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It is currently accepted that, along with nutrients, arbuscular

mycorrhizal (AM) fungi also transport water to their host
plant. However, the quantity of water supplied and its signifi-

cance for plant water relations remain controversial. The

objective of this work was to evaluate and compare the ability

of six AM fungi to alter rates of root water uptake under
drought stress conditions. Soil drying rates of uninoculated

control plants of comparable size and nutritional status and

mycorrhizal plants were recorded daily. Lactuca sativa plants
colonized by Glomus coronatum, G. intraradices, G. claroi-
deum and G. mosseae depleted soil water to a higher extent

than comparably sized uninoculated control plants or plants

colonized by G. constrictum or G. geosporum. The differences

ranged from 0.6% volumetric soil moisture for G. mosseae-
colonized plants to 0.95% volumetric soil moisture for

G. intraradices-colonized plants. These differences in soil mois-

ture were equivalent to 3–4.75ml plant�1 day�1, respectively,

and could not be ascribed to differences in plant size, but to
the activity of AM fungi. The AM fungi tested in this study

differed in their effectiveness to enhance plant water uptake

from soil. This ability seems to be related to the amount of
external mycelium produced by each AM fungus and to the

frequency of root colonization in terms of live and active

fungal structures.

Introduction

Drought stress is considered one of the most important
abiotic factors limiting plant growth and yield (Kramer
and Boyer 1997). Plants can respond to water deficit at
morphological, anatomical and cellular levels with modifi-
cations that allow the plant to avoid the stress or to increase
its tolerance (Bray 1997). Apart from the natural protection
systems that plants possess against stress, plants grow in
association with a number of soil micro-organisms that can
alleviate the stress symptoms. Among those, arbuscular
mycorrhizal (AM) fungi are widespread micro-organisms
able to establish a symbiotic association with the roots of
most terrestrial plants. The fungus gets a protected ecolo-
gical niche and plant photosynthates whereas plants
improve their ability for nutrient uptake and tolerance to
biotic and abiotic stresses (Smith and Read 1997).

Several eco-physiological studies investigating the role
of AM symbiosis in drought stress protection have
demonstrated that the symbiosis often results in altered

rates of water movement into, through and out of the
host plants, with consequent effects on tissue hydration
and plant physiology (Augé 2001). It is becoming
accepted that the contribution of AM symbiosis to
plant drought tolerance is the result of cumulative phys-
ical, nutritional, physiological and cellular effects. The
studies carried out so far have suggested several mechan-
isms by which the AM symbiosis alleviates drought stress
in host plants (for reviews see Augé 2001, Ruiz-Lozano
2003). One of these mechanisms is the direct uptake and
transfer of water through the fungal hyphae to the host
plant. Pioneer studies carried out by Allen (1982) and
Hardie (1985) suggested a possible role of AM hyphae in
water uptake and transfer to the host plant. AM fungal
hyphae, with a diameter of 2–5mm, can penetrate soil
pores inaccessible to root hairs (10–20 mm diameter) and
absorb water that is not available to-non-mycorrhizal
plants. Allen (1991) estimated that the rate of water
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transport from extraradical hyphae to the root was
100 nlH2Oh�1 per hyphal infection point. This rate was
considered enough to alter plant water relations (Allen
1991). Faber et al. (1991) measured rates of water trans-
port in hyphae crossing air gaps between compartments,
ranging from 375 to 760 nlH2Oh�1 per hyphal section.
In contrast, other authors have predicted rates of water
uptake by hyphae on the basis of hyphal entry points per
unit of root length, hyphal cross-sectional areas and
water potential gradients. Their predictions suggested
that hyphal water transport rates were negligible (Fitter
1988, George et al. 1992, Koide 1993). As no clear con-
clusion could be drawn on that topic, new studies were
developed. Ruiz-Lozano and Azcón (1995) designed an
experiment with lettuce plants grown in containers with a
compartment that was only accessible to hyphae. Despite
the fact that the two AM species used in the experiment
differed in their efficiency for hyphal water uptake and
transport, the positive effect of AM fungi was enhanced
by water addition to the hyphal compartment, and water
uptake by the host plant increased due to the presence of
the AM fungi (Ruiz-Lozano and Azcón 1995). Thus, it is
currently accepted that mycorrhizal fungi also transport
some water to the plant along with the nutrients. How-
ever, the quantity of water supplied to the host plant via
mycelium is unknown and the possible significance of
water transport by AM hyphae for plant water relations
remains controversial (Bryla and Duniway 1997a).

The objective of this work was to evaluate and com-
pare the ability of six AM fungi to increase rates of root
water uptake under drought stress conditions. Uninocu-
lated control lettuce plants of comparable size and nutri-
tional status to the mycorrhizal plants were established
and the bulk soil water content was recorded daily. Soil
drying rates in plant/soil systems colonized by each AM
fungus were related to several parameters of fungal
development in the plant and in the soil.

Materials and methods

Experimental design and statistical analysis

The experiment consisted of a randomized complete block
design with an inoculation treatment consisting of: (1)
plants inoculated with one of six mycorrhizal fungi; and
(2) uninoculated control plants fertilized with two levels of
N and P. Five replicates of each treatment were per-
formed, totalling 40 pots (one plant per pot).

Data were subjected to analysis of variance (ANOVA)
followed by Duncan’s multiple range test (Duncan 1955).
Percentage values were arcsin-transformed before statis-
tical analysis. Correlations were calculated using SPSS
software, version 11.0.1 (LEAD Technologies Inc.,
Chicago, IL, USA).

Soil and biological materials

Loamy soil was collected from the Zaidin Experimental
Station (Granada, Spain), sieved (2mm), diluted with

quartz-sand (, 1mm) (1 : 1, soil : sand, v/v) and sterilized
by steaming (100�C for 1 h per day on three consecutive
days). The soil had a pH of 8.1 (water); 1.81% organic
matter, and the following nutrient concentrations
(mg kg�1): N, 2.5; P, 6.2 (NaHCO3-extractable P);
K, 132.0. The soil texture was made up of 35.8% sand,
43.6% silt and 20.5% clay.

Three seeds of Lactuca sativa L. cv. Romana were
sown in pots containing 500 g of the soil/sand mixture
and thinned to one seedling per pot after emergence.

Mycorrhizal inoculum was bulked in an open-pot cul-
ture of Zea mays L. and consisted of soil, spores, mycelia
and infected root fragments. The AM species were isol-
ated from two desert areas in the Alicante and Almeria
provinces (Southern Spain). The species were Glomus
coronatum Giovannetti, isolate EEZ 17, BEG 49; Glomus
intraradices Schenck and Smith, isolate EEZ 6, BEG 121;
Glomus claroideum Schenck and Smith, isolate EEZ 23;
Glomus constrictum Trappe, isolate EEZ 22; Glomus
geosporum (Nicol. and Gerd.) Walker, isolate EEZ 4
and Glomus mosseae (Nicol. and Gerd.) Gerd. and
Trappe, isolate EEZ 7, BEG 122. Ten grams of each
inoculum, with similar colonization potential (an average
of 50 propagules per gram according to the most prob-
able number test) were placed below lettuce seeds. This
amount of inoculum was selected in preliminary tests as
the optimum to produce a good colonization level for the
total amount of soil in the pot. Non-mycorrhizal treat-
ments received the same quantity of autoclaved inoculum
together with a 2-ml aliquot of a suspension filtrate
(, 20mm) of the AM inoculum to restore a general
microbial population free of AM propagules.

Growth conditions

Plants were grown in a controlled environmental cham-
ber with 70–80% RH, day/night temperatures of 25/
15�C, and a photoperiod of 16 h at a photosynthetic
photon flux density (PPFD) of 350mmolm�2 s�1 as meas-
ured with a light meter (model LI-188B; Licor Inc.,
Lincoln, NE, USA).

Soil moisture was measured with a ML2x ThetaProbe
(AT Delta-T Devices Ltd, Cambridge, UK), which meas-
ures volumetric soil moisture content by responding to
changes in the apparent dielectric constant of moist soil.
The probe generates a 100MHz sinusoidal signal that is
applied to a specially designed internal transmission line
that extends into the soil by means of the array of four
rods. The changes in the transmission line impedance are
dependent almost solely on the soil’s apparent dielectric
constant. Because the dielectric constant of water
(approximately 81) is very much higher than that of
soil (typically 3–5) and air (1), the dielectric constant of
soil is determined primarily by its water content (Roth
et al. 1992, White et al. 1994). Volumetric soil water
content is the ratio between the volume of water present
and the total volume of the soil sample. It is a dimen-
sionless parameter, expressed either as a percentage (%
vol) or as a ratio (m3m�3). Water was supplied daily to
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maintain constant soil water content close to field cap-
acity (17% volumetric soil moisture) during the first
5 weeks of plant growth. At this time plants were allowed
to dry until soil water content reached 80% field capacity
(12% volumetric soil moisture) and maintained under
such conditions for an additional 12 days. In order to
control the level of water stress, the soil water content
was measured daily with the ThetaProbe ML2x (at the
end of the afternoon) and the amount of water lost was
added to each pot in order to maintain soil water content
at the desired 12% volumetric soil moisture.

Each week throughout the experiment, uninoculated
control plants received 10ml of Hewitt’s nutrient solu-
tion (Hewitt 1952), modified to contain either 4mM N 1

1mM P (high nitrogen plus phosphorus treatment,
HNP) or 2mM N 1 0.5mM P (low nitrogen plus phos-
phorus treatment, LNP). Mycorrhizal plants did not
receive nutrient solution. The use of two levels of fertil-
ization for non-mycorrhizal plants was meant to obtain
control plants of similar size and nutrient contents to the
AM plants tested in this assay.

Parameters measured

Biomass production and nutrient concentrations
Two hours before harvesting (7 week after planting) plants
were watered to standardize their water content. The root
system was separated from the shoot and its fresh weight
recorded. The N (micro-Kjeldahl) and P (Olsen and Dean
1965) concentrations in shoots were measured.

Water consumption
Daily water consumption was measured with the Thetap-
robe ML2x by determining the volumetric soil moisture
in each pot. To initiate the drought period, plants were
allowed to dry until soil water content reached 80% field
capacity (12% volumetric soil moisture) and maintained
under such conditions for additional 12 days. The read-
ing of the ThetaProbe ML2x before daily re-watering
until 12% volumetric soil moisture during these 12 days
was recorded to estimate the water consumption per
plant and per day. The relative plant water uptake was
calculated as the ratio between the decrease of volu-
metric soil moisture of each treatment and that of the
non-mycorrhizal LNP treatment, which was set as 100%.

Symbiotic development
The roots were carefully washed and then divided into
three batches: one was stained by the normal non-vital
trypan blue (TB) staining of all fungal tissues (Phillips and
Hayman 1970) and the other two were used for histo-
chemical staining [succinate dehydrogenase (SDH) or
alkaline phosphatase (ALP) activities] of roots. This
method makes it possible to compare directly the total
amount of fungal tissue in mycorrhizal root systems (TB
staining) and the proportion which is alive (SDH staining)
with that associated with an active phosphate metabolism
(ALP staining), as proposed by Tisserant et al. (1993).

SDH activity was measured according to the proce-
dure described by Smith and Gianinazzi-Pearson (1990).
Briefly, the roots were immersed in a freshly made solu-
tion containing 0.2M Tris-HCl pH7.0, 2.5M sodium-
succinate 6-hydrate, 4mgml�1 nitro blue tetrazolium,
5mM MgCl2. Root fragments were stained overnight at
room temperature and then rinsed for 15–20min in a 3%
active chlorine solution of sodium hypochlorite.

ALP was determined according to the procedure
described by Tisserant et al. (1993). The roots were
immersed in a freshly made solution containing 50mM
Tris-citric acid, pH9.2, 1mgml�1 alfa-naphthyl acid
phosphate (monosodium salt), 0.05% MgCl2 anhydro,
0.05% MnCl2 tetrahydrate and 1mgml�1 Fast Blue RR
salt. Root fragments were stained overnight at room
temperature and then rinsed for 15–20min in a 1%
active chlorine solution of sodium hypochlorite.

Mycorrhizal development was evaluated after either
non-vital or vital staining procedures by the method of
Trouvelot et al. (1986) (for more information visit http://
www.dijon.inra.fr/bbceipm/Mychintec/Mycocalc-prg/).
The colonization frequency (F%) is a ratio between
colonized root fragments and total number of root frag-
ments observed. It gives an estimation of the root length
colonized by the fungus. The colonization intensity
(M%) is an estimation of the amount of cortical cells
occupied by AM fungal structures. Finally, the arbuscule
abundance A% gives an estimation of the arbuscule
richness in root system. Four replicates per treatment
were used.

Production of extraradical mycelium
The extraradical mycelium in the soil was determined as
described by Jones and Mollinson 1948) with slight modi-
fications. Briefly, 1 g of dry soil was treated with sodium
hexametaphosphate and stained with TB (0.05%) in lac-
tic acid. The sample was heated in a water bath at 90�C
for 30min and then sieved through 50 mm mesh. The
remaining mycelium was mixed with bacteriological
agar for quantification using a gridline intersection
method as described by Newman (1966).

Results

Plant biomass production and nutrient contents

Control treatments fertilized with two different nutrients
solutions (HNP or LNP) produced plants of different
size (Fig. 1). HNP plants had similar shoot fresh weight
as plants inoculated with G. coronatum, G. intraradices,
G. claroideum and G. constrictum. LNP plants showed
similar shoot and root fresh weights as plants inoculated
with G. geosporum. Finally, plants inoculated with
G. mosseae showed the maximum shoot fresh weight,
whereas their root fresh weight was similar to that of
HNP plants.

Shoot N concentration (Table 1) was higher in the
two fertilized controls than in the six mycorrhizal treat-
ments. The lowest N concentration was found in plants
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colonized by G. coronatum and G. mosseae (the biggest
plants), probably due to a dilution effect. The highest N
content was found in HNP plants and the lowest in
G. geosporum-colonized plants.

The highest P concentration was found in HNP and
G. intraradices-colonizedplantsand, the lowest inG.mosseae-
colonized plants. The P content was similar in HNP plants
and most of the mycorrhizal treatments. Only plants colon-
ized by G. geosporum had lower P content than LNP plants.

Daily water consumption

Figure 2 shows the volumetric soil moisture recorded
before watering. Both control treatments exhibited the

highest soil water content (an average of 8.9%), regard-
less of plant size. Plants colonized by G. coronatum,
G. intraradices or G. claroideum showed the highest soil
water depletion (average of 8% of volumetric soil mois-
ture). Glomus mosseae-colonized plants also exhibited a
significantly lower soil water content (8.2% of volu-
metric soil moisture) whereas plants colonized by
G. constrictum and G. geosporum did not show significant
differences in soil water depletion when compared with
HNP control plants.

The relative plant water uptake was calculated as an
index of pot water loss (Fig. 2). Setting the water uptake
of the LNP treatment as 100%, there were no significant
differences with the HNP, G. constrictum or G. geos-
porum treatments. Plants colonized by G. coronatum,
G. intraradices, G. claroideum andG. mosseae significantly
increased the daily water loss, ranging from 22%
of increase for G. mosseae- to 33% of increase for
G. intraradices-colonized plants.

Symbiotic development

Fungal colonization was estimated after TB, SDH or ALP
staining to measure total (TB), living (SDH) and functional
(ALP) fungal development (Smith and Gianinazzi-Pearson
1990, Tisserant et al. 1993). No fungal development was
found in any of the uninoculated control treatments. TB
staining (Fig. 3) showed that colonization frequency (F)
and arbuscule richness (A) were higher in plants colonized
by G. coronatum, G. intraradices, G. claroideum and
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Fig. 1. Shoot and root fresh weight (g plant�1) of uninoculated
lettuce plants fertilized with two rates of N and P (4mM N 1 1mM
P, HNP and 2mM N 1 0.5mM P, LNP) or mycorrhizal lettuce
plants colonized by G. coronatum (Gcor), G. intraradices (Gi),
G. claroideum (Gcla), G. constrictum (Gcon), G. geosporum (Gg) or
G. mosseae (Gm). Means followed by the same letter are not
significantly different (P, 0.05) as determined by Duncan’s
multiple-range test (n¼ 5).

Table 1. Nitrogen and phosphorus concentration (mg g�1) and
content (mg plant�1) in shoots of uninoculated lettuce plants
fertilized with two rates of N and P (4mM N1 1mM P, HNP
and 2mM N1 0.5mM P, LNP) or mycorrhizal lettuce plants
colonized by G. coronatum, G. intraradices, G. claroideum,
G. constrictum, G. geosporum or G. mosseae. Means followed by the
same letter are not significantly different (P, 0.05) as determined
by Duncan’s multiple-range test (n¼ 5).

Treatment
N
(mgg�1)

N
(mgplant�1)

P
(mg g�1)

P
(mgplant�1)

HNP 25.0 a 34.2 a 1.8 a 2.3 ab
LNP 24.9 a 25.3 b 1.3 b 1.4 d
G. coronatum 11.3 d 22.0 bc 1.3 b 1.9 bc
G. intraradices 17.7 bc 24.3 b 1.6 a 2.5 a
G. claroideum 15.0 c 25.0 b 1.3 b 2.1 b
G. constrictum 18.1 b 24.1 b 1.3 b 1.7 cd
G. geosporum 20.0 b 19.0 c 1.1 bc 1.0 e
G. mosseae 9.2 d 23.0 b 1.0 c 2.2 ab
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Fig. 2. Volumetric soil moisture (%) and relative plant water
uptake in uninoculated lettuce plants fertilized with two rates of
N and P (4mM N1 1mM P, HNP and 2mM N1 0.5mM P, LNP)
or mycorrhizal lettuce plants colonized by G. coronatum (Gcor),
G. intraradices (Gi), G. claroideum (Gcla), G. constrictum (Gcon),
G. geosporum (Gg) or G. mosseae (Gm). Means followed by the
same letter are not significantly different (P, 0.05) as determined
by Duncan’s multiple-range test (n¼ 60).
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G. mosseae than in those colonized by G. constrictum and
G. geosporum. The colonization intensity (M) was highest
in plants inoculated with G. claroideum and G. mosseae,
followed by those inoculated with G. intraradices, whereas
plants inoculated with G. coronatum, G. constrictum and
G. geosporum showed the lowest M-values.

The highest F-value after SDH staining (Fig. 4) was
observed in plants colonized by G. coronatum and G. intra-
radices. Plants colonized by G. claroideum, G. constrictum
and G. mosseae had a medium F value, whereas those
colonized by G. geosporum had the lowest F. The value of
M was highest in G. intraradices-colonized plants and there
were no significant differences among the other fungal
treatments. The A value reached the maximum value in
G. claroideum-colonized plants, followed by those colonized
by G. intraradices and G. mosseae. No significant differ-
ences were found among the other three fungal treatments.

The ALP staining (Fig. 5) indicated that F was similar
in all treatments, except in plants colonized by G. geos-
porum, which exhibited a lower F value. No significant
differences were found in M value among the different

fungal treatments, except for a higher value in G. intra-
radices-colonized plants. Finally, A was higher in plants
colonized by G. intraradices and G. claroideum than in
those colonized by G. coronatum and G. mosseae. The
lowest A values were found in plants colonized by
G. constrictum and G. geosporum.

Production of mycelium

Figure 6 shows the amount of external mycelium pro-
duced by each AM fungus. Glomus coronatum and
G. claroideum produced the highest amount of mycelium
(about 50 cmg�1) followed by G. intraradices (34 cmg�1).
The lower amount of mycelium was produced by G. con-
strictum, G. mosseae and G. geosporum.

Discussion

After nearly 25 years of research on the water relations
of mycorrhizal plants, there is still considerable
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disagreement on the significance of the effect of arbuscular
mycorrhizas on host water relations and on the mechan-
isms involved (Bryla and Duniway 1997b). Several stud-
ies have suggested that roots colonized by AM fungi
can have higher specific water uptake rates (volume of
water absorbed per unit root length) than non-colonized
roots, independently from direct hyphal water transport
(Koide 1993). The usual method to determine the influ-
ence of AM fungi on the specific root water uptake of a
colonized plant is to measure changes in total weight of a
potted plant resulting from transpiration and divide that
value by the total root length in the pot (Bryla and
Duniway 1997a). In this study we have measured the
daily water consumption of lettuce plants infected by
six AM fungi or by two uninoculated control treatments,
using a soil moisture sensor that responds to changes in
the apparent dielectric constant (Roth et al. 1992, White
et al. 1994). Read (1992) suggested that hyphal transport
might supply adequate water to maintain physiological
function when hydraulic conductivity of the soil begins
to limit uptake at the root surface. Because of that,
plants in our study were subjected to a moderate drought
stress so that any increase in water uptake by fungal
hyphae would be of greater importance for plant devel-
opment.

The results showed that plants colonized by four AM
fungi depleted soil water to a higher extent than unin-
oculated control plants (Fig. 2). The differences ranged
from 0.6% volumetric soil moisture (22% increase in
relative plant water uptake) for G. mosseae-colonized
plants to 0.95% volumetric soil moisture (33% increase
in relative plant water uptake) for G. intraradices-
colonized plants. The other two AM fungi did not show
significant differences when compared with the control
plants. According to our calculations, the differences of
0.6–0.95% volumetric soil moisture between AM and
control plants would represent 3–4.75ml plant�1 day�1,
respectively. Although this amount of water can be seen
as small to explain the important differences in water
relations between mycorrhizal and non-mycorrhizal
plants, we agree with the conclusion of Augé (2001)
that mycorrhizal effects on plant water relations are not
as dramatic and consistent as those on P acquisition and
host growth, but that modest changes, if sustained, can
have meaningful effects on plant fitness.

Two main mechanisms have been put forward in lit-
erature to explain how AM fungi might increase root
water uptake: (1) AM fungi might indirectly increase
water uptake by improving root conductance to water
flow (Koide 1993); and (2) extraradical mycorrhizal
hyphae might transport water to colonized roots directly
(Read 1992, Ruiz-Lozano and Azcón 1995, Bryla and
Duniway 1997a). It has been proposed that AM symbi-
osis may affect root conductance through its effects on
plant growth and development (Augé 2001). There are,
however, other ways in which colonization of roots by
AM fungi might affect root conductance. For example,
by modifying the amount and distribution of aquaporins
in root membranes. Aquaporins are water channel proteins
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that when opened facilitate the passive movement of water
molecules down a water potential gradient (Tyerman et al.
2002). Studies on aquaporins have suggested that they are
important for the bulk flow of water in whole plant
(Johansson et al. 2000). It has been reported that AM
symbiosis increases the expression of some aquaporin-
encoding genes (Roussel et al. 1997, Krajinski et al.
2000). Hence, it has been recently proposed to investigate
the contribution of aquaporins to the enhanced plant tol-
erance to osmotic stresses (Ruiz-Lozano 2003).

In relation to hyphal water transport, Bryla and
Duniway (1997a) previously investigated the role of AM
fungi in water uptake from well watered to severely
droughted conditions. They concluded that mycorrhizal
colonization did not affect the rates at which roots
extracted water from soil. In contrast, Bethlenfalvay et al.
(1987) found that mycorrhizal soybean plants depleted
soil water to a greater extent than non-mycorrhizal
soybean. Faber et al. (1991) showed that when AM
plants were grown in containers constructed with a bar-
rier that excluded roots but not mycorrhizal hyphae from
a portion of the soil volume, the soil containing only
hyphae had a significant reduction in soil water content
that could not be attributed solely to the evaporation.
Furthermore, if the hyphae crossing the root barrier were
severed, plant water uptake declined by 35% in compar-
ison with intact mycorrhizal plants. Ruiz-Lozano and
Azcón (1995) also showed that water uptake by host
plants increased due to colonization by AM fungi.

In some of these studies, however, mycorrhizal plants
were more intensely rooted and might have simply
explored a greater soil volume than non-mycorrhizal
plants. Alternatively, mycorrhizal plants were bigger
than non-mycorrhizal ones. When large plants are con-
strained to the same restricted soil volume as small plants
in potted experiments, the higher transpiration rates of
the larger plants will result in a more intense soil drying
(regardless of mycorrhizal symbiosis). However, in the
present study, the two fertilized control treatments (HNP
and LNP) matched the plant size (shoot and root) of the
mycorrhizal treatments (Fig. 1), and still four of the
mycorrhizal treatments depleted more soil water content
than comparable non-mycorrhizal plants (Fig. 2). More-
over, the best treatment in terms of biomass production
was inoculation with G. mosseae, and this treatment did
not show the maximum soil water consumption. In add-
ition, uninoculated control plants had similar or better
nutritional status (N and P) than mycorrhizal plants
(Table 1). The differences found between mycorrhizal
and non-mycorrhizal plants in soil water depletion

cannot be ascribed therefore to differences in plant size
or in nutritional status. They should be attributed to the
activity of the AM fungal mycelium.

Individual hyphae probably transport limited amounts
of water. However, there is a prolific number of hyphae
extending from mycorrhizal roots into the surrounding
soil. For example, Miller et al. (1995) measured external
hyphal lengths as high as 111m cm�3 of soil in the
tallgrass prairie community and 81m cm�3 of soil in a
cool-season pasture community. In our study, the most
effective AM fungi for soil water depletion produced also
higher amounts of mycelium than the other fungi that
were less effective in water depletion (Fig. 6). There was a
significant correlation between volumetric soil moisture
and the amount of mycelium produced by each AM
treatment (Table 2). It is known that mycelia of AM
fungi increase soil aggregation (Miller and Jastrow 1990,
Jastrow and Miller 1991) and that hyphal aggregation
binds soil to roots preventing air gaps and preserving
hydraulic continuity as soil dries (Davies et al. 1992,
1993). The staining of roots with vital and non-vital
techniques indicated that higher colonization frequency
(F), intensity (M) and arbuscule abundance (A) was
reached by the four AM fungi (G. coronatum, G. intra-
radices, G. claroideum and G. mosseae) that depleted more
soil water (Figs 3, 4 and 5). In contrast, the AM fungus
less effective for water uptake (G. geosporum) also
showed the lowest values of colonization (F, M and A).
There was a significant correlation also (Table 2)
between volumetric soil moisture and colonization fre-
quency (F) after TB and SDH stainings, as well as with
the A value after ALP staining (active fungal arbuscules).

In conclusion, this study shows that AM fungi increase
the rate of plant water uptake from soil. The different
fungal species differed in their effectiveness to enhance
plant water uptake from soil, and it seems that this ability
is related to the amount of external mycelium produced
by each AM fungus and to the frequency of root colon-
ization in terms of alive and active fungal structures.
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