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Abstract
We evaluated the roles of arbuscular mycorrhizal (AM) fungi in growth and phosphorus (P) nutrition of
wheat (Triticum aestivum L.) in a highly calcareous soil and compared the responses of wheat with those of
clover (Trifolium subterraneum L). In the ﬁrst experiment wheat (cv. Brookton) was harvested at 6 wk.
Colonisation by four AM fungi was low (<20%). Clover was harvested at 8 wk. Colonisation varied with
diﬀerent fungi, with the highest value (52%) obtained with Glomus intraradices. Although suﬀering from P
deﬁciency, non-mycorrhizal (NM) wheat 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 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. In the second experiment colonisation by a single AM fungus (G. intraradices) of
two wheat cultivars (Brookton and Krichauﬀ) was well established at 6 wk (~50% in P0 plants) and
continued to increase up to maturity (~70%), but decreased greatly at both harvests as P supply was
increased (up to 150 mg P kg)1: P150). 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 P100. In both
cultivars, a growth depression in AM plants occurred at 6 wk at all P levels, but disappeared at 19 wk with
added P. At P0, AM plants also produced lower grain yield (weight) per plant, but with higher P, 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. This study showed that responses of wheat to AM inoculation
and P supply were quite diﬀerent from those of clover, and changed during development. Results are
discussed in relation to the underlying soil properties.

Introduction
Phosphorus (P) is one of the major nutrients
limiting crop production worldwide. In areas of
* FAX No: +61-8-8303-6511.
E-mail: h.li@adelaide.edu.au

southern Australia, such as the Eyre Peninsula,
highly calcareous soils are frequently used for
wheat (Triticum aestivum) production. Despite
relatively high total soil P, crops often suﬀer severe P deﬁciency and have low responsiveness to
the application of granular P fertilisers such as
monoammonium phosphate (Holloway et al.,
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2001). Most soils on the Eyre Peninsula have a
high P-adsorption capacity, dominated by Cabound P. Colwell (1963) P exceeds published
values of the critical concentration (21 mg kg)1)
required for wheat grown in the South Australian wheat belt (Reuter et al., 1995), but is a
poor predictor of available P determined from
plant growth, because bicarbonate releases P
from this soil that is not plant-available (Bertrand et al., 2003). Eﬀorts are being made to improve the eﬀectiveness of fertiliser application in
such diﬃcult soils (Holloway et al., 2001, 2004),
but little attention has been given to the interactions between arbuscular mycorrhizal (AM) fungi
and cereal crops. However, colonisation of wheat
by indigenous AM fungi in one soil from the
Eyre Peninsula at 8 wk under controlled conditions was up to 76% (Li et al., unpublished),
suggesting that AM fungi may play a considerable role in the soil biological systems, including
plant nutrition.
AM fungi are widespread in soils and form
symbiotic (and frequently mutualistic) associations with many plant species. Colonisation often
increases plant growth by improving P uptake,
particularly on P-deﬁcient soils (Smith and Read,
1997). However, there is increasing recognition
that plant responses vary from positive to negative along a mutualism-parasitism continuum
(Johnson et al., 1997) and that growth depressions are frequently attributed to high carbon demands of the fungi, that are not oﬀset by
increased nutrient uptake (e.g. Graham and
Abbott, 2000 and references therein). It is widely
believed that wheat is unlikely to beneﬁt from
AM colonisation (Ryan and Graham, 2002). It
has a relatively large, ﬁnely branched root system
with dense root hairs and many reports suggest
that it is poorly colonised, with values ranging
between 10 and 30% of root length. Wheat also
may show growth depressions in response to AM
colonisation, at least during vegetative development (Graham and Abbott 2000; Zhu et al.,
2001a). In contrast, other studies indicate that
wheat can be highly colonised by AM fungi (up
to 80%) under controlled conditions and in the
ﬁeld (Khan, 1975; Dodd and Jeﬀries, 1989; Hetrick et al., 1993), although the degree of colonisation does not correlate with plant growth. The
mycorrhizal pathway of P uptake has been
shown to deliver considerable amounts of P to

wheat, regardless of growth response (Ravnskov
and Jakobsen, 1995; Schweiger and Jakobsen,
1999; Yao et al., 2001) and positive eﬀects of
AM colonisation on P uptake, growth and/or
yield of wheat have been reported both in controlled environment and ﬁeld experiments (Khan,
1975; Al-Karaki and Al-Omoush, 2002; Mohammad et al., 2004). These contrasting ﬁndings
highlight the uncertainties with respect to development and function of AM symbioses in wheat.
Discrepancies may stem from use of diﬀerent cultivars, variations in extent of colonisation or
aggressiveness of the AM fungi (which would impose diﬀerent carbon demands on the plants),
evaluation of eﬀects at diﬀerent stages of vegetative or reproductive development and from differences in P availability.
The aim of this study was to evaluate the
potential role of AM fungi in the growth of
wheat in soil from the Eyre Peninsula, South
Australia and to try to unravel the potentially
complex interactions with P fertilisation. In one
experiment spring wheat (cv. Brookton) was
compared with clover (Trifolium subterraneum
L.), which is highly responsive to AM in other
soil types (e.g. Facelli et al., 1999). The second
experiment examined the eﬀects of AM colonisation on vegetative growth and yield of two
spring
wheat
cultivars
(Brookton
and
Krichauﬀ), with four levels of soil P supply at
two harvests. Previous studies have shown that
wheat production in this soil remained low despite the high levels of P supply (100 kg P
ha)1 added as superphosphate) (Wilhelm and
Growden, 1999). Clover also grows poorly and
is not included in rotations in the area. Our
preliminary experiment demonstrated that the
resin P was low and increased slowly with
increasing application of P (also see Materials
and methods). Therefore, P application in this
study was higher (130–390 kg P ha)1) than
normal ﬁeld application, in order to increase
plant-available P and achieve an acceptable
growth rate of wheat. Krichauﬀ is a variety
commonly grown in southern Australia, and
has been shown to be colonised (>40%) by
AM fungi associated with growth depressions
during vegetative growth (Zhu and Smith,
2001; Zhu et al., 2001a). Cultivar Brookton has
higher P uptake eﬃciency than Krichauﬀ (Zhu
et al., 2001b).
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Materials and methods
The soil was collected from Cungena, Eyre
Peninsula, South Australia. It is a highly calcareous
grey sandy loam, and classiﬁed as a Calcixerollic
Xerochrept in the Soil Taxonomy System (Soil
Survey Staﬀ, 1994). It is considered to be highly
P deﬁcient on the basis of plant growth, despite
high values of total and Colwell-extractable P
(see Introduction). Two extraction methods: anion exchange resin strips (McLaughlin et al.,
1994) and bicarbonate extraction (Colwell, 1963)
were used to estimate the available P. The soil
had a pH of 8.0 (0.01 M CaCl2) and contained
5 mg kg)1 resin P or 34 mg kg)1 Colwell P,
320 mg kg)1 total P, 35.5% CaCO3 and 0.86%
organic carbon. It was air-dried, passed through
a 2 mm sieve and autoclaved at 121C for 1 h
twice over a 3 d period to eliminate indigenous
AM fungi. Two experiments were conducted in
the same glasshouse and with the same harvesting procedures and analysis of soil and tissue,
but with diﬀerent soil and sand mixture, soil volume per plant, growth season and nutrient
addition.
Experiment 1. Vegetative responses of wheat and
clover to four AM fungi with and without
additional P
The experiment had a complete factorial design
with two P levels, ﬁve inoculation treatments
(four AM fungi and non-inoculated), two plant
species (clover and wheat) and one harvest. Two
P levels were established: no additional P (P0)
and with CaHPO4 added to give 100 mg additional P kg)1 soil (P100), mixed thoroughly with
the soil before potting. This addition gave extracted P values of 24 mg kg)1 resin P or
118 mg kg)1 Colwell P. Arbuscular mycorrhizal
(AM) treatments received 10% (w/w) of dry pot
culture
material
of
Glomus
coronatum
Giovannetti (WUM 16), G. etunicatum Becker
and Gerdemann (UT 316A)1), G. mosseae (Nicol. and Gerd.) Gerdemann and Trappe (NBR 41) or G. intraradices Schenck and Smith (DAOM
181602), grown on Allium porrum L. The inoculum consisted of colonised root fragments and
soil containing spores and external hyphae of the
AM fungi. Sterile soil/sand mix, as was used for

the inoculum culture, was added to the nonmycorrhizal (NM) pots. This control treatment
had no signiﬁcant eﬀect on clover growth compared with addition of ’inoculum’ from NM pot
culture (Li et al., unpublished). Experiments with
several AM and NM plant species, including
grasses, show that this control does not result in
overestimation of AM responses (e.g. Koide and
Li, 1989; Smith and Smith, 1981; Wilson et al.,
1988).
Wheat (Triticum aestivum L. cv. Brookton)
and clover (Trifolium subterraneum L. cv. Mt.
Barker) were used. Seeds were surface-sterilised
in 3% sodium hypochlorite solution for 10 min,
rinsed with reverse osmosis (RO) water and germinated on moist paper for 2 d. Germinated
seeds of clover were coated with a suspension of
Rhizobium leguminosarum biovar trifolii prior to
planting. Three seedlings were sown in each pot
containing 420 g of soil and thinned to two per
pot after emergence. Soil water content was adjusted to 13.5% (w/w) by regularly watering with
RO water, taking into account increases in plant
fresh weight during the experiment. Nutrients
were supplemented by adding 5 mL modiﬁed Long
Ashton solution minus P weekly (total 30 mL
pot)1). These additions supplied nutrients for
wheat with (mg kg)1) K2SO4, 25; CaCl2 Æ 2H2O,
31; MgSO4 Æ 7H2O, 26; CuSO4 Æ 5H2O, 0.01;
ZnSO4 Æ 7H2O, 0.02; MnCl2 Æ 4H2O, 0.13; Na2MoO4 Æ 2H2O, 0.002; H3BO3, 0.2; Fe EDTA, 2.6;
(NH4)2SO4, 38 and NaNO3, 49. The same
amount of nutrient solution, but without
(NH4)2SO4 and NaNO3, was added for clover.
The pots were arranged randomly on one bench
in the glasshouse and were rearranged when watered. The experiment was conducted from September to October 2002 with natural light and a
diurnal temperature range between 16 and 22C.
Wheat and clover were harvested at 6 and 8 wk
after emergence, respectively.
Experiment 2. Growth responses of two wheat
cultivars to Glomus intraradices at early and
mature stages of development with diﬀerent soil P
supply
The experiment had a complete factorial design
with four P levels, two wheat cultivars, two inoculation treatments and two harvests. Soil was
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mixed with sand in the ratio 70:30 (w/w). A preliminary test had shown that this mixture
reduced bicarbonate-extractable P, and was also
easier to separate from roots. The mixture had a
pH of 8.0 (0.01 M CaCl2). Nutrients were thoroughly incorporated into the mixture at the
following rates (mg kg)1 dry mix): K2SO4, 174;
CaCl2 Æ 2H2O, 75; MgSO4 Æ 7H2O, 45; CuSO4 Æ
5H2O, 2.1; ZnSO4 Æ 7H2O, 5.4; MnSO4 Æ 7H2O,
10.5; CoSO4 Æ 7H2O, 0.39; Na2MoO4 Æ 2H2O, 0.18;
H3BO3, 0.3; Fe EDTA, 0.4. Nitrogen was added as
NH4NO3 at 0.1 g N kg)1 at the start of experiment, and was supplemented by adding 0.05 g
N kg)1 several times during the growth period
(3 additions for plants harvested at 6 wk, 3 more
additions for plants harvested at 19 wk).
Two
wheat
cultivars,
Brookton
and
Krichauﬀ, were used. Four surface-sterilised and
germinated seeds were transplanted to each pot
ﬁlled with 1 kg of the growth medium. Seedlings
were thinned to one per pot after emergence. The
AM fungus was G. intraradices and inoculum
was applied as for Experiment 1. Phosphorus
was added as CaHPO4 to give four levels: 0, 50,
100 and 150 mg additional P per kg soil. These
treatments are referred to as P0, P50, P100 and
P150 respectively. They produced resin P/Colwell
P of 4/24, 10/61, 21/113 and 23/143 mg P kg)1
respectively. There were 4 replicates for each
treatment. Soil was brought to a water content
of 12.5% (w/w) at the start of the experiment
and maintained as far as possible close to this
value by regular watering with RO water, adjusting the weight of water added to take into account plant growth. The experiment was
conducted from April to August 2003 in the
glasshouse and plants were harvested at 6 wk
(vegetative stage) and 19 wk (maturity).

analysed by the phosphovanado-molydate method (Hanson, 1950) for P in shoots and roots, and
by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) for P and Zn in grain
of wheat.
Data analysis
Data are presented as means and standard errors
of means of three (Experiment 1) or four (Experiment 2) replicates. Data were analysed using
GenStat Release 6.1, Lawes Agricultural Trust
(Rothamsted Experimental Station, UK). Treatment eﬀects were detected by two-way ANOVA
and means were compared by LSD0.05. Diﬀerences between the two wheat cultivars in Experiment 2 were tested by a two-sample paired t test.

Results
Experiment 1. Vegetative responses of wheat and
clover to four AM fungi with and without
additional P

Plant harvest and analysis

AM colonisation
No AM fungal colonisation occurred in uninoculated plants (results not shown). All AM plants
became colonised, although the % RLC of wheat
was relatively low (6–17%), compared with clover (8–52%; Figure 1a and b). Addition of P
(P100) did not aﬀect colonisation of wheat by
G. coronatum, but decreased % RLC by the
other three AM fungi (P<0.001). Colonisation
of clover varied greatly with diﬀerent AM fungi
(P<0.001), with the highest % RLC for G. intraradices at P0. At P100 colonisation in clover
showed small decreases with G. intraradices and
G. mosseae, and increases with G. coronatum and
G. etunicatum.

Plants were thoroughly washed with RO water
and separated into roots and shoots. Root subsamples of known weight were cleared and stained
using a modiﬁcation of the method of Phillips
and Hayman (1970), omitting phenol from the
reagents. The percentage of root length colonised
(% RLC) was determined by the method of
Giovannetti and Mosse (1980). Subsamples of
plants were digested with 70% nitric acid and

Plant growth
The growth of both plants in the soil without
additional P supply was slow; wheat showed
poor tillering and clover remained small. However, non-mycorrhizal (NM) wheat grew relatively well at P0 (compared to clover) and
showed a very small positive response to P addition (Figure 2a). NM clover grew poorly and did
not respond at all to P addition (Figure 2b). The
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Figure 1. Percent root length colonised by G. 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 in Experiment 1. Bars
are means of three replicates ± SEM. Bars with the same letters are not signiﬁcantly diﬀerent at P<0.05.

eﬀect of AM colonisation on the growth of the
two plants diﬀered with diﬀerent AM fungi and
soil P supply. There was a signiﬁcant interaction
between AM fungi and soil P supply on wheat
growth (P<0.05). AM colonisation by G. coronatum and G. mosseae decreased the DW of wheat
at P0. However, at P100, G. mosseae, G. intraradices and G. etunicatum gave small positive responses. In contrast, at P0 clover growth was
greatly increased by inoculation with G. mosseae,
G. intraradices and G. etunicatum (P<0.001).
Application of P had signiﬁcant additional eﬀects
on DW of AM clover with G. coronatum and
G. etunicatum.
P uptake
Increased P supply signiﬁcantly increased P concentrations in shoots of both AM and NM
wheat (P<0.001; Figure 3a). At P0 G. coronatum
and G. mosseae increased P concentrations and
at P100 all the fungi did so. Application of P
did not increase shoot P concentrations of NM
clover, but did so in AM plants colonised by
G. coronatum, G. mosseae and G. intraradices at

both P levels (P<0.001; Figure 3b). Total P
uptake in wheat (the product of DW and P concentration) was greatly increased by additional
P both in AM and NM plants (P<0.001, results
not shown). AM fungi did not increase total
P uptake of wheat at P0, but did so markedly at
P100. In clover P uptake by NM plants was very
low, regardless of P addition, and was increased
by AM fungal colonisation at both P levels
(P<0.001), with some variations with diﬀerent
fungi.
Experiment 2. Growth responses of two wheat
cultivars to Glomus intraradices at diﬀerent stages
of development with diﬀerent soil P supply
AM colonisation
No AM fungal colonisation was observed in
uninoculated treatments (results not shown).
Both wheat cultivars were well colonised at 6 wk
(~50%) by G. intraradices at P0 and % RLC
subsequently increased signiﬁcantly up to 70%
at maturity (19 wk) in all soil P treatments
(P<0.001) (Figure 4a and b). However,
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Figure 2. Total (shoot + root) DW (g pot)1) of wheat (a)
and clover (b) inoculated with G. 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 in Experiment 1. There were two plants per
pot. Bars are means of three replicates ± SEM. Bars with the
same letters are not signiﬁcantly diﬀerent at P<0.05.

colonisation decreased consistently with increasing P addition (P<0.001). There were no signiﬁcant diﬀerences in % RLC between the two
cultivars when compared at the same harvest and
P level (analysed by using a two-sample t test,
P<0.05).
Plant growth and grain yield
For both cultivars, addition of P signiﬁcantly
increased total plant DW at both harvests and
grain yield at maturity (P<0.001); the highest
grain yield was obtained in AM plants at P100
(Figure 5). At 6 wk, G. intraradices signiﬁcantly
depressed plant growth in terms of total DW at
all levels of P (P<0.001; Figure 5a). By maturity, the growth depression had disappeared except at P0 (Figure 5b). There was no signiﬁcant
diﬀerence between the two cultivars at 6 wk, but
at 19 wk NM plants of Brookton were signiﬁcantly greater than Krichauﬀ at both P50 and
P100 (P<0.05). Brookton had signiﬁcantly higher grain yields than Krichauﬀ in all treatments

Figure 3. P concentrations in shoots of wheat (a) and clover
(b) inoculated with G. 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 in
Experiment 1. Bars are means of three replicates ± SEM.
Bars with the same letters are not signiﬁcantly diﬀerent at
P<0.05.

(AM and NM) with high P supply (>P50) (Figure 5c). Grain yield was also signiﬁcantly aﬀected
by both AM colonisation and soil P for both
cultivars and there was a signiﬁcant interaction
between the two factors (P<0.001): AM < NM
at P0, AM = NM at P50 and AM > NM at
P100 and P150. Addition of P from P50 to P100
increased the yield of both AM and NM Brookton, but further P addition had no eﬀect. In contrast, yield of NM Krichauﬀ did not respond to
P addition between P50 and P150, but there was
a response to P in AM plants at both P50 and P
100.
Phosphorus uptake
Shoot P concentrations ranged from 1.6 to
3.8 mg g)1 at 6 wk and declined markedly
between 6 and 19 wk, at which time values ranged
from 0.2 to 0.9 mg g)1 (Figure 6a and b). Addition of P signiﬁcantly enhanced shoot P concentrations at 6 wk (P<0.001), but not always at
19 wk, with no diﬀerences between the two
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Figure 4. Percent root length colonised by G. intraradices at
6 wk (white bars) and 19 wk (black bars) of two wheat cultivar Brookton (a) and Krichauﬀ (b), grown with diﬀerent soil
P supply in Experiment 2. Bars are means of four replicates ± SEM. Bars with the same letters are not signiﬁcantly
diﬀerent at P<0.05.

cultivars at either harvest except at 6 wk at P150
(Brookton > Krichauﬀ). Shoot P concentrations
were generally not signiﬁcantly aﬀected by AM
colonisation at either harvest, but AM roots at
P0 had higher P concentrations than NM roots,
especially at 6 wk (~0.7 mg g)1 and ~1.3 mg g)1
in NM and AM roots respectively: results not
shown).
The grain P concentrations (1.9–4.8 mg g)1)
were much higher than concentrations in shoots
(Figure 6c). They signiﬁcantly increased with increased P supply in NM and AM plants
(P<0.001), with small diﬀerences between the
two cultivars. AM fungal colonisation only increased P concentration in grain at P0 (both cultivars); with higher P supply, P concentrations in

Figure 5. Total DW (shoot + root) at 6 wk (a) and (shoot
+ root + head) at 19 wk (b) and grain yield (c) of two
wheat cultivars grown with diﬀerent soil P supply in Experiment 2. Brookton (B): non-mycorrhizal (white bars) and
mycorrhizal (stippled bars); Krichauﬀ (K): non-mycorrhizal
(black bars) and mycorrhizal (diagonally hatched bars). There
was one plant per pot. Bars are means of four replicates ± SEM. Bars with the same letters are not signiﬁcantly
diﬀerent at P<0.05. Signiﬁcant diﬀerences by t test (two-sample paired) between two cultivars at the same soil P and
mycorrhizal treatment at P<0.05 shown by *.

grain were similar in AM and NM plants (except
Krichauﬀ at P100, where AM < NM). At P0
grain Zn concentrations were signiﬁcantly higher
(P<0.001, t test) in AM plants (60 mg kg)1)
than in NM (50 mg kg)1) with no diﬀerence
between the two cultivars. However, such
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vegetative P contents at both harvests and grain
P contents in AM and NM plants (P<0.001).
AM colonisation decreased total vegetative P
contents at all soil P levels at 6 wk, and in treatments with >50 mg kg)1 at 19 wk (except
Brookton at P150). Grain P contents were markedly increased by colonisation at P100 for both
cultivars and P 150 for Krichauﬀ.
Discussion

Figure 6. Shoot P concentrations at 6 (a) and 19 wk (b) and
grain P concentrations (c) of two wheat cultivars grown with
diﬀerent soil P supply in Experiment 2. Brookton (B): nonmycorrhizal (white bars) and mycorrhizal (stippled bars);
Krichauﬀ (K): non-mycorrhizal (black bars) and mycorrhizal
(diagonally hatched bars). Bars are means of four
replicates ± SEM. Bars with the same letters are not signiﬁcantly diﬀerent at P<0.05. Signiﬁcant diﬀerences by t test
(two-sample paired) between two cultivars at the same soil P
and mycorrhizal treatment at P<0.05 shown by *.

diﬀerences were not observed at higher P supply
(results not shown).
The total P uptake (mg pot)1, results not
shown) in vegetative parts was much higher at
6 wk than 19 wk. Addition of P increased

In both experiments, NM plants without additional P grew poorly. Wheat was able to produce
up to about 2 g DW per pot and clover only
about 0.1 g. The shoot P concentrations of all
wheat plants in Experiment 1 and both NM and
AM plants at 6 wk at low P supply (<P50) in
Experiment 2 were less than 2.6 mg g)1. This is
much lower than the critical concentrations
determined for wheat grown under controlled
condition (3.5–4.6 mg g)1, Elliott et al., 1997).
The shoot P concentrations of NM clover in
Experiment 1 ranged 0.53–0.62 mg g)1, which
was also lower than critical P concentrations
(2.6–6.0 mg g)1, Bolland, 1994). These results
indicate that the growth of these plants was limited by P, conﬁrming that the soil is deﬁcient in
plant-available P (Holloway et al., 2001). In
Experiment 1 wheat responded slightly to additional P when NM but clover not at all, showing
that there is limited potential for beneﬁts from
conventional fertilisation. In the absence of AM
fungi, clover could not access soil P eﬀectively,
but wheat could use a small proportion of the P
fertiliser, which can partly be attributed to a
more extensive and ﬁner root system and exudation of organic acids by wheat (Zhu et al.,
2001b). Values for Colwell P were high (34 and
24 mg kg)1 in the unamended soil and soil/sand
mix, respectively) compared with those for resin
P (5 and 4 mg kg)1, respectively). Our results
showing poor growth and P uptake in unamended soils conﬁrm the inadequacy of Colwell
P as a predictor of plant-available P for both
plant species grown in this soil. Increasing the P
supply increased both Colwell and resin P, with
percentage increases in resin P either very similar
to or somewhat higher than Colwell P depending
on P application. The ratios of resin P to Colwell
P in soil and soil/sand mix were very similar
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(0.15 and 0.17 at P0 and 0.20 and 0.19 at P100,
for the two growth media, respectively). It can be
concluded that resin P provides a better measure
of plant-available P in this soil (in agreement
with Bertrand et al., 2003) and that the soil/sand
mix, which provided advantages in terms of a
lower initial Colwell P value and easier harvesting, was a reasonable surrogate for complete soil.
Given the low plant-available P, responses of
plants to AM colonisation might be expected.
The poor growth responses of clover to P supply
may seem surprising, but similar results showing
that clover (T. repens and T. pratense) does not
respond to extra P have been obtained previously
in soil with high pH (>7) (Mosse et al., 1976; Li
et al., 1991). The growth of clover may have
been limited by poor nodulation and hence N
supply. However, in a separate experiment to
check this, addition of up to100 mg N kg)1soil
to clover did not improve growth in this soil (Li
et al., unpublished), so this explanation is unlikely.
Inoculated plants became colonised by AM
fungi in both experiments, with the extent inﬂuenced by plant-fungus combination, soil P status,
harvesting time and soil volume explored by the
individual plant. In Experiment 1, wheat (cv
Brookton) had lower % RLC than clover, which
could be due to the earlier harvest date for wheat.
However, the trend is in agreement with previous
ﬁndings of relatively low colonisation in wheat,
consistent with root morphology and rates of
root growth (Hall, 1975; Parke and Kaeppler,
2000). In contrast, in Experiment 2 both wheat
cultivars were highly colonised by G. intraradices
at an early stage of development to levels that
were slightly lower than the same cultivars grown
in non-sterilised soil from the ﬁeld site (~76%, Li
et al., unpublished). Thus in this experiment inoculation achieved realistic levels of colonisation,
which continued to increase during the growth
period and could have imposed carbon costs on
the plants, particularly during early growth
stages, as shown for wheat colonised by ’aggressive’ fungi (Graham and Abbott, 2000). The
inﬂuence of P in reducing colonisation markedly
in wheat and less so (or not at all) in clover is
again consistent with previous work (Oliver
et al., 1983; Graham and Abbott, 2000; Al-Karaki
and Al-Omoush, 2002). The diﬀerent colonisation
rates of wheat in the two experiments (Experiment

1 < Experiment 2) can probably be explained by
the diﬀerences in experimental conditions, particularly the soil volume explored by individual
plants. Decreasing soil volume per plant signiﬁcantly decreases colonisation (Baath and
Hayman, 1984; Koide, 1991).
Colonisation produced positive growth
responses in clover at 8 wk regardless of P supply
and was accompanied by increases in P concentrations and hence total P uptake. These results
agree with the high responsiveness of clover species observed many times previously and provide
an important comparison with wheat grown in
this highly P-ﬁxing soil (Smith et al., 1979;
Facelli et al., 1999). In Experiment 2, Brookton
had higher yield and total P uptake, but lower P
concentration in the grain than Krichauﬀ, in
agreement with previous work on the relative
eﬃciencies of these two cultivars (Zhu et al.,
2001b). The growth response of wheat to AM
fungi was strongly inﬂuenced by soil P level and
changed during development. Wheat generally
responded negatively to AM colonisation during
the early stages of growth (6 wk in both experiments). By 19 wk (Experiment 2) vegetative
growth in AM and NM plants of both wheat
cultivars was similar when P was added, but at
P0, where a marked negative growth response
persisted. Moreover, the eﬀect of colonisation on
grain yield also changed with soil P supply; yield
was lower in AM plants than in NM plants at
P0, similar at P50 and higher at both P100 and
P150. Krichauﬀ showed lower yields but greater
mycorrhizal yield responses than Brookton. It
appears that in Krichauﬀ AM fungi improved
the use eﬃciency of P applied at P100 and P150.
At the vegetative stage, although there was a
weak positive response to AM fungi at P100 in
Experiment 1, this did not occur in Experiment 2.
This diﬀerence between the two experiments may
partly result from the diﬀerent rates of colonisation and hence diﬀerences in associated C drains
by the fungi. Overall AM fungi only contributed
positively to growth and P uptake of wheat when
resin P was ~20 mg kg)1 and when % RLC was
moderate to low. This ﬁnding emphasizes the
importance of a balance between the capacity of
the fungi to increase P uptake and their carbon
demand.
Our observation of ontogenetic changes in
mycorrhizal response and their sensitivity to P
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supply may partially explain the contradictory
reports of mycorrhizal responses of wheat in the
past (see Introduction), as most previous experiments have been conducted with only one harvest during vegetative growth, or several harvests
over a relatively short growth period or limited
range of P applications (Baon et al., 1992;
Graham and Abbott, 2000; Zhu et al., 2001a).
Positive mycorrhizal responses at intermediate
soil P levels have, however, been reported in
wheat (Al-Karaki and Clark, 1999; Al-Karaki
and Al-Omoush, 2002). In our experiments the
beneﬁts of AM fungi for wheat yield occurred at
high rates of soil P supply with relatively low %
RLC. This may partly result from the properties
of this high P-ﬁxing soil, in which high application of P is required to achieve a moderate level
of plant-available P, measured by resin extraction. Furthermore, contrary to the widely held
belief, high positive responses of plants to AM
fungi are not necessarily related to high % RLC
(e.g. Hetrick et al., 1992; Smith et al., 2004),
especially where the latter may impose a signiﬁcant C demand.
In agreement with our ﬁndings, growth
depressions in wheat associated with colonisation
by AM fungi have been mostly reported at vegetative stages (Baon et al., 1992; Graham and
Abbott, 2000; Zhu et al., 2001a; Ryan and
Graham, 2002). There have also been reports of
positive eﬀects on growth and P uptake at
maturity (Al-Karaki and Al-Omoush, 2002;
Mohammad et al., 2004). Eﬀects of AM fungi on
vegetative growth of wheat that were diﬀerent
from the eﬀects on grain yield have been shown
previously in ﬁeld experiments (Khan, 1975;
Mohammad et al., 1998). Our results show clear
diﬀerences in reallocation of resources from vegetative to reproductive organs in wheat, with AM
plants being more eﬃcient than NM. Similar
results have been obtained for tomato, pepper
and oats (Dodd et al., 1983; Koide et al., 1988;
Bryla and Koide, 1990). In general terms, reallocation of P from vegetative to reproductive structures is clearly demonstrated by the marked
reductions in P concentration in shoots between
6 and 19 wk. In addition, our results show two
diﬀerent eﬀects on allocation to grain. At P0
there were negative eﬀects of AM on grain
weight in both cultivars, whereas grain P and Zn
concentrations were higher in AM plants. With

higher P supply, yield of AM plants was increased over NM plants, but P contents were
reduced in vegetative parts and there were no
concomitant increases in concentrations of other
nutrients. Thus, despite the fact that there was a
carbon drain to the AM fungi in low P soil,
resulting in poor vegetative growth and low grain
weight per plant, the colonisation by AM fungi
still maintained individual grain quality by
enhancing grain P and Zn concentrations and
hence increased oﬀspring vigor (Koide and Lu,
1992). The increased P allocated to grain could
have partly come from the AM roots, which had
almost twice the P concentration of NM roots at
6 wk, but much lower concentrations (and diﬀerences between AM and NM plants) at maturity.
With higher P application, growth was generally
greater and mycorrhizal colonisation lower, so
that C allocation to grain kept pace with P allocation and no increases in P (or indeed Zn) concentrations were observed, although yield was
increased.
Low AM colonisation, growth depressions
and absence of increases in P uptake in vegetative tissues have given the widespread impression that AM fungi have no beneﬁt to wheat
grown in low P soil. Our results emphasize
that this is not the case, particularly in the
highly P-ﬁxing soil used in this experiment, in
which application of moderate to high amounts
of P was required for the beneﬁcial eﬀects of
AM on yield to be apparent. These beneﬁts are
likely to be the consequence of operation of the
mycorrhizal P uptake pathway, under conditions
of low to moderate C drain to the AM fungi
(see also Graham and Abbott, 2000). Use of
radioactive P and compartmented pots has
shown that this pathway contributes signiﬁcantly to P uptake in wheat (Ravnskov and
Jakobsen, 1995; Schweiger and Jakobsen, 1999;
Yao et al., 2001). Under conditions where no
net increases in P uptake occur, this implies
reduced uptake via root epidermis and root
hairs (see Smith et al., 2003, 2004).

Conclusions
Growth depression in AM wheat in a highly calcareous, P-ﬁxing soil was overcome by addition
of moderate amounts of P, resulting in signiﬁcant
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increases in grain yield in AM plants. Under the
same conditions, clover (T. subterraneum), a species with high AM responsiveness, grew poorly
and showed no response to added P, probably
reﬂecting higher P demand, or possibly limitation
by other nutrients.
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