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Abstract
To address salinity stress in plants in an eco-friendly manner, this study investigated the potential effects of salinity-
resistant bacteria isolated from saline agricultural soils on the growth of cucumber (Cucumis sativus, cv. Royal) 
seedlings. A greenhouse factorial experiment was conducted based on a completely randomized design (CRD) 
with two factors, salinity at four levels and five bacterial treatments, with three replications (n = 3). Initially, fifty 
bacterial isolates were screened for their salinity and drought tolerance, phosphate solubilization activity, along 
with production of auxin, siderophore and hydrogen cyanide. Isolates K4, K14, K15, and C8 exhibited the highest 
resistance to salinity and drought stresses in vitro. Isolates C8 and K15 demonstrated the highest auxin production 
capacity, generating 2.95 and 2.87 µg mL− 1, respectively, and also exhibited significant siderophore production 
capacities (by 14% and 11%). Additionally, isolates C8 and K14 displayed greater phosphate solubilization activities, 
by 184.64 and 122.11 µg mL− 1, respectively. The statistical analysis revealed that the selected four potent isolates 
significantly enhanced all growth parameters of cucumber plants grown under salinity stress conditions for six 
weeks. Plant height increased by 41%, fresh and dry weights by 35% and 7%, respectively, and the leaf area 
index by 85%. The most effective isolate, C8, was identified as Bacillus subtilis based on the 16 S rDNA amplicon 
sequencing. This study demonstrated that inoculating cucumber seedlings with halotolerant bacterial isolates, 
such as C8 (Bacillus subtilis), possessing substantial plant growth-promoting properties significantly alleviated 
salinity stress by enhancing plant growth parameters. These findings suggest a promising eco-friendly strategy for 
improving crop productivity in saline agricultural environments.
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Introduction
Cucumber (Cucumis sativus L.) is a major vegetable crop 
worldwide that is sensitive to salt stress due to its shallow 
root system [1]. Environmental stresses such as drought 
and salinity are the major factors affecting global agri-
culture and food security [2]. Salinity decreases the soil 
water potential and consequently mineral absorption by 
plant roots [3]. Salinity also changes Na+/K+ ratio and 
osmotic stress, and inhibits a multitude of biochemi-
cal and physiological processes involved in plant growth 
and development [4, 5]. The accumulation of ions (Na+ 
and Cl−) beyond threshold limits adversely affects plant 
metabolism, transpiration system, photosynthesis, and 
most importantly, ionic balance and nutrient uptake [6, 
7]. Plant breeding efforts are vital for developing salt-
tolerant varieties, while genetic engineering to enhance 
plant resilience, is sometimes discouraged due to its 
time-intensive nature and concerns regarding the safety/
acceptance of genetically modified products. Hence, in 
addition to diverse breeding and agronomic approaches 
as well as established desalination techniques, embracing 
strategies that harmonize with nature, e.g. biofertilizers, 
is vital for achieving sustainable agricultural productiv-
ity [8]. In recent years, there has been a significant inter-
est to employ beneficial microorganisms that boost plant 
growth, nutrition and tolerance against environmental 
stresses such as drought and salinity, i.e. an eco-friendly 
strategy to address key global challenges in agriculture [9, 
10]. Numerous studies have demonstrated that biofertil-
izers can enhance crop yields [11, 12]. Sustainable strat-
egies to increase the ability of plants to tolerate salinity 
stress include the use of plant growth-promoting rhizo-
bacteria (PGPR) that are able to provide cross-protection 
against multiple stress factors [13]. PGPR are a group 
of bacteria inhabiting the rhizosphere, that can either 
directly or indirectly facilitate plant growth under opti-
mal or stressful conditions through diverse mechanisms 
such as improving the bioavailability of mineral nutrients 
for plants, aiding in osmotic adjustment, and accumu-
late organic solutes [14, 15]. By promoting overall plant 
growth and nutrition, PGPR can reduce crop reliance on 
synthetic fertilizers [16, 17]. PGPR can facilitate plant 
growth and development through various mechanisms, 
including nitrogen fixation within the rhizosphere, pro-
duction of phytohormones such as auxins, cytokinins, 
gibberellins, polyamines, and enhanced nutrient uptake 
[18].

Bacterial isolates obtained from stressful environments 
demonstrate greater effectiveness in enhancing plant 
resilience against stresses due to their high stress adap-
tation [19]. Qi et al. [20] reported that Bacillus licheni-
formis and B. subtilis promoted the growth of cucumber 
seedlings, enhanced the availability of nutrients, and 
alleviated the adverse effects of salt stress. Similarly, 

investigations into the effects of PGPR isolates on pista-
chio (Pistacia vera L.) seedlings demonstrated improve-
ments in various growth parameters and physiological 
indicators [21]. In another study, inoculation with Pseu-
domonas fluorescens and B. subtilis strains led to mitiga-
tion of salinity stress in cucumber plants through altering 
their osmolytes and antioxidants profiles [22]. Moreover, 
research exploring the impact of B. subtilis, P. putida, 
and Enterobacter cloacae isolates on hazelnut (Corylus 
avellana) seedlings revealed positive effects on nutrient 
uptake, collar diameter, height, and various morphologi-
cal indicators [23]. Pseudomonas spp. and Bacillus spp. 
can produce auxin (IAA) and siderophores, and exhibit 
1-aminocyclopropane-1-carboxylic acid (ACC) deami-
nase activity, leading to improved growth of plants sub-
jected to salinity stress [24].

However, the effects of salinity stress on plant growth 
depend on the species susceptibility, growth conditions 
as well as the ionic composition of the given salinity stress 
[25]. In regions with saline soils (e.g. Jiroft, Iran), there is 
a significant crop yield loss due to soil salinity [26]. PGPR 
hold significant potential for agricultural applications. 
This approach has not only enhanced crop nutrition and 
protection but also mitigated environmental contamina-
tion and reduced farmers’ production costs. Numerous 
bacterial species, especially those in the genus Bacillus, 
have been found to possess plant growth-promoting 
traits [27]. While numerous studies have investigated 
the rhizosphere of salinity-tolerant plants across distinct 
geographical regions, to our knowledge, this is the first 
study to isolate indigenous salt-tolerant bacteria from the 
saline soils of Jiroft. This study aimed to isolate locally 
adapted, salinity-resistant, and growth-promoting PGPR 
isolates from crop fields with saline soils located around 
Jiroft, Iran, and ii) conduct a greenhouse study to inves-
tigate the effects of potent halotolerant PGPR strains on 
growth parameters of cucumber seedlings under salinity 
conditions.

Materials and methods
Isolation of bacteria
Field soil samples were selected from a depth of 30 cm in 
the arid and saline parts of Jiroft (Kanarsandal, Jazsaleh, 
Anbarabad and Karimabad areas; Kerman province, Iran) 
in 2020 [28]. To isolate bacteria, ten grams of each soil 
sample was transferred into vials containing 90  ml of 
sterile distilled water and placed on a shaker at 100 rpm 
(revolutions per minute) for one hour. Subsequently, 
serial dilutions (up to five) were prepared from the soil 
suspensions. Finally, 60 µl of each dilution was added to 
plates containing the minimal base culture medium [29], 
and spread with a sterile glass rod. Bacterial isolates were 
cultured on tryptic soy agar (TSA) medium in screw-cap 
gradient tubes for 24 h at 30 °C. Subsequently, the isolates 
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were classified based on their phenotypic and staining 
characteristics, named, and stored at 4 °C for future anal-
ysis [30].

Screening of salt-resistant bacteria
To check the salinity resistance of the isolates, initially, 
fifty isolates were cultured in nutrient broth medium 
with NaCl concentrations of 0 (control), 5%, 10%, 15%, 
20%, 25%, 35% and 40% at 30 °C for 24 h. Growth rates of 
the isolates were evaluated through optical density mea-
surements at 660  nm using a spectrophotometer [16]. 
Subsequently, the salinity tolerance of eleven isolates was 
assessed in media containing 40% NaCl.

Screening of drought-resistant bacteria
The salt-resistant bacterial isolates were screened for 
drought resistance by subjecting them to different water 
potentials in the presence of polyethylene glycol 6000 
at 30  °C for 24 h. Different water potentials (0.50, -0.15, 
-0.03, -0.49 and − 0.73 MPa) were prepared by adding cal-
culated amounts of polyethylene glycol 6000 per liter of 
nutrient broth medium, according to the following for-
mula [31]:
 
Water potential (wp)=-(1018e-2)c-(1.18e-4)
c82+(2.67e_4)ct+(8.39e-7)c82T.
 
T: Kelvin temperature c: polyethylene glycol concentra-
tion t: ambient temperature e: constant coefficient wp: 
water potential.

Then, 0.1 mL of bacterial liquid culture was added to 
media with different water potentials, and three repli-
cates were prepared for each concentration. The inocu-
lated vials were incubated at 30 ± 2 °C for 24 h, shaken at 
120 rpm. Bacterial growth was determined by measuring 
the optical density at 600 nm using a Jenway spectropho-
tometer (model 6505, UK) [31].

Investigation of plant-growth promoting characteristics of 
selected isolates
Quantitative estimation of auxin
Estimation of auxin content was conducted following 
the Beick et al.‘s method [32] and spectrophotometry. 
First, bacterial isolates were inoculated in liquid nutri-
ent broth medium supplemented with 0.5% L-tryptophan 
and kept for 48 h on a rotary shaker incubator (Biologi-
cal Oxygen Demand, BOD) at 27 ± 2 ºC temperature. 
After 48 h of growth, the bacterial cultures were centri-
fuged at 10,000 rpm for 10 min and 1 mL of supernatant 
was taken in a test tube mixed with 1 mL of Salkowski’s 
reagent (35% of perchloric acid, 1 mL 0.5 M FeCl3) solu-
tion. The reaction mixture was incubated in dark condi-
tion for 20 min. Appearance of a reddish-pink colour in 
the test tube indicated the production of indole acetic 

acid (IAA), and the optical absorption of the reactions 
was read at a wavelength of 530 nm [33].

Measurement of siderophore production
The siderophore production ability of the isolates was 
determined using the Casschatel method [34]. This assay 
operates on the principle of chrome azurol S (CAS) 
changing color from blue to orange as siderophores 
remove iron from the dye. The selected isolates were cul-
tured in a minimum iron medium at 30 °C. Then, the cul-
ture samples were centrifuged for 15 min at 27,000 rpm 
and the CAS solution was added to the supernatant in 
an equal proportion, and incubated at 30 °C for 20 min. 
In the presence of siderophores, iron was extracted from 
the dye complex, leading to a decrease in the intensity 
of the blue color. The color intensity was subsequently 
measured at 630 nm using a spectrophotometer (Jenway, 
model 6505, UK).

Measurement of hydrogen cyanide production
To assess the hydrogen cyanide (HCN) production by 
isolates, we employed a method utilizing picric acid salts. 
Bacterial isolates were grown in nutrient broth medium 
supplemented with 4.4% glycine. Subsequently, filter 
papers (Whatman No. 1) were soaked in a solution con-
taining 2% sodium carbonate and 0.5% picric acid on the 
surface of the culture medium. The incubation was car-
ried out at a temperature of 28 ± 2  °C for a duration of 
96  h. The presence of HCN was indicated by a distinct 
color change observed on the filter paper, shifting from 
yellow to an orange-brown, as described by Castric [35].

Evaluation of phosphate solubilization activity
Bacterial isolates were cultured on Picosky solid culture 
medium [36], containing 10  g of glucose, 5  g of trical-
cium phosphate, 0.5  g of yeast extract, 0.5  g of ammo-
nium sulfate, 0.2 g of potassium chloride, 0.2 g of sodium 
chloride, 0.1 g of magnesium sulfate, 0.0003 g of iron sul-
fate, 0.0003 g of manganese sulfate and 10 g of agar per 
liter, with pH 7, and incubated at 30 ± 2  °C for five days. 
To detect the phosphate solubilization activities, the for-
mation of clear zones around the bacterial colonies was 
monitored. The isolates were subsequently inoculated 
into the Picosky liquid medium and incubated for 100 h 
on shaker (100 rpm) at 30 ± 2 °C. After incubation, 2 mL 
of the culture medium was removed and transferred to 
2-mL vials. To remove bacterial cells and solid materi-
als from the culture medium, the vials were centrifuged 
(12,000 rpm) for 10 min at 25 °C. The clear supernatant 
solution of each vial was transferred to new vials. Finally, 
concentration of the solubilized phosphorus in the super-
natant was quantified by the method described by Wata-
nabe and Olsen [37].
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Greenhouse experiments
The plant growth-promoting ability of the four most 
effective isolates (K4, K14, K15, and C8) was evaluated 
based on their effect on the growth indices of cucumber 
seedlings (plant height, fresh and dry weight, and leaf 
area). A factorial experiment was carried out in a green-
house, based on a completely randomized design with 
two factors, salinity at four levels (control, 4, 8 and 16 
dS/m created through addition of NaCl to the irrigation 
water) and five bacterial treatments (without inoculation, 
and individual inoculation with four salt-resistant bacte-
rial isolates) with three replications. The cucumber seeds 
(Royal cultivar) were obtained from the Agricultural and 
Natural Resources Research Center of Southern Kerman 
(Iran). For surface-sterilization, seeds were submerged 
in 5% sodium hypochlorite solution for 3 min and rinsed 
10 times with sterile distilled water, and subsequently 
treated with the fungicide Captain (Wp50%) for 3  min 
[38].

Clean pots (21 × 16 × 16 cm) were filled with 2 kg soil, 
and eight pre-germinated seeds were planted in each pot 
at a depth of 2 cm. When placing seeds in the soil, three 
mL of bacterial suspension (containing 108 cells per mL) 
were added onto each seed [39]. In order to prevent the 
initial severe shock to the plants, salinity treatments were 
gradually applied in 3 applications. In order to prevent 
the salt leaching, we used sealed pots (without drainage) 
and the soil moisture content was kept at 70% of field 
capacity (FC) [40]. Plants were grown for six weeks and 
the vegetative parameters including plant height, fresh 
and dry weight and leaf area were measured. The height 
of the seedlings was measured using a mm-precision 
graduated ruler. The plant fresh weight was measured 
with digital scale with accuracy of 0.001 g. Plant samples 
were dried in oven at 72 °C for 48 h and the dry weights 
were measured, subsequently. To measure the leaf area, 
the leaves were scanned using the leaf scanner, converted 
to images, and analyzed using the Photoshop graphic 
software [41].

Biochemical identification of the potent isolates
Biochemical characterization of the bacterial isolates was 
carried according to the standard protocols described by 
Nezami et al. [42], and included Gram staining, catalase, 
lactose, urease, oxidase, motility, indole, and H2S produc-
tion tests.

Molecular identification of the most effective isolate
The genomic DNA of the C8 isolate was extracted from 
the cultures growing on nutrient agar for 18  h, accord-
ing to the method described by Weisburg et al. [43]. 
The extracted genomic DNA was detected by gel elec-
trophoresis and then stored at -20  °C until further use. 
The gene encoding 16  S rRNA was amplified using the 

universal primers 27 F: 5′- A G A G T T T G A T C C T G G C T C 
A G-3′, and the 1492R: 5′- C T A C G G C T A C C T T G T T A C G 
A-3′. The PCR reaction mixture was made in a total vol-
ume of 50 µL, containing 25 µL of master mix (Promega, 
USA), 2 µL of template DNA, 2 µL each of forward and 
reverse primers, and 19 µL of nuclease-free water. The 
PCR amplification conditions were as follows: an initial 
denaturation step of 96 °C for 3 min followed by 27 cycles 
of 96 °C for 30 s, annealing of 56 °C for 25 s, and elonga-
tion at 72 °C for 15 s, followed by a final extension step at 
72  °C for 10 min [44]. The PCR products were detected 
by gel electrophoresis using a DNA ladder (Intronbio, 
South Korea) as a marker. The bands were visualized 
under UV light and photographed. The amplified PCR 
products of 16  S rDNA fragments were sent to Macro-
gen company (South Korea) for purifying and sequenc-
ing. The obtained 16  S rDNA gene sequence of the C8 
isolate was edited using the MEGA6 software and aligned 
with the nucleotide sequences databases of NCBI using 
BLAST tools. Phylogeny analysis and phylogenetic tree 
construction was carried out based on the Neighbor-
joining phylogeny algorithm [45, 46].

Statistical analyses
Graphs were generated using the Excel 2018 software.
The data analysis was carried out using the SPSS statisti-
cal software version 26, and means were compared using 
Duncan’s multi-range test at a 5% significance level.

Results
Isolation of bacteria
Based on morphological characteristics of the colonies 
grown on TSA medium, different bacterial isolates were 
selected and coded (Table 1). A total of 50 isolates were 
obtained from soil samples collected from various saline 
crop fields in different areas of Jiroft, Kerman Province, 
Iran. These soil samples were collected from Jazsaleh (8 
isolates), Kanar Sandal (16 isolates), Karimabad (16 iso-
lates), and Anbarabad (10 isolates) during the 2020 crop-
ping year. The codes of bacterial isolates obtained from 
each region are provided in Table 1.

Screening of salt-resistant bacteria
Salt resistance screening of fifty isolates revealed that 
all strains could tolerate salinity levels of 0.5%, whereas, 
only 11 isolates were able to grow in media containing 
NaCl up to 40% (Table 2). The isolates K4, K10, K12, K14 
and K15 (from Kanar Sandal), C8, C10 and C11 (from 
Karimabad), A2, A3 and A4 (from Anbarabad) were able 
to grow in media containing NaCl up to a concentration 
of 40% salt and were selected for subsequent studies. The 
isolates that did not grow at the highest salt medium 
after 24  h of incubation at 30  °C are designated with a 
negative symbol in Table 2. According to the results, the 
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maximum NaCl tolerance was shown by isolates K12 and 
C8. As shown in Fig. 1, the selected isolates were capa-
ble of growing at a stable OD under the 40% NaCl stress 
condition, thus, the salinity level of 40% was adopted to 
study the role of the bacterial isolates in promoting plant 
growth. A significant positive correlation was identified 
between the OD and bacterial concentrations.

Screening drought-resistant bacteria
The drought resistance screening trial revealed that all 
11 isolates were able to grow in the media with the water 
potential of 0.5  MPa (Table  3), whereas, K4, K14, K15 
and C8 isolates had the highest growth in media with 
the highest water potential (-0.73  MPa), i.e. the highest 
drought resistance (Fig.  2). Based on their high resis-
tance to salinity and drought stresses, these isolates were 
selected as the potent isolates for further studies.

Plant growth-promoting properties of the potent isolates
Results showed that all the selected isolates (K4, K14, 
K15, and C8) were able to produce auxin, hydrogen cya-
nide, siderophore and they also possessed phosphate 
solubilization activity (Fig. 3). The amount of auxin pro-
duction by isolates ranged from 0.17 to 2.95  µg mL− 1. 
The highest auxin production capacity was observed for 
the C8 isolate (2.95 µg mL− 1), while K15 and K4 isolates 
had the lowest auxin production (Fig. 3A). Furthermore, 
all isolates were able to produce siderophore (Fig.  3B). 
Additionally, C8 and K15 isolates produced the high-
est amount of siderophore with values of 14% and 11% 
(Fig.  3B). Results of the phosphate solubilization test 
showed that all four isolates were able to solubilize the 
water-insoluble inorganic phosphate compound, with C8 
and K14 isolates showing the highest phosphate solubi-
lization activities by 184.64 and 122.11 µg mL− 1, respec-
tively (Fig. 3C). In terms of hydrogen cyanide production, 
the C8 isolate was able to produce the highest amount 

of hydrogen cyanide (0.74) whereas the K14 isolate pro-
duced the lowest amount (0.08) (Fig. 3D).

Effect of potent isolates on growth of cucumber seedlings 
in a greenhouse
According to the ANOVA results, salinity, bacterial 
strains and their interactions had significant effects on 
all growth characteristics of cucumber plants (Table  4). 
The salinity stress (up to 16 dS/m) significantly decreased 
plant height, fresh and dry weights and leaf area by 29%, 
20%, 42% and 42%, compared to the control, respec-
tively (Fig.  4). The statistical analysis revealed that the 
selected potent isolates significantly enhanced all growth 
parameters including plant height (41.47%), fresh and 
dry weights (34.97% and 7.49%), and leaf area (85.07%) 
indices of cucumber plants grown under salinity stress 
condition for six weeks (Fig.  4). Regardless of bacterial 
strains, plant height increased compared to the uninoc-
ulated control for all four isolates. The maximum plant 
height increase was related to the C8 isolate, by 47.58% 
(Fig.  4A). Inoculation with all four isolates increased 
fresh and dry weights of plants subjected to salinity, com-
pared to control (Fig. 4B and C). Also, inoculation with 
each of four isolates led to increased leaf area compared 
to the control, the maximum of which belonged to the 
C8 isolate, by 42% (Fig.  4D). The C8 isolate was shown 
to have the greatest plant growth-promoting proper-
ties, which can be attributed to certain factors such as 
its higher potency of auxin production compared to the 
other isolates. Accordingly, molecular identification of 
the C8 isolate was carried out.

Biochemical identification of potent isolates
Biochemical identification of the four potent isolates (K4, 
K14, K15 and C8) was carried out via conducting diverse 
analyses (Table 5). All the isolates were positive for Gram 
staining, catalase, lactose, motility and H2S production 
and they were negative for oxidase, urease and indole 

Table 1 Codes of bacterial isolates obtained from different areas of Jiroft, Iran
Bacterial code Collection area Bacterial code Collection area Bacterial code Collection area Bacterial code Collection area
J1 Jazsaleh K6 Kanar Sandal C3 Karimabad C16 Karimabad
J2 Jazsaleh K7 Kanar Sandal C4 Karimabad A1 Anbarabad
J3 Jazsaleh K8 Kanar Sandal C5 Karimabad A2 Anbarabad
J4 Jazsaleh K9 Kanar Sandal C6 Karimabad A3 Anbarabad
J5 Jazsaleh K10 Kanar Sandal C7 Karimabad A4 Anbarabad
J6 Jazsaleh K11 Kanar Sandal C8 Karimabad A5 Anbarabad
J7 Jazsaleh K12 Kanar Sandal C9 Karimabad A6 Anbarabad
J8 Jazsaleh K13 Kanar Sandal C10 Karimabad A7 Anbarabad
K1 Kanar Sandal K14 Kanar Sandal C11 Karimabad A8 Anbarabad
K2 Kanar Sandal K15 Kanar Sandal C12 Karimabad A9 Anbarabad
K3 Kanar Sandal K16 Kanar Sandal C13 Karimabad A10 Anbarabad
K4 Kanar Sandal C1 Karimabad C14 Karimabad
K5 Kanar Sandal C2 Karimabad C15 Karimabad
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Table 2 The optical absorption (660 nm) for bacterial isolates obtained from different areas of Jiroft, cultured in media with 5%, 10%, 
15%, 25%, 35%, and 40% concentrations of NaCl at 30 °C for 24 h
NaCl concentration
Bacterial Code

5% 10% 15% 20% 25% 35% 40% Control

J1 0.103 0.003 0.114
J2 0.131 0.133
J3 0.358 0.056 0.040 0.372
J4 0.594 0.258 0.088 0.595
J5 0.009 0.008 0.215
J6 0.265 0.131 0.098 0.182
J7 0.189 0.216
J8 0.009 0.049
K1 0.320 0.115 0.053 0.019 0.339
K2 0.478 0.207 0.107 0.012 0.889
K3 0.009 0.008 0.008 0.009 0.273
K4 0.295 0.118 0.095 0.089 0.063 0.024 0.004 0.328
K5 0.352 0.110 0.207 0.400
K6 0.067 0.060 0.057 0.149
K7 0.116 0.097 0.059 0.185
K8 0.213 0.090 0.003 0.305
K9 0.119 0.49 0.19 0.288
K10 0.391 0.310 0.233 0.152 0.082 0.062 0.047 0.389
K11 0.163 0.100 0.413
K12 0.148 0.112 0.711 0.389 0.235 0.198 0.135 0.193
K13 0.058 0.013 0.012 0.168
K14 0.362 0.152 0.120 0.078 0.054 0.034 0.024 0.434
K15 0.123 0.114 0.067 0.051 0.028 0.023 0.018 0.175
K16 0.074 0. 051 0.036 0.193
C1 0.051 0. 009 0.006 0.262
C2 0.361 0.125 0.026 0.177
C3 0.111 0.083 0.058 0.045 0.018 0.009 0.157
C4 0.056 0.158
C5 0.034 0.156
C6 0.018 0.110
C7 0.086 0.156
C8 0.148 0.112 0.711 0.389 0.235 0.198 0.135 0.193
C9 0.058 0.013 0.012
C10 0.372 0.162 0.130 0.088 0.064 0.044 0.034 0.334
C11 0.123 0.114 0.067 0.051 0.028 0.023 0.018 0.175
C12 0.074 0.051 0.036 0.193
C13 0.174
C14 0.066 0.009 0.165
C15 0.082 0.197
C16 0.009 0.001 0.210
A1 0.195
A2 0.320 0.274 0.174 0.164 0.076 0.063 0.028 0.339
A3 0.878 0.407 0.400 0.342 0.331 0.049 0.045 0.889
A4 0.009 0.008 0.231 0.196 0.187 0.265 0.069 0.273
A5 0.115 0.199
A6 0.234
A7 0.111 0.098 0.005 0.184
A8 0.186 0.102 0.006 0.193
A9 0.196 0.115 0.091 0.213
A10 0.214 0.126 0.060 0.245
Bacterial codes: J: Jazsaleh, K: Kanar Sandal, C: Karimabad and A: Anbarabad



Page 7 of 14Fotoohiyan et al. BMC Plant Biology          (2024) 24:821 

production. On the basis of these observations, we pro-
pose that all isolates could belong to the Bacillus genus.

Molecular identification of the most effective bacterial 
isolate (C8)
The isolate C8 was identified as the most effective iso-
late based on its substantial tolerance against salinity and 
drought stresses as well as its remarkable plant growth-
promoting properties. Approximately, 1500 bp band was 
observed in agarose gel following the PCR amplification 
of 16 S rDNA. The amplicon sequencing was performed 
by the Bioneer Corporation (South Korea). After the 
sequencing of the amplified products, BLAST align-
ment was performed on NCBI to obtain a strain with a 
high degree of homology. The molecular weight of these 
sequence fragments was consistent with that of the bacte-
rial 16 S rDNA fragment. Based on the sequence BLAST 

results and the phylogenetic tree (Fig. 5), the C8 isolate 
was identified as Bacillus subtilis because its amplicon 
sequence shared 99–100% similarity with Bacillus subtilis 
gene sequences.

Discussion
Cucumber (Cucumis sativus L.) is a major vegetable crop 
worldwide, and it is sensitive to salt stress. Salinity and 
drought stresses are primary environmental factors that 
hamper the growth and yield of crops [47]. Jiroft, a city 
in Kerman Province (Iran), is a prominent agricultural 
center, which has also been impacted by salinity factors, 
prompting this study. Recently, researchers have been 
interested in determining how halophilic bacteria can aid 
plants in saline soils. The key mechanisms underpinning 
such microbe-mediated adaptations to different stresses 
include modulation of phytohormones biosynthesis 

Table 3 The optical absorption (600 nm) for bacterial isolates cultured in media with different water potentials
Water potential (MPa)
Bacteria code

0.50 -0.15 -0.03 -0.49 -0.73 Control

K4 0.026 0.029 0.029 0.144 0.038 0.328
K10 0.023 0.017 0.011 0.389
K12 0.019 0.017 0.012 0.010 0.008 0.193
K14 0.059 0.057 0.055 0.023 0.019 0.434
K15 0.013 0.025 0.041 0.155 0.013 0.175
C8 0.056 0.056 0.046 0.044 0.043 0.193
C10 0.034 0.007 0.004 0.003 0.334
C11 0.040 0.039 0.014 0.175
A2 0.012 0.009 0.339
A3 0.050 0.011 0.889
A4 0.030 0.273
Bacterial codes: (K: Kanar Sandal, C: Karimabad and A: Anbarabad)

Fig. 1 Salinity tolerance in bacterial isolates from different areas of Jiroft, exposed to 40% NaCl concentration (J: Jazsaleh, K: Kanar Sandal, C: Karimabad 
and A: Anbarabad). Bacterial isolates showing high optical density (OD) value at 600 nm wavelength under salinity stress were considered as salt-tolerant 
bacterial strains
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(auxins, cytokinins, gibberellins, abscisic acid, ACC 
deaminase (1-aminocyclopropane-1-carboxylate deami-
nase), brassinosteroids, and ethylene, accumulation of 
osmoprotectants (betaines, proline, and soluble sugars), 
upregulation of different plant defense-related genes, and 
production of secondary metabolites [48, 49]. Salinity 
stress disrupts plant physiology and metabolism through 

osmotic disturbances, cytoplasmic toxicity from exces-
sive ion absorption (e.g., sodium), nutrient imbalances, 
and oxidative stress due to the accumulation of reactive 
oxygen species. This disruption leads to reduced photo-
synthesis, growth, and ultimately diminished crop yield 
[50]. Therefore, the current study evaluated the poten-
tial of bacterial isolates from saline regions of Jiroft, and 

Fig. 3 Comparison of mean production of auxin (A), siderophore (B), phosphate solubilization activity (C) and hydrogen cyanide (D) by the four potent 
isolates, which were isolated from different areas of Jiroft (Iran) (K: Kanar Sandal and C: Karimabad)

 

Fig. 2 Drought tolerance in bacterial isolates from different areas of Jiroft, grown in -0.73 MPa of water potential (K: Kanar Sandal, C: Karimabad and A: 
Anbarabad). Bacterial isolates showing high optical density (OD) value at 600 nm wavelength under drought stress were considered as drought-tolerant 
bacterial strains
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examined their growth under varying salt (NaCl) con-
centrations and different water potentials. One innova-
tive approach to combat salinity in plants and mitigate 
its adverse effects is the introduction of salt-tolerant 
bacteria [51]. Plants and bacteria have evolved symbiotic 
interactions to overcome abiotic stresses [52]. Among the 
50 isolates tested initially, we found that 11 isolates had 
high salt tolerance, and four isolates exhibited the highest 
resistance to both salinity and drought stresses. Salt-tol-
erant bacteria, owing to their high osmotic pressure and 
the accumulation of organic solutes in their cytoplasm, 
can help counteract salinity stress. They achieve this 
through hydraulic conductivity, osmotic adjustments, 
elimination of toxic sodium ions, enhanced osmotic con-
ductivity, improved photosynthesis, soil fertility enhance-
ment, and bolstered plant resistance [31].

Moreover, the average growth of salt-resistant isolates 
from the Anbarabad and Kenarsandel areas exceeded 
those of isolates from the other regions. In a similar study, 
Albdaiwi et al. [8] isolated halotolerant plant growth-
promoting rhizobacteria from durum wheat field. We 
also investigated the production of auxin, hydrogen cya-
nide, siderophore, as well as the phosphate solubilization 
activities of the selected isolates. Results showed that C8 
and K15 isolates exhibited the highest levels of auxin and 
siderophore production. Moreover, C8 and K14 isolates 
displayed the highest phosphate solubilization activities. 
Bacteria isolated from saline regions that promote plant 
growth achieve this through various mechanisms, such 
as the production of plant hormones, siderophores, and 
phosphate solubilization activities [53]. Plant hormones 
play a crucial role in regulating plant growth and devel-
opment. The production of auxin is a significant criterion 
for measuring the beneficial effects of PGPR isolates. This 
hormone significantly influences plant cell elongation, 
stimulates cell division, and promotes plant differentia-
tion [54]. The ability to produce siderophores is another 
key characteristic observed in PGPR. Siderophores are 
secreted in response to iron deficiency stress and facili-
tate the conversion of iron into a soluble chelate, making 
it available to cells through specific membrane receptors 

[55]. Notably, Bhatt and Vyas, [56] reported that 40% of 
isolates from plant rhizospheres in a semi-arid region 
could produce siderophores. Phosphorus is one of the 
least mobile and least available nutrients for plants due 
to its high reactivity with soil constituents [57]. Plant 
growth-promoting bacteria enhance phosphorus avail-
ability to plants by producing enzymes such as phospha-
tases, as well as organic acids like gluonic acid and citric 
acid, which convert water-insoluble forms of phosphorus 
into soluble and bioavailable forms [58]. Additionally, 
the production of hydrogen cyanide by PGPR, primar-
ily known for limiting pathogens’ growth, can indirectly 
increase phosphorus availability through chelation with 
metal elements and phosphorus release in the rhizo-
sphere [59].

We evaluated the growth-promoting potential of four 
potent salinity-resistant isolates on cucumber growth 
indices under salinity stress condition. Inoculation with 
all four bacterial isolates led to increased growth indices 
in each salinity level compared to their respective con-
trols, and the C8 isolate exhibited the greatest increase. 
Treatment with each of the four bacterial isolates under 
salinity stress conditions increased plant height, along 
with the fresh and dry weights of plants; the highest 
increases were observed for C8 and K15 isolates. Leaf 
area ratio increased significantly due to bacterial inoc-
ulation, with the C8 isolate exhibiting the most pro-
nounced effect, resulting in a 42% increase. Among the 
various plant growth-promoting properties of bacteria, 
auxin production plays a crucial role in facilitating plant 
growth under stress conditions. Therefore, the outstand-
ing performance of the C8 isolate in enhancing cucum-
ber growth in this study can be attributed to its higher 
auxin production capacity compared to the other three 
isolates, in addition to its ability to produce siderophore, 
hydrogen cyanide, and the highest phosphate solubiliza-
tion capacity. Similar studies have reported the positive 
impact of auxin produced by growth-promoting bacte-
ria on the shoot and root weight of wheat under salinity 
stress [60]. Furthermore, the findings of this study align 
with results from studies on the growth improvement of 
Pinus halepensis [61], pistachio (Pistacia vera) [62], and 
hazelnut (Corylus avellana) seedlings [23]. Similarly, Zhu 
et al. [63] isolated 22 Bacillus isolates from tomato seeds, 
all of which had the capacity to produce ACC deaminase 
enzyme. Among these, B. subtilis exhibited the highest 
ACC deaminase production, leading to increased seed 
germination rates and improved plant growth upon inoc-
ulation of tomato seeds. The increase in plant dry weight 
observed in this study reflects the improved efficiency of 
photosynthesis due to bacterial activity. Reduced photo-
synthetic efficiency is a significant factor hindering plant 
growth under high salinity conditions [64]. Osmotic 
stress leads to stomatal closure, reducing carbon dioxide 

Table 4 ANOVA analysis of the effect of salinity, bacterial strains 
and their interactions on the growth characteristics of cucumber 
seedlings under salinity stress after six weeks of growth
ANOVA df Plant 

Height 
(cm)

Fresh 
weight (g)

Dry 
weight 
(g)

Leaf area 
(cm2)

Salinity 3 246.178** 335.588** 13.770** 2360.956**
Bacteria 4 1233.475** 58.206** 40.099** 1590.371**
Salinity × 
Bacteria

12 31.608** 48.760** 1.643** 60.725**

Error 40 0.617 0.081 0.003 0.068
Cv. 1.87 0.87 1.28 0.30
** indicates a significant difference at 1% significance level (p ≤ 0.01)
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Table 5 Results of biochemical tests of the four potent bacterial isolates isolated from different areas of Jiroft (Iran)
Biochemical tests
Isolates

Gram staining Catalase Oxidase Urease Lactose Motility H2S
production

Indole production

C8 positive positive negative negative positive positive positive negative
K4 positive positive negative negative positive - positive negative
K14 positive positive negative negative positive - positive negative
K15 positive positive negative negative positive positive positive negative
Bacterial codes: (K: Kanar Sandal and C: Karimabad)

Fig. 4 Effects of potent bacterial isolates on the fresh weight (A), leaf area (B), plant height (C), and dry weight (D) of cucumber seedlings under salinity 
stress after six weeks of growth. (K: Kanar Sandal and C: Karimabad)
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absorption and photosynthesis. Plant growth-promoting 
bacteria counteract the effects of ethylene by enhancing 
root growth and providing micronutrients through sid-
erophore and ACC deaminase production [65]. Other 
research has also highlighted the growth-stimulating 
effects of salinity-resistant bacteria isolated from saline 
soils, making them valuable components for sustainable 
agriculture [66]. In this study, among the four salinity-
resistant isolates with substantial growth-promoting 
characteristics, the C8 isolate emerged as the most effec-
tive one. The DNA sequencing of this isolate confirmed 
its identity as Bacillus subtilis. Bacillus bacteria are par-
ticularly effective in enhancing plant growth indices. 
Bacillus genus members are Gram-positive and aerobic 
bacteria [67–69]. Also, Bacillus bacteria possess advanta-
geous physiological characteristics such as multilayer cell 
walls, endospore production ability, phosphorus solubili-
zation, production of hormones, antibiotics, peptide sig-
nal molecules, and extracellular enzymes [70, 71]. These 
characteristics provide Bacillus bacteria with favorable 
conditions for survival and distribution in stressful envi-
ronments. Their ability to produce spores, is another 
factor contributing to their uniqueness and popular-
ity as biofertilizers [72]. Additionally, Bacillus bacteria 
have a relatively higher sporification capacity than other 
growth-promoting bacteria, making them suitable for 

use as bioinoculants [73, 74]. Also, a previous study by 
Chen et al. [75] found that the positive effects of Bacillus 
on soil N availability and plant N uptake could be due to 
its N-fixing ability. The incorporation of Bacillus-based 
biofertilizers, as well as novel approaches such as the 
combination of biochar and Bacillus species, highlights 
the possibility for restructuring soil fertility and nutrient 
management systems. Various mechanisms employed by 
the Bacillus isolates to mitigate stresses caused by abi-
otic and biotic agents are reported (Supplementary Fig-
ure S1). Direct mechanisms include nitrogen fixation, 
siderophore production, phytohormone production, and 
nutrient solubilization. Indirect mechanisms include the 
production of hydrogen cyanide, exo-polysaccharides, 
biofilm formation, and lytic enzymes. The C8 isolate, 
identified as Bacillus subtilis, demonstrated significant 
potential to promote cucumber growth in saline soils.

Conclusions
Environmental stresses such as drought and salinity pose 
significant challenges to sustainable agricultural produc-
tion in regions like Iran, where approximately 15–20% of 
the total land area comprises saline lands. Bacteria pos-
sess the capacity to thrive under salinity and drought 
conditions, coexisting harmoniously with plants. The 
plants, in turn, rely on bacteria and their metabolites, 

Fig. 5 Phylogenetic tree of the bacterial isolate C8 based on its 16 S rDNA gene sequence
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including auxin, siderophore, cyanide acid, vitamins, 
for their growth. In this study, the isolation of salinity-
tolerant bacteria from Jiroft’s crop fields led to the iden-
tification of a potent PGPR isolate, C8. This exceptional 
isolate exhibited resilience to high salinity and drought 
and its repertoire of plant growth-promoting capabilities. 
These key traits, collectively, resulted in enhanced toler-
ance of cucumber seedlings subjected to salinity stress. 
Molecular identification confirmed the identity of the 
C8 isolate as Bacillus subtilis. Bacillus-based biofertiliz-
ers are a major step toward ecologically sound farming. 
This research underscores the importance of harnessing 
indigenous PGPR such as the C8 isolate to address the 
challenges posed by salinity and drought in local agri-
culture. However, there is an urgent need to conduct 
more studies related to improving screening techniques, 
isolation and identification of plant growth-stimulating 
compounds and antimicrobial compounds from bacte-
rial isolates, and clarifying the molecular basis of the 
mechanisms involved. Therefore, further research is rec-
ommended to investigate the effects of these bacteria on 
cucumber yield under field conditions, their impact on 
other regional crops, and their potential for biological 
control of plant diseases.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12870-024-05538-y.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
The authors would like to thank Islamic Azad University Jiroft branch for 
technical support during the research work.

Author contributions
A.S.S. supervised the research. Z.F. and F.S. performed the experiment 
and collected the data. F.K. revised the text critically, and contributed in 
interpretation of the obtained results. M.G. and K.K. provided advice on the 
research and revised the manuscript, critically. All authors read and approved 
the final manuscript.

Funding
Not applicable.

Data availability
All the data generated/ analyzed during the study are available with the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 June 2024 / Accepted: 22 August 2024

References
1. Qi R, Lin W, Gong K, Han Z, Ma H, Zhang M, Zhang Q, Gao Y, Li J, Zhang 

X. Bacillus Co-Inoculation Alleviated Salt Stressin Seedlings Cucumber. 
Agronomy. 2021, 11, 966. https://doi.org/.

2. Alenazi MM, El-Ebidy AM, El-shehaby OA, Seleiman MF, Aldhuwaib KJ, 
Abdel- Aziz HMM. Chitosan and Chitosan nanoparticles differentially alleviate 
salinity stress in Phaseolus vulgaris L. plants. Plants. 2024;13:398. https://doi.
org/10.3390/plants13030398.

3. Calanca PP. Effects of Abiotic Stress in Crop production, in: Quantification of 
Climate variability. Adaptation and Mitigation for Agricultural Sustainability. 
2017.

4. Wang W, Wu Z, He Y, Huang Y, Li X, Ye BC. Plant growth promotion and allevia-
tion of salinity stress in Capsicum annuum L. by Bacillus isolated from saline 
soil in Xinjiang. Ecotoxicol Environ Saf. 2018;164:520–9.

5. Seleiman MF, Ahmad A, Alhammad BA, Tola E. Exogenous application of zinc 
oxide nanoparticles improved antioxidants, photosynthetic, and yield traits 
in salt-stressed maize. Agronomy. 2023;13:2645. https://doi.org/10.3390/
agronomy13102645.

6. Patel M, Vurukonda SSKP, Patel A. Multi-trait halotolerant plant growth-
promoting bacteria mitigate induced salt stress and enhance growth of 
Amaranthus viridis. J Soil Sci Plant Nutr. 2023;23:1860–83.

7. Egamberdieva D, Wirth S, Bellingrath-kimura SD, Mishra J, Arora NK. Salt-
tolerant plant growth promoting rhizobacteria for enhancing crop productiv-
ity of saline soils. Front Microbiol. 2019;10:2791.

8. Albdaiwi RN, Khyami-Horani H, Ayad JY, Alananbeh KM, Al-Sayaydeh R. Lsola-
tion and characterization of halotolerant plant growth promoting rhizobacte-
ria from durum wheat (Triticum turgidum subsp. durum) cultivated in saline 
areas of the dead sea region. Oxidat Med Cell Long. 2020;10:1–16.

9. Kumar V, Raghuvanshi N, Pandey AK, Kumar A, Thoday-Kennedy E, Kant S. 
Role of halotolerant plant growth-promoting rhizobacteria in mitigating 
salinity stress: recent advances and possibilities. Agriculture. 2023;13:168. 
https://doi.org/10.3390/agriculture13010168.

10. Kulasooriya SA, Magana-Arachchi DN. Nitrogen fixing cyanobacteria: their 
diversity, ecology and utilisation with special reference to rice cultivation. Sn 
Lanka J.S.S. 12: (1–2). J Natl Sci found Sri. 2016; 44: (2).

11. Kumar A, Saharan BS, Parshad J, et al. Revolutionizing Indian agriculture: the 
imperative of advanced biofertilizer technologies for sustainability. Discov 
Agric. 2024;2:24. https://doi.org/10.1007/s44279-024-00037-y.

12. Demir H, Sönmez İ, Uçan U, Akgün İH. Biofertilizers improve the plant 
growth, yield, and Mineral Concentration of Lettuce and Broccoli. Agronomy. 
2023;13(8):2031. https://doi.org/10.3390/agronomy13082031.

13. Kour D, Rana KL, Yadav AN, Yadav N, Kumar M, Kumar V, Vyas P, Dhaliwal HS, 
Saxena AK. Microbial biofertilizers: Bioresources and eco-friendly technolo-
gies for agricultural and environmental sustainability. Biocatal Agric Biotech-
nol. 2020;23(101487):1–11.

14. Gupta A, Mishra R, Rai S, Bano A, Pathak N, Fujita M, Kumar M, Hasanuzza-
man M. Mechanistic insights of Plant Growth promoting Bacteria mediated 
Drought and Salt stress tolerance in plants for sustainable agriculture. Int J 
Mol Sci. 2022;23(7):3741.

15. Yao L, Wu Z, Zheng Y, Kaleem I, Li C. Growth promotion and protection 
against salt stress by Pseudomonas putida Rs-198 on cotton. Eur J Soil Biol. 
2010;46:49–54.

16. Yasmeen A, Basra SMA, Farooq M, Rehman H, Hussain N, Athar HR. Exogenous 
application of moringa leaf extract modulates the antioxidant enzyme sys-
tem to improve wheate performance under saline conditions. Plant Growth 
Regul. 2013;69:225–33.

17. Saghafi D, Delangiz N, Lajayer BA, et al. An overview on improvement of crop 
productivity in saline soils by halotolerant and halophilic PGPRs. 3 Biotech. 
2019;9:261. https://doi.org/10.1007/s13205-019-1799-0.

18. Cochard B, Giroud B, Crovadore J, Chablais R, Arminjon L, Lefort F. Endophytic 
PGPR from tomato roots: isolation, in vitro characterization and in vivo 
evaluation of treated tomatoes (Solanum lycopersicum L). Microorganisms. 
2022;10(4):765.

19. Ghorbanpour M, Hatami M, Khavazi K. Role of plant growth promoting rhi-
zobacteria on antioxidant enzyme activities and tropane alkaloid production 
of Hyoscyamus niger under water deficit stress. Turkish J Biology. 2013;37:3. 
https://doi.org/10.3906/biy-1209-12. Article 14.

https://doi.org/10.1186/s12870-024-05538-y
https://doi.org/10.1186/s12870-024-05538-y
https://doi.org/10.3390/plants13030398
https://doi.org/10.3390/plants13030398
https://doi.org/10.3390/agronomy13102645
https://doi.org/10.3390/agronomy13102645
https://doi.org/10.3390/agriculture13010168
https://doi.org/10.1007/s44279-024-00037-y
https://doi.org/10.3390/agronomy13082031
https://doi.org/10.1007/s13205-019-1799-0
https://doi.org/10.3906/biy-1209-12


Page 13 of 14Fotoohiyan et al. BMC Plant Biology          (2024) 24:821 

20. Qi R, Lin W, Gong K, Han Z, Ma H, Zhang M, Zhang Q, Gao Y, Li J, Zhang 
X. Bacillus Co-inoculation alleviated salt stress in Seedlings Cucumber. 
Agronomy. 2021;11:966.

21. Zeinali bafghi M, Gholamnezhad J, Esmaeilzadeh-Hosseini SA, Shirmardi M, 
Jafari A. Influence of gowth promoting bacteria on gowth and physiologi-
cal characters of pistachio in saline soils. Hortic Nutr. 2019;2(2):107–29. (In 
Persian).

22. Saberi-Riseh R, Fathi F, Moradzadeh-Eskandari M. Effect of some Pseudomo-
nas fluorescens and Bacillus subtilis strains on osmolytes and antioxidants of 
cucumber under salinity stress. J Crop Prot. 2020;9(1):1–16.

23. Rostamikia Y, Tabari Kouchaksaraei M, Asgharzadeh A, Rahmani A. Effect of 
growth promoting Rhizobacteria on Growth and nutrient elements of com-
mon hazelnut (Corylus Avellana L.) seedlings in Ardabil Fandoqlou Nursery. 
Iran J for Poplar Res. 2017;25(1):116–26. (In Persian).

24. Raheem A, Ali B. Halotolerant rhizobacteria: beneficial plant metabolites 
and growth enhancement of Triticum aestivum L. in salt amended soils. Arch 
Agron Soil Sci. 2015;61:1691–705.

25. Forni C, Duca D, Glick BR. Mechanisms of plant response to salt and drought 
stress and their alteration by rhizobacteria. Plant Soil. 2017;410:335–56.

26. Adali Sardoi M, Zarifian Shapur HBA, Hosseini Lineage SD. Factors affecting 
the symility of agricultural operations in Jiroft (Case study: onion, potatoes 
and tomatoes). Agricultural Economics and Development. Agri Sci Tech. 
2011;4:459–68. (In Persian).

27. Patani A, Prajapati D, Ali D. Evaluation of the growth-inducing efficacy of 
various Bacillus species on the salt-stressed tomato (Lycopersicon esculentum 
Mill). Front Plant Sci. 2023;14:1168155.

28. Szymańska S, Płociniczak T, Piotrowska-Seget Z, Hrynkiewicz K. Endophytic 
and rhizosphere bacteria associated with the roots of the halophyte Salicor-
nia europaea L. –community structure and metabolic potential. Microbiol 
Res. 2016;192:37–51.

29. Christiaen SE, Brackman G, Nelis HJ, Coenye T. Lsolation and identification 
of quorum quenching bacteria from environmental samples. J Microbiol 
Methods. 2011;87(2):213–9.

30. Roesch L, Fulthorpe R, Riva A, Casella G, Hadwin A. Pyrosequencing enumer-
ates and contrasts soil microbial diversity. ISME J. 2007;1:283–90.

31. Rajput L, Imran A, Mubeen F, Hafeez FY. Salt-tolerant PGPR strain Planococcus 
rifietoensis promotes the growth and yield of wheat (Triticum aestivum l.) culti-
vated in saline soil. Pak J Bot. 2013;45(6):1955–62.

32. Barazani O, Friedman J. Effect of exogenously applied l-tryptophan on allelo-
chemical activity of plant growth promoting rhizobacteria (PGPR). J Chem 
Ecol. 2000;26(2):9–343.

33. Hojjat Noghi F, Akhgar A, Esfandiarpour A, Khawazi K. Evaluation of popula-
tion and growth stimulating properties of endorisosphere, rhizosphere 
and non-rhizosphere bacteria in pistachio seedlings. J Soil Water Res. 
2013;23(4):234–215.

34. Castaneda GC, Munoz TJJ, Videa JRP. A spectrophotometric method to 
determine the siderophore production by strains of Pseudomonas fluorescent 
in the presence of copper and iron. Microchemical J. 2005;81:35–40.

35. Castric PA. Hydrogen cyanide, a secondary metabolite of Pseudomonas 
aeruginosa. Can J Microbiol. 1974;21:613–28.

36. Pikovskaya R. Mobilization of phosphorus in soil in connection with vital 
activity of some microbial species. Microbiologyal. 1948;17(2):362–70.

37. Watanabe F, Olsen S. Test of an ascorbic acid method for determining phos-
phorous in water and NaHCO3 extracts from soil. Soil Sci Soc Am Proc. 1965; 
29(6): 677–678.

38. Karimi Q, Qorbanali ML, Heydari Sharifabad H, Asareh MH. Investigation of 
salinity resistance mechanisms in the pasture species Atriplex Verucifera. J Res 
Constr. 2005; (73): 42–8. (In Persian).

39. Rabie GH, Almadini AM. Role of bioinoculants in development of salt 
tolerance of Vicia faba plants under salinity stress. Afr J Biotechnol. 
2005;4(3):210–22.

40. Jalili F, Khawazi K, Pazira A, Asadi Rahmani H. Investigation of the effect of 
Pseudomonas fluorescens with ACC deaminase enzyme activity on the germi-
nation and growth of two varieties of rapeseed in saline conditions. Collect 
Articles 10th Congress Soil Sci Iran. 2007; 82–3. (In Persian).

41. Sepahvand M, Mohammad Niya R. Measurement of LAI leaf area index 
using graphic software. 6th Natl Conf Med Plants Traditional Med Org Agric. 
2010;14:pages. (In Persian).

42. Nezami S, Joseph K, Ahsan A, Aparna LVS, Sharma SR, Jha SK. Screening of 
commercially important halophilic microbial community for bioactive com-
pounds. Int J Pharm Chem Biol Sci. 2016;6(3):309–21.

43. Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 16S ribosomal DNA amplifica-
tion for phylogenetic study. J Bacteriol. 1991;173(2):697–703.

44. Miyoshi T, Iwatsuki T, Naganuma T. Phylogenetic characterization of 16S rRNA 
gene clones from deep-groundwater microorganisms that pass through 
0.2-micrometer pore-size filters. Appl Environ Microbiol. 2005;71(2):1084–8.

45. Saitou N, Nei M. The neighbor-joining method: a new method for recon-
structing phylogenetic trees. Mol Biol Evol. 1987;4:406.

46. Salehi Sardoei A, Sharifani M, Khoshhal sarmast M, Ghasemnezhad M, 
Ghorbanpour M. In Silico Characterization and its limonene synthase 
expression gene in Citrus cuitivare under freezing tolerance. Ind Crops Prod. 
2024;208:117915.

47. Machado RMA, Serralheiro RP. Soil salinity: effect on vegetable crop growth 
management practices to prevent and mitigate soil salinization. Hortic. 
2017;3:30.

48. Fatima I, Hakim S, Imran A, Ahmad N, Imtiaz M, Ali H, Islam E-u, Yousaf S, Mirza 
MS, Mubeen F. Exploring biocontrol and growth-promoting potential of 
multifaceted PGPR isolated from natural suppressive soil against the causal 
agent of chickpea wilt. Microbiol Res. 2022;260:127015.

49. Almuhayawi MS, Abdel-Mawgoud M, Al Jaouni SK, Almuhayawi SM, Alruhaili 
MH, Selim S, Abd Elgawad H. Bacterial endophytes as a Promising Approach 
to Enhance the Growth and Accumulation of Bioactive metabolites of three 
species of Chenopodium Sprouts. Plants. 2021;10:2745.

50. Ahmed J, Qadir Gh, Fraz Ali M, Javed T, Jhanzab HM, Wattoo FM, Mahmood I, 
Ansar M, Akram Khan M, Zulfiqar U, Paray BA. Screening and growth assess-
ment of indigenous and exotic sesame genotypes under osmotic stress. S Afr 
J Bot. 2023;158:203–13.

51. Arora S. Halotolerant Microbes for Amelioration of Salt-Affected Soils for 
Sustainable Agriculture. In Phyto-Microbiome in Stress Regulation; Kumar M, 
Kumar V, Prasad R, Eds.; Springer: Singapore. 2020, pp. 323–343.

52. Bharti N, Pandey SS, Barnawal D, Patel VK, Kalra A. Plant growth promoting 
rhizobacteria Dietzia natronolimnaea modulates the expression of stress 
responsive genes providing protection of wheat from salinity stress. Sci. Rep. 
2016;6:34768.

53. Ryan PR, Germaine K, Franks A, Ryan JD, Dowling ND. Bacterial endophytes: 
recent developments and applications. FEMS Microbiol Lett. 2008;278:1–9.

54. Majda M, Robert S. The role of auxin in cell wall expansion. Int J Mol Sci. 
2018;19(4):951.

55. Payne SM. Detection, lsolation and characterization of siderophores. Methods 
Enzymol. 1994;235:329–44.

56. Bhatt PV, Vyas BRM. Screening and characterization of Plant Growth 
and Health promoting Rhizobacteria. Int J Curr Microbiol Appl Sci. 
2014;3(6):139–55.

57. Richardson AE, Barea JM, McNeill AM, Prigent-Combaret C. Acquisition of 
phosphorus and nitrogen in the rhizosphere and plant growth promotion by 
microorganisms. Plant Soil. 2015;321:305–39.

58. Alori ET, Glick BR, Babalola OO. Microbial phosphorus solubilization and its 
potential for use in sustainable agriculture. Front Microbiol. 2017;8:971–84.

59. Rijavec T, Lapanje A. Hydrogen cyanide in the rhizosphere: not suppress-
ing plant pathogens, but rather regulating availability of phosphate. Front 
Microbiol. 2016;Manuscript:1785.

60. Ilyas M, Khan I, Chattha MU, Hassan MU, Zain M, Farhad W, Ullah S, Shah A, 
Ahmed S, Khan B, Adeel M. Evaluating the effect of zinc application methods 
on growth and yield of wheat cultivars. J Innov sci. 2020;6(2):150–6.

61. Dominguez-Nuñez JA, Delgado-Alvez D, Berrocal-Lobo M, Anriquez A, Alba-
nesi A. Controlled-release fertilizers combined with Pseudomonas fluorescens 
rhizobacteria inoculum improve growth in Pinus halepensis seedlings. Forest-
Biogeosci for. 2014;8(1):367–79.

62. Najafi A, Ardakani MR, Rejali F, Sajedi NA. Response of Winter barely to 
Co-inoculation with Azotobacter and Mycorrhiza Fungi Influenced by Plant 
Growth promoting Rhizobacteria. Ann Biol Res. 2012;3(8):4002–6.

63. Zhu H, Yang H. Lsolation and characterization of a highly siderophore pro-
ducing Bacillus subtilis strain. Adv Ap Bio. 2015;332:83–92.

64. Bose J, Munns R, Shabala S, Gilliham M, Pogson B, Tyerman SD. Chloroplast 
function and ion regulation in plants growing on saline soils: lessons from 
halophytes. J Exp Bot. 2017;68:3129–43.

65. Kumar JC, Saraf M. Plant growth promoting rhizobacteria (PGPR): a review. J 
Agric Res Devel. 2015;5:0108–19.

66. Meinzer M, Ahmad N, Nielsen BL. Halophilic Plant-Associated Bacteria with 
plant-growth-promoting potential. Microorganisms. 2023;11:2910.

67. Tsotetsi T, Nephali L, Malebe M, Tugizimana F. Bacillus for plant growth 
promotion and stress resilience: what have we learned? Plants (Basel). 2022; 
11(19):2482.



Page 14 of 14Fotoohiyan et al. BMC Plant Biology          (2024) 24:821 

68. Azeem M, Javed S, Zahoor AF. Bacillus species as potential plant growth 
promoting Rhizobacteria for drought stress resilience. Russ. J Plant Physiol. 
2023;70:59.

69. Zaid DS, Cai S, Hu C, Li Z, Li Y. Comparative genome analysis reveals 
phylogenetic identity of Bacillus velezensis HNA3 and genomic insights 
in to its plant growth promotion and biocontrol effects. Microbiol Spectr. 
2022;10(1):e0216921.

70. Etesami H, Jeong BR, Glick B. Potential use of Bacillus spp. as an effective 
biostimulant against abiotic stresses in crops. A review. Curr Res Biotechnol. 
2023;5:100128.

71. Hafez M, Elbarbary TA, Ibrahim I, Abdel-Fatah Y. Azotobacter vinelandii evalu-
ation and optimization of Abu Tartur Egyptian phosphate ore dissolution. 
Saudi J Pathol Microbiol. 2016;1:80–93.

72. Danilova I, Sharipova M. The practical potential of bacilli and their enzymes 
for industrial production. Front Microbiol. 2020;11:1782.

73. Daraz U, Li Y, Sun Q, Zhang M, Ahmad I. Inoculation of Bacillus spp. 
Modulate the soil bacterial communities and available nutrients in the 

rhizosphere of vetiver plant irrigated with acid mine drainage. Chemosphere. 
2021;263:128345.

74. Chen Y, Li S, Liu N, He H, Cao X, Lv C, Zhang K, Dai J. Effects of different 
types of microbial inoculants on available nitrogen and phosphorus, soil 
microbial community, and wheat growth in high-P soil. Environ Sci Pollut Res. 
2021;28:23036–47. https://doi.org/10.1007/s11356-020-12203-y.

75. Chen M, Wei H, Cao J, Liu R, Wang Y, Zheng C. Expression of Bacillus subtilis 
proBA genes and reduction of feedback inhibition of proline synthesis 
increases proline production and confers osmotolerance in transgenic Ara-
bidopsis. J Biochem Mol Biology. 2007;40:396–403. https://doi.org/10.5483/
bmbrep.2007.40.3.396.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1007/s11356-020-12203-y
https://doi.org/10.5483/bmbrep.2007.40.3.396
https://doi.org/10.5483/bmbrep.2007.40.3.396

	Improved salinity tolerance in cucumber seedlings inoculated with halotolerant bacterial isolates with plant growth-promoting properties
	Abstract
	Introduction
	Materials and methods
	Isolation of bacteria
	Screening of salt-resistant bacteria
	Screening of drought-resistant bacteria
	Investigation of plant-growth promoting characteristics of selected isolates
	Quantitative estimation of auxin
	Measurement of siderophore production
	Measurement of hydrogen cyanide production
	Evaluation of phosphate solubilization activity


	Greenhouse experiments
	Biochemical identification of the potent isolates
	Molecular identification of the most effective isolate
	Statistical analyses
	Results


