higher P supply, AM plants 

produced higher grain yields than NM plants. There was a significant positive effect 

of AM on grain P concentration at P0, but not at other P levels. Brookton was 

somewhat more P efficient than Krichauff, and the latter responded more to AM fungi. 

The results showed that responses of wheat to AM fungi and P supply changed during 

development. Growth depression induced by AM fungi in low P soil was overcome by 

addition of moderate amounts of P, resulting in significant increases in grain yield in 

AM plants.  

Additional approaches were used to help determine the roles of AM fungi in 

wheat growth and nutrition. The effects of plant density were tested, as it was 

expected that increasing density might decrease the negative effects of AM fungi on 

wheat growth. Large growth depressions were induced by both G. intraradices and 

Gigaspora margarita in wheat grown at low density, although % colonisation by G. 

intraradices was higher than by Gi. margarita. With increasing plant density, the 

growth depressions were smaller, indicating that competition modulates growth 

responses. Although there may be effects due to competition for soil P, it is clear that 

with increasing plant biomass per unit soil volume, the AM fungal biomass did not 
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increase in proportion; in fact, hyphal length density decreased. Accordingly, costs of 

AM in terms of organic carbon loss per plant decreased with increasing plant density, 

thus mitigating the growth depression. The results add to the increasing body of 

evidence that mycorrhizal growth responses of plants grown singly may not apply at 

the population or community level as in crops. 

Two compartmented pot systems were used to examine whether the fungal 

hyphae deliver the P into the plants even in the absence of positive growth responses. 

An experiment in which plants were constricted in a mesh bag, but hyphae of AM 

fungi could explore a large soil volume was carried out. Results suggested that AM 

fungi helped the plants acquire P, although mesh bags did not remove AM growth 

depression. The experiments in which AM fungi were supplied with 32P in a small soil 

compartment to which only hyphae had access showed that a considerable amount of 

P was delivered to wheat plants via AM fungi. The original aim was to calculate the 

percentage of total P entering the plants via the AM pathway. However, realistic 

values were not obtained probably because of difficulties of determining 

plant-available P and uneven distribution of hyphae in the soil. It is also possible that 

plants and AM fungi access different P pools.  

This study demonstrated the potential roles of AM fungi in growth and P 

nutrition of wheat grown in the highly calcareous soil from the Eyre Peninsula, South 

Australia. Further studies on the effects of the interactions between AM fungi and 

wheat in the field are needed to assess the contribution of AM fungi to plant nutrition. 
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