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Abstract 
 A study was undertaken with Troyer citrange (Citrus sinensis × Poncirus trifoliata), the rootstock of 
citrus, to elucidate the interaction effects of arbuscular mycorrhizal fungi and plant-growth-promoting 
bacteria on plant physiology under both ample watered and water stress conditions. The result exhibited 
significant influence of Glomus intraradices and phosphorus solubilising bacteria (PSB) (mixture of Bacillus 
subtilis and B. megatherium) on plant growth due to root-fungus-bacteria interaction leading to reduced 
accumulation of reactive oxygen species, production of antioxidant metabolites, higher anti-scavenging 
enzymes and higher acquisition of plant nutrients, besides enhancing rhizosphere microbial activity. Thus, 
Troyer citrange could be co-inoculated with G. intraradices and PSB during propagation for healthy growth 
of the seedlings thereby pre-ponding the budding and subsequent establishment of composite plants under 
field conditions. 
 
Introduction 
 The two major global challenges afflicting world population are hunger and nutritional 
insecurity. The increasing demand can be met by exploiting the marginal, saline and drought prone 
areas for cultivation of fruit crops, thereby offering unique advantage to food and nutritional 
security. Citrus species, though grown in areas between latitudes of 40°N and 40°S, however, poor 
plant growth due to deficits of water and nutrients, cause economic losses in orchards in arid and 
semi-arid regions of tropical and sub-tropical areas of the world. The environmental stress may 
impair electron transport system leading to the formation of activated oxygen compounds causing 
a cascade of damaging effect in chloroplast. Ubiquitous arbuscular mycorrhizal (AM) fungi and 
plant-growth-promoting bacteria can interact in specific ways to influence their relationship with 
and their effect on plant growth (Galleguillos et al. 2000). Citrus has a few and short root hairs in 
the field and is highly dependent on arbuscular mycorrhizae. Therefore, the study was undertaken 
on a citrus rootstock, Troyer citrange to determine the effectiveness of AM fungi and bacteria 
under drought stress. 
 
Materials and Methods 
 This study was conducted at Indian Agricultural Research Institute (IARI), New Delhi. 
Climate was categorized as semi-arid, subtropical with hot dry summer and cold winter. 
 The starter culture of AM fungus Glomus intraradices was multiplied in maize in plastic pot 
(12 cm × 20 cm) filled with a mixture of soil, sand and farm-yard manure (2 : 2 : 1) which was 
autoclaved. The inoculum was sealed in a polythene packet consisting of freshly collected 
rhizosphere soil and AM fungal spores along with hyphae, arbuscules, vesicles and root segments 
of maize plant. Providencia sp., strain AW5, was isolated from the wheat rhizosphere (Rana et al. 
2011). Inoculum of this bacterial strain was prepared by growing in nutrient broth at 28 ± 1°C for 
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48 hrs at 100 rpm, such that the inoculum contained 1011 cells/ml. The other bacteria like 
Azospirillum brasilense and PSB (mixture of Bacillus subtilis and B. megatherium) were cultured 
in nutrient broth and then multiplied in finely powdered and sterilized charcoal powder. The broth 
containing 109 cells/ml was added to 1/3 of the water holding capacity of the carrier. 
 The seeds of Troyer citrange (Citrus sinensis × Poncirus trifoliata), the rootstock of citrus, 
were collected from the citrus germplasm block of the Division of Fruits and Horticultural 
Technology, IARI and then surface sterilized and kept over wet filter paper in Petri dishes at 28°C 
for germination. After 7 days the seedlings were planted individually in plastic containers 
containing 5 kg of mixture of sterilised soil : sand : FYM (2 : 2 : 1) having electrical conductivity 
(EC) of 6.35 mS/m, pH of 7.92, HCO3

- content of 1.14 g/kg and Cl- content of 5910.75 ppm. 
During planting the seedlings were inoculated with either AM fungus or bacterial species or both 
@ 5 g per kg of potting mixture. In case of Providencia sp., about 20 ml of liquid media 
containing 1011 cells per ml of media was used for each pot. The seedlings were maintained in 
glasshouse at 27 ± 1°C and humidity of 80 - 85 %. Seedlings were watered on alternate days 
which had EC of 288 µS/m, pH of 7.48, HCO3

- content of 1.0 milliequivalent/ litre and Cl- content 
of 110.76 ppm. 
 The differential moisture regimes were imposed at 270 days after microbial inoculation. Half 
of seedlings under each treatment were imposed to ample watered (WW) condition by applying 
about 750 ml of water at an interval of two days and remaining half were imposed to water stress 
(WS) by withholding water. Daily soil relative water content was measured using soil moisture 
meter. Wet point was fixed at 90% and dry point at 8%. The soil relative water content (RWC) for 
WW seedlings was monitored at 80%. Different parameters were recorded after harvesting entire 
plants at 20 days after imposing differential moisture regimes, when WS seedlings recorded 
visible temporary wilting symptoms. For estimation of antioxidant metabolite, enzymes and 
reactive oxygen species (ROS), about five grams of leaf samples from each of two seedlings from 
each of two replications per treatment was taken and immediately washed with double-distilled 
water and thereafter kept at ‒20°C deep freeze to prevent the proteolytic activity. 
 Per cent root colonization was determined using the method as detailed by Philips and 
Hayman (1970). The presence of fungal hyphae, arbuscles and vesicles were examined by 10X 
compound microscope. Shoot and root fresh weight was recorded by electronic balance. The 
samples were then put in the perforated paper bag and kept in hot air oven at 70°C until constant 
dry weight was recorded. The estimation of ROS like O2

- and H2O2 was done as per the methods 
of Chaitanya and Naithani (1994) and Rao et al. (1996), respectively. The activity of catalase 
(CAT, EC 1.11.1.6) was estimated as per the method described by Luck (1974). The activity of 
ascorbate peroxidase (APX, EC 1.11.1.11) was estimated following the method of Nakano and 
Asada (1981). Guaiacol-peroxidase (G-POD, EC 1.11.1.7) activity was measured according to the 
method of Thomas et al. (1982). The activity of superoxide dismutase (SOD, EC 1.15.1.1) was 
assayed according to Beyer and Fridovich (1987) method. Glutathione reductase (GR, EC 1.8.1.7) 
assay was determined based on the method proposed by Carlberg and Mannervik (1985). Protein 
concentrations were determined by a modified Lowry method (Hartree 1972) with bovine serum 
albumin as a standard protein. Total glutathione (GSH + GSSG), was determined in leaf sample 
according to the method of Grifith (1985) and Smith (1985). For tissue nutrient analyses, oven-
dried samples were ground, sieved and digested in nitric acid : perchloric acid (9 : 4). Total 
nitrogen (N) was determined in samples of 0.5 g dry weight using the Kjeldahl method. 
Phosphorous (P) was analysed by a vanadatemolybdate method. The P transmittance was read at 
420 nm. Potassium (K) was determined by Flame photometer (Systronics 128, Ahmedabad) using 
specific filter and LPG flame. Determination of other foliar nutrients like Ca, Mg, Zn, Fe, Cu and 
Mn was done by the atomic absorption spectrophotometer (GBC-Avanta PM; GBC-Advanta 
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Scientific Equipment, Dandenong, Victoria, Australia) using nitrous oxide - acetylene flame. 
Rhizospheric soil enzyme activity was estimated from 1 gram of soil sample taken from each of 
two pots from each replication per treatment. Alkaline phosphatase activity was assayed as per the 
method of Tabatabai and Bremner (1969) and the enzymatic activity was expressed as µg of         
-nitrophenol/g soil dry weight/h. Dehydrogenase activity, expressed as µg of triphenyl 
formazon/g soil dry weight/day, was assayed as per the method of Casida et al. (1964). Microbial 
biomass carbon (MBC), expressed as µg/g soil sample, was estimated following the method of 
Nunan et al. (1998). 
 Experiments were laid out in a completely randomised block design with 8 treatments and 
two replications per treatment. The treatment details are as follows: T1 = Control; T2 = PSB, T3 = 
A. brasilense, T4 = Providencia sp. (AW5), T5 = G. intraradices, T6 = G. intraradices and PSB,    
T7 = G. intraradices and A. brasilense, T8 = G. intraradices and Providencia sp. (AW 5). 
 The two years experimental data were pooled and then subjected to analysis of variance using 
statistical analysis software SPSS package (SPSS 11.0) and means were evaluated by Fisher’s 
protected least significant difference (LSD). Differences at p < 0.05 were considered significant. 

 
Results and Discussion 
 Results revealed 66.67 per cent root colonization was in seedlings co-inoculated with G. 
intraradices and PSB, as compared to other treatments under WS. Colonization was not observed 
in the roots of non-AM seedlings under WS (Fig. 1). Root colonization by AM fungus and the 
subsequent benefits derived by a host plant depend initially on the survival of AM fungal spores in 
soil, which can be reduced by soil moisture deficit. The improved root colonization in the 
seedlings co-inoculated with AM fungi and PSB, as observed in this study, might be attributed to 
the improved AM fungal interaction with plant roots due to bacterial inoculation leading to 
production of active metabolites such as vitamins, amino acids and IAA (Vivas et al. 2003). Thus 
bacteria might have assisted in the germination of a large number of AM spores leading to rapid 
fungal establishment in soil. 
 The seedlings co-inoculated with G. intraradices and PSB were significantly superior to 
control in terms of fresh and dry weights of shoots (360.35 and 304.45%, respectively) and those 
of roots (388.60 and 565.84%, respectively), under WS condition. Similarly, under WW condition, 
fresh and dry weights of shoots and those of roots were higher by 197.17, 242.63, 219.09 and 
165.67%, respectively (Figs 2-5). The growth promoting bacteria, used in the study, particularly 
PSB were compatible and effective in increasing the benefits of autochthonous AM symbiosis on 
plant biomass under WS and WW conditions. Thus co-inoculation of PSB and AM fungi might 
produce growth-stimulating effects that surpassed those of individual inoculations (Galleguillos    
et al. 2000). Similarly, Barea et al. (2005) concluded that AM fungi and specific rhizosphere 
bacteria interact to improve plant nutrient (mainly N and P) cycling. Such microbial interactions 
contribute to plant fitness and soil quality, critical issues for sustainable agricultural development 
and ecosystem functioning. 
 Plants suffer ROS induced oxidative damage during WS. The higher accumulation of ROS 
was recorded in leaves under WS, irrespective of any treatment; however, O2

- and H2O2 content 
were significantly lower in G. intraradices and PSB co-inoculated Troyer citrange seedlings 
(29.03 and 22.70% lesser than control, respectively) (Figs 6 and 7). However, the seedlings 
subjected to WW condition did not show any significant difference among the treatments for ROS 
content in leaf. The lower accumulation of ROS in G. intraradices and PSB co-inoculated 
seedlings might be attributed to efficiency of fungal hyphae for H2O2 absorption (Wu et al. 2006) 
and ability of microbial inoculated plants to enhance production of anti-oxidative enzymes 
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involved in detoxification by catalyzing the conversion of free O2
- to O2 (Huang et al. 2010). Thus 

anti-oxidative enzymes are the most important components in the scavenging system of ROS 
under WS condition. Wu and Zou (2009) reported that AM fungi possessed several special genes 
encoding for antioxidant enzymes, whose expression patterns can regulate the activities of 
antioxidant enzymes. 

 
Figs 1-6: 1. Root colonization of Troyer citrange as influenced by G. intraradices and MHB at differential moisture 

regimes. 2. Fresh shoot weight, 3. Fresh root weight, 4. Dry shoot weight, 5. Dry root weight  as in Fig. 1, 6. Super 
oxide radicals content in leaf of Troyer citrange as influenced by G. intraradices and MHB at differential moisture 
regimes.  

 
 The co-inoculation of G. intraradices and PSB showed enhanced activity of CAT (46.91 and 
53.58%), APX (45.94 and 46.85%), G-POD (28.88 and 27.77%), GR (73.74 and 73.24%) and 
SOD (39.90%) in leaves, as compared to control, under WS (Figs 8-12). Thus PSB might had 
stimulated the activity of intraradical mycelium and development of extraradical mycelium from 
G. intraradices resulting in increased association of AM fungus with plant roots, thereby 
enhancing the activity of antioxidant enzymes in AM plants subjected to WS. The co-inoculation 
of G. intraradices and PSB significantly increased total glutathione content in leaf by 24.59 and 
22.64 per cent more than control under WS and WW condition, respectively (Fig. 13). Thus PSB 
might have synergistic interaction with AM fungus for increasing the production of total 
glutathione in leaves, implying that ascorbate-glutathione cycle would efficiently work in 
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microbial inoculated seedlings. the present results are in agreement with the findings of Kaya et al. 
(2009) who reported that AM plants had potential to accumulate antioxidants to counteract ROS 
under any environmental stress. 
 

 
Figs 7-12: 7. Hydrogen peroxide content in leaf of Troyer citrange as influenced by G. intraradices and MHB at 

differential moisture regimes. 8. Catalase activity. 9. Ascorbate peroxidase activity.10. Guaiacol peroxidase 
activity. 11. Superoxide dismutase activity. 12. Glutathione reductase activity as in Fig. 7. 

 
 The co-inoculation of G. intraradices and A. brasilense resulted in increased leaf N content 
by 73.27 and 44.77 per cent under WS and WW conditions, respectively, over control (Fig. 14). 
The maximum foliar N content in seedlings co-inoculated with G. intraradices and A. brasilense 
might be attributed to increase in N-assimilating enzymes, such as nitrate reductase in the shoots 
of AM fungal colonised plants (Caravaca et al. 2005).  The leaf P, K, Ca and Mg content was 
significantly increased by G. intraradices and PSB co-inoculation at any moisture regime (Figs 
15-18). The application of G. intraradices along with PSB, A. brasilense or Providencia sp. (AW 
5) resulted in significantly high level of leaf micronutrient content, as compared to control (Figs. 
19-22). The maximum level of P in leaves of seedlings co-inoculated with G. intraradices and 
PSB might be due to release of phosphate ions from sparingly soluble inorganic and organic P 
compounds in soil, thereby contributing increased soil phosphate pool available for the 
extraradical AM fungal hyphae to pass on to the plant. The enhanced acquisition of other mineral 
nutrients (K, Ca, Mg, Fe, Cu, Mn and Zn) in leaves due to co-inoculation of G. intraradices and 
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PSB could be attributed to the greater absorption of the surface area provided by extensive fungal 
hyphae (Navarro et al. 2011). 

 
Figs 13-18: 13. Total glutathione content in leaf of Troyer citrange as influenced by G. intraradices and MHB at 

differential moisture regimes. 14. Leaf N content. 15. Leaf P content. 16. Leaf K content. 17. Leaf Ca content.                   
18. Leaf Mg content as in Fig. 13.  

 
 Soil enzyme activity measurement may be useful for gaining a better understanding of the 
nature of the perturbations caused to ecosystem function after microbial inoculations. The adverse 
effect of WS was noticed on soil enzyme activity among different treatments. However, activities 
of dehydrogenase and alkaline phosphatase were 76.84 and 87.08 per cent, respectively more and 
microbial biomass carbon was 173.15 per cent more in rhizospheric soil of seedlings co-inoculated 
with G. intraradices and PSB, as compared to control (Figs 23-25). The maximum dehydrogenase 
and alkaline phosphatase activities and microbial biomass carbon in rhizosphere of seedlings co-
inoculated with G. intraradices and PSB might be attributed to increase in the rhizosphere 
microbial population as a consequence of the inoculation (Aseri  and Tarafdar 2006) leading to 
increase in carbon and nutrient leakage from roots. 
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Figs 19-25: 19. Leaf Fe content of Troyer citrange as influenced by G. intraradices and MHB at differential moisture 

regimes. 20. Leaf Cu content. 21. Leaf Mn content. 22. Leaf Zn content. 23. Microbial biomass carbon in 
rhizosphere. 24. Soil Alkaline phosphatase activity. 25. Soil Dehydrogenase activity as in Fig. 19. 

 

 From the above results, it may be concluded that co-inoculation of G. intraradices and PSB 
exhibits superiority in respect of physiological and biochemical conditions of seedlings, as 
compared to single inoculation or other microbial co-inoculation including control under WS. 
Thus, Troyer citrange could be co-inoculated with G. intraradices and PSB during propagation in 
nursery for healthy growth of the seedlings, thereby preponding the budding time and subsequent 
establishment of budded plants under dry environment. 
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