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Beneficial rhizobacteria play a crucial role in promoting plant growth and

enhancing soil health by producing key enzymes, facilitating nutrient cycling,

and suppressing phytopathogens. This study investigated the physicochemical

properties of soil from 32 grapevine sites in the Sidi Bouzid region of Tunisia

and evaluated the plant growth-promoting and biocontrol potential of bacterial

isolates against Botrytis cinerea, the causative agent of gray mold. Soil analysis

revealed significant variation in pH (6.78 to 8.07), organic matter (0.44%−1.59%),

and nutrient content, while electrical conductivity remained stable. A total

of 107 bacterial isolates were isolated from soil samples and recovered, of

which 97 were non-pathogenic and tested for multiple plant growth-promoting

traits. Enzymatic screening revealed production of catalase, pectinase, cellulase,

and chitinase among others. In vitro assays identified four isolates (H3Rh1,

ZRh5, GRh5, and SRh2) with strong antifungal activity, achieving up to 99.3%

growth inhibition of B. cinerea. In detached leaf assays, the isolates H3Rh1,

ZRh5, GRh5, and SRh2 achieved inhibitory growth potential values of 92.33%,

93.73%, 93.02%, and 96.99% against B. cinerea, respectively. Molecular analysis

confirmed the isolates as Arthrobacter globiformis, Priestia megaterium, Bacillus

cabrialesii, and Bacillus mojavensis, with >99% sequence identity and deposited

in GenBank. These strains also demonstrated strong plant growth-promoting

attributes, including nitrogen fixation, phosphate and potassium solubilization,

and indole acetic acid and siderophore production. This study highlights the

biocontrol potential of native rhizobacteria as eco-friendly alternatives to

chemical fungicides for managing gray mold in grapevines and promoting

sustainable viticulture.
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1 Introduction

Vitis vinifera (L.) is a globally cultivated fruit crop with

origins in the Caucasus region. Its cultivation extends across a

vast geographical area, encompassing countries such as Turkey,

Georgia, Spain, France, Italy, and many others. As of 2018, the

global vineyard area under cultivation reached approximately

7.4 million hectares, with a corresponding production of 77.8

million tons of grapes. This widespread cultivation and significant

production highlight the economic and agricultural importance of

grapevines (Tsantila et al., 2024).

V. vinifera has a long history of cultivation in Tunisia, dating

back to the medieval period (Snoussi et al., 2004). Grapevines

are cultivated across diverse climatic and edaphic conditions

throughout the country (Zoghlami et al., 2003). According to

the General Directorate of Agricultural Studies and Development,

districts such as Ben Arous, Nabeul, and Sidi Bouzid (the

current study location) contribute significantly, accounting for

approximately 44% of the total national grapevine production

(Habib et al., 2020). Interestingly, in southern Tunisia’s arid regions,

grape cultivation thrives within oases (Gabes, Gafsa, Kebili, and

Tozeur) where vines are grown under the shade of date palms

(Habib et al., 2020). This unique cultivation practice highlights the

adaptability of V. vinifera in Tunisia. With a national production

reaching 133,500 tons in 2016, grapevine cultivation plays a

substantial role in the country’s socio-economic landscape (Habib

et al., 2020; Saddoud Debbabi et al., 2024).

Plant pathogens pose significant threats to global food security,

causing economic hardship, food spoilage (e.g., ergotism), and even

historical famines such as the Irish Potato Famine (1845–1852).

Pathogen infection disrupts host plant physiology through various

mechanisms by secreting toxins and enzymes (Rebouh et al., 2020).

The fungus Botrytis cinerea exhibits limited host specificity similar

to a necrotrophic pathogen and infects a wide range of plant species

(Hajji-Hedfi et al., 2023). This pathogen caused gray mold disease

that significantly impacts numerous important crops economically

such as grapes, strawberries, and tomatoes (Barka et al., 2002; Dean

et al., 2012). Annual global losses due to B. cinerea are estimated to

range fromUSD 10 billion to USD 100 billion (Weiberg et al., 2013;

Amarouchi et al., 2021). In Tunisia, B. cinerea is the main fungal

disease currently infecting vineyards. In the northeastern region

of the country, infection rates reported up to 70% in grapevine

bunches, approximately 20% in grapes, and between 5% and 27%

in floral buds (Melki Ben Fredj et al., 2007; Chebil et al., 2004).

Various strategies are implemented to manage B. cinerea

infections. Currently, chemical fungicides remain effective against

this pathogen but cause negative effects on ecosystem and increase

fungicide resistance. These include the emergence of B. cinerea

resistance, leading to reduced or even failed disease control

(Fernández-Ortuño et al., 2016; Rupp et al., 2017; Yin et al., 2018;

Sautua et al., 2019). In addition, consumer demand for pesticide-

free produce, growing concerns about environmental pollution,

and stricter regulations on synthetic fungicides are driving the need

for alternative control methods (Reeves et al., 2019). To address

these limitations, research on effective and eco-friendly disease

management strategies is crucial (Rebouh et al., 2019). Among

these strategies, the uses of plant-based essential oils demonstrated

a significant promise alternative to chemicals as natural antifungal

agents. B. cinerea growth was severely inhibited by essential oils

extracted from origanum, lavender, and rosemary. At extremely

low doses, origanum oil showed complete inhibition. According

to these results, essential oils may be useful as a bio fungicide for

preventing gray mold in crops (Soylu et al., 2010). Furthermore,

the application of beneficial microbes as biocontrol agents gained

significant interest in recent agricultural practices. This approach

offers a promising alternative for sustainable crop protection

(Rebouh et al., 2022; Hajji-Hedfi et al., 2023).

Plant growth-promoting rhizobacteria (PGPR) are a group

of bacteria that colonize the rhizosphere (the zone surrounding

plant roots) and can influence plant growth positively through

direct and indirect mechanisms (Soumare et al., 2021). PGPR

can affect plant pathogen directly and indirectly. Regarding

direct mechanisms, they include producing antibiotics, enzymes

of hydrolysis, siderophores, competition, and volatile and non-

volatile compounds. On the other hand, indirect mechanisms refer

to enhance the plant growth and plant defenses (Soumare et al.,

2021).

Many bacterial species identified as potential PGPR candidates,

including members of the genera Arthrobacter, Azospirillum,

Azotobacter, Bacillus, Burkholderia, Enterobacter, Klebsiella,

Pseudomonas, and Serratia. These bacteria offer promising avenues

for sustainable agriculture by enhancing plant fitness through

various mechanisms (Al-Ani et al., 2020).

Plant growth-promoting rhizobacteria can exhibit various

mechanisms of antagonism against plant pathogens such

as B. cinerea. PGPR can utilize different mechanisms in

controlling plant pathogens that may include competition for

the niche-space, solubilization of phosphate, production of

antibiotics, siderophores, non-volatile and volatile compounds,

phytohormones, nitrogen fixation, and hydrolytic enzymes (Hasan

et al., 2024). PGPR can stimulate plant defenses by inducing the

production of pathogenesis-related (PR) proteins (Santoyo et al.,

2012). These PR proteins play a crucial role in plant resistance

against B. cinerea infection in grapes, highlighting the intricate

relationship between plant metabolism and disease response

(Kumar et al., 2010). However, the primary inhibitory action

of most antagonistic bacteria is believed to be the production

of antifungal metabolites and antibiotics, directly targeting and

suppressing the growth of the pathogen (Peian et al., 2021;

Al-Ani et al., 2020). Among beneficial bacteria, the genus

Bacillus used as biological control agents, regarding their large

secondary metabolites (Shafi et al., 2017), including lipopeptides

such as iturins, fengycins, and surfactins. By introducing their

hydrophobic tails into the cytoplasmic membrane and causing

autoaggregation to produce pores in the cellular membrane,

the iturins cause cell leakage. Furthermore, these species able

to produce polyketides and volatile organic compounds with

antifungal activities (Ongena and Jacques, 2008; Caulier et al.,

2019). In Tunisia, previous studies have demonstrated the efficacy

of two strains of Bacillus subtilis group, namely, B27 and B29,

to control the gray mold in grapevine, where they reduced the

development on grape leaf by 77% and 99%, respectively (Maachia

et al., 2015). The widespread occurrence and significant economic

impact of Botrytis cinerea-induced gray mold disease on various

economic plants as grapevine required effective control strategies.

To investigate biocontrol options against B. cinerea, this study
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aimed to identify local rhizobacteria that were isolated from

Tunisian vineyard soils and that have not been previously reported

for biocontrol of gray mold in Tunisian vineyards. They were

evaluated for their plant growth-promoting (PGP) activities

as potential biocontrol agents against B. cinerea-infested Vitis

vinifera in Tunisia. The study presents regionally adapted strains

of bacterial isolates from 32 vineyard sites, suggesting promising

potential for sustainable biocontrol approaches.

2 Materials and methods

2.1 Experimental sites and sampling

This study was conducted at V. vinifera (grapevine) cv. Victoria

plantation located in the Regueb delegation of Sidi Bouzid region,

Tunisia (Supplementary Table S1). A total number of 32 grapevine

fields were prospected between 2021 and 2022. To assess the

rhizobacteria, bulk soil samples were collected from a depth of 20–

40 cm directly beneath the canopy of mature grapevines exhibiting

the same phenological state. Five independent soil samples were

collected from each field in sterile and polyethylene bags and

transferred directly to the lab until they were plated out.

2.2 Soil characterization

The physicochemical parameters, such as pH, electrical

conductivity (EC), organic carbon content (OC), total nitrogen

(N), carbon (C)/total nitrate (N) ratio, soil texture, total limestone

(TL), available phosphorus (P2O5), and exchangeable potassium

(K2O), were evaluated using a variety of titration methods. The

Robinson pipette method (Jackson, 1971; Mathieu and Pieltain,

2003) was employed to evaluate the particle size texture. The soil

pH was measured using a digital pH meter (Consort C1010) after

being vortexed for 5–6min in a 1:5 (soil: water) suspension. In

accordance with reference (Jackson, 1971), the conductivity of the

soil supernatant liquid was determined by employing potassium

chloride (KCl) and Equiptronic’s digital electrical conductivity

meter (Consort C1010). The Walkley and Black method (Jackson,

1971) was employed to evaluate the organic matter content. The

available nitrogen in soil samples was evaluated using the Kjeldahl

method (Kjeldahl, 1883). The carbon-to-nitrogen ratio of soil mass

(C/N) was ascertained in accordance with the method (Zhang et al.,

2011).

Nevertheless, the optical density was estimated as the available

phosphorus by measuring it with a UV spectrometer at a

wavelength of 660 nm. The flame photometer was employed to

determine the available potassium in the soil, which was carried

out using a chemical extractionmethod. Calibration was conducted

following standardization with a solution containing potassium at

concentrations of 10, 15, and 40 ppm. The Bernard’s calcimeter was

used to estimate the total limestone available for each subsample

after the addition of HCl (50%). The entire limestone analysis was

monitored by measuring the CO2 released from the contact of HCl

with a precise weight of soil containing pure and dry CaCO3 in a

known quantity.

2.3 Isolation of Botrytis cinerea

The occurrence of B. cinerea at different positions on grapes,

showing characteristic gray mold infections, was recorded and

assessed in selected vineyards. The isolation technique involved

isolating grape skins at bunch closure, onset ripening, and harvest

stages. Two grapes were randomly cut at the pedicel from each of

the 10 bunches per vineyard. The grapes were then divided into

two groups, each containing 10 grapes. Grapes of one group were

left untreated, and those of the other group were surface-sterilized

(30 s in 70% ethanol, 2min in 0.35% sodium hypochlorite, and

30 s in 70% ethanol) according to Abdel-Azeem and Salem (Abdel-

Azeem and Salem, 2012) and air-dried. The isolation was carried

out by plating grapes directly on Botrytis selective medium (BSM)

according to Edwards and Seddon (Edwards and Seddon, 2001).

Isolates were maintained on potato dextrose agar slants and kept

at 4◦C.

2.4 Identification and pathogenicity test of
Botrytis cinerea

Phenotypic identification of B. cinereawas based on established

morphological features, including colony structure, growth rate

[calculated as growth at 48 h minus that at 24 h (Zhou et al.,

2014)], mycelial shape and color, days to sporulation and sclerotia

formation, as well as the number, shape, and color of sclerotia.

These criteria align with standard taxonomic references (Tanovic

et al., 2009, 2014).

Fungal spores were collected from 10-day-old cultures grown

at 22◦C in sterile water containing 0.1% (v/v) Tween 20. The

suspension was placed through two layers of lens cleaning tissue

(Whatman 105) to remove any mycelial fragments. It was then

centrifuged at 10,000 × g for 2min at 4◦C. The supernatant

was decanted, and the spore pellet was re-suspended in 0.01%

(v/v) Tween-20 to extract nutrients from the medium. Standard

inoculums were adjusted to 1 × 107-2 × 107 CFU ml−1, based on

0.5 McFarland standards.

After being surface-sterilized with 1% NaOCl, three rinses in

sterile distilled water, and an overnight drying period, 320 grapes

(10 from each site) were then placed on wet filter paper in a

plastic container measuring 29 × 22 × 15 cm. The grapes were

gradually inoculated with the inoculum suspension of the disease-

causing pathogen at a concentration of 104 conidia/mL. After 24 h

of incubation in a humid chamber set at 20◦C with 100% relative

humidity, samples were allowed to cool at room temperature for

further observation. To validate Koch’s hypotheses, the causative

agent was re-isolated from the lesions. Three separate runs of the

pathogenicity test were performed.

2.5 Bacteria strain isolation

The standard serial dilution technique was used for the isolation

of bacteria from soil samples collected from 32 different sites

according to Prashanthi et al. method (Prashanthi et al., 2021).

One gram of soil sample was mixed with l0ml of sterile water
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and serially diluted up to 10−7. From the serially diluted soil

sample, 100 µl was mixed with solidified nutrient agar medium

(NA), King’s Medium B (KB), and ISP2 medium (ISP2) plates, and

natamycin (Sigma-Aldrich, USA) at 20µg/ml was amended with

a molten agar medium at 50◦C to prevent fungal growth (Liao

et al., 2013) and incubated at 25◦C ± 2◦C for optimal bacterial

growth. After 48 h, the plates had a lawn ofmixed bacterial colonies.

The individual colonies were selected according to morphology,

color, transparency, and other characteristics and then picked and

streaked onto fresh nutrient agar plates to get pure cultures. The

purified slants were stored in a 4◦C freezer for ulterior assays.

2.6 Hypersensitive reaction

The total screened pure bacterial isolates revealed from the

soil samples were subjected to pathogenicity tests as described by

Xiang et al. (2022). To confirm the absence of phytopathogenic

properties in the antagonistic bacterial isolates, a hypersensitivity

test was conducted on tobacco (Nicotiana tabacum) and geraniums

(Pelargonium hederaefolium) leaves using a standardized inoculum

concentration of 200 colony-forming units per milliliter. The

tobacco and geraniums plants used in the present research were

obtained from the Regional Centre of Agricultural Research of

Sidi Bouzid, Tunisia. The bacterial suspension was delivered

via intercellular injection using a sterile syringe. Sterile distilled

water served as the negative control, while Agrobacterium vitis

(phytopathogenic bacteria obtained from the Laboratory of Plant

Protection, CRRA, Sidi Bouzid, Tunisia), known to elicit a

hypersensitive response in tobacco, acted as the positive control.

The absence of a complete collapse of the inoculated tobacco

leaf tissue after 24 h was interpreted as a negative reaction,

indicating no phytopathogenic potential of the tested bacterial

isolates (Mohamed et al., 2022; Xiang et al., 2022).

2.7 Screening of antagonistic bacteria

According to Li et al. (2020), the agar disk confrontation assay

was applied to evaluate the antagonistic potential of candidate

bacterial strains against B. cinerea. In brief, 5 mm-diameter fungal

disks, grown for 8 days on potato dextrose agar (PDA), were

placed in the center of Petri dishes containing PDA medium.

Bacterial antagonists were then inoculated on the same day at

the four cardinal points around the fungal disk. These bacterial

inoculates consisted of 5-mm-diameter PDA disks containing 72-

h-old bacterial growth. The control plates included only the fungal

disk on the PDA, and then, all plates were incubated at 28◦C. Every

24 h for 7 days, a systematic measure was performed to measure

the colony radial growth of both B. cinerea and the antagonistic

bacteria. Five replicate plates for each treatment were conducted,

and the entire experiment was repeated three times to ensure data

robustness. The percentage of radial growth inhibition (PRGI)

formula was used to quantify each bacterial isolate’s anti-fungal

capacity as follows:

PRGI (%) = (R1− R2)/R1× 100

where R1 represents the average radial growth of the fungus

control (without bacterial antagonism), and R2 represents the

average radial growth of the fungus in confrontation with the

bacterial antagonist.

2.8 Detached leaf assay

To assess the antifungal potential of recovered bacterial isolates

against B. cinerea, in vitro bioassay was conducted using detached

leaves of V. vinifera cv. Victoria, a cultivar that is susceptible

to gray mold (Wu et al., 2023). Sporangial suspension of the

fungal pathogen was prepared in distilled water and adjusted

the concentration up to 106 spores/ml using a hemocytometer.

Detached leaves were surface-sterilized with 70% ethanol, rinsed

with sterile water, and then positioned on saturated filter paper in

Petri dishes. Ten microliter volumes of bacterial suspensions was

applied onto the abaxial (underside) surface of each leaf. After a

2-h incubation period, we directly applied the B. cinerea conidia

suspension to the treated areas to facilitate bacterial establishment.

The positive control leaves were treated with conidia suspension,

while the negative control leaves were treated only with sterile

water. Five leaves for each treatment (controls and tested bacterial

strains) were assessed. We conducted the entire experiment in

triplicate to account for potential variability. All Petri dishes were

sealed and incubated in a growth chamber at 22◦C ± 1◦C during a

12-h-light/12-h-dark cycle. The disease progression on leaves was

monitored daily for 14 days post-inoculation (dpi) to evaluate the

efficacy of bacterial interventions in B. cinerea growth suppression

(Hajji-Hedfi et al., 2023).

Disease progression of Botrytis cinerea on detached grapevine

leaves was evaluated using several parameters according to Macan

et al. (2022). The efficacy of each bacterial treatment against

B. cinerea was then categorized based on the calculated disease

severity indices (DSI) using the following classification system:

Extremely effective (EE): DSI = 0%; Highly effective (HE): DSI

= 0.1%−5%; Effective (E): DSI = 5.1%−25%; Ineffective (I):

DSI = 25.1%−50%; Highly ineffective (HI): DSI = 50.1%−100%

(Milagres et al., 1999). Finally, the protective potential (PP) of

each bacterial treatment was determined by comparing the average

DSI of positive controls with the average DSI of treated leaves,

expressed as a percentage. This calculation provides a measure of

disease reduction attributable to bacterial antagonism (Mahajan

et al., 2020):

PP (%) = 100×(mean DSI positivecontrol − DSItreated leaf)/

mean DSIcontrol

2.9 Screening of plant growth-promoting
traits

The total collection of isolated non-pathogenic bacterial strains

was screened for their potential PGP traits, including phosphate

and potassium solubilization, production of indole acetic acid

(IAA), siderophore production, and antibiotic production (HCN)

and production of seven extracellular enzymes, as follows:

Frontiers in Sustainable FoodSystems 04 frontiersin.org

https://doi.org/10.3389/fsufs.2025.1619801
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Hajji-Hedfi et al. 10.3389/fsufs.2025.1619801

2.9.1 Indole acetic acid production
The bacterial isolates strains were cultured in plates on Luria-

Bertani (LB) medium supplemented with 5mM tryptophan, 0.06%

SDS, and 1% glycerol. Then, a Whatman filter paper disk of 80mm

diameter was placed on the plate surface for incubation at 28◦C

for 48 h. After incubation, the disk was removed and treated with

Salkowski reagent (2% FeCl3 in 0.5M perchloric acid). The disks

were incubated in Petri dishes for 10 to 30min, during which

the presence of indole-3-acetic acid (IAA) was manifested by the

development of a pink to reddish halo. A shift from yellow to

yellow-brown or brown indicated the presence of other indole

derivatives, as described by Glickmann and Dessaux (1995).

2.9.2 Phosphate solubilization e�ciency
The phosphate solubilization potential of the candidate

bacterial strains was evaluated using Pikovskaya (1948)’s agar

medium. Bacterial colonies obtained from pure cultures were

inoculated onto Petri dishes containing 20ml of solidified

Pikovskaya’s agar medium. The inoculated plates were then

incubated at 28◦C for 5 days. The formation of a clear, lighter-

colored halo zone surrounding the bacterial colonies was indicative

of phosphate solubilization by the candidate bacterial strains. This

halo zone represents the area where insoluble phosphates in the

medium have been transformed into soluble forms accessible for

plant uptake (Oladapo et al., 2020).

2.9.3 Potassium solubilization
The potential for potassium solubilization was examined using

the Aleksandrov agar medium, where bacterial isolates were

inoculated and incubated at 28◦C for 5 days. The appearance of

a halo zone around the colonies was regarded as a positive result

(Anwar et al., 2022).

2.9.4 Atmospheric nitrogen fixation
The nitrogen fixation potential of the candidate bacterial strains

was evaluated using Ashby’s nitrogen-free agar medium. Bacterial

cultures were inoculated onto the solidified medium and incubated

at 28◦C for 5 days. The presence of visible bacterial growth on the

plates after incubation served as a positive indicator of the isolate’s

ability to fix atmospheric nitrogen (N2). This process converts N2

gas, which is unusable by most plants, into a bioavailable form

(ammonium or nitrate) that can be readily assimilated by plants,

potentially promoting their growth (Hajji-Hedfi et al., 2023).

2.9.5 Siderophore production
Siderophore production was assessed using chrome azurol S

(CAS) agar medium. Siderophores are iron-chelating compounds

secreted by some bacteria. In CAS agar, these siderophores compete

with the medium’s chelator for iron, resulting in the formation of

a yellow-orange halo zone surrounding colonies of siderophore-

producing bacteria. The presence of such a halo zone served as a

positive indicator for siderophore production by the bacterial strain

(Milagres et al., 1999).

2.9.6 HCN production assay
Hydrogen cyanide (HCN) production by candidate bacterial

strains was assessed using the method described by Abd Alhakim

et al. (2022). Bacterial cultures were inoculated onto a solidified

nutrient agar medium supplemented with glycine (4.4 g L−1). A

Whatman number 1 filter paper, saturated with a solution of 0.5%

picric acid and 2% sodium carbonate (w/v), was placed on top of

the inoculated plates. The plates were then incubated, and the color

change of the filter paper was monitored. A shift in color from

yellow to light brown or reddish-brown indicated a positive test for

HCN production. This color change signifies the reaction between

HCN gas, potentially produced by the bacteria, and the picric acid

in the filter paper (Hajji-Hedfi et al., 2023).

2.9.7 Extracellular enzyme production
The ability of bacterial isolates to produce hydrolytic enzymes

was screened on basal medium supplemented with (1% w/v)

different sole carbon sources (carboxymethyl cellulose [CMC],

laminarin, starch, pectin of citrus peel, tween-80 as well as colloidal

chitin and skimmed milk for the testing of the production of

cellulase, β-1,3-glucanase, amylase, pectinase, lipase, chitinase, and

proteases, respectively) (Hankin and Anagnostakis, 1975). To

detect cellulase producing colonies, they were flooded with 1%

Congo red solution and washed with distilled water (Méndez-

Santiag et al., 2021), while amylase and pectinase activity

plates were flooded with 1% iodine solution. The clear zones

around colonies indicated positive enzyme activity (Hankin and

Anagnostakis, 1975; Faramarzi et al., 2009).

2.10 Molecular identification of potent
bacterial isolates

In this study, four isolates were identified according to the high

ability inhibiting B. cinerea, as follows:

2.10.1 PCR reaction
The DNA extraction for four bacteria isolates was following

the method of Griffiths et al. (2000) and Farkas et al. (2017).

Polymerase chain reaction of the bacterial by amplification

of 16S rRNA gene was performed using universal primers:

27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1525R

(5′AAGGAGGTGWTCCARCC-3′) (Lane, 1991), and following

the protocol of MyTaqTM Red Mix (Bioline) including 3min initial

denaturation at 95◦C, followed by 35 cycles of 15 s denaturation

at 95◦C, 15 s annealing at 56◦C, and 1min extension at 72◦C.

Then, sequencing of PCR products was assumed by using 1st BASE

DNA sequencing service (https://base-asia.com/services/sanger-

sequencing-services/).

2.10.2 Sequence alignment and phylogenetic
analysis

The sequence data were edited and quality checked by

analyzing the chromatogram peaks with BioEdit 7.2.5 software

(Hall, 1999). Blast was used to check the identity and similarity
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of the resulting sequences for the expected product on both the

EzBioCloud server (Kim et al., 2012) and the NCBI database

(Madden et al., 1996). The 16S rRNA gene sequences of each

strain (H3Rh1, SRh2, ZRh5, and GRh5) were aligned and

compared to reference sequences using the MEGA V.7 software

(Kumar et al., 2016). Phylogenetic tree was constructed using

the maximum likelihood (ML) method. The optimal model

for ML was first determined using IQ-TREE v1.4.4 (Nguyen

et al., 2015), followed by 1,000 bootstrap replicates (Minh

et al., 2013). Phylogenetic trees were created and visualized with

FigTree v1.4.4. All generated nucleotide sequences were deposited

in GenBank with accession numbers PQ596295, PQ596293,

PQ631724, and PQ631348.

2.11 Data analysis and statistics

The data were explored for normality by checking normal

distribution and the Shapiro–Wilk test. Principal component

analysis (PCA) was carried out to analyze the correlation

between the physicochemical properties and bacterial density data.

Data were analyzed using the ANOVA and Duncan tests for

intergroup comparisons (p < 0.05). All figures were generated

in this study using the ggplot2 package in RStudio software

(Version 2024.12.0+467).

3 Results

3.1 Soil characterization

Across all studied sites, a variation in soil physicochemical

properties showed in the different investigated sites, except for

the electrical conductivity (EC) (Supplementary Tables S2, S3).

Soil pH ranged from 6.78 to 8.07. There were substantial

differences in water content (WC), where S15 recorded the

highest content with 23.89% and S22 showed the lowest content

with 6.05%.

All soil samples showed a low content of organic soil matter

(OM) and organic carbon (OC), S15 showed the highest value

with 1.59%, while S21 recorded the lowest value with 0.44%.

Regarding the nitrate content (NO3), S5 recorded the highest

value with 36.73 ppm, while S26 and S18 showed the lowest

content with 4.89 and 4.63 ppm, respectively. Sodium (Na)

concentrations varied considerably, with S30 having the highest

(57.25 ppm) and S12 having the lowest (24.09 ppm). S24 and

S30 had exceptionally high K2O levels with values of 1,109.67

and 960 ppm, respectively. Regarding the P2O5 values, S25 and

S27 exhibited the highest levels with 15.48 and 11.53 ppm,

respectively. The total limestone values ranged between 2.47 and

2.95. The analysis of sand, clay, and silt ratios shows that the soils

were mainly coarse, with a sandy composition; S17 showed the

highest levels of TN with 0.663%, and S27 and S28 showed the

lowest values with 0.065% for each. Sites S16 and S29 showed

the highest C/N ratio values with 11.51 and 8.35, respectively

(Supplementary Table S2).

3.2 Collection of bacterial isolates

The analysis focused on quantifying bacterial populations using

three different media types: nutrient agar, Kings B, and ISP2. The

bacterial populations exhibited significant variations (p < 0.05)

across the sites, and a total of 107 bacterial isolates were obtained.

Some sites, such as S4, S15, S16, and S20, displayed high bacterial

counts on all media, suggesting a thriving microbial community

(5.67 × 105 – 4.03 × 105 CFU/g for Nutrient Agar; 2.84 × 105 –

2.62 × 105 CFU/g for King’s Medium B; 2.42 × 105 – 1.22 × 105

CFU/g for ISP2Medium). However, sites S21, S22 S23, S24, and S30

had consistently low bacterial counts (<1 × 105 CFU/g) across all

media, indicating a less diverse and abundant microbial population

(Supplementary Table S3). Statistically significant correlations were

observed between the physicochemical characters of the soil and the

total bacterial counts. The water content, organic matter content,

and clay content showed a positive correlation with the total

bacterial count from the three selected media types (CFU_Na,

CFU_KB, and CFU_ISP2) with values of r = 0.592, 0.669,

0.725, 0.654, 0.705, 0.808, 0.508, 0.522, and 0.683, respectively

(Table 1).

Principal component analysis (PCA) was employed to

investigate the relationships between soil physicochemical

properties collected from different environments and bacterial

communities’ growth measured on three distinct culturing

media (CFU_Na, CFU_KB, and CFU_ISP2). The first

(CCA1 = 48.933) and second (CCA 2 = 12.095) principal

components explain 60.028% of the variance. These principal

components represent underlying factors that capture the

most significant variation within the data set of soil properties

(Figure 1)

3.3 Identification and pathogenicity
assessment of Botrytis cinerea

B. cinerea colonies produced cottony, gray-white aerial mycelia

that turned gray and formed conidia after 7 days of incubation,

followed by the development of black sclerotia after 14 days

on PDA. Sclerotia measured 1.1 to 4.4mm in length and 1.0

to 3.6mm in width (average = 3.45 by 2.4mm). Conidiophores

were erect, solitary, or clustered, with brown-branched tops and

lengths and widths ranging from 500 to 2,210 by 6 to 17mm

(average: 715 by 13mm). The conidia were unicellular, hyaline to

light brown in color, and ellipsoid to ovoid in shape, measuring

6.65 to 13.42mm long and 3.99 to 6.19mm wide (average =

8.17 by 5.79mm) (Supplementary Figure 1). Recovered taxon was

deposited at the Fungarium of Suez Canal University (https://

ccinfo.wdcm.org/details?wdcmnumber=1180) under the accession

numbers SFUF00001882.

3.4 Phytopathogenicity potential of
bacterial isolates

Hypersensitivity reaction (HR) assay revealed 10 of the

total bacterial isolates caused tissue collapse within 24 h of
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TABLE 1 Pearson correlation coe�cients between pH, WC, OM, OC, NO3−, Na, K2O, CE, P2O5, TL, percentage of clay, percentage of silt, percentage of sand, TN, C/N, and bacterial density in 32 vineyard sites.

Bc_KB Bc_ISP2 PH WC OM OC NO3− NA K2O CE P2O5 TL Clay Silt Sand TN C_N

Bc_Na 0.905∗∗ 0.551∗∗ −0.374∗∗ 0.592∗∗ 0.654∗∗ 0.654∗∗ 0.229∗ −0.343∗∗ −0.471∗∗ −0.011 −0.317∗∗ −0.058 0.508∗∗ −0.077 −0.363∗∗ −0.388∗∗ 0.467∗∗

Bc_KB 0.680∗∗ −0.338∗∗ 0.669∗∗ 0.705∗∗ 0.705∗∗ 0.382∗∗ −0.379∗∗ −0.452∗∗ 0.061 −0.337∗∗ −0.007 0.522∗∗ −0.004 −0.431∗∗ −0.356∗∗ 0.482∗∗

Bc_ISP2 −0.552∗∗ 0.725∗∗ 0.808∗∗ 0.808∗∗ 0.307∗∗ −0.242∗ −0.361∗∗ −0.003 −0.380∗∗ 0.022 0.683∗∗ −0.146 −0.455∗∗ −0.172 0.423∗∗

PH −0.398∗∗ −0.431∗∗ −0.431∗∗ −0.209∗ 0.091 0.239∗ 0.006 0.129 −0.167 −0.518∗∗ 0.038 0.399∗∗ 0.185 −0.436∗∗

WC 0.898∗∗ 0.898∗∗ −0.058 −0.416∗∗ −0.311∗∗ 0.051 −0.057 0.175 0.587∗∗ −0.151 −0.371∗∗ −0.271∗∗ 0.506∗∗

OM 1.000∗∗ −0.069 −0.283∗∗ −0.385∗∗ −0.017 −0.159 0.086 0.676∗∗ −0.187 −0.418∗∗ −0.208∗ 0.460∗∗

OC −0.069 −0.283∗∗ −0.385∗∗ −0.017 −0.159 0.086 0.676∗∗ −0.187 −0.418∗∗ −0.208∗ 0.460∗∗

NO3− −0.155 −0.173 0.160 −0.362∗∗ −0.073 0.009 0.005 −0.014 −0.289∗∗ 0.231∗

NA 0.487∗∗ −0.049 0.106 −0.090 −0.330∗∗ 0.176 0.136 0.227∗ −0.303∗∗

K2O 0.068 0.476∗∗ 0.003 −0.371∗∗ 0.267∗∗ 0.101 0.199 −0.257∗

CE 0.021 0.077 −0.104 0.110 0.001 −0.135 0.108

P2O5 0.012 −0.315∗∗ 0.027 0.240∗ 0.015 0.021

TL 0.109 −0.111 −0.002 −0.355∗∗ 0.486∗∗

Clay −0.224∗ −0.656∗∗ −0.024 0.254∗

Silt −0.589∗∗ −0.014 −0.038

Sand 0.032 −0.183

TN −0.762∗∗

∗∗Correlation is significant at the 0.01 level. ∗Correlation is significant at the 0.05 level. The bacterial cultures were incubated on three different agar media: Nutrient Agar (CFU_Na), King’s Medium B (CFU_KB), and ISP2 medium (CFU_ISP2). CFU, colony-forming

units; pH, potential acidity; WC, water content; OM, soil organic matter; OC, soil organic carbon; NO3− , nitrate; Na, sodium; K2O, soil exchangeable potassium; P2O5 , available phosphorus; EC, electrical conductivity; TL, available total limestone; TN, total nitrogen;

C/N, carbon-to-nitrogen ratio.
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FIGURE 1

Principle component analysis (CCA) of the first three principal components, depicting relationship among soil physicochemical properties (EC,

electrical conductivity; BD, bulk density; OC, organic carbon; OM, organic matter; TN, total nitrogen; C/N, carbon/total nitrate ratio; TL, total

limestone; P2O5, available phosphorus; K2O, exchangeable potassium; sand; clay; and silt), soil bacterial grow on three media (CFU_Na, CFU_KB, and

CFU_ISP2). The first (CCA1 = 48.933) and second (CCA 2 = 12.095) principal components explain 60.028% of the variance.

inoculation, indicating a positive HR. These bacterial isolates

with phytopathogenic effect were excluded, and the remained

97 bacterial isolates with a negative HR were maintained for

antagonistic activity assay (Supplementary Table S4).

3.5 In vitro antagonistic activity

Among the screened bacterial isolates, 16 showed more

than 50% radial growth inhibition, indicating moderate-to-

strong antagonistic activity against B. cinerea (Figure 2). In

contrast, 58 isolates exhibited low inhibitory activity, ranging

from 0.11% to 9.62%. In addition, 45 isolates demonstrated

moderate inhibition, with values ranging from 11.58% to

85%, which indicates more than 50% of screened bacteria in

soil having a low ability in inhibiting some important plant

pathogens such as B. cinerea. Consequently, four bacteria

isolates, namely, H3Rh1, ZRh5, GRh5, and SRh2, showed high

in vitro inhibitory activity against B. cinerea, with inhibition

rates of 91.11%, 91.11%, 92.22%, and 99.3%, respectively

(Figure 3).

3.6 Detached leaf assay

The 16 bacterial isolates were evaluated for their potential in

controlling B. cinerea using a detached leaf assay. Four bacteria

isolates (H3Rh1, ZRh5, GRh5, and SRh2) showed high significant

(p ≤ 0.05) in reduction of the disease development after 14 dpi.

These results suggest the high efficacy of these specific bacteria

isolates in controlling B. cinerea colonization. Reduction for mold

growth (PLA) by H3Rh1, ZRh5, GRh5, and SRh2 was significant

at 7.29, 5.96, 6.64, and 2.86, respectively, compared to the control

(Figure 4). In addition, these bacterial isolates showed a high

reduction in disease severity index (DSI) of 3.85, 1.99, 2.11,

and 1.49%, respectively. These isolates were categorized as highly

effective (HE), achieving remarkably low DSI values (Table 2).

Therefore, it was suggested that these isolates highly effectively

suppressed fungal growth on grapevine leaves.

The results pointed in Table 2 revealed that the inhibitory

growth potential was found to be highly effective in isolates

H3Rh1, ZRh5, GRh5, and SRh2, with inhibitory rates of 92.33%,

93.73%, 93.02%, and 96.99%, respectively. In addition, these

bacterial isolates also showed significantly high protective potential

(PP) values of 96.12%, 97.87%, 98.50%, and 97.99%, respectively.
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FIGURE 2

Antifungal activity of bacterial isolates against the radical growth of the gray mold Botrytis cinerea (%; Mean ± SE). Di�erent letters indicate

statistically significant di�erences (P ≤ 0.05).

FIGURE 3

In vitro direct confrontation e�ect of bacterial isolates H3Rh1, SRh2, ZRh5, and GRh5 against Botrytis cinerea, in 7 days of incubation, +, positive

control.

Their overall disease protection exceeded 96%, indicating excellent

control against gray mold caused by B. cinerea. In contrast, most

of the tested bacterial strains were categorized as ineffective (I),

with disease severity index (DSI) values ranging from 25.33% to

51.07%, indicating minimal to no protection against B. cinerea

(Table 2). The SRh12 isolate showed a relatively low DSI of 55.83%,

suggesting limited effectiveness. The K1Rh5 isolate exhibited the

lowest protective leaf area (PLA) effectiveness at 79.29%, and it also

showed very low IGP activity at 16.61%. Furthermore, the SRh9

isolate had low protective potential (PP) at 48.59%. Both SRh12

and SRh9 were classified as highly ineffective (HI), with DSI values

exceeding 50%, reflecting minimal direct antifungal activity and

limited disease suppression (Table 2).

3.7 In vitro plant growth-promoting
activities

The analysis of the remaining 97 non-phytopathogenic

bacterial isolates revealed varying positive results in the screening

of plant growth-promoting (PGP) traits (Supplementary Table S5).

The 16 bacterial isolates displayed a wide variety of characteristics

that promote plant growth. All isolates were able to fix

nitrogen, produce indole acetic acid (IAA), solubilize potassium

and phosphate, and synthesize hydrogen cyanide (HCN) and

siderophores. These isolates also showed a range of enzyme

activities, such as lipase, chitinase, β-1,3-glucanase, amylase,

pectinase, cellulase, and catalase, which are essential for nutrition

cycling and pathogen suppression (Figure 5). Bacterial isolates

H3Rh1, SRh2, and GRh5 showed positive responses for all

investigated attributes, indicating their strong potential for use

in biocontrol and plant growth promotion (Figure 6). Although

ZRh5 exhibited significant PGP and enzymatic properties as well,

it was unable to produce β-1,3-glucanase, cellulase, or chitinase

(Figure 7).

3.8 Preservation of fungal and bacterial taxa

Recovered taxa of Botrytis cinerea, Arthrobacter globiformis,

Priestia megaterium, Bacillus cabrialesii, and Bacillus mojavensis

were deposited in the Fungarium of Suez Canal University
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FIGURE 4

Impact of bacterial strains SRh2, ZRh5, GRh5, and H3Rh1 on detached leaf assay: inhibition of Botrytis cinerea infection compared to positive control.

(https://ccinfo.wdcm.org/collection/by_id/1180), at Botany and

Microbiology Department, Faculty of Science, Ismailia 41,522,

Egypt, under the accession numbers from SCUF0000311 to

SCUF0000315, respectively. The sequences of the identified

bacterial isolate of A. globiformis, P. megaterium, B. cabrialesii,

and B. mojavensis have been submitted to GenBank under

accession numbers PQ596293, PQ596295, PQ631724, and

PQ631348, respectively.

3.9 Molecular identification

The 16S rRNA gene of the four bacterial strains, namely, A.

globiformis (H3Rh1), P. megaterium (SRh2), B. cabrialesii (ZRh5),

and B. mojavensis (GRh5), was compared with reference sequences

that are known by using BLAST in the GenBank database (NCBI)

and is available at EzBioCloud server. Analysis of phylogeny tree

showed that the strain H3Rh1 was clustered in Arthrobacter genus,

the strain SRh2 clustered in Priestia genus, while both ZRh5 and

GRh5 strains were grouped within Bacillus genus (Figure 8).

Both server EzBioCloud and NCBI provided a high similarity

percentage of 99% with known species of bacteria (Table 3). The

right sentence is ’The H3Rh1 isolate identified as Arthrobacter

globiformis species from both servers with a sequence length of

1180 bp and 99.49% similarity based to EzbioCloud, and 99.16%

to NCBI respectively. Indeed, the highest similarity was provided

via EzBioCloud (99.66%) for SRh2 isolate, to be identified as

Priestia megaterium with a sequence length of 1,180 bp, as well as

NCBI indicated the same species with similarity of 99.41%. Bacillus

cabrialesii was identified as the most closest species matched for

isolate ZRh5, with a sequence length of 1,115 bp and similarities of

99.66% and 99.41% based on EzBioCloud and NCBI, respectively.

Based on EzBioCloud server, the isolate GRh5was the closest match

for Bacillus mojavensis with a sequence length of 1,144 bp and

similarities of 99.74% and 99.30% based on EzBioCloud and NCBI,

respectively. Sequences obtained were deposited in the GenBank

database and registered with accession numbers PQ596293.1,

PQ596295.1, PQ631724.1, and PQ631348.1, respectively.

4 Discussion

This study successfully isolated and characterized beneficial

rhizospheric bacteria from grapevine soils in Tunisia, with a focus

on their plant growth-promoting (PGP) traits and antagonistic

activity against Botrytis cinerea. Soil analysis revealed heterogeneity

in key properties such as organic matter content, pH, and nutrient

concentrations, which are known to shape microbial community

structure and function (Trivedi et al., 2013; Sun and Badgley,

2019; Wang et al., 2019). These findings align with previous

research highlighting the strong influence of edaphic factors and

plant genotype on rhizospheric microbial assemblages (Strano

et al., 2018; Wu et al., 2019). Isolation on nutrient-specific media

(NA, KB, ISP2) enabled the recovery of 107 diverse bacterial

strains, with Gram-positive isolates predominating. Conducting

soil analysis is necessary for determining the relationship

between bacteria diversity and soil characterization. Microbial

communities within soil play a critical role in maintaining

healthy ecosystems. Recognizing the intricate link between soil

microbial communities and the physical and chemical properties

of the soil is increasingly acknowledged as crucial for long-term
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TABLE 2 E�ect of bacterial isolates against Botrytis cinerea on the relative leaf area covered by gray mold (PLA), disease severity index (DSI), the

protective potential of treatments (ET), inhibitory growth potential (IGP), and protective potential (PP) after 14 days of post-inoculation.

Treatments DSI (%) PLA (%) ET IGP (%) PP (%)

Positive control 99.33± 2.03a 95.09± 1.56a HI Nd Nd

Negative control 0± 0i 0± 0g EE Nd Nd

H3Rh1 3.85± 0.14i 7.29± 0.82g HE 92.33± 1.81a 96.12± 1.85a

H1 Rh4 38.58± 0.54ef 59.62± 0.71cd I 37.30± 0.57d 61.16± 0.94de

SRh2 1.99± 0.32i 2.86± 0.07g HE 96.99± 0.44a 97.99± 0.61a

K3 RH3′ 41.11± 0.64e 52.51± 0.58de I 44.77± 0.59cd 58.61± 0.53e

SRh4 34.55± 0.59fg 32.50± 0.17f I 65.82± 0.69b 65.22± 0.24cd

SRh9 51.07± 0.47c 69.14± 0.38bc HI 27.29± 0.72de 48.59± 0.33g

SRh1 34.72± 0.94fg 39.23± 0.75ef I 58.74± 0.36bc 65.04± 0.64cd

SRh16 35.56± 0.47fg 36.67± 0.66f I 61.44± 0.21b 64.20± 0.50cd

SRh12 55.83± 0.35b 66.16± 0.48bcd HI 30.42± 0.15de 43.79± 0.47h

ZRh5 2.11± 0.05i 5.96± 0.87g HE 93.73± 0.94a 97.87± 0.19a

K1 Rh2 27.98± 0.54h 63.96± 0.52bcd I 32.74± 0.62de 71.84± 0.87b

K1 RH5 25.33± 0.82h 79.29± 0.45b I 16.61± 0.55e 74.50± 0.29b

HRh1 46.56± 0.43d 63.66± 0.33bcd I 33.06± 0.43de 53.13± 0.66f

HRh4 32.17± 0.75g 30.26± 0.69f I 68.18± 0.59b 67.62± 0.13c

GRh3 37.81± 0.35ef 33.66± 0.55f I 64.61± 0.63b 61.93± 0.22de

GRh5 1.49± 0.04i 6.64± 0.01g HE 93.02± 0.79a 98.50± 0.96a

P-value1 <0.01 <0.01 Nd <0.01 <0.01

Tukey’s test, values followed by various alphabet letters differ significantly at p ≤ 0.05. 1Probabilities associated with individual F tests. EE, extremely effective; HE, highly effective; E, effective;

I, in-effective; HI, highly in-effective; Nd, not determined.

Average values± standard deviation; Nd, not determined.

FIGURE 5

Representative positive extracellular enzymatic activities (amylase, pectinase, catalase, and β-1,3-glucanase) detected among the bacterial isolates

(H3Rh1, ZRh5, GRh5, and SRh2) and control.
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FIGURE 6

Plant growth-promoting (PGP) activities (HCN production, nitrogen fixation, phosphate solubilization, and indole acetic acid production) observed in

bacterial isolates (H3Rh1, ZRh5, GRh5, and SRh2) and control.

sustainability. In addition, special media such as NA, KB, and

ISP2 medium were used for the isolation of beneficial bacteria.

The isolates that showed the diversity in form and color, size,

arrangement, and margin of colony were selected. The plant

root exudates have the potential to change the soil microbiome

(such as bacteria) and the soil environment. Plants can alter the

composition of soil microbiota rhizosphere (Hu et al., 2018).

The results suggest the difference in ratio of Gram-positive

(GP): Gram-negative (GN) returns to the activity of grapevine

root exudates. The root exudates attract beneficial bacteria to

colonize the soil area around the root and the rhizosphere.

There is a relationship between bacteria diversity and activity

with grapevine root rhizosphere (Darriaut et al., 2022). The plant

has the potential to recruit beneficial bacteria, either symbiotic

or non-symbiotic, to confront the stress abiotic and biotic

rhizosphere (Arif et al., 2020).

Furthermore, some of the bacterial isolates in this study

exhibited the plant-growth promoting (PGP) traits including

IAA, phosphate solubilization, dissolving potassium, nitrogen

fixation, and siderophore, as well as HCN, and the production

of different enzymes involved during biocontrol activity such

as cellulase, chitinase, β-1,3-glucanase, amylase, pectinase, lipase,

and catalase. It was found that all bacterial GP isolates could

produce IAA (Mohite, 2013). Some studies mentioned previously

GN producing IAA (Datta and Basu, 2000). The bacterial

isolates can improve plant growth by fixing nitrogen, solubilizing

phosphate, and dissolving potassium (Almuhawish et al., 2024).

The production of siderophores and hydrogen cyanide (HCN)

by both gram negative and positive bacteria is characteristic

to suppress plant diseases (Sehrawat et al., 2022). Moreover,

the GP bacteria can degrade complex organic compounds by

producing extracellular enzymes like β-1,3-glucanase, Catalase,

cellulase, lipase, amylase, pectinase, and chitinase (Tan et al.,

2021).

Taking into consideration the high percentage of gram-

positive bacteria isolates, they exhibit abilities in producing

IAA, HCN, β-1,3-glucanase, catalase, and hydrolytic enzymes, as

well as in phosphate solubilization, and potassium dissolving,

compared to lower percentages among Gram-negative (GN)

isolates. However, nitrogen-fixing ability was more commonly

observed among Gram-negative (GN) bacterial isolates compared

to Gram-positive (GP) isolates. In contrast, only four GP bacterial

isolates demonstrated the ability to produce β-1,3-glucanase. These

four isolates can produce all enzymes, PGP traits, siderophores, and

HCN that were tested in our study.

Indeed, the differences in the abilities of bacterial isolates

are probably attributed to genetics and microenvironment

characteristics. The capabilities of bacteria can differ according to

kind of strain or species, conditions of growth, competitiveness,

water deficiency, survival, and available and type of substrate

(Hartmann et al., 2017). The higher number of gram-positive

bacteria in isolation compared to gram negative bacteria may be

returned to the higher ability to survive and higher activity of

enzymes that was confirmed through the results. Gram-positive

bacteria can survive more from Gram-negative bacteria due to

their robust metabolic activities, including the production of

extracellular enzyme that is useful to utilize the recalcitrant

compounds (Naylor and Coleman-Derr, 2018; Tocheva et al.,

2016). Furthermore, this group of bacteria can have thick and

strong interlinked peptidoglycan cell walls, compared with gram

negative bacteria that lost these characteristics (Schimel et al.,

2017), as well positive bacteria showed to be more effective
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FIGURE 7

Heatmap of plant growth-promoting traits and extracellular enzyme of 16 bacterial isolates.

than Gram-negative species in various mechanisms, including

biocontrol and stress tolerance (Soylu et al., 2021). However,

the determination of pathogenicity is found in Gram-positive

bacterial isolates on tobacco (Nicotiana tabacum) and geraniums

(Pelargonium hederaefolium) leaves, while no symptoms were

observed from Gram-negative bacterial isolates. The plant bacterial

pathogen can cause bacterial blight and bacterial leaf spot diseases

(Francis et al., 2010; Soylu et al., 2010). According to Nasfi et al.

(2018), most bacterial pathogens for plants belong to the group

of Gram-positive.

Remarkably, four isolates from 107 isolates bacteria showed

a high antagonistic activity against B. cinerea in vitro and on

the leaf. The efficacy of these four isolates in high inhibition

for B. cinerea is attributed to their antifungal properties. The

strong inhibitory effect of these four isolates against B. cinerea

suggests their potential to secrete antifungal compounds. Based

on 16S rRNA sequence analysis, the antagonistic isolates were

identified as Arthrobacter globiformis, Priestia megaterium, Bacillus

cabrialesii, and Bacillus mojavensis. They reported that a greater

number of prominent families were found among soil bacteria

(86%) (Biedendieck et al., 2021). In this study, identified bacterial

isolate ZRh5 has not previously been reported in Tunisian soils,

making this an important addition to the regional microbial

repertory, while the bacterial isolate SRh2 was identified as Priestia

megaterium in the present study but previously was called Bacillus

megaterium (Biedendieck et al., 2021).

Thus, A. globiformis, P. megaterium, and B. mojavensis

could produce important enzymes such as chitinase and β-1,3-

glucanase along with HCN and siderophores, which may inhibit

plant fungal pathogens. In addition, B. cabrialesii was highly

antagonistic by producing HCN and siderophores. Previously,

these two enzymes and compounds were identified as factors

influencing plant pathogens (Naylor and Coleman-Derr, 2018;

Tocheva et al., 2016; Schimel et al., 2017). Strains such as A.

globiformis, P. megaterium, and various Bacillus species exhibited

strong antagonistic activity against several plant pathogens through

the production of antifungal compounds, induction of systemic

resistance, and promotion of plant growth (Naylor and Coleman-

Derr, 2018; Soylu et al., 2010; Francis et al., 2010; Pylak

et al., 2020; Zhou et al., 2021). Diabankana et al. (2021) noted

the high efficiency of beneficial bacterial in suppressing the

growth of several plant fungal pathogens, such as Fusarium
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FIGURE 8

Maximum likelihood (ML) tree based on 16s rRNA gene sequences of four isolates (H3Rh1, SRh2, ZRh5, and GRh5). The percentage of replicate trees

in which the associated species clustered together in the bootstrap test (1,000 replicates) is shown next to each branch. Identified isolates are

indicated in red color.

TABLE 3 Molecular identification of four bacterial isolates from the rhizosphere of Vitis vinifera.

Bacterial strains Identified species Length (bp) NCBI EzBioCloud Accession numbers

Similarity ID (%) Similarity ID (%)

H3Rh1 Arthrobacter globiformis 1,180 99.16% 99.49% PQ596293

SRh2 Priestia megaterium 1,180 99.41% 99,66% PQ596295

ZRh5 Bacillus cabrialesii 1,115 99.29% 99,64 PQ631724

GRh5 Bacillus mojavensis 1,144 99,30% 99,74% PQ631348

oxysporum, F. graminearum, Fusarium chlamydosporum, Ascochyta

pisi, Verticillium dahliae, Sclerotinia sclerotiorum, Epicoccum

nigrum, and Alternaria alternate. This is due to the secretion

of some important hydrolytic enzymes, including chitinase, β-

glucanase, protease, lipase, and cellulase. However, B. cabrialesii

showed high suppress for growth of fungal pathogens without

secreting hydrolytic enzymes such as chitinase, β-glucanase,

and cellulase. B. cabrialesii (ZRH5) is possibly producing some

secondarymetabolites, volatile and non-volatile compounds, which

inhibited growth of fungal pathogen by breaking fungal cell

walls. In recent studies, the production of antifungal compounds

such as fengycin H, surfactin, and rhizocticin A secreted by

Bacillus cabrialesii TE3 was confirmed to suppress B. cinerea. In

addition, antibacterial metabolites including bacillaene, bacilysin,

bacillibactin, and subtilosin were also identified (Diabankana et al.,

2021; Valenzuela Ruiz et al., 2022; Ma et al., 2022; Bhargavi et al.,

2024; Rahman et al., 2023). Overall, the findings support the

idea that grapevine-associated rhizospheric microbiomes harbor
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untapped microbial resources with significant biotechnological

potential. The four strains identified in this study fulfill key

criteria for biocontrol agents: safety (non-pathogenic), multiple

PGP traits, strong antifungal effects, and genetic identification.

These strains offer promising avenues for the development of

environmentally friendly alternatives to synthetic fungicides, in

line with integrated pest management strategies. Future work

should focus on genome sequencing, formulation stability, field

trials, and potential synergism with other biocontrol agents or

agricultural inputs.

5 Conclusion

This study identified four native rhizospheric bacterial strains,

namely, A. globiformis, P. megaterium, Bacillus cabrialesii, and B.

mojavensis, with significant potential as plant growth-promoting

and biocontrol agents against Botrytis cinerea, the causative

agent of gray mold in grapevines. These isolates exhibited

multiple beneficial traits, including nitrogen fixation, phosphate

and potassium solubilization, enzyme production, and strong

antifungal activity both in vitro and in planta. Their high efficacy

is likely due to the combined effects of enzyme synergy, secondary

metabolite production, siderophore-mediated competition, and

possibly volatile compound emissions. Notably, the identification

of B. cabrialesii in Tunisian grapevine soils is reported here

for the first time. These findings provide a strong foundation

for the development of sustainable microbial-based products

aimed at enhancing viticulture health and productivity. Further

studies should focus on genomic characterization, formulation,

field evaluation, and the potential integration of these strains into

holistic crop management strategies.
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