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Abstract

Increased salinization of arable land is expected to have
devastating global effects in the coming years. Arbuscular
mycorrhizal fungi (AMF) have been shown to improve
plant tolerance to abiotic environmental factors such as
salinity, but they can be themselves negatively affected by
salinity. In this study, the first in vitro experiment
analyzed the effects of 0, 50, or 100 mM NaCl on the
development and sporulation of Glomus intraradices. In
the second experiment, the effects of mycorrhization on
the expression of key plant genes expected to be affected
by salinity was evaluated. Results showed that the assayed
isolate G. intraradices DAOM 197198 can be regarded as
a moderately salt-tolerant AMF because it did not
significantly decrease hyphal development or formation
of branching absorbing structures at 50 mMNaCl. Results
also showed that plants colonized by G. intraradices grew
more than nonmycorrhizal plants. This effect was
concomitant with a higher relative water content in AM
plants, lower proline content, and expression of Lsp5cs
gene (mainly at 50 mM NaCl), lower expression of the
stress marker gene Lslea gene, and lower content of
abscisic acid in roots of mycorrhizal plants as compared
to nonmycorrhizal plants, which suggest that the AM
fungus decreased salt stress injury. In addition, under
salinity, AM symbiosis enhanced the expression of
LsPIP1. Such enhanced gene expression could contribute
to regulating root water permeability to better tolerate
the osmotic stress generated by salinity.

Introduction

Salinization of soil is a serious land degradation problem
and is increasing steadily in many parts of the world, in
particular in arid and semiarid areas [2, 22]. Increased
salinization of arable land is expected to have devastat-
ing global effects, resulting in 30% land loss within next
25 years and up to 50% by the middle of 21st century
[51]. This is mainly due to low precipitation in these
regions, in addition to overexploitation of available water
resources (e.g., ground water) [2], and leads to huge losses
in terms of arable land and productivity as most of the
economically important crop species are very sensitive to
soil salinity [35].

Plants growing in saline soil are subjected to three
distinct physiological stresses. First, the toxic effects of
specific ions such as sodium and chloride, prevalent in
saline soils, disrupt the structure of enzymes and other
macromolecules, damage cell organelles, disrupt photo-
synthesis and respiration, inhibit protein synthesis, and
induce ion deficiencies [28]. Second, plants exposed to
the low osmotic potentials of saline soil are at risk of
physiological drought because they must maintain lower
internal osmotic potentials to prevent water moving
from the roots into the soil. Finally, salinity also
produces nutrient imbalance in the plant caused by
decreased nutrient uptake and/or transport to the shoot
[1, 36]. As a consequence, salt stress affects all the major
processes, such as growth, photosynthesis, protein syn-
thesis, and energy and lipid metabolisms [44].

Arbuscular mycorrhizal fungi (AMF) are ubiquitous
among a wide array of soil microorganisms inhabiting
the rhizosphere. These fungi constitute an important
integral component of the natural ecosystem and are
known to exist in saline environments [22]. Although
AMF exist in saline soils, the growth and colonization of
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plants may be affected by the excess of salinity, which can
inhibit the growth of microbes due to osmotic and/or
toxic effects of salts [29]. Therefore, in the study of the
effects of salts, it is important to observe the effect of
salinity on AMF growth and sporulation in relative
isolation, preferably under in vitro conditions. In vitro
studies of AMF growth, almost impossible in the past,
are now possible by means of monoxenic cultures [16].
Such in vitro methods allow clear observation and
quantification of the effects of salt on the hyphal growth,
sporulation, and other features of AMF such as branched
absorbing structures (BAS) [6]. In this study, the first
experiment analyzed in vitro the effects of increasing
concentrations of NaCl in the growth medium on the
development and spore production by the AMF Glomus
intraradices.

Arbuscular mycorrhizal fungi have been shown not
only to help their host to absorb nutrients, but also to
improve plant tolerance to abiotic environmental factors.
In fact, AM symbiosis has been demonstrated to increase
resistance to soil salinity in a variety of host plants such as
maize, clover, tomato, cucumber, and lettuce [3, 20, 45, 48].

Although it is clear that AM fungi mitigate growth
reduction caused by salinity, the mechanism involved
remains unresolved. So far, studies on salt stress
tolerance in mycorrhizal plants have suggested that AM
plants grow better due to improved mineral nutrition
and physiological processes like photosynthesis or water
use efficiency, the production of osmoregulators or
higher K+/Na+ ratios, and compartmentalization of sodi-
um within some plant tissues [2, 22, 48]. To our
knowledge, apart from Ouziad et al. [39], who studied
the effect of mycorrhization and salt stress on the ex-
pression of Na+/H+ transporters and three aquaporin genes
in tomato, the alteration of plant genes by AM symbiosis
has never been investigated in relation to alleviation of salt
stress by AM fungi.

In this work, we present a comprehensive study in-
cluding key plant genes expected to be affected by salinity
[38]. We included a gene encoding for D1-pyrroline-5-
carboxylate synthetase (P5CS) that catalyzes the rate-
limiting step in the biosynthesis of proline [32], one of the
most widespread osmoregulator in plants [53]. We also
analyzed a gene encoding for a late embryogenesis
abundant protein. Late embryogenesis abundant proteins
have a protective role under osmotic stress because they
possess chaperone-like activity and act as stress markers
[14]. A gene encoding for 9-cis-epoxycarotenoid dioxy-
genase (NCED), the key enzyme for the biosynthesis of
the stress hormone abscisic acid (ABA) [49] was also
studied. Abscisic acid plays a major role in plant
responses to several stresses [54]. Abscisic acid promotes
stomatal closure to minimize transpirational water loss. It
also mitigates stress damage through the activation of
many stress-responsive genes, which collectively increase

plant stress tolerance [12]. Finally, we analyzed the
expression of two genes encoding for two plasma
membrane (PIP) aquaporins that are involved in the
regulation of transcellular water flux [34] in plants and,
hence, may have an important role in maintaining a
proper plant water status under osmotic stress, such as
salinity. In addition to the expression of these genes,
some physiological markers such as proline and ABA
contents, transpiration and relative water content (RWC)
were also assayed for correlation with the molecular data.
The study was conducted in uninoculated or mycorrhizal
lettuce plants subjected or not to two salt levels.

Materials and Methods

In Vitro Experiment

Biological Materials. Glomus intraradices (Schenck and
Smith, DAOM 197198, Biosystematic Research Center,
Ottawa, Canada) was grown in monoxenic culture and
subjected to 0, 50, or 100 mM NaCl. The specimens, kept
in continuous monoxenic cultures, were provided by the
culture collections of Zaidin Experimental Station, Granada,
Spain. Five replicates of each salt level were incubated at
25-C.

Growth Conditions. Bicompartmental petri dishes (9 cm)
were prepared as described by Cranenbrouk et al. [15].
Proximal compartment of each plate was filled with sterile
modified Strullu–Romand medium [15], referred to as
BM^ throughout this report, to the top of the division
wall. The medium had been autoclaved for 20 min at
121-C. The distal compartment of each plate was filled in
the same manner, except that the M medium used did not
contain any sucrose (referred to as BM-C^ in this work).
In addition, prior to the sterilization of the M-C medium,
NaCl had been added to the medium to obtain 0-, 50-, or
100-mM concentrations of salt. The media were allowed to
solidify at room temperature.

A piece of M agar (approximately 0.5 cm2) was cut
from the proximal compartment of each petri dish and
replaced with fungal inoculum, which consisted of a
piece of agar of the same size obtained from a stock
monoxenic culture containing spores and hyphae of G.
intraradices (DAOM 197198). Pieces of transformed
carrot roots (2.5 cm in length), grown in M medium,
were placed on top of the fungal inoculum in the proximal
compartments. Two weeks later, inoculation plates were
checked, and if roots were crossing onto the distal
compartments, they were aseptically moved back to their
proximal compartments. This check was subsequently
repeated once a week throughout the experiment.

Parameters Measure and Statistical Analysis. Six weeks
after inoculation, plates were examined under dissecting
microscopes using the method described by Bago et al.
[6]. A transparent 2-mm grid was used to determine the
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hyphal length, the number of BAS [6], and the number of
spores in three areas of 1 cm2 per distal compartment of
each plate.

Data of the total hyphal length was square root
transformed prior to the analysis. Analysis of variance
was used to analyze the data and if significant differences
were found less significant difference at 5% of signifi-
cance was applied to determine differences between
treatments.

In Vivo Experiment

Soil and Biological Materials. This experiment consisted
of a randomized complete block design with two
inoculation treatments: (1) noninoculated control
plants and (2) plants inoculated with the AM fungus G.
intraradices (Schenck and Smith) BEG 121. There were
24 replicates of each treatment, totaling 48 pots (one
plant per pot), so that eight of each microbial treatment
were grown under nonsaline conditions throughout the
entire experiment, while eight pots per treatment were
subjected to 50 mM of NaCl and the remaining eight
pots per treatment were subjected to 100 mM of NaCl.

Loamy soil was collected from the Zaidin Experi-
mental Station (Granada, Spain), sieved (2 mm), diluted
with quartz-sand (G1 mm) (1:1, soil/sand, v/v) and
sterilized by steaming (100-C for 1 h on three consecu-
tive days). The original soil had a pH of 8.1 (water);
1.81% organic matter, nutrient concentrations (mg kg

_1):
N, 2.5; P, 6.2 (NaHCO3-extractable P); K, 132.0. The
electrical conductivity of the original soil was 0.7 dS m

_1.
The soil texture was made up of 35.8% sand, 43.6% silt,
and 20.5% clay. Three seeds of lettuce (Lactuca sativa L.
cv. Romana) were sown in pots containing 750 g of the
same soil/sand mixture as described above and thinned
to one seedling per pot after emergence.

Mycorrhizal inoculum was bulked in an open-pot
culture of Zea mays L. and consisted of soil, spores,
mycelia, and infected root fragments. The AM species
used was G. intraradices isolate BEG 121. Ten grams of
inoculum with about 80 infective propagules per gram
(according to the most probable number test) was added
to appropriate pots at sowing time just below lettuce
seeds. Uninoculated control plants received the same
amount of autoclaved mycorrhizal inoculum together
with a 2-mL aliquot of a filtrate (G20 mm) of the AM
inoculum to provide a general microbial population free
of AM propagules.

Growth Conditions. The experiment was carried out un-
der glasshouse conditions with temperatures ranging
from 19 to 25-C, 16/8 light/dark period, and a relative
humidity of 70–80%. A photosynthetic photon flux
density of 800 mE m

_2 s
_1 was measured with a light

meter (LICOR, Lincoln, NE, USA, model LI-188B).
Water was supplied daily to maintain soil at field
capacity during the entire period of plant growth.

Plants were established for 1 month prior to salini-
zation to allow adequate plant growth and symbiotic
establishment. Three concentrations (0, 50, and 100 mM
NaCl) of saline solution were reached in the pot soil on the
basis of the soil volume in the soil by adding appropriate
dilution of a 2-M saline solution. The concentration of
NaCl in the soil was increased gradually by 20 mM per day
on alternative days to avoid an osmotic shock. It took 6
and 10 days to reach the desired 50 and 100 mM NaCl,
respectively. Plants were maintained under these condi-
tions for additional 20 days.

Parameters Measured and Statistical Analysis

Biomass Production. At harvest (60 days after
planting), the shoot and root systems were separated
and the shoot dry weight was measured after drying in a
forced hot-air oven at 70-C for 2 days. Six replicates were
used, avoiding the biggest and the smallest plant of each
treatment.

Symbiotic Development. The percentage of my-
corrhizal root infection in lettuce plants was estimated by
visual observation of fungal colonization after clearing
washed roots in 10% KOH and staining with 0.05% try-
pan blue in lactic acid (v/v), as described by Phillips and
Hayman [40]. The extent of mycorrhizal colonization was
calculated according to the gridline intersect method [21].

Relative Water Content. The RWC in plant
shoots was determined at the harvest time as previously
described by Ruiz-Lozano and Azcón [46]. Six replicates
per treatment were used.

Leaf Transpiration Rate. Leaf transpiration rate
was determined by a gravimetric method [4] on four
replicates per treatment. Surfaces of the pots were
covered with aluminum foil. The pot–plant system was
weighed and referred to as W0. The pot–plant system was
weighed again after 2 h and referred to as Wf. Leaf
transpiration rate was calculated as W 0 �W fð Þ� t � Að Þ,
where t is the time in seconds and A is the leaf area in
square meters. Leaf area was calculated as follows: leaves of
a whole plant were detached and scanned (hp scanjet 5550c,
Hewlett Packard, Palo Alto, CA, USA). The corresponding
images were analyzed with Adobe Photoshop CS (Adobe
Systems, San Jose, CA, USA).

Proline Content. Free proline was extracted from
1 g of fresh root that was groundwith 6mL ofmethanol and
6 mL of chloroform [10]. After that, 3 mL of a 0.9% NaCl
solution was added and mixed. The resulting mixture was

F. JAHROMI ET AL.: IN VITRO AND IN VIVO RESPONSES OF MYCORRHIZAL SYMBIOSIS TO SALINITY 47



centrifuged at 5000 rpm for 10 min at 1-C. The
methanolic phase was used for quantification. Proline
was estimated by spectrophotometric analysis at 515 nm of
the ninhydrin reaction, according to Bates et al. [9]. Four
replicates per treatment were used.

ABA Content. Abscisic acid was measured on
250 mg of frozen root tissues that were immersed in 2 mL
distilled water and incubated for 24 h at 4-C in the dark
[5]. Quantitative analysis was performed on crude aqueous
extracts using an ELISA assay based onmonoclonal antibody
against (S)-cis,trans-ABA (BT-GB-252A, Babraham
Biosciences Technologies, Cambridge, UK). A procedure
described by Walker-Simmons [50] was followed. Briefly,
microtitration plates were coated overnight at 4-C with
bovine serum albumin (BSA)–ABA [11] and rinsed three
times with 50 mM Tris–ClH (pH=7.8), 1 mM MgCl2,
150 mM NaCl, 0.1% (p/v) BSA, and 0.05% (v/v) Tween 20.
Next, 200 mL of the overnight-incubated samples and
standards with the antibody were added. Plates were
incubated at room temperature for 150 min before they
were rinsed again as described above and incubated for
2 h at room temperature with Anti-rat IgG (1:1000).
Finally, plates were rinsed again and p-nitrophenyl
phosphate was added. Plates were incubated until the
absorbance at 405 nm of the non-ABA sample was 1.
Absorbance was inversely proportional to the amount of
ABA. Four independent plants were analyzed per treatment
and all sample results were the average of three serial
dilutions within the linear range of the ABA standard curve.

Northern Blot Analysis. Total RNA was isolated
from lettuce roots by phenol/chloroform extraction
according to the method described by Kay et al. [31].
Northern blots of total root RNA with Lsp5cs, Lslea,
Lsnced, LsPIP1, and LsPIP2 DNA probes were carried
out as previously described [42]. Hybridizations were
carried out overnight at 65-C under standard conditions.
After washing twice for 5 min at room temperature in
2� standard saline citrate (SSC) and 0.1% sodium
dodecyl sulfate (SDS), and twice for 15 min at 65-C
with 0.5� SSC and 0.1% SDS, membranes were exposed
to phosphorimager. The amount of 26S rRNA in the

membranes was quantified using Quantity One software
(Bio-Rad, Hemel Hempstead, UK) after ethydium bro-
mide staining. Next, the signals on phosphorimager w-
ere analyzed and quantified using the same software.
Transcript accumulations for each gene probe (in arbi-
trary units) were divided by the corresponding amount
of 26S rRNA in the membrane. Each quantification of
signals on screens and of 26S rRNA in the membranes
was repeated three times, and the average value for each
was used for normalization. Northern blot analyses were
repeated two times with different sets of plants and the
results obtained were similar, with low variability. We
show representative results for each Northern blot.

Data were subjected to analysis of variance with
microbial treatment, salt level, and microbial treatment–
salt level interaction as sources of variation, and followed
by Duncan’s multiple-range test [18]. Percentage values
were arcsin transformed before statistical analysis.

Results

Influence of Salinity on the In Vitro Development of G.

intraradices. Table 1 shows the parameter of fungal
growth with or without salinity in the medium. There
was no significant difference in hyphal length between
the control (no salt) and 50 mM NaCl, but these
treatments had produced significantly longer hyphae
than under 100 mM NaCl. Salinity in the medium
significantly decreased the number of spores produced by
G. intraradices. However, the numbers of spores
produced under 50- and 100-mM levels of NaCl were
not significantly different. There was no significant
difference between the number of BAS produced in the
control and 50-mM-NaCl treatments. The number of
these structures was significantly reduced at 100 mM
NaCl relative to the control.

Influence of Salinity on the In Vivo Responses

of Mycorrhizal Lettuce Plants.

Mycorrhizal Colonization and Shoot DryWeight. Uninoculated
lettuce plants did not show mycorrhizal colonization. Plants
inoculated with G. intraradices were well colonized. Under

Table 1. Total hyphal length and number of spores and BAS formed by G. intraradices grown in monoxenic culture and subjected to
0, 50, or 100 mM NaCl

Salt level

LSD0 mM 50 mM 100 mM

Hyphal length (sqrt mm cm
_2) 48.4a 42.6a 30.7b 10.9

Number of spores cm
_2 59.5a 14.0b 11.0b 29.4

Number of BAS 29.1a 21.7ab 13.2b 11.4

Means followed by different letters are significantly different (PG 0.05).
LSD= less significant difference, sqrt = square root.
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nonsaline conditions or under 50 mM NaCl, the roots
exhibited 84% of mycorrhizal colonization. The increase of
salinity to 100 mM NaCl slightly but significantly decreased
the percentage of mycorrhizal root length to 67%.

The highest plant development was achieved in
plants grown under nonsaline conditions (Fig. 1). Plants
colonized by G. intraradices showed 20% increased shoot
dry weight as compared to nonmycorrhizal plants. Both
salinity levels reduced shoot dry weight in mycorrhizal
and nonmycorrhizal plants. However, under 50mMNaCl,
G. intraradices-colonized plants had 30% higher shoot dry
weight than uncolonized control plants. Under 100 mM
NaCl, the increase in mycorrhizal plants was 17%.

Proline Content. There was little proline accumulated in
lettuce roots grown under nonsaline conditions (Fig. 2). In
contrast, under 50 mM NaCl, plants considerably in-
creased the proline accumulation in roots. This effect was
remarkable in uninoculated control plants, whereas plants
colonized by G. intrarradices accumulated 85% less proline
than uninoculated plants. At 100 mM NaCl, uninoculated
plants did not significantly change proline accumulation,
as compared to 50 mM. In contrast, in plants colonized by
G. intraradices, the level of proline increased notably,

reaching a level similar to that of uninoculated control
plants.

Relative Water Content. The RWC of lettuce plants was
always higher in mycorrhizal than in nonmycorrhizal
plants (Fig. 3). Both salinity levels decreased RWC but
mycorrhizal lettuce plants maintained higher water content
than uninoculated control ones regardless of salt level.

Transpiration Rate. Under nonsaline conditions, unin-
oculated control plants exhibited a higher transpiration
rate than G. intraradices-colonized ones (Fig. 4). At 50
mM NaCl, uninoculated control plants decreased the
transpiration rate, whereas mycorrhizal plants did not
show significant differences as compared to nonsaline
conditions. In contrast, at 100 mM NaCl, all plants
further decreased transpiration rate to a similar extent.

ABA Content. Under nonsaline conditions, roots col-
onized by G. intraradices had a considerably higher ABA
content than nonmycorrhizal roots (Fig. 5). In contrast,
under both salt levels, nonmycorrhizal plants enhanced
their ABA content in roots, whereas AM plants decreased
their ABA content at 50 mM NaCl and had a similar
ABA content than under nonsaline conditions when they
were subjected to 100 mM NaCl. In any case, at both salt
levels, nonmycorrhizal roots accumulated more ABA
than roots colonized by G. intraradices.
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Northern Blots. The gene Lsp5cs exhibited a low ex-
pression level under nonsaline conditions, mainly in plants
colonized by G. intraradices (Fig. 6). Plants growing under
50 mM NaCl notably increased transcript accumulation for
this gene. However, the up-regulation of Lsp5cs was consid-
erably more intense in nonmycorrhizal plants than in those
colonized by G. intraradices. Plants exposed to 100 mM
NaCl maintained high levels of Lsp5cs gene expression as
compared to plants under nonsaline conditions. At this salt
level, however, the expression of this gene was similar in
mycorrhizal and nonmycorrhizal plants.

The Lslea gene was only expressed under conditions
of salt stress (Fig. 6). The highest induction of this gene

was found in control plants, whereas in plants colonized
by G. intraradices, the induction of this gene was lower at
both 50 and 100 mM NaCl.

The gene Lsnced showed a very low basal expression
under nonsaline conditions in control plants and was
unquantifiable in AM plants (Fig. 6). At 50 mM NaCl,
nonmycorrhizal plants notably increased Lsnced tran-
script accumulation (by 250%), whereas plants colonized
by G. intraradices increased it to a lesser extent (only
60%). At 100 mM NaCl, all plants further increased the
expression of this gene (by about 550%), but at this salt
level there were no differences between mycorrhizal and
nonmycorrhizal plants.

Regarding aquaporins, in the absence of salinity in the
medium, the mycorrhization per se inhibited the expres-
sion of LsPIP1 and LsPIP2 genes (Fig. 7). At 50 mM
NaCl, nonmycorrhizal plants also inhibited the expres-
sion of LsPIP1 gene. The expression of LsPIP1 recovered
in both plant treatments when salinity reached 100 mM
NaCl in the soil. The recovery was considerably more
intense in plants colonized by G. intraradices, which
doubled the expression level of control plants in the
absence of salinity. The expression of the LsPIP2 gene
showed little variation in mycorrhizal and in nonmycor-
rhizal plants as a consequence of the application of 50 or
100 mM NaCl (Fig. 7).

Discussion

Mycorrhizal symbiosis is a key component in helping plants
to cope with adverse environmental conditions. It has been
suggested that salt stress may decrease colonization by AM
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using Lslea, Lsp5cs, and Lsnced gene probes. Treatments are
designed as NI, noninoculated control, or Gi, plants inoculated
with G. intraradices. Plants were subjected to 0, 50, or 100 mM
NaCl. The lower panels show the amount of 26S rRNA loaded for
each treatment. Numbers close to each Northern represent the
relative gene expression (after normalization to 26S rRNA) as a
percentage of the value for control plants cultivated under
nonsaline conditions (except for Lslea, which were set at 100% in
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fungi via a direct effect on fungal growth [28]. In this work,
we used monoxenic cultural conditions to study salt effects
on fungal development. Although monoxenic AMF cul-
tures may be criticized for being too artificial, Bago and
Cano [6] demonstrated that monoxenic cultures are
accurate means of observing fungal developmental features,
especially when they are carried out together with other
studies such as physiological and molecular investigations.
Importantly, some features of AMF, such as BAS, are very
difficult to observe in axenic soil cultures [7]. However,
these structures are very conspicuous in monoxenic
cultures and can be easily observed and studied.

It is known that salts in the growth medium may
induce changes in the length and in other morphological
properties of the hyphae, thus affecting their symbiotic
capacity [28]. Juniper and Abbott [29] studied the effect
of different NaCl concentrations (0, 150, and 300 mM)
on spore germination and growth of a range of AMF in
soil substrate. They found that in some Glomus species
the hyphal development under saline conditions was not
significantly reduced over time. However, data from this
study showed that, despite the fact that the fungal growth,
in terms of hyphal development, was not affected under a
relatively high concentration of NaCl (50 mM), the sporu-
lation significantly declined. This decline suggests that if
salinity conditions persist there can be a decrease in plant
colonization by decreasing the availability of inoculum
(i.e., spores). With further increase in salinity (100 mM in
this study) the hyphal length is also reduced, which can
further inhibit the colonization and symbiotic capability of
the AMF. In addition, the number of BAS also declined
significantly when subjected to 100 mM NaCl, which can
further reduce the sporulation. Branched absorbing struc-
tures are thought to be associated with the formation of
spores. It has been shown [7] that some BAS can gradually
form spores in their ramifications.

The beneficial effects of different mycorrhizal fungi
on plant growth under saline conditions have been
demonstrated in various plant species [2, 3, 13, 20, 48,
52]. In this study, under both salt levels, mycorrhizal
plants grew 30% (50 mMNaCl) and 17% (100 mMNaCl)
more than nonmycorrhizal plants, indicating that the
colonization by G. intraradices is effective in stimulating
plant growth under salinity. To determine the possible
cause of such an effect, we evaluated the effects of both
salinity and mycorrhization on a variety of plant genes
potentially involved in the plant response to salinity [39].

To avoid the osmotic stress caused by salinity, plants
may accumulate inorganic ions such as K+ and low-
molecular-weight solutes such as proline to maintain the
internal osmotic potential [24, 37]. Several studies have
shown that AM symbiosis improved salt resistance
through improved osmoregulation [20, 26].

In this study, at 50 mM NaCl, the expression of Lsp5cs
gene was more up-regulated in nonmycorrhizal plants

than in AM plants, and the amount of proline accumu-
lated followed a similar trend. In contrast, when salinity in
the soil increased to 100 mM NaCl, both groups of plants
exhibited a similar Lsp5cs gene expression and proline
content. Investigations carried out so far on osmorregu-
lation in the AM symbiosis are scarce and somewhat
contradictory. While some studies have shown an increase
in proline accumulation in mycorrhizal plants subjected
to drought [23, 47], the same studies also demonstrated
that the increase in proline accumulation was quite
variable depending on the AM fungus involved. On the
contrary, other studies regarding drought [41, 43],
osmotic stress [46], or salt stress [47] have shown a lower
proline accumulation in AM plants than in non-AM ones,
as we have found in this study at 50 mM NaCl.

Our results indicate that protection of AM plants
against salinity was not mediated by increased accumulation
of proline in these plants. They rather suggest that these
plants were suffering less stress (at least under 50 mMNaCl)
than nonmycorrhizal plants. In fact, under salt stress, AM
plants had better water status, as revealed by the higher RWC
than non-AM plants and the expression of the stress marker
gene Lslea was higher in non-AM roots than in AM roots
(mainly at 50 mM NaCl), indicating that the osmotic stress
induced by salinity is also higher in nonmycorrhizal roots
than in the mycorrhizal ones.

In this study, we measured ABA content in roots of
lettuce plants and the expression of Lsnced gene. With
the exception of AM plants under nonsaline conditions
that showed increased ABA levels as compared to non-
AM plants but reduced Lsnced gene expression, for the
rest of the treatments, data on ABA content and Lsnced
gene expression fit well. As expected, ABA content and
Lsnced gene expression increased in non-AM plants as a
consequence of salinity. In AM plants, Lsnced gene
expression also increased with salinity, but AM roots
showed higher ABA content under non-saline conditions
than at 50 mM NaCl. In any case, at both salt levels, AM
roots showed significantly lower ABA content than non-
AM roots. Previous studies have shown that mycorrhiza-
tion can alter the levels of ABA in the host plant and that,
under drought stress, the levels of ABA are lower in AM
than in non-AM plants [17, 19, 33], as we found here
under salt stress. These results point in the same direction
as those on proline content, indicating that AM plants
were less strained than non-AM plants by salinity stress
imposed; hence, they accumulated less ABA.

The role of aquaporins in plants under salt stress has
not been fully explored. It is clear, however, that water
passes to a large extent through the plasmalemma or the
tonoplast thanks to the aquaporin activity [34]. Accord-
ingly, a correlation between the expression or activity of
aquaporins and the sensitivity or tolerance of plants to
salinity is expected [27]. In this study, the expression of
LsPIP1 and LsPIP2 genes was inhibited by mycorrhiza-
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tion under non-saline conditions, which agrees with
previous findings on these aquaporin genes and mycor-
rhizal lettuce [41]. Under saline conditions, the expres-
sion of both PIP genes followed a different pattern
according to the salt level applied and the presence or
absence of AMF in roots. In fact, mycorrhizal plants
maintained the expression of LsPIP2 gene, which was
almost unaffected, whereas the expression of LsPIP1 gene
was up-regulated, mainly at 100 mM NaCl. A differential
effect of AM symbiosis on PIP aquaporin isoforms under
salinity has also been described by Ouziad et al. [39],
who suggested that AM symbiosis exerts a differential
control on expression of aquaporin genes. On the other
hand, Kawasaki et al. [30] found that, in rice roots,
aquaporins were upregulated after seven days under salt
stress. In the present work, lettuce plants were subjected
to salinity for 20 days, and we found a rise induced by
mycorrhization in LsPIP1 gene, in accordance with
results by Kawasaki et al. [30]. The induction of
particular aquaporins by AM symbiosis under osmotic
stress should result in greater water permeability and
facilitated water flux and should contribute to the global
plant resistance to the stressful conditions [8, 25].

In conclusion, results from this study show that the
isolate DAOM 197198 ofG. intraradices can be regarded as
a moderately salt-tolerant AMF because it did not
significantly decrease hyphal development or BAS pro-
duction at 50 mM NaCl. Results also show that G.
intraradices stimulated the growth of lettuce plants under
two levels of salinity. This effect was concomitant with a
higher RWC in AM plants, lower proline content (mainly
at 50 mM NaCl), lower expression of the stress marker
gene Lslea gene, and lower accumulation of ABA in roots
of AM plants as compared to non-AM plants, which
suggest that AM plants were suffering from the salt stress
less than nonmycorrhizal plants. This is likely to be due to
primary salt-avoidance mechanisms, such as reduced Na+

and Cl
_
accumulation, as it has been evidenced in several

studies [2, 22]. In addition, under salinity, AM symbiosis
enhanced the expression of LsPIP1 that could contribute
to regulating root water permeability and, consequently,
to better tolerating the osmotic stress generated by salinity.
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(2006) Mycorrhizal symbiosis and response of sorghum plants to
combined drought and salinity stresses. J Plant Physiol 163: 517–528

14. Close, TJ (1996) Dehydrins: emergence of a biochemical role of a
family of plant dehydration proteins. Physiol Plant 97: 795–803

15. Cranenbrouk, S, Voets, L, Bivort, C (2005) Methodologies for in
vitro cultivation of arbuscular mycorrhizal fungi with root organs.
In: Declerck, S, Strullu, DG, Fortin, JA (Eds.) In Vitro Culture of
Mycorrhizas, Springer, Berlin Heidelberg New York, pp 341–375

16. Declerck, S, Strullu, DG, Fortin, JA (2005) In Vitro Culture of
Mycorrhizas. Springer, Berlin Heidelberg New York

17. Duan, X, Newman, DS, Reiber, JM, Green, CD, Saxton, AM, Augé,
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arbuscular mycorrhizal Glomus species on drought tolerance:
physiological and nutritional plant responses. Appl Environ
Microbiol 61: 456–460

48. Ruiz-Lozano, JM, Azcón, R, Gómez, M (1996) Alleviation of salt
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