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Abstract
The present study focused on the characterization of plant growth promoting rhizospheric (R) and endophytic (E) bacteria and
their impact on wheat cultivars growth. In this study, 400 strains were isolated from the rhizosphere soil (250 isolates) and
surface-sterilized roots (150 isolates) of wheat and screened for their ability to plant growth promotion (PGP) traits. Four R
isolates and four E isolates with different ability were selected to investigate the interaction between R and B bacteria associated
with wheat cultivars under in vitro and greenhouse conditions. Plant growth parameters were found to be enhanced by the
combined inoculation of two groups of R and E bacteria compared to individual inoculations (respectively 33.7 and 37.8%
increase in root and shoot dry weight), suggesting that PGP rhizobacteria acted synergistically with PGP endophytes in phosphate
solubilization. Compared to inoculation with phosphate-solubilizing bacteria (PSB) or indole-3-acetic acid producer bacteria
(IAA-PB), inoculation by bacteria with multiple PGP properties (PSB and IAA-PS) showed higher promotion capacity. Also, in
greenhouse assay, bacterial inoculation had a positive effect on the soil dehydrogenase (70.2%) and phosphatase (52.2%) activity.
It seems PGP traits do not work independently of each other but additively as it was suggested in the Bsynergistic hypothesis^ that
multiple mechanisms are responsible for the plant growth promotion and increased yield. Findings of this study could improve
the current bio-fertilizer production procedure in research and related industries.
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Introduction

Phosphate (P) deficiency is a critical nutritional disorder of
wheat, particularly in the alkaline soils that contain great
amounts of calcium carbonate minerals. The P uptake in
wheat ranged from 2.8 to 4.5 kg P/t with average about
4 kg P/t (Tandon 1987). Use of P fertilizer is vital in the
cultivation of wheat to attain and to maintain profitable crop
production. According to a report by the International
Fertilizer Association (IFA), the world’s P fertilizer demand
was expected to reach 43.5 Mt P2O5 by 2018/2019 (Heffer

and Prud’homme 2014).Most of the P fertilizers contain some
of the toxic elements like fluorine (F), lead (Pb), cadmium
(Cd), arsenic (As), mercury (Hg), chromium (Cr), and radium
(Ra) (Hegedűs et al. 2017). Besides, the recovery of P fertil-
izer in the soil is quite low (15–20%) and the residual P is
fixed as insoluble P fractions in soils (Hemwall 1957).
Transport of soil particles loaded with P into lakes and surface
waters cause eutrophication (Carpenter 2005). Process of P
fixation decreases the fertilization efficiency as well as crop
profitability, resulting in economic loss and ecological prob-
lems. Such environmental concerns and high fixation of P in
soils have led to search eco-friendly and economically feasible
alternative ways for improving crop production in P-deficient
soils.

Plant growth-promoting bacteria (PGPB), which interact
and promote plant growth and nutrients, are considered one
such accessible viable strategy (Ji et al. 2014). The mecha-
nisms for PGPB to promote the growth of agricultural crops
are biological nitrogen fixation (BNF), synthesis of plant
growth hormones (IAA, gibberellic acid, cytokinins, and
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ethylene), production of siderophores, and solubilization of
minerals such as phosphorus, potassium, and zinc (Hu et al.
2017; Dinesh et al. 2015). Symbiotic and free-living bacteria
are able to fix nitrogen and provide it to plants. The enzyme
nitrogenase complex carries out the BNF by reducing molec-
ular nitrogen (N2) to ammonium (NH4

+) and reduces acety-
lene to ethylene (Masson-Boivin and Sachs 2018). Plant hor-
mones are chemical messengers that regulate plant cell pro-
cesses. They act by regulating plant growth processes, like
seed growth, the formation of leaf and flowers, elongation of
stems, and development and ripening of fruit.Microorganisms
may also produce plant hormones and affect the plant’s hor-
monal balance (Tsukanova et al. 2017). Microorganisms pro-
duce various enzymes and metabolites that serve as attach-
ment structures to mineral or rock surface and release (or
solubilize) nutrients (Etesami et al. 2017; Rafi et al. 2019).
PGP trait has been reported in strains belonging to the numer-
ous genera, such as Acinetobacter, Azospirillum, Azotobacter,
Arthrobacter, Bacillus, Beijerinckia, Burkholderia,
Clostridium, Erwinia, Enterobacter, Flavobacterium,
Hydrogenophaga, Pseudomonas, Rhizobium, and Serratia
(Singh et al. 2015).

Among PGP bacteria, due to the deficiency of plant avail-
able P in many agricultural soils, PSB are considered as pro-
spective bio-fertilizers (Emami et al. 2018). There were more
reports of growth promotion on crop plants inoculated with
PSB (Fernández et al. 2007; Dey et al. 2004; Chabot et al.
1996); the related research projects mainly focused on the
isolation of PSB and test their P-solubilizing activity. Valetti
et al. (2018) reported that application of Bacillus, Serratia,
Arthrobacter, and Pantoea (PSB) increased rapeseed growth.
Formation of clear halo around the bacterial colonies on solid
agar (contain an insoluble form of P) has considered as a
universal indicator for phosphate solubilization by PSB for
over half a century (Bashan et al. 2013). However, subsequent
empirical studies show that most of the isolates screened
based on this factor are not effective. Recent resource surveys
show that bio-solubilization of phosphate is a very complex
phenomenon affected by several factors (variable soil constit-
uents and environmental factors) where each cannot be eval-
uated and tested separately (Bashan et al. 2013; Musarrat and
Khan 2014).

The rate of root growth and expansion of root architecture
in the soil are important for solubilization and absorption of
nutrients. IAA-PB can play a direct role in root growth and
development. Production of IAA by bacteria has been directly
linked to the development of the plant host root system and
increased root growth and branching (Spaepen et al. 2007).
Increased root branching has promoted nutrient acquisition
(Jia et al. 2018). There is little information about the IAA-
PB, development of the root system, and P absorption by
plants (Emami et al. 2018). Nevertheless, to the authors’
knowledge, no experimental work has been reported on

inoculation with IAA-PB for evaluation role of root expansion
in P availability and their effect on growth promotion of
plants. In addition, although the PGP traits among R and E
bacteria may be similar, most of the studies have been done
about rhizosphere bacteria.

Therefore, the present study was undertaken with the fol-
lowing objectives: (i) isolation of the R and E bacteria from
rhizosphere soil and inside roots of wheat plant, (ii) compar-
ison between the ability of R and E bacteria to stimulation of
wheat plant growth as a single and co-inoculation, (ii) evalu-
ation potentiality of PSB and IAA-PB in growth promotion
and P uptake.

Materials and methods

Sampling and isolation of R and E bacteria of wheat
roots

To isolate and screening the R and E bacterial isolates of wheat
(Triticum aestivum L.) roots, a number of healthy wheat plants
and associated rhizosphere soil (30 samples) were randomly
collected from wheat field of Campus of Agriculture and
Natural Resources of the Tehran University, Iran (35° 48′
30.98″ N, 50° 57′ 29.47″ E) during the stem elongation.
Physical, chemical, and biological properties of wheat field
soil included soil texture (27.4% clay, 29.2% silt, and 43.4%
sand), sandy loam, pH 7.9; electrical conductivity (EC),
1.1 dS m−1; organic carbon, 4.2 g kg−1; total nitrogen,
4.1 g kg−1; calcium carbonate equivalent, 93 g kg−1; available
potassium, 260 mg kg−1; available phosphorus, 11.4 mg kg−1;
and bacterial population, 1.33 × 106 colony forming unit
(Okalebo et al. 2002).

According to a previous standard procedure (Robinson
et al. 2016) and using Nutrient Agar medium (NA), the endo-
phytic bacteria were isolated and purified (Emami et al. 2018).
Briefly, roots were washed with running water to remove sur-
face adhering soil. Plant roots were sectioned into 2-cm nodal
root sections with a sterile blade. Roots were twice vortexed in
sterile distilled water (SDW) before sterilization using an op-
timized surface sterilization procedure: a 1-min wash in 95%
ethanol, a 14-min wash with agitation in sodium hypochlorite
solution (1.4% active chlorine), a 10-s wash in 95% ethanol,
followed by 10 rinses in SDWwith agitation. Validation of the
surface sterilization procedure was done by stamping the
surface-sterilized roots onto nutrient agar medium (touch in-
oculation) and culturing aliquots of water from the last rinsing
onto nutrient agar. The plates were transferred to the incubator
as control of the test sample. Using sterile mortar, root samples
(previously sterilized) were macerated, diluted, and plated.
The cultivable in vitro bacteria in the rhizosphere soil of wheat
were isolated by the tenfold serial dilutions method (Johnson
and Curl 1972). After incubation at 28 ± 2 °C for 96 h,
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bacterial isolates phenotypically (color, opacity, and rate of
growth) were selected for the further experiment.

Screening of isolates for PGP traits

All bacterial isolates were screened for IAA production based
on the method described by Bric et al. (1991) with minor
modifications. Bacterial isolates were grown in the nutrient
broth supplemented with L-tryptophan (1 mg mL−1 of broth)
at 30 °C for 72 h. Culture supernatants from each of these
isolates were mixed with Salkowski reagent (1 mL of 0.5 M
FeCl3 in 50 mL of 35% HClO4) in the ratio of 1:1.
Observation of pink color indicates the production of IAA
and its optical density was recorded at 530 nm. The ability
of phosphate solubilizing of the bacterial isolates (organic and
inorganic phosphate) was determined on Sperber agar medi-
um (Sperber 1958). The bio-oxidation of glycine to hydrogen
cyanide (HCN) by isolates was tested qualitatively following
the method of Lorck (1948). Siderophore production and Fe3+

reduction to Fe2+ was determined by chrome azurol sulfonate
medium (Schwyn and Neilands 1987).

Identification of selected isolates

The genomic DNA extraction of the isolates (four R isolates:
R63, R115, R120, R185, and four E isolates: E111, E149,
E203, E240) grown in nutrient broth medium was performed
using isolation kit (Promega, Madison, WI, USA), and the
16S rRNA gene was amplified using the general bacterial
primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and
1492R (5′-GGTTACCTTGTTACGACTT-3′). The purified
PCR product (with purification kit) was sequenced by DNA
sequencer of the South Korean Macrogen Corporation (by
ABI system 3730 XL). The nucleotide sequences were edited
using the ChromasLite software and compared with the nu-
cleotide sequences found in GenBank. The phylogenetic tree
was constructed in RaxMl implemented in Geneious IR9 with
the Tamura-Nei model and 1000 bootstrapping procedure.
The nucleotide sequences assigned to this study were sent to
the GeneBank database and registered with the accession
numbers MF521965, MF521968, MF579599, MF521970,
MF521967, MF579600, MF579598, and MF522213 for
strains R115, R63, R185, R120, E149, E111, E240, and
E203, respectively.

In vitro assay of the response of wheat cultivars
to P-deficient in the presence of R and E bacteria

In vitro experiment was done in a 14 × 2 factorial
completely randomized block strategy with three replica-
tions within test tubes. The fourteen inoculant treatments
are as follows: (1) rhizospheric IAA-PB (isolate R115),
(2) endophyt ic IAA-PB (isola te E149) , (3) co-

inoculation of rhizospheric and endophytic IAA-PB (iso-
lates R115 and E149), (4) rhizospheric PSB (isolate R63),
(5) endophytic PSB (isolate E111), (6) co-inoculation of
rhizospheric and endophytic PSB (isolates R63 and
E111), (7) rhizospheric IAA-PB and PSB (isolate R185),
(8) endophytic IAA-PB and PSB (isolate E240), (9) co-
inoculation of rhizospheric and endophytic IAA-PB and
PSB (isolates R185 and E240), (10) R bacteria without
PGP ability (isolate R120), (11) E bacteria without PGP
ability (isolate E203), (12) co-inoculation of R and E bac-
teria without PGP ability (isolates R120 and E203), (13)
negative control (contain the insoluble source of P), and
(14) positive control (contain the soluble source of P).
The two wheat cultivar treatments were Roshan and
Marvdasht cultivars. Seeds were collected from national
plant gene bank of Iran, seed and plant improvement
institute.

Seeds were surface-sterilized and germinated under sterile
conditions into the plate containing 1% agar. After germina-
tion, seeds were transferred under sterile conditions into the
culture tubes containing Hoagland’s plant growth media (1 L
of Hoagland solution was prepared by using 7.5 mL of 1 M
calcium nitrate tetrahydrate (Ca [NO3]2·4H2O), 20 mL of
0.1 M calcium sulfate dihydrate (CaSO4·2H2O), 5 mL of
0.5 M potassium sulfate (K2SO4), 2 mL of 1 M magnesium
sulfate heptahydrate (MgSO4·7H2O), 2 mL of Fe-EDTA, and
1 mL of micronutrient stock) (Adesemoye et al. 2009) and
supplemented with 10 mL of 0.05 M tri-calcium phosphate
(Ca3(PO4)2) as insoluble P source. Plants with the addition of
soluble (monocalcium phosphate Ca[HPO4]2) and insoluble P
(tri-calcium phosphate Ca3(PO4)2) source without inoculation
were used as positive and negative controls, respectively.
Emerging roots of 7 days-old plants were inoculated with
100 μL of the selected bacterial culture, previously grown at
27 °C during 48 h (108 CFU mL−1). Plants were grown in a
greenhouse at 25 ± 2 °C and 14/10-h photoperiod (Fig. 1).
After 90 days, plants were removed from the agar, and then
shoot and roots were dried in 70 °C and weighed for shoot and
root dry weight. The concentration of P in plant samples was
examined using the vanadomolybdate method (Westerman
1990). Also, chlorophyll content in plant samples was mea-
sured by chlorophyll meter (Yadava 1986).

Setting up the greenhouse experiment

In order to investigate the effect of PGPB on plant growth
under greenhouse condition, a bacterial consortium of R185
and E240 was selected based on their PGP properties under
in vitro condition. The greenhouse experiment was performed
based on the in vitro assay with the efficient bacterial inocu-
lant and cultivar in potted soil with sandy clay loam texture,
low available content of P (8.4 mg/kg), cation exchange ca-
pacity (CEC) of 17.5 (cmolc kg

−1), and the minor population
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of PSB. Wheat seeds were surface-sterilized by soaking in
75% ethyl alcohol for 10 s, immersed in 5%NaOCl for 5mins,
and finally rinsed ten times with sterile water. Afterwards, 10
seeds were transplanted to a plastic pot (0.22-m diameter,
0.18-m depth) containing 3-kg soil. Plants were grown in a
glasshouse at a temperature of 28 ± 2 °C, soil moisture of 75%
of the field capacity, and 45% relative humidity in a day–night
cycle of 14-h natural light. After appearing seedlings of soil,
the number of wheat seedling has been reduced to five seed-
lings. Seven days after germination, pots were inoculated with
bacterial inoculants (bacterial consortium) using a root
drenching method (Wei et al. 2013). Briefly, 5 wheat plants
per pot were drenched with 5 mL of bacterial inoculants at an
initial concentration of 5 × 108 CFU mL−1. Control pots were
inoculated by sterilized inoculum that had been sterilized by
autoclaving. Plants were uprooted after 100 days of inocula-
tion. The biomass of all plant samples was dried at 75 °C for
2 days. Then, phosphate content was determined in plant ma-
terial (root, shoot, and grain) by the molybdovanadate spec-
trophotometric method. Available P in soils was extracted
using the Olsen method (Olsen et al. 1954). Soil
dehydrogenase and phosphatase activity were determined
according to the methods initially described by Ohlinger
(1996) and Tabatabai (1982) respectively.

Data analysis

All experiments (in vitro and pot) were done in triplicates and
result values are shown as mean ± standard deviation. Means
were compared by Duncan’s Multiple Range test at 1% prob-
ability level. In addition, a normality test was also conducted
on data, which were normal. In the greenhouse, the pots with
different treatments were planned in a completely randomized
design.

Results

Isolation, identification, and characterization
of the PGP bacteria

Based on cultural and morphological characteristics, 400 bac-
terial strains were isolated from the rhizosphere (250 isolates)
and surface-sterilized roots (150 isolates) of wheat and
screened for their ability for PGP traits (Fig. 2). Rhizosphere
had more (88%) IAA-PB than surface-sterilized roots (72%).
One hundred forty-eight out of 250 R isolates were able to
produce siderophore while only seventy-eight out of 150 E
isolates produced halos in CAS-agar medium. The ability of

Fig. 1 Schematic portrayal of the in vitro culture
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the isolates to organic and inorganic phosphate solubilization
was detected by the formation of clear halo around the colony
on medium containing inositol phosphate and tri-calcium
phosphate respectively. Twenty-four percent of R isolates
and 28% of E isolates were able to solubilize tri-calcium phos-
phate whereas over 38% and 34.6% of isolates obtained from
the rhizosphere and surface-sterilized roots of the wheat plant
were inositol phosphate solubilizes. Production of HCN was
detected in 18%R isolates and 10% E isolates. The purpose of
this experiment was to compare the ability of the PSB and
IAA-PB in promotion of the plant’s ability to absorb P under
in vitro condition. So based on IAA production and
phosphate-solubilizing ability, we included four R isolates:
R115 (IAA+: IAA producer), R63 (PS+: phosphate
solubilizer), R185 (IAA+, PS+), R120 (IAA−, PS−), and four
E isolates: E149 (IAA+), E111 (PS+), E240 (IAA+, PS+), E203
(IAA−, PS−) in our study system (Table 1).

The 16S rRNA gene sequences of the isolates R115, R63,
R185, R120, E149, E111, E240, and E203 were closely sim-
ilar to strains Stenotrophomonas sp., Serratia marcescens,
Pseudomonas sp., Nocardia fluminea, Stenotrophomonas
maltophilia, Bacillus zhangzhouensis, Pseudomonas mosselii,
and Microbacterium sp., on the BLAST search in the NCBI
(National Center for Biotechnology Information), respective-
ly. The result of the phylogenetic analysis of the isolates is
shown in Fig. 3.

In vitro culture response of wheat cultivars
with inoculation

The shoot dry weight of the plants varied from a minimum of
0.71 g (registered in the negative control) to a maximum value
of 1.1 g (registered in the positive control) (Fig. 4). Root and
shoot dry weight of wheat significantly affected by bacterial
strains (P ≤ 0.01). Single inoculation with PGP R and E bac-
teria significantly increased root and shoot dry weight than
control. Similar trends were also found in co-inoculation with
R and E isolates. However, for dual inoculation with R and E
isolates, comparatively higher root and shoot dry weight was
observed under in vitro condition. Among isolates used in our
study, R isolate Pseudomonas sp. and E isolate Pseudomonas
mosselii (IAA-PB and PSB) were more efficient than R and E

isolates with the single ability (IAA-PB or PSB). Under defi-
cient P conditions, the differences between Roshan and
Marvdasht cultivars were statistically significant. In the nega-
tive and positive control of Roshan cultivar, the chlorophyll
meter reading ranged from 45 to 47.5 respectively (Fig. 5).
Individual addition of R and E isolates with IAA production
ability caused a slight increment in chlorophyll content of
wheat plant compared with control. Nevertheless, inoculation
with single R and E isolates significantly increased plant
growth parameters. The highest results were obtained on co-
inoculation by R and E isolates by numerous PGP properties.
The greatest P uptake (6.88 mg plant−1) was recorded in plants
treated with the R isolate Pseudomonas sp. and E isolate
Pseudomonas mosselii (Fig. 6). No significant differences in
P uptake was observed in R and E isolates with IAA produc-
tion ability treatments. PSB also showed a significant increase
in P uptake in all the R and E inoculated treatments, whereas
all the other treatments (negative control and IAA− + PS−)
failed to show any significant increase in P uptake. Given that
the maximum plant growth promotion was determined by co-
inoculation of R185 and E240 isolates, this treat was selected
for greenhouse experiment.

Greenhouse culture response of wheat
with inoculation

In order to investigate the effect of PGPB on plant
growth, a bacterial consortium of R185 and E240 were
selected based on their potential PGP properties under
in vitro condition. Analysis of variance indicated that bac-
terial inoculation significantly (P ≤ 0.01) increased shoot
P compared to the control. In addition, bacterial consor-
tium caused significant (P ≤ 0.01) increase in the grain P
content in contrast to non-inoculated treatments. Root P
content did not show any significant differences among
the bacterial consortium with the control. Inoculation with
a consortium of R and E isolates led to enzyme activity
stimulation. The average enzyme activity recorded was
15.153 μg TPF g−1 24 h−1 (70.2% increase, P ≤ 0.01)
and 450.67 μg pNP g−1 h−1 (52.2% increase, P ≤ 0.01)
for dehydrogenase and phosphatase activity respectively
compared to the control (Fig. 7).

Table 1 IAA production and phosphate solubilization ability of selected strains. Values followed by different letters are significantly different
(P < 0.01)

Rhizospheric and endophytic strains

R63 R115 R120 R185 E111 E149 E203 E240

IAA production (μg mL−1) 0e 31.23b 0e 19.2d 0e 33.72a 0e 22c

Phosphate solubilization (μg mL−1) 160.32a 0e 0e 148.93d 157.96b 0e 0e 150.41c
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Discussion

Currently, the excessive application of P fertilizers in the ag-
riculture field is under debate due to environmental concerns.
Therefore, it is important to find alternative strategies to re-
duce the harmful effects of farming practices. In the present
study, wheat rhizosphere and roots were selected for isolation
of PGP rhizobacteria and endophytes. Then, in vitro assays
were carried out to evaluate PGP traits such as IAA
production and phosphate solubilization by isolates. IAA
production was observed in the majority of R and E isolates.
Zakharova et al. (1999) reported that 80% of bacteria are able
to produce IAA. If IAA producing bacteria colonize the rhi-
zosphere and inside roots, the IAA levels in these areas may
locally increase. This is likely to affect the architecture of the
developing root system and nutrient absorption especially P.
However, microbial IAA increases the lateral and adventitious
rooting leading to enhanced mineral and nutrient uptake

(Shaikh and Saraf, 2016). In this study, a large number of R
and E isolates were able to produce siderophore. Under the
aerobic and alkaline condition, iron exists in an insoluble from
in soil, which is not available simply for plants. Therefore,
bacterial isolates have evolved specific tools to chelate insol-
uble form iron by the production of siderophores. Soil bacteria
from different genera including Pseudomonas, Bacillus,
Azospirillum, Azotobacter, Burkholderia, Enterobacter, and
Rhizobium helps in the production of siderophores and ab-
sorption of iron by plants (Sujatha and Ammani, 2013).
Jahanian et al. (2012) and Gouda et al. (2018) reported that
siderophore-producing bacteria significantly influence the
availability of Fe, Zn, and Cu and help in growth and yield
improvement of the plant. Due to the limited solubility of
phosphorus in many soils, its availability in soil is rarely suf-
ficient for the growth and development of plants (Malhotra
et al. 2018). The PGPB are versatile organisms that solubilize
insoluble phosphorus through the production of organic acids

Fig. 3 Phylogenetic tree showing
the position of the rhizospheric
and endophytic isolates based on
comparison of the partial 16S
rRNA gene sequences
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and acid phosphatases, which increase the availability of
phosphorus for the plant. Phosphate-solubilizing ability of
studied isolates was screened by plate assay method using
Sperber agar. In the present study, 24% of R isolates and
28% of E isolates were P solubilizer. Solanki et al. (2018)
reported that P-solubilizing microorganisms constitute 20–
40% of the cultivable population of soil microorganisms.
The R and E bacteria with phosphate-solubilizing ability can
convert tri-calcium phosphate in the medium from insoluble
to soluble forms. This leads to increased P availability, which
finally improves plant P uptake (Pande et al. 2017).

Assessment of in vitro data for wheat plants shows that R
and E isolates with multiple PGP traits (IAA-PB and PSB)
were more efficient than R and E isolates with the single

ability (IAA-PB or PSB). PGP bacteria, having multiple ac-
tivities as phosphate solubilization, phytohormone, HCN,
siderophore and ammonia production, nitrogenase activity,
have shown interesting results in different crop studies.
Some examples of PGP rhizobacteria are Agrobacterium,
Arthrobacter, Azotobacter, Azospirillum , Bacillus ,
Burkholderia, Caulobacter, Chromobacterium, Erwinia,
Flavobacterium, Micrococcus, Pseudomonas, and Serratia
(Bhattacharyya and Jha 2012). Similarly, some examples of
the PGP endophytes are Pseudomonas , Bacil lus ,
Burkholderia, Stenotrophomonas, Micrococcus, Pantoea,
and Microbacterium (Shi et al. 2014; Sun et al. 2009). From
the results of the present study, it could be reaffirmed that R
and E isolates were involved in promoting plant growth with
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PGP activity. Plant growth parameters were enhanced by the
combined inoculation of two groups of R and E bacteria com-
pared to individual inoculations, suggesting that PGP
rhizobacteria acted synergistically with PGP endophytes in

phosphate solubilization. Compared to inoculation with
IAA-PB or PSB, inoculation with IAA-PB and PSB showed
higher promotion ability. The increase in growth parameters
due to the application of R and E isolates could be attributed to
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Fig. 7 Bacterial consortium (R185+E240) effects on phosphorus concentration of wheat (root, shoot, and grain) and soil enzyme activity under
greenhouse condition
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IAA production and P solubilization. It seems PGP traits do
not work independently of each other but additively as it was
suggested in the Bsynergistic hypothesis^ that multiple mech-
anisms are responsible for the plant growth promotion and
increased yield. Nevertheless, some researchers concluded
that inoculation with PSB could stimulate plant growth
through the production of organic acids (Bakhshandeh et al.
2017; Kaur and Reddy 2015). Hussain et al. (2013) showed
that PSB Burkholderia sp. PS-01, Bacillus sp. PS-12,
Pseudomonas sp. PS-32, Flavobacterium sp. PS-41, and
Pseudomonas sp. PS-51 significantly increased plant growth
parameters and grain yield up to 16, 11, 42, 29, and 33%,
respectively, compared with control. In addition to phosphate
solubilization, IAA released by R and E isolates enables the
plant to increase both the root surface area and length by
which uptake of nutrients become more efficient.
Consequently, using IAA-PB for enhancing plant root devel-
opment could play a significant role in improving nutrient
uptake, especially if applied in combination with bio-
fertilization such as PSB. The uptake of P by wheat cultivars
followed a similar trend to growth parameters.

Wheat cultivars responded to bacterial inoculation by
increasing the percentage of total plant P. Increased the
supply of P to shoots resulted in better growth of above-
ground parts in the inoculated plant compared with non-
inoculated plants. In the absence of bacterial inoculation,
Roshan cultivar had a higher proportion of total plant P
allocated to the plant systems than Marvdasht cultivar.
The results further showed that inoculation with R and E
bacterial consortium with multiple PGP traits have a bet-
ter impact on plant growth regardless of cultivar types. In
P limited condition, plants have developed several mech-
anisms to overcome P deficiency, such as improving the
ability of a plant to take up more P in a low P condition,
and the ability of a plant to produce greater biomass per
unit P taken up. Expansion of root system (Rubio et al.
2001), increasing root exudates (Bhattacharyya et al.
2013), and association with mycorrhiza (Miyasaka and
Habte 2001) are mechanisms that enhance plant P uptake
efficiency. Similar to in vitro assay, we found that use of
the bacterial consortium in greenhouse assay increased
assimilation of P into the plant tissue and soil enzyme
activity. The bacterial consortium had a positive effect
on the concentration of P in grain and shoot of P wheat,
while no effect was found on the concentration of P in the
root tissue. PGP could be mechanistically related to solu-
bilization of P and enhanced production of IAA by the R
and E isolates. Bacteria (most commonly Bacillus and
Pseudomonas) have been identified as being able to re-
lease soluble P from fixed phosphate in soil minerals by
releasing organic acid and proton phosphatases and
cation-chelating compounds (Richardson et al. 2011).
Given that only 15–20% of the applied P in fertilizers is

taken up by the plant and the remaining P fixed as insol-
uble P fractions in soils, there seems to be an opportunity
for further improvement in P bio-fertilizer.

Hence, co-inoculation of R and E bacteria with multiple
PGP traits might stimulate plant growth by phosphate solubi-
lization and plant hormones. Finally, the results suggest that
co-inoculation of R and E bacterial inoculant with multi-PGP
traits can develop plant growth compared to single inoculation
of R or E bacterial inoculant.
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