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Abstract. Inoculation of plant growth promoting rhizobacteria 
(PGPR) Pseudomonas aeruginosa and Bacillus megaterium in maize 
plant under salinity stress was analyzed for its growth promotion 
efficacy and induction of physiological mechanism. In this study 
effect of these isolates were focused on the cellular level as with 
lignin deposition, cell wall lignin content and cell water status of 
maize under salinity. Maize plants get protected from the salinity 
induced injury by enhancing the plant growth, regulating relative 
water content, enhancing phenols, flavonoids as well as lignification 
of cell and antioxidant enzymes also. The study states that, PGPR 
helps in maize plant under salinity to increase the cell membrane 
stability, plays a significant action in the directive of cell 
permeability for the survival of plants. Nevertheless, the cell wall 
bounded peroxidase and phenylalanine ammonia-lyase (PAL) 
activity reduced with gradual increase soil in non-inoculated plants. 
So plants inoculated with selected root-associated bacteria has a 
positive response on cell content and water status in maize under 
salinity. 
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Introduction 

Maize (Zea mays L) is a most 
common incipient plant having broader 
compliance under diverse agricultural 
conditions. Maize can be magnificently 
cultivated in different types of soils 
extending from clay loam to loamy sand. It 
is a water stress sensitive crop, mainly extra 
soil moisture or low soil moisture due to 
soil salinity, being sensitive crop it is 
necessary to elude low land fields with 
improper drainage or field with high salt 
concentration. And salinity mainly 
influence on the plant biomass and it 
ultimately reduce crop production and 
quality (Yaycili and Alikamanoglu, 2012). 
Salinity consequences in a multiple types of 

biochemical and physiological changes in 
plants. So plants also have to advance 
themselves in a wide variety of 
physiological, biochemical and 
morphological modification that permit 
them to evade or abide stress and endure 
(Potters et al., 2006). 

Salinity commonly effect the cell 
wall initially, and cell wall is composed by 
complex of cellulose, polysaccharides, 
proteins, fats and phenolic compound also 
at different stage of development. Among 
various cell wall phenolic compound lignin 
is one who is responsible for offering 
mechanical strength and toughness to the 
plant tissues and important for proper 
growth and development. Lignin not only 
provide physical stiffness, but also 
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construct a physical barrier against different 
abiotic and biotic stresses (Hu et al., 2009). 

The formation of secondary cell 
wall can be fortified by the integration of 
lignin. But lignification of plant tissues is a 
composite process involving numerous 
types of phenolic substrates and enzymes 
(Wang et al., 2013). To avoid cell wall 
damage of plants, when plants are exposed 
to water stress it occur naturally in early 
stage of development (Moura et al., 2010) 
and under stress cell wall lignin content and 
arrangement it changes (Cabane et al., 
2012). 

The phenylpropanoid pathway 
responsible for lignin synthesis in which 
L-phenylalanine is converted into 
trans-cinnamic acid by phenylalanine 
ammonia-lyase (PAL; EC 4.3.1.5.) enzyme. 
The PAL enzyme play positive role plant 
cell wall lignification and down-regulation 
of PAL enzyme effect the lignification 
process in plants (Ogras et al., 2000). 
Pandey et al. (2010) in a proteomic study, 
reported an enhanced PAL activity under 
drought stress in rice. Terzi et al. (2013) 
also reported that, PAL activity increased 
up to 16-fold and also effects the 
polyphenol oxidase activities, ionically 
wall-bound peroxidase and lignin content in 
grey-maranta (Ctenanthe setosa) when 
exposed to drought stress. Resent review 
highlighted that PAL activity induced in 
response to different stresses, like salinity, 
drought, heavy metals, physical injuries and 
infection by virus, bacteria, fungi etc. So 
PAL enzyme activate always induced when 
plant face any type of stress as defense 
response (Gao et al., 2008). PAL also has 
key role in the lignification and lignin act as 
an insulator for plant cell against different 
biotic and abiotic stress and also necessary 
for plant growth as provide mechanical 
strength (Moura et al., 2010). Any change 
in PAL and related enzyme as, peroxidase 
and polyphenol oxidase activities 
proportionally change the lignification 
under saline stresses. 

The investigation was aim to 
observe the effect of plant growth 
promoting bacteria on growth, cell wall 
member, lignification and related enzymes 

taking place in maize cultivar under 
salinity. 

Materials and methods 

Isolation, identification and 
inoculation of bacteria in maize 

The rhizosphere soil and root of 
halophytic weed plant Suaeda nudiflora 
wild mosque was used for the isolation of 
PGPR as per our publish method (Jha et al., 
2014) and seeds of maize variety Pioneer 
30 V92 were inoculated with isolates as per 
our published methods with some 
modification (Jha et al., 2011). 

Maintenance of saline state and 
measurement of plant length and dry 
weight 

The effect of these isolates were 
studied on maize at normal state and on 
1.5% salinity. The saline condition was 
maintained at 1.5% salinity levels by 
adding (15g NaCl L-1) saline solution to the 
pots as per our published method (Jha and 
Subramanian, 2013). To avoid osmotic 
shocks, NaCl concentration was stepwise 
enhanced for four successive days. The 
surplus water comes out of pot was 
collected in a plastic bag put underneath 
each pot and reapplied to the respective pot. 
All seedling were grown without any 
chemical supplement for 5 weeks in a in a 
greenhouse at the relative humidity 70% to 
80% and 20 to 25 °C temperature. Plants 
were collected carefully with plant root 
from each and the shoots and roots length 
were measured. To determine dry weight 
plants sample were dried in an oven at 
80 °C for 72 h. 

Relative water content 
The fully expanded leaves each 

from treatment was used for determination 
of leaf relative water content (RWC). Leaf 
discs of 10 mm diameter of each plant were 
expunged from the interveinal areas and 
twenty discs were pooled and their fresh 
weight was determined. To regain turgidity 
leaf discs were placed in distilled water in 
Petri dishes for 4 h and re-weighed for total 
weight. The dry weight were determined by  
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drying the leaf discs at 80 °C for 24 h. 
Complete hydration of the leaf discs 

occurred within 4 h. RWC was defined as 
follows: 

 
 

RWC (%) = ((FW−DW) / (TW−DW)) x 100 
 
 

Cell membrane stability (solute 
leakage) 

Solute Leakage of the leaves was 
determined by taking 500 mg of leaves 

from each treatment, using a conductivity 
meter (DIGICOND IV, Buenos Aires. 
Argentina), CMS was determined according 
to the following equation: 

 
 

CMS = ((1 - (T1/T2)) / (1 - (C1/C2))) x 100 
 
 

Where C and T refer to the 
conductivity of control and treated sample. 
C1 and T1 represent the electrolyte leakage 
(dS m-1) after incubating at 25 °C for 4 h, 
and C2 and T2 represent the total 
electrolyte concentration at room 
temperature measured after heating in 
boiling water for 60 min. T1 and T2 
correspond to the first and second solution 
conductivity of treated samples, and C1 and 
C2 are the respective values for the 
controls. 

Determination of phenols, 
flavonoids, lignin and lignin monomers 

Ten plants of each treatment were 
collected, and three replicates were 
performed, for each evaluation. Shoots 
were separated from the root, washed, and 
placed in a forced air circulation oven at 
65 °C for 7 days, until a constant mass was 
reached. The shoots were then ground using 
liquid nitrogen and stored at ± 4 °C. 

The total lignin and lignin 
monomers were determined from 
homogenized sample in 50 mM sodium 
phosphate buffer, pH 7.0, purified in 1% 
Triton X-100, 1 M NaCl, acetone 
centrifuged for 15 min, according to 
Kováčik and Klejdus (2008). The pellet was 
dried and considered as the protein freed 
from cell walls. Lignin and lignin 
monomers were quantified using 
thioglycolic acid and alkaline nitrobenzene 
peroxidation, respectively (Van Der Rest et 
al., 2006). 

For total phenols and flavonoids, 
one gram of leaf was extracted in 20 mL 
methanol (80 : 20 v/v) for 15 min, and the 
extract was re-suspended in 20 mL of 1% 
Triton X-100. The extract was used for the 
determination of the total phenol content 
using a spectrophotometer (absorbance 735 
nm). A standard curve was obtained using 
gallic acid. Flavonoid contents were 
determined from extracts in aluminum 
chloride by a colorimetric assay (735 nm) 
(Abou Zid and Elsherbeiny, 2008). 

Lignin histochemical staining 
Transverse sections were made 

using a vibratome from internodes of plants 
grown under salinity. Phloroglucinol 
staining was performed according to 
standard protocols. Sections were examined 
under an image analyzer microscope (Carl 
Zeiss). 

PAL activity 
Three hundred mg of leaves 

samples from each treatment were 
homogenized in 6.5 mL Tris-HCl buffer at 
pH 8.8 containing 15 mM of β-
mercaptoethanol and centrifuged at 
12,000 rpm for 30 min to obtain the 
supernatant used for enzyme activity assay 
(Wang et al., 2012). 1 mL of the extraction 
buffer, 0.5 mL of 10 mM L-phenylalanine 
(ME - 1.07256), 0.35 mL of double distilled 
water and 0.15 mL of enzyme extract were 
incubated for 1 h at 37 °C in a water bath 
and the reaction was stopped by adding 0.5 
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mL of 6 M HCl. The product was extracted 
with 15 mL ethylacetate, followed by 
evaporation to remove the extracting 
solvent. The solid residue was suspended in 
3 mL of 0.05 M NaOH and the amount of 
cinnamic acid was quantified 
spectrophotometrically at 290 nm. 

Cell wall peroxidase activity 
Peroxidases were extracted and 

measured in two fractions. The reaction 
mixture consisted of 0.018 mM of 
syringaldazine buffer (Sigma), 0.05 mM of 
H2O2 buffer, 60 mM phosphate sodium 
buffer (pH 6) and the enzyme extract. The 
activities of ionically and covalently bound 
peroxidases were expressed as the increase 
in absorbance at 530 nm mg-1 protein with 
the extinction coefficient of 27 mM-1 cm-1. 

Statistical analysis 
Each pot was considered as 

replicate and all of the treatments were 
repeated three times. A two-way analysis of 
variance (ANOVA) was performed using 
STATISTICA program. The means and 
calculated standard errors are reported. The 
significance was tested at 5% level. 

Results 

Characteristics of isolated 
bacteria 

The two bacteria were isolated 
from the plant Suaeda nudiflora for this 
study. The plant Suaeda nudiflora were 
grown in soil possessing the following 
physio-chemical properties; pH 6.58, 
electrical conductivity 1480 µS/cm, salinity 
8.6%, nitrate 112.5 mg kg-1, chloride 
128 mg kg-1, sulphate 155 mg kg-1, 
ammonia nitrogen 23.3 mg kg-1, CEC: 3 
cmol, organic carbon: 5500 mg kg-1. Out of 
two isolates, one was Gram positive 
endospore forming bacteria of size 2.6 x 1.2 
μm and was non-capsulated, motile by 
perichate flagella. The other was Gram 
negative short rods, motile having polar 
flagella and non-sporulating. Molecular 
analysis of the isolates was done by 16S 
rDNA analysis. Nucleotides homology and 
phylogenetic analysis of the isolates 
identified it as Pseudomonas aeruginosa 

(GenBank Accession Number: JQ790515) 
and Bacillus megaterium (GeneBank 
Accession Number: JQ790514). 

Measurement of plant length and 
dry weight 

The effect of isolated bacteria on 
maize plants showed significantly enhanced 
plant height, root length, and dry weight. 
Plant inoculated with B. megaterium 
showed 20% enhanced plant height, 15% 
longer root length and 11% increased dry 
weight, while P. aeruginosa treated plants 
showed 30% more dry weight, 25% higher 
plant height and 46% longer root length 
compared to non-inoculated control as 
shown in Table 1. The plant inoculated with 
both B. megaterium and P. aeruginosa had 
20% higher plant height, 20% longer root 
length and 5% greater dry weight compared 
to non-inoculated control. Salinity 
adversely affects all the growth parameters 
in spite of PGPR treatment. Maize plants 
inoculated with PGPR under salinity have 
increased height by 14%-30%, shoot weight 
by 0.5%-40%, root weight by 3.2%-21%, 
and total fresh weight by 39%-54% under 
saline stress. 

Determination of RWC, CMS, 
phenols, flavonoids, lignin and lignin 
monomers 

Exposure to salinity greatly 
influences plant water potential and cell 
membrane stability. The low leaf water 
status was recorded in non-inoculated 
control plants compared to the PGPR 
application during normal growth 
conditions. The RWC (relative water 
content) in inoculated plants, increased by 
17% and it decreased by 20% in plant 
inoculated with both PGPR under normal 
state. While salinity decreased the RWC by 
40% in control and only by 20% in 
inoculated plants. However, the non-
inoculated control plants had significantly 
lower water potential as compared to the 
inoculated plants after induction of salinity 
stress. 

Cell membrane stability 
significantly increased in inoculated plants, 
both in normal as well as under salinity. 
Inoculation with PGPR enhanced the CMS 
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by 25% in non-saline state and 27% under 
salinity compared to non-inoculated control 
plants. CMS decreased by 40% in control 
non-inoculated plants. 

Phenol and flavonoid significantly 
increased in inoculated plants, both under 
non-saline as well as under salinity. Salinity 

also enhanced the phenol and flavonoid 
content in maize. Plants inoculated with 
PGPR and salinity showed a nearly same 
increase in phenols. Flavonoid content gets 
nearly double in the maize plant due to 
PGPR under salinity. 
 

 
 
 
Table 1. Effect of PGPR strains on plant growth promoting activity in maize plant. 

 
Values are mean of three replications. Means within columns sharing the same letters are not significantly 
different (P ≤ 0.05; LSD test). 
 
 
 

Lignin and lignin monomer 
increase in inoculated plants both, in 
normal and salinity state. Salinity caused a 
significant increase (P < 0.05) in lignin 
content in maize plant. The increase in 
lignin deposition was evident as the salinity 
increased as shown in Table 2. 

Lignin histochemical study 
Transverse sections were prepared 

from all treatment of maize root. The 
sections were stained with phloroglucinol 
for xylem vessels, sclerenchyma cells 
surrounding the vascular bundles. These 
tissues situated directly under the epidermis 

stained with phloroglucinol, confirming 
that all these cells are lignified under 
salinity as well as due to PGPR, and both 
the isolates have a similar effect on 
lignification as of salinity (Figure 1). 

Phenylalanine ammonia-lyase 
(PAL) activity 

The PAL activity of the maize 
increased by inoculation of PGPR and 
under salinity as shown in Figure 2. The 
PAL activity enhanced by 21%-27% due to 
inoculation with PGPR in the normal state 
and salinity results in enhanced PAL 
activity by 57%-59%. 
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Table 2. Effect of PGPR strains on RWC, cell membrane stability, phenols, flavonoid, lignin and lignin 
monomer in maize plant. 

 
Values are mean of three replications. Means within columns sharing the same letters are not significantly 
different (P ≤ 0.05; LSD test). 
 
 
 
 
 
A B C 

   
Figure 1. Effect of PGPR on lignin in maize cell at 1.5% salinity (n = 5). Where. A = Control; 
B = Inoculated with Pseudomonas aeruginosa; and C = Bacillus megaterium. 
 
 

Cell wall bound peroxidase 
activity 

The activity of cell wall peroxidase 
during developmental stages are shown in 
Figure 3a and 3b. Both ionically and 
covalently bound cell wall peroxidases 
were present in the cell walls of maize. The 
activity of wall bound peroxidases 
increased significantly in all treatment 

under salt stress. Inoculation of PGPR 
enhanced the ionically bounded lignin both 
in normal as well as under stress. The 
ionically bounded lignin increased by 8.3% 
in normal condition and 20% under salinity, 
while covalently bound peroxidase 
increased by 8.7%-14% in normal and 
salinity, respectively. 
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Figure 2. Effect of PGPR on PAL activity in maize cell at 1.5% salinity (n = 5). 
 
 

 
Figure 3. Effect of PGPR on ironically and covalently bound peroxidase in maize cell at 1.5% 
salinity (n = 5). 
 
 
 
Discussion 

Plants growing on land experience 
a multitude of environmental stresses. 
These stresses include drought, salinity, 
water logging, extremes of temperature, 
radiation, mineral deficiency, etc. Although 
appraisal of the effects of all different 
stresses on plants is important, in view of 
the existing literature more emphasis of the 
researchers can be observed on salinity than 
on other stresses. This is due to the fact that 

vast area of the available land on the globe 
comprising a large number of countries 
affected by salinity. Plants grow in 
agricultural soil is influenced by many 
environmental factors. While using physical 
and chemical approaches to managing the 
soil environment to improve crop yield, the 
application of microbial products for this 
purpose is less common. Beneficial 
microorganisms can be an important 
component for management practices to 
achieve the yield. The results obtain from 
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pot study showed that salinity adversely 
affects the growth of maize, but plants 
inoculated with individual bacterial isolates 
and their mixture have enhanced plant 
height, root length, and dry weight. Among 
the two isolates, Pseudomonas aeruginosa 
was found to be more effective than 
Bacillus megaterium and the mixture of 
both showed the best growth response of 
maize plants. 

Water status is the main factor 
affecting the plants’ growth and 
development. Decreasing external water 
potential produces a net accumulation of 
solutes in cells, which lowers the cell 
osmotic potential necessary for maintaining 
the turgor pressure (Suárez and Medina, 
2008). An interesting observation of this 
study was that plants inoculated with PGPR 
in normal as well as under salinity have 
greater RWC and cell membrane stability 
which is accordance with Sandhya et al. 
(2010). Shaharoona et al. (2006), reported 
that the inoculation with PGPR increased 
RWC under normal as well as under stress 
conditions as compared to the un-inoculated 
control. Non-inoculated plants have 
decreased RWC and cell membrane 
stability with increased salinity. Membranes 
are main loci affected under water stress 
conditions. 

Phenolics are compounds 
possessing one or more aromatic rings with 
one or more hydroxyl groups. They are 
broadly distributed in the plant kingdom 
and are the most abundant secondary 
metabolites of plants. Like phenolic acids, 
flavonoids are also secondary metabolites 
of plants with polyphenolic structure and 
are synthesized by the polypropanoid 
pathway as the startup component is 
phenylalanine molecule. This study showed 
that inoculation of PGPR alone is sufficient 
to increase the phenolic and flavonoid 
content in maize plant in normal state and 
under salinity no further increase has been 
observed. Ghasemzadeh et al. (2010), 
showed that the synthesis of phenolics and 
flavonoids in ginger can be increased and 
affected by under abiotic stress. 

Plants rely on their cell walls to 
provide shape and strength to the cells, to 
glue cells together and to give rigidity to 

the whole plant. Lignin in crops interacts 
with abiotic stresses in two ways; (i) many 
abiotic stresses influence lignin 
biosynthesis and therefore affect the lignin 
content of crops and (ii) lignification of 
crop tissues affects plant fitness and can 
confer tolerance to abiotic stresses 
(Pedersen et al., 2005).  In this study, both 
lignin and lignin monomer increased in 
inoculated plants, both in normal and 
salinity state. Recently, Wang et al. (2012), 
has reported that transgenic rice line 
deposited enhanced levels of lignin when 
exposed to salt treatment are more tolerant 
than its wild type. Martinez et al. (2004) 
reported that the highest accumulation of 
lignin monomers was observed in the plants 
treated with P. aeruginosa. Vincent et al. 
(2005), was found that a water deficit 
decreased the level of lignifying enzymes 
and consequently the lignin level in maize 
leaves. The beneficial effects of 
lignification were explained by anatomical 
changes that facilitate water flow and 
maintain the structural integrity of the 
xylem vessels during salt stress. In the 
present study, the histochemical analysis 
didn’t show any significant difference in 
lignin deposition among inoculated and 
non-inoculated maize under salinity. 
However, Moura et al. (2010), has reported 
that abiotic and biotic stress tends to affect 
the lignification of crops.  Such reaction 
leads to histological changes, such as the 
formation of papillae, lignification, 
deposition of callose, and thickening of the 
cell wall due to deposition of phenols and 
substances similar to hydrogen peroxide 
(Rubin, 2008). 

PAL is the rate-limiting enzyme for 
secondary metabolites, and also plays an 
important role in plant stress tolerance. 
Phenylalanine ammonia-lyase (PAL) is a 
key intermediate at the crossroads of 
phenolics and lignin synthetic pathways. 
PAL, which catalyzes the deamination of 
phenylalanine to trans-cinnamate, was 
shown to be regulated upon stress exposure. 
In the present study, both the bacterial 
isolate and salinity enhanced PAL activity, 
is supported by Pandey et al. (2010), who 
reported an increased level of PAL 
following drought stress in rice. 
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Cell wall peroxidases are involved 
in growth modifications by affecting cell 
wall via biochemical processes. Cross-
linkages between cell wall compounds are 
mediated by these enzymes. In the present 
study, both the bacterial isolate and salinity 
showed the enhanced cell wall peroxidase 
activity. Several studies have investigated 
the roles of cell wall peroxidases and their 
reverse relation to cell growth by stiffening 
processes. It is known that cell wall 
peroxidases also influence growth and 
development of plant by limiting certain 
growth related reactions through 
collaboration with phenolic compounds, 
resulted in reduce wall extensibility. 
Enhanced PAL activity with subsequent 
effects on polyphenol oxidase, lignin 
content, ionic and cell wall-bound 
peroxidase activities is also supported by 
Terzi et al. (2013). Our finding suggest that 
inoculation of maize with such isolates 
could provide salt tolerant ability of plants 
and serves as a useful tool for alleviating 
salinity stress. 

Conclusion 

The interaction of PGPR and maize 
plants result in the induction of series of 
morphological, anatomical and enzymatic 
changes in plants. Such induction capable 
the plant to develop the ability to overcome 
abiotic stress including increase in PAL 
activity, phenolic content lignification and 
finally in cell wall component. It speculates 
through our studies that induction of such 
stress-related enzymes is irrespective of 
stress and prior to any abiotic stress, merely 
by inoculation with PGPR bacteria. 
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