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ANTIFUNGAL, ANTIBACTERIAL, INSECTICIDAL AND NEMATICIDAL IN VITRO ACTIVITY OF FOUR PLANT-BASED BIOPESTICIDES

ABSTRACT
Aims: Biopesticides are natural products used in agriculture to reduce the incidence or to eliminate crop pests. They represent an ecological and sustainable alternative to synthetic pesticides, the excessive use of which has serious impacts on human health and the environment. This work evaluates the efficacy of four plant based biopesticides against various plant pests, including insects (Aphidoidea, Zonocerus variegatus, Cosmopolites sordidus), fungi (Aspergillus flavus, Fusarium spp.), bacteria (Pseudomonas spp., Ralstonia solanacearum) and nematodes (Radopholus similis). 
Place and Duration of Study: Laboratory of Phytoprotection and Valorization of Genetic Resources of the Centre for Biotechnology, University of Yaounde 1, between March and June 2025.
Methodology: Four plant based biopesticides (BP1, BP2, BP3 and BP4) were prepared, and their effects were tested in vitro on target organisms. 
Results: The results of the in vitro tests revealed significant repellent and lethal effects on insects, with repellent and mortality rates reaching over 70% after 48 h of exposure. Similarly, the biopesticides also showed marked antifungal (90-98%), antibacterial (64-93%) and nematicidal (100%) activities, inhibiting the growth of the target organisms and enzymatic synthesis (amylase and cellulase) in the tested fungi. 
Conclusion: These performances demonstrate that the four plant-based biopesticides (BP1, BP2, BP3 and BP4) possess strong insecticidal, antifungal, antibacterial and nematicidal potential that can be utilized in integrated pest management and sustainable agricultural production programs. Also, they reinforce the interest in biopesticides as sustainable alternatives to chemical pesticides, the use of which is increasingly restricted due to their toxicity to the environment and human health.
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1. INTRODUCTION
The intensive use of chemical pesticides increases agricultural productivity but also generates serious environmental and health problems. Furthermore, synthetic pesticides contribute to global warming due to their high carbon footprint, both during industrial production and field application. Their manufacture, heavily reliant on petrochemicals, generates significant carbon dioxide (CO₂) and nitrous oxide (N₂O) emissions due to energy-intensive processes and complex chemical transformations (Sud et al., 2021). In the field, some nitrogen-based pesticides promote the emission of N₂O, a greenhouse gas with a global warming potential nearly 300 times greater than that of CO₂ (IPCC, 2019). Furthermore, the repeated use of these molecules alters soil microbial biodiversity, reducing the activity of microorganisms involved in carbon sequestration and thus decreasing the soil's capacity to retain atmospheric CO₂ (Geissen et al., 2019). The persistence of pesticides in the environment leads to ecosystem contamination, biodiversity loss, pest resistance and risks to human health (Popp et al., 2013; Simo et al., 2016; Ayilara et al., 2023). In this context, the development of sustainable and environmentally friendly alternatives has become a major challenge for modern agriculture.
Biopesticides, defined as products derived from living organisms such as plants, bacteria, fungi, or their secondary metabolites, represent promising solutions (Jarial et al., 2023). Unlike chemical pesticides, they are biodegradable, less toxic to non-target organisms, and exhibit high specificity of action with minimal environmental impact (Kumar et al., 2021). These characteristics make biopesticides key components of integrated pest management strategies. Several studies have highlighted the effectiveness of plant-based biopesticides. Indeed, extracts from the leaves, stems or seeds of certain plants have shown strong antifungal activity against Mycosphaerella fijiensis, Aspergillus niger, Fusarium oxysporum and Phytophthora infestans (Martin et al., 2018, Ewané et al., 2020; Sharma et al., 2022). Similarly, formulations based on beneficial bacteria or fungi have demonstrated insecticidal and antibacterial properties while improving the growth of host plants (Singh et al., 2020).
However, despite these promising results, questions remain regarding their stability, the precise nature of the bioactive compounds involved and their spectrum of activity against various parasites and pests. The objective of this study was therefore to evaluate the efficacy of four plant-based biopesticides (BP1, BP2, BP3 and BP4) against certain plant pests and pathogens, including insects, fungi, bacteria and nematodes. This work contributes to the development and integration of plant-based biopesticides into sustainable pest management systems in agriculture.

2. MATERIAL AND METHODS
2.1 Material

In this study, four plant based biopesticides were used. The plants used in their production were Tithonia diversifolia, Emilia coccinea, Vernonia amygdalina, Aloe barbadensis and Cymbopogon citratus. These species were selected following a literature review combined with an ethnobotanical study of plants known for their pesticidal properties.
Fungi (Aspergillus flavus, Fusarium spp.), bacteria (Pseudomonas spp., Ralstonia solanacearum) and nematodes (Radopholus similis), as well as insect species (Aphidoidea, Zonocerus variegatus, Cosmopolitans sordidus) were obtained from the living organism bank of the Laboratory of Phytoprotection and Valorization of Genetic Resources, Nkolbisson Biotechnology Centre.
Chemical pesticides used as positive controls (C+) included Penncozeb 80 WP (contact fungicide), Livozeb (bactericide), Furadan 15 (nematicide) and Parforce 720 EC (insecticide).
2.2 Production of plant based biopesticides
The biopesticides were prepared according to the protocol described by Ewané et al. (2020). The proportions and combinations of plants used in their production are presented in Table 1. Fresh leaves and stems of selected plants were weighed according to defined ratios and placed in digesters equipped with aeration systems at a concentration of 100 g/L of water. The mixtures were fermented for two weeks. The resulting product was then filtered and stored in appropriate containers. Four plant-based biopesticides were thus obtained i.e., BP1, BP2, BP3 and BP4.

Table 1. Proportions and combinations of plants used in the production of different biopesticides.

	                                  Plant biopesticides (%)
	BP1
	BP2
	BP3
	BP4

	Tithonia diversifolia
	50
	-
	50
	-

	Emilia coccinea
	-
	50
	-
	50

	Vernonia amygdalina
	30
	30
	-
	-

	Aloe barbadensis
	20
	-
	20
	30

	Cymbopogon citratus
	-
	20
	30
	20



2.3 Evaluation of the antifungal effect of biopesticides
The antifungal effect of plant-based biopesticides was evaluated on the growth of Aspergillus flavus and Fusarium spp. grown on potato dextrose agar (PDA). The method consisted of aseptically adding the biopesticides at a concentration of 5% to the PDA when its temperature reached 36 ± 2 °C after autoclaving. The mixture was then poured into petri dishes. After solidification, a 5 mm mycelial disc, removed from each fungal strain using a punch and scalpel blade, was placed in the center of each Petri dish (Parveen et al., 2014). The control media consisted of 5% sterile distilled water (negative control) or 5% chemical fungicide (positive control). Each treatment was performed in triplicate. The dishes were incubated at room temperature under white light. Mycelial growth kinetics were evaluated daily over a period of five days (Aspergillus flavus) or seven days (Fusarium spp.) using the following formula:

D (mm): mycelial growth diameter;
d1 and d2 (mm): diameters of the mycelium measured in the two perpendicular directions;
d0 (mm): diameter of the mycelial explant.

[bookmark: _Toc200534450][bookmark: _Toc203704635]Highlighting the amylolytic activity
[bookmark: _Hlk183258400][bookmark: _Hlk200515445]Amylolytic activity was determined on PDA medium supplemented with 1% soluble starch in the presence of different biopesticide treatments and 5% controls. Petri dishes were incubated at 23 °C for five (5) days for Aspergillus flavus and seven (7) days for Fusarium spp. After incubation, the surface of each dish was sprayed for 30 seconds with a dilute lugol's solution and then rinsed with distilled water. Iodine reacts with starch to form a dark blue complex. Strains exhibiting light halos around the mycelium were considered amylase-producing. The diameter of the hydrolysis zones (halos) was measured to identify the treatment with the greatest inhibitory effect (Tatsinkou et al., 2005).

Highlighting the cellulolytic activity
[bookmark: _Hlk200515474]Cellulolytic activity was detected on PDA medium supplemented with 2% carboxymethylcellulose (CMC) in the presence of various biopesticide treatments and 5% controls. Plates were incubated at 23 °C for five (5) to seven (7) days. After growth, the plates were stained with a 0.1% Congo red solution, which selectively binds to cellulose polymers. After a 30-minute reaction, the plates were washed with a 1 M NaCl solution for one hour. Congo red staining revealed cellulolytic activity by the appearance of clear halos around cellulase-producing strains (Oikawa, 1998). The diameters of the hydrolysis zones of each strain were measured to determine the product exhibiting the strongest inhibitory effect on this enzymatic activity.

2.4 Evaluation of the antibacterial effect of biopesticides
The antibacterial effect of plant-based biopesticides was evaluated by direct confrontation in Petri dishes, using a nutrient agar medium supplemented with 5% of each biopesticide (Tsirinirindravo et al., 2009). Under aseptic conditions, the biopesticides were added to the agar medium after autoclaving, and the mixture was then poured into Petri dishes. A 20 µL of a bacterial suspension (10² CFU/mL) was spread on the surface of each dish. The control media consisted of 5% sterile distilled water (negative control) or 5% chemical bactericide (positive control). Each test was performed in triplicate. The dishes were incubated at 30 °C for 24 hours, and then the colonies were counted to determine the percentage of inhibition (PI) according to Magro et al. (2006):
PI (%) = (N – Ni) × 100
N: average number of colonies in the negative control;
Ni: average number of colonies in the presence of the biopesticide or positive control.

2.5 Evaluation of the insecticidal effect of biopesticides
The insecticidal effect of biopesticides was evaluated on Cosmopolites sordidus (banana weevils), Aphidoidea (aphids) and Zonocerus variegatus (grasshoppers) in the presence of the nutrient substrate in boxes according to the modified protocol Kaan et al. (2016). For this purpose, weevils, aphids or grasshoppers were divided into groups of 10 individuals and placed separately in rectangular boxes containing at the ends and opposite the diagonals, a rectangle of absorbent paper soaked in water and a 2 g slice of the nutrient substrate soaked in 500 μL of 10% biopesticide, according to the treatment regimen, with three replicates for each regimen. The nutrient substrates in the control boxes were soaked in distilled water (negative control) or a chemical insecticide (positive control). The boxes were then sealed and stored at room temperature of 28 °C ± 2 °C for the various observations. Mortality in the different groups was observed at 6 h, 12 h, 24 h and 48 h. Immobile and visibly weakened insects, unable to move normally, were considered dead. The mortality rate (MR) was corrected using Abbott (1925) formula. 

M0: Number of deaths in the negative control group
Mt: Number of deaths in the treated batch

Note: the substrates in the different batches are banana bulbs (weevils), corn leaves (aphids) and bean leaves (grasshoppers).

2.6 Evaluation of the nematicidal effect of biopesticides
For the evaluation of the nematicidal effect of biopesticides, 10 nematodes (Radopholus similis). Nematodes were placed in a 9 mL aqueous suspension of distilled water per test tube, and then 1 mL of different treatments (including the positive control) diluted to a concentration of 100 µL/mL was added, with the exception of the negative control (which consisted of 100% distilled water). The test was performed with three replicates for each treatment. The test tubes were incubated at room temperature (28 ± 2 °C) for 4 hours, and the nematode mortality rate (MR) was recorded and corrected against the control using Abbott (1925) formula as presented in point 2.5.
2.7 Statistical analyses
An analysis of variance (ANOVA) was performed using XLSTAT software (version 2025) for all parameters studied. Comparisons of means between modalities were performed using Tukey's test at a significance level of 5%.

3. RESULTS	
3.1 Antifungal effect of biopesticides
Analysis of variance (ANOVA) of the mycelial growth kinetics of fungal strains (Aspergillus flavus and Fusarium spp.) in the presence of biopesticides revealed a highly significant effect (P< 0.001) of the variable’s modality and time, as well as their interaction (modality*time), with coefficients of determination (R²) of 99% (Table 2). Biopesticides had a significant inhibitory effect (P< 0.001) on the mycelial growth of both fungal strains. The growth kinetics of Aspergillus flavus, recorded over a period of five (5) days, were higher than those of Fusarium spp., monitored for seven (7) days (Figure 1). Mycelial growth was maximal and continuous in the negative control (C–) compared to the biopesticides (BP1, BP2, BP3 and BP4) and the positive control (C+), where growth remained very limited regardless of the strain (Figure 1). However, in Aspergillus flavus, the biopesticides showed a more pronounced inhibitory effect on mycelial growth (95%) compared to the positive control (77%) (Figure 1A), while in Fusarium spp., their effects were almost identical (90%) (Figure 1B). Overall, regardless of the fungal strain, the BP4 treatment exhibited the highest antifungal effect.

Table 2. Analysis of variance (ANOVA) of the antifungal effect of biopesticides on Aspergillus flavus and Fusarium spp. Strains.

	Aspergillus flavus
R² = 99%
	Fusarium spp.
R² = 99%

	Variables
	df
	F
	P
	df
	F
	P

	Modality
	5
	481,122
	<0.001
	5
	1073,45
	<0.001

	Time (hour)
	4
	280,703
	<0.001
	6
	444,89
	<0.001

	Modality*Time
	20
	128,208
	<0.001
	30
	202,17
	<0.001


The values ​​in bold correspond to the tests allowing the null hypothesis to be rejected with a significance level α = .05. DF represents the degrees of freedom; R² the coefficient of determination; F the value of the F test and P the probability.

A B
Fig. 1. Mycelial growth kinetics (MGK) of Fusarium spp. (A) and Aspergillus flavus (B) in the presence of biopesticides modalities (BP1, BP2, BP3 and BP4) and controls (C+ and C-).
Each bar represents the standard deviations of three repetitions for each modality and the letters (a, b and c) represent the means between statistical groups of different modalities according to the ANOVA test (P< .05).

Amylolytic and cellulolytic activities
The different biopesticides (BP1, BP2, BP3 and BP4) showed a significant effect (P<0.001) on the enzymatic activities (amylolytic and cellulolytic) of Aspergillus flavus and Fusarium spp., reducing the hydrolysis zones associated with these activities (Figure 2). In Aspergillus flavus, no significant difference was observed between the biopesticides for the two enzymatic activities compare to the negative control (C–) (Figures 2A and 2B). However, in the presence of the biopesticides (BP1-4) and the positive control (C+), the hydrolysis zones corresponding to the amylolytic and cellulolytic activities were considerably smaller than those of the negative control (C–) (Figure 2B).
In contrast, no hydrolysis zones were observed for the cellulolytic activity of Fusarium spp. (Figure 2B). However, the hydrolysis zones corresponding to its amylolytic activity were small in the presence of the biopesticides (BP1-4) and very small in the presence of the positive control (C+).Likewise no cellulolytic activity was observed in Fusarium spp. in any treatment. Overall, the BP2 treatment exhibited the strongest inhibitory effect on the amylolytic activity of Fusarium spp., while the positive control (C+) showed the strongest inhibitory effect on the amylolytic and cellulolytic activities of Aspergillus flavus (Figure 2).
A B C
Fig. 2. Effect of biopesticides modalities (BP1, BP2, BP3 and BP4) and controls (C+ and C-) on amylase and cellulase synthesis in Aspergillus flavus (A and B) and Fusarium spp. (C)
Each bar represents the standard deviations of three replicates for each modality and the letters (a, b and c) represent the means between statistical groups of different modalities according to the ANOVA test (P< .05).

3.2. Antibacterial effect of biopesticides
Analysis of variance (ANOVA) of the effect of biopesticides (BP1, BP2, BP3 and BP4) on the bacterial growth of Pseudomonas spp. and Ralstonia solanacearum revealed a significant effect (P< 0.001) of the variable’s species, modality and their interaction (species* modality), with a coefficient of determination (R²) of 100% (Table 3). The biopesticides significantly inhibited (P< 0.001) the growth of Pseudomonas spp. and Ralstonia solanacearum. The percentage of inhibition in the presence of biopesticides (BP1-4) was greater than that of the negative control (C–) (Figure 3). However, this inhibition remained lower than those observed in the positive control (C+). Among the four biopesticides tested, BP3 exhibited the most pronounced inhibitory effect on bacterial growth, with an average inhibition of 93%, regardless of the bacterial strain (Figure 3A). Furthermore, the inhibitory effect of the biopesticides was greater against Ralstonia solanacearum than against Pseudomonas spp. (Figure 3B).

Table 3. Analysis of variance (ANOVA) of the effect of biopesticides (BP1, BP2, BP3 and BP4) on bacterial growth of Pseudomonas spp and Ralstonia solanacearum over time.
	
	Pseudomonas spp. and Ralstonia solanacearum
R² = 100%

	Variables
	DF
	F
	P

	Species
	1
	110,035
	<0.001

	Modality
	5
	2428 295
	<0.001

	Species*Modality
	5
	19,109
	<0.001


The values ​​in bold correspond to the tests allowing the null hypothesis to be rejected with a significance level α = .05. DF represents the degrees of freedom; R² the coefficient of determination; F the value of the F test and P the probability.

A B
Fig. 3. Effect of biopesticides (BP1, BP2, BP3 and BP4) and control methods (C+ and C-) on bacterial growth Pseudomonas spp and Ralstonia solanacearum.
Each bar represents the standard deviations of three repetitions for each modality and the letters (a, b and c) represent the means between statistical groups of different modalities according to the ANOVA test (P< .05).
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Analysis of variance (ANOVA) of the repellent and lethal (mortality) effects of biopesticides (BP1, BP2, BP3 and BP4) on Aphidoidea (aphids), Zonocerus variegatus (grasshoppers), and Cosmopolites sordidus (weevils) revealed significant effects (P< 0.001) of modality and time variables with coefficients of determination (R²) of 99% (repulsion) and 100% (mortality) (Table 3).
Biopesticides showed significant effects (P< 0.001) on the repulsion and mortality of Aphidoidea, Zonocerus variegatus and Cosmopolites sordidus over time (Figure 4). I
n Aphidoidea, repulsion was intense during the first few hours of exposure (0–12 hours) but decreased considerably after 24 hours for all modalities (Figure 4A). Conversely, mortality increased over time, reaching over 90% after 24 hours of exposure for all modalities (BP1-4 and C+), except for the negative control (C-), which remained very low (<10%) (Figure 4B). Among all modalities, BP1 and C+ exhibited the most pronounced repulsive and lethal effects respectively.
In Zonocerus variegatus, biopesticides induced persistent repulsion and a slower but more durable lethality than in Aphidoidea. Overall, repulsion was high (>50%) during the first few hours of exposure and decreased progressively over time for all treatments except for the negative control (C–), which remained low (<20%) (Figure 4C). In contrast, mortality in Zonocerus variegatus was initially low during the first few hours of exposure for all treatments but gradually increased to 55–65% for the biopesticide treatments (BP1-4) and 100% for the positive control (C+) after 48 hours. However, the negative control (C–) remained stable, with no significant effect.
In Cosmopolites sordidus, after six (6) hours of exposure, the biopesticide treatments and the positive control induced high aversion, reaching 50 to 60%. This aversion decreased after 24 hours for several treatments. Conversely, mortality initially low (0-6h), increased progressively in all treatments, particularly for treatments BP3 and BP4, reaching the highest rates after 48 hours (80% and 90%), while the positive control (C+) reached 100% and the negative control remained at zero (0%), with no significant effect.




Table 4. Analysis of variance (ANOVA) of the effects of the different modalities (BP1, BP2, BP3, BP4, C− and C+) on the insects Aphidoidea (aphids), Zonocerus variegatus (grasshoppers) and Sordid Cosmopolitans (weevils).
	Aphids
	
	Repulsion (R² = 99%)
	     Mortality (R² = 100%)

	Variable
	df
	F
	P
	F
	P

	Modality
	5
	269,503
	<0.001
	197,767
	<0.001

	Time (hour)
	2
	405,387
	<0.001
	4241 922
	<0.001

	Grasshoppers
	
	Repulsion (R² = 99%)
	Mortality (R² = 100%)

	Modality
	5
	129,818
	<0.001
	686,010
	<0.001

	Time (hour)
	3
	592,249
	<0.001
	2708 371
	<0.001

	Weevils
	
	Repulsion (R² = 99%)
	     Mortality (R² = 100%)

	Modality
	5
	152,612
	<0.001
	602,588
	<0.001

	Time (hour)
	3
	418,587
	<0.001
	3582 248
	<0.001


The values ​​in bold correspond to the tests allowing the null hypothesis to be rejected with a significance level α = .05. DF represents the degrees of freedom; R² the coefficient of determination; F the value of the F test and P the probability.
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Fig. 4. Repellent and lethal effects of the different modalities (BP1, BP2, BP3, BP4, C- and C+) on the insects Aphidoidea (A, B), Zonocerus variegatus (C, D) and Cosmopolites sordidus (E, F).
Each bar represents the standard deviation of three replicates per treatment, and the letters (a, b, c) indicate the statistical means of the groups based on ANOVA (P< ..05).

3.5. Nematicidal effect of biopesticides 
Analysis of variance (ANOVA) of the effect of biopesticides (BP1, BP2, BP3 and BP4) on nematodes (Radopholus similis) revealed a significant effect (P< 0.001) of the modality variable with a coefficient of determination (R²) of 100% (Table 5). The biopesticides (BP1, BP2, BP3 and BP4) showed a significant nematicidal effect (P< 0.001) on Radopholus similis. After four hours of incubation, all biopesticides induced high nematode mortality, with an overall rate of 100% comparable to that observed with the positive control (C+) (Figure 5). In contrast, the negative control (C-) had no effect, inducing no nematode mortality. However, no significant difference was observed between the different biopesticides.

Table 5. Analysis of variance (ANOVA) of the effect of biopesticides (BP1, BP2, BP3 and BP4) on bacterial growth of Pseudomonas spp. and Ralstonia solanacearum over time.
	
	Radopholus similis
R² = 100%

	Variable
	DF
	F
	P

	 Modality
	5
	2428 295
	<0.001


The values ​​in bold correspond to the tests allowing the null hypothesis to be rejected with a significance level α = .05. DF represents the degrees of freedom; R² the coefficient of determination; F the value of the F test and P the probability.


Fig. 5. Nematicidal effect of the different modalities (BP1, BP2, BP3, BP4, C- and C+) on nematodes (Radopholus similis)
Each bar represents the standard deviation of three replicates per treatment, and the letters (a, b, c) indicate the statistical means of the groups based on ANOVA (P< .05).

Discussion
The results of this study demonstrate that the four biopesticides (BP1, BP2, BP3 and BP4) exhibit significant efficacy against a wide range of plant pathogens and pests, including fungi, bacteria, insects and nematodes. This broad-spectrum activity reflects the richness of the plant extracts in secondary metabolites, which play a crucial role in plant defense (Kumar et al., 2021).
Biopesticides significantly and progressively inhibited the mycelial growth of Aspergillus flavus and Fusarium spp., indicating a time- and formulation-dependent antifungal effect. This activity could be attributed to the abundance of secondary metabolites such as phenols, flavonoids, saponins, tannins and alkaloids, which act synergistically by altering membrane permeability, denaturing enzymatic proteins and disrupting cellular respiration (Nazir et al., 2017; Kumar et al., 2017). Similar results were recently observed through the marked inhibition of Aspergillus flavus and Fusarium spp. (Sharma et al., 2022). Indeed, extracts of Azadirachta indica, Ocimum gratissimum and Lantana camara have been used to inhibit fungal growth and this inhibition was attributed to their phenolic and terpenoid constituents. Furthermore, extracts of Capsicum frutescens and Allium sativum have reduced the mycelial growth of Fusarium solani by blocking ATP synthesis and interfering with oxidative enzymes (Suleiman and Ogbebor, 2021). The differences in efficacy observed between the formulations could be explained by the qualitative and quantitative variability of bioactive metabolites in each extract, thus justifying the necessity of further phytochemical research to identify the molecules responsible for the antifungal activity.
Biopesticides significantly inhibited the amylolytic and cellulolytic activities of Aspergillus flavus and Fusarium spp., thus affecting their ability to degrade polysaccharides essential for their nutrition. In Aspergillus flavus, all biopesticide treatments markedly reduced hydrolysis zones, consistent with studies showing that inhibition of α-amylase decreases fungal growth and aflatoxin production (Cary et al., 2018; Williams et al., 2019). The absence of cellulolytic activity in Fusarium spp. confirms interspecific enzymatic variability, although its amylolytic activity was strongly inhibited. These results are consistent with observations that certain biopesticides, particularly those of microbial origin, reduce the production of hydrolytic enzymes essential for fungal virulence (Vinale et al., 2008). Thus, enzyme inhibition appears to be a key biocontrol mechanism, potentially limiting the growth and infectivity of phytopathogenic fungi.
The biopesticides (BP1, BP2, BP3 and BP4) exhibited variable but significant antibacterial activity against Pseudomonas spp. and Ralstonia solanacearum, with inhibition rates higher than those of the negative control (C-) and, for some formulations, particularly BP3 and BP4 comparable to that of the positive control (C+), demonstrating excellent biological efficacy. This variation could be due to differences in chemical composition and concentration of bioactive metabolites such as phenols, flavonoids and lipopeptides, known to modify membrane permeability and inhibit microbial growth (Ongena  Jacques, 2008; Kumar  Pandey, 2021). The greater sensitivity observed in R. solanacearum compared to Pseudomonas spp. could be explained by differences in cell wall structure or resistance mechanisms, such as exopolysaccharide production and efflux systems (Mansfield et al., 2012). These results are consistent with recent findings highlighting that plant- or microbial-derived biopesticides represent promising ecological alternatives to synthetic agrochemicals due to their targeted efficacy and reduced environmental impact (Lahlali et al., 2022; Molina-Santiago et al., 2021).
Furthermore, biopesticides have shown variable but significant effects on insect repellency and mortality (Aphidoidea, Zonocerus variegatus and Cosmopolitans sordidus) over time. Overall, repulsion and mortality rates increased during the first few hours, indicating a gradual onset of action by the bioactive compounds. Modalities BP3 and BP4 showed comparable efficacy to the positive control (C+), suggesting a synergistic interaction between volatile metabolites and secondary compounds of plant or microbial origin. These observations are consistent with recent reports showing   that biopesticides derived from plant and microbial extracts exert neurotoxic and repellent effects (Mossa, 2016; Isman, 2017). The strong repulsion observed during the first few hours could result from the rapid release of volatile compounds (monoterpenes, alkaloids), known to disrupt the chemosensory perception of insects (Regnault-Roger et al., 2012). The increased mortality observed after 12 hours suggests a lethal effect following ingestion, as has been reported for essential oils and phenolic extracts (Koul et al., 2008; Pavela  Benelli, 2016). Furthermore, the differences in efficacy between biopesticide regimens could be attributed to variations in the concentration, bioavailability and stability of the active metabolites (Copping  Menn, 2000; Roy et al., 2018).
Biopesticides exhibited a significant nematicidal effect, inducing very high mortality of Radopholus similis, with an overall mortality rate reaching 100%, comparable to that of the positive control (chemical nematicide). The efficacy of biopesticides could be attributed to the presence of bioactive compounds such as alkaloids, terpenes, phenols, flavonoids and saponins, widely recognized for their nematicidal properties. These compounds can act through several mechanisms, including disrupting membrane permeability, altering the nervous system or inducing paralysis, leading rapidly to nematode death (Chitwood, 2002; Ntalli & Caboni, 2012). Indeed, plant extracts rich in phenolic compounds induce rapid nematode mortality by inhibiting their motility and respiration (Oka et al., 2000). Similarly, significant efficacy of plant-based biopesticides against plant-parasitic nematodes were also reported (Akhtar and Malik, 2000). The lack of significant difference observed between the tested biopesticides suggests that, despite potentially different compositions, their active ingredients exert similar nematicidal effects on Radopholus similis. This could indicate a convergent mode of action or a high sensitivity of this nematode to plant secondary metabolites. These results reinforce the interest in biopesticides as sustainable alternatives to chemical nematicides, the use of which is increasingly restricted due to their toxicity to the environment and human health (Desaeger et al., 2020).

Conclusion
This study highlights the potential of plant-based products as biological control agents. The four biopesticides demonstrated significant antifungal, antibacterial, insecticidal, and nematicidal activity against important plant pathogens and pests. The observed efficacy of these biopesticides suggests their potential as environmentally friendly alternatives to synthetic pesticides, contributing to sustainable pest management while reducing the risk of resistance and environmental impacts. However, although the in vitro results are very promising, further studies under semi-controlled conditions and in the field are needed to assess the persistence of the biopesticides' effects, optimal dosages and the potential impact on beneficial soil microorganisms.
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1.1654477868758346	1.1654477868758346	1.1654477868758342	1.1654477868758342	1.1654477868758342	1.1654477868758346	1.1654477868758346	1.1654477868758342	1.1654477868758342	1.1654477868758342	1	2	3	4	5	0.30876666666661379	1.4993499999999571	3.0719666666666505	4.7570999999999799	4.7571000000000083	Modality-C-	c
1.1654477868758337	1.1654477868758342	1.1654477868758324	1.1654477868758342	1.1654477868758306	1.1654477868758337	1.1654477868758342	1.1654477868758324	1.1654477868758342	1.1654477868758306	1	2	3	4	5	1.3371166666666028	6.1962666666666664	12.573083333333358	18.099483333333325	45.511683333333288	Time (Hour)

MGK (cm2)
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