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PHOSPHATE solubilizing capacity of four strains, Pseudomonas fluorescence, Bacillus 
megaterium, Serratia marcescens, and Bacillus subtilis was assessed in liquid National 

Botanical Research Institute’s phosphate medium containing rock phosphate (RP). A greenhouse 
pot experiment was conducted to evaluate the effects of inoculation with arbuscular mycorrhizal 
(AM) fungi alone or in combination with each strain with and without RP on wheat (Triticum 
aestivum Gemeza-9) growth, yield, nutrient uptake and the activity of alkaline phosphatase. 
The amounts of P released from RP by bacterial strains ranged from 0.22 to 80.8mg P L-1 and 
the pH values of the cultures were reduced from initial value of 7.3 to values varied between 
4.04 and 6.62. The results indicated that B. subtilis was the most effective strain in solubilizing 
RP in liquid culture. The combined inoculation with bacterial strains and AM fungi led to a 
significant increase in soil P content and alkaline phosphatase activity compared with both the 
non-inoculated and the individually inoculated soil, and this increase was much higher after 69 
days comparing with those after 130 days. In RP-amended soil, B. subtilis and P. fluorescence 
were more effective in increasing NPK uptake of wheat straw and grains compared with S. 
marcescens and B. megaterium when inoculated with AM fungi. This study is concluded that 
the combined inoculation plus RP gave better results for wheat grown in sandy soil. Further 
researches are required to estimate this study under field conditions and different soils to give 
reliable results.
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Introduction                                                                         

Phosphorus is a critical element for food security 
in the future decades due to an increase in global 
food demand. Phosphate fertilization is a main 
agricultural research subject and is excessively 
used to improve soil fertility, crop production and 
for pest control in conventional Egyptian farming. 
These findings can lead to a contamination of 
deep-water reservoirs, produce significant direct 
hazards to the rural population, disrupt the local 
environment and reduce product quality. Rock 
phosphate (RP) has been direct used for acid 
soils as a valuable alternative for industrial P 
fertilizers. However, RP can be applied to neutral 

and alkaline soils, but some processes should be 
conducted before their application such as RP 
acidulation (Rahman et al., 2018), applied RP with 
organic manure or composts (Nishanth & Biswas, 
2008), and applied RP with microbial inoculants 
(Hellal el al., 2019; Gurdeep & Reddy, 2015). 
There are many studies were concentrated on the 
application of RP with arbuscular mycorrhizal 
(AM) fungi and/or phosphate solubilizing bacteria 
(PSB) to enhance the availability of P through 
solubilization of fixed or insoluble phosphate 
and modification of root properties (Bücking & 
Shachar‐Hill, 2005; Abd El-Azeem et al., 2007; 
Mahanta et al., 2018). 
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In this regard, PSB play a vital role in 
transformation and accumulation of P to plant 
roots that re-translocated in seeds and fruits. These 
bacteria have ability to produce low molecular 
weight organic acids in the rhizosphere such as 
acetic, citric, gluconic, lactic, succinic, propionic 
and oxalic acids, that well-recognized and widely 
accepted approach as principal mechanism for 
P-solubilization (Trivedi & Sa, 2008; Khan et 
al., 2014; Billah et al., 2019). Also, PSB can 
facilitate growth and increased of different plants 
via changing the concentration of plant growth 
promoting like substances such as indoleacetic 
acid (IAA), synthesizing siderophores, 
asymbiotic N2 fixation, biocontrol activity, 
produce antibiotics and cyanide, synthesizing 
1-aminocyclopropane-1- carboxylate (ACC) 
deaminase that can modulate plant ethylene 
levels and helping in bioremediation process 
(Abd El-Azeem et al., 2007; Poonguzhali et al., 
2008; Aarab et al., 2019). Several works have 
shown that the strains Bacillus subtilis, Serratia 
marcescens and Pseudomonas fluorescens used 
as bacterial inoculants to enhance the growth 
of plants through at least one mechanism; 
production of IAA, siderophores, antifungal 
activity, HCN and ACC deaminase (Singh et al., 
2008; Selvakumar et al., 2008; Shaharoona et al., 
2008). Similarly, arbuscular mycorrhizal (AM) 
fungi are recognized to promote the growth of 
host plant through increasing the nutrient uptake 
in soil and increasing the confrontation of host 
plants to biotic and abiotic stresses (Bücking 
& Shachar‐Hill, 2005). The host plant that 
inoculated with AM fungi alone were more 
benefit in P nutrition due to their ability to 
increase the absorptive surface area of the roots 
and it is accumulate under high external supply 
and to remobilize this storage pool under P stress 
and to maintain a continuous flux of P (Singh & 
Kapoor, 1999; Bücking & Shachar‐Hill, 2005).

Surprisingly, phosphate solubilizing 
microorganisms can interact with each other 
and gave the better results for plant and nutrient 
uptake when using as combined inoculations. 
Specifically, AM fungi and bacteria can interact 
synergistically to stimulate plant growth due to 
improve nutrient acquisition and inhibition of 
fungal plant pathogens. Additionally, mycorrhiza 
helper bacteria can stimulate mycelial growth of 
mycorrhizal fungi, stimulate spore germination 
and enhance mycorrhizal formation on the 
root (Toro et al., 1997; Artursson et al., 2006). 

On the contrary, AM fungi affect the chemical 
composition of root exudates that are major 
nutrient source for the bacteria in the rhizosphere 
(Artursson et al., 2006). Several studies have 
shown that the presence of PSB in the soil 
increases the positive effect of mycorrhizal 
interactions on P nutrition (Artursson et al., 
2006). However, the beneficial traits of root-
colonizing bacteria and fungi have been mainly 
studied separately. Moreover, several studies 
were conducted to study the effect of combined 
inoculation with AM fungi and PSB in sterilized 
soil where competition from indigenous 
microorganisms in the soil has been avoid. 

Wheat is the most important cereal crop in 
the world, and Egypt vision 2030 suggested to 
cultivate more area with high productivity using 
the recommended cultural practices and eco-
friendly approaches. Therefore, the objective 
of this study was to evaluate the effect of single 
and dual inoculations with PSB and/or AM 
fungi with and without RP on soil available P, 
wheat growth and yield as well as NPK uptake 
in natural P-deficient sandy soil. The effects of 
these inoculations on the activity of alkaline 
phosphatase in the rhizosphere were also 
investigated.

Materials and Methods                                               

Microorganisms
Four bacterial strains, Pseudomonas 

fluorescens, Serratia marcescens, Bacillus 
megaterium and Bacillus subtilis SBMP4, were 
used in this study. The first three strains were 
obtained from Department of Microbiology, 
Soils, Water and Environmental Research 
Institute (SWERI), Agricultural Research Center 
(ARC), Giza, Egypt. Bacillus subtilis strain was 
obtained from Soil Microbiology lab, Faculty of 
Agriculture, Suez Canal University. This strain 
was isolated from the rhizospheric soil of faba 
bean grown in sandy soil in Ismailia, Egypt and 
was identified using 16S rRNA gene sequencing 
with similarity 99% based on BLASTn software 
(Al-Attar, 2017). Arbuscular mycorrhizal 
(AM) fungi mixture were obtained from 
Microbiological Resource Center (MIRCN), Ain 
Shams University. The AM spore fungal solution 
containing three different species (Glomus 
intraradices, G. monosporum, G. etunicatum) 
with a concentration of 50 spore ml-1.
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Rock phosphate solubilization in batch culture
The potential of tested strains to solubilize 

rock phosphate [Ca5(PO4)3(OH)] was evaluated 
using National Botanical Research Institute’s 
Phosphate (NBRIP) broth medium described 
by (Nautiyal, 1999) contained the following 
constituents (g L-1): Glucose, 10; Ca3(PO4)2, 5; 
MgCl2.6H2O, 5; MgSO4.7H2O, 0.25; KCl, 0.2; 
(NH4)2SO4, 0.1. The experiment was conducted 
in 100ml conical flask containing 40ml of 
sterilized NBRIP broth medium. To each flask 
0.5g RP (0.25-0.5mm) was added after separately 
sterilized by autoclaving for 20min at 121°C. 
The initial pH was adjusted to 7.3 to ensure a 
minimum concentration of soluble phosphate. 
The tested strains were added by 0.5ml aliquots 
(approximately 107-108 colony forming units 
(CFU) ml-1) of actively growing bacterial cultures 
to each flask. Uninoculated broth medium was 
used as control. Flasks were incubated at 30°C 
and triplicate samples were taken after 0, 2, 3, 7, 
10, 12, and 14 days’ post-inoculation. The culture 
suspensions were centrifuged at 3000rpm for 
10min and soluble phosphate in the supernatant 
was determined spectrophotometrically by the 
phosphomolybdate blue method (Jackson, 1973). 
The pH of the broth medium was also measured 
with a digital pH meter after regular intervals.

Preparation of the microbial inocula
The 100 ml Erlenmeyer flask containing 40ml 

of sterilized tryptic soy broth medium (Starr et 
al., 1981) contained the following constituents 
(g L−1): Tryptone, 15.0; Soybean peptone, 5.0; 
NaCl, 5.0 was inoculated with the bacterial 
strains. The inoculated flasks were incubated at 
30 ºC for 3 days. The viable cell in the bacterial 
suspensions were counted and usually ranged 
from 107 to 108 CFU ml-1. For inoculation, wheat 
seeds (Triticum aestivum cv. Gemeza-9) were 
surface sterilized by dipping in 95% ethanol 
solution for 5 min and then washed thoroughly 
with sterilized water (Jacobson et al., 1994). The 
sterilized seeds were soaked in 40 ml of the cell 
suspension for 1hr for each bacterial strain and 
dried before cultivation, whereas, the AM fungal 
inoculum was added to the soil after three weeks 
from cultivation at a rate of 150-spores plant-1 
based on the treatments. For the uninoculated 
control, sterilized wheat seeds were soaked in 
40ml of sterilized tryptic soy broth medium.

Greenhouse pot experiment
The experiment was conducted at the farm 

of the College of Agriculture, Suez Canal 
University, Ismailia, season of 2016. The 
experiment was aimed to evaluate the synergistic 
impact of AM fungi and four bacterial strains 
with and without rock phosphate on wheat 
growth and yield and nutrient uptake in a natural 
P-deficient unsterile sandy soil. The effect of 
combined inoculation with bacterial strains and 
AM fungi on the activity of alkaline phosphatase 
was also determined. The sandy soil was 
uniformly packed in plastic pots (30cm height, 
18.6cm mean diameter) at a rate of 25.0kg pot-

1. The upper 10 kg of the soil in each pot was 
thoroughly mixed with 1% cattle manure as an 
organic fertilizer (equal 250g air-dried CM pot-

1). Some properties of the soil and CM used in 
this study were determined according to Gee & 
Bauder (1986) and Sparks et al. (1996) (Table 1).

The experiment was composed of 20 
treatments and the experimental design consists 
of two blocks one with and the other without 
AM inoculation. Each block divided into ten 
different sections, five bacterial strains (non-
inoculated control or inoculation with one of 
the four bacterial strains) and two fertilizer 
treatments (control soil and rock phosphate 
application). All treatments were replicated three 
times, giving a total of 60 experimental units 
that arranged in a randomized complete block 
(factorial) design. All pots received nitrogen 
and potassium fertilizers at rates of 120mg N 
Kg-1 soil (equivalent to 120kg N fed-1) and 50mg 
K2O kg-1 soil (equivalent to 50kg K2O fed-1) in 
the forms of ammonium sulfate (21.6% N) and 
potassium sulfate (50% K2O). Potassium sulfate 
was applied to all pots at two equal splits after 
45 and 70 days from sowing. Ammonium sulfate 
was applied in three levels (20, 30 and 50% of 
the total amounts) after 21, 45 and 70 days from 
sowing. Eight inoculated wheat seeds (Triticum 
aestivum cv. Gemeza-9) were sown in each pot 
and frequently irrigated to 50-70% water holding 
capacity with Ismailia Canal water (EC, 0.30dS 
m-1) during the experiment. The seedlings were 
thinned to four uniform plants pot-1 after two 
weeks from sowing. The plants were harvested 
after 69 days (vegetative stage) and 130 days 
(ripeness stage) from sowing, dried at 65°C and 
the dry weights of the shoot, straw and grains were 
recorded and analyzed for NPK. Soil samples 
were also collected at the two abovementioned 
growth stages and analyzed for available P, pH 
and measured alkaline phosphatase activity.
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Table 1. Some properties of the soil and cattle manure (CM) used in this study.

Properties Soil CM
Particle size distribution (%)
Sand 94.60 -
Silt 3.50 -
Clay 1.90 -
Textural class Sand -
pH 8.02† 7.45‡

ECe (dS m-1)§ 1.41 12.8
Soluble cations (meq L-1) §

Ca2+ 3.25 42.0
Mg2+ 1.65 51.0
Na+ 6.60 29.5
K+ 3.11 14.5
Soluble anions (meq L-1) §

HCO3
- 2.11 46.5

Cl- 6.20 77.5
SO4

2- 6.30 135
Organic C (g kg-1) 1.55 139.5
Total N (g kg-1) 0.17 12.2
Available N (mg kg-1) 4.68 127.0
Available P (mg kg-1) 4.10 116.0

†In soil-water suspension (1:2.5), ‡In CM-water suspension (1:5), §In CM and soil saturated extracts.

Soil and plant analyses
The available soil P was determined using 

Olsen method (0.5 M NaHCO3-soil extract) 
(Kuo, 1996). The pH values were also measured 
in soil-water suspensions (1:2.5) using pH 
meter. The activity of alkaline phosphatases (mg 
p-nitrophenol liberated kg-1 soil h-1) was estimated 
through the incubation of soil p-nitrophenyl 
phosphate (Tabatabai, 1994). Total N in plant was 
determined by the Kjeldahl method (Bremner, 
1996), while the P and K contents were determined 
after wet digestion using sulfuric (H2SO4) and 
hydrogen perioxide (H2O2). The P was measured 
spectrophotometrically with the molybdenum-
blue method (Jackson, 1973) and the potassium 
was measured using the flamephotometer.

Statistical analysis
All data were subjected to analysis of variance 

(ANOVA) using Costat statistical software, 
Version 6.311, 1990 (Cohort Program). The least 
significant difference test (LSD) was applied to 
make comparison between the means (P<0.05). 
Pearson correlation between soluble P and pH 
values was also analyzed using SPSS program.  

Results and Discussion                                          

Solubilization of rock phosphate in liquid culture
The results in this experiment indicated that the 

level of P released from RP increased with longer 
incubation periods and the amount of P released 
into the medium was dependent on the type of 
strain (Fig. 1). The highest values of soluble P 
were observed at 14 days for all tested bacterial 
strains. The amounts of P solubilized was ranged 
from 0.22 to 80.8mg P L-1 and the pH values of the 
cultures were reduced from initial value of 7.3 to 
values varied between 4.05 and 6.62. The amount 
of P released from RP was 80.8mg P L-1, 14 days 
after an inoculation with Bacillus subtilis and the 
pH value of the medium were reduced from initial 
value of 7.3 to 4.95 (Fig. 1). This result indicated 
that Bacillus subtilis was most efficient strain in 
solubilizing RP in liquid culture. In contrary, the 
lowest soluble P was observed when inoculated 
with Bacillus megaterium and the amount of 
P-solubilized was 13.7mg P L-1. After 14-day 
from incubation. The amount of P-solubilized 
by Serratia marcescens and Pseudomonas 
fluorescence was 57.7 and 44.6 and mg P L-1 and 
the pH values were decreased from 7.3 to 4.32 
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and 4.20, respectively. These findings indicated 
that the tested bacterial strains had a wide range 
of variation in P-solubilization efficiency. In 
this regard, Qian et al. (2010) clarified that 
the efficiency of P-solubilization is primarily 
dependent on the vital of bacterial strains, 
production of organic acids and phosphatase and 
the composition of medium. 

A highly significant negative (r = -0.713***) 
correlation was observed between the amount 
of solubilized P and pH values. The decrease pH 
values clearly indicate the production of organic 
acids by bacterial strains during the metabolism 
of composition of medium. It has suggested that 
the bacterial strain that decreased the medium 

pH during growth was efficient P solubilizers. 
Hence, the decrease pH values in partial indicate 
the production of acids is the main mechanism 
responsible for P solubilization (Abd El-Azeem 
et. al., 2007; Wei et. al., 2018; Liu et. al., 2019). 
This finding agrees with a study of Cherchali 
et al. (2019) showing that the solubilization of 
insoluble phosphate was related to decrease pH 
of the NBRIP medium and they found that a high 
negative correlation (r = - 0.939) between soluble 
P released and pH. The relationship between 
P-solubilization and pH is power function (Fig. 
2), indicating that the response of P-solubilization 
is proportional to the explanatory pH raised to a 
power. 

Fig. 1. Changes in solubilized P (a) and pH (b) in the liquid medium during the experiment [The values are the 
average ± SD from triplicate experiment].
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Fig. 2. Regression between P-solubilization and pH on the liquid NBRIP medium during experiment periods.

Single and interaction effects of bacterial strains 
and AM fungi with and without application of RP

The results indicated that the inoculation with 
bacterial strains, AM fungi and application of RP 
significantly affected on wheat growth, yield and 
nutrient uptake. Regarding the main effects, Table 
2 shows that the inoculation with bacterial strains, 
AM fungi and application of RP were significantly 
influenced of all parameters that measured in 
this experiment except soil pH values in case 
inoculation with AM fungi or not. Concerning 
the main effect of seed inoculation with bacterial 
strains on all parameters, Table 2 also indicates 
that inoculation with tested bacterial strains 
caused significantly increased for all measured 
parameters as compared to control. No significant 
difference was observed between bacterial strains 
in most cases.

Soil available phosphorus and pH
Soil available P was significantly increased by 

inoculating the soil with AM fungi and bacterial 
strains comparing with non-inoculated or the 
individually inoculated (Table 3). Applying RP at 
rate of 31.0kg P2O5 fed -1 to AM fungi and bacterial 
strains resulted in a significant increase in soil 
available P compared with the RP-untreated soil. 
Soil available P content was higher after 69 than 
after 130 days from wheat sowing. The highest P 
values were found between 10.19 -11.10mg kg-1 
while the lowest values were ranged between 9.14 
-10.00mg kg-1 the soil receiving RP and inoculated 

with AM fungi and Bacillus megaterium or 
Pseudomonas fluorescence after 130 and 69 days 
from wheat sowing, respectively. The significant 
increase in the availability of P in the soil 
cultivated with AM fungi- and/or bacterial strains 
inoculated plants compared to the uninoculated 
control could be partially attributed to the 
essential roles of these microbes in increasing 
the counts of total bacteria in the rhizosphere of 
wheat plants, thereby increasing the activity of 
phosphatases and production of organic acids 
which led to significant reductions in soil pH 
values (Al-Attar, 2017). Additionally, bacteria 
and fungi in the rhizosphere produce hormones 
that influence root architecture, development of 
root hairs and affinity of roots for phosphate, thus 
indirectly affecting the P uptake by plants (Deubel 
& Merbach, 2005). Bacillus spp. were the most 
efficient phosphate dissolvers by producing 
organic acids such as acetic, glycolic, isovaleric, 
isobutyric, malonic and succinic acids. 

Similarly, Kohler et al. (2007) observed 
a synergistic interaction between phosphate 
solubilizing bacterium B. subtilis and the AM 
fungus G. intraradices resulted in high phosphatase 
activities which in turn enhanced available P in 
the soil. A highly significant negative correlation 
was observed between soil pH values and levels 
of soil available P in soil samples at 69 and 130 
days from wheat sowing. 
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TABLE 3. Effects of rock phosphate (RP), bacterial strains and AM fungi on soil available P and pH after 69 and 
130 days from wheat sowing. 

Treatments Available P (mg 
kg-1) pH

RP AM fungi Bacterial strains 69 days 130 days 69 days 130 days

0

Non-inoculated

Non-inoculated 5.04 4.24 7.77 7.57
Pseudomonas fluorescence 5.48 4.68 7.63 7.43
Bacillus megaterium 6.56 5.76 7.61 7.41
Serratia marcescens 6.30 5.50 7.70 7.50
Bacillus subtilis 6.56 5.76 7.69 7.49

Inoculated

Non-inoculated 6.81 5.91 7.69 7.49
Pseudomonas fluorescence 7.94 7.04 7.39 7.24 
Bacillus megaterium 7.41 6.51 7.56 7.36 
Serratia marcescens 6.57 5.67 7.64 7.44
Bacillus subtilis 7.88 6.98 7.64 7.44

31.0kg P2O5 
fed -1

Non-inoculated

Non-inoculated 6.68 5.78 7.63 7.43
Pseudomonas fluorescence 7.35 6.45 7.50 7.30 
Bacillus megaterium 7.19 6.29 7.56 7.36 
Serratia marcescens 7.44 6.54 7.13 7.13
Bacillus subtilis 7.69 6.79 7.36 7.21

Inoculated

Non-inoculated 7.69 6.79 7.35 7.28 
Pseudomonas fluorescence 10.0 9.14 7.24 7.18
Bacillus megaterium 11.1 10.19 7.32 7.28 
Serratia marcescens 10.2 9.26 7.33 7.10
Bacillus subtilis 11.0 10.1 7.28 7.15

LSD0.05 0.968 0.960 0.263 0.208
‡ AM fungi: A mixture of G. intraradices, G. monosporum and G. eutnicatum.

Regarding soil pH, the results indicated that soil 
pH values significantly decreased by increasing 
RP application rate from 0 to 31 P2O5 kg/fedden at 
both 69 and 130 days. The decrease in soil pH was 
obviously noticed after 130 days compared with 
those after 69 days. The same trends in decreasing 
soil pH values were observed by the individually 
bacterial strains and AM fungi inoculations 
compared with the non-inoculated soil. Soil pH 
values for the bacterial strain inoculated- and 
non-inoculated soil were ranged between 7.44-
7.61 and 7.28-7.44 at 69- and 130-day intervals, 
respectively. Whereas, these values were ranged 
between 7.44-7.56 and 7.29-7.38 for the AM fungi 
inoculated- and non-inoculated soil at the same 
intervals. Regarding to bacterial strains, the pH 
values were ranged between 7.44-7.51 and 7.28-
7.35 for the soil inoculated with Pseudomonas 
fluorescence and Bacillus megaterium after 69 
and 130 days, respectively. Reduction in soil pH 
values may be attributed to produce organic acids 
and/or increased partial pressure of CO2 of the 

soil atmosphere due to increased activity of the 
native and applied microorganisms (Altomare & 
Tringovska, 2011).

Activity of alkaline phosphatase
A significant increase in alkaline phosphatase 

activity in the soil rhizosphere was observed by 
the application of RP compared to control (Table 
4). The highest values of alkaline phosphatase 
activity in rhizospheric soil were found in all 
treatments after 69 days compared with those 
after 130 days from wheat sowing. The alkaline 
phosphatase activity was significantly increased 
by inoculating soil with AM fungi and bacterial 
strains comparing with the non-inoculated and the 
individually inoculated soil. Applying RP to AM 
fungi and bacterial strains inoculated-soil resulted 
in a significant increase in alkaline phosphatase 
activity compared with the RP-untreated soil 
and non-inoculated. Activity of the alkaline 
phosphatase reached its maximum levels in the 
two soils samples under the treatments AM fungi 
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+ Pseudomonas fluorescence + RP and AM fungi 
+ Bacillus subtilis + RP, respectively. Phosphatase 
activity values were ranged between 75.5-
79.9µg pNP g-1 soil h-1 for Bacillus subtilis and 
Pseudomonas fluorescence, respectively, after 69 
days and they were ranged between 60.1-70.4µg 
pNP g-1 soil hr-1 for Pseudomonas fluorescence and 
Bacillus subtilis, respectively, after 130 days for 
the soil receiving rock phosphate and inoculated 
with AM fungi (Table 4).

There are highly significant negative 
correlations between soil pH and soil available 
P content and alkaline phosphatase activity 
in two soil samples (69 and 130 days from 
wheat sowing) (Table 5). The inoculation with 
bacterial strains alone or in combination with 
AM fungi and RP are responsible for increase 

in available P and alkaline phosphatase activity 
in soil (Tables 3 and 4). Al-Attar (2017) and 
Kohler et al. (2007) reported similar results of 
the synergistic interaction between B. subtilis 
as phosphate solubilizing bacterium and G. 
intraradices resulted in high phosphatase activity 
in the soil. Czarnes et al. (1999) found that the 
combined inoculation with AM fungi and PSB 
improved soil quality by increasing extracellular 
enzyme activities of phosphatases, urease and 
dehydrogenase. The phosphate solubilizing 
microorganisms have ability to produce 
phosphatase that able to mineralize organic P 
to mineral P and consequently utilized by plant. 
Phosphatase activity affected by soil carbon, 
nitrogen and organic matter content, and thus it 
may specify soil fertility status (Nannipieri et al., 
2011). 

TABLE 4. Effects of rock phosphate (RP), bacterial strains and AM fungi on the activity of alkaline phosphatase 
in wheat rhizosphere after 69 and 130 days from sowing.

Treatments Alkaline phosphatase
(µg pNP g-1 soil hr-1)

RP AM fungi Bacterial strains 69 days 130 days

0

Non-inoculated

Non-inoculated 43.2 32.8

Pseudomonas fluorescence 55.3 36.2

Bacillus megaterium 56.4 49.7

Serratia marcescens 47.8 46.6

Bacillus subtilis 44.2 35.8

Inoculated

Non-inoculated 49.8 42.7

Pseudomonas fluorescence 63.5 54.9

Bacillus megaterium 61.2 57.9

Serratia marcescens 62.9 54.9

Bacillus subtilis 64.8 62.1

31.0kg P2O5 
fed -1

Non-inoculated

Non-inoculated 59.6 47.8

Pseudomonas fluorescence 69.4 58.1

Bacillus megaterium 63.5 56.7

Serratia marcescens 66.4 59.9

Bacillus subtilis 63.3 61.5

Inoculated

Non-inoculated 65.9 56.9

Pseudomonas fluorescence 79.9 60.1

Bacillus megaterium 78.8 69.4

Serratia marcescens 76.1 65.1

Bacillus subtilis 75.5 70.4

LSD0.05 5.41 7.47
‡ AM fungi: A mixture of G. intraradices, G. monosporum and G. eutnicatum.
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TABLE 5. Correlation coefficients (r) between soil pH values, available P and alkaline phosphatase in the 
rhizosphere of wheat plants after 69 and 130 days from wheat sowing.

Time (day) Available P Alkaline phosphatase

pH values
69 -0.552*** -0.641***

130 -0.592*** -0.587***

Available P
69 - 0.804***

130 - 0.764***

Wheat growth and yield
Shoot dry weight significantly increased by 

inoculating the soil with AM fungi and bacterial 
strains when compared to non-inoculated or the 
individually inoculated soil (Table 6). Applying 
RP with AM fungi and bacterial strains led to a 
significant increase in shoot dry weight compared 
to RP-untreated soil at 69 days from sowing 
date. Table 5 also reveals that the highest shoot 
dry weight of the 69-day old plants was obtained 
in the soil received RP + AM fungi + Bacillus 
subtilis treatment. In the same way, the maximum 
grain yield was attained under the treatment AM 
fungi + B. megaterium+ RP followed by AM fungi 
+ Bacillus subtilis + RP treatment. Similarly, 
the highest straw yield was also observed with 
the treatment AM fungi + B. megaterium+ RP 
followed by AM fungi + Bacillus subtilis + RP 
treatment. 

Wheat seeds inoculated with bacterial strains 
and AM fungi showed overall better growth and 
yield and the single inoculation with PSB or 
AM fungi was less effective compared to dual 
inoculation, supporting hypothesis that these 
microbes positively act by enhancing nutrient 
(P and Zn) and water uptake (Saxena & Jha, 
2014). These results are in accordance with 
those obtained by Zaidi & Khan (2005), Roesti 
el al. (2006), Mäder et al. (2011), Saxena & Jha 
(2014). The positive response of wheat yield 
to inoculation with bacterial strains could be 
partially explained on the basis that these strains 
possess some plant growth enhancing traits such 
as their ability to solubilize insoluble phosphates. 
Several studies reported that Bacillus megaterium 
and Bacillus subtilis having several mechanisms 
for promoting plant growth, indicating that these 
two strains give the highest wheat yield (Abd El-
Azeem et al., 2008; Vurukonda et al., 2016).

Better wheat yield caused by AM fungi could 
be due to certain specific properties such as 
their phosphate solubilizing capability (Guinazu 
et al., 2010) and provide niches for native soil 
bacteria (Arora et al., 2010) that may contribute 

in enhancing plant growth. In this regard, Milleret 
et al. (2009) suggested that the inoculation 
with AM fungi might help in producing better 
root system, therefore more exudates would be 
released into rhizosphere. Root exudates could 
increase microbial count, contribute in the 
temporary decline in soil pH and improve soil 
aggregate stability. These possible changes could 
be reflected on crop production as the outcome in 
the end. These results are in concord with those 
obtained by Zaidi & Khan (2005) who studied the 
influence of AM fungi and phosphate solubilizing 
bacterial strains on growth and yield of wheat 
under a pot condition. They concluded that soil 
microorganisms have ability to positive interact in 
promoting plant growth as well as N and P uptake 
of wheat plants leading to improved yield. 

As shown in Table 6, grain/straw ratio for all 
treatments varied from 0.677 in the non-inoculated 
treatment to 0.850 in AM fungi + B. megaterium 
+ RP treatment with significant differences 
between the experimental treatments in most 
cases. This significant variation in ratio of grain/
straw between the treatments may be attributed 
to the ability of some bacteria to fix nitrogen in 
the soil non-symbiotically, which encourages the 
vegetative growth and delays flowering of the 
crop and consequently decreases the grain/straw 
ratio. It was reported that the soil rich in nitrogen 
over the satisfactory range will tend to keep down 
the carbon/nitrogen ratio which delays flowering 
in nitronegative crops such as wheat (Martin et 
al., 1976). Similar results and conclusions were 
reported by Abd El-Azeem et al. (2008) and 
AlWerwary (2017).

Nutrients content in plant
The uptake of N, P and K in wheat plants 

were determined after 69 and 139 days from 
sowing date. Generally, the addition of RP in 
combination with AM fungi and/or bacterial 
strains significantly increased the uptake of NPK 
in shoot of wheat when compared to RP-untreated 
soil (Table 7). Table 6 also shows that the highest 
uptake of N and K by the 69-day old plants were 
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TABLE 6. Effect of rock phosphate (RP), bacterial strains and AM fungi on plant growth and yield of wheat plants 
sampled at 69 and 130 days.

Treatments  69 days 130 days

RP AMF Bacterial strains
Shoot dry 

weight
Grain 
yield

Straw 
yield grain/straw 

ratio
 g pot-1

0

Non-
inoculated

Non-inoculated 3.58 5.48 8.09 0.677

Pseudomonas fluorescence 3.52 6.15 8.76 0.700

Bacillus megaterium 3.59 6.68 9.29 0.716

Serratia marcescens 3.30 6.5 9.11 0.713

Bacillus subtilis 3.76 7.16 9.78 0.732

Inoculated

Non-inoculated 4.18 6.85 9.46 0.723

Pseudomonas fluorescence 4.53 9.78 12.4 0.789

Bacillus megaterium 3.81 9.61 12.2 0.786

Serratia marcescens 4.16 11.1 13.7 0.809

Bacillus subtilis 4.25 11.2 13.8 0.811

31.0kg P2O5 
fed -1

Non-
inoculated

Non-inoculated 4.18 9.75 12.4 0.789

Pseudomonas fluorescence 5.36 11.4 14.0 0.811

Bacillus megaterium 3.87 13.4 16.0 0.837

Serratia marcescens 4.61 12.1 14.7 0.823

Bacillus subtilis 4.50 13.6 16.3 0.838

Inoculated

Non-inoculated 4.50 10.6 13.2 0.80

Pseudomonas fluorescence 5.76 12.2 14.8 0.824

Bacillus megaterium 4.08 14.8 17.4 0.850

Serratia marcescens 4.87 13.1 15.7 0.834

Bacillus subtilis 4.91 14.7 17.3 0.849

LSD0.05 0.462 1.43 1.43 0.028
 †RP: Rock phosphate (31.0 Kg P2O5 fed -1).
‡ AM fungi: A mixture of G. intraradices, G. monosporum and G. eutnicatum.

obtained under the treatment RP + Pseudomonas 
fluorescence + AM fungi, while the maximum 
uptake of P was observed in soil received RP 
and inoculation with AM fungi + Bacillus 
megaterium. These results indicate that bacterial 
strains Pseudomonas fluorescence and Bacillus 
megaterium were more effective in increasing the 
uptake of N, P and K of wheat shoot as compared 
with other bacterial strains in the RP-amended 
soil and inoculated with AM fungi. The highest 
uptake of N in straw was found in inoculated 

plants with Bacillus subtilis + AM fungi + RP 
when compared with other strains and control 
treatments. Likewise, the maximum P and K 
uptake in straw was observed in soil received RP 
and inoculated plants with Bacillus megaterium 
and AM fungi. The highest uptake of the N, P and 
K by straw was obtained in the soil received RP + 
AM fungi plus inoculation with Bacillus subtilis, 
Serratia marcescens and Bacillus megaterium, 
respectively.
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The increase in the N and P content in 
shoot, straw and grains of inoculated plants 
(Table 7) confirmed the effect of joining the 
efficient phosphate solubilizing bacterial strain 
and mycorrhizal fungi. Numerous studies have 
proved synergistic relations between PSB and 
AM fungi (Singh & Kapoor, 1999; Artursson et 
al., 2006; Mäder el al., 2011). For instance, Toro 
et al. (1997) studied the inoculation of plant 
with AM fungi and PSB alone or in combination 
under phosphate limited systems. Their study 
showed that the bacteria promoted mycorrhizal 
establishment whereas the mycorrhizal symbiosis 
increased the counts of PSB in the rhizosphere. 
The combined inoculation with AM fungi and 
PSB significantly increased plant biomass, N and 
P accumulation in plant tissues, compared with 
their controls which were not dually inoculated. 
Additionally, they reported that dually inoculated 
plants exhibited lower specific activities (32P/31P) 
than control plants using 32P isotopic dilution 
technique, demonstrating that AM fungi and PSB 
interacted to make use of P sources otherwise 
inaccessible to plants. The results in this study 
agree with previous studies indicating that the 
combined inoculation of PSB and AM fungi with 
50% recommended P as RP increased grain yield 
of soybean-wheat cropping system (Mahanta et 
al., 2018).

The use of AM fungi has been shown to 
possess the capacity to increase the nutrient 
uptake of plants through improving association 
with roots and also ease the P uptake by increasing 
root total length and the absorptive surface area 
of the mycorrhizal root system and extent the 
P-depletion zone away from the root surface 
(Zaida & Khan, 2005; Wu et al., 2014).

Conclusions                                                                           

This study exposed that the capacity of bacterial 
strains was a wide variation for solubilizing rock 
phosphate in liquid culture. The results of this 
study also indicated that the double inoculation 
with phosphate solubilizing bacteria and AM 
fungi through insoluble rock phosphate enhanced 
plant vigor and nutrient uptake and caused a 
dramatic increase in plant growth and yield 
components of wheat crop as well as increase soil 
available P and activity of alkaline phosphatase. 
This study is recommending the use of bacterial 
inoculants in combination with mycorrhizae and 
rock phosphate for wheat grown in sandy soil. 

However, further research is required to estimate 
these bio-inoculants under field conditions and 
different soils before generalized as biofertilizers.

Acknowledgements: This work was supported 
by Soil and Water Department, Faculty of 
Agriculture, Suez Canal University. The author 
greatly appreciation all staff members of Soils, 
Water and Environmental Research Institute, 
Agricultural Research Center, Giza-Egypt for 
their insightful and encouragement.

References                                                                                 

Aarab, S., Ollero, J., Megías, M., Laglaoui, A., Bakkali, 
M., Arakrak, A. (2019) Some characteristics 
of phosphate solubilizing rhizobacteria as an 
ecological strategy for sustainable agriculture. 
Materials Today: Proceedings, 13, 1224-1228.

Abd El-Azeem, S.A.M., Mehana, T.A., Shabayek, 
A.A. (2007) Some plant growth promoting 
traits of rhizobacteria isolated from Suez Canal 
Region, Egypt. African Crop Science Conference 
Proceedings, 8, 1517-1525. 

Abd El-Azeem, S. A. M., Mehana, T.A., Shabayek, 
A.A. (2008) Effect of seed inoculation with plant 
growth-promoting rhizobacteria on the growth 
and yield of wheat (Triticum aestivum L.) plants 
cultivated in a sandy soil. Catrina, 3, 69-74.

Al-Attar, O.M.G.R. (2017) Role of arbuscular 
mycorrhizal fungi, plant growth promoting 
rhizobacteria and their interaction in improving 
plant nutrition and soil fertility. Ph.D. Thesis, Fac. 
Agric. Suez Canal Univ., Ismailia, Egypt. 

Altomare, C., Tringovska, I. (2011) Beneficial 
soil microorganisms, an ecological 
alternative for soil fertility management. 
In: "Biofuels and Local Farming 
Systems, Sustainable Agriculture Reviews", 
Lichtfouse, E. (Ed.), pp. 161-214.

AlWerwary, S.M.A. (2017) Bacteriological studies on 
some plant growth promoting rhizobacteria. M. 
Sc. Thesis, Fac. Agric. Suez Canal Univ., Ismailia, 
Egypt.

Arora, N.K., Khare, E., Maheshwari, 
D.K. (2010) Plant growth promoting 
rhizobacteria: Constraints in bioformulation, 
commercialization, and future strategies. In: 



84
RAWIA O. SHAMS EL-DEEN et al.

Egypt. J. Microbiol. Special Issue (2020)

"Plant Growth and Health Promoting Bacteria", 
Maheshwari D. K. (Ed.), pp. 97-116. Springer 
Berlin Heidelberg. 

Artursson, V., Finlay, R.D., Jansson, J.K. (2006) 
Interactions between arbuscular mycorrhizal fungi 
and bacteria and their potential for stimulating plant 
growth. Environmental Microbiology, 8, 1-10. 

Billah, M., Khan, M., Bano, A., Hassan, T.U., 
Munir, A., Gurmani, A.R. (2019) Phosphorus 
and phosphate solubilizing bacteria: Keys for 
sustainable agriculture. Geomicrobiology Journal, 
36, 904-916.

Bremner, J.M. (1996) Nitrogen Total. In: "Methods of 
Soil Analysis Part 3: Chemical Methods", Sparks, 
D.L., (Ed.), pp. 1085-1122. SSSA Book Series 
5, Soil Science Society of America, Madison, 
Wisconsin.

Bücking, H., Shachar‐Hill, Y. (2005) Phosphate 
uptake, transport and transfer by the arbuscular 
mycorrhizal fungus Glomus intraradices is 
stimulated by increased carbohydrate availability. 
New Phytologist, 165, 899-912.

Cherchali, A., Boukhelata, N., Kaci, Y., Abrous-
Belbachir, O., Djebbar, R. (2019) Isolation 
and identification of a phosphate-solubilizing 
Paenibacillus polymyxa strain GOL 0202 
from durum wheat (Triticum durum Desf.) 
rhizosphere and its effect on some seedlings 
morphophysiological parameters. Biocatalysis and 
Agricultural Biotechnology, 19, 1-7.

CoStat Statistical Software (1990) CoStat Manual 
Revision 4.2, 271p.

Czarnes, S., Hiller, S., Dexter, A.R., Hallett, P.D., 
Bartoli, F. (1999) Root: Soil adhesion in the maize 
rhizosphere: The rheological approach. Plant and 
Soil, 211, 69-86.

Deubel, A., Merbach, W. (2005) Influence of 
microorganisms on phosphorus bioavailability 
in soils. In: "Microorganisms in Soils: Roles in 
Genesis and Functions", Buscot, F. and Varma, A. 
(Eds.), pp. 177-191. Springer, Berlin.

Gee, G.W., Bauder, J.W. (1986) Particle-size analysis. 
In: "Methods of Soil Analysis. Part 1", Klute, A. 
(Ed.), pp. 383-411 (2nd ed.). Agronomy Monograph 
ASA and SSSA, Madison, Wisconsin USA.

Guinazu, L., Andres, J., Del Papa, M., Pistorio, M., 
Rosas, S. (2010) Response of alfalfa (Medicago 
sativa L.) to single and mixed inoculation with 
phosphate solubilizing bacteria and Sinorhizobium 
meliloti. Biology and Fertility of Soils, 46, 185-190.

Gurdeep, K., Reddy, M.S. (2015) Effects of phosphate-
solubilizing bacteria, rock phosphate and chemical 
fertilizers on maize-wheat cropping cycle and 
economics. Pedosphere, 25, 428-437.

Hellal, F., El-Sayed, S., Zewainy, R., Amer, A. (2019) 
Importance of phosphate pock application for 
sustaining agricultural production in Egypt. Bulletin 
of the National Research Centre, 43, 1-11.

Jackson, M.L. (1973) "Soil Chemical Analysis". 
Prentice Hall of India Pvt. Ltd, New Delhi, India.

Jacobson, C.B., Pasternak, J.J., Glick, 
B.R. (1994) Partial purification and 
characterization of 1-aminocyclopropane-
1-carboxylate deaminase from the 
plant growth promoting rhizobacterium 
Pseudomonas putida (GR12-2). Canadian Journal 
of Microbiology, 40, 1019-1025.

Khan, M.S., Zaidi, A., Ahmad, E. (2014) Mechanism of 
phosphate solubilization and physiological functions 
of phosphate-solubilizing microorganisms. In: 
"Phosphate Solubilizing Microorganisms", pp. 31-
62. Springer.

Kohler, J., Caravaca, F., Carrasco, L., Roldan, A. (2007) 
Interactions between a plant growth-promoting 
rhizobacterium, an AM fungus and a phosphate 
solubilizing fungus in the rhizosphere of Lactuca 
sativa. Applied Soil Ecology, 353, 480-487.

Kuo, S. (1996) Phosphorus. In: "Methods of Soil 
Analysis: Part 3" Sparks, D.L. (Ed.), pp. 869-919.
SSSA Book Series 5. SSSA and ASA, Madison.

Liu, X., Jiang, X., He, X., Zhao, W., Cao, Y., Guo, 
T., Li, T., Ni, H., Tang, X. (2019) Phosphate-
solubilizing Pseudomonas sp. strain P34-L 
promotes wheat growth by colonizing the wheat 
rhizosphere and improving the wheat root system 
and soil phosphorus nutritional status. Journal of 
Plant Growth Regulation, 38, 1314-1324.

Mäder, P., Kaiser, F., Adholeya, A., Singh, R., Uppal, 
H.S., Sharma, A.K., Srivastava, R., Sahai, V., 
Aragno, M., Wiemken, A. (2011) Inoculation of 



85
EFFECTS OF PHOSPHATE SOLUBILIZING MICROORGANISMS ON WHEAT.....

Egypt. J. Microbiol. Special Issue (2020)

root microorganisms for sustainable wheat-rice and 
wheat-black gram rotations in India. Soil Biology 
and Biochemistry, 43, 609-619.

Mahanta, D., Rai, R., Dhar, S., Varghese, E., Raja, 
A., Purakayastha, T. (2018) Modification of root 
properties with phosphate solubilizing bacteria and 
arbuscular mycorrhiza to reduce rock phosphate 
application in soybean-wheat cropping system. 
Ecological Engineering, 111, 31-43.

Martin, J.H., Leonard, W.H., Stamp, D.L. (1976) 
"Principles of Field Crop Production". 3rd ed. 
Macmillan, New York.

Milleret, R.L., Bayon, R.C., Gobat, J.M. (2009) Root, 
mycorrhiza and earthworm interactions: Their 
effects on soil structuring processes, plant and soil 
nutrient concentration and plant biomass. Plant and 
Soil, 316,1-12.

Nannipieri, P., Giagnoni, L., Landi, L., Renella, G. 
(2011) Role of phosphatase enzymes in soil. In: 
"Phosphorus in Action, Soil Biology", Bunemann, 
E.K. (Ed.), 26:215-243, Springer, Berlin.

Nautiyal, C.S. (1999) An efficient microbiological 
growth medium for screening phosphate 
solubilizing microorganisms. FEMS Microbiology 
Letters, 170, 265-270.

Nishanth, D., Biswas, D. (2008) Kinetics of phosphorus 
and potassium release from rock phosphate and 
waste mica enriched compost and their effect 
on yield and nutrient uptake by wheat (Triticum 
aestivum). Bioresource Technology, 99, 3342-3353.

Poonguzhali, S., Madhaiyan, M., Sa, T. (2008) Isolation 
and identification of phosphate solubilizing bacteria 
from Chinese cabbage and their effect on growth 
and phosphorus utilization of plants. Journal of 
Microbiology and Biotechnology, 18, 773-777.

Qian, Y., Shi, J., Chen, Y., Lou, L., Cui, X., Cao, R., Li, 
P., Tang, J. (2010) Characterization of phosphate 
solubilizing bacteria in sediments from a shallow 
eutrophic lake and a wetland: Isolation, molecular 
identification and phosphorus release ability 
determination. Molecules, 15, 8518-8533.

Rahman, M., Muhammad, D., Mussarat, M., Sharif, M., 
Irfan, M., Rafiullah, J.A., Ishaq, F. (2018) Effect of 
acidulated levels and application techniques of rock 
phosphate on phosphorus use efficiency and yield 

of wheat in calcareous soil of Peshawar-Pakistan. 
Pure and Applied Biology, 7, 1094-1103.

Roesti, D., Gaur, R., Johri, B., Imfeld, G., Sharma, S., 
Kawaljeet, K., Aragno, M. (2006) Plant growth 
stage, fertiliser management and bio-inoculation 
of arbuscular mycorrhizal fungi and plant growth 
promoting rhizobacteria affect the rhizobacterial 
community structure in rain-fed wheat fields. Soil 
Biology and Biochemistry, 38, 1111-1120.

Saxena, J., Jha, A. (2014) Impact of a phosphate 
solubilizing bacterium and an arbuscular 
mycorrhizal fungus (Glomus etunicatum) on 
growth, yield and P concentration in wheat plants. 
Clean Soil Air Water, 42, 1248-1252.

Selvakumar, G., Mohan, M., Kundu, S., Gupta, A., 
Joshi, P., Nazim, S., Gupta, H. (2008) Cold tolerance 
and plant growth promotion potential of Serratia 
marcescens strain SRM (MTCC 8708) isolated 
from flowers of summer squash (Cucurbita pepo). 
Letters in Applied Microbiology, 46, 171-175.

Shaharoona, B., Naveed, M., Arshad, M., Zahir, 
Z.A. (2008) Fertilizer-dependent efficiency of 
Pseudomonads for improving growth, yield, and 
nutrient use efficiency of wheat (Triticum aestivum 
L.). Applied Microbiology and Biotechnology, 79, 
147-155.

Singh S., Kapoor, K.K. (1999) Inoculation with 
phosphate-solubilizing microorganisms and a 
vesicular-arbuscular mycorrhizal fungus improves 
dry matter yield and nutrient uptake by wheat 
grown in sandy soil. Biology and Fertility of Soils, 
28, 139-144.

Singh, N., Pandey, P., Dubey, R., Maheshwari, D. 
(2008) Biological control of root rot fungus 
Macrophomina phaseolina and growth 
enhancement of Pinus roxburghii (Sarg.) by 
rhizosphere competent Bacillus subtilis BN1. 
World Journal of Microbiology and Biotechnology,  
24, 1669.

Sparks, D.L., Page, A.L., Helmke, P.A., Loeppert, 
R.H., Soltanpour, P.N, Tabatabai, M.A., Johnston, 
C.T., Sumner, M.E. (Eds.) (1996) "Methods of 
Soil Analysis. Part 3 Chemical Methods", Agron. 
Monogr. 5. SSSA and ASA INCS, Madison, 
Wisconsin USA.

Starr, M.P., Stolp, H., Trüper, H.G., Balows, A., 



86
RAWIA O. SHAMS EL-DEEN et al.

Egypt. J. Microbiol. Special Issue (2020)

Schlegel, H.G. (1981) The prokaryotes. "A 
Handbook on Habitats, Isolation and Identification 
of Bacteria". Springer-Verlag Berlin Heidelberg.

Tabatabai, M.A. (1994) "Soil Enzymes" R.W. Weaver, 
J.S. Angle, P.S. Botttomley (Eds.), pp. 775-833. 
Madison, WI: Soil Science Society of America.

Toro, M., Azcon, R., Barea, J. (1997) Improvement of 
arbuscular mycorrhiza development by inoculation 
of soil with phosphate-solubilizing rhizobacteria 
to improve rock phosphate bioavailability (32P) 
and nutrient cycling. Applied and Environmental 
Microbiology, 63, 4408-4412.

Trivedi, P., Sa, T. (2008) Pseudomonas corrugata 
(NRRL B-30409) mutants increased phosphate 
solubilization, organic acid production, and 
plant growth at lower temperatures. Current 
Microbiology, 56, 140-144.

Vurukonda, S.S.K.P., Vardharajula, S., Shrivastava, 

M., Skz, A. (2016) Enhancement of drought stress 
tolerance in crops by plant growth promoting 
rhizobacteria. Microbiological Research, 184, 13-24.

Wei, Y., Zhao, Y., Shi, M., Cao, Z., Lu, Q., Yang, T., 
Fan, Y., Wei, Z. (2018) Effect of organic acids 
production and bacterial community on the possible 
mechanism of phosphorus solubilization during 
composting with enriched phosphate-solubilizing 
bacteria inoculation. Bioresource Technology, 247, 
190-199.

Wu, Q., Cao, M., Zou, Y., He, X. (2014) Direct and indirect 
effects of glomalin, mycorrhizal hyphae, and roots 
on aggregate stability in rhizosphere of trifoliate 
orange. Scientific Reports, 4, 1-8.

Zaidi, A., Khan, S. (2005) Interactive effect of 
rhizotrophic microorganisms on growth, yield, 
and nutrient uptake of wheat. Journal of Plant 
Nutrition, 28, 2079-2092.


