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Bacillus marisflavi and Stenotrophomonas rhizophila are considered important microorganisms 

in agriculture, largely due to their biocontrol potential and their ability to mitigate biotic and 

abiotic stresses in crop plants. Despite this, a limited number of studies have been conducted on 
rhizospheric interactions and stress tolerance between these microbes and crop plants. This 

study, therefore, aimed to evaluate the potential of the isolates S. rhizophila EU.2B33 and 

B. marisflavi EU.18 to improve salt stress tolerance in watermelon plants. Bacterial isolates 
were exposed to different concentrations of NaCl (5 mM, 10 mM, 20 mM, 40 mM, 60 mM, 100 

mM, 500 mM, 1 M, and 2 M) in a salt-free nutrient broth medium. Isolates were incubated at 

37℃ for 48 h with continuous shaking of 150 rpm, and optical density taken thrice per every 24 
h period using a microplate reader. After 4 and 6 hours of incubation, growth peaks were 

observed in both isolates, although S. rhizophila EU.2B33 exhibited a more efficient growth 

than B. marisflavi EU.18. Interestingly, a significant increase in growth was observed at salinity 
concentrations above 100 mM, although this level is regarded as the stress threshold. Protein 

analysis revealed an increase in band intensity with increasing dose and electrophoretically 

heterogeneous structure of the strains. According to SDS-PAGE results, similar bands were 
observed in both strains at approximately 35 and 25 kDa. At 60 mM salinity, B. marisflavi 

(214.8 ± 24.7 mg) and S. rhizophila (204.8 ± 25.0 mg) showed higher hypocotyl fresh weight 

values than the control (180.4 ±22.9 mg). At 200 mM, the control (54.9 ± 4.9 mg) treatment 
decreased significantly, while S. rhizophila (91.7 ± 8.5 mg) remained higher (P<0.05). These 

results indicate that S. rhizophila is, in particularl, more tolerant to salt stress. In addition, 

significant differences were observed in average germination time, germination index, and 
susceptibility index. This study demonstrates that these isolates have the potential to alleviate 

salinity stress in crop production and can help plants survive in environments generally 

considered stressful for crop plants. 

 

 

Keywords: 
 

Rhizobacteria 

PGPR 

Abiotic stress 
Stenotrophomonas rhizophila 

Bacillus marisflavi 

 

 

 

 

1. Introduction 
 

Plants are affected by various environmental stressors, 

generally classified as biotic and abiotic stresses. Plants 

experience biotic stressors from the activities of living organisms 

such as plants, animals, microorganisms, and other 

anthropogenic influences while abiotic stressors are brought on 

by negative impacts of environmental factors including 

temperature, radiation, drought, minerals, heavy metals etc. 

(Larcher 2003; Manghwar and Zaman 2024). In terms of negative 

impact on land use, mineral stress ranks second after drought 

(Blum and Jordan 1985). 

Across the world, changes in the physicochemical properties 

of soils are generally associated with poor irrigation systems, 

substandard drainage systems, bedrock weathering, and 

agricultural practices. These changes can have adverse effects on 

the soils, including the development of soil salinity due to the 

accumulation of Na+ and Cl- ions. In addition, ionic fluctuations 

and osmotic stresses caused by soil salinity can lead to poor plant 

development. Proline accumulation, catalase, 

polyphenoloxidase, and peroxidase activities, membrane 

stabilization, and additional enzymatic activities have been 

reported to be influenced by salt stress (Ahmed and Bano 1992; 

Hualpa-Ramirez et al. 2024). In extreme cases of severe salinity 

stress, necrotic lesions have been observed on leaf margins, 

terminal regions, and roots (Larcher 2003) Several strategies 

have been explored to improve stress tolerance in crop plants. 

These include selective breeding, osmolyte regulation, 

phytohormone application, and transgenic plants as suitable 

methods for mitigating salt stress. These strategies have achieved 

limited success because they are time consuming, costly, and 

may affect indigenous beneficial species (Ashraf and Harris 

2004; Li et al. 2025).  
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Plant growth promoting rhizobacteria (PGPR) enhances 

growth and facilitate stress tolerance through the synthesis or 

degradation of various phytohormones. Recently, the use of 

PGPR have received significant attention in the scientific 

community as a cheap and environmentally-friendly alternative 

to chemical amendments. Beneficial rhizosphere dwelling 

bacteria can play an important role in enhancing stress tolerance 

and improving overall productivity in crop plants. Previous 

findings (Ryan et al. 2009; Berg et al. 2010), have reported 

improved salinity tolerance and enhanced root architecture when 

PGPR were deployed as biocontrol agents. Numerous studies 

have reported that Stenotrophomonas and Bacillus species 

support plant growth by providing tolerance to salt stress. In 

particular, Stenotrophomonas rhizophila (S. rhizophila) has been 

shown to increase stress tolerance and regulate Na⁺ homeostasis 

by maintaining colonization in the rhizosphere under saline 

conditions (Liu et al. 2022). Similarly, Stenotrophomonas 

species have been reported to improve plant growth and 

physiological parameters under 100 mM NaCl conditions 

(Alexander et al. 2020). Furthermore, halotolerant Bacillus 

marisflavi (B. marisflavi)-like species are reported to be able to 

grow in the 150–800 mM NaCl range and increase plant biomass 

(Szymanska et al. 2020; Ayaz et al. 2022).  

The aim of this study was to evaluate the effectiveness of 

PGPR isolates in enhancing watermelon seed germination under 

various NaCl-induced salinity stress conditions. Furthermore, the 

protein expression patterns of these isolates were also assessed. 

The findings will aid in the selection of promising salt-tolerant 

bacterial isolates to reduce stress and increase yield in 

watermelon plants. 

 

2. Materials and Methods 
 

2.1. Bacteria strains and growth conditions 
 

Two bacterial strains, S. rhizophila EU.2B33 and B. 

marisflavi EU.18, previously characterized for their ACC 

deaminase activity were employed in this study (Ünlü et al. 

2024). Pure cultures of these strains were grown in sterilized salt-

free nutrient broth (NB) supplemented with NaCl at different 

concentrations of 5 mM, 10 mM, 20 mM, 40 mM, 60 mM, 100 

mM, 200 mM, 1 M, and 2 M (Tort 1996; Turhan and Şeniz 2010; 

Kim et al. 2012). Treatments included nine salt doses and two 

controls, arranged in a randomized block design with three 

replicates. This was followed by incubation at 30°C with shaking 

at 120 rpm for 48 hours. Bacterial growth was monitored 

spectrophotometrically at 595 nm, with three readings obtained 

daily. As 100 mM NaCl is widely regarded as moderate salt stress 

(Bakhshandeh and Gholamhossieni 2018), growth responses 

were standardized to this threshold. Strains exhibiting tolerance 

were streaked onto salt-free nutrient agar plates (10 µL inoculum) 

and incubated at 35°C for 48 hours. Bacteria colony counting was 

performed as previously described (Madigan et al. 1997; Leboffe 

and Pierce 2021). 
 

2.2. Protein isolation 
 

Pellets of bacteria culture incubated for 48 hours were 

collected by centrifugation at 8000 x g for 10 minutes. Pellets 

were washed with 6 mL of 20 mM Tris-HCl and centrifuged at 

6000 × g for 5 mins. Pellets were subsequently resuspended in 5 

mL of 50 mM CaCO₃ buffer (pH 10.2) supplemented with 50 µL 

lysozyme (10 mg mL⁻¹), 1% β-mercaptoethanol, and 0.1% Triton 

X-100. The suspensions were incubated at 30°C for 15 minutes 

and subjected to brief sonication to facilitate cell lysis. 

Precipitated proteins were recovered by centrifugation at 

14000 × g and resuspended in 1.5 mL 20 mM Tris-HCl. Protein 

preparations were stored at -20°C until further analysis. 
 

2.3. Determination of protein concentration 
 

Protein concentrations were quantified using the Bradford 

assay (Bradford 1976), with bovine serum albumin (BSA) as the 

standard. 
 

2.4. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)  
 

SDS-PAGE was performed according to the protocol of 

(Laemmli 1970) with minor modifications. The protein samples 

were resuspended in equal volumes of 2× Laemmli sample buffer 

and heated at 95°C for 5 minutes prior to electrophoresis. 

Separation was carried out using a gel system consisting of a 5% 

stacking gel and a 12% resolving gel on a Protean II xi 

electrophoresis unit (Bio-Rad, Hercules, CA, USA), operated at 

a constant current of 25 mA for 6 hours. Following 

electrophoresis, gels were fixed in formaldehyde solution, rinsed 

with distilled water, and sequentially treated with sodium 

thiosulfate and silver nitrate solutions. Protein bands were 

visualized using a freshly prepared thiosulfate-based developer 

until distinct bands appeared, after which the reaction was 

terminated with citric acid (Yilmaz 2010). For molecular weight 

determination, a PageRuler™ Plus Prestained Protein Ladder 

(Thermo Scientific™, Cat No: 26620) was used as a reference 

marker. 
 

2.5. Germination test 
 

Commercially obtained watermelon seeds (Ersin F1, 

AgroPlanet Company) were used in this study. Seeds were 

randomly selected and placed in a sterile petri dish. Seeds in each 

petri dish were treated with 2 mL NaCl solutions with varying 

concentrations (control, 60 mM, 100 mM, 200 mM, 1 M, and 2 

M). Sterile distilled water was used as the control solution. 

Germination assessments were performed according to the 

guidelines of the International Seed Testing Association (ISTA, 

1996). Germination parameters such as germination percentage, 

germination index, mean germination time, sensitivity index, 

shoot length, and root length were recorded. 

Calculations on germination percentage and germination rate 

were performed based on readings taken on day 7 and 14 as the 

ratio of germinated seeds to the total number of seeds in a petri 

dish (Akinci et al. 2004), by using the equations: 

 

Germination index (𝐺𝐼) = ∑(
𝐺𝑡

𝑇𝑡
) 

 

where Gt= number of seeds germinated on day t, and Tt= the 

corresponding time in days. 

The Mean Germination Time (MGT) was determined by the 

following method, Ellis and Roberts (1980): 

 

𝑀𝐺𝑇 =
∑(𝑓 ⋅ 𝑥)

∑𝑓
 

 

where f= number of seeds germinated on day x, and x= the day 

of germination. 

The Sensitivity Index (SI) was calculated as described by 

Foolad et al. (2007): 
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𝑆𝐼 =
𝑀𝐺𝑇𝑠𝑎𝑙𝑡 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑀𝐺𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

 

2.6. Statistical analysis 
 

The data obtained were analyzed using SPSS Statistics 

Programme version 17.0. A one-way analysis of variance 

(ANOVA) was performed to evaluate differences among 

treatments, and multiple comparisons among the control and the 

two isolates were determined using Tukey’s HSD test. 

 

3. Results 
 

3.1. Bacterial growth 
 

Bacterial strains S. rhizophila EU.2B33 and B. marisflavi 

EU.18, which exhibited growth on solid culture media in petri 

dishes, were considered as yielding positive results as displayed 

in Figure 1.  

For B. marisflavi EU.18 (B1), after 30 hours the strain 

reached 1.24 nm at 1 M NaCl, 0.747 nm at 100 mM, and 0.73 nm 

at 2 M after 6 hours (Figure 2). The control remained at 0.3 nm 

after 30 hours. At the sixth hour, bacterial density continued to 

increase, reaching 0.92 nm at 1 M and 0.73 nm at 2 M. After 30 

hours, growth increased sixfold at NaCl concentrations of 

20 mM, 40 mM, 60 mM, 100 mM, 500 mM, and 1 M. 

Additionally, an increase in turbidity was observed, particularly 

at 500 mM (0.602 nm) and 1 M (1.24 nm), while growth in the 

control was not significant after 48 h.  

For S. rhizophila EU.2B33 (B2), growth commenced under 

high salt concentrations as early as 2 hours after inoculation 

(Figure 3). Within the first 2–6 hours, bacterial growth in eight 

NaCl concentrations (5 mM, 10 mM, 20 mM, 40 mM, 60 mM, 

100 mM, 500 mM, 1 M), were recorded as 0.059 nm, 0.058 nm, 

0.521 nm, 0.165 nm, 0.159 nm, 0.172 nm, 1.661 nm, 1.022 nm, 

and 0.053 nm, respectively, with the highest increase observed at 

100 mM (1.661 nm). The control treatment recorded 0.051 nm 

growth. At the concentrations mentioned above, the highest 

growth was observed after 26 h incubation and was recorded as 

1.115 nm, 1.091 nm, 1.069 nm, 1.098 nm, 1.280 nm, 1.090 nm, 

1.143 nm and 0.854 nm, respectively. After this period, a 

decrease in growth was observed with the control group 

maintaining growth ranges of 0.093-0.102 nm. For the B1 isolate, 

the maximum optical density (OD) was at 1 mM, representing a 

243% growth rate when compared with the control group. 
 

3.2. SDS-PAGE protein analysis 
 

As displayed in Figure 4, it was observed that higher NaCl 

concentrations resulted in sharp band formations and the opposite 

was true for lower concentrations. For the B2 bacterial strain 

maximum growth was achieved at 500 mM salt concentration. 

OD calculations showed peaks at 100 mM (109 × 10⁵ after 26 

hours), 500 mM (166 × 10⁵ after 6 hours), and 1 M (102 × 10⁵ 

after 6 hours).  

 

3.3. Germination assay 
 

As shown in Table 1, Table 2, and Figure 5, both bacteria 

isolates demonstrated the ability to promote salinity tolerance in 

watermelon germination parameters. Compared with the control 

group, significant results were recorded for average germination 

period and germination percentage of seeds treated with both 

strains. At the same time, germination sensitivities were found to 

be lower in seeds treated with bacteria than the untreated control 

group, at the same salinity concentration (Table 2). 

 

 
Figure 1. Growth of two bacterial strains a) in LB solid and b) liquid media under varying NaCl concentrations. c) Colony enumeration on solid petri 

medium. 
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Figure 2. Optical densities of B. marisflavi EU.18 (B1) growth at different salinity levels and at different time periods. 

 

 

Figure 3. Optical densities of S. rhizophila EU.2B33 (B2) growth at different salinity levels and at different time periods.  
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Figure 4. SDS-PAGE gel displaying protein banding patterns of bacteria isolates exposed to different concentrations NaCl-induced salinity. 1 and 2 

represent B. marisflavi/ EU.18 and Stenoptrophomonas rhizophia/ EU.2B33 respectively. 

 
Table 1. Germination test of watermelon seeds under different salinity stress and bacteria treatments 

*Values are presented as mean ± standard deviation. Different lowercase letters indicate significant differences among salt treatments within the same bacterial application, 

while different uppercase letters indicate significant differences among bacterial treatments at the same salt concentration according to the post-hoc multiple comparison test 

(P≤0.05). 

 

According to the germination test results, in a total of 20 

watermelon seeds in a petri dish, the stem and root fresh weight 

remained unchanged at a dose of 60 mM compared to the control, 

while at 100 mM, only a 5% loss was observed (Table 1). 

Germination continued in both bacterial species. Regarding 

germination time, at 60 mM, the bacteria were in the same group 

as the control with the same germination time, at 100 mM, the 

bacteria followed the control with a difference of 0.98 days, and 

at 200 mM, development continued without any seed damage 

(Table 2). 
 

 

 

Treatments Dose Germination (day) Sensitivity index 

(%) 

Average germination 

period (day) 

Germination 

percentage (%) 

B. marisflavi EU.18 B1 9.8±0.29Aa 0.101±0.00Ac 2.00±0.00Aa 98.33±2.88Aa 

60 mM 9.3±0.29Aa 0.108±0.00Ac 2.33±0.28Aa 93.33±2.88Aa 

100 mM 4.5±0.50Ab 0.224±0.25Ab 2.57±0.20Ab 55.00±5.00Ab 

200 mM 2.2±0.29Ac 0.466±0.06Aa 5.63±0.41Ac 21.67±2.88Ac 

S. rhizophila EU.2B33 B2 9.5±0.50Aa 0.105±0.00Ab 2.50±0.00Ba 95.00±5.00Aa 

60 mM 8.7±1.04Aa 0.116±0.01Ab 2.70±0.34Aa 88.33±7.63Aa 

100 mM 5.7±0.76Bb 0.178±0.23Ab 3.13±0.15Bb 66.67±7.63Bb 

200 mM 3.0±0.50Ac 0.339±0.06Ba 4.30±0.26Ac 30.00±5.00Ac 

Control 60 mM 8.4±0.33Aa 0.100±0.00Ac 3.25±0.25Bb 65±7.65Bb 

100 mM 3.4±0.50Ab 0.104±0.30Ac 4.43±0.33Ac 30±5.00Ac 

200 mM 1.167±0.42Ac 0.624±0.45Ab 6.85±0.15Cb 15±2.77Ac 
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Table 2. Statistical analysis of plant growth parameters upon exposure to different salt concentration treatments  

Bacteria Dose Hypocotyl fresh 

weight (mg) 

Root fresh 

weight (mg) 

Hypocotyl dry 

weight (mg) 

Root dry weight 

(mg) 

B. marisflavi/ EU.18 B1 205.7±24.12Aa 25.7±5.03Aa 0.010±0.001Aa 0.003±0.0006Aa 

60 mM 214.8±7.92Aa 24.7±3.23Aa 0.086±0.005Ab 0.008±0.0006Ab 

100 mM 149.5±9.46Ab 17.0±2.00Ab 0.047±0.011Ac 0.004±0.0004Aa 

200 mM 74.0±12.16Ac 8.5±0.85Ac 0.024±0.004Aa 0.004±0.0004Aa 

S. rhizophila EU.2B33  B2 204.2±12.57Aa 26.2±3.70Aa 0.009±0.001Aa 0.003±0.0006Aa 

60 mM 204.8±5.59Ba 25.0±0.64Aa 0.067±0.015Bb 0.006±0.0007Bb 

100 mM 196.5±0.50Ba 13.2±0.20Ab 0.030±0.000Bc 0.004±0.0002Aa 

200 mM 91.7±3.78Ab 8.5±0.50Ab 0.031±0.002Ac 0.003±0.0004Aa 

Control 60 mM 180.4±0.50Ba 22.9±2.25Aa 0.010±0.001Aa 0.008±0.0006Ab 

100 mM 142.3±8.36Ab 10.5±0.30Ab 0.005±0.005Ab 0.006±0.0007Bb 

200 mM 54.9±11.14Ac 4.9±1.45Ac 0,005±0.005Ab 0.004±0.0004Aa 

*Values are presented as mean ± standard deviation. Different lowercase letters indicate significant differences among salt treatments within the same bacterial application, 

while different uppercase letters indicate significant differences among bacterial treatments at the same salt concentration according to the post-hoc multiple comparison test 

(P≤0.05). 

 

 
Figure 5. a) Hypocotyl and root fresh weight under 60 mM treatment, b) Growth response to B2 bacterial inoculation at 100 mM, c) Control treatment 

at 200 mM, d) Root development under B2 inoculation, e) B1 treatment at 200 mM, f) B2 treatment at 200 mM. 

 

4. Discussion and Conclusion 
 

Salt stress in agricultural soils poses a major challenge to 

crop productivity. PGPR has been documented to enhance 

growth and improve stress tolerance in crop plants, including 

salinity. As previous findings have shown, B. marisflavi and S. 

rhizophila have been found to facilitate plant growth and have 

positive effects on plants under salinity stress conditions (Yoon 

et al. 2003; Schmidt et al. 2012). The present study evaluated the 

potential of two PGPR isolate B. marisflavi EU.2B33 and S. 

rhizophila EU.18 in overcoming NaCl-induced salinity stress, 

their protein expression patterns under these conditions, and their 

ability to promote watermelon growth. 

Bacillus marisflavi showcased significant increase in growth 

in the NaCl treated media than the control medium. Similar to our 

findings, Yang et al. (2023) showed the ability of B. marisflavi to 

alleviate salt stress in crops. On the other hand, the growth 

differences between the control medium and the saline medium 

were not significant for S. rhizophila. Even at a salinity 

concentration of 100 mM, which is generally considered to 

suppress growth (Mayak et al. 2004), the two isolates showed 

significant growth. 

Furthermore, when compared to S. rhizophila, which showed 

constant growth in both control and saline conditions, 

B. marisflavi demonstrated increased growth in the saline media 
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compared to the control medium. Significant bacterial growth 

was observed, particularly at salt concentrations of 100 mM, 500 

mM, and 1 M. Previous studies have reported similar findings 

(Roder et al. 2005; Ribbeck-Busch et al. 2005), noting that the B. 

mrisflavi NIGAB-1 strain can grow at salinity concentrations up 

to 24% NaCl (Ahmad et al. 2020). 

Similar band patterns were observed within the 25–35 kDa 

range in the SDS-PAGE protein profiles of S. rhizophila 

EU.2B33 and B. marisflavi EU.18. In both isolates, sharp protein 

bands were observed even at high NaCl concentrations such as 

500 mM and 1 M. However, at a salinity concentration of 2 M, 

many bands disappeared for both strains; this may indicate that 

these isolates are intolerant to salinity at this concentration and 

salt stress may have suppressed their proteolytic activities. Liu et 

al. (2015) found that salt stress repressed the extracellular 

proteins in Bacillus spp. and can lead to a diminished band 

intensity in SDS-PAGE. 

Thus, the tested bacteria isolates displayed an increase in 

protein synthesis in response to increased higher salt 

concentration. 

In the germination trials, 55 % reduction in germination rate 

for B. marisflavi and a 67% increase in germination for S. 

rhizophila under 100 mM NaCl concentration were recorded 

(Table 1). Salt stress has been found to impede seed germination. 

For example, a study conducted by Kara et al. (2011) evaluated 

the germination rate of triticale seeds under different salinity 

concentrations and revealed salinity stress negatively impacted 

germination period of the seeds. Salinity stress may affect all 

aspects of germination, especially germination initiation, 

germination period, germination rate and sensitivity (Rahman et 

al. 2008). A study examining the effect of different salt levels on 

germination and seedling development in alfalfa found that the 

germination rate decreased as the salt level increased (Ercan 

2020). Furthermore, Öztürk et al. (2018) evaluated seedling 

development under three different salt concentrations (100, 200, 

300 mM) and found that seedling development was restricted and 

germination rates decreased compared to the control as the salt 

level increased. 

Etesami and Beattie (2018) reported that beneficial bacterial 

may contribute to salt stress alleviation in crop plants by 

synthesizing stress tolerance hormones such as cytokinin, 

abscisic acid, indole-3-acetic acid, and ACC deaminase. 

Addition hormones including exopolysaccharides, trehalose, and 

volatile organic compounds have also been reported to contribute 

significantly to crop stress tolerance (Li and Jiang 2017). PGPR 

enhances a plant’s ability to respond to salt stress by modulating 

gene expression, thereby conferring improved tolerance. This is 

achieved through the accumulation of metabolites such as 

betaine, proline, and trehalose, as well as the increased 

production of antioxidant enzymes like superoxide dismutase 

(SOD) and catalase (CAT), which scavenge reactive oxygen 

species (Kong and Glick 2017). Other beneficial plant growth-

promoting (PGP) traits, such as phosphate solubilization and 

siderophore synthesis, not only contribute to stress tolerance but 

also improve nutrient uptake, thereby supporting overall plant 

health (Forni et al. 2016). 

In conclusion, this study investigated the potential of 

indigenous S. rhizophila and B. marisflavi isolates in alleviating 

salt stress in crop plants. It was found that these isolates persisted 

and even demonstrated significant growth in highly concentrated 

saline conditions which are typically considered toxic for normal 

crop growth. Germination tests showed the isolates helped 

watermelon seeds in overcoming salinity stress by improving 

germination percentage, sensitivity index, and average 

germination time. Greenhouse and field experiments are 

recommended to monitor the performance of these isolates in 

improving stress tolerance in crop plants. 
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