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Abstract

This research focused on evaluating the usefulness of an arbuscular mycorrhizal fungus (Glomus intraradices) and a plant growth-promoting rhizobacterium (Pseudomonas fluorescens) to maize growth under water deficit stress. Field experiment was conducted at Soil and water research institute, Karaj Station, Iran, during 2006 growing season.  Biological positive effects of the micro organisms  on plant growth, nutrient uptake, grain yield and yield components in maize plants was recorded in the treatment receiving mixed inoculums of G. intraradices  and P. fluorescens.  Maize shoot  P content, grain yield, yield components, harvest index, grain N and P, soil available P, root colonization percentage and water use efficiency increased significantly with the G. intraradices inoculation and P. fluorescens, alone or in combination under water deficit stress.  The highest profitability was observed in the combined treatment of inoculation with G. intraradices and P. fluorescens, which synergistically increased plant growth compared with other treatments.
Introduction

Co-inoculations of beneficial rhizosphere microorganisms into soils, reducing the inputs of environmentally deleterious agro-chemicals required for optimal plant growth, are gaining increased attention in sustainable agroecosystems (Barea et al., 1997).  There are several groups of beneficial rhizosphere microorganisms.    Inoculation with AM fungi is an effective method of enhancing the ability of the host plants to become established and to cope with stress situations such as nutrient deficiency, drought and soil disturbance (Caravaca et al., 2003a). In fact, several authors have indicated that mycorrhizal fungi may improve the performance of seedlings, by stimulating water uptake (Auge, 2001) or increasing nutrient uptake by the plant, particularly N and P (Jeffries et al., 2003).  Beneficial free-living soil bacteria are usually referred to as plant growth-promoting rhizobacteria or PGPR (Kloepper et al., 1989).  Particularly, the so-called mycorrhiza helper bacteria are known to stimulate mycelial growth of mycorrhizal fungi or to enhance mycorrhizal formation (Toro et al., 1997).  The microbiologically solubilised phosphate could, however, be taken up by a mycorrhizal mycelium, thereby developing a synergistic microbial interaction (Barea et al., 1997). The combined inoculation of selected rhizosphere microorganisms has been recommended for maximising plant growth and nutrition (Probanza et al., 2001). The study of the antagonistic or synergic effects of the different microbial inoculants when co-inoculated is a crucial step in the development of effective host-microorganism combinations. It has also been reported that dual inoculation with G. intraradices and Bacillus subtilis promoted the establishment of the introduced AM fungus and increased plant biomass and tissue P accumulation (Toro et al., 1997). 

Materials and Methods

This experiment was conducted at the Karaj station of Soil and Water Researches Institute of Iran, with a loam soil during 2006 growing season. Soil available P and K content were 6.2 and 170 mg/kg respectively. Also organic C and N content were 0.34 and 0.07 percent respectively. The experiment design consisted of four randomized complete blocks in a split-factorial arrangement having 15 treatments in every block.  The main-plots consisted of three water regimes, which were 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 included of the application of microbial inoculants [G. intraradices; P. fluorescens strain 173; G. intraradices + P. fluorescens strain 173 (50%-50%)] and not [triple super phosphate; without fertilizer (control)]. Each plot consisted of 4 rows, 7 m long and 75 cm apart. Chemical P treatment received some super phosphate fertilizer to increase soil available P up to 15 mg/kg. No P given in AM and Pf treatments. Water treatments began after maize 8-leaves stage.  In this stage, plants were exposed to intensities of water deficit stress (severe, moderate and no water deficit). Specific strain of P.fluorescens (strain 173) was isolated from the rhizosphere of wheat (Triticum aestivum L.) by Soil Biology Laboratory in Soil and Water Researches Institute of Iran.  The inoculum of G. intraradices consisted of AM propagules.  This inoculum was uniformly mixed into the apatite (in order to facilitate incubation), which was prepared by Mycorrhiza Laboratory in mentioned Institute.  Maize seeds were inoculated according to Sharma et al. (2003) and then placed in the furrow.  In end of maize growth season grain yield, yield components, harvest index, grain N and P, soil available P, root colonization percentage and WUE were determined.  

Results

Conversely, G. intraradices (AM) and P. fluorescens (Pf) bio-inoculants enhanced the maize grain production regardless of intensities of water deficit stress.  The dual inoculation showed significant difference in grain yield of maize when compared with fertilizer and control (uninoculated) treatments.  Inoculation with AM + Pf and AM increased the grain yield compared with other treatments.  The highest increase in 100-grain weight, of row number per ear and grain number per row was recorded in AM + Pf treatment.  In the presence of AM+Pf and AM treatments, yield components enhanced significantly compared with P fertilizer and control, when plants were exposed to water deficit conditions. The water deficit treatment significantly (P<0.05) decreased yield components of control (uninoculated) and P fertilizer treatments.  There was no significant differences between Water deficit stressed AM + Pf and AM treatments and well-watered and fertilized plants.  Single inoculation with Pf had more effect compared with fertilizer and control treatments too.  Harvest index was also higher in plots supplied with co-inoculation that this difference was significant.  The water deficit treatments decreased HI for inoculated and non-inoculated plants, but HI values were higher in co-inoculants.  The HI values for water deficit stressed AM+Pf and AM plants were comparable to well-watered treatments.  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 P in control plants was significantly (P<0.05) lower than that in plants grown under treatments AM+Pf and AM (table 1). The dual inoculation of Pf and AM resulted in a significant increase of grain P and N concentration (table 1).  The inoculation with AM and Pf had a more stimulating effect on the assimilation of P and N in comparison with fertilizer and control treatments.  However, AM performed better than P fertilizer, but was less than AM + Pf in stimulating N and P uptake. 
 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.  Our study showed that inoculated maize plants by AM + Pf are much more efficient in taking up soil P than non-inoculated plants.  All inoculation treatments significantly improved available P content of soil (table 1).

Table 1: Maize shoot and soil P content in phosphate fertilizer (P), G. intraradices (AM), P. fluorescens (Pf), 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 P (%)
	Grain N (%)
	Plant’s tissue P (%)
	Soil available P content (mg/kg soil)
	Root Colonization (%)
	WUE

(Kg ha mm-1)

	P + 70
	0.3525 c
	1.725 cd
	0.2675 ab
	4.7 d
	1.84 fg
	33.77 bcd

	AM + 70
	0.61 ab
	1.975 ab
	0.3375 ab
	6.12 b
	65.13 ab
	42.55 ab

	Pf + 70
	0.5575 ab
	1.86 bc
	0.315 ab
	5.56 bc
	62.01 ab
	37.63 abc

	AM + Pf + 70
	0.645 a
	2.138 a
	0.3475 a
	8.72 a
	79.5 a
	43.23 a

	Control + 70
	0.12 ef
	1.09 h
	0.1 cde
	1.8 fg
	1.732 fg
	17.2 f

	P + 100
	0.205 de
	1.452 ef
	0.2325 abc
	2.62 ef
	1.643 fg
	27.21 d

	AM + 100
	0.515b
	1.742 bcd
	0.27 ab
	4.76 cd
	50.08 bc
	34.81 abcd

	Pf + 100
	0.34 c
	1.717 cd
	0.2575 ab
	2.82 e
	41.12 cd
	32.68 cd

	AM + Pf + 100
	0.535 ab
	1.847 bc
	0.305 ab
	5.04 cd
	60.17 b
	36.31 abc

	Control + 100
	0.1175 ef
	1.048 h
	0.09 de
	1 gh
	0.8725 g
	15.6 f

	P + 130
	0.1225 ef
	1.145 gh
	0.21 bcde
	2.32 ef
	1.29 fg
	17.49 ef

	AM + 130
	0.3025 cd
	1.55 def
	0.2475 ab
	2.72 e
	20.94 e
	31.75 cd

	Pf + 130
	0.1975 de
	1.358 fg
	0.225 abcd
	2.42 ef
	19.52 ef
	26.45 de

	AM + Pf + 130
	0.3075 cd
	1.67 cde
	0.255 ab
	2.775 e
	30.28 de
	32.05 cd

	Control + 130
	0.0725 f
	0.98 h
	0.075 e
	0.9 h
	0.545 g
	15.12 f


Means with different superscript letters are significantly different at P<0.05 according to LSD test
The trend of grain P and N accumulation under different treatments of water deficit stress was similar to well-watered conditions.  The lowest P and N concentration of grain was detected in plants grown in uninoculated and unfertilised treatments.  Treatment of AM+Pf , AM and Pf inoculation resulted in a significant increase in P and N uptake to different degrees of water deficit stress when compared with the control, respectively (table2).  The percentage of root colonization was significantly higher in the treatments containing co-inoculants than AM and Pf treatments.  The highest increase in the percentage of root colonization was recorded by co-inoculated treatments.  Our results showed water deficit stress decreased the percentage of root colonization (table 2).  The WUE of inoculated treatments was higher than non-inoculated treatments in moderate and severe intensities of water deficit stress.  In spite of no significant difference between inoculation treatments, inoculation with AM+Pf and AM under well-watered conditions increased WUE compared with other treatments (table 2).
Conclusion

In summary, AMF and PGPR bio-inoculants improved drought tolerance of field grown maize plants as a consequence of enhanced nutritional status especially of P. AMF and PGPR bio-inoculants response was more pronounced under water deficit stress than well-watered conditions. The data revealed that mentioned bio-inoculants enable the host plant to withstand varying of water deficit stress under field 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
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