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Salt-tolerant Plant Growth-Promoting Rhizobacteria (PGPR) has been reported to possess various salt-tolerant

mechanisms, namely through the production of exopolysaccharide (EPS) and the formation of a biofilm, which have been

proven to restrict Na+ uptake under saline soil conditions.
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1. Introduction

Globally, plant growth and productivity are being hampered by various biotic and abiotic stresses . Among them, salinity

is regarded as one of the important agricultural problems, as it affects more than 20% of the total and irrigated land .

Rice (Oryza sativa L.) is one of the staple food crops across the globe and the demand is rising to feed the ever-

increasing human population. Rice is a glycophyte plant by nature; it is inherently prone to salinity and will show a wide

and vivid detrimental response to an increased salt level in the soil . Moreover, the utilization of saline soil for agriculture

has become necessary due to the lack of arable land. Several physical and chemical strategies for salinity mitigation have

been tested but these methods are not feasible, causing adverse impacts on the ecosystem, thereby creating other

problems. Therefore, identifying and developing an eco-friendly strategy that can ameliorate plant growth in response to

abiotic stresses is vital in the current agricultural systems, which have to cope with the effect of climate change .

Having this in mind, the genetic technology to develop salt-tolerant rice variety and the utilization of PGPR could be the

answer to improve rice cultivation on saline soils . Several reports have been published on the effectiveness of PGPR

on improving the growth of crops under environmental stress conditions . In addition to the direct beneficial effect of

PGPR, it has also been reported to conserve soil fertility, thus ensuring a favorable alternative to inorganic fertilizers and

pesticides for sustainable agriculture systems . Several bacterial genera, such as Alcaligenes, Azospirillum, Bacillus,
Clostridium, Klebsiella, Pseudomonas, Rhizobium, Thiobacillus, Serratia, and Streptomyces, were used and tested as

plant growth-promoters (PGP) under saline conditions . Various researches have shown the commanding role of

PGPRs in mitigating salt stress in different crop plants .

Plant growth-promoting rhizobacteria can play an important role during the seedling growth stage through several

mechanisms, including biological N fixation, P solubilization, boosting of photosynthetic activities, chelation of iron through

siderophores production, and synthesis of plant growth regulators such as indole-3-acetic acid (IAA) .

These positive traits of PGPR during the establishment of the crop seedling will significantly enhance plant growth during

the later growth stage.

Bacterial flocculation or aggregate formation as a response to salinity, which are closely associated with the production of

bacterial exopolysaccharides, help bacteria to survive in stressed environments and assist the host plant in tolerating

various stresses . Exopolysaccharides play a fundamental role in the formation of a bacterial biofilm, which enhances

bacterial colonization on plant root surfaces . Gholami et al.   showed enhanced germination of seed and vigorous

growth of maize seedling by PGPR inoculation during the early plant growth stage, consequently resulting in an increased

yield. According to Yoshida , the accumulation of essential nutrients for plant growth, such as N, P, K, and S, at the

early stage of rice seedling growth is very crucial for the subsequent vegetative and reproductive stages.

The relationship between PGPR and plants has been widely known; however, there is a dearth of information regarding

the effect of salt-tolerant PGPR on the growth of high yielding salt-responsive rice varieties. This is of utmost importance

considering the perspective of salinity mitigation in coastal salt-affected rice-growing areas, in which seawater intrusion

has become an urgent threat in recent years due to global climate change.
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2. Data, Model, Applications and Influences

2.1. Salt-Tolerance and Plant Growth-Promoting Properties of Selected Bacterial Isolates

UPMRB9 produced the highest amount of exopolysaccharide (EPS) at 1.5 M of NaCl (30.50 g L ), which is significantly

higher than UPMRG1, UPMRE3, and UPMRA4 (Table 1 and Scheme 1). This particular strain also produced significantly

higher biofilm and Na uptake compared to other strains. Meanwhile, UPMRE6 recorded the highest floc yield production

(19.67 g L ).

 

 

Scheme 1. Biofilm protects bacterial cells within EPS matrix of UPMRB9 (a) and UPMRE6 (b) at 1.5 M of NaCl

concentration.

Table 1. Salt-tolerance and plant growth-promoting traits of selected bacterial isolates at 1.5 M of NaCl concentration.

 

 

Bacterial
Isolates

Salt-Tolerance Characteristics Plant Growth-Promoting Characteristics

EPS (g
L )

Floc
Yield (g
L )

Biofilm
(590 )

Sodium
Uptake
(mg L )

IAA (µg
mL )

P Solubilization
(µg mL )

K Solubilization
(mg L )

Nitrogen
Fixation

UPMRA4 7.36c 17.83a 0.44d 7.55cd 6.71b 9.21b 2.08ab −

UPMRB9 30.50a 19.28a 1.14a 23.8a 8.25a 15.18a 2.17ab +

UPMRE3 12.24c 9.73c 0.31e 6.40d 3.50c 9.34b 0.70c −

UPMRE6 26.18ab 19.67a 0.95b 12.49bc 6.70b 15.30a 2.97a +

UPMRG1 21.79b 12.90b 0.77c 13.51b 6.99ab 9.24b 1.72bc +

Note: ‘+’ indicates positive, ‘−’ indicates negative. Means with the same letter in a column do not differ significantly

using Tukey’s test at p > 0.05. EPS: exopolysaccharide; IAA: indole-3-acetic acid.

The plant growth-promoting characters showed that the UPMRB9 isolate produced significantly higher IAA (8.25 µg mL )

compared to UPMRA4, UPMRE3, and UPMRE6. The latter strain had the highest P (15.30 µg mL ) and K (2.97 mg L )

solubilizers. The qualitative test showed that UPMRB9, UPMRE6, and UPMRG1 were N  fixers.

2.2. Identification of PGPR Isolates Based on Partial 16S rRNA Gene Sequences

The PGPR isolates UPMRB9, UPMRE6, and UPMRG1 were selected for molecular identification based on their salt-

tolerance and plant growth-promoting properties. The 16S rRNA fragments were successfully amplified using PCR.

Approximately 1413 bp for UPMRB9 and UPMRG1 and 1411 bp for UPMRE6 were sequenced. The BLASTX comparison

searches against the NCBI nucleotide database revealed 99% similarity of the isolates UPMRB9 with Bacillus
tequilensis  10b (NCBI accession number: NR 104919.1), UPMRE6 with Bacillus aryabhattai  B8W22 (NCBI accession

number: NR 115953.1), and UPMRG1 with Providencia stuartii strain ATCC 29914 (NCBI accession number: NR

024848.1). The phylogenetic analyses of the PGPR isolates were  done based on neighbor-joining bootstrap analysis

(Figure 1a,b).
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Figure 1. (a): Neighbor-joining tree based on the 16S rRNA gene sequence showing the phylogenetic relationship of

UPMRB9 and UPMRE6 to related isolates; bar represents the nucleotide divergence value. (b): Neighbor-joining tree

based on the 16S rRNA gene sequence showing the phylogenetic relationship of UPMRG1 to related isolates; bar

represents the nucleotide divergence value.

2.3. Effect of Bacterial Inoculation on Total Chlorophyll Content of Three Rice Varieties

The total chlorophyll concentration of the rice plants was varied under non-saline and saline conditions. Under non-saline

conditions, the total chlorophyll content of BRRI dhan67 treated with UPMRE6 increased by 19%, that of Putra-1

inoculated by UPMRB9 increased by 10% and that of MR297 treated with UPMRE6 increased by 15% (Figure 2a). On the

contrary, under salt stress conditions, UPMRB9 inoculation produced the highest total chlorophyll content of all rice

varieties with increments of 22%, 28%, and 28% for rice varieties BRRI dhan67, Putra-1, and MR297, respectively,

compared to uninoculated plants (Figure 2b).

Figure 2. (a) Effect of bacterial inoculation on total chlorophyll content of three rice varieties under non-saline conditions.

Means with the same letter in a column do not differ significantly using Tukey’s test at p > 0.05. (b) Effect of bacterial

inoculation on total chlorophyll content of three rice varieties under saline conditions. Means with the same letter in a

column do not differ significantly using Tukey’s test at p > 0.05.

2.4. Effect of Bacterial Inoculation on the Relative Water Content of Three Rice Varieties

Bacterial inoculation had a significant effect on an increasing percentage of relative water content both under non-saline

and saline conditions (Figure 3a,b). Under non-saline conditions, the inoculation of UPMRE6 increased the relative water

content of BRRI dhan67 and MR297 by 28% and 34%, respectively, while UPMRB9 increased the relative water content

of Putra-1 by 28%. Under saline conditions, the relative water content of BRRI dhan67 and Putra-1 inoculated with

UPMRB9 increased by 39% and 49%, respectively, while the relative water content of MR297 inoculated with UPMRE6

increased by 62%.



Figure 3. (a) Effect of bacterial inoculation on the relative water content of three rice varieties under non-saline conditions.

Means with the same letter in a column do not differ significantly using Tukey’s test at p > 0.05. (b) Effect of bacterial

inoculation on the relative water content of three rice varieties under saline conditions. Means with the same letter in a

column do not differ significantly using Tukey’s test at p > 0.05.

2.5. Effect of Bacterial Inoculation on Electrolyte Leakage of Three Rice Varieties

Under non-saline conditions, electrolyte leakage of three rice varieties was not significantly varied by bacterial inoculation

(data not shown), whilst under saline conditions, these values were significant across all inoculations (Figure 4). Leaf

electrolyte leakage was significantly reduced with bacterial inoculation as compared to uninoculated plants. The highest

reductions of electrolyte leakage in BRRI dhan67 and MR297 treated with UPMRB9 were 61% and 92%, respectively,

while Putra-1 treated with UPMRG1 reduced the leakage by 55%.

Figure 4. Effect of bacterial inoculation on electrolyte leakage of three rice varieties under saline conditions. Means with

the same letter in a column do not differ significantly using Tukey’s test at p > 0.05.

2.6. Effect of Bacterial Inoculations on Total Dry Matter Production of Three Rice Varieties

Total dry matter (TDM) of the three rice varieties varied significantly due to the bacterial inoculations under both the non-

saline and saline conditions. Bacterial inoculation increased TDM under non-saline conditions as compared to the

uninoculated control, except for the inoculation of UPMRG1 on MR297 (Figure 5a).

Figure 5. (a) Effect of bacterial inoculation on total dry matter production of three rice varieties under non-saline

conditions. Means with the same letter in each variety do not differ significantly using Tukey’s test at p > 0.05. (b) Effect of

bacterial inoculation on total dry matter production of three rice varieties under saline conditions. Means with the same

letter in each variety do not differ significantly using Tukey’s test at p > 0.05.

Under saline conditions, UPMRB9 significantly produced higher TDM compared to other treatments for the BRRI dhan67,

Putra-1, and MR297 varieties with increments of 56%, 156%, and 50%, respectively, compared to the uninoculated

control (Figure 5b).



2.7. Effect of Salinity, PGPR and Rice Varieties on Na/K Ratio in the Above-Ground (Shoot) and
Below Ground (Root and Soil) Parts of Three Rice Varieties

Under non-stress conditions, the Na/K ratio was not varied significantly (data not shown). Under saline conditions, the

BRRI dhan67 rice plant treated with UPMRB9 had the greatest reduction, of 81%, in Na/K in its above-ground parts (Table

2).

Table 2. Effect of bacterial inoculation on the ratio of Na/K (% decrease) in the above-ground parts (shoots) of three rice

varieties under saline soil conditions.

Variety
Shoot

Uninoculated UPMRB9 UPMRE6 UPMRG1

BRRI dhan67 0.73a 0.14c (81%) 0.22b (70%) 0.26b (64%)

Putra-1 1.13a 0.39c (66%) 0.57b (50%) 0.60b (47%)

MR297 1.37a 0.81c (41%) 1.04b (24%) 1.09b (20%)

Means having the same letter in each variety do not differ significantly using Tukey’s test at p > 0.05.

A similar trend was observed for the Na/K ratio in the roots of BRRI dhan67 treated with UPMRB9, with a 53%reduction

(Table 3). Interestingly, the soil sample showed the highest increment of the Na/K ratio in the MR297 rice plants treated

with UPMRB9 (119%).

Table 3. Effect of bacterial inoculation on the Na/K ratio (% decrease/increase) in the below-ground parts (roots and soil)

of three rice varieties under saline soil.

Variety
Root Soil

CONTROL UPMRB9 UPMRE6 UPMRG1 CONTROL UPMRB9 UPMRE6 UPMRG1

BRRI
dhan67 0.61a 0.29c

(53%)
0.50b
(18%)

0.53b
(13%) 0.50b 0.81a

(62%)
0.67ab
(34%)

0.63b
(26%)

Putra-1 0.79a 0.90a
(14%)

0.42b
(47%)

0.45b
(43%) 0.46b 0.64a

(39%) 0.48b (4%) 0.46b (0%)

MR297 1.11a 1.04a (6%) 0.60b
(46%)

0.56b
(50%) 0.27b 0.59a

(119%)
0.30b
(11%)

0.37b
(37%)

Means having the same letter in each variety do not differ significantly using Tukey’s test at p > 0.05.

2.8. SEM and TEM Observations of Bacterial Root Colonization

Electron micrograph observations revealed that the rice roots of BRRI dhan67 were successfully colonized with the

inoculum under salt stress conditions. SEM showed that the UPMRB9 isolates were abundant around roots’ rhizosphere.

The bacterial presence was observed (a) in between cell walls and the root hair zone and (b) in aggregate formation near

root crevices (Scheme 2). The transverse sections of the root observed under TEM showed that UPMRB9 also inhabit in

(a) the intercellular spaces within the epidermis and (b) near the vascular bundle along the cell wall within the epidermis

(Scheme 3).



Scheme 2. SEM micrograph showing the colonization of UPMRB9 on roots of a BRRI dhan67 plant. The blue arrow

shows UPMRB9 (a) in between cell walls and (b) near the crevices under saline conditions.

Scheme 3. TEM micrograph showing the colonization of UPMRB9 on roots of BRRI dhan67. The yellow arrow shows

UPMRB9 (a) in intercellular spaces and (b) within the epidermis under saline conditions.
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