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ABSTRACT 

	Soil degradation is a major constraint on agricultural productivity. However, the use of rhizobacteria as biofertilizers. Enabling the sustainable recovery of infertile soils. The objective of this study is to evaluate the plant growth-promoting properties of rhizobacteria from tomato plants, for using as biofertilizers. To this end, bacteria were isolated from the tomato rhizosphere using standard laboratory methods. Tests for nitrogen fixation, phosphate solubilization, ammonia, indoleacetic acid, cellulase, and hydrogen cyanide production were performed to evaluate the growth-promoting properties of the bacteria.  A germination test was also performed on two tomato varieties (Mongal and Cobra) using the bacteria as inoculum. The morphological, biochemical, and physiological parameters of the isolates were assessed, and their probable identity was determined using ABIS online software. A total of 225 rhizobacteria were isolated. Preliminary screening allowed the selection of 21 isolates, notably isolates A3, A30, A56, B1, B15, B30, T9, T6, T3, KOM3, KOM1, KOM9, Le13, Le18, Le6, KO15, KO1, KO2, Ki1, and Ki3. These bacteria were capable of both nitrogen fixation, indoleacetic acid production, and ammonia production. Among the selected isolates, 47.61%, 42.85%, and 81.75% were capable of solubilizing phosphate, producing hydrogen cyanide, and synthesizing cellulase, respectively. The vigor index of inoculated grains increased from 755 to 838 compared to the non-inoculated control (750) for the Cobra variety. For the Mongal variety, the vigor indices of the inoculated grains ranged from 605 to 863, compared to the non-inoculated control (548), with 95% of the inoculated isolates showing the best vigor indices. Strains B30 and B1 yielded the highest vigor indices for the Cobra and Mongal varieties, respectively. The ABIS software allowed the isolates to be classified into the genera Pseudomonas (52.38%), Bacillus (28.57%), and Enterobacter (19.05%). These results highlight the potential of these rhizobacterial isolates to be used as biofertilizers to increase tomato production.
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1. INTRODUCTION 	Comment by Sundus Yaseen: Revisions to be made to the Introduction:
1️⃣ Reduce repetition: Combine similar paragraphs about the benefits of PGPR. Shorten the explanation of direct and indirect mechanisms without omitting information.
2️⃣ Improve academic language: Simplify overly long sentences. Improve transitions between paragraphs. Correct some phrasing and the scientific style.
3️⃣ Reorganize paragraphs: Clearer sequence: Soil degradation → Chemical fertilizers → Organic alternatives → PGPR → Tomatoes
4️⃣ Address the research gap: Clarify the lack of studies on: Local PGPR, Different climatic zones, and the specific case of Burkina Faso.
5️⃣ Improve the formulation of the study objective: Make it more precise and clear. Directly link it to the research gap. Specify: Source of isolates, Number of sites, and the applied objective of the study.
6️⃣ Strengthen the conclusion: Clearly link the global problem to the local need for the study. Provide a logical introduction to the rest of the research (Materials & Methods).

[bookmark: _Hlk213687426]Soil degradation is a global issue in the 21st century, particularly in tropical and subtropical regions (Lal, 2015). Indeed, accelerated soil degradation is estimated to have affected 33% of the world's land surface (Bini, 2009). In the tropics, soil degradation affects 500 million hectares (Lamb et al., 2005), threatening ecosystem services and food security for populations in developing countries (Herrero et al., 2010). Land degradation is caused by water and wind erosion (Smith et al., 2024) physical degradation, biological and chemical  degradations (Abebaw, 2019). The intensification of agriculture in recent decades, through increased crop intensity, increased pesticide use, and a nearly 700% increase in mineral fertilizers, has also been identified as the main cause of soil degradation (Fausak et al., 2024; Foley et al., 2005). However, mineral fertilizers do not guarantee long-term soil fertility (Ojetayo et al., 2011; Jones et al., 2013). Thus, M’sadak and M’barek (2015) reported that after three to six years of continuous cultivation, with mineral fertilizers, the soil pH decreases and its organic matter content drops, directly affecting plant development. To mitigate this situation, organic fertilizers can be an opportunity to reduce the use of chemical fertilizers in market gardening, where land areas are sometimes limited. Indeed, several research findings have shown that organic fertilizers help improve yields of several crops, including tomatoes and onions  (Konfe et al., 2019; Coulibaly et al., 2021; Sawadogo et al., 2021).  The use of Plant growth-promoting rhizobacteria (PGPR)  as biofertilizers has been shown to enhance plant growth and productivity of tomato plants (Moustaine et al., 2017). In tomato cultivation, PGPR are also used to reduce the risks associated with excessive use of chemical inputs, which can pose health hazards (Hariprasad et al., 2014). PGPR involve diverse group of bacteria found in the rhizosphere and associated with the roots (Joseph et al., 2007). These bacteria can promote plant growth (El hjouji et al., 2025) and soil health through direct and indirect mechanisms (Joseph et al., 2007; Kalam et al., 2020). Direct mechanisms consist of providing the plant with substances that promote growth and/or facilitating the absorption of certain nutrients through the processes of nitrogen fixation, ammonia production, phosphate solubilization and phytohormone synthesis (El hjouji et al., 2025). The indirect mechanisms of occur when PGPR prevent the deleterious effects of one or more phytopathogenic microorganisms through the production of hydrogen cyanide and the induction of systemic plant resistance (El hjouji et al., 2025). These capabilities make PGPR very important as biofertilizers in sustainable agriculture. Several studies highlighted that the use of PGPR as biofertilizers and biopesticides, is the one of the most effective biological solution (Bakki et al., 2024; Goswami et al., 2024) and a viable alternative for reducing the use of agrochemicals.  Indeed, the use of biofertilizers can reduce the costs associated with purchasing chemical fertilizers, which are often expensive for producers. In addition, they contribute to the sustainable preservation of the environment and soil fertility (Esitken et al., 2005; Savci, 2012). Several studies  also showed that PGPRs  can contribute to increased seed germination, growth, and vigor in several crops (Chabbi et al., 2024; Qessaoui et al., 2019; Rahmoune et al., 2017).  In addition to increasing plant growth, some PGPR species can reduce susceptibility to fungal, bacterial, and viral diseases in tomatoes by producing hydrolytic enzymes such as chitinases and glucanases to degrade fungal cells’ wall (Waqas et al., 2015; Loganathan et al., 2014). Thus, in this growing awareness of soil degradation context, the need for sustainable food production, and the application of organic fertilization is essential (Cotrufo and Lavallee, 2022).  Therefore, this study was performed to evaluate the plant growth-promoting properties of bacteria isolated from tomato rhizosphere from seven areas across two different climatic zones in Burkina Faso. The isolated bacteria were evaluated for their ability to promote tomato plant growth.  


2. material and methods 	Comment by Sundus Yaseen: First: Materials and Methods – What's Needed 🔧
1️⃣ Missing Information That Must Be Added
Location Coordinates (Latitude/Longitude) for each site or a summary table
Soil Type (if applicable: texture / pH / organic matter)
Tomato Variety Used (Variety Name + Origin)
Number of Final Isolates Submitted to PGPR Tests (After Isolation)
2️⃣ Standardization of Scientific Method
Standardization:
°C instead of °C
rpm, ml, µl in a single format
Correcting Minor Grammatical Errors:
shaked → shaken
stored instead of then stored
a Petri dishes → Petri dishes
3️⃣ Clarification of the Experimental Design
Is each test:
With three replicates?

Or once?

 Add a sentence explaining:
Number of replicates for each PGPR test
4️⃣ PGPR Tests
Cellulase test:
The medium is unclear (King B is usually not for cellulose)
Substrate material needs clarification (CMC?)
Nitrogen fixation:
State whether the test is qualitative or semi-quantitative
Phosphate solubilization:
State the unit of measurement (mm) explicitly
5️⃣ Seed germination
Explain:
Temperature during germination
Light conditions (dark/light)
The term tigella length is uncommon → Better:
Shoot length
6️⃣ Data analysis
Specify the statistical software used for ANOVA (SPSS? XLSTAT?)
State:
Sign up to the significance level (p < 0.05) (written only once)
Explain whether the data meet the following criteria:
normality/homogeneity (if requested by the journal)

2.1 Study Sites
The study was conducted in two climatic zones (Sudano-Sahelian and Sudanian) in Burkina Faso (Fig.1). In the Sudano-Sahelian zone, located between the 600 mm and 900 mm isohyets, (Karambiri and Gansaonre, 2023), the market gardening sites of Loumbila, Koubri, and Kombissiri were selected. On the other hand,  in the Sudanese zone, located in the western  and southern  part of the country (Karambiri and Gansaonre, 2023), the market gardening sites of Toussiana, Kodeni, Leguema, and Kimidougou were selected. In this region, the average annual rainfall is of about 1,000 mm.
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Fig. 1. Sampling sites
2.2. Rhizobacterial isolation
Rhizosphere soil samples were collected from three fields per site across seven market gardening sites. In each field, five tomato plants spaced approximately 10 meters apart were dug up diagonally (Koussihouèdé et al., 2015). The bulk soil was released following the method described by Barillot et al. (2013). Plants were vigorously shaked by hand for 10 minutes, to separate non-adherent soil particles while preserving the root integrity.The collected bulk soil then stored at 4 °C.
Composite samples were prepared by mixing samples from each field, resulting in a total of 21 samples for bacteria isolation. Ten grams (10 g) of rhizosphere soil were transferred into a 200 ml bottle containing 90 ml of a phosphate-peptone buffer composed of (per liter): 1.0 g of peptone; 1.21 g of K₂HPO₄; 0.34 g of KH₂PO₄ (Merck (Sigma-Aldrich/MilliporeSigma).  The suspension was stirred at 120 rpm for 30 minutes to obtain the stock solution. Serial dilutions were then performed and  100 μl of each dilution were plated on a Petri dishes containing Luria and Bertani (LB) isolation medium (Lalande et al., 1989). 
The plates were incubated at 30 °C for 24 hours. Under sterile conditions, the individual colonies were transferred onto fresh medium using a sterile Pasteur pipette. After several successive subcultures, pure rhizobacterial colonies were obtained.
2.3. Evaluation of plant growth-promoting properties
2.3.1. Nitrogen fixation
Nitrogen fixation capacity was determined using Azote Free Medium (AFM) prepared with the following composition per liter of distilled water : 20 g sucrose, 0.1 g K2HPO4, 0.4 g KH2PO4, 0.2 g MgS04 7H20, 0.1 g NaCl, 0.01 g FeCl3, and 0.002 g Na2Mo04 per 1 L (Giroux, 2015). The inoculated media were incubated at 30 °C for 7 days. After incubation, optical density at 600 nm (OD₆₀₀) was measured using a spectrophotometer (EPOCH Bio Tek Instrument Inc Highland Park, made in the USA). Strains with OD600 greater than 0.050 were classified as capable of nitrogen fixation (Giroux, 2015). Those with OD₆₀₀ below 0.010 were considered non-fixers, whereas OD₆₀₀ values between 0.010 and 0.050 indicated weak or moderate nitrogen fixation ability (Giroux, 2015).
[bookmark: _Hlk202980525]2.3.2. Ammonia production
The ability of bacterial isolates to produce ammonia (NH3) was assessed by inoculating 5 ml of peptone water (peptone 10 g/l; NaCl 5 g/l) (Merck (Sigma-Aldrich/MilliporeSigma) with 100 μl of each bacterial inoculum. Peptone water without inoculation served as a control. After incubation at 30 °C for 48 hours, 0.5 ml of Nessler's reagent was added to each tube. A color change from yellow to brown indicates NH3 production (Cappuccino and Sherman, 1992).
2.3.3. Indole acetic acid production
Indole acetic acid (IAA) production was evaluated using tryptophan broth (Giroux, 2015). Briefly, 100 µl of each fresh bacterial culture were inoculated into 10 ml of tryptophan broth liquid and incubated at 30 °C for 3 days (Giroux, 2015). Non-inoculated broth served as the control. After incubation, 5 ml of each culture were centrifuged at 13,000 rpm for 10 minutes, and 1 ml of the supernatant was mixed with 2 ml of Salkowski's reagent (50 ml of sulfuric acid and 1 ml of FeCl3 35% 0.5 M). The mixtures were kept in the dark at room temperature for 15 minutes. The appearance of a pink-red color indicated the IAA production.
2.3.4. Phosphate solubilization
Phosphate solubilization was assessed using Pikovskaya (PVK) agar supplemented with tricalcium phosphate [Ca3(PO4)2] as the sole source of phosphate (Deshwal and Kumar, 2013). A 5 μl aliquot of each bacterial culture was spotted on the Pikovskaya (PVK) agar surface (Deshwal and Kumar, 2013), and incubated at 30 °C for 5 days. The formation of a clear halo surrounding the colonies indicated phosphate solubilization. This phosphate solubilization capacity was analyzed by measuring the diameter of the halo according to the method proposed by Ambrosini and Passaglia (2017).
2.3.5. Hydrogen cyanide production
Hydrogen cyanide (HCN) production was evaluated following the method described by Lorck, (1948). Nutrient agar plates supplemented with glycine (4.4 g/l) were inoculated with the isolates. A Whatman filter paper strip impregnated with 2 % sodium carbonate and 0.5 % picric acid was placed on the inner surface of each Petri dish lid. Plates were sealed with parafilm and incubated at 30 °C for 96 hours. The development of an orange to red coloration on the top of the media indicated HCN production. A three-point scale (+ = low intensity; + + = medium intensity; and +++ = high intensity) was used to analyze the results according to color intensity.
2.3.6. Cellulase production
Cellulase production was determined using the method described by Bhatt and Vyas (2014). Isolates were streaked on reconstituted King B agar medium. After incubation, the appearance of a clear halo surrounding the colonies was considered as cellulase production (Bhatt and Vyas, 2014).
2.4. Evaluation of the effect of the isolates on tomato seeds germination
2.4.1. Preparation of inoculum
Bacterial inocula were prepared in 500 ml Erlenmeyer flasks containing 200 ml of nutrient broth (Hi Media-Mumbai). Cultures were incubated for 24 hours at room temperature under agitation (120 rpm). The cells obtained were harvested by centrifugation at 6,000 rpm for 5 minutes, the resulting pellet was resuspended in distilled water. The  bacterial suspension was adjusted to an optical density of 0.5 at 600 nm using a µquant spectrophotometer (Bio-tek instrument, serial number: 157904, USA) corresponding to approximately 10⁸ CFU/ml (Konappa et al., 2020) . 
2.4.2. Seeds treatment
The tomato seeds were surface-sterilized with 70 % ethanol in an Erlenmeyer flask (Costa-Catala et al., 2024). Fifty seeds were soaked in each bacterial suspension for 30 min, then transferred to Petri dishes at a rate of ten seeds per dish (Naureen et al., 2017). Seeds treated with sterile distilled water served as controls (Naureen et al., 2017).
2.4.3. Germination test
The treated seeds were placed on sterile absorbent paper beds in 120 cm Petri dishes, with 10 seeds per dish and five replicates (Naureen et al., 2017). Control seeds were treated with sterile distilled water. The paper beds were moistened every two days by spraying sterile distilled water (Islam et al., 2016). A seed was considered germinated when its radicles reached at least half the seeds length. Germinated seedlings were counted, and radicles and shoots lengths were measured every 24-hours for 7 days using a ruler. Germination-related parameters, including germination rate and vigor index, were calculated following Konappa et al., (2020) and Narendra Babu et al., (2015)using the following formulas : 
The Germination rate and the vigor index were determined according to equations 1 and 2

 	Eq. 1
Vigor index = Plant length  Germination rate 	Eq. 2
2.5. Morphological characterization of isolates
The morphological characteristics of the isolates included the colony shape, elevation, surface area, color, opacity, consistency and size of the colonies, and was determined according to the criteria described by Ahad et al., (2014). Cell mobility and shape were examined under a light microscope. Gram staining was subsequently performed to characterize the bacterial cell wall structure(Tazi et al., 2016).
2.6. Biochemical and physiological characterization of the isolates
Several biochemical tests were carried out to characterize the physiological properties of the bacterial isolates. The catalase and oxidase tests were performed according to the methods described by   Mollah et al., (2020) and Leyral et al., (1997), respectively. KOH solubility test was used to further confirm the Gram reaction. Thus, the isolates were mixed with 3% KOH on a clean slide for 1 minute, and the formation of a viscous filament indicated a Gram-negative reaction (Mollah et al., 2020). The ability of the isolates to utilize citrate as the sole source of carbon was assessed on Simmons citrate agar where the color change of the medium from green to blue indicated citrate utilization (Lounis and Mansouri, 2022),. Triple sugar iron (TSI) agar was used to determine glucose and lactose fermentation and hydrogen sulfide (H2S) production  and gas formation (Gardan and Luisetti, 1981). In addition,  motility and mannitol utilization were tested in a mannitol mobility medium according to Hamidechi and Meziani, (2011). The optimal growth temperature and pH were determined according to the methods of Panda et al. (2013) and Darsa et al. (2014), respectively.
2.7. Data analysis
The data on germination rate and growth parameters (tigella length, radicle length, and vigor index) were subjected to analysis of variance (ANOVA) using Fisher's test at a significance level of 5%.  Principal component analysis (PCA) was performed using XLSTAT software (version 2016) to evaluate the relationships and correlations between plant growth–promoting characteristics, including nitrogen fixation, ammonia production, indole acetic acid synthesis, hydrogen cyanide production, cellulase activity and phosphate solubilization.   The biochemical data were analyzed using ABIS online software to determine the presumptive taxonomic identity of the bacterial isolates. 

3. results and discussion	Comment by Sundus Yaseen: Need modification or addition?

1️⃣ Separate results from discussion. Currently, results, interpretation, and comparison with previous studies are presented together.

Required:
Results:
Numbers, percentages, tables, and figures only.

Discussion:
Interpretation of results, comparison with previous studies, and possible explanations.

2️⃣ Link results to methodology.
Clarification is needed:
 How many final isolates were used in the analysis (21 out of 225)?

Why did some sites report a higher number of isolates (e.g., Kombissiri, Loumbila)?
Soil type
Climatic conditions
Cultivation type
Fertilization management
3️⃣ Support tables and figures statistically.
When stating:
NH₃ (93%)
Nitrogen fixation (66%)
IAA (44%), you must clarify:
Are the differences statistically significant?

If no statistical analysis is provided, state it explicitly.

 4️⃣ Reducing Redundancy
Extensive explanation of:
NH₃
IAA
Repeated from the introduction.

Required: Summarize it into a single sentence in the Results section. Further details should be provided only in the Discussion or Introduction.

5️⃣ Analytical Conclusion for Each Results Paragraph
Each results paragraph must end with:
A short analytical sentence explaining:
A possible cause
An environmental factor
The effect of the plant or soil
 Example (not a paraphrase, just to clarify the idea):
“This variation may be attributed to differences in environmental conditions and root exudate composition.”  6️⃣ Language and Style Standardization
There's some confusion:
English/French (Irregulière, Bossue, Ondulé)
Needed:
Standardize them to English only
And standardize:
Spacing
Punctuation
Writing percentages (%)
7️⃣ PCA Needs Clearer Connection
PCA is mentioned correctly, but it needs:
Biological or agricultural explanation for each group
What does "Group 1 is stronger" mean? And why?

8️⃣ Identification Section
Scientifically sound, but:
Need to clarify that the diagnosis is preliminary
And emphasize that:
Molecular identification (16S rRNA/WGS) is necessary before field application
9️⃣ Conclusion
The conclusion is good, but:
Needs clearer connection to the objective
Remove redundancies
Add a sentence that emphasizes the practical importance of the results
✅ In short:
The section is scientifically strong, but it needs:
Organization
Separation
Abbreviation
Statistical support
Deeper analysis instead of just description

3.1. Selection of Plant Growth-Promoting Bacteria
[bookmark: _Hlk214657332]During the study, a total of 225 rhizobacteria were isolated from the different market gardening sites, including 19 from Leguema, 15 from Kimidougou, 26 from Kodeni, 10 from Toussiana, 69 from Kombissiri, 30 from Koubri, and 56 from Loumbila. Analysis of their plant growth-promoting properties revealed that 93 % of the isolates produced ammonia (Table 1). Indeed, ammonia is a  plant-available nitrogen source which is directly absorbed by plants for growth (Cherif-Silini et al., 2016). These results are higher than those obtained by Cherif-Silini et al. (2016), who reported that 85 % of bacteria in the wheat rhizosphere were  able to produce ammonia. However, this result is consistent with those obtained by Joseph et al., (2007), who demonstrated that 95 % and 94 % of rhizobacteria among Bacillus and Pseudomonas associated with chickpeas were capable of producing ammonia, respectively. Such variability likely reflects differences in plant species and abiotic factors (Ulbrich et al., 2022). Indeed, each plant can release specific root exudates into the rhizosphere, leading to shaping rhizosphere communities (Alahmad et al., 2024). 
During the study, nitrogen fixation was detected in 66 % of the isolates. This result is higher than those obtained by Cherif-Silini et al. ( 2016), who demonstrated that 48 % of wheat rhizosphere bacteria were able of nitrogen fixation. However, the value obtained is slightly lower than those   observed in bean rhizobacteria (70 %) (Aouane and Hamani, 2017) and on bacteria isolated (100 %) from rehabilitated forest soils Tang et al. (2020). These results could be explained by environmental factors (biotic and abiotic) that can influence the metabolism of isolates (Philippot et al., 2013). Nitrogen fixation is essential for plant nutrition and growth. Indeed, some rhizobacteria can convert atmospheric nitrogen into ammonia through nitrogenase  (Kenneth et al., 2019; Aasfar et al., 2024), 
IAA production was observed in 44 % of the isolates. This molecule is the most common and effective plant growth hormone (Cherif-Silini et al., 2016). However, the result obtained is lower than 49 % reported in tomato by Vaikuntapu et al. (2014) and 100 % in cucumber rhizobacteria (Islam et al., 2016). These results could be explained by the differences between the studied tomato varieties (Smulders et al., 2021), the plant species, and environmental variability (Philippot et al., 2013).  
IAA-production by bacteria can enhance  nutrient uptake, root development, and regulate several physiological processes including fruit formation, stem elongation, and cell differentiation (Carrillo et al., 2002 ; Khalid et al., 2004; Lounis and Mansouri, 2022).














Table 1. 	 Plant growth promoting activities

	Isolates
	Phosphate solubilization (cm)*
	Nitrogen Fixation
	IAA
	HCN*
	NH3 production
	Cellulase production

	A3
	0.2
	+
	+
	+
	+
	+

	A56
	0.1
	+
	+
	-
	+
	+

	A30
	0.2
	+
	+
	-
	+
	+

	B1
	0.1
	+
	+
	++
	+
	+

	B15
	0.4
	+
	+
	-
	+
	+

	B30
	0.3
	+
	+
	-
	+
	+

	Le18
	0.2
	+
	+
	++
	+
	+

	Le6
	0
	+
	+
	-
	+
	-

	Le13
	0.1
	+
	+
	-
	+
	+

	T9
	0.1
	+
	+
	+
	+
	+

	T6
	0.1
	+
	+
	+
	+
	+

	T3
	0.2
	+
	+
	+++
	+
	+

	Ki1
	0
	+
	+
	-
	+
	+

	Ki6
	0.1
	+
	+
	-
	+
	-

	Ki3
	0.3
	+
	+
	+
	+
	+

	KO1
	0.1
	+
	+
	+
	+
	+

	KO2
	0.2
	+
	+
	-
	+
	+

	KO15
	0.2
	+
	+
	+++
	+
	+

	KOM9
	0.1
	+
	+
	-
	+
	-

	KOM1
	0
	+
	+
	-
	+
	+

	KOM3
	0.1
	+
	+
	+
	+
	+



*: diameter of the halo
Based on these three key PGPR characteristics, a preliminary screening resulted in the selection of 21 isolates (9.33 %) capable of performing all three tests for further characterization (Fig. 2). 



Fig. 2. Plant growth promoting activities of the tested isolates
The selected isolates (A3, A30, A56, B1, B15, B30, T9, T6, T3, KO1, KO2, Le6, Le13, Le18, Ki6, KOM9, KOM1, KOM3, Ki1, and Ki3) were subsequently evaluated for phosphate solubilization, hydrogen cyanide (HCN) production, and cellulase activity. Phosphate solubilization was detected in 80.95 % of the isolates (A3, A30, A56, B1, B15, B30, T9, T6, T3, KO1, KO2, Le13, Le18, Ki6, KOM9, KOM3, Ki3), with isolate B15 showing the largest solubilization activity (halo of 4 mm), followed by isolates B1 and Ki6 (3 mm each) (Table 1). This rate is markedly higher than the rates reported by Kalam et al. (2020) and Vaikuntapu et al. (2014), who showed that 14.28 % and 40 % of bacteria in the tomato rhizosphere can solubilize inorganic phosphate, respectively. This difference in rates could be due to variable environmental conditions (Philippot et al., 2013).
In addition, HCN production was observed in 47.62 % of the strains, with T3 and KO15 producing the highest amounts (Fig. 3). This percentage exceeds the 21 % reported in tomato (Vaikuntapu et al., 2014), but remains lower than that reported in rice (75 %; Karuppiah and Rajaram 2011) and beans (40 %; Kumar et al.,  2011). HCN production by bacterial isolates can  contribute to antifungal activity and biocontrol potential (Meena et al., 2015).
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Fig. 3. Hydrogen cyanide production
a: Cyanide production by isolate KO15; b: Cyanide production by isolate T3; c: No cyanide production (control)
Finally, 85.71% of the isolates produced cellulase, a proportion higher than the 55.5% reported in bean rhizobacteria (Bakha and Ameur, 2023). Similar cellulolytic activity has been reported for PGPR from rehabilitated forest soils Tang et al. ( 2020). Moreover, Meena et al. (2015) evidenced that cellulase production enhances organic matter degradation and supports plant protection against biotic and abiotic stresses. 
The principal component analysis (PCA) was conducted to compare the expression of the plant growth-promoting activities among the selected isolates. The results obtained explain a variability of 29.4% and 52.36% according to the second half of the axes. The PCA distinguished three groups of isolates (Fig. 4):
· Group 1 (B15, B30, Ki3), characterized by the highest expression of multiple PGPR activities;
· Group 2 (A3, T3, Le18, KO15, B1, T9, T6, KO1, KOM3), showing intermediate but substantial PGPR activity;
· Group 3 (A56, Le13, KOM9, KOM1, Ki6), which expressed weak PGPR activities compared to the first two groups.


Fig. 4. Data ranking generated based on plant growth-promoting activities
3.2. Effect of bacterial isolates on tomato seeds germination
The effect of rhizobacterial inoculation on tomato seeds germination and seedling vigor varied according to the isolate and tomato variety. Although inoculation had no significant effect on germination rate (p=0.98), compared to the control for both tomato varieties (Fig. 5), inoculated seeds germinated more rapidly. Germination rates ranged from 92 to 100 % for the Mongal variety and 98–100 % for the Cobra variety (Fig. 5), compared with their respective controls.
This result is consistent with those obtained by Aarab et al., (2009), who showed that phosphate-solubilizing rhizobia inhibited triticale seed germination. Such effects may occur because rhizobacteria act after seed emergence by primarily enhancing root growth and seedling development rather than germination itself (Khoso et al., 2024). Seed germination is largely determined by intrinsic seed vigor and environmental conditions (Finch-Savage and Bassel, 2016). 


Fig. 5. Germination rate with the Cobra and Mongal variety depending on isolates 

In contrast to the germination rate, seedling growth parameters were significantly enhanced by bacterial inoculation. Indeed, the radicle length (p=0.01) and tigella length (p=0.001) were significantly higher in inoculated seedlings than in the control plants, improving the vigor index of both tomato varieties. This result corrobor the results obtained by Almaghrabi et al. (2013), who showed that Bacillus and Pseudomonas strains can promote tomato shoot elongation. However, a few isolates inhibited seedling growth, likely reflecting specific plant–microbe interactions (Singh et al., 2018). Several studies reported that growth-promoting bacteria may become inhibitory when they disrupt hormonal balance (e.g., excess IAA), produce toxic metabolites such as HCN, or compete with seeds for oxygen and nutrients (Suslow and Schroth, 1982; Chieb and Gachomo, 2023). Indeed, Suslow and Schroth, (1982) demonstrated that strains belonging to Enterobacter, Klebsiella, Citrobacter, and Flavobacterium genera can reduce germination and root development, indicating that rhizobacterial effects are not uniformly beneficial. These observations highlight the need to characterize metabolic traits to identify suitable isolates for safe application.
The study also showed that several isolates significantly improved tomato vigor index. In fact, for the Mongal variety, the vigor index increased from 548.8 in the control to values ranging from 560.62 to 863 while inoculated, with the highest increase recorded for isolate B1 (Fig. 6).
However, for the Cobra variety, the vigor index ranged from 755 to 838, with strain B30 producing the strongest effect (Fig. 6). Overall, 28.57 % of the inoculated isolates evidenced the highest vigor indices across both varieties. This results in agreement with earlier findings that rhizosphere bacteria can improve seedling vigor and early plant growth (Narendra Babu et al., 2015; Larbaoui-dahoumane and Benchabane, 2023). In addition, the twenty-one isolates selected for further investigation each displayed at least three plant growth-promoting activities, suggesting strong potential for their use as biofertilizers. 


Fig. 6. Vigour index with the Mongal and Cobra variety
3.3. Identification of the strains
The bacterial colony morphologies (margin, surface, elevation, color, consistency, and size) are reported in Table 2.

[bookmark: _Hlk216811319]Table 2 . Morphological characterization of bacterial colonies Irregular
































	[bookmark: _Hlk216557695]                                                                                   Macroscopic observations

	Isolates
	Shape
	Elevation
	Margin
	Surface
	Color
	Opacity
	Consistency
	Size (cm)

	A3
	Irregular
	Humpback
	corrugated
	Smooth
	White
	Translucent
	Mucosa
	0.3 

	A56
	Circular
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.3 

	A30
	Punctiform
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.2 

	B1
	Circular
	Convex
	Regular
	Smooth
	White
	Translucent
	Mucosa
	0.5 

	B15
	Circular
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.5

	B30
	Circular
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.2 

	Le18
	Circular
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.4 

	Le6
	Punctiform
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.2 

	Le13
	Circular
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.3 

	T9
	Irrégulière
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.4 

	T6
	Punctiform
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.1

	T3
	Circular
	Bossue
	Ondulé
	Smooth
	White
	Translucent
	Creamy
	0.6 

	Ki1
	Circular
	Convex
	Curly
	Smooth
	White
	Translucent
	Creamy
	0.4 

	Ki6
	Circular
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.8 

	Ki3
	Punctiform
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.2 

	KO1
	Circular
	Dish
	Lobé
	Smooth
	White
	Translucent
	Creamy
	0.8 

	KO2
	Circular
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.6 

	KO15
	Circular
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy
	0.4 

	KOM9
	Punctiform
	Convex
	Regular
	Smooth
	White
	Translucent
	Creamy 
	0.1

	KOM1
	Irregular
	Humpback
	Lobe
	Smooth
	White
	Translucent
	Mucosa
	0.6

	KOM3
	Irregular
	Humpback

	Lobe
	Smooth
	White
	Translucent
	Mucosa
	0.5 













Morphological and biochemical characterization revealed that all isolates had rhod shape, 95.23% were motile, and 85.71% can utilize citrate. Many studies reported that mobility and citrate utilization known to enhance competitive root colonization and persistence (Weisskopf et al., 2011; Turnbull et al., 2001). All strains were catalase-positive, indicating strong environmental and chemical stress tolerance (Jomova et al., 2024; Singh and Prasad, 2025). In fact, the activity of antioxidant enzymes such as catalase enables the plant to withstand salt stress (Singh and Prasad, 2025). 
Based on morphological and biochemical characteristics, the ABIS software revealed that the selected isolates were affiliated with the genera Pseudomonas (52.38 %), Bacillus (28.57 %), and Enterobacter (19.05 %) (Table 3). This result is consistent with previous reports identifying Pseudomonas as a dominant genus in the tomato rhizosphere (Dong et al., 2019; Guerrieri et al., 2020; Tang et al., 2020). The abundance of  Bacillus as a plant growth–promoting genus has also been documented by Kumar et al. (2011), followed by Enterobacter (Gray and Smith, 2005; Aarab et al., 2009). Orhan et al., (2006) reported that bacteria belonging to the Bacillus genus  increased tomato yield significantly with 554.5 g/plant compared to the control treatment which yielded 414.1 g/plant. Bakki et al., (2024) also reported that Pseudomonas and Bacillus genera improved tomato  shoot and root growth . Pérez-Rodriguez et al., (2020) also reported that Enterobacter can improve tomato stem height (8-13 %) and diameter (5-8 %), the roots dry weight (49-88 %), shoots (39-55 %), and leaf area (22-31 %). In order to ensure accurate taxonomic placement and safe biotechnological use, further identification using chemotaxonomic profiling (types of quinones, cellular fatty acid composition), DNA–DNA hybridization, whole-genome sequencing, and protein or lipid fingerprinting should be performed.
Table 3. Partial identification of strains

	[bookmark: _Hlk202352939]Isolates
	Cat
	Ox
	Glu
	Lac
	Mb
	Man
	H2S
	Gaz
	Cit
	Sp
	Forme
	Ur
	Id
	pH
	T °C
	Gram
	KOH
	Identification of isolats
	Similarity

	A3
	+
	+
	+
	-
	+
	+
	-
	-
	-
	-
	B C
	-
	 -
	7
	37
	-
	+
	Bacillus
	99,10 %

	A56
	+
	+
	+
	+
	+
	+
	-
	+
	+
	-
	B C
	-
	 -
	7
	37
	-
	+
	Pseudomonas
	90,80 %

	A30
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	-
	7
	30
	-
	+
	Bacillus
	90,40 %

	B1
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	-
	7
	37
	-
	+
	Bacillus
	99 %

	B15
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	-
	7
	37
	-
	+
	Pseudomonas
	90,10 %

	B30
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	-
	8
	30
	-
	+
	Enterobacter
	99 %

	Le18
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	+
	9
	30
	-
	+
	Pseudomonas
	99 %

	Le6
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	+
	-
	7
	30
	-
	+
	Pseudomonas
	99 %

	Le13
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	-
	8
	30
	+
	-
	Pseudomonas
	99 %

	T9
	+
	-
	+
	+
	+
	+
	-
	-
	-
	-
	B L
	-
	-
	7
	44
	-
	+
	Enterobacter
	99 %

	T6
	+
	-
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	-
	7
	30
	-
	+
	Enterobacter
	93,60 %

	T3
	+
	+
	+
	+
	+
	+
	+
	-
	+
	-
	B C
	+
	-
	8
	30
	-
	+
	Pseudomonas
	99 %

	Ki1
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	-
	8
	30
	-
	+
	Pseudomonas
	99 %

	Ki6
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	-     
	9
	30
	-
	+
	Pseudomonas
	99 %

	Ki3
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	-
	-
	8
	37
	-
	+
	Pseudomonas
	90,10 %

	KO1
	+
	+
	+
	-
	+
	+
	+
	-
	+
	-
	B C
	-
	-    
	8
	30
	-
	+
	Bacillus
	90,10 %

	KO2
	+
	+
	+
	-
	+
	+
	+
	-
	+
	-
	B C
	-
	-
	7
	30
	-
	+
	Bacillus
	89,20 %

	KO15
	+
	+
	+
	+
	+
	+
	-
	-
	+
	-
	B C
	+
	+
	8
	30
	+
	-
	Bacillus
	90,10 %

	KOM9
	+
	-
	+
	+
	-
	-
	-
	-
	-
	+
	B C
	+
	+
	11
	44
	-
	+
	Enterobacter
	90,10 %

	KOM1
	+
	+
	+
	-
	+
	+
	-
	-
	+
	+
	B L
	-
	-
	8
	44
	+
	-
	Pseudomonas
	90,10 %

	KOM3
	+
	+
	+
	+
	+
	+
	-
	-
	+
	+
	B C
	-
	-
	7
	37
	+
	-
	Pseudomonas
	99,10 %




Cat: catalase ; Ox : oxidase ; Glu : glucose ; Mb : mobilité ; Man : mannitol ; Cit: citrate ; Sp : sporulation ; Ur : urée ; BC : short bacillus; BL : long bacillus







4. Conclusion
During the study, a total of 225 bacterial strains were isolated from the tomato rhizosphere among which 21 strains exhibited at least three different plant growth-promoting characteristics -such as nitrogen fixing indole acetic acid and ammonia production -were selected for further characterization.  The isolates belonged mainly to the genera Pseudomonas, Bacillus, and Enterobacter. Among the selected isolates, some isolates demonstrated phosphate solubilization, hydrogen cyanide production, and cellulase activity. Furthermore, these bacteria were able to improve the vigor index of two tomato varieties, demonstrating their potential for use as biofertilizers. Nonetheless, molecular identification of the isolates and validation through controlled pot and field experiments are required before developing effective biofertilizer formulations
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