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Abstract

This study compared the effectiveness of four arbuscular
mycorrhizal (AM) fungal isolates (two autochthonous
presumably drought-tolerant Glomus sp and two
allochthonous presumably drought-sensitive strains) on
a drought-adapted plant (Lavandula spica) growing
under drought conditions. The autochthonous AM
fungal strains produced a higher lavender biomass,
specially root biomass, and a more efficient N and K
absorption than with the inoculation of similar allochth-
onous strains under drought conditions. The autochtho-
nous strains of Glomus intraradices and Glomus mosseae
increased root growth by 35% and 100%, respectively,
when compared to similar allochthonous strains. These
effects were concomitant with an increase in water
content and a decline in antioxidant compounds: 25%
glutathione, 7% ascorbate and 15% H2O2 by G. intra-
radices, and 108% glutathione, 26% ascorbate and 43%
H2O2 by G. mosseae. Glutathione and ascorbate have an
important role in plant protection and metabolic
function under water deficit; the low cell accumulation
of these compounds in plants colonized by autochtho-
nous AM fungal strains is an indication of high drought
tolerance. Non-significant differences between antioxi-
dant activities such as glutathione reductase (GR),
catalase (CAT) and superoxide dismutase (SOD) in
colonized plants were found. Thus, these results do not
allow the generalization that GR, CAT and SOD were
correlated with the symbiotic efficiency of these AM
fungi on lavender drought tolerance. Plants colonized by
allochthonous G. mosseae (the less efficient strain under
drought conditions) had less N and K content than those
colonized by similar autochthonous strain. These ions
play a key role in osmoregulation. The AM symbiosis by

autochthonous adapted strains also produced the highest
intraradical and arbuscular development and extraradical
mycelial having the greatest fungal SDH and ALP-ase
activities in the root systems. Inoculation of autochtho-
nous drought tolerant fungal strains is an important
strategy that assured the greatest tolerance water stress
contributing to the best lavender growth under drought.

Introduction

The decline of plant growth mainly caused by water
deficiency is considered to be one of the most important
ecological factors limiting plant survival and establish-
ment. Stress affects most plants growing in arid and
semiarid regions. Nevertheless, autochthonous microbial
communities are able to develop a range of activities that
may contribute in improving plant growth [7]. Plant
roots and soil form an interface where symbiotic micro-
organisms such as arbuscular–mycorrhizal (AM) fungi
interact. In drought-stressed areas, plants are highly
dependent on microbial activity because beneficial
microorganisms (e.g., AM fungi) are able to enhance
their metabolic activity to tolerate this environmental
stress [4, 33]. Plants possess natural protection systems
against stresses but their interaction with soil micro-
organisms can alleviate symptoms, which are important
in drought-stress protection [22, 47]. The role of AM
symbiosis in growth, drought-tolerance and plant
establishment under nutritional and water-stress con-
ditions is based on a range of physiological and cellular
mechanisms [33]. There is evidence that AM fungi help
plants grow under arid conditions by reducing water
stress [39] and by increasing the supply of nutrients.

Natural climatic—or anthropically created—condi-
tions cause or accelerate desertification, which drastically
affects growth and survival of plants [19]. LavenderCorrespondence to: R. Azcón; E-mail: rosario.azcon@eez.csic.es
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plants (Lavandula spp.) are small woody shrubs adapted
communities of Mediterranean ecosystems [6]. Never-
theless, successful reestablishment of native plants in
degraded soils are normally limited, partly because of the
low density of AM propagules, an important biological
factor governing both nutrients cycles and soil fertility in
arid and semiarid ecosystems [8]. Because of the low
potential of native inoculum of AM fungi in the semiarid
soils in southeast Spain [16, 34], the selection of the most
efficient and adapted AM fungi is an important concern
in inoculation programs. There is a range in the levels of
compatibility and fungal abilities between AM fungi and
host plant [29].

The inoculation of lavender plants with drought-
resistant AM fungi before planting on drought-affected
sites favors plant growth and survival [5]. A living
organism is considered resistant if it tolerates a given
physicochemical stress. AM fungi help to improve host
tolerance to water limitation, but little information is
available on the role of AM fungal ecotypes from
drought-affected environments. Marulanda et al. [27]
and Ruı́z-Lozano et al. [28, 40] suggested that Glomus
intraradices was a potential candidate species to use
under conditions of water stress. Nevertheless, the AM
species previously tested as the most effective in dry soils
were selected from non-stressed sites. In our group,
previous investigation on osmotic stress tolerance of AM
colonized plants have shown inter- and intraspecific
growth differences between AM fungal isolates from
non-water stressed and stressed sites [27, 38, 40].
Different isolates of AM fungi showed high variability
in their tolerance to drought and the fungal isolates
within one species may vary in their symbiotic effective-
ness depending on the compatibility among the fungus,
the soil conditions, and the plant in the rhizosphere
niche. Autochthonous fungal isolates from dry soils have
potentially undergone selection for adaptation to water
limitation and other stresses. It was hypothesized that
these isolates are more resistant to drought than the
species isolated from a non-stressed site.

Regarding the particular role of AM fungi in increas-
ing plant drought tolerance, a logical step is the selection
of the most effective AM fungus for plants growing under
such conditions. Water deficit affects plant metabolic
activities, and one of its earliest consequences is the
production of reactive oxygen species that have deleteri-
ous effects on cell integrity and functioning [37]. This
constraint includes biochemical adaptations like the
modulation of antioxidant enzyme activities in cells.
These antioxidant enzymes activities play crucial roles in
plant protection against stresses. Plant cells contain an
array of protective systems that reduce oxidative damage.
Some of these systems, such as superoxide dismutase,
ascorbate peroxidase and catalase, react with active
forms of oxygen and are able to keep them at low levels.

This group of enzymes is involved in the detoxification
of superoxide radical and H2O2 and thus are able to
prevent the formation of OH

_
radicals. However,

glutathione reductase (GR) and ascorbate are able to
regenerate antioxidants. These enzymes are components
of the ascorbate glutathione pathway responsible for the
removal of H2O2 in cellular compartments.

Based on the fact that natural revegetation is scarce
in arid and semiarid environments because water scarcity
limits plant growth, lavender, a low-growing shrub well
adapted to water stress conditions, was used in this
study. This species belongs to the natural succession in
certain plant communities of semiarid Mediterranean
ecosystems.

In the present research, we study the symbiotic
effectiveness of four mycorrhizal strains (two autochtho-
nous [isolated from dry soils] and two allochthonous
[isolated from a non-dry soils] strains of Glomus mosseae
and G. intraradices) in Lavandula spica subjected to
water deficit. The aim was to select the most effective AM
association, under water stress conditions, to enhance the
establishment and growth of lavender for revegetation in
water-limited areas. In addition, we investigated the
physiological and biochemical basis of effective and
tolerant symbiosis to assess the mechanisms involved in
the variability of the symbiotic performance.

Materials and Methods

Experimental Design. The experimental design con-
sisted of a complete randomized factorial block with the
mycorrhizal inoculations: two autochthonous fungal strains
(G. intraradices or G. mosseae) from Mediterranean soils
and two allochthonous G. intraradices (BEG 123) or G.
mosseae (BEG 119) from EEZ collection. All these treat-
ments were replicated five times with a total of 20 pots.

Soil Characteristics. A calcareous loamy soil was
collected from a Mediterranean zone (Granada province,
Spain) was sieved (2 mm), diluted with quartz-sand (G1 mm)
(5:2, soil/sand v/v), and sterilized by steaming (100-C for
1 h for 3 days). The soil had a pH of 7.2 (water); 1.6%
organic matter, nutrient concentrations (mg kg

_1) N, 2.1
(Kjeldahl, [11]); P, 1.7 (NaHCO3 extractable P) and K, 0.8
(Olsen, [42]). The soil texture was made up of 57.8% sand,
19% clay and 23.2% silt.

Biological Materials. Lavandula spica seeds were
surface-sterilized in a 15% H2O2 for 8 min, then washed
several times with sterile water to remove any trace of
chemical that could interfere in seed germination and placed
on sterile vermiculite at 25-C to germinate. Seedlings were
transferred to plastic pots containing 500 g of the sterilized
soil/sand mixture.
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Two predominant autochthonous fungi were isolated
from natural soil by wet sieving and decanting [46].
They were morphologically identified as G. intraradices
or G. mosseae strains and were cultivated for inocula
production following the conventional procedure [28].
Strains of G. intraradices (BEG 123) or G. mosseae (BEG
119) from our collection (EEZ) were used as allochtho-
nous reference strains. These Glomus species were
isolated from a soil located in a non-dry area. Mycor-
rhizal inocula used were similarly obtained for each one
of the AM fungus applied as inoculum. Mycorrhizal
inoculum were bulked in an open pot culture of Zea
mays plus red clover and consisted of soil, spores,
mycelia and colonized root fragments having an AM
colonization of about 75%. Ten grams of inoculum were
added to appropriate pots at transplanting just below the
lavender seedlings.

Growth Conditions. The lavender plants were
grown for 6 months in a greenhouse under controlled
climatic conditions (18–24-C, with an 18 h/6 h light/
dark period and 50% of relative humidity). A photo-
period of 16 h at a photosynthetic photon flux density
(PPFD) of 350 mmol m

_2 s
_1 as measured with a light

meter (model LI-188B; Licor Inc., Lincoln, NE, USA)
was maintained throughout the experiment. Water was
supplied daily to maintain constant soil water content
close to water-holding capacity during the first 6 weeks
of plant growth. At this time plants were allowed to dry
until soil water content was 75% of water-holding
capacity and maintained under these conditions for
additional 20 weeks. To achieve that, the soil moisture
in the pots was measured every 24 h and water was
added to reach a maximum of 75% of the water-holding
capacity. However, during the 24-h period the soil water
content between each rewatering was progressively
decreased until a minimum value of 70% of water-holding
capacity was reached. Soil moisture was measured with an
ML2� ThetaProbe (AT Delta-T Devices, Ltd., Cambridge,
UK), which measures volumetric soil moisture content by
responding to changes in the apparent dielectric constant
of moist soil [2, 36, 48]. This volumetric soil moisture is
considered to be a normal environmental condition in dry
Mediterranean areas. At harvest, shoot and root dry bio-
mass were measured. The aerial and root parts were dried
48 h in a forced oven at 70-C.

Measurements

Biomass and Nutrients. The plants were harvested 6
months after transplanting. Dry biomass of shoot and the
root, the root length, the glomalin and symbiotic devel-
opment were determined (see below). Shoot concentra-
tions of N (micro-Kjeldahl) and K [24] were measured.

Shoot and root water content were also determined
and calculated following the formula:

Water content WCð Þ ¼ Fresh weight� dry weight

Fresh weight
� 100

Mycorrhizal Colonization. The roots were carefully
washed and then divided into three batches: one was
stained by trypan blue (TB) after cleaning washed roots
in 10% KOH and staining with 0.05% trypan blue in
lactophenol (v/v) according to Phillips and Hayman [32]
and used for root length measurements with the Delta-T
Image Analysis System (Cambridge, England). The roots
were scanned and analyzed using DIAS Root length soft-
ware; the remaining roots were used for histochemical vital
staining using succinate dehydrogenase (SDH) or alkaline
phosphatase (ALP) to measure total (TB), living (SDH) or
active (ALP) AM fungal development.

SDH and ALP activities were determined according to
the procedure described by Smith et al. [41], Tisserant et al.
[41, 44]. Root fragments were then stained overnight at
room temperature and cleared for 15–20 min in 1% active
chlorine solution in sodium hypochlorite.

Mycorrhizal development, was also evaluated [45]
and expressed as intensity of AM colonization M; which
gives an estimation of the amount of root cortex that
became mycorrhiza and is referred to the whole root
system. The value of M% expresses the cortical cells
occupied by AM fungal structures in 100 cm of root pieces
(a minimum of 300 root pieces were examined) and A is
the arbuscule abundance and gives an estimation of the
arbuscule richness in the whole root system.

Easily extractable glomalin (EEG) was extracted from
1 g of rhizosphere soil subsamples with citrate buffers
[49, 51]. The extract from each replicate was pooled and
centrifuged to remove soil particles, and protein in the
supernatant was analyzed using a Bradford assay with
bovine serum albumin as the standard [51].

Secondary Metabolites and Enzymatic Activities.

Hydrogen peroxide (H202) concentration was determined
as described by Brennan and Frenkel [12]. The concentra-
tion of the H202 in the extracts was determined by com-
paring the absorbance against a standard curve representing
titanium-H202 level of the peroxides formed, as compared
to untreated at 415 nm.

Extraction and quantification of ascorbate and
glutathione, was performed following the method of
Law et al. [25]. The extract, common for both metabo-
lites, was obtained by macerating 0.5 g of fresh material
(leaves) with 5 mL of metaphosphoric acid 5% (w/v).
The extract was then centrifuged at 22,500 g during 15
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min at 4-C. The ascorbate content was determined by
means of reaction formed by 0.2 mL of supernatant, 0.5
mL of zodiac phosphate buffer 150 mM, pH 7.5, and 0.1
mL of DTT 10 mM. Tubes were shaken and incubated in
the dark 10 min at room temperature. After that, 0.1 mL
of N-ethylmaleimide 5% (w/v), 0.4 mL of trifluoroacetic
acid 10% (v/v), 0.4 mL of 2,2-bipiridil 4% (w/v) in
ethanol 70% (v/v) and 0.2 mL of FeCl3 3% (w/v) was
added. The tubes were shaken and incubated in the dark
at 40-C during 40 min and later absorbance was
determined at 525 nm. At the same time, a calibration
curve with a known ascorbate concentration was made.
The results were expressed as micromole of ascorbate per
gram (mmol g

_1).
For the quantification of glutathione, the reaction

mixture was: 50 ml of extract, 250 ml of Hepes-HCL 50 mM,
pH 7.6, that contained 330 mM of betaine, and 150 ml of
sulfosalicylic acid 10% (v/v). Tubes were shaken, and an
aliquot of 150 ml was taken and mixed with 700 ml of
NADPH 0.3 mM and 100 ml of DTNB 6 mM; after 4 min
50 ml of glutathione reductase (10 U ml

_1) was added.
The reaction tubes were incubated during 10 min at room
temperature. Absorbance at 412 mm was determined and
compared with a reference curve of glutathione. The
results were expressed as micromole of glutathione per
gram (mmol g

_1).
Total superoxide dismutase (SOD) activity (EC

1.15.1.1) was measured according to Beyer and Fridovich
[9]; the ability of SOD to inhibit the reduction of
nitroblue tetrazolium (NBT) by superoxide radicals
generated photochemically. One unit of SOD was
defined as the amount of enzyme required to inhibit
the reduction rate of NBT by 50% at 25-C. CAT activity
(EC 1.11.1.6) was measured as described by Aebi [1]. Con-
sumption of H2O2 (extinction coefficient of 39.6 mM

_1

cm
_1) at 240 nm for 1 min was monitored. The reaction

mixture consisted of 50 mM phosphate buffer (pH 7.0)
containing 10 mM H2O2 and 100 ml of enzyme extract in
a 2-mL volume. Glutathione reductase (GR) activity, (EC
1.20.4.2.) was estimated measuring the decrease of 340 nm
at 25-C as a result of the oxidation of NADPH [17]. The
reaction mixture (1 ml) contained 0.1 M HEPES-NaOH
100 mM (pH 7.8), 1 mM EDTA, 3 mM MgCl2, 0.5 mM
oxidized glutathione, 150 ml enzyme extract, and 0.2 mM
NADPH was added and mixed thoroughly to begin the
reaction. The results were expressed in micromole (mmol)
NADPH oxidized per gram (g

_1) PF min
_1, and the

activity was calculated starting from the initial speed of
reaction and the molar extinction coefficient of NADH
(e340 = 6.22 mM

_1 cm
_1).

Statistical Analyses. The data were subjected to
analysis of variance (ANOVA), Duncan’s multiple-range
test [18]. Percentage values were ARC-sine-transformed
before statistical analysis.

Results

Mycorrhizal plants colonized, particularly those colo-
nized by autochthonous strain, showed a root and shoot
biomass enhancement compared to plants colonized by
reference allochthonous strains or autochthonous G.
mosseae (Fig. 1). The colonization by the autochthonous
strains produced greater shoot and root biomass than the
colonization by allochthonous strains, irrespective of
fungal strain used. The magnitude of the growth
response between plants colonized by autochthonous G.
mosseae and allochthonous strain ranged from 62%
(shoot) to 100% (root). Differences in plant biomass
were lower between the G. intraradices-colonized plants

Figure 1. Shoot, root, shoot/root
(ratio), and root length (cm) of
mycorrhizal lavender plant inocu-
lated with reference allochthonous
AM fungi (G. mosseae [RM] or G.
intraradices [RI]) or with autoch-
thonous G mosseae (AM) or G.
intraradices (AI) after 6 months
under drought conditions. Means
followed by the same letter are not
significantly different (P G 0.05) as
determined by Duncan’s multiple-
range test (n = 5).
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as affected by the strain and the highest differences were
found in root development (by 35% in weight and by
87% in length). Similarly, the root/shoot ratio was the
highest in plants colonized by the autochthonous strains.

The highest accumulation of extraradical mycelium
(as glomalin) was found in the rhizosphere of roots
colonized by autochthonous fungus. Autochthonous G.
intraradices was the fungus that produced the highest
amount of this fungal glycoprotein. Differences in
glomalin concentration were of 49% (between G. intra-
radices strains) and 18% (between G. mosseae strains)
(Fig. 2). Vesicle formation was the lowest in AM roots
colonized by the less drought-adapted endophytes. In fact,
autochthonous strains formed 75% (G. intraradices) and
52% (G. mosseae) more vesicles than the corresponding
allochthonous strains.

The effectiveness of the autochthonous mycorrhizal
fungi (AI and AM) in increasing shoot and root water
content was greater than by reference fungi (RI or RM);
(Fig. 3).

Shoot N and K content displayed similar trends to
those described for plant growth. The contents of these
nutrients in lavender shoot and root were particularly
enhanced by autochthonous strains. The biggest difference
in N and K plant content was observed between lavender
plants colonized by each one of the two G. mosseae strains.

Mycorrhizal colonization showing SDH and ALP-ase
activities by autochthonous strains was greater than by
reference strains (Fig. 4). The arbuscular structures
showing SDH activity were the highest in root colonized
by autochthonous G. intraradices strain (Fig. 5). Never-
theless, G. intraradices produced a higher colonization
rate, vitality (SDH) and activity (ALP-ase) compared to
G. mosseae. The highest colonizing ability by G. intra-
radices was related to the greatest proportion of arbus-
cules (A) formed. Roots colonized by this fungus,
particularly by the autochthonous drought-adapted
strain, showed the greatest proportion of AM intraradical
structures (M and A), vitality, and activity.

Results showed a high contribution of the fungal
partner in the variability of H2O2, glutathione, and
ascorbate production (Fig. 6). The lowest accumulation
of such compounds was seen in plants colonized by both
G. intraradices strains and the highest in those colonized
by reference G. mosseae. The highest differences in the
production of such compounds were found in colonized
lavender by G. mosseae, autochthonous and reference
strains, and these were: 108% (glutathione), 26%
(ascorbate), and 43% (hydrogen peroxide). The differ-
ence between strains was more evident for glutathione.
Thus, it appeared to be particularly related to the degree
of drought-stress tolerance. In fact, these results show
that the accumulation of antioxidants varied according
to the adaptation and origin of the colonizing fungus.
The contribution of the mycorrhizal fungus used in
inoculation was important in affecting the production of
these metabolic compounds under water stress. Never-
theless, SOD and CAT antioxidant activities were not
affected by the AM fungus (Fig. 7). All of them
(particularly CAT) showed similar values irrespective of
the fungal strain involved. In addition, a small difference
(18%) was observed in SOD activity between plants
colonized by autochthonous G. intraradices and alloch-
thonous G. mosseae (the most and less efficient AM
fungi), whereas the difference in GR activity between
these both treated plants was 85%.

The effect of fungal colonization on antioxidant
enzymes activities differed between analyzed enzymes. In
plants colonized by autochthonous G. intraradices, the
increase in GR and decreased in glutathione might be
related with the symbiotic effectiveness under such
drought conditions.

The antioxidative induction was negatively correlat-
ed with shoot and root biomass production and
mycorrhizal development. The inoculation by autoch-

Figure 2. Vesicle formation and glomalin (mg g
_1) on mycorrhizal

lavender plant inoculated with reference allochthonous AM
fungi (G. mosseae [RM] or G. intraradices [RI]) or with
autochthonous G. mosseae (AM) or G. intraradices (AI) after 6
months under drought conditions. Means followed by the same
letter are not significantly different (PG 0.05) as determined by
Duncan’s multiple-range test (n = 5).
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Figure 3. Shoot and root water content
(%), nitrogen and potassium content
on lavender plant inoculated with ref-
erence allochthonous AM fungi (G.
mosseae [RM] or G. intraradices [RI])
and with autochthonous G. mosseae
(AM) or G. intraradices (AI) after 6
months under drought conditions.
Means followed by the same letter are
not significantly different (PG 0.05) as
determined by Duncan’s multiple-
range test (n = 5).

Figure 4. Root colonization in laven-
der plant inoculated with reference
allochthonous AM fungi (G. mosseae
[RM] or G. intraradices [RI]) or with
autochthonous G. mosseae (AM) or G.
intraradices (AI) after 6 months under
drought conditions. AM values mea-
sured (%) were: M (colonization in-
tensity or amount of fungal structures
colonizing 100 cm of root pieces) after
trypan blue (TB), succinate
dehydrogenase (SDH), or alkaline
phosphatase (ALP) staining. Means
followed by the same letter are not
significantly different (P G 0.05) as
determined by Duncan’s multiple-
range test (n = 5).
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thonous fungi caused not only a greater AM colonization
but also increased the physiological and metabolic status
of the symbiotic development.

Discussion

The results of this study showed that the symbiotic
effectiveness varied depending on the ecological adapta-
tion and origin of the AM fungi used. Both autochtho-
nous strains were more effective in terms of shoot and
root growth, water content and nutrients uptake by
lavender plants in the drought-stressed soil than similar
less drought-adapted allochthonous strains used as
references. The selection of effective fungal strains for
inoculation could lead to the enhancement of lavender
establishment in drought soils. An important differential
mycorrhizal effect of the autochthonous isolates com-
pared to the allochthonous strains was the highest
stimulation of root biomass (weight) and root length
and the highest proportion of N and K allocated in root
tissues. These effects and the water content are indicative
of drought tolerance. In a previous study, the autoch-
thonous fungal strain G. intraradices showed the highest
effectiveness on shoot and root biomass production
under drought conditions when associated with the
drought-adapted plant Retama sphaerocarpe and in-
creased water transport in terms of relative plant water
uptake (%) and volumetric soil moisture as previously
reported [27]. The results of the AM effect on plant water
content were concordant with those reported by Koide

[23]. Autochthonous G. intraradices might increase water
uptake by an improvement of root conductivity to water
flow and/or via extraradical mycelium being able to
transport water to the mycorrhizal root [13, 14, 38].
According to these results, AM extraradical mycelium,
determined as the amount of glomalin, was the highest in
the rhizosphere soil from autochthonous G. intraradices-
colonized plants having 49% more glomalin than the
rhizosphere soil from allochthonous reference strain.
Glomalin as mycelial component is used as an index of
fungal extraradical development. As well as binding
agent, it seems to play a principal role in soil stabiliza-
tion, and it may increase the level of stable aggregate
because this glycoprotein acts as an insoluble glue to
stabilize aggregates being effective in increasing soil
structural stability and soil water availability [50]. In
fact, autochthonous G. intraradices seems to be the most
suitable fungus in improving soil aggregation that
facilitates water infiltration, which is important in
maintaining soil porosity and providing adequate oxygen
supply to roots. The two autochthonous AM species
exhibited significantly greater extraradical (glomalin)
mycorrhizal development and plant water uptake than
the two allochthonous AM isolates from collection. In
concordance with these results, the greatest development
of intraradical mycelium, fungal activity, and vesicular-
arbuscular formations by autochthonous AM fungi were
produced. The arbuscular richness (A) shows the activity
of this symbiosis and is related to the nutrients and water
acquired by the host plant via AM mycelium.

Figure 5. Root colonization in laven-
der plant inoculated with reference
allochthonous AM fungi (G. mosseae
[RM] or G. intraradices [RI]) and with
autochthonous G. mosseae (AM) or G.
intraradices (AI) after 6 months under
drought stress. AM values measured
(%) were: A (arbuscules abundance) in
the whole root system after trypan blue
(TB), succinate dehydrogenase (SDH),
or alkaline phosphatase (ALP) staining.
Means followed by the same letter are
not significantly different (PG 0.05) as
determined by Duncan’s multiple-
range test (n = 5).
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Several mechanisms can explain the following finding:
the lowest oxidative damage and the greatest N, K, water
content, and plant biomass found in lavender plants
colonized by autochthonous fungal strains. The allevia-
tion of oxidative damage is an important mechanism
involved in the protective mechanisms of AM-colonized
plants by selected fungi against water limitation. The
efficiency of autochthonous G. mosseae in increasing
plant growth, water content and nutrition under
drought conditions suggests that native AM strains,
isolates from dry site, promoted particular strategies of
stress avoidance in colonized lavender plants when
subjected to water limitation. In fact, the highest K

uptake by plants colonized by particular AM fungus may
play a key role in osmoregulation in lavender. K is
important in controlling the water regime and as
osmotic solute, is able to maintain a high-tissue water
level under drought conditions [43]. Reference G.
mosseae was the strain most sensitive to this stress and
exhibited the lowest tolerance mechanisms to drought. It
is well known that nitrogenous compounds (glycine,
proline, and betaines) are implicated in drought resis-

Figure 6. Glutathione, ascorbate and H2O2 contents in lavender
plants inoculated with reference allochthonous AM fungi (G.
mosseae [RM] or G. intraradices [RI]) or with autochthonous G.
mosseae (AM) or G. intraradices (AI) after 6 months under
drought conditions. Means followed by the same letter are not
significantly different (P G 0.05) as determined by Duncan’s
multiple-range test (n = 5).

Figure 7. Catalase, superoxide dismutase, and glutathione reduc-
tase activities in lavender plant inoculated with reference
allochthonous AM fungi (G. mosseae [RM] or G. intraradices [RI])
and with the autochthonous G. mosseae (AM) or G. intraradices
(AI) after 6 months under drought conditions. Means followed by
the same letter are not significantly different (P G 0.05) as
determined by Duncan’s multiple-range test (n = 5).
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tance of plants as osmotic constituents [35]. Autochtho-
nous G. mosseae leads to a lower drought-induced
oxidative stress than the allochthonous strain because of
the primary drought-avoidance mechanisms such as
higher water, N, and K acquisition as well as to the
ability of extraradical hyphae to take up water and
nutrient from less accessible sources [39].

As the results showed, plants colonized by autochtho-
nous AM fungi have a lower amount of H2O2, glutathione,
and ascorbate accumulated than the corresponding
drought-sensitive allochthonous fungal species. This may
be considered as an indication of drought-avoidance
mechanisms by autochthonous species as expected.

Antioxidative plant defense was more assured by
autochthonous G. intraradices colonization as indicated
by the reduced glutathione, catalase, and H2O2 concen-
tration in lavender tissues. The indirect relation between
the production of these compounds and plant tolerance
resulted in a stronger root and shoot enhancement
compared to plants colonized by reference strain. The
development of this fungus that showed greater SDH or
ALP-ase activities in AM mycelium and arbuscular
production, indicating a higher mycorrhizal vitality,
may also be related to plant drought tolerance.

Autochthonous G. intraradices helps the lavender
plants to a higher extent under these experimental
conditions. The antioxidative response in these plants
seem to be mainly assured by the H2O2, glutathione and
ascorbate content than by antioxidative enzymatic activities
SOD, CAT, and GR measured in this article. Water stress
seems not to be compensated in reference G. mosseae, and
plant cells start using organic compounds at the expense of
growth [30]. Other mechanisms developed in AM plants
including ion transport, compartmentalization and oxida-
tive protection, which may also explain the different
resistance shown when plants were colonized by AM fungi
more adapted or less adapted to drought conditions.

Hydrogen peroxide concentration is an important
parameter index of many degenerative reactions associated
with several stresses [33]. It has the ability to initiate
reactions resulting in the production of hydroxyl radicals
that provoke oxidative damage to biomolecules [10].
H2O2 is produced by several enzyme systems [31]. In
some circumstances, the signaling potential and destruc-
tive power of reactive oxygen species (as H2O2) are
defense mechanism [20, 26]. H2O2 is a strong oxidant that
oxidizes tiol groups. In addition, glutathione reductase
plays a relevant role in plant protection against biotic or
abiotic stress [3]. An enhancement in this enzymatic
activity has been associated with many processes such as
higher protection of ascorbate and glutathione pools
against stress, lower sensitivity to photo inhibition, and
decreased foliar damage caused by the stress [21].

The induction of H2O2, glutathione and ascorbate by
water stress considered as biochemical marker of toler-

ance and their protective role was widely reported [15,
33]. Results from this study suggest that the consistently
lower H2O2, glutathione and ascorbate accumulation in
plants colonized by autochthonous AM fungi is an
indication of a lower oxidative damage to biomolecules.

The autochthonous AM fungal isolates the most
appropriate fungi to be used for inoculation of plants
growing under drought stress conditions. The autoch-
thonous strains increased plant biomass concomitantly
with an increase in N, K and water content and a decline
in the antioxidant compounds having an important role
in plant protection and metabolic functioning under
water deficit.
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