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ABSTRACT 16 

In this study, the antagonistic effects of 14 Plant Growth-Promoting Rhizobacteria strains 17 

(PGPRs) against the phytopathogenic species Alternaria terricola Woudenb. & Crous, both in 18 

vitro and in vivo were investigated. The obtained results revealed significant inhibition effects 19 

of the 14 PGPR strains against A. terricola in both direct contact and indirect bioassays with 20 

significant variation. The dual in vitro culture tests revealed substantial inhibition rates in the 21 

growth of A. terricola strain, ranging from 25±5.41% (Pseudomonas koreensis O3RR25) to 22 

71.87±3.12% (Bacillus megaterium FR1.11). Moreover, the indirect antagonism test showed 23 

that the volatile organic compounds produced by the 14 tested PGPR strains significantly 24 

inhibited the growth of A. terricola mycelium, with variations ranging from 36.61±0.94% (P. 25 

brassicacearum O3RR24) to 67.75±0.94% (B. megaterium FR1.11). Microscopic examination 26 

of A. terricola following exposure to the volatile compounds revealed significant structural 27 

damage, including inhibition of conidial germination, deformations, thin or fissured structures, 28 

irregular lengths, and the formation of empty segments. The in vivo application of B. 29 

megaterium FR1.11 resulted in the reduction of fungal development on detached leaves and 30 

tomato seedlings. This treatment engendered a significant increase in the levels of chlorophyll 31 

a, b and total, carotenoids, polyphenols, and proline in infected tomato seedlings compared to 32 

the control. Applying this PGPR strain to infected tomato plants allowed maintaining 33 

comparable level of malondialdehyde as the control. B. megaterium FR1.11 showed 34 

considerable in vitro and in vivo antifungal activity and could serve as a promising candidate 35 

for biological control strategies targeting phytopathogenic species of the genus Alternaria. 36 
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 38 

INTRODUCTION 39 

Fungal pathogens pose a significant biotic stress that adversely affects agricultural crop 40 

productivity and quality under various production systems, including fields and greenhouses 41 

but also at post-harvest handling which poses a serious threat to global food security (Ferraz et 42 

al., 2019). Fungal diseases lead to substantial additional losses during crop transportation and 43 

storage (Dukare et al., 2019). Among these phytopathogens, fungi of the Alternaria genus are 44 

particularly troublesome, as they are difficult to control and have a widespread presence. They 45 

cause significant yield and quality reductions in agronomic, ornamental, and medicinal crops 46 

(Puvača et al., 2020). Additionally, Alternaria species are common mycotoxigenic fungi found 47 

in cereals but they cause diseases in various other plant families such as Solanaceae, 48 

Cucurbitaceae, and Brassicaceae. The recorded losses attributed to Alternaria range from 50% 49 

to 86% for tomatoes (Florea and Puia, 2020) and from 80% to 100% for potatoes (Singh et al., 50 

2020). 51 

The modern intensification of agricultural systems, characterized by the cultivation of 52 

genetically uniform crop varieties and increased international trade, combined to the drastic 53 

climate changes have accelerated the spread and emergence of new fungal strains (Fisher et al., 54 

2018). Since the 1940s, the primary approach to controlling fungal diseases in most crops has 55 

been the application of chemical fungicides (Dukare et al., 2019). While the use of chemical 56 

pesticides has indeed improved crop quality and yields, their effectiveness has been diminishing 57 

over time, necessitating higher and more frequent doses which have led to an increase in the 58 

development of fungal resistance (Gupta, 2018). 59 

In recent years, there has been growing global concern regarding the harmful effects of 60 

fungicides on human health, crops, fauna, flora, and the environment (Rani et al., 2021). Among 61 

the environmentally friendly alternatives, biological control applying beneficial 62 

microorganisms such as bacteria, filamentous fungi, and yeasts, along with their metabolites 63 

exhibiting antagonistic activity against phytopathogenic fungi, has gained significant attention 64 

(Elnahal et al., 2022). This strategy involves the application of live microorganisms to reduce 65 

and/or maintain the population of plant pathogens below levels that cause economic losses 66 

(Fernandez-San Millan et al., 2021). Implementing this approach provides a safe, effective, and 67 

environmentally friendly alternative to the use of synthetic fungicides (Karthika et al., 2020).  68 

Among the biological control agents against phytopathogenic fungi, several reports indicate a 69 

significant potential for PGPRs bacteria (Parasuraman et al., 2022). In addition to their role in 70 
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improving growth, PGPR bacteria act as biological control agents against fungal agent diseases 71 

through various direct and indirect mechanisms which vary among the applied strains (Wang 72 

et al., 2021). While there is an increasing interest in the application of PGPRs to control species 73 

within the genus Alternaria (Soliman et al., 2023), only the research conducted by Cherif et al. 74 

(2022) focused on the phytopathogenic agent A. terricola, and their findings were limited to in 75 

vitro bioassays. Furthermore, the studies examining the impact of PGPR volatile organic 76 

compounds (VOCs) and the in vivo effects of PGPRs against A. terricola are lacking. 77 

This study aims to assess the in vitro antagonistic activity of 14 plant growth-promoting 78 

rhizobacteria strains (PGPRs) against A. terricola Woudenb. & Crous (Woudenberg et al., 79 

2013) using direct contact bioassays as well as through the effects of PGPRs volatile organic 80 

compounds (VOCs). The most promising bacterial strain exhibiting higher in vitro antagonistic 81 

activity was further evaluated in vivo using tomato as a model plant based on detached leaf tests 82 

and pot assays. The impact of the employed biological control agent on the modulation of 83 

physiological and biochemical traits, including chlorophyll a, b, total chlorophyll, carotenoids, 84 

proline, and malondialdehyde (MDA), was investigated. 85 

 86 

MATERIALS AND METHODS 87 

Microbial strains 88 

Fourteen PGPR strains from the BVBGR-LR11ES31 laboratory collection were tested for their 89 

biological control potential. PGPR strains names and accession numbers are listed in Table 1. 90 

The tested PGPR strains were isolated from rhizospheric soil fractions of fig and olive trees 91 

that have been irrigated for more than 20 years with treated municipal wastewater, in the region 92 

of M’saken, Tunisia. The strain A. terricola MF480416.1 Woudenb. & Crous (Woudenberg et 93 

al., 2013) was isolated and molecularly identified from wheat leaves of the variety Karim 94 

exhibiting fungal disease symptoms, collected from an agricultural field in the Beja region 95 

(Cherif et al., 2022). The preliminary assays conducted in our laboratory confirmed the 96 

pathogenic nature of this fungal strain on tomato seedlings. Molecular identification of the 97 

PGPR strains was achieved using the 16S rDNA ribosomal operon and the ITS 16S-23S 98 

intergenic spaces (Cherif et al., 2003). 99 

 100 

Plant material and culture conditions 101 

The tomato variety Rio Grande (Solanum lycopersicum L., Solanaceae family) was used in this 102 

study to investigate the PGPR in vivo antifungal activity. The seeds were disinfected using a 103 

1% sodium hypochlorite solution, rinsed three times with sterile distilled water then placed in 104 
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pots (10 cm x 8 cm) containing a mixture of Pindstrup commercial peat (1 V) and clay-loamy 105 

agricultural soil (2 V) to germinate in a greenhouse under semi-controlled conditions 106 

(photoperiod: 16/8 hours, temperature: 26.5°C, humidity: 51%). 107 

 108 

In vitro antagonism bioassays 109 

The antagonistic activity of bacterial strains against A. terricola strain was achieved using the 110 

dual confrontation test and the in vitro assay for volatile metabolites following Haidar et al. 111 

(2016). For a direct test, the percentage inhibition (PI) was calculated using the formula: PI (%) 112 

= [(R1 - R2) / R1] * 100, where R1 represents the radial distance in mm of the fungus growth 113 

for the control, and R2 represents the distance in mm of the fungus' growth after treatment, 114 

measured from the point of inoculation towards the PGPR strain. For the indirect test, the 115 

percentage of inhibition (I %) of mycelial growth was calculated using the formula PI (%) = 116 

[(D1 - D2) / D1] * 100, where D1 represents the diameter of the pathogenic fungus in the 117 

absence of the antagonist agent, and D2 represents the diameter of the pathogenic fungus in the 118 

presence of the antagonistic agent (Haidar et al., 2016). 119 

 120 

In vivo antifungal activity 121 

The detached leaves of one-month-old tomato seedlings were disinfected with 1% sodium 122 

hypochlorite and alcohol 70% for 1-2 minutes then rinsed three times with sterile physiological 123 

water. The leaves were placed in compartmentalized Petri dishes on sterile filter paper soaked 124 

with sterile physiological water. Aliquots of 10 μL of the fungal spore suspension (sterile 125 

distilled water for the control), adjusted to 5×105 conidia/mL, were applied to the adaxial 126 

surface of the detached leaves. The PGPR strains were sub-cultured on Tryptic Soy Agar (TSA) 127 

medium in the other compartment of the Petri dish (Bahramisharif and Rose, 2019). 128 

The in vivo antifungal potential of the rhizobacterial strain was assessed on 45-day-old tomato 129 

seedlings. The seedlings were divided into six groups, each subjected to a specific treatment: 130 

(1) control, (2) infected control (106 conidia/mL), (3) seedlings soil-inoculated with the PGPR 131 

strain 108 colony forming unit/mililitre (CFU/mL), (4) seedlings inoculated with PGPR then 132 

infected with A. terricola, (5) seedlings exposed to PGPR VOCs (6) seedlings exposed to VOCs 133 

then infected with A. terricola. All pots were covered with transparent bags to capture the 134 

volatile organic compounds emitted by the PGPR strain. The experiments were conducted with 135 

ten repetitions. Seedlings were exposed to the VOCs of the PGPR strain by placing the tomato 136 

pots near the PGPR cultures on open Petri dishes, without lids (Attia et al., 2020). 137 

 138 

Studied parameters 139 
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The symptomatic study was conducted 10 days after the treatments. Optical microscopy was 140 

used to assess the development of the fungus under various different treatments. The method 141 

described by Lichtenthaler and Wellburn (1983) was employed to measure the levels of 142 

Chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (ChlT), and carotenoids (Carot) in 143 

tomato leaves. The contents were expressed as milligrams per gram of fresh weight (mg/g FW). 144 

The total polyphenol contents were assessed using the Folin-Ciocalteu method (Singleton and 145 

Rossi, 1965). The results are reported as milligrams of gallic acid equivalent per gram of fresh 146 

weight (mg GAE/g FW). Proline contents were determined following the method described by 147 

Bates et al. (1973) and expressed as micrograms per gram of fresh weight (μg/g FW). 148 

Malondialdehyde (MDA) contents were determined based on the method outlined by Doblinski 149 

et al. (2003) and expressed as nanomoles per gram of fresh weight (nmol/g FW). 150 

Data analysis 151 

The analysis of variance was conducted with one classification factor to evaluate the variation 152 

of the studied parameters. Mean comparisons were performed using Duncan's test at a 153 

significance level of 0.05. The statistical analyses were carried out using IBM SPSS Statistics 154 

software, version 28.0 for Windows. 155 

 156 

RESULTS 157 

In vitro antagonism test 158 

In vitro direct bioassays 159 

The 14 tested PGPR strains induced a reduction in the growth of A. terricola with variable 160 

degrees (Figure 1a). A noticeable change in the colour of A. terricola colonies from greenish 161 

black (control) to whitish or greyish was recorded. The inhibition percentages obtained after 10 162 

days of incubation using the direct test are presented in Figure 2a. The six PGPR strains P. 163 

reinekei O3R52, B. megaterium FR1.11, P. siccitolerans O3RR17, B. wiedmannii FR1.35, B. 164 

frigotolerans FR1.38, and B. oceanisediminis FR1.5 have inhibition rates over 60%. The PGPR 165 

strain O3RR25 (P. koreensis) displayed the lowest inhibition rate (25±5.41%), whereas the 166 

highest inhibition rate (71.87±3.12%) was recorded with the strain FR1.11 (B. megaterium). 167 

 168 

In vitro indirect bioassays 169 

The macroscopic observations obtained with the indirect antagonism test after 10-day 170 

incubation showed that the growth of A. terricola mycelia exposed to the volatile metabolites 171 

was significantly inhibited compared to the control (Figure 1b). The macroscopic observation 172 

revealed a change in the appearance and the color of the colonies from greenish-black to 173 
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whitish, particularly at the colony's extremities. The inhibition rates obtained using the indirect 174 

test reveal that all the PGPR strains produce volatile substances that inhibit significantly the 175 

growth of the A. terricola strain, with significant variation (Figure 2b). The inhibition 176 

percentages range from 36.61±0.94% (P. brassicacearum O3RR24) to 67.75±0.94% (B. 177 

megaterium FR1.11). Four PGPR strains inhibited A. terricola by over 60%: O3R52 178 

(60.10±4.12%), B. megaterium FR1.11 (67.75±0.94%), B. zhangzhouensis O3RR35 179 

(58.46±1.89%), and B. oceanisediminis FR1.5 (59.56±3.41%). 180 

A microscopic examination of the mycelium of A. terricola following exposure to the volatile 181 

compounds produced by the applied PGPR strains was carried out. Intact cell walls with regular 182 

lengths and uniform structures were observed for the hyphae of untreated A. terricola (Figure 183 

3). However, mycelium hyphae treated with A. terricola VOCs displayed wrinkled surfaces, 184 

deformations, and irregular lengths, often accompanied by empty segments (indicated by red 185 

arrows). Thin or fissured structures (highlighted by yellow arrows), and globular swellings at 186 

the ends of the mycelial strands (marked with black arrows) were noted. A significant inhibition 187 

of conidial germination was observed compared to the control group (indicated by blue arrows). 188 

Furthermore, certain conidia formed irregular germination tubes, notably shorter than those in 189 

the control group (indicated by green arrows). 190 

 191 

In vivo antifungal activity 192 

The strain B. megaterium FR1.11, showing the highest in vitro antagonism potential, was 193 

selected to conduct in vivo bioassays. The development and spread of disease symptoms caused 194 

by A. terricola in detached leaves were effectively inhibited by the VOCs of the tested PGPR 195 

(Figure 4). Tomato leaves exposed to VOCs exhibited discoloration and yellowing. Leaves 196 

infected with A. terricola displayed necrotic spots (2 to 5 mm), dark brown cankers, and some 197 

lesions on the tips of certain leaves. When the tomato leaves infected with A. terricola were 198 

exposed to PGPR VOCs, no necrotic spots were shown confirming the antifungal effect of these 199 

volatile substances. 200 

The microscopic examination showed that A. terricola in infected leaves treated with PGPR 201 

VOCs had lost their germination ability and/or exhibited morphological deformations (Figure 202 

4). Leaves infected with A. terricola, in the absence of PGPR VOCs, exhibited successfully 203 

germinated conidia with well developed mycelium showing regular tubes (Figure 4 a). The 204 

normal hyphae displayed smooth surfaces, consistent lengths, and intact structures with 205 

segmented mycelium. In the presence of PGPR VOCs, the conidia of A. terricola have lost their 206 

capacity to germinate and developing mycelium, as shown by red arrows in Figure 4 b, 207 
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rendering them unable to generate appressoria or form infection structures on the leaf. Notably, 208 

the volatile substances produced by the PGPR strain significantly reduced the number of 209 

conidia on the detached tomato leaves. 210 

For the pot seedlings bioassays, after 10 days of treatment, the treated plants displayed less 211 

pronounced symptoms compared to the infected control. The symptoms were limited to pale 212 

yellow spots with no signs of spreading. Seedlings infected with A. terricola exhibited 213 

symptoms namely yellowish and brown spots and more advanced physiological decline. 214 

Microscopic observations of leaves revealed variations in the developmental stages of the 215 

fungus (Figure 5). The leaves infected with A. terricola showed full development of the fungus 216 

with formed mycelia and conidia. The inhibition of A. terricola development was detected on 217 

tomato leaves following soil-inoculation with the strain B. megaterium FR1.11 and exposure to 218 

VOCs. Fewer conidia and morphological abnormalities were observed with these two 219 

treatments, indicating their inhibitory effects on the growth of A. terricola.  220 

 221 

Variation in photosynthetic pigment contents 222 

The obtained results showed significant variations in photosynthetic pigments compared to the 223 

control (Figure 6). A significant decrease in the contents of chlorophyll a, b, and total 224 

compared to the control (Chla: 1.049±0.008; Chlb: 0.321±0.016, ChlT: 1.370±0.015 mg/g 225 

FW) was observed for the seedlings infected with A. terricola. However, no significant 226 

variation was detected in carotenoid content for infected seedlings compared to the control 227 

(0.203±0.023 mg/g FW). 228 

The treatment with B. megaterium FR1.11 volatile compounds did not cause significant 229 

changes in the contents of Chl a, b, T, and carotenoids compared to the control. PGPR treatment 230 

in the absence of fungal infection resulted in the highest contents of photosynthetic pigments 231 

(Chla: 1.877±0.094; Chlb: 0.628±0.023; ChlT: 2.505±0.076; Carot: 0.334±0.014 mg/g FW), 232 

followed by the fungus + B. megaterium FR1.11 treatment, which exhibited a significant 233 

increase compared to the control. Exposure of infected seedlings to volatile metabolites of the 234 

PGPR strain resulted in a significant increase in Chl a and Chl T levels compared to the control, 235 

with no significant variation observed for chlorophyll b and carotenoids. 236 

 237 

Variation in total polyphenol contents 238 

The contents of total phenolic compounds in the ethanolic extracts of tomato leaves were 239 

determined using a standard range of gallic acid (Figure 7). The results indicate no significant 240 

variation in total polyphenol content compared to untreated seedlings (0.640±0.023 mg GAE 241 
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/g FW) for the VOCs and A. terricola+VOCs treatments. However, significant variations in the 242 

levels of total phenolic compounds were observed in tomato seedlings with the other treatments. 243 

The highest significant increase was observed in tomato seedlings inoculated with the PGPR 244 

strain B. megaterium FR1.11 (0.828±0.021 mg GAE/g FW) and those infected with A. terricola 245 

(0.847±0.026 mg GAE/g FW), followed by the A. terricola+PGPR treatment. 246 

 247 

Variation in proline levels 248 

The obtained results demonstrate a significant increase in proline levels in the treated tomato 249 

leaves compared to the control conditions (40.57 ± 1.81 μg/g FW) across all treatments (Figure 250 

7). The treatment of A. terricola + PGPR B. megaterium FR1.11 exhibited the highest 251 

accumulation of proline (69.78 ± 2.29 µg/g FW), followed by the individual PGPR and A. 252 

terricola treatments. A significant increase in proline levels, compared to the control, was also 253 

observed with the VOCs and A. terricola+VOCs treatments. 254 

 255 

Variation in malondialdehyde (MDA) contents 256 

The contents of MDA exhibited a significant variation compared to the control (4.73 ± 0.26 257 

nmol/g FW), as shown in Figure 7. The highest increase in MDA content (7.59 ± 0.41 nmol/g 258 

FW) was detected following the infection of tomato seedlings by A. terricola. Interestingly, a 259 

significant decrease in MDA levels (3.65 ± 0.24 nmol/g FW) was observed when tomato 260 

seedlings were inoculated with the PGPR B. megaterium FR1.11 strain, compared to untreated 261 

seedlings. No significant variation compared to the control was observed for this parameter in 262 

the VOCs, A. terricola+PGPR, and A. terricola+VOCs treatments. 263 

 264 

DISCUSSION 265 

A. terricola is known to be a phytopathogenic agent affecting various agronomic crops, 266 

including wheat (Imran et al., 2011) and red pepper (Nahar et al., 2004). Except the study by 267 

Cherif et al. (2022), which focused on the effect of three PGPR strains on the species A. 268 

terricola through in vitro direct antagonism tests, no other study has been reported for this 269 

phytopathogenic agent. In this investigation, the in vitro antagonism assays based on both direct 270 

and indirect tests, revealed that the tested 14 PGPR strains exhibited significant inhibition of 271 

the growth of the A. terricola strain. Among the tested PGPR strains, B. megaterium FR1.11 272 

exhibited the highest inhibition rates against the growth of A. terricola in both confrontation 273 

and exposure to volatile compounds in the in vitro tests. In vivo investigations further supported 274 

these findings, showing that the application of PGPR strain B. megaterium FR1.11 led to 275 
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reduced development of the symptoms of A. terricola on detached leaves and tomato seedlings, 276 

whether through the effect of volatile compounds or by inoculating the strain in the soil. 277 

The observed antifungal activity of the strain B. megaterium FR1.11 is likely attributed to its 278 

volatile metabolites, as evidenced by both in vitro and in vivo studies. The effectiveness of 279 

PGPR in hindering the germination and development of fungal species on detached leaves 280 

confirms that volatile organic compounds are among the direct mechanisms of biological 281 

control employed by PGPR strains (Bahramisharif and Rose, 2019). However, the antifungal 282 

effect observed with soil inoculation suggests that PGPR strain B. megaterium FR1.11 may 283 

employ multiple modes of action against the tested strain of A. terricola. Bacillus and 284 

Pseudomonas species are the commonly utilized PGPRs in the biological control of plant 285 

pathogens. These bacteria exhibit fast germination in soil and possess high colonization 286 

capabilities (Ali et al., 2020). 287 

PGPR strains possess the capability to produce various secondary metabolites such as hydrogen 288 

cyanide (HCN), cell wall degrading enzymes, 1-aminocyclopropane-1-carboxylate (ACC) 289 

deaminase, diffusible or volatile antibiotics, and siderophores (Hassen et al., 2018). These 290 

metabolites play a role in limiting or eliminating fungal phytopathogens (Cherif et al., 2022). 291 

The biological control agents employ three primary mechanisms to combat the harmful effects 292 

of plant pathogenic microorganisms, namely antibiosis, siderophore production, and parasitism 293 

through the secretion of catalytic enzymes like chitinases, lipases, and proteases (Ali et al., 294 

2020). Additionally, PGPR bacteria can indirectly act as biological control agents by inducing 295 

enhanced immunity in the target plants and by modulating endogenous phytohormones and 296 

amino acid levels (Syed Nabi et al., 2021). 297 

The findings of this study align with previous studies that have demonstrated a significant 298 

decrease in the levels of chlorophyll a, b, and total in tomato plants infected with Alternaria 299 

species, while carotenoid contents remained relatively stable compared to the control group 300 

(Attia et al., 2020). A reduction in the photosynthetic pigments of tomato inoculated with 301 

Alternaria solani was also reported by Rasool et al. (2021). Chlorophyll and carotenoid 302 

contents are considered significant indicators of photosynthetic performance in plants (Riahi et 303 

al., 2020). The application of the PGPR bacterial strain in this study resulted in a significant 304 

increase in the concentrations of chlorophyll pigments and carotenoids in tomato seedlings. 305 

These results are consistent with other studies that have reported higher photosynthetic pigment 306 

contents in tomato leaves treated with PGPR bacteria (Attia et al., 2020). 307 

The results of this study demonstrate a significant increase in proline and total polyphenol 308 

content in tomato plants inoculated with the PGPR strain. Moreover, these levels were further 309 
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elevated in plants infected with the fungus and pre-inoculated with the PGPR strain. These 310 

findings are consistent with previous investigations that have reported similar patterns of 311 

variation (Kousar et al., 2020). Phenolic compounds act as natural antioxidants and are 312 

synthesized by plants in response to different stresses to facilitate their adaptation (Chiappero 313 

et al., 2019). The positive impact of PGPR inoculants on the metabolism of phenolic 314 

compounds has also been observed in other plant species (Riahi et al., 2020). 315 

The production of proline induced by the PGPR strain highlights the ability of this inoculation 316 

to enhance the plant's tolerance to osmotic stress under normal conditions. Proline serves as an 317 

osmoregulator and accumulates in plants in response to a wide range of stress conditions 318 

(Khanna et al., 2019). The accumulation of cellular osmolytes, including proline, helps plants 319 

to maintain essential cellular functions and physiological stability (Kousar et al., 2020). Proline 320 

and other osmolytes play a protective role by regulating water and nutrient balance, stabilizing 321 

membrane structures, supporting the function of various enzymes and proteins, and providing 322 

protection against reactive oxygen species (ROS) and other biochemical reactions (Khanna et 323 

al., 2019). 324 

The obtained results showed a significant increase in MDA levels for tomato seedlings infected 325 

with A. terricola. This aligns with previous findings which highlighted a significant elevation 326 

in MDA, used as a stress indicator, when tomato plants were infected with A. solani, as 327 

compared to their healthy plants (Daigham et al., 2023). Furthermore, following infection with 328 

A. alternate, the MDA contents were reported to increase in the leaves of cucumber (Wang et 329 

al., 2020) and pepper (Kazerooni et al., 2021).  330 

In this study, pre-treatment with the PGPR strain resulted in a significant reduction in MDA 331 

content. The MDA contents decreased significantly compared to the infected plants and reached 332 

levels similar to the control after treatment with the PGPR strain or exposure to its volatile 333 

compounds. This indicates a reduction in the degree of membrane lipid oxidation and a decrease 334 

in damage caused by A. terricola to tomato leaf tissue. Indeed, the accumulation of MDA serves 335 

as an indicator of the extent of membrane peroxidation in plant cells (Gong et al., 2020). These 336 

findings are in line with other studies that have reported a decrease in MDA accumulation in 337 

infected plants after PGPR treatments, sometimes even lower than the levels observed in control 338 

conditions (Kazerooni et al., 2021; Soliman et al., 2023). These findings validate that one of 339 

the indirect mechanisms employed by PGPR as biological control agents is their capability to 340 

enhance the oxidative status of infected plants by scavenging the reactive oxygen species 341 

generated during fungal infection. This was reported to occur through the upregulation of 342 

antioxidative defense genes (Khanna et al., 2019). 343 
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 344 

CONCLUSIONS 345 

The obtained results showed significant in vitro inhibitory effects of 14 PGPR strains on the 346 

growth of A. terricola in both confrontation and exposure to volatile organic compounds tests. 347 

Notably, the strain B. megaterium FR1.11 exhibited substantial inhibition, a finding further 348 

validated through in vivo experiments conducted on detached leaves and potted seedlings of 349 

tomato. These promising outcomes warrant further comprehensive investigations to unravel the 350 

underlying mechanisms of action employed by these PGPR strains. Optimizing their 351 

application methods will be crucial to harness their full potential as effective biological control 352 

agents in agricultural practices. The investigation of the antifungal activity of these PGPR 353 

strains against other economically significant phytopathogens within the genus Alternaria will 354 

be of great interest.  355 
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Table 1. List and codes of the studied PGPR strains. 484 

 485 
 486 

 487 
Figure 1. Macroscopic observation of the direct antagonism test (a) and indirect antagonism 488 

test (b) between PGPRs and Alternaria terricola after 10 days of incubation on PDA medium. 489 

Strain code Origin Species Accession numbers 

FR1.5 

Fig tree rhizosphere 

Bacillus oceanisediminis NR117285 

FR1.17 Microbacterium azadirachtae NR116502 

FR1.24 Bacillus tyonensis NR121761 

FR1.38 Brevibacterium frigotolerans NR117474 

FR1.11 Bacillus megaterium NR116873 

FR1.35 Bacillus wiedmannii NR152692 

O3R15 

Olive tree rhizosphere 

Pseudomonas azotoformans NR113600 

O3R24 Bacillus muralis NR042083 

O3R52 Pseudomenas reinekei NR042541 

O3RR17 Pseudarthrobacter siccitolerans NR108849 

O3RR24 Pseudomonas brassicacearum NR116299 

O3RR25 Pseudomonas koreensis NR025228 

O3RR33 Arthrobacter humicola NR041546 

O3RR35 Bacillus zhangzhouensis NR148786 
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 490 
Figure 2. Variation in the percentage of growth inhibition of Alternaria terricola in direct 491 
confrontation between different PGPR strains (a) and following exposure to volatile compounds 492 

(b).  493 

 494 
Figure 3. Microscopic observation of Alternaria terricola following the indirect antagonism 495 

test based on the application of PGPR VOCs after 10 days of incubation. Scale bars in µm. 496 
 497 

 498 
Figure 4. Macroscopic (a) and microscopic (b) observations of detached tomato leaves after 10 499 
days of exposure to Bacillus megaterium FR1.11 volatile metabolites. Scale bars in µm. 500 
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 501 
Figure 5. Microscopic observation of tomato leaves infected by Alternaria terricola under 502 
the influence of the PGPR strain Bacillus megaterium FR1.11 and its volatile organic 503 

compounds. Scale bars in µm. 504 
 505 

 506 
Figure 6. Variation in the content of chlorophyll a, b, total, and carotenoids (mg/g FW) in 507 
tomato seedlings according to the treatments. 508 

 509 

 510 
Figure 7. Variation in the content of total polyphenols (mg GAE/g FW), proline contents (µg/g 511 
FW) and malondialdehyde (nmol/g FW) in tomato leaves according to the applied treatment. 512 


