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Abstract: The effect of seed inoculation by phosphate solubilizing microorgamisms on growth, yield and
nutrient uptake of maize (Zea mays L. SC. 704) was studied m a field experiment. Positive effect on plant growth,
nutrient uptake, grain yield and yield components in maize plants was recorded in the treatment receiving mixed
moculum of Glomus intraradices (AM) and Pseudomonas fluorescens (Pf). Co-moculation treatment
significantly increased grain yield, yield components, harvest index, grain N and P, soil available P, root
colomzation percentage and crop WUE under water deficit stress. In some of investigated characteristics under
well-watered conditions, chemical fertilizer treatment was higher than double inoculated treatments, but this
difference was not sigmficant. Seed moculation only with AM positively affected the measured parameters as
amount as co-inoculated treatments. According to the results showed in contrast to the inoculated treatments
with AM+Pf and AM, the application of alone Pf caused a comparatively poor response. Therefore, this
microorganism needs to a complement for its activity in soil. All of measured parameters in inoculated
treatments were higher than uminoculated treatments under water deficit stress conditions. Furthermore, the
investigated characteristics of co-inoculated plants under severe water deficit stress conditions were
significantly lower than co-inoculated plants under well-watered and moderate-stressed conditions. Therefore
it could be stated, these microorganisms need more time to fix and establishing themselves in soil. The present
finding showed that phosphate-solubilizing microorgamsms can mteract positively in promoting plant growth
as well as P uptake of maize plants, leading to plant tolerance improving under water deficit stress conditions.
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INTRODUCTION

Phosphorus as an essential mineral nutrient for plant
growth and development is the world’s second highest
chemical input in agriculture. Scluble P is often the
limiting mineral mutrient for biomass production in
agricultural ecosystems as well (Hanieeda et al., 2006).
Plants utilize fewer amounts of phosphate fertilizers that
are applied and the rest is rapidly converted into insoluble
complexes in the soil. So this phenomencn encourages
farmers to frequent application of phosphate fertilizers.
Modermn agriculture 13 severely modifying and polluting
the mnatwal environment, due to the widespread
application of chemical fertilizers, herbicides and
pesticides. Therefore, thinking about valid alternative for
chemical fertilizers 1s too necessary.

Microorganisms are important in agriculture because
of it's role in promoting the circulation of plant nutrients

and reduce the need for chemical fertilizers as much as
possible (Cakmakcei et al., 2006). Those microorganisms
which dissolve poorly soluble CaP are termed as Mineral
Phosphate Solubilizers (MPS). Phosphate solubilizing
microorganisms  (PSM)  convert these insoluble
phosphates into soluble forms through the process of
acidification, chelation, exchange reactions and
production of glucomc acid (Chung et af., 2005). Some of
these microorganisms that colonize plant roots and
promote growth when inoculate to seeds, roots or tubers
have been termed plant-growth-promoting rhizobacteria
(PGPR), because their application 1s often associated with
increased rates of plant growth. Efforts to enhance the
beneficial effects of PGPR by supplemental application to
crops or soil were first reported in the 1950s from studies
in the former Soviet Union and later in western countries
(Sharma, 2002). In general, it is believed that PGPR are
more effective in promoting plant growth under limited
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supply of nutrients. Similar results were reported in some
of the previous studies showing that inoculation was
found to affect plant growth and development, plant dry
weight and grain yield of plants (Dobbelaere et af., 2002).
Many PGPR belong to the fluorescent pseudomonas,
including P. fliuorescens that can influence plant growth
directly or mdirectly by releasing mineral nutrients and
phytohormones (Rincon et al, 2005). The previous
observations have indicated that the growth and yield
of different crops increased with the inoculation of
P. fluorescens (Shaharoona et al., 2006). The rhuzoplane
and surrounding soil rhizosphere are colomzed or
otherwise occupied by a wide range of microorganisms.
Of the wvarious microorganisms present, Vesicular
Arbuscular Mycorrhiza (VAM), the most widespread and
agronomically important type of plant symbiont, has a
great value in promoting uptake of phosphorus, nitrogen;
micronutrients and water lead to increase growth and
yield of several crops (Wang et al., 2006). It was found
that VAM fungi mteract synergistically with other
microorgamsms such as phosphate-solubilizing bacteria
and plant growth promoting microorgamsms to enhance
plant growth and survival, also a sigmficant effect of
bacteria producing plant growth regulators on mycorrinzal
development has been reported (Azcon, 1989).

Seasonal drought and water deficit stress are
considered as the most important abiotic stress that limits
crop production m arid and semi-arid areas (Kramer and
Bover, 1997). Arbuscular mycorrhizal fungal symbiosis is
widely believed to protect host plants from detrimental
effects of drought. It has been shown that AM
assoclation erthances P uptake by plant roots under
drought. Tmproved P nutrition by AM fungi during the
periods of water deficit has been postulated as a primary
mechanism for enhancing host plant drought tolerance
(Subramaman et al., 2006).

The main purpose of this study, is investigating the
effects of Glomus
fluorescens strain 93 1inoculations on quantitative and
qualitative characteristics of maize (Zea mays L. SC. 704).
We have tried to understand their ability to make a
successful symbiosis with the crop and finding its
ecophysiological role n maize growth and development
under water deficit stress conditions.

intraradices and Pseudomonas

MATERIALS AND METHODS

Experimental site and design: This experiment was
conducted at Meshkin-Abad experimental station of
Soil and Water Researches Institute of Tran, during
June-October 2005, The soil texture was loam and had
6.2 mg kg~ available P, 135 mg kg " nitrogen; 170 mg kg™

potassium and pH = 7.66. The field had been under fallow
for 2 former years; hence the soil had a low indigenous
VAM and phosphate-solubilizing bacteria populations.

The experiment design consisted of four randomized
complete blocks in a split-factorial arrangement having
15 treatments in each block. The main-plots regarding to
simulating the water deficit stress levels consisted of
three water regimes, which was achieved by scheduling
cumulative pan evaporation in mm. The irrigations were
scheduled for various treatments, when the cumulative
pan evaporation readings reached at 70, 100 and 130 mm.
The sub-plots mcluded of the application of microbial
inoculants  [Glomuis  intraradices,  Pseudomonas
fluorescens  strain 93,  Glomus  intraradices +
Pseudomonas fluorescens strain 93 (50-50%)] and not
[triple super phosphate fertilizer; without fertilizer
(control)].

The experimental area was ploughed, rotavated and
divided into 4 blocks separated by a 2 m wide path.
According to soil analysis test all treatments received
recommended amounts of Urea and K,O fertilizers that
drilled in sowing time. Seventy five percent of the wea
fertilizer was applied in two equal splits at 3-leaves and
10-leaves stages. Maize (Zea mays L. SC.704) moculated
seeds were hand sown at 20 cm spacing in rows 75 cm
apart. All plots were hand-weeded and irrigated uniformly
till maize 8-leaves stage. In this stage, plants were exposed
to mtensities of water deficit stress (severe, moderate and
no water deficit), the depth of irrigation was maintained
consistent at all of treatments and the quantity of
urigation water delivered to each plot was measured using
a water contour.

Bio-inoculants characterization and seed treatment:
P. fluorescens was in the collection and used strain
(stramn 93) was 1solated from the rhizosphere of wheat
(Triticum aestivum 1..) by Soil Biology Laboratory in Soil
and Water Researches Institute of Tran. The inoculum of
Glomus intraradices consisted of AM propagules. This
inoculum was umformly mixed into the apatite that was
prepared by Mycorrhiza Laboratory in mentioned
Institute. Maize seeds were inoculated and then placed in
the furrow.

Plant data: The last fouwr expanded leaves of maize were
sampled for plant tissue’s P analysis before tasselling. At
harvest, the central 4 m” area of each plot was harvested
and grain yield, yield components and harvest index were
recorded. Shoots were oven dried at 75°C until a constant
weight was obtained. Water Use Efficiency (WUE)
calculated by dividing the total grain yield (kg ha™) to the
quantity of consumed water (mm).
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Soil and plant analysis: The plant tissue’s samples were
washed thoroughly, dried at 75°C, weighed and digested
m  di-acid mixture in sealed chamber. The digested
samples were diluted to 50 mL with distilled water. The
phosphorus  content  was estimated using standard
micro-kjeldahl and wvanadomolybdo phosphoric acid
vellow color methods, respectively. For nutrient analysis,
the following procedure was applied: 1 g seed was
digested in an acid mixture of HNO, and HCIO, (9:4). The
resulting ash was analysed for nutrient content. Total
nittogen was determined by Kjeldhal’s method.
Phosphorus  content was  determined with the
molybdenum-ascorbic acid colorimetric method. Soil
P was extracted from 2 g moist soil with 40 mI. 0.5M
NaHCO, at pH 8.5.

The percentage of root colonization: Roots were located
in a solution of 50% ethanol and 50% distilled water. A
portion of the root sample was thawed and after clearing
the roots with KOH and staiming the roots m 0.05%
trypan blue, percentage of root segments colonized by
G. intraradices was estimated by the line-intersect
method (Kormamk and McGraw, 1982).

Statistical analysis: The statistical analysis of data was
carried out by conducting ANOVA. Comparison of the
means was made using Least Sigmficant Difference (LSD).
All the data are presented as actual (non-transformed)
means. Percentage values were arc sin-transformed before
statistical analysis.

RESULTS

Grain yield and yield components: The grain vield of
maize decreased (p<0.05) under varying intensities of
water defecit stress. Conversely, Glomus intraradices
(AM) and Pseudomonas fluorescens (Pf) bio-inoculants
enhanced the maize grain production regardless of
mtensities of water deficit stress, but this response was
more pronounced under moderate water deficit conditions
than in sever water deficit treatments. The dual
inoculation showed significant difference in grain yield of
maize comparing to control (uninoculated). Inoculation
with AM + Pf and AM under well-watered conditions
increased the grain yield compared with other treatments,
but had a lesser effect than P fertilizer treatment.
However, thus difference was not statistically significant.
Inoculation with AM enhanced the grain yield under
different water deficit stress conditions in compared with
P fertilizer too. The highest increase in 100-grain weight,
of row number per ear and grain number per row was
recorded in P fertilizer treatment, but this difference was

not statistically significant (p<0.05). In the presence of
AMAPT and AM treatments, yield components (expect
row number per ear) enhanced significantly in compared
with P fertilizer and control, when plants were exposed to
water deficit conditions (Table 1).

The water deficit treatment significantly (p<0.05)
decreased vield components of control (unminoculated)
and P fertilizer treatments. While water deficit stressed
AM + Pf and AM treatments were comparable to well-
watered and fertilizered plants. Single inoculation with Pf
did not cause plants to differ sigmficantly m grain
production and yield components. Harvest index was also
higher in plots supplied with P fertilizer than in plots with
co-inoculation, but this difference was not significant.
The water deficit treatments decreased HI for moculated
and non-mmoculated plants, but HI values were higher in
co-inoculants and treatments than P fertilizer and control
plants. The HI values for water deficit stressed AM+Pf
and AM plants were comparable to well-watered
treatments (Table 1).

Minerals concentration: Phosphorus concentration in
plant tissue were increased in plants by inoculation with
AM+Pf and AM under well-watered and water deficit
stress condition. The inoculation with AM+Pf
significantly (p<0.05) increased the P contents of maize
plants and had higher than control and P fertilizer plants
under varying intensities of water deficit stress. P uptake
by plant was also more with the application AM under
moderate stress in our study. The concentration of
Phosphore in control plants was significantly (p<0.05)
lower than that in plants grown under treatments
AMAPE and AM (Table 2).

The dual moculation of Pf and AM resulted m a
significant increase of grain P and N concentration
(Table 2). The P and N concentration in treatments of
AMAPE, AM and P fertilizer increased by 200, 32.47,
18235, 2411, 17647 and 23.53%, respectively in
comparison to the uminoculated control under water-
welled conditions. The moculation with AM had a more
stimulating effect on the assimilation of P and N in
comparison with alone bacterial inoculation. However,
AM performed better than P fertilizer, but was less than
AM + Pf in stimulating N and P uptake. The trend of grain
P and N accumulation under different treatments of water
deficit stress was similar to well-watered conditions. The
P and N concentration of grain in plants under different
treatments ranged from 0.132, 1.14 (control) to 0.51, 1.852
(dual inoculation with AM + Pf), respectively. The lowest
P and N concentration of grain was detected in plants
grown 1n umnoculated and unfertilised treatments.
Treatment of AM+Pf and AM inoculation resulted in a
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Table 1: Maize grain yield and yield components for phosphate fertilizer (P), Glomus intraradices (AM), Pseudomonas fluoresceus (P, co-inoculation
(AM+Pf) and no fertilizer (Control) plants exposed to varying intensities of water deficit stress (70, 100 and 130 mm cumulative pan evaporation)

Parameters

Treatments Grain vield (t ha ) Kemels number (per row) Row number (per ear) 100-grain weight (g) HI (%)
P+ 70 5015 46,19 1513 30260 5353
AM+ 70 4.428% 44 88T 15.008 28.58% 51.77®
Pf+ 70 4.085%cd 41.98%¢ 14.90¢ 28.26%cd 50.63®
AM+Pf+ 70 4.5955 45.31% 1513 29.19® 51.25%
Control + 70 2.813f 32.33%f 14.25 2214 43.60¢cd
P+100 3.337%f 35,880 14.58 27.4300d 47,1258
AM + 100 3.407 40,06%cd 14.83 27.65%d 47.38%cd
P+ 100 3.24 5% 35,880 14.56* 27120 46,384
AM +Pf+ 100 3.687ded 41,81 % 14.88 27.88%d 49,51%¢
Control + 100 2.707F 30.69F 14.08* 22.01° 41,734
P+130 2.912f 31,79 14.13 23.64¢ 39,724
AM + 130 3.088% 34,6995 14.38 25.36% 44, 31%
Pf+130 3.072%f 33.04°%F 14.38 23.95¢ 44,2608
AM+Pf+ 130 3.198% 35.230%f 14.56* 25.77% 44, 5(ped
Control + 130 2.36% 30.25° 13.98 21.35 38.46¢

Means with different superscript letter(s) are significantly different at p<0.05 according to 18D test

Table 2: Minerals concentration (%6), in plant tissue and soil available P content {mg kg™ soil) measured for phosphate fertilizer (P), Glomus intraradices
(AM), Pseucdomonas fluoresceus (PT), co-inoculation (AM-+Pf) and no fertilizer (Control) plants exposed to varying intensities of water deficit stress

(70, 100 and 130 mm cumulative pan evaporation)

Parameters

Grain P Grain N Plant’s tissue P Soil available P Root WUE
Treatmeits concentration (%) concentration (%) concentration (%) content (mg kg™!) colonization (%) (kg ha mm™)
P+ 70 0.470* 1727 0.3050 3.207 1.41° 39.56*
AM + 70 0.480¢ 1.735% 0.3075 415" 50.84% 34.94%
Pf+ 70 0.415* 1.700% 0.2975 3.60 27.63% 32,27
AM +Pf+ 70 0.510¢ 1.852¢ 0.3100¢ 6.00° 63.54° 36.24%
Control + 70 0.170% 1.398°% 0.1650° 2.00°7 1.67 25.23°%
P+100 0.287= 1.69¢F* 0.1775° 2.60° 1.06° 31.42%%
AM + 100 0.390% 1670 02725 4.00 42.50% 30,770
Pf+ 100 0.280% 1.645% 0.170CF 3.20¢ 20.93% 20,935
AM+ Pf+ 100 0.400* 1.697* 0.2875 4.20 46.16% 34.00%°
Control + 100 0.160% 1.283 0.145(F 1.208 1.45° 24.96%
P+130 0.162% 1.308° 0.1475° 2.40¢ 1.30° 28, 24bode
AM +130 0.272% 1.563%4 0.1675° 2.60° 36.13% 20,79
Pf+ 130 0.195% 1.372% 0.1600P 2.60° 20.87¢ 27.2gb0de
AM+ Pf+ 130 0.282% 1.597 0.1675° 2.60° 36.24% 20.96%%
Control + 130 0.132¢ 1140 0.1325° 1.008 1.14° 22,92

Means with different superscript letter(s) are significantly different at p<0.05 according to 18D test

significant increase in P and N uptake to different degrees
of water deficit stress when compared with the control.
Although moculated plants with Pf showed unexpectedly
low grain P and nitrogen content (Table 2).

The highest soil available P was associated with
plants grown under AM+Pf co-inoculation treatment. This
value was significantly (p<0.05) higher than that of plants
grown under all other treatments under similar conditions.
Present study showed that inoculated maize plants by
AM + Pt are much more efficient in taking up so1l P than
non-inoculated  plants.  All  inoculation treatments
significantly improved available P content of soil. The
available P in soil under AM + Pf and AM were greater
than single-inoculation treatments too (Table 2).

Root colonization: The percentage of root colonization
was significantly higher in the treatments containing

co-inoculants and AM than the untreated control and P
fertilizer treatments. The highest increase m the
percentage of root colomzation was recorded by co-
inoculated treatments (63.54%). Present results showed
water deficit stress decreased the percentage of root
colonmization. The mycorrhizal colomization in control and
P fertilized plants remained less than 3% regardless of
irrigation treatments (Table 2).

Water use efficiency: The water use efficiency (WUE) of
mnoculated treatments was higher than non-inoculated
treatments in moderate and severe intensities of water
deficit stress. Tn spite of no significant difference between
inoculation treatments, inoculation with AM+Pf and AM
under well-watered conditions increased WUE compared
with other treatments, but had a lesser effect than P
fertilizer treatment.
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In contrast to the inoculated treatments with AM+Pf
and alone AM, the application of alone Pf cause a
comparatively poor response in all of measwed
parameters (Table 2).

DISCUSSION

The moculation by Glomus intraradices (AM) and
Pseudomonas fluorescens (Pf) improved growth, water
status, yield, yield components, grain P and N and soil P,
when exposed to varying intensities of water deficit
stress. In this study, the beneficial effect of AM+Pf
inoculation in terms of increased grain production was
more revealed under water deficit conditions. The
improved nutritional status and relative water content
caused by dual inoculation would have alleviated water
deficit impacts and promoted maize grain yield and its
yield component under varying intensities of water deficit
stress compare to uninoculation treatments. These
mnduced changes by AM+Pf indicate a possible
involvement of plant hormones in the effects of
moculants on plants. It 13 reported that fluorescent
pseudomonas produce numerous metabolites such as
plant growth regulators and vitamimns, which affect the
growth of plants and microorganisms present in soil
(Prikryl et al, 1985). All these products are small
molecules and can pass through the membrane during
ultrafiltration. These microorgamsms could further
influence the behaviow of AM propagules through
the production of bicactive compounds (Vosatka and
Gryndler, 1999). Microorgamsms producing
phytohormones cohabit in the rhizosphere with AM fung:
and could play an additive role in the plant-fungus
relation. But this possible interactive effect needs to be
proved. As previously reported Lemnhos (1994) these
results indicate the existence of Functional compatibilities
between saprotrophic and symbiotic microorganisms. The
plant response may be diagnostic for the success of the
association which is dependent on the AM fungi
mvolved. It 1s known that the presence of tryptophan, as
a precursor of auxin, stimulates bacterial TAA production.
Therefore, the production of IA A, in root exudates, by the
still-living cells of P. fluorescens can result from utilisation
of tryptophan released by dying cells. In contrast, amino
acids like asparagine, alanine and lysine, known to be
present in root maize exudates, can stimulate the activity
of enzyme like tryptophan aminotransferase (Martens and
Frankenberger, 1994). Moreover, sugars, present in
exudates, could be used as C-source by bacteria; Leinhos
(1994) has shown that these compounds had an effect not
only on plant growth but also on auxin production by
Pseudomonas sp. The bacterium-fungus association
increases this effect.

The P content of co-inoculated maize plants was
consistently higher than uninoculated plants regardless
of intensities of water deficit stress. A close relationship
between P content and water deficit tolerance has been
reported earlier (Subramaman et al., 1997). Present field
study suggests that AM + Pf inoculation improves water
deficit tolerance of maize plants as a secondary
consequence of enhanced nutritional status of the host
plant, especially P. Tt is known that vesicular-arbuscular
mycorthizal (VAM) fungi and PGPR can increase P uptake
by plants through their phosphatase activity, through a
better exploration of the soil by hyphae and through the
uptake of fixed soil P, which is unavailable to plant roots.
Ouwr findings emphasize the dependence of maize plants
on root colonization for P absorption. As, our data agree
with the findings of Sylvia et al. (1993), who reported that
mycorrhizal colonization with Glomus  fasciculatum
improved the drought tolerance of field-grown maize
plants as a result of enhanced P status under varying
intensities of drought stress.

A combined bio-inoculation of PGPR strain and AMF
had a significant effect on grain quality. For instance,
the phosphorus concentration of grain imncreased in the
bio-inoculated plants. Interestingly, a synergistic effect
on the level of N concentration was observed between
AMF and PGPR when they were co-inoculated too.

The available P was greater i soil under co-
inoculation treatments. The experimental data agree with
the findings of others that inoculants increase soil
available P (Zaidi and Khan, 2003). The poor availability
of P in the soi1l samples could be due to uptake of P by the
crop, or to chemical fixation of P.

Mycorrhizal colonization of maize roots was
increased in the treatments noculated with AM and Pf.
The greater effectiveness of this co-inoculant might be
related to its high root colonization ability and chitinase
activity in addition to ACC-deaminase activity
(Shaharoona et al., 2006). Others have suggested that the
host plant drought tolerance resultng from root
colonization may be explained by a greater absorption
root swface area or densely proliferated root growth
or hydraulic between root systems
(Subramaman et af., 2006). Therefore, improving the area
of soil m contact with the plant root increase the
absorptive swface area of the mycorrhizal root system
and extend the P-depletion zone away from the root
surface.

Since inoculated treatments AM+Pf and alone AM
consistently increased grain yield wnder varying
intensities of water deficit stress, WUE of these plants
were much higher than well-watered control plants. The
experimental data agree with the findings of others that

differences
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support mycorrhizae-aided host plant drought tolerance
and associated yield increase under water deficit
conditions (Subramanian et al., 2006).

The inoculation of alone Pf caused a comparatively
poor response in all of measured parameters, which could
possibly be due to the poor ability of this microorgamsm
to solubilize inorgame P already present in soil alonely.
Therefore, our findings showed this microorgamsm needs
to a complement for its activity in soil. Previous studies
mvolving plants inoculated with PSMs showed growth
enhancement and increased P contents but large
variations were found (Zaidi and Khan, 2005).

Present results showed maize plants did not respond
to dual inoculation in severe water deficit stress
conditions. Tt is reported water uptake by entire root
systems 1s determined by the amount of roots, their
distribution in soil and the rate of water absorption per
unit root (Auge, 2001). Regarding to our results, the
percentage of root colonization decreased when water
deficit stress increased of moderate to severe stress
conditions. Therefore, it is seems water and P uptake rates
per unit root length (specific water and P uptake rates)
affect by root colonization. On the other hand, it is
recognized both symbiosis and species richness of
VAM fungi are reportedly lower in arid climates than in
other ecosystems and decrease as aridity increases
(Auge, 2001).

CONCLUSIONS

In summary, AMF and PGPR bio-inoculants improved
drought tolerance of field grown maize plants as a
consequence of enhanced nutritional status especially
P. AMF and PGPR bic-inoculants response was more
pronounced under water deficit stress than well-watered
conditions. The data revealed that mentioned bio-
inoculants enables the host plant to withstand varying of
water deficit stress under fleld conditions. Indeed, these
bio-inoculants were adapted to their environment in terms
of soil characteristics, plant genotype and climate.
Meanwhile, this research must be proactive and the field
trials must be established across a broad range of soil and
environmental conditions and must be conducted within
the context of current or future farming practices.
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