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Abstract Two experiments were carried out to investi-
gate phosphorus efficiencies and mycorrhizal responsive-
ness in an improved cultivar (Clipper) and a landrace
(Sahara) of barley (Hordeum vulgare L.). In experiment 1,
two pot sizes were used to evaluate the effect of soil
volume on P uptake and mycorrhizal responsiveness. In
experiment 2, a compartmented (’cross-pot’) system was
used to monitor 32P delivery by external hyphae of
arbuscular mycorrhizal fungi (AMF) to the host plant.
Results showed that, irrespective of growth conditions,
Sahara had much larger root biomass than Clipper and
consequently substantially more P was allocated to roots
in Sahara than in Clipper. Specific root length in Clipper
was much longer than in Sahara. Increase in soil volume
enhanced percentage root length colonised by AMF, plant
growth and P uptake, and Sahara was more sensitive to
changes in soil volume than Clipper. Pot size (soil
volume) used to assess responsiveness to AMF by
different plant species or genotypes with different root/
shoot ratios might be a confounding factor. Clipper was
more responsive to AMF than Sahara in terms of tissue P
concentrations, which is partly related to their differences
in root/shoot ratios. However, increases in SPU [specific
P uptake, mg P (g root biomass)–1] caused by AMF were
bigger in Clipper, suggesting that AMF played a larger
role in P uptake. In accordance with the larger increase in
SPU, Clipper took up more 32P via AMF hyphae than
Sahara. The compartmented system using radioactive P
might be an alternative approach to directly investigate

mycorrhizal responsiveness of different plant species or
varieties than conventional pot experiments, provided that
the same AM fungus is used.

Keywords Arbuscular mycorrhizal fungi ·
Compartmented system · Efficiency · Phosphate uptake

Introduction

Phosphorus (P) is one of the most important nutrients for
plant growth, development and reproduction. In many
regions of the world, soil P is often a factor limiting crop
production. To improve the P nutrition of plants, the
traditional approach is to apply large amounts of P
fertilisers to soils. It has been estimated that nearly
30 million tonnes of P-based fertilisers (in terms of P2O5)
are applied worldwide every year (International Fertilizer
Industry Association 2001). However, the use efficiency
of applied P is generally very low, ranging from 10% to
30% in the year applied (McLaughlin et al. 1991).
Continuous application of P fertilisers also increases the
risk of P loss from soil to water, causing toxic algal
blooms in water bodies (Sharpley et al. 2000). Improving
plant uptake of P from soil is an obvious alternative to the
management of low P soils and the enhancement of use
efficiency of P fertilisers. P uptake efficiency is usually
defined as P uptake per plant, or per unit root biomass or
root length. Genetic variations in P uptake efficiencies
have been widely reported in many crops, such as clover
(Trolove et al. 1996) and maize (Silva and Gabelman
1992). Plant traits that can influence P uptake efficiency
include rhizosphere acidification, root exudation of
organic anions, root morphology, uptake kinetics and
symbiotic association with mycorrhizal fungi (Smith et al.
1999).

Symbiotic association between plants and arbuscular
mycorrhizal fungi (AMF) is widespread and of particular
importance in improving plant P uptake efficiency (Smith
and Read 1997). The role of AMF in plant nutrition is
likely to be important even when plants are genetically
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modified with other traits, such as root exudation of
citrate (Lopez-Bucio et al. 2000; Zhu et al. 2001). The
beneficial effects of AMF are due mainly to the ability of
mycorrhizal fungal hyphae to acquire P well beyond the
limits of the rhizosphere depletion zone (Li et al. 1991). It
has been widely reported that responsiveness to (or
dependency on) mycorrhizal colonisation, in terms of
improved growth and/or P uptake, varies between crop
cultivars (Krishna et al. 1985; Koide et al. 1988; Bryla
and Koide 1990; Rao et al. 1990; Mercy et al. 1990; Baon
et al. 1993; Hetrick et al. 1993; Khalil et al. 1994; Hetrick
et al. 1995). Hetrick et al. (1992) observed that modern
bread wheat cultivars (released after 1950) have lower
mycorrhizal responsiveness than many native grasses,
suggesting that modern breeding practices have reduced
responsiveness to mycorrhizal symbiosis. However,
Koide and his colleagues have argued that modern
cultivars of oats and tomato may be more responsive to
mycorrhizal associations (Koide et al. 1988; Bryla and
Koide 1990). Therefore, there is no general conclusion on
whether modern breeding practices under relatively fertile
conditions have inadvertently contributed to changes in
mycorrhizal responsiveness. Other factors such as inher-
ent plant morphological and phenological traits, and
adaptation to infertility based on mechanisms other than
mycorrhizal symbiosis will also influence the mycorrhizal
responsiveness in wild accessions (Smith et al. 1992).

Plant P uptake is also sensitive to soil volume (i.e. pot
size). Otani and Ae (1996) reported that P uptake by
buckwheat, groundnut and sorghum increased signifi-
cantly with increase in soil volume. P uptake was found to
be positively correlated with root length in high-P soil,
but not in low-P soil or in soil where volume was limited
(Otani and Ae 1996). Responsiveness of host plants to
AMF colonisation is sensitive to soil P availability (Smith
and Read 1997), and hence possibly to soil volumes of
experimental pots. Facelli et al. (1999) have shown that
the higher the plant density (relatively small soil volume
per individual plant) the lower the mycorrhizal respon-
siveness. However, the effect of soil volume on plant P
uptake with regards to AMF colonisation has rarely been
examined in the past.

The present study is to test (1) whether soil volume
could change the mycorrhizal responsiveness of different
barley cultivars, and (2) the usefulness of a compart-
mented (’cross-pot’) system in identifying genotypic
variation in mycorrhizal responsiveness. We have select-
ed two cultivars of barley (Hordeum vulgare), namely
Clipper and Sahara. Sahara is a landrace from Africa, and
has been identified as having low P uptake efficiency,
high root/shoot ratio and high P utilisation efficiency as
compared with Clipper (Zhu et al. 2002). This study
investigated the variation in P efficiencies (uptake and
utilisation) between the two cultivars, the effect of soil
volume on P uptake and mycorrhizal responsiveness of
the two cultivars using two pot sizes. The variation in P
uptake mediated by root-distant AMF hyphae was
measured with a compartmented system (cross-pot)
experiment.

Materials and methods

Growth medium

A field soil (grey calcareous soil, Minnipa, South Australia) was
used in this study. The soil was collected to a depth of 30 cm, air-
dried and passed through a 1 mm sieve. The soil has a pH of 8.7
(1:5 soil to 0.01 M CaCl2, w/w), and contains 25 mg kg–1 NaHCO3-
extractable P (Colwell 1963), 38.2% CaCO3, 12 mg kg–1 total zinc
(aqua-regia-extractable) and 0.78% organic carbon. The soil was
autoclaved to destroy indigenous mycorrhizal fungi. It was
supplemented with nutrients as the following compounds (per
kg): 0.918 g Ca(NO3)2, 0.174 g K2SO4, 0.185 g MgSO4, 0.4 mg
FeEDTA, 2 mg CuSO4·5H2O, 0.6 mg MnSO4·4H2O, 0.4 mg
CoSO4·7H2O, 0.5 mg H3BO3, 0.5 mg H2MoO4·H2O and 2.2 mg
ZnSO4·7H2O. No additional P was supplied. Nutrients were
supplied in solution and mixed thoroughly by hand.

Experiment 1: pot-size experiment

This experiment was carried out using PVC pots of two sizes. The
small pots had a height of 26 cm and a diameter of 6.2 cm; the large
pots had the same height as the small pots, but a diameter of
10.5 cm. The volume of large pots is roughly three times that of
small pots. Each small pot was filled with 950 g soil, while each
large pot was filled with 2,850 g soil. Half of the pots were
inoculated with AMF (see below). Total amounts of nutrients in the
larger pots were greater than in smaller pots.

Experiment 2: cross-pot experiment

This experiment was set up in a compartmented system constructed
of PVC tubing (5 cm in diameter), with a single side-arm (for
illustration of the system, see Smith 2000). The height of the main
pot was 25 cm, and the length of the side arm was 6.9 cm. The main
pot contained 900 g soil (i.e. it had same soil volume as the small
pots in experiment 1). The side-arm was separated from the main
pot by 37 �m nylon mesh, which allows the penetration of AMF
hyphae but not plant roots. Soil in the side-arm was labelled with
32P (5 MBq kg–1) before potting, a 2 cm buffer zone was imposed
between the nylon mesh and the labelled soil to prevent the
movement of 32P from the side-arm to the main pot. The side-arm
contained 200 g soil. Half of the pots were inoculated with AMF
(see below).

Experiments 1 and 2: mycorrhizal inoculation

For the mycorrhizal treatments, the soil was thoroughly mixed with
10% of inoculum (soil:sand mixture at 10:90 w/w) from a pot
culture of Glomus intraradices Schenck & Smith (obtained from
NPI, Utah, USA) grown on sorghum (Sorghum bicolour L.) for
4 months. The inoculum contained approximately 4,000 spores plus
root fragments and hyphae per kilogram soil, and no pathogenic
microbes were observed in this inoculum. G. intraradices is an AM
species widely used in experiments. It colonises roots of many plant
species rapidly, and has been shown to produce a positive growth
response in barley (Baon et al. 1993). Non-inoculated soil received
10% autoclaved soil:sand mixture (of the same composition as the
inoculum material) without any plants being grown in it. In
experiment 2, mycorrhizal inoculum was added only to the main
pots. The non-mycorrhizal (NM) plants did not receive microbes
associated with the complex of soil-AMF inoculum.

Growth conditions

Seeds of the two cultivars of H. vulgare (Clipper and Sahara) were
germinated on moist filter paper. Four pre-germinated seeds were
sown in each pot. Each pot was thinned to two plants 3–4 days after
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emergence. Each treatment had four replicates. Pots were watered
every other day (by weighing) with reverse osmosis water to 14%
water content (w/w) to keep soil moisture content relatively stable.
The experiments were carried out in a glasshouse at 25€2�C with
ambient light intensity. The plants were harvested 8 weeks after
emergence. Experiment 1 was conducted in summer months
(December–February), when light intensity was higher than in
experiment 2 (September–November).

Plant analysis

At harvest, plant roots were thoroughly washed, and plants were
divided into shoots and roots. Root accumulation at the bottom or
the side of the pots was not observed. A weighed subsample of
fresh root material was removed randomly after the whole root
sample was cut into 2–3 cm pieces; weighed subsamples were used
for determination of mycorrhizal colonisation. The remaining
material was oven dried at 70�C for 24 h, except that in the second
experiment, further subsamples of fresh roots and shoots were taken
for immediate acid digestion to measure tissue P concentrations and
activity of 32P. Dry weights of shoots and roots were recorded.
Tissue P concentration was determined by nitric-perchloric acid
digestion in HNO3 (70%):HClO4 (70%) mixture (6:1 v/v) followed
by molybdenum-ascorbic acid colorimetry (Hanson 1950). 32P was
measured in the same acid digestion solutions in a LKB Wallac
liquid scintillation counter.

Mycorrhizal colonisation and root length

For examination of mycorrhizal colonisation, the subsamples of
root material were cleared in 10% KOH solution (w/v) and stained
using trypan blue (a modification of the method of Phillips and
Hayman (1970) omitting phenol from the solutions). Mycorrhizal
colonisation was determined by the grid-line intersection method
(Giovannetti and Mosse 1980). In experiment 1, subsamples of
fresh roots were taken at harvest to measure root length. The grid-
intersection method was used to determine root length (Newman
1966).

Data analysis

Average specific P uptake (SPU) is expressed as total P uptake (mg
P) per gram of dry root mass, and was calculated using Eq. 1:

SPU ¼ Total P in plant mgð Þ
root dry weight gð Þ ð1Þ

Mycorrhizal phosphate responsiveness (MPR) is expressed as
percentage increase in tissue P concentrations (either roots or
shoots), and was calculated using Eq. 2:

MPR ¼ P½ �M� P½ �NM

P½ �NM

� 100 ð2Þ

where [P]M and [P]NM are P concentrations with and without AMF
colonisation respectively.

All data were subjected to analysis of variance (ANOVA) using
commercially available Genstat.

Results

Experiment 1

The percentage root length colonised by AMF was lower
in small pots than in large pots for both cultivars, but the
two cultivars had similar AMF colonisation percentages
(Fig. 1). AMF colonisation slightly reduced root biomass
of both cultivars, irrespective of pot size, but did not have
a significant effect on shoot biomass (Table 1). Plant
shoot and root biomass were significantly higher in large
pots than in small pots. Root biomass of Sahara was much
higher than that of Clipper, irrespective of AMF coloni-
sation. Both cultivars did not differ significantly in shoot
biomass irrespective of AMF colonisation and pot sizes
(Table 1). Root/shoot ratios of Sahara were much higher
than those of Clipper. Pot size did not have a significant

Fig. 1 Mycorrhizal colonisation of two barley cultivars grown in
pots of two sizes. SP Small pot, LP large pot

Table 1 Biomass production by
two barley cultivars grown in
pots with two different sizes
and with or without arbuscular
mycorrhizal fungi (AMF). M
Mycorrhizal NM non-mycor-
rhizal

Cultivar Pot size Root Shoot Root/shoot ratio

M NM M NM M NM

Clipper Small pot 0.52 0.72 4.63 4.90 0.11 0.15
Large pot 1.14 1.53 10.26 11.60 0.11 0.13

Sahara Small pot 1.87 2.50 4.32 3.86 0.44 0.65
Large pot 4.39 4.82 9.24 9.99 0.47 0.48

Analysis of variance

Cultivar (C) <0.001 <0.010 <0.001
Pot size (P) <0.001 <0.001 NSa

Mycorrhiza (M) <0.001 NS <0.010
C�M NS NS <0.050
C�P <0.001 NS NS
M�P NS NS <0.050
C�M�P NS NS <0.050

a Not significant
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effect on root/shoot ratios except that the root/shoot ratio
of NM Sahara in large pots was lower than in small pots.
AMF colonisation slightly reduced root/shoot ratios in
both cultivars.

Root length densities were significantly lower in large
pots than in small pots for both cultivars and Sahara had
higher root length densities than Clipper irrespective of
pot size and AMF (Table 2). AMF colonisation substan-
tially reduced root length densities for both cultivars with
both pot sizes. Clipper had much higher specific root
length [cm (mg root DW)–1] than Sahara and AMF
colonisation reduced specific root length in both cultivars
(Table 2). Pot sizes did not affect specific root length.

AMF colonisation increased tissue P concentrations in
both cultivars irrespective of pot size (Table 3). Tissue P
concentrations were higher in large pots than in small pots
irrespective of AMF and cultivar, except Clipper with no
AMF. Root P concentrations of Sahara were higher than
those of Clipper, and vice versa for shoot P concentrations
(Table 3). Both cultivars had similar total P uptake. AMF

significantly increased total P uptake by the two cultivars,
and total P uptake was much higher in large pots than in
small pots (Table 3). Clipper had higher SPU than Sahara
and AMF colonisation significantly increased SPU in
both cultivars irrespective of pot size (Table 3). Pot size
did not affect SPU in either cultivar except that SPU of
Sahara with no AMF was slightly higher in large pots than
in small pots. Ratios of total root P to total shoot P of
Clipper were significantly lower than those of Sahara
(Fig. 2). Neither AMF nor pot size affected this ratio,
except that with Sahara in small pots with no AMF the
ratio was higher than with other treatments.

Experiment 2

The percentages (%) of root length colonised by AMF
were 55€3.3 and 50€3.5% for Clipper and Sahara,
respectively. In this experiment, AMF colonisation
reduced shoot and root biomass of both cultivars. Sahara

Table 2 Root length densities and specific root length of two barley cultivars grown in pots with two sizes and with or without AMF

Cultivar Pot size Root length density [m (kg soil)–1] Specific root length [cm (mg root DW)–1]

M NM M NM

Clipper Small pot 133.9 208.5 23.2 26.3
Large pot 97.6 152.6 23.0 26.9

Sahara Small pot 257.7 509.0 12.5 18.4
Large pot 197.6 318.9 12.2 18.0

Analysis of variance

Cultivar (C) <0.001 <0.001
Pot size (P) <0.001 NSa

Mycorrhiza (M) <0.001 <0.001
C�M <0.001 NS
C�P <0.010 NS
M�P <0.010 NS
C�M�P <0.050 NS

a Not significant

Table 3 Tissue P concentrations, total P uptake (TP) and specific P uptake (SPU) by two barley cultivars grown in pots with two different
sizes and with or without AMF

Cultivar Pot size Tissue P concentrations [mg (g DW)–1] TP (mg P plant–1) SPU [mg P (g root DW)–1]

Root Shoot M NM M NM

M NM M NM

Clipper Small Pot 0.92 0.68 1.58 1.21 7.80 6.40 15.4 9.2
Large pot 1.13 0.81 1.65 1.24 18.34 15.64 16.0 10.2

Sahara Small pot 1.06 0.91 1.13 0.90 6.86 5.78 3.8 2.3
Large pot 1.28 1.04 1.37 1.02 18.20 15.22 4.2 3.2

Analysis of variance

Cultivar (C) P <0.001 P <0.001 NSa P <0.001
Pot size (P) P <0.001 P <0.001 P <0.001 NS
Mycorrhiza (M) P <0.001 P <0.001 P <0.010 P <0.001
C�M P <0.050 NS NS P <0.001
C�P NS P <0.050 NS NS
M�P NS NS NS NS
C�M�P NS NS NS NS

a Not significant
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had significantly higher root biomass than Clipper, but
both cultivars had similar shoot biomass (Table 4).

Mycorrhizal colonisation significantly increased P
concentrations in shoots and roots of both cultivars and
both had similar tissue P concentrations (Table 5).
Mycorrhizal colonisation did not have a significant effect
on total P uptake by either cultivar, but increased
significantly the SPU of both (Table 5). Clipper had
significantly higher SPU than Sahara. The ratios of root
total P to shoot total P were much higher in Sahara than in
Clipper (Fig. 3). 32P was not detected in NM plants.
Activity concentrations, specific activity and total activity
of 32P in Clipper were all significantly higher than in
Sahara (Table 6).

Fig. 2 Root phosphorus (P) content to shoot P content ratios of two
barley cultivars grown with (hatched columns) and without
(checked columns) arbuscular mycorrhizal fungi (AMF) in pots of
two sizes in experiment 1. Columns with the same letter are not
significantly different at P <0.05. Abbreviations as in Fig. 1

Table 4 Biomass production by two barley cultivars grown in
compartmented system with or without AMF

Cultivar Root Shoot Root/shoot ratio

M NM M NM M NM

Clipper 0.84 1.00 4.69 6.61 0.18 0.16
Sahara 1.56 2.09 4.22 6.01 0.38 0.34

Analysis of variance

Cultivar (C) P = 0.001 NSa P <0.001
Mycorrhiza (M) P <0.001 P <0.001 NS
C�M NS NS NS

a Not significant

Table 5 Tissue P concentrations, TP and SPU of the two barley cultivars grown with (M) and without AMF (NM) grown in a
compartmented system

Cultivar Tissue P concentration (mg g DW–1) TP (mg P plant–1) SPU (mg P g root DW–1)

Root Shoot M NM M NM

M NM M NM

Clipper 1.16 0.71 1.65 1.09 8.06 7.59 11.0 7.7
Sahara 1.11 0.85 1.48 1.09 7.69 8.09 5.4 4.2

Analysis of variance

Cultivar (C) NSa NS NS P <0.05
Mycorrhiza (M) P <0.01 P <0.05 NS P <0.01
C�M NS NS NS NS

a Not significant

Fig. 3 Root P content to shoot P content ratios of two barley
cultivars grown with (M) and without (NM) AMF in a compart-
mented system in experiment 2. Columns with the same letter are
not significantly different at P <0.05.

Table 6 Activity concentra-
tions (AC), specific activity
(SA) and total activity of 32P
(TA) in roots and shoots of
barley plants colonised by AMF
grown in a compartmented sys-
tem

Cultivar AC [kBq (g DW)–1] SA (Bq mg–1) TA (kBq plant–1)

Root Shoot Root Shoot

Clipper 10.3 6.5 7.9 3.7 33.4
Sahara 2.8 2.4 2.5 1.7 14.1

Analysis of variance

Cultivar (C) P =0.06 P <0.05 P <0.05 P <0.01 P <0.001
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Discussion

Although it had a NaHCO3-extractable P of 25 mg kg–1,
the highly calcareous soil used in this study was still
deficient in bioavailable P for barley growth, since shoot
P concentrations were between 1.0–1.2 mg g–1; whereas
optimal P concentrations for plant growth are normally
around 3.0–5.0 mg g–1 (Marschner 1995). Therefore,
increase in plant tissue P concentrations can be considered
as an improvement of plant P nutrition under the
conditions of our experiments.

Clipper is a modern (improved) barley cultivar,
whereas Sahara is a landrace (unimproved) from Africa.
These two cultivars had very different root/shoot ratios
and different patterns of P allocation between shoots and
roots. Both ratios for Sahara were substantially higher
than those for Clipper, and are characteristic of species or
cultivars adapted to nutrient-poor soil environments
(Chapin 1980; Koide et al. 1988; Marschner 1995). Both
experiments demonstrated that Sahara had slightly higher
total biomass than Clipper, but this was mainly due to its
higher root biomass; in fact, Clipper had slightly higher
shoot biomass than Sahara. The above differences
between cultivars were irrespective of pot size. With
larger pots, total plant biomass and P uptake were greater,
which means that nutrient supply, P in particular, in
smaller pots effectively limited the growth of both
cultivars. Other effects, such as root-to-root and root-to-
pot contacts may also contribute to the growth effect of
pot size. P uptake by plants with small root systems is
probably less sensitive to changes in soil volume (Otani
and Ae 1996). In the present experiment, P limitation was
indeed more of a problem for NM Sahara, as shown by
the higher root/shoot ratio in small pots (0.65) than in
large pots (0.48). Total P uptake was about the same for
both cultivars, but Sahara had much higher amounts of P
allocated to roots and much lower SPU than Clipper.
Therefore, in terms of both SPU and P allocation to
shoots, Sahara is less efficient than Clipper. The high SPU
of Clipper may be at least partly due to the fact that it has
much finer roots and twice the specific root length than
that of Sahara.

Colonisation by G. intraradices was found to increase
tissue P concentrations as well as SPU in both cultivars
and in both experiments, which suggested that G.
intraradices was helping the plant acquire P. In experi-
ment 1, G. intraradices did not affect shoot biomass
significantly, indicating that the apparent amount of
carbon spent on AMF or on growing the bigger roots in
the NM plants was about the same, and that carbon
expenditure on AMF was more economic than expendi-
ture on root growth in terms of improving P uptake. The
fact that the increase in shoot P concentrations did not
increase shoot biomass indicated that shoots of both
cultivars were under carbon limitation, i.e. there was a
carbon drain in both cultivars to ’below ground’. This
carbon limitation may stop mycorrhizal plants becoming
bigger overall than NM plants under the conditions of
experiment 1. G. intraradices reduced both root and shoot

biomass in experiment 2, which is likely to have been due
to the shorter day length and possibly lower light intensity
compared with experiment 1 (see Materials and methods).
It is expected that under field conditions where plants are
unlikely to be C-limited, AMF would be more effective in
enhancing plant growth and P uptake.

The significance of propagule density (the same in
both pot sizes) versus total propagules per pot (greater in
larger pots) in influencing percentage colonisation needs
further study. The outcome will relate to root growth
rates, root length density and propagule density, and
hence the chance of a propagule hitting a root (Smith et
al. 1986). However, the fact that percentage colonisation
in each pot size was similar for the two cultivars, despite
large differences in root length and specific root length
suggests that propagule density was sufficient to achieve
maximum colonisation in all cases. Increase in SPU due
to G. intraradices was bigger with Clipper than with
Sahara in both experiments. With Clipper there was a
small effect of pot size; the increase in SPU due to AMF
was 6.2 mg P g–1 (67% increase) in small pots and
5.8 mg P g–1 (57% increase) in large pots (calculated
using the data from Table 3). With Sahara there was a
larger effect of pot size; the increase in SPU due to G.
intraradices was 1.5 mg P g–1 (65% increase) in small
pots, compared with 1.0 mg P g–1 (31% increase) in large
pots. These decreased effects of G. intraradices on SPU
in large pots may relate to higher accessibility of P to NM
plants (smaller P depletion zone around roots or less
overlap in depletion zones), and to improved growth and
P nutrition of NM plants. We note again that NM Sahara
was apparently more subject to “P stress” in small pots –
as shown by its higher root/shoot ratio and low tissue P
concentrations. Comparison of the effect of G. in-
traradices on P nutrition in pots of different sizes is
complicated by the different colonisation percentages and
possibly densities of extraradical hyphae. In terms of
plant P nutrition, the overall result was that Sahara had
higher MPR in large pots than in small pots, but for
Clipper, there was no effect of pot size on MPR (Fig. 4).
Our results also indicated that the increment in total P
uptake in response to soil volume increase was bigger for

Fig. 4 Mycorrhizal P responsiveness (MPR) (shoot- or root-based)
of barley cultivar Sahara (open columns) and Clipper (dotted
columns) grown in pots of two sizes in experiment 1. Columns with
the same letter are not significantly different at P <0.05. Abbre-
viations as in Fig. 1
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Sahara (bigger roots) than for Clipper (smaller roots)
irrespective of AMF colonisation (165% and 140% for
Sahara and Clipper respectively, calculated from data in
Table 3). The results suggested that soil volume might
sometimes confound interpretation of the effects of AMF
on growth of, and P uptake by, different plant species or
genotypes with different root/shoot ratios along with root
morphology/architecture and root hairs. Although Clipper
had smaller root systems in terms of biomass, its roots
were much finer than those of Sahara, and the difference
in root diameters would be another factor contributing to
the difference in MPR of the two cultivars. Some of the
issues regarding measuring the influence of mycorrhizas
on plant growth and nutrient acquisition have been
thoroughly discussed in Koide et al. (2000) and Smith
(2000).

Experiment 2 involved modified small pots (compart-
mented system) and, importantly, showed directly that the
effects of G. intraradices on SPU could be related to
differences in delivery of P as 32P from external hyphae in
a root-free compartment. The total activity of 32P in
Clipper was 33.4 kBq plant–1, while in Sahara it was
14.1 kBq plant–1. These proportions are very close to
those of the AMF-enhanced SPU in Clipper and Sahara:
3.3 mg P g–1 and 1.2 mg P g–1 respectively, from data in
Table 5. The results suggest that measurement of 32P
(or 33P) uptake from root-free compartments may be used
to indicate the roles of AMF in P acquisition by different
genotypes. However, despite the present findings, there
remains a possibility that different rooting patterns of
hosts may affect the relative abilities of roots and adjacent
hyphae to acquire P – in the present case unlabelled P
from the main compartment of the cross-pot. In other
words, with different hosts, the hyphae in the root-free
compartment may not always be equally representative of
the external hyphae overall even if only one AMF is being
tested. Use of compartmented systems to compare
different AMF species or isolates in symbiosis with one
host plant raises further complications, because different
AMF have differences in densities and length of external
hyphae and in abilities to transfer labelled P from root-
free compartments (for discussion, see Smith 2000). To
sort out these complications requires more detailed
investigations of growth parameters and P uptake patterns
for both roots and AMF in compartmented systems,
beyond the scope of the present study. Such investigations
will also help in determining the extent to which P uptake
via AMF results in changes of expression of P transporter
genes in roots (see Liu et al. 1998).
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