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dehydrogenase (EC 1.1.1.37) in roots of Hyola308 and Sar-
igol, respectively, under severe osmotic stress. Furthermore, 
in leaf, bacterial inoculation increased the abundance of tri-
carboxylic acid cycle-related proteins in Hyola308 under 
severe osmotic stress. These results suggest that bacterial 
inoculation might increase the tolerance to severe osmotic 
stress by modifying proteins related to energy metabolism 
in both leaf and root. Enhancement of energy metabolism 
elicited by bacterial inoculation might provide a connec-
tion between cell metabolism and root growth, which might 
cause regulated growth and increased tolerance in drought-
tolerant canola under osmotic stress.
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Introduction

Water scarcity due to drought stress induces osmotic stress 
(Blum 1989). Under these water fluctuations, crop plants 
show modifications in morphology, gas exchange, and 
defense mechanisms (Shao and others 2009). Application of 
polyethylene glycol (PEG) in a hydroponic solution results 
in osmotic stress, which subsequently leads to devaluation 
of plant growth and biomass production (Marcińska and 
others 2013). Canola has high sensitivity to water deficit 

Abstract Plant growth-promoting bacteria recover the 
negative effects of osmotic stress on canola. For compre-
hending the role of bacteria in canola under osmotic stress, 
Sarigol and Hyola308 as drought-sensitive and -tolerant 
cultivars, respectively, inoculated with Enterobacter sp. 
S16-3 as plant growth-promoting bacteria were treated with 
polyethylene glycol. Bacterial inoculation increased the root 
volume of Hyola308 under osmotic stress. Using a gel-free/
label-free proteomic technique, 115 commonly changed 
proteins were identified in the root between inoculated 
Sarigol and Hyola308 under osmotic stress. In both culti-
vars with bacterial inoculation, proteins related to protein 
metabolism, cell organization, and signaling were increased 
in roots under osmotic stress. On the other hand, bacterial 
inoculation increased and decreased the abundance of malate 

Accession Code The mass spectrometry proteomics data 
have been deposited with the ProteomeXchange Consortium 
(http://proteomecentral.Proteomexchange.org) via the PRIDE 
partner repository (Vizcaino and others 2013) under the dataset 
identifiers PXD005707 and PXD005784.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00344-017-9754-y) contains supplementary 
material, which is available to authorized users.

 * Setsuko Komatsu 
 komatsu.setsuko.fu@u.tsukuba.ac.jp

1 Department of Plant Breeding and Biotechnology, University 
of Tabriz, Tabriz 51666-16471, Iran

2 National Institute of Crop Science, National Agriculture 
and Food Research Organization, Tsukuba 305-8518, Japan

3 Department of Soil Science Faculty of Agriculture, 
University of Tabriz, Tabriz 51666-16471, Iran

4 Faculty of Life and Environmental Sciences, University 
of Tsukuba, Tennodai 1-1-1, Tsukuba 305-8572, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00344-017-9754-y&domain=pdf
http://proteomecentral.Proteomexchange.org
https://doi.org/10.1007/s00344-017-9754-y


561J Plant Growth Regul (2018) 37:560–574 

1 3

(Bilibio and others 2014) and yield is decreased signifi-
cantly under water stress (Shirani Rad and others 2013). 
Water stress decreases shoot/root dry weight and root vol-
ume, and increases chlorophyll content and fluorescence in 
canola (Nemati and others 2012). Root features are special-
ized for exploitation (absorption) of water from the soil and 
are highly sensitive to the soil water content (Lynch and 
Brown 2012). Aroca and others (2001) demonstrated the 
importance of root water uptake capacity in coping with 
several abiotic stresses. Seedlings with larger root volumes 
have a better ability to take up water (Carlson 1986). Root 
growth was decreased under water deficits (Hsiao 1973). 
These approaches indicated that drought negatively influ-
ences the growth of canola, and clarification of the response 
mechanisms of root and leaf separately to drought stress 
might help in the improvement of stress tolerance in canola.

The rhizosphere shelters many species of bacteria and 
fungi that have neutral, beneficial, and deleterious effects 
on the plant (Berendsen and others 2012). Plant growth-pro-
moting rhizobacteria (PGPR) are aboriginal soil bacteria that 
colonize in the rhizosphere or plant roots and cause increase 
in plant growth (Kloepper and others 1989). PGPR adapt to 
unfavorable conditions and protect plants from the harm-
ful effects of stresses (Marulanda and others 2007; Kasim 
and others 2013). Furthermore, PGPR have been reported 
to induce drought stress tolerance in root/shoot of canola 
(Heidari and others 2015), wheat (Kasim and others 2013), 
maize (Sandhya and others 2009), and sunflower (Sandhya 
and others 2010). It was demonstrated that inoculation with 
PGPR caused root elongation and increased water uptake 
from deeper soil layers, which resulted in better growth of 
plants under drought stress (Zahir and others 2008). Thus, it 
is important to comprehend the crucial mechanisms, which 
are involved in facilitating plant growth under drought stress 
with PGPR application.

Koh and others (2015) demonstrated that the number of 
proteins associated with metabolism, protein folding/degra-
dation, and signaling was decreased; whereas the abundance 
of proteins related to energy, protein synthesis, stress, and 
defense was increased in canola leaf under drought stress. 
Cheng and others (2012) indicated that proteins related to 
photosynthesis, anti-oxidative processes, transportation, and 
pathogenesis were responsive to salt stress on canola inocu-
lated with Pseudomonas putida UW4. Using Sarigol and 
Hyola308 as salt-sensitive and salt-tolerant cultivars indi-
cated that photosynthesis-related proteins participated as a 
salt-tolerance factor in the adaptation of Hyola308 to stress 
(Bandehagh and others 2011).

Khalili and others (2012) demonstrated that Hyola308 
was considered as a drought-tolerant cultivar according to 
the highest amount of stress tolerance index and grain yield; 
whereas Sarigol was considered as a drought-sensitive culti-
var according to the lowest stress tolerance index and grain 

yield. Based on physiological and agronomic performances, 
Sarigol and Hyola308 were classified as drought-sensitive 
and drought-tolerant cultivars, respectively (Khalili and oth-
ers 2012); however, their function under drought stress or 
bacterial inoculation is not clear. Therefore, these drought-
sensitive and drought-tolerant cultivars are useful to investi-
gate the tolerance mechanisms induced by bacterial inocula-
tion under drought stress. Enterobacter cloacae was reported 
as a plant-growth enhancer with its own multiple growth-
promoting activities and had the potential for solubilizing 
inorganic phosphate from insoluble compounds (Ramesh 
and others 2014).

To identify the combinational effects and impact of this 
bacterium on canola under osmotic stress, a gel-free/label-
free proteomic technique was applied. The simultaneous 
analysis of root and leaf was provided to determine a com-
plete view of the entire plant. The protein profiles of root 
and leaf of drought-tolerant Hyola308 and drought-sensi-
tive Sarigol canola cultivars were compared to determine 
the drought-responsive mechanisms that are activated by 
PGPR and moderate the adverse effects of drought stress. 
The function and pathway mapping analyses were conducted 
to identify the role of the key proteins involved in the canola 
response to osmotic stress and the mechanisms involved in 
the drought tolerance of canola.

Materials and Methods

Plant Material

The seeds of canola (Brassica Napus L. cultivars Sarigol 
and Hyola308) were obtained from the Seed and Plant 
Improvement Institute of Iran. Sarigol and Hyola308 were 
provided as drought-sensitive and drought-tolerant canola 
cultivars, respectively (Khalili and others 2012). Identical 
homogenous seeds were sterilized in 3% sodium hypochlo-
rite solution (Penrose and Glick 2003), sowed and kept on 
sand under white fluorescent light (14-h light period) in a 
growth chamber maintained at 27 °C.

Bacterial Strain

To evaluate the plant growth-promoting ability of rhizos-
phere strains, the following strains were used: Bacillus meg-
aterium, Pseudomonas fluorescens, Pseudomonas putida, 
Enterobacter sp. C16-20, and Enterobacter sp. S16-3. Nutri-
ent broth media were prepared for overnight culture. To 
determine the effect of stress on the growth of strains, over-
night culture was used to inoculate new nutrient broth media 
containing 0, 5, and 10% stress by adding 0, 50, and 100 g/L 
NaCl. Triplicate flasks were used for each isolate, and the 
flasks were incubated at 28 °C in an incubator for 96 h. The 
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growth density was analyzed at wavelength 600 nm. For 
inoculation, cells were shaken for 24 h at 28 °C on a shaker, 
and the density was adjusted to  108 cfu/mL using OD deter-
mination at 600 nm (Sarikhani and others 2016).

Phosphate Uptake

To specify bacterial influence on the phosphate uptake, a pot 
culture experiment was carried out in greenhouse conditions 
in the Agricultural Research Station of the University of 
Tabriz, Iran. Sand and muscovite (2 kg) in pots were steri-
lized, and the disinfected seeds were inoculated by bacterial 
inoculums (0.5 mL per seed) and sowed. To keep the soil 
water content close to field capacity and to ensure that water 
was not the limiting factor in nutrient uptake, Hoagland solu-
tion (Hoagland and Arnon 1950) was used for irrigation and 
nutrient supply. Concentration of phosphate was determined 
by a spectrophotometric assay according to the ammonium 
vanadate-molybdate method (Neves and others 2008). Phos-
phate uptake was calculated for each pot as the sum of nutri-
ent contents of roots (Sarikhani and others 2016).

Polyethylene Glycol Treatment

For morphological and proteomic analyses, seven-day-old 
canola plants were transferred to a hydroponic system con-
taining sterilized Hoagland solution (pH 6.5) (Hoagland and 
Arnon 1950). After the transplantation, 10 mL of bacterial 
suspension was injected to each reservoir containing 10 L 
of nutrient solution. Polyethylene glycol (PEG; Mr 6000) 
was used for induction of osmotic stress. One week after 
transplantation two levels of osmotic stress 0.6 and 1.2 MPa 
were introduced to the plants. The root volume of canola 
plants was measured as a morphological parameter. For all 
experiments, three independent experiments were performed 
as biological replicates. A biological replicate means that 
the plant sowing was performed on different days (Fig. S1). 
Roots and leaves were collected for proteomic analysis.

Protein Extraction, Enrichment, and Digestion 
for Mass Spectrometry Analysis

A portion (500 mg) of samples was ground in liquid nitro-
gen with a mortar and pestle. The powder was transferred 
to a solution containing 10% trichloroacetic acid and 0.07% 
2-mercaptoethanol. Proteins were extracted based on the 
method by Komatsu and others (2013). Protein concentra-
tions were determined using the Bradford assay (Bradford 
1976) with bovine serum albumin as the standard. Proteins 
(100 µg) were enriched with methanol and chloroform to 
remove any detergent from the sample solutions based 
on the method by Nanjo and others (2012). The resulting 

supernatant was collected and analyzed by nano liquid chro-
matography (LC)-mass spectrometry (MS)/MS.

Mass Spectrometry Analysis

Peptides in 0.1% formic acid were loaded onto an Ulti-
mate 3000 nanoLC system (Dionex, Germering, Germany) 
equipped with a C18 PepMap trap column (300 µm ID × 
5 mm; Dionex) and were then separated by elution from 
the trap column using 0.1% formic acid in acetonitrile at a 
flow rate of 200 nL/min on a C18 Tip column (75 µm 1D × 
120 mm; Nikkyo Technos, Tokyo, Japan) with a spray volt-
age of 1.8 kV. Peptide ions were analyzed on a nanospray 
LTQ Orbitrap MS (Thermo Fisher Scientific, San Jose, CA, 
USA) operated in data-dependent acquisition mode with 
Xcalibur software (version 2.1; Thermo Fisher Scientific). 
The operation of the MS was the same as the method by 
Komatsu and others (2013).

Protein Identification from Mass Spectrometry Data

Identification of proteins was performed using the Mas-
cot search engine (version 2.5.1; Matrix Science, London, 
UK) and Proteome Discoverer software (version 1.4.0.288; 
Thermo Fisher Scientific) against an Arabidopsis pep-
tide database (Tair10, http://www.arabidopsis.org/). The 
acquired raw data files were processed and converted to 
Mascot generic files using Proteome Discoverer software. 
The parameters used in the Mascot searches were as fol-
lows: cysteine carbamidomethylation/methionine oxidation 
was a fixed modification/variable modification; trypsin was 
specified as the proteolytic enzyme; 1 missed cleavage was 
allowed; peptide mass tolerance was 10 ppm; fragment mass 
tolerance was 0.8 Da; and peptide charges were + 2, + 3, 
and + 4. An automatic decoy database search was performed 
as part of the search. Mascot results were filtered with the 
Mascot percolator to improve the accuracy and sensitivity 
of peptide identification (Brosch and others 2009). False dis-
covery rates for peptide identification of all searches were 
less than 1.0%. Peptides with a percolator ion score of more 
than 13 (p < 0.05) were used for protein identification.

Analysis of Differentially Abundant Proteins using 
Mass Spectrometry Data

The Mascot search results were exported in msf format 
for SIEVE analysis (version 2.1.49; Thermo Fisher Sci-
entific). The relative abundances of peptides and proteins 
were compared between samples. For the analysis, the 
chromatographic peaks detected by MS were aligned, and 
the peptide peaks were detected as a frame using a frame 
time width of 5 min and a frame m/z width of 10 ppm. All 
produced frames for the parent ions were scanned by MS/

http://www.arabidopsis.org/
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MS. Chromatographic peak areas of each sample within a 
single frame were compared and the ratios between samples 
in each frame were determined. The frames detected in the 
MS/MS scan were matched to the imported Mascot search 
results. The ratio of peptides between samples was deter-
mined from the relative variance-weighted average of the 
ratios in the frames that matched the peptides in the MS/MS 
spectrum. The ratios of the peptides were further integrated 
to determine the ratios of the corresponding proteins. In the 
differential analysis of protein abundance, total ion current 
was used for normalization. The minimum requirement for 
the identification of a protein was 2 matched peptides and 
p < 0.05.

Functional Annotation

Protein functions were categorized using MapMan bin codes 
(http://mapman.gabipd.org/) (Usadel and others 2005). Visu-
alization of protein abundance was performed using Map-
Man software (Usadel and others 2009). Pathway mapping 
of identified proteins was performed using the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database (http://
www.genome.jp/kegg/) (Kanehisa and Goto 2000).

Statistical Analysis

Statistical significance was evaluated by the Student’s t test 
when only two groups were compared or one-way ANOVA 
followed by Tukey’s test when multiple groups were 
compared. SPSS statistical software (version 22.0; IBM, 
Armonk, NY, USA) was used for statistical evaluation. A 
p value of less than 0.05 was considered to be statistically 
significant.

Results

Selection of Tolerant Plant Growth-Promoting 
Rhizobacteria

To investigate rhizosphere strains for plant growth-promot-
ing ability, different phosphate-solubilizing bacteria were 
used. Phosphate uptake was analyzed by using five kinds 
of bacteria strains in canola root. Phosphate uptake of can-
ola root inoculated with Enterobacter sp. S16-3 and C16-
20 was significantly increased compared to inoculation by 
other strains (Fig. 1a). Furthermore, bacterial growth opti-
cal density was analyzed to assess osmotic stress tolerance. 
The evaluation of Enterobacter sp. S16-3 and C16-20 for 
stress tolerance indicated that growth of C16-20 signifi-
cantly increased compared to S16-3 in no stress. However, 
the growth of S16-3 increased in density at 5 and 10% 
NaCl; and growth of C16-20 was dramatically reduced 

at 5% and 10% NaCl (Fig. 1b). Overall, high growth of 
Enterobacter sp. S16-3 with a large range of tolerance 
to osmotic stress was an important potential for usage as 
PGPR.

Effect of Osmotic Stress and Bacterial Inoculation 
on Root of Canola Cultivars

Bacterial inoculation increased root volume compared to 
without inoculation in both Sarigol and Hyola308 in no 
stress. The root volume of Sarigol did not change with bac-
terial inoculation under 0.6 MPa osmotic stress, whereas the 
root volume of Hyola308 was increased with bacterial inocu-
lation under 0.6 MPa osmotic stress. Under 1.2 MPa osmotic 
stress with bacterial inoculation root volume remained 
unchanged. Bacterial inoculation caused an increase in root 
volume of Hyola308 under both 0.6 and 1.2 MPa osmotic 
stresses. Bacterial inoculation was efficient on Hyola308 in 
all conditions (Fig. 2).

Fig. 1  Evaluation of plant growth-promoting activity and abiotic 
stress tolerance of rhizosphere strains. Bacillus megaterium, Pseu-
domonas fluorescens, Pseudomonas putida, Enterobacter sp. C16-
20, and Enterobacter sp. S16-3 were used as phosphate-solubilizing 
rhizobacteria. After inoculation with bacteria, phosphate uptake was 
measured in roots (a). Optical density was measured for potential 
of bacteria without or with 5 and 10% NaCl (b). Data are shown as 
the mean ± SD from three independent biological replicates. Differ-
ent letters indicate significant changes measured by one-way ANOVA 
followed by Tukey’s test (p < 0.05). Asterisks indicate significant 
changes measured by Student’s t test (**p < 0.01)

http://mapman.gabipd.org/
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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Functional Classification of Significantly Modified 
Proteins in Root

A total of 344 and 258 proteins were identified in root of 
Sarigol with bacterial non-inoculation and inoculation, 
respectively (Tables S1 and S2). In addition, a total of 21 
and 182 proteins were identified in Hyola308 with bacterial 
non-inoculation and inoculation, respectively (Tables S3 and 
S4). In Sarigol without bacterial inoculation, the functional 
categories were protein metabolism (25%), signaling (11%), 
and cell organization (9%) (Fig. 3a, Tables S1). However, in 
Hyola308 without bacterial inoculation the functional cat-
egories were cell organization (10%), secondary metabolism 
(14%), and stress (10%) (Fig. 3a). In Sarigol with bacterial 
inoculation, the main functional categories were protein 
metabolism (26%) and cell organization (11%) (Fig. 3b). 
Furthermore, in Hyola308 with bacterial inoculation, the 
main functional categories were protein metabolism (22%) 
and cell organization (14%) (Fig. 3b). The protein abundance 
of the tricarboxylic acid cycle was increased under 0.6 MPa 
osmotic stress, however, in Sarigol and Hyola308 it was 
clearly decreased under 1.2 MPa osmotic stress (Fig. 3b).

Pathway Analysis of Identified Proteins of Sarigol 
and Hyola308

The analysis identified the main functional categories of 
the significantly changed proteins: tricarboxylic acid cycle 
and glycolysis (Fig. 4). In Sarigol with bacterial inocula-
tion under 0.6 MPa osmotic stress, the proteins related to 
the tricarboxylic acid cycle and glycolysis were increased; 
however, they were unchanged under 1.2 MPa osmotic stress 

(Fig. 4a). In Hyola308 with bacterial inoculation, proteins 
related to the tricarboxylic acid cycle and glycolysis were 
increased under 0.6 MPa osmotic stress; and unchanged 
under 1.2 MPa osmotic stress (Fig. 4b).

Glycolysis and Tricarboxylic Acid Cycle Pathway 
Differences in Root of Canola Cultivars under Osmotic 
Stress

In Sarigol with bacterial inoculation, 0.6 MPa osmotic stress 
increased the abundance of proteins related to glycolysis and 
tricarboxylic acid cycle pathways (Fig. 5a; Table 1). Fur-
thermore, the abundance of fructose-bisphosphate aldolase, 
glyceraldehyde-3-phosphate dehydrogenase, phosphoglyc-
erate kinase, dihydrolipoamide dehydrogenase, phospho-
enolpyruvate carboxylase, and oxoglutarate dehydrogenase 
was decreased under 1.2 MPa osmotic stress (Fig. 5a). The 
abundance of ATP citrate (pro-S)-lyase remained unchanged 
under osmotic stress in Sarigol.

The abundance of fructose-bisphosphate aldolase, glyc-
eraldehyde-3-phosphate dehydrogenase, phosphoglycerate 
kinase, malate dehydrogenase, aconitate hydratase, isoci-
trate dehydrogenase, oxoglutarate dehydrogenase, and dihy-
drolipoamide dehydrogenase was increased in glycolysis 
and tricarboxylic acid cycle pathways in Hyola308 under 
0.6 MPa osmotic stress (Fig. 5b; Table 1). The abundance of 
glyceraldehyde-3-phosphate dehydrogenase, phosphoglycer-
ate kinase, malate dehydrogenase, isocitrate dehydrogenase, 
and succinate dehydrogenase was increased under 1.2 MPa 
osmotic stress. The abundance of fructose-bisphosphate 
aldolase, ATP citrate (pro-S)-lyase, dihydrolipoamide dehy-
drogenase, and oxoglutarate dehydrogenase was decreased 
in Hyola308 under 1.2 MPa osmotic stress. In contrast with 
Sarigol, the abundance of glyceraldehyde-3-phosphate dehy-
drogenase, malate dehydrogenase, and phosphoglycerate 
kinase was increased in Hyola308 (Fig. 5b).

Functional Classification of Significantly Modified 
Proteins in Leaf

A total of 22 and 210 proteins were identified in leaf of 
Sarigol and Hyola308 with bacterial inoculation, respec-
tively (Tables S5 and S6). Under osmotic stress, 10 and 
198 proteins were specific to inoculated Sarigol and 
Hyola308, respectively; and 12 proteins were commonly 
detected between Sarigol and Hyola308 with bacterial 
inoculation (Fig. 6). To determine the biological processes 
involved in tolerance and gain further insight into the 
effects of bacterial inoculation on canola cultivars exposed 
to osmotic stress, the identified proteins were function-
ally classified using MapMan bin codes (Fig. 6). In leaf 
of Sarigol with bacterial inoculation, the main functional 
categories were photosynthesis (25%), glycolysis (11%), 

Fig. 2  Root volume of canola inoculated with bacteria under osmotic 
stress. Seven-day-old Sarigol and Hyola308 were inoculated without 
or with Enterobacter sp. S16-3 and treated without or with 0.6 or 
1.2 MPa osmotic stress. The root volume was measured as a morpho-
logical parameter. Data are shown as the mean ± SD from three inde-
pendent biological replicates. Asterisks indicate significant changes 
measured by Student′s t test (*p < 0.05)
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and redox (9%) (Fig. 6, Tables S5); whereas in Hyola308 
the main functional categories were protein metabolism 
(10%), photosynthesis (14%), and signaling (10%) (Fig. 6, 
Tables S6). In leaf of Sarigol with bacterial inoculation, 
0.6 and 1.2 MPa osmotic stresses changed the abundance 
of proteins related to glycolysis and tricarboxylic acid 
cycle pathways (Fig. 7). The abundance of glyceralde-
hyde-3-phosphate dehydrogenase, transaldolase, ATP cit-
rate (pro-S)-lyase, malate dehydrogenase, and phospho-
enolpyruvate carboxylase was decreased under 1.2 MPa 
osmotic stress (Fig. 7a).

Furthermore, the abundance of glyceraldehyde-3-phos-
phate dehydrogenase, phosphoglycerate kinase, enolase, 
malate dehydrogenase, and isocitrate dehydrogenase 
was increased in glycolysis and tricarboxylic acid cycle 

pathways in leaf of Hyola308 under 0.6 and 1.2 MPa 
osmotic stress. The abundance of succinate dehydroge-
nase was decreased in Hyola308 under osmotic stress 
(Fig. 7b).

Glyceraldehyde-3-phosphate dehydrogenase was 
decreased in leaf of Sarigol under 0.6 and 1.2 MPa osmotic 
stresses, whereas in root it just decreased under 1.2 MPa 
osmotic stress. Glyceraldehyde-3-phosphate dehydroge-
nase was increased in both leaf and root of Hyola308, 
under osmotic stress (Figs. 5, 7). The abundance of ATP 
citrate (pro-S)-lyase was decreased in leaf of Sarigol and 
remained unchanged in root under stress. However, in 
Hyola308, the abundance of ATP citrate (pro-S)-lyase was 
not changed in leaf and the majority was decreased in root 
under osmotic stress (Figs. 5, 7).

Fig. 3  Functional categoriza-
tion of proteins identified in 
non-inoculated and inoculated 
canola roots under osmotic 
stress. Seven-day-old Sarigol 
and Hyola308 were inoculated 
without (a) or with bacteria (b), 
and treated without or with 0.6 
(M) and 1.2 MPa (S) osmotic 
stress. Protein functions were 
categorized using MapMan bin 
codes. The number of proteins 
that increased (black column) 
and decreased (white column) 
are shown. protein protein 
synthesis/folding/degradation/
targeting, cell cell organization/
vesicle transport/cycle/division, 
TCA tricarboxylic acid cycle, 
mitoETC mitochondrial electron 
transport chains, CHO carbo-
hydrate, redox redox ascorbate/
glutathione metabolism, and 
OPP oxidative pentose phos-
phate. Others contain biodegra-
dation of xenobiotics, gluconeo-
genesis, metal handling binding, 
N-metabolism, nucleotide 
metabolism, C1 metabolism, 
S-assimilation, hormone 
metabolism, development, 
photosynthesis, and tetrapyrrole 
synthesis
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Fig. 4  Abundance of proteins related to primary metabolism iden-
tified in canola root with bacterial inoculation under osmotic stress. 
Seven-day-old Sarigol and Hyola308 were inoculated without or with 
bacteria; and treated without or with 0.6 and 1.2 MPa osmotic stress. 
The abundance changes of proteins grouped into the functional cate-

gories were visualized using MapMan software to obtain an overview 
of affected metabolic processes. Each square and color indicates the 
fold change value of protein abundance in comparison to no stress in 
Sarigol (a) and Hyola308 (b). Red, green, and white colors indicate 
an increase, decrease, and no change, respectively
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Discussion

Abiotic Stress Tolerance and Phosphate Uptake 
Potential of Enterobacter sp. S16-3

For alleviation of abiotic stress effects on plants, selection 
of bacteria with multi-functional traits such as tolerance 
to abiotic stresses and PGPR characteristics is important. 
Root phosphate uptake of canola inoculated by different 
phosphate-solubilizing bacteria was measured, and Entero-
bacter sp. S16-3 with the highest effect on phosphate uptake 
was selected (Fig. 1). The high activity of Enterobacter sp. 
S16-3 led to higher availability of phosphate content in the 
soil, consequently, resulting in increased nutrient uptake and 
ultimately reflected on the growth. The present results are 
analogues with the approach of Kucey and others (1989) 

who demonstrated that inoculation with Penicillium bilaji 
as a PGPR increased phosphate uptake and subsequently 
enhanced the growth of canola roots. By inoculation with 
phosphate solubilizers, a similar occurrence of increasing 
phosphate uptake in pepper and cucumber (Han and others 
2006), rice (Stephen and others 2015), and maize (Abdel-
moneim and others 2014) was observed.

Bacterial tolerance for survival, multiplication, and 
spread of bacterial strains is considerable in abiotic stresses 
in agricultural soils. Garcia and Hernandez (1996) reported 
that salinity negatively affected biological activity by high 
osmotic stress which caused toxic effects on microbial 
growth with the exception of salt-tolerant bacteria. The pre-
sent results demonstrated that Enterobacter sp. S16-3 was 
tolerant to higher concentrations of salt (10%) in comparison 
to Enterobacter sp. C16-20.

Fig. 5  Metabolic pathway of proteins identified in canola root with 
bacterial inoculation under osmotic stress. Seven-day-old Sarigol and 
Hyola308 were inoculated with bacteria; and treated without or with 
0.6 and 1.2  MPa osmotic stress. Glycolysis and tricarboxylic acid 
cycle pathways were analyzed using KEGG database for identified 

proteins in canola root. The changes of protein abundance are shown 
in Sarigol (a) and Hyola308 (b) with bacterial inoculation exposed 
to 0.6 and 1.2  MPa osmotic stress. Black and white colors indicate 
an increase and a decrease, respectively. Left and right side colored 
boxes refer to 0.6 and 1.2 MPa osmotic stress, respectively
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Nautiyal and others (2000) reported that among the four 
strains of phosphate-solubilizing bacteria, NBRI2601 was 
the most efficient strain in terms of its capability to solubilize 
phosphorus in the presence of 10% salt. In another investiga-
tion, Bacillus sp. strains showed optimum phosphate solubi-
lization just at 2.5% salt concentration (Banerjee and others 
2010). The present results are consistent with the findings 
of Bernard and others (1986), who indicated that tolerance 
of different bacteria to salt varied from 0·1 to 0·75 mol and 
the response of bacteria to salt was strain dependent (Cherif-
Silini and others 2013). These results suggested that analysis 
of bacterial-isolates’ ability to increase phosphate uptake in 
plants and their abiotic stress tolerance might be a valuable 
basis for the usage of bacteria isolates as PGPR to increase 
crop production under stress.

Enterobacter sp. was reported as a plant-growth enhancer 
because of its multiple growth-promoting activities (Deepa 
and others 2010). In the present study, inoculation by Enter-
obacter sp. caused an increase in root volume of drought-
tolerant canola under stress (Fig. 2). Kim and others (2014) 
reported that the newly isolated Enterobacter sp. EJ01 was 
a PGPR and alleviated salt stress in Arabidopsis thaliana. 
Plants inoculation by PGPR altered root proliferation/metab-
olism and improved mineral/water uptake (Vacheron and 
others 2013). Creus and others (2005) indicated that after 
inoculation with Azospirillum brasilense, tomato root dis-
played a significant increase in number/length of root hairs, 
and rate of appearance and root surface area were analogous 
with the present results. Taken together, it is suggested that 
the positive effects of PGPR might be derived from roots 
with an enhanced capacity for mineral and water uptake 
under osmotic stress.

Bacterial Inoculation Effects on Cell and Energy 
Metabolisms

Plant growth-promoting rhizobacteria utilize several mecha-
nisms to induce abiotic stress tolerance in plants (Dimkpa 
and others 2009). To investigate the stress tolerance inducted 
by bacterial inoculation and its beneficial effect on canola 
under osmotic stress, drought-sensitive and drought-tolerant 
canola cultivar responses were explored using a proteomic 
approach. In both Sarigol and Hyola308 roots with bacterial 
inoculation, the main functional categories were related to 
protein metabolism, cell organization, and signaling under 
osmotic stress (Fig. 3). The abundance of cell wall synthesis-
related proteins was increased in roots of Pearl millet as 
a stress-tolerant plant (Ghatak and others 2016). In wheat, 
most of the modified proteins related to cell metabolism/
elongation caused a regulated root growth under water defi-
cit (Zhu and others 2006). The present results were consist-
ent with the findings of Banaei-Asl and others (2015), who 
indicated that bacterial inoculation of roots increased the Pr
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tolerance to abiotic stress by alteration proteins related to 
energy metabolism and cell division. Taken together, it is 
suggested that PGPR might improve the endurance to stress 
and support root growth in canola by increasing abundance 
of protein and cell metabolism-related proteins.

Although the response mechanism of inoculated canola 
was identified under salt stress (Banaei-Asl and others 2015, 
2016), under drought stress the response mechanism of 
inoculated canola was not clarified. The functional catego-
rization depicted that proteins related to energy metabolism 
were the most abundantly changed pathways under bacterial 
inoculation in both salt-stressed canola cultivars (Banaei-
Asl and others 2015), which was in common with the pre-
sent results (Fig. 5). Rizhsky and others (2002) indicated 
that transcripts encoding glycolysis and pentose phosphate 
pathway enzymes were induced under drought stress. Botha 
and Small (1985) also reported that glycolysis, pentose 

phosphate, and tricarboxylic acid cycle pathways were not 
inhibited in the water-stressed plant. It is suggested that ade-
quate energy is a prerequisite for roots to deal with osmotic 
stress with increasing levels of metabolism in glycolysis and 
the tricarboxylic acid cycle.

Induction of Tricarboxylic Acid Cycle by Osmotic 
Stress

Cramer and others (2013) indicated that protein abundance 
related to the tricarboxylic acid cycle was increased by 
water deficit. Several enzymes related to ATP-generating 
pathways were induced on osmotic stress in cultured cells 
of rice (Umeda and others 1994). Malate dehydroge-
nase reversibly catalyzes the incorporation of malate to 
oxaloacetate (Musrati and others 1998). The expression 
levels of the malate dehydrogenases isoforms changes 

Fig. 6  Functional categorization of proteins identified in inocu-
lated canola leaf under osmotic stress. Seven-day-old Sarigol and 
Hyola308 were inoculated with bacteria, and treated without or with 
0.6 and 1.2  MPa osmotic stress. Protein functions were categorized 
using MapMan bin codes. The number of proteins that increased 
(black column) and decreased (white column) are shown. protein 

protein synthesis/folding/degradation/targeting, cell cell organiza-
tion/vesicle transport/cycle/division, redox redox ascorbate/glu-
tathione metabolism. Others contain fermentation, gluconeogenesis, 
C1-metabolism, DNA, RNA, mitochondrial electron transport, major 
CHO metabolism, tetrapyrrole synthesis, and secondary metabolism
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under abiotic stresses (Scheibe 2004). Zhou and others 
(2009) reported that malate dehydrogenase was suppressed 
in sensitive tomato root under aluminum stress. Banaei-
Asl and others (2015) also demonstrated that malate 
dehydrogenase decreased in the root of sensitive canola 
inoculated with bacteria under salt stress. Furthermore, 
Soussi and others (1998) reported that malate dehydroge-
nase increased in salt-tolerant chickpea leaves inoculated 
with a Mesorhizobium ciceri strain under salt stress. Con-
sistent with these approaches, the abundance of malate 
dehydrogenase decreased in leaf and root of the drought-
sensitive cultivar and increased in the drought-tolerant 
cultivar under osmotic stress (Figs. 5, 7). It is suggested 
that malate dehydrogenase might be considered as a key 
enzyme to evaluate drought tolerance in canola cultivars.

ATP citrate lyase harvested the fixed carbon as acetyl-
CoA, and regenerated the oxaloacetate required to continue 
the tricarboxylic acid cycle (Fatland and others 2002). ATP 
citrate lyase suppression affected plant phenotypes and 
inhibited root elongation (Fatland and others 2005). In the 
present study, the abundance of ATP citrate lyase decreased 
in leaves of Sarigol, whereas it did not change in roots under 
osmotic stress. In Hyola308, the abundance of ATP citrate 
lyase was not changed in leaves, whereas it changed in roots 
under osmotic stress (Figs. 5, 7). In contrast, reports by Suh 
and others (2001) demonstrated that fungal infection of 
pepper induced the accumulation of an ATP citrate lyase 
homolog. Wang and others (2016) also reported that the ATP 
citrate lyase gene was up-regulated during heavy metal stress 
of radish root. It is suggested that unchanged ATP citrate 

Fig. 7  Metabolic pathway of proteins identified in canola leaf with 
bacterial inoculation under osmotic stress. Seven-day-old Sarigol 
and Hyola308 were inoculated with bacteria; and treated without or 
with 0.6 and 1.2 MPa osmotic stress. Leaves of canola cultivars were 
collected, proteins were extracted, and then analyzed using nanoLC-
MS/MS. Glycolysis and tricarboxylic acid cycle pathways were ana-

lyzed using KEGG database for proteins identified in canola leaf. The 
changes of protein abundance are shown in Sarigol (a) and Hyola308 
(b) with bacterial inoculation exposed to 0.6 and 1.2  MPa osmotic 
stress in compared to no stress. Black and white colors indicate an 
increase and a decrease, respectively. Left and right side colored 
boxes refer to 0.6 and 1.2 MPa osmotic stress, respectively
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lyase might keep the activity of tricarboxylic acid cycle 
for adaptation to osmotic stress in leaf of drought-tolerant 
canola with bacterial inoculation.

The Alternative Changes in Glycolysis-Related Proteins

Glycolysis is a complex network containing alternative 
enzymatic reactions, which facilitates plant development 
and acclimation to environmental stress (Pu and others 
2015). The present results indicated that the abundance of 
fructose-bisphosphate aldolase and glyceraldehyde-3-phos-
phate dehydrogenase decreased and increased in roots of 
Sarigol and Hyola308, respectively; whereas they remained 
unchanged in leaves of Sarigol and Hyola308 (Figs. 5, 7). 
Fructose-bisphosphate aldolase is a key enzyme in the path-
ways of glycolysis. It was reported that fructose-bisphos-
phate aldolase abundance was decreased in root and shoot 
of drought-sensitive cultivars of rice (Ghaffari and others 
2014) and creeping bent grass (Xu and others 2010), but 
was increased in tolerant cultivars (Gong and others 2010), 
which was consistent with our present results. It is suggested 
that bacterial inoculation induced fructose-bisphosphate 
aldolase in leaves of drought-tolerant canola and energy was 
maintained for cell metabolism, changing its abundance in 
root and leaf.

Glyceraldehyde 3-phosphate dehydrogenase catalyzes a 
key step in glycolysis that breaks down glucose into carbon 
and energy. Glyceraldehyde-3-phosphate dehydrogenase had 
a significantly positive correlation with drought tolerance 
(Degenkolbe and others 2013): overexpression of glycer-
aldehyde-3-phosphate dehydrogenase in potato resulted 
in the improvement of drought tolerance (Kappachery and 
others 2015). Merewitz and others (2011) reported that in 
root and leaf of drought-tolerant creeping bent grass, glycer-
aldehyde-3-phosphate dehydrogenase abundance increased 
under drought stress, which was in common with the present 
results. The current study with previous findings suggests 
that bacterial inoculation keeps energy metabolism stable 
in root compared to leaf by increasing the abundance of 
glyceraldehyde-3-phosphate dehydrogenase and improves 
endurance to osmotic stress.

Conclusions

Osmotic stress reduces growth and productivity of plants 
(Farooq and others 2009). Root water uptake capacity plays 
a critical role in coping with abiotic stresses (Aroca and 
others 2001). PGPR are beneficial native soil bacteria that 
colonize plant roots and result in increased plant growth 
(Kloepper and others 1989). To investigate the effect of bac-
terial inoculation on canola cultivars under osmotic stress, 
a proteomic approach was carried out in roots and leaves 

of drought-sensitive and drought-tolerant canola. The main 
findings of present study are as follows: (i) Enterobacter 
sp. S16-3 as a phosphate-solubilizing PGPR improved the 
capacity for phosphor uptake of canola; (ii) Root volume 
of drought-tolerant canola did not change under osmotic 
stress and was improved by bacterial inoculation; (iii) Bac-
terial inoculation affected proteins related to energy and 
cell metabolism in roots of canola under osmotic stress; and 
(iv) Severe osmotic stress induced proteins related to the 
tricarboxylic acid cycle and glycolysis in leaves and roots 
of drought-tolerant canola with bacteria inoculation. Taken 
together, it is suggested that bacterial inoculation might 
improve a synchrony in drought-tolerant canola by improv-
ing the abundance of proteins related to energy metabolism 
in roots and leaves. Enhancement of energy metabolism 
elicited by bacterial inoculation might provide a connec-
tion between cell metabolism and root growth, which might 
cause a regulated growth and increased tolerance under 
osmotic stress.
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