J Plant Growth Regul (2009) 28:115-124
DOI 10.1007/s00344-009-9079-6

Stimulation of Plant Growth and Drought Tolerance
by Native Microorganisms (AM Fungi and Bacteria)
from Dry Environments: Mechanisms Related to Bacterial

Effectiveness

Adriana Marulanda + José-Miguel Barea -
Rosario Azcon

Received: 26 May 2008 / Accepted: 19 December 2008 / Published online: 24 February 2009

© Springer Science+Business Media, LLC 2009

Abstract In this study we tested whether rhizosphere
microorganisms can increase drought tolerance to plants
growing under water-limitation conditions. Three indige-
nous bacterial strains isolated from droughted soil and
identified as Pseudomonas putida, Pseudomonas sp., and
Bacillus megaterium were able to stimulate plant growth
under dry conditions. When the bacteria were grown in
axenic culture at increasing osmotic stress caused by
polyethylene glycol (PEG) levels (from O to 60%) they
showed osmotic tolerance and only Pseudomonas sp.
decreased indol acetic acid (IAA) production concomi-
tantly with an increase of osmotic stress (PEG) in the
medium. P. putida and B. megaterium exhibited the highest
osmotic tolerance and both strains also showed increased
proline content, involved in osmotic cellular adaptation, as
much as increased osmotic stress caused by NaCl supply.
These bacteria seem to have developed mechanisms to
cope with drought stress. The increase in IAA production
by P. putida and B. megaterium at a PEG concentration of
60% is an indication of bacterial resistance to drought.
Their inoculation increased shoot and root biomass and
water content under drought conditions. Bacterial IAA
production under stressed conditions may explain their
effectiveness in promoting plant growth and shoot water
content increasing plant drought tolerance. B. megaterium
was the most efficient bacteria under drought (in successive
harvests) either applied alone or associated with the
autochthonous arbuscular mycorrhizal fungi Glomus cor-
onatum, Glomus constrictum or Glomus claroideum. B.
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megaterium colonized the rhizosphere and endorhizosphere
zone. We can say, therefore, that microbial activities of
adapted strains represent a positive effect on plant devel-
opment under drought conditions.
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Introduction

Water deficit is the most common stress affecting plant
growth in arid and semiarid regions. Thus, it is necessary to
improve the level of efficiency in plant capture and use of
water and nutrients. Inoculation of plants with native bene-
ficial microorganisms may increase drought tolerance of
plants growing in arid or semiarid areas (Marulanda and
others 2007). Plants growing under detrimental environ-
mental conditions, such as those occurring in arid and
semiarid soils, undergo water limitation and nutrient defi-
ciencies but have several mechanisms to cope with these
adverse factors. Rhizosphere microorganisms are adapted
to adverse conditions and may compensate for such
detrimental conditions (Ruiz-Lozano and others 1996;
Marulanda and others 2008).

Ecosystem functioning is largely governed by soil
microbial activity (Kennedy and Smith 1995) because
biochemical cycles of major plant nutrients are carried out
by microorganisms (Barea and others 2002). Sustainable
systems require the understanding of interactions between
plants and microorganisms, especially those having a direct
influence on plant growth and stress tolerance (Gryndler
and others 2000). Both AM fungi and soil bacteria can
adapt to specific environmental conditions and develop
tolerance to stressful environments (Ruiz-Lozano and
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Azcon 2000; Vivas and others 2003b). Abiotic stress tol-
erance in soil microorganisms has been studied to provide a
biological understanding of the adaptation and survival of
living microorganisms in extreme environments. Among
these microbial groups bacteria and arbuscular mycorrhizal
(AM) fungi are ubiquitous in the soil, and there is abundant
literature to support the idea that these rhizosphere
microbes interact in rather specific ways to influence their
relationship with and their effect on plant growth (Galle-
guillos and others 2000; Marulanda and others 2006). Plant
growth-promoting rhizobacteria (PGPR) play an important
role as modifiers of soil fertility and as facilitators of plant
establishment and development (Barea and others 2002;
Caravaca and others 2002). The cooperation of bacteria and
AM fungi in nutrient uptake by plants may be due to
specific attributes of microorganisms and there is a grow-
ing interest in improving our understanding of their
involvement not only in nutrient cycling but also in their
effect on non-nutritional physiologic values that make the
plant more tolerant to environmental stresses, particularly
drought stress (Vessey 2003; Barea and others 2005).
Beneficial soil microorganisms such as bacteria and/or
AM fungi can adapt to specific environmental conditions
and develop tolerance to stressful conditions. The role of
these microorganisms in plant stress tolerance to heavy
metals, salt, and drought is known and has been studied in
the context of providing a biological understanding of the
adaptation of living organisms to extreme environments.
The growth effect of PGPR may be mediated by IAA,
salicylic acid, and gibberellin signalling pathways (Bent and
others 2001; James and others 2002). It is also known that an
increase in plant growth caused by AM fungi is mediated in
part by an alteration in plant hormone levels. Their effec-
tiveness in drought alleviation has been also reported (Ruiz-
Lozano and others 2001; Marulanda and others 2006, 2007).
The manipulation of these microorganisms is important with
regard to sustainability issues (Bowen and Rovira 1999;
Medina and others 2003; Vivas and others 2003a). However,
positive results depend on a proper understanding of the
system applied and the suitable selection of microbes
(Galleguillos and others 2000; Valdenegro and others 2001;
Marulanda and others 2003; Vivas and others 2006).
Investigating stress markers such as proline and/or
phytohormone synthesis at increasing stress (PEG or salt)
levels in the axenic medium of bacterial cultures may aid in
selecting the more stress-adapted tolerant strains. Proline
may act as an osmolyte, stabilizing proteins, scavenging
hydroxyl radicals, and regulating the NAD/NADH ratio.
The amount of TAA is also a suitable marker for bacterial
effectiveness, particularly under osmotic stress (Boiero and
others 2007).
Marulanda and others (2003) analyzed the contribution
of six AM fungi to water uptake by plants under drought
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stress. Recently, Marulanda and others (2006) reported the
effect of drought-tolerant AM fungus and Bacillus sp. in
improving plant tolerance to drought stress and water
transport in Retama sphaerocarpa. Possible mechanisms
involved in the effectiveness of microbial inoculation were
analyzed because both AM fungi and soil bacteria can be
adapted to specific environmental conditions (Glick and
others 1999), and a higher tolerance to stress of indigenous
microorganisms in comparison to those nonautochthonous
AM fungi from nonstressed sites has been described pre-
viously (Vivas and others 2003d; Marulanda and others
2006). Important aspects such as microbial tolerance to
stress and the effect of such microorganisms on plant
growth must be considered and evaluated.

Only long-term experiments in stressed soil give us the
opportunity to study the real detrimental effects of water
deficiency and the beneficial effect of inoculated micro-
organisms for any length of time.

Indigenous bacterial populations may have adapted to
stress conditions and developed the capacity to survive in
stressed soils. Therefore, three indigenous bacterial strains
used here were isolated from a Mediterranean arid soil. We
studied the ability of such bacterial strains, isolated from an
arid soil, to produce proline or IAA under increasing
osmotic stress (by PEG or NaCl supply) in axenic culture.
The drought tolerance and effectiveness of these bacteria
were determined alone or in association with four autoch-
thonous AM fungi during successive harvests under water
limitation in the medium.

Materials and Methods

To test the ability of autochthonous drought-adapted
microorganisms (AM fungi and PGPR bacteria) to increase
plant growth and to survive and function under osmotic-
stress conditions, various independent experiments were
carried out in this study.

1. First, noninoculated controls and three autochthonous
bacterial strains were assayed in a microcosm exper-
iment under drought conditions. These treatments were
replicated five times with a total of 20 pots placed in a
random complete block design.

2. In a second bioassay, these three bacterial strains were
assayed in interaction with each of the four autoch-
thonous AM fungi isolated from the same test
Mediterranean arid soil. Individual mycorrhizal inoc-
ulated plants were also assayed. These treatments were
replicated five times with a total of 80 pots placed in a
random complete block design.

3. Autochthonous bacterial isolates and one reference
strain were grown at increasing NaCl concentrations
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(0, 150, 300, and 600 mM) to test NaCl tolerance as
cfu ml™'. These four treatments were replicated three
times for a total of 48 tubes.

4. Bacterial strains were also assayed in axenic medium
to test indol acetic acid (IAA) production under
increasing levels of polyethylene glycol (PEG) (O,
20, 40, and 60%) or proline production under increas-
ing levels of NaCl (0, 1.5, and 3.0 M) in the culture
medium. All these treatments were replicated three
times with a total of 63 tubes.

5. Bacterial growth in the rhizosphere and inside root
tissues was determined after 15 days of inoculation in
maize plants grown in axenic medium (test tubes)
giving a total of 15 tubes.

Soil Microorganisms

The soil samples for microbial inocula production were
taken from the Mediterranean arid soil used as test soil for
these experiments. From this soil, containing the native
adapted AM fungi and bacterial populations, these micro-
organisms were isolated and cultivated for inocula
production. The bacterial strains selected were the three
most abundant cultivable types. In the same way, mycor-
rhizal inocula isolated from this soil (the four most
abundant species) were morphologically identified as
Glomus sp. (G. constrictum, G. coronatum, G. claroideum,
and G. mosseae).

The bacterial isolation was carried out using the con-
ventional procedure: 1 g of homogenized rhizosphere soil
was suspended in 100 ml of sterile water (dilution 1072
and 1 ml of this suspension was serially diluted to reach
dilutions of 10~*~107". These dilutions were plated in agar
nutrient broth Difco medium (8 g L_l) that contained meat
extract (3 ml™") and peptone gelatine (5 g L") and cul-
tivated for 48 h at 28°C. Once selected, the most abundant
bacterial strains were grown in 250-ml flasks containing
50 ml of nutrient broth medium in a shake culture for 48 h
at 28°C. In the appropriate treatments, plants were inocu-
lated with 0.5 ml of the bacterial culture (10% cfu ml~'). In
control treatments, 0.5 ml of sterilized bacterial culture
was added.

Mycorrhizal inoculum from each endophyte was mul-
tiplied in an open pot culture of maize and Trifolium and
consisted of soil, spore, hyphae, and mycorrhizal root
fragments. The AM fungal species were G. constrictum, G.
coronatum, G. claroideum, and G. mosseae according to
morphologic identification. Five grams of each AM inoc-
ulum, having similar richness (an overage of 30 spores g~
and root fragments with 75% of colonized roots length)
was applied below the seed of the Trifolium plants. A

suspension (1 ml/seed) of the diazotrophic bacterium Rhi-
zobium leguminosarum bv trifolii (10° cfu m1™") was
sprinkled over seeds of all treatments at sowing time.

Test Soil and Growth Conditions

The experimental soil was collected from a Mediterranean
arid region of eastern Spain. The calcareous loamy soil was
sieved (2 mm), diluted with quartz-sand (<1 mm) (1:1
soil:sand v/v), and sterilized by steaming (100°C for 1 h
over 3 days). The soil pH was 7.2 (water) and contained
1.6% organic matter. Nutrient concentrations were 2.1 mg
kg~' N; 1.7 mg kg~ P (NaHCOs-extractable P); 0.8 mg
kg~ ! K. The soil texture was made up of 57.8% sand, 19%
clay, and 23.2% silt.

Trifolium repens plants were grown in 500-ml pots in a
greenhouse under controlled climatic conditions (18-24°C,
with a 18/6 h light/dark period and 50% relative humidity).
A photoperiod of 16 h at a photosynthetic photon flux
density (PPFD) of 350 pmol m 2 s~ as measured with a
light meter (model LI-188B; Licor Inc., Lincoln, NE,
USA) was maintained during the experiment by supple-
mentary light to compensate natural illumination.

Water was supplied daily to maintain constant soil water
close to field capacity (17% volumetric soil moisture)
during the 2 weeks after sowing. After this time, and
during a period of 15 weeks, these plants were allowed to
dry until the soil water content was 75% of field capacity
(13% volumetric soil moisture). Pots were subjected to
drought conditions (0.17 MPa) after 2 weeks of sowing.
The two microcosm experiments were subsequently carried
out using the same soil, plant, and pot and under the same
environmental conditions.

Molecular Identification of the Bacterial Strains

Bacterial identification was carried out by 16S rDNA
cloning and sequencing as previously described (Vivas and
others 2003d). Database searches for 16S rDNA sequence
similarity unambiguously identified the bacteria as Pseu-
domonas putida, Bacillus megaterium, and Pseudomonas
sp. (Pseudomonas plecoglossicida being its closest relative
with 98% of sequence identity).

Production of Indole-3 Acetic Acid by Bacterial Strains
Under Increasing Polyethylene Glycol (PEG)
Concentrations

The bacterial isolates were cultivated at 28°C in medium
supplemented with 0, 20, 40, or 60% of PEG to induce
drought stress. The production of indole-3 acetic acid
(IAA) by these bacteria under increasing PEG concentra-
tions was measured. For gas chromatography-mass
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spectrometry (GC-MS) analyses bacterial strains were
grown at 28°C in liquid minimal medium MMAB (Vans-
tockem and others 1987) containing 0.5% malate as a
carbon source and supplemented with 0.1 ptM tryptophan
(Trp) as a precursor for IAA biosynthesis and 10 mM
arabinose as inducer for the plant-inducible promoter.
Samples of the culture (5 ml) were taken and made cell-
free by centrifugation. Samples were stored at —20°C until
analysis. IAA was purified from 5 ml of cell-free super-
natant by solid-phase extraction using [phenyl-'>Cg]-IAA
as internal tracer and analyzed by GC-MS (Prinsen and
others 2000) as pentafluorobenzyl ester (Epstein and Cohen
1981). All data are averages of three replicates.

Proline Production by Bacterial Strains Under
Increasing NaCl Concentrations

Proline accumulation by these bacteria under increasing
osmotic stress produced by NaCl application was deter-
mined by a colorimetry method (Bates and others 1973).

Bacterial Growth Under NaCl Levels in the Medium

The growth of autochthonous bacteria under increasing
NaCl levels was tested in comparison to Bacillus thur-
ingiensis from an arid zone (previously proved as PGPR)
(Marulanda and others 2006). This bacterium was used as
a control for comparison with the strains assayed in this
study. Bacterial strains were cultivated at 28°C in nutrient
broth (8 g Lfl) supplemented or not (control) with
increasing NaCl levels (150, 300, or 600 mM NaCl). The
number of viable cells was estimated at 12-h intervals
from O to 24 h following the conventional procedure:
1 ml of suspension was plated in agar nutrient broth
medium.

Rhizosphere and Endorhizosphere Bacterial
Colonization After Inoculation on Maize Plants

The autochthonous bacteria were also assayed in test tubes
under axenic conditions to study the endophytic colonizing
abilities of these rhizosphere microorganisms. For that,
maize seeds under sterile conditions were suspended or not
(control) for 1 h in each one of the bacterial suspensions
(103 cfu ml™"). They were placed in sterilized test tubes
(40 ml) containing vermiculite and 25 ml of Murashige
and Skoog (1962) medium lacking phytogel and glucose.
Maize plants were grown for 15 days under growth
chamber conditions (16/8 h light/dark and 24°C, minimum
200 pmol s~' m~?). Sterile water was supplied daily to
maintain constant water content.

After 15 days, bacterial growth in the rhizosphere and
inside the root tissue of the maize plants was determined
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(five repetitions by each bacterial strain). The bacterial
growth in the rhizosphere was carried out following the
conventional procedure: 1 g of homogenized rhizosphere
was suspended in 100 ml of sterile water (dilution 1072
and was serially diluted to reach 10~7. The dilution was
plated (0.2 ml) in agar nutrient broth medium (8 g L™
and cultivated at 28°C. The bacterial growth inside the
roots (endorhizosphere) was determined by selecting 1 g of
fresh root, which was cleaned and surface disinfected
(shaking 20 min in 30% [v:v] H,O, and washed in five
changes of distilled water). After grinding, 100-pl aliquots
were suspended in 10 ml of sterile water (dilutions 1072
and 1 ml of this suspension was serially diluted to each
dilution of 107*~107". Dilutions were plated in agar
nutrient broth medium (8 g L™") and cultivated for 48 h at
28°C.

Results

These autochthonous bacteria were identified as Pseudo-
monas sp., Pseudomonas putida, and Bacillus megaterium.
Inoculation of each of these autochthonous bacterial strains
increased shoot and root biomass compared to the control
plants under water stress conditions (Figure 1). The bac-
terial effect on the water content (WC) of plants was also
evident. A similar positive effect on WC was observed in
the inoculated plants irrespective of the bacteria involved
(Figure 1).

The dual inoculation of any of these bacterial strains
with each of the AM fungi assayed proved the effective-
ness of each AM fungus in increasing shoot biomass
(Figure 2). Nevertheless, as the results of the first harvest
shown, an effect of the bacterial inoculation was evidenced
only in mycorrhizal plants by G. coronatum and G. clar-
oideum fungi.

The dual inoculation of these autochthonous microor-
ganisms was critical for plants to reach optimum growth.
These results also indicate that the most efficient fungus in
enhancing biomass development (G. constrictum) obtained
the poorest response to bacterial inoculation. G. constric-
tum-colonized plants increased plant growth by 48% when
co-inoculated with B. megaterium. However, the effec-
tiveness of B. megaterium in increasing the biomass of
AM-colonized plants was in terms of percentage: 95% (G.
coronatum), 715% (G. claroideum), and 121% (G. mosseae)
(Figure 2).

The bacterial inoculation also increased root weight
compared to the control plants, but the bacterial effect was
more evident in shoot improvement (Figure 1). The bac-
terial inocula increased plant water content; this bacterial
effect is relevant for plants grown in soils with water
limitation.
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In axenic culture, B. megaterium exhibited the highest
tolerance to the osmotic stress caused by NaCl. The ref-
erence strain of B. thuringiensis as Pseudomonas sp. was
sensitive to 600 mM NaCl, reducing widely the bacterial
growth (Figure 3). Indol-3 acetic acid (IAA) production by
B. megaterium was higher than that by Pseudomonas

strains at whatever PEG concentration in the culture
medium (Table 1). As a consequence of salinity, proline
concentration by P. putida and B. megaterium increased
(Table 2), reaching optimum production at 1.5 mM NaCl.
At this NaCl level,
(Pseudomonas sp.) to 0.03 pg ml~! (B. megaterium).

proline production ranged from 0.01
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Table 1 Indole acetic acid (IAA) production (ug ml™") by autoch-
thonous drought-adapted bacterial strains growing under increasing
polyethylene glycol (PEG) concentrations in the culture medium

% PEG g IAA ml™!
Pseudomonas sp. P. putida B. megaterium
0 1.0d 0.8d 2.5b
20 0.9d 0.9d 2.3bc
40 0.8d 1.2¢ 2.5b
60 0.3e 2.6b 3.0a

Values having a common letter are not significantly different
(p < 0.05) as determined by Duncan’s multiple-range test (n = 3)

Table 2 Proline accumulation (pg ml™h by autochthonous drought-
adapted bacterial strains under increasing levels of NaCl in the culture
medium

NaCl (mM) Pseudomonas sp. P. putida B. megaterium
0 0.009¢ 0.006d 0.010c
1.5 0.010c 0.014b 0.030a
3 0.005d 0.011c¢ 0.016b

Values having a common letter are not significantly different
(p < 0.05) as determined by Duncan’s multiple-range test (n = 3)

The colonizing niche and abilities of these bacteria are
given in Table 3. B. megaterium was the only bacterium
colonizing the root tissue. Thus, it is characterized as
endophytic bacterium. Its growth inside the root was
6 x 10° cfu g fresh root. The presence of both Pseu-
domonas strains was detected only in rhizosphere medium
(8.8 x 10° cfu g! fresh soil) (Table 3).
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Table 3 Autochthonous drought-adapted bacterial strains (cfu
10° g~! root or soil) after 15 days of inoculation in maize plants

Pseudomonas sp. P. putida B. megaterium
Soil 8.6a 8.6a 8.0a
Root 0.0b 0.0b 6.0a

Values having a common letter are not significantly different
(p < 0.05) as determined by Duncan’s multiple-range test (n = 3)

Discussion

The underlying mechanism of enhancing plant tolerance to
drought (in terms of growth) by bacterial inoculation could
be the ability of these plants to increase their water content,
because plants with a well-developed root system have the
greatest ability to take up water. The enhancement of root
growth by bacterial inoculation could be due to IAA pro-
duced by bacteria.

Some autochthonous bacterial strains such as P. putida
and B. megaterium isolated from dry soils had a higher
tolerance to NaCl than B. thuringiensis (reference strain) or
Pseudomonas sp. because these latter two strains did not
grow under certain NaCl concentrations and appeared to be
sensitive to the highest NaCl concentration used. Whereas
the most sensitive strains (Pseudomonas sp. and B. thur-
ingiensis) greatly reduced their growth in media
supplemented with 600 mM NacCl, the most tolerant strains
were less affected by such NaCl concentration. These
results agree with the highest proline accumulation of these
two strains under moderate or strong osmotic stress caused
by NaCl in the medium. Moreover, the ability of these
strains to increase the production of IAA as much as the
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increased osmotic stress (PEG) in the growing medium
would account for their osmotic tolerance. On the other
hand, Pseudomonas sp. produced lower amounts of [AA,
particularly under the highest levels of osmotic stress (40
and 60% PEG).

The positive effect on plant growth after the inoculation
of these bacterial strains was evident not only in single
inoculations but also in dual inoculations with whatever
autochthonous AM fungi here assayed. These bacterial
strains were compatible and effective in increasing the
benefits of AM symbiosis on plant growth with each fungal
isolate under the drought conditions assayed here.

Both AM fungi and the inoculated bacterial strains came
from Mediterranean arid soil and were assayed (as inocula)
under natural soil conditions in microcosms. This is
important from a practical point of view because these
microorganisms were able to survive and multiply to reach
a sufficient population to express their activities in the
natural soil through time (four harvests at least). Inconsis-
tent plant responses by inoculation of selected
microorganisms under axenic conditions have been repor-
ted (Bowen and Rovira 1999). In this study we investigated
some bacterial biochemical traits that could explain the
positive results observed in plant growth after being inoc-
ulated under water-limiting conditions. We confirmed in
axenic culture that B. megaterium exhibited the highest
tolerance to water deficit caused by osmotic stresses (PEG
or NaCl), increasing proline and IAA production as much as
the increase in the osmotic stress in the growing medium.

The increasing proline accumulation in axenic culture of
the native bacteria B. megaterium under increasing stress
conditions could induce the adjustment of cell osmotic
potential, indicative of osmotic cellular adaptation. This is
a mechanism by which microbial cells can cope with
drought stress (Paleg and others 1984). According to our
results, inoculation with B. megaterium increased shoot and
root biomass and water content in plants. The highest IAA
production by this bacteria under stressful conditions may
explain its effectiveness in promoting shoot and root
growth by 86% and water content respectively. This PGPR
capacity and the proline accumulation may enhance its
competitive advantage under dry environments. This bac-
terium also was the most effective in interactions with three
of the four AM fungi assayed, resulting in particular effects
on plant performance depending on the AM fungus
involved.

This is the first time that some physiologic bacterial
mechanisms related to drought tolerance and effectiveness
when inoculated in dry environments have been tested. We
observed that the highest IAA and proline production by B.
megaterium in axenic culture are directly correlated with
the greatest root growth. As well, co-inoculation with most
of the native AM fungi resulted in the most effective

interaction. Therefore, both compounds (proline and IAA)
were useful markers of bacterial performance in plants
growing in water-stressed soils.

Marulanda and others (2003) reported that a rhizosphere
bacterium isolated from an arid soil and identified as
Bacillus sp. positively influenced the development and
activity of two Glomus sp., stimulating not only the activity
of intraradical mycelium from Glomus sp. but also the
development of extraradical mycelium from G. intrara-
dices. In a recent (unpublished) study, we found that B.
megaterium increased the amount of photosynthetic pig-
ments in G. intraradices-colonized plants in which an
increase of both total chlorophyll and catorenoids was
observed. The enhancement of the photosynthetic rate in
dually inoculated plants affects the translocation of soluble
sugars to host roots, thus increasing fungal growth and
activity in the roots. Nevertheless, co-inoculation of this
bacterium with G. mosseae did not increase plant gas-
exhange values. The effects of specific interactions
between the bacterium and each Glomus sp. on plant
physiology and metabolism were independent of drought
stress. Specific microbe-microbe interactions that modulate
the effect of microbial associations on plant physiology can
occur (Marulanda and others 2008).

The advantages of a well-developed and persistent
bacterial community include better survival and effective-
ness in plant development in osmotically stressed
environments because the activity of such microbial com-
munities may be essential in the establishment and
nutrition of plants in such environments. Whereas plant
root and shoot biomass were limited by osmotic stress, the
microbial inoculation attenuated the negative effect of such
detrimental factors.

The PGPR are associated with plant roots (inside and/or
outside) and either directly or indirectly stimulate plant
growth, but there is a gradient of root proximity and inti-
macy depending on the niche. There are bacteria living in
the soil near the roots, bacteria colonizing the rhizoplane
(root surface), and bacteria residing in root tissue (inside
cortical cells) (Gray and Smith 2005). These aspects are
important for intimacy with the associated plant, from
almost casual to extremely regulated and housed in spe-
cialized structures.

In general, for an effective growth stimulation a close
interaction between microorganisms and host plants is a
prerequisite for utilization of plant assimilates and micro-
bial metabolites, respectively, by the partners (Grayston
and others 1996). Particular and specific interactions
between plants and microbial groups need to be compatible
at a physiologic level (Marulanda and others 2006).
Combined inoculation of bacterial strains with AM fungi
produced growth-stimulating effects that surpassed those of
individual inoculations (Galleguillos and others 2000).
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The fungal isolates used were indigenous drought-tol-
erant isolates but the effectiveness of each AM fungus in
increasing plant growth was different and depended on the
AM endophyte involved. One study reported that different
AM fungi are highly variable in their tolerance to drought
stress (Marulanda and others 2003).

Recently, Marulanda and others (2007) reported that the
selection of effective AM fungal strains for inoculation could
lead to the enhancement of plant growth in drought soils. The
most efficient AM fungus exhibited greater extraradical
mycelium (glomalin) and plant water uptake probably as a
result of an improvement in root conductivity to water flow
and/or via a mycelium able to transport water to the AM-
colonized root system (Ruiz-Lozano and Azcén 1995; Bryla
and Duniway 1997). As aresult, the increased root growth due
to effective AM colonization increased plant water content
and concomitantly decreased antioxidant compounds such as
glutathione, ascorbate, and H,O, which have an important
role in plant protection and metabolic functions under water-
deficit conditions (Marulanda and others 2007).

In a recent study, Marulanda and others (2008) deter-
mined that the B. megaterium strain studied was effective
in co-inoculation with G. coronatum, the same autochtho-
nous strain used here, but it did not improve plant growth
when it was associated with G. coronatum. Physiologic and
biochemical traits of these AM fungi-bacteria associations
were discussed. We cannot rule out the changes in IAA
content as affected by each of the bacterial inoculants
under stress conditions; however, this may be relevant in
the growth effect observed.

In this study, the proline accumulation under NaCl-
induced stress is an indication of the adjustment of bacte-
rial cells to the osmotic potential required for enhanced
intracellular osmotic balance. Stressed cells increased
osmotic resistance by maintaining high levels of proline.
This and other processes are mechanisms by which cells
can cope with osmotic stress (Paleg and others 1984).
According to the results of the present research, each of the
selected bacteria had different abilities to accumulate
proline under osmotic stress conditions. Without salt slight
differences in proline were found between bacterial strains;
however, under high (3 mM NaCl) and moderate (1.5 mM
NaCl) salinity only P. putida and B. megaterium increased
proline production. The highest values were observed
under moderate salinity (1.5 mM NaCl) and these results
correlated with the highest growth presented by such
strains in medium with high NaCl concentrations. In fact,
proline accumulation could be used here as an osmotic
tolerance index on these autochthonous bacteria and on the
effect on plant growth under drought conditions.

Despite the fact that two of the bacterial isolates belong to
the same genus (Pseudomonas), high variability in [AA
production was observed, particularly at the highest PEG
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level (Table 1). We found IAA amounts ranging from 0.3
(Pseudomonas sp.) to 3.0 (P. putida) pg ml~" under 60%
PEG. Without PEG in the culture medium, such differences
were lower. These results indicate that the autochthonous
bacteria assayed were able to increase plant growth in non-
mycorrhizal and mycorrhizal plants. However, the best
compatibilities between AM fungi and these bacteria were
evidenced using B. megaterium, except when associated with
G. mosseae. The fact that these bacteria showed differences
only in plant growth when associated with AM fungi suggests
that they produced some substances responsible for AM
functioning (Souchie and others 2007). Bacteria called
“mycorrhiza helper bacteria” stimulate AM root colonization
(Vivas and others 2006) and mycelial growth from G. mos-
seae spores in vitro culture (Azcon 1987; Vivas and others
2006), but here these values were not determined.

Previously, we reported (Marulanda and others 2006)
that co-inoculation of microorganisms such as Bacillus
thuringiensis (the bacterial strain used in this study as a
reference to test proline accumulation) and G. intraradices
(a drought-tolerant fungal specie) reduced by 42% the
water required to produce 1 mg of shoot biomass compared
with an uninoculated control. These results were the first
evidence of the ability of a rhizosphere bacterium to
increase plant water-use efficiency.

B. megaterium acted as an endophyte bacteria. The
water content of plants was enhanced by bacterial inocu-
lation which represents a positive bacterial effect on plant
development under drought conditions. This bacterial
activity is very important for preventing damage and
enhancing plant survival in semiarid and arid areas.
Knowledge about the characteristics of indigenous bacteria
involved in stress adaptation requires further study.

The effect of bacterial strains on root development is
fundamental for root function (Barea and others 1996). In
fact, the PGPR ability of these bacterial strains can be
envisaged as an addition to the mycorrhizal helping activity
involved in mycorrhizal plant responses (Vivas and others
2003c; Germida and Walley 1996). Aspects of rhizosphere
biology emphasize the ecologic and practical importance of
soil microorganisms for plant development under stressed
environmental conditions and the positive interactions
developed with members of soil microbiota such as AM
fungi and PGPR bacteria.
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