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Characterization And In Vitro Biocontrol Of The Agent Responsible For Dry Rot Of Tomato Using Biopesticides Based On Bacillus Thuringiensis And Plant Extracts
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ABSTRACT 

	Aims: This study was launched to characterize the fungal agent associated with dry rot and to evaluate in vitro the antifungal activity of biopesticides based on Bacillus thuringiensis var. kurstaki HD-1 (Btk HD-1) and plant extracts against this pathogen. 
Study design: During the in vitro efficacy testing, the Petri dishes were arranged in completely randomized blocks. 
Place and Duration of Study: Food Crop Research Station in Bouaké and Biotechnology Laboratory in Abidjan (CNRA), between August 2022 and June 2023.
Methodology: Organs (stems, leaves, and fruits) of symptomatics tomato plants were sampled for the isolation and identification of the pathogen. Efficacy tests were performed on PDA culture medium supplemented with biopesticides based on Btk HD-1, aqueous extracts of garlic, neem and carapa oils, and the chemical fungicide mancozeb 80 WP at varying concentrations. 
Results: The results obtained implicated Lasidiplodia. theobromae as a potential agent of damage observed in tomato crops in the localities of Didiévi, Kongoue-Kouadiokro, and Subiakro, in central Côte d'Ivoire. The average rate of inhibition of mycelial growth of the fungus was not significantly different (p = 0.217) between the concentrated aqueous garlic extract at 0.2 g/L and mancozeb (5 g/L). However, this rate varied according to the treatments and concentrations applied. Thus, neem and carapa oils, and Btk HD-1 induced average inhibition rates of 42.01%, 72.57%, and 49.17%, respectively. Significant differences (P = 0.001) were observed between these different treatments. 
Conclusion: Aqueous garlic extract could be used in integrated pest management programs against this fungus in tomato cultivation to limit production losses and ensure the sustainability of this crop.
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1. INTRODUCTION 

Tomato is a vegetable rich in minerals, lycopene, carotenoids, vitamins A, C, and E (Daniel et al. 2012; Sawadogo et al. 2015), and phenolic antioxidants (Martine et al. 2008). This makes it one of the most consumed and cultivated vegetables in over 170 countries worldwide (FAO 2021).

In Côte d'Ivoire, tomato production involves a significant portion of the population, with nearly 60% of those working in rural and peri-urban areas being women and young people (FIRCA 2020). It is currently one of the most profitable vegetable crops, providing producers with a substantial income that allows them to meet their basic needs (Regnault-Roger et al. 2008; Neha and Praveen 2014; Zekeya et al. 2017). Despite its nutritional, therapeutic, and socio-economic importance, the estimated annual tomato production of 40,306 tons (FAO 2021) remains far from sufficient to meet the per capita demand of 205 g of fresh vegetables per day, according to FAO and WHO recommendations. Consequently, the country's overall needs for quality food are estimated at 1,800,000 tons per year. These figures demonstrate significant potential for market gardeners to increase market access within the country and, upstream, the quantities produced (FIRCA 2019).	Comment by BUKAR AJI BUKAR: Not found in the reference section

Unfortunately, tomatoes are subject to numerous biotic constraints, including diseases and pests, which considerably reduce production and lead to a deterioration in fruit quality (Fondio et al. 2013; Koffi et al. 2021; Gadji et al. 2024). The last two years have been particularly marked by the resurgence of dry rot caused by Lasiodiplodia sp. in certain production areas in central Côte d'Ivoire. This virulent, cosmopolitan, polyphagous, and opportunistic pathogen attacks crops and trees, causing various types of diseases that lead to dieback and rot (French 2006; Opoku et al. 2007). It has been widely observed in tropical and subtropical regions worldwide (Faber et al. 2007) and has been identified on a very wide range of hosts, estimated at over 500 species (Sutton 1980; Khanzada et al. 2006). Losses observed during health assessment missions carried out in these areas can reach more than 60% of production, especially during hot periods (25-35°C) and periods of high relative humidity (60-90%).

To cope with this pest pressure and meet ever-increasing market demand, vegetable growers use chemical pesticides indiscriminately despite their harmful effects on the environment and human health. Indeed, their systematic use in agriculture for the past fifty years has led to the emergence of pests resistant to certain chemical pesticides, which significantly reduces the effectiveness and sustainability of this control method (Leibee and Capinera 1995; Martin et al. 2002). It is in this context that this study was initiated to characterize the pathogen using molecular markers and to evaluate in vitro the sensitivity of this pest to biopesticides based on Bacillus thuringiensis var. kurstaki HD-1 (Btk HD-1) and plant extracts. 

2. material and methods 

2.1 Health Diagnostic Study in Market Gardening
  
A study was conducted on market garden production sites in the Bélier region, specifically in Tiébissou, Didiévi, Kongoué-kouadiokro, Yamoussoukro, Subiakro, Toumodi, N’Guessankro, and Yobouekro. The aim was to identify and analyze the main biotic factors affecting market garden production in order to propose appropriate technical solutions to improve crop productivity and health. During this study, symptomatic or rotten plant parts were collected and sent to the laboratory for isolation and identification of pathogens.

2.2 Pathogen Isolation In The Laboratory

Pathogens were isolated using the method described by Slippers et al. (2007) and Tedihou et al. (2017). Small fragments of tomato stems were superficially disinfected for one minute with a 50% solution of 7°C bleach (NaClO) in sterile distilled water. These fragments were then rinsed three times for the same duration with sterile distilled water. They were then placed on potato-based culture medium (PDA). Once the culture medium was inoculated, the Petri dishes were incubated at 30°C. After three days of incubation, the dishes were removed, and mycelial fragments from the edges of the Petri dishes were collected and subcultured onto PDA. The inoculated media were also incubated under the same conditions as before for an additional 5 to 7 days.

2.3 Isolate Identification

Macroscopic observation (color and appearance) of the colonies and microscopic observation (morphology and characteristics) of the conidia were performed. Identification was carried out using the identification keys of Punithalingam (1976) and Kausar et al. (2009). For molecular identification, DNA was extracted from the mycelium of each isolate using the CTAB method as described by Doyle (1990). The isolated DNA was then quantified and stored at -20°C. The ITS region was amplified using the primers ITS1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS-4 (5'-TCCTCCGCTTA TTGATATGC-3') (White et al. 1990). PCR was performed on an Applied Biosystems MiniAmp thermocycler using OneTaq 2X Master Mix (NEB) according to the manufacturer's instructions. PCR products were subjected to electrophoresis on a 1% agarose gel stained with SyberSafe staining solution. DNA sequencing was performed at BGI Genomics (Hong Kong). The sequences obtained after amplification were reviewed using chromatograms in BioEdit (Sequence Alignment Editor). The resulting sequences were phylogenetically compared with NCBI BLAST (https://blast.ncbi.nlm.nih.gov) by comparing their homologated ITS sequences in the GenBank database. MEGA version 7.0 software was used to modify the DNA sequence, align it with ClustalW, and concatenate it. To demonstrate the relationships between homologous species, the Neighbour-Joining method using molecular evolutionary genetic analysis (MEGA 7.0) was used to create the phylogenetic tree.

2.4 Effect of biopesticides on the pathogen mycelial growth

2.4.1 Preparation of concentrations used in the test

The stock solutions were diluted to 80% and 90%, either with sterile distilled water for the Bacillus thuringiensis var. kurstaki HD-1 (Btk HD-1) biopesticide, or with Tween 20 for the neem and carapa oils. This resulted in the 10% and 20% (v/v) concentrations shown in Table 1. For the garlic extract, 200 g of garlic cloves were ground in a blender. One liter of distilled water was added, and the resulting solution was filtered through a white poplin cloth. For the reference chemical fungicide, the approved concentration of 5 g/l was used.

Table 1. Concentrations of biopesticides and chemical fungicides evaluated

	Trade name or common name
	Treatments
	Concentrations

	
	Untreated witness (T0)
	-

	Bioval
	Btk HD-1 (TB1)
	10 % (v/v)

	
	Btk HD-1 (TB2)
	20 % (v/v)

	Neem oil
	Neem oil (TN1)
	10 % (v/v)

	
	Neem oil (TN2)
	20 % (v/v)

	Carapa oil
	Carapa oil (TCa1)
	6 % (v/v)

	
	Carapa oil (TCa2)
	12 % (v/v)

	Garlic
	Aqueous extract of garlic (TGa1)
	0,1 g/l

	
	Aqueous extract of garlic (TGa2)
	0,2 g/l 

	Ivory
	Chemical fungicide
	5 g/l



2.4.2 Amended culture medium and inoculation technique

Seven beaker bottles, each containing 54 ml of agar medium based on supercooled peas, were made up to 60 ml with each concentration of the biopesticide or synthetic chemical fungicide to be tested. After homogenizing the amended culture medium on a magnetic stirrer for 2 minutes, the contents of each bottle were distributed equally into four 90 mm diameter Petri dishes. Each Petri dish served as a replicate. The control culture medium was not supplemented with either biopesticide or synthetic chemical fungicide suspensions. After the amended culture medium solidified in the Petri dishes, a calibrated 6 mm diameter mycelial disc was removed with a sterile punch from the growth front of a four-day-old pure culture of the pathogen on PDA culture medium. The control culture medium (T0) was also inoculated with the same pure culture of the pathogen. The inoculated plates were incubated at 26°C for three to four days. The test was performed in two batches of 32 Petri dishes each.

2.4.3 Measurements and calculation of the inhibition rate 

The growth of the mycelial explant was measured on the amended medium, up to the filling of the control Petri dish (T0), using a ruler graduated every 24 hours along two perpendicular axes drawn at the base of each Petri dish and intersecting at the middle of the explant (Camara 2011). The mean diameter (Dm) was calculated using the equation below:




Where L1 designates the diameter of the explant along axis 1 at time t1; L2 designates the diameter of the explant along axis 2 at time t1

The effect of plant protection products on the growth of the fungal agent was determined by the rate of inhibition of mycelial growth (I) calculated using the following formula (Kwazou et al. 2009):

Where I (%) is the rate of mycelial growth inhibition, Dc (cm) is the diameter of mycelial growth of the pathogen on the control culture medium (untreated), and De (cm) is the diameter of mycelial growth on the culture medium incorporating the biopesticides or reference fungicide.

2.5 Statistical analysis

The collected data were subjected to one-way analysis of variance (ANOVA 1) using SPSS version 22.0 software. When a significant difference was observed between concentrations, Tukey’s HSD test at a 5% threshold was performed to classify the means into homogeneous groups.

3. results 

3.1 Macroscopic and Microscopic Identification of Isolates

Of the ten (10) fungal isolates analyzed in this study, two (2) exhibited typical characteristics of the genus Lasiodiplodia associated with dry rot tomato. On the third day of macroscopic observation, the isolates were characterized by a whitish, cottony, and airy mycelium. This mycelial appearance gradually evolved until it filled the Petri dish. From the seventh day onward, the initial coloration of the mycelium gradually changed from white (A) to gray (B) and then black (C), with a cottony appearance and a downy structure. When the culture matures (more than one month), the surface of the colony becomes denser, felt-like, and flatter than at the beginning (Figure 1). The underside of the dish appears brown (A), dark brown (B), and then black (C), as shown in Figure 2.
[image: ]

Fig. 1. Macroscopic aspects of Lasiodiplodia sp culture aged 3 days (A), 7 days (B) and more than one month
[image: ]
Fig. 2. Reverse side of Petri dishes of Lasiodiplodia sp culture aged 3 days (A), 7 days (B) and more than one month

[image: ]Regarding microscopic observations, young cultures (3 to 7 days old) exhibit a septate mycelium with branching, unpigmented cells, and thin, transparent (non-melanized) cell walls. In contrast, older cultures display a septate, dark brown, fairly broad mycelium with thick cell walls. Pycnidia are abundant, spherical in shape, and contain conidia. Conidiophores are short and slightly brown, and mature conidia are oval-shaped with longitudinal, septate striations (Figure 3).
Fig. 3. Microscopic structures of a 3-day (A), 7-day (B) and more than one-month culture of Lasiodiplodia sp.

3.2 Molecular Identification

A 700 bp fragment was obtained after amplification of the 10 isolates. Isolates S3 and BOD had at least 98% sequence similarity to Lasisioplodia theobromae (Table 2). The phylogenetic tree for the consolidated identification of the isolates is shown in Figure 4. This tree shows the relationship between the closest strains of the genus Lasidioplodia, extracted from the NCBI database. The tree is rooted with the strain Athelia rolsfii. This phylogenetic analysis confirmed that the identified L. theobromae species are associated with dry rot of tomato crops.

Table 2. Identification of fungus isolates from the ITS region of the rRNA

	Code 
	Crop 
	N° accession 
	Species 
	S. C.
	SI

	S3
	Tomate
	MZ502166.1
	Lasiodiplodia theobromae isolate MKMS 2.1.2
	100%
	98%

	
BOD
	
Tomate
	
MK530023.1
	
Lasiodiplodia theobromae isolate BPPCA134
	
100%
	
99%



S.C (%): Sequence coverage rate; SI (%): Similarity rate




[image: ]
Fig. 4. Phylogenetic tree showing the position of L. theobroma S3 and BOD isolated from tomato crops in Côte d'Ivoire, compared to ITS sequence data available on GenBank

3.3 In Vitro Effect Of Biopesticides On Mycelial Growth Of L. theobromae

3.3.1 Mean diameter growth
 
All evaluated concentrations had an effect on the growth of L. theobromae mycelium (Figure 5). Statistical analysis of variance showed significant differences (P ≤ 0.002) between the evaluated concentrations. On the culture medium with concentrated aqueous garlic extract at 0.1 and 0.2 g/l (TGa1 and TGa2), respectively, no mycelial growth of the fungus was observed except on the culture medium amended with the lowest concentration (0.1 g/l), where slight growth of 0.45 cm in diameter was observed on the last day of incubation, i.e., day 3. In contrast, on the untreated control medium (T0), rapid growth was observed, and the 9 cm diameter Petri dish was colonized by the third day of incubation. Furthermore, with the reference chemical fungicide (TC), mancozeb, at the approved concentration (5 g/L), no mycelial growth was observed. The effect induced by TGa2 was not statistically different (P = 0.139) from that induced by TC. Regarding the other treatments applied, the mycelial diameter varied from 2 to 5.6 cm from the first to the third day of incubation.

3.3.2 Mean Rate of Mycelial Growth Inhibition 

The mean rate of inhibition of L. theobromae mycelial growth by the different treatments varied from the first to the last day of incubation, depending on the treatments and concentrations applied (Figure 6). Statistical analysis of variance showed significant differences (p = 0.003) between the concentrations of the treatments applied for the mean rates of inhibition. Treatments based on aqueous garlic extracts (TGa1 and TGa2) and TC inhibited the mycelial growth of L. theobromae by 81.25%, 100%, and 100%, respectively. The effect induced by TGa2 and TC was not significantly different (P = 1.00) on the inhibition of pathogen growth. However, with the other treatments, significant differences (P > 0.05) were observed between the applied concentrations.

	
Fig. 5. Evolution of the average diameter of daily mycelial growth as a function of applied concentrations

Fig. 6. Evolution of the average rate of mycelial growth inhibition according to the treatments applied
 (
T0 : untread control (0 %) ; TC : chemical fungicide (5 g/l); TGa1: aqueous garlic extract (0,1 g/l; TGa2: aqueous garlic extract (0,2 g/l); TCa1: 
Carapa
 
procera
 oil [6% (v/v)]; TCa2: 
Carapa
 
procera
 oil [12% (v/v)]; TNe1: Neem oil [10% (v/v)]; TNe2: Neem oil [20% (v/v)]; TBt1: 
Btk
 HD-1-based 
biopesticide
 [10% (v/v)]; TBt2: 
Btk
 HD-1-based 
biopesticide
 [20% (v/v)]
)



Mean ± standard deviation. Bars topped with the same letter are not significantly different (P > 0.05) 

4. DISCUSSION 

[bookmark: _Hlk216179072]This study enabled, firstly, the identification of the fungal agent associated with dry rot in tomato crops in central Côte d'Ivoire and, secondly, the comparative effect of biopesticides and a reference chemical fungicide on in vitro mycelial growth. Indeed, observation of dry rot on different organs of the tomato plant allowed for the identification, through microbiological and molecular techniques, of Lasiodiplodia theobromae. This fungus warrants particular attention and sanitary monitoring due to its virulence. Punithalingam et al. (1976) stated that this fungal agent can attack more than 500 plant species. Recent studies in Côte d’Ivoire and elsewhere have proven the harmful effects of this fungus on several edible plants (Chen et al. 2021; Koné et al. 2025; He et al. 2025; Lizhu Tang et al. 2025). The work of Koné et al. (2025) showed that Lasiodiplodia sp. affected all cashew and mango orchards in Côte d’Ivoire with a cumulative incidence of 80% and a mean severity index of 3.59.

The results obtained in this study implicated L. theobromae in the damage observed in tomato crops in the localities of Didiévi, Kongoue-Kouadiokro, and Subiakro. However, to effectively manage this pathogen in our orchards, it would be important to have precise information on the genetic and pathogenic diversity of the fungus, as several isolates of L. theobromae may be involved in the spread of this disease (Nur-Shakirah et al. 2022).

[bookmark: _Hlk133593320]Regarding in vitro efficacy tests, the results show that the evaluated concentrations of biopesticides and the chemical fungicide (mancozeb) were effective in reducing the mycelial growth of L. theobromae. The inhibition rate ranged from 42.01% to 100% on the third day of incubation, when the Petri dishes (90 mm diameter) of untreated culture medium (T0) were completely invaded by the fungal mycelium. The biopesticides based on carapa oil (Carapa procera), aqueous extracts of garlic (Allium sativum), and mancozeb were the most effective against the in vitro growth of the parasite, with inhibition rates of 72.6%, 95%, and 100%, respectively. These results reveal a hypersensitivity of this fungus to aqueous extracts of garlic and mancozeb and a sensitivity to carapa oil in accordance with the scale of Kurmar et al. (2007). Indeed, studies have demonstrated the antifungal activity of garlic extracts against fungi, including Aspergillus niger and Fusarium species (Benmeddour et al. 2015; Mylona et al. 2019). The latter authors showed that garlic extracts inhibit the growth of Fusarium mycelium (F. graminearum, F. langsethiae, F. verticillioides) by 50 to 100%. This inhibitory activity depends on the Fusarium species studied and the concentration. These results are essentially identical to those obtained in this study with aqueous garlic extract at different concentrations. According to the first authors, the antifungal activity of garlic extracts from the genus Allium is due to the presence of chemical substances at varying concentrations. These substances may be monoterpenes that act on the mycelial hyphae. This leads to a loss of rigidity and integrity of the cell wall, resulting in its collapse and the death of the mycelium. The effect induced by aqueous garlic extracts was not statistically different (p = 0.193) from that of the reference fungicide based on mancozeb, whose efficacy against tomato late blight had already been demonstrated in vivo in a previous study (Djeugap et al. 2011; Gadji et al. 2024).

This study also shows that the levels of resistance or susceptibility of L. theobromae vary according to the concentrations of each biopesticide. High concentrations of biopesticides induced high rates of inhibition of the pathogen's mycelium growth. A study by Gadji et al. (2015) highlighted the fungistatic effect of the biopesticide based on Bacillus thuringiensis var. Kurstaki HD-1 (Btk HD-1) versus P. palmivora. The mycelium growth inhibition rate obtained with a 25% concentration of Btk HD-1 was 63.5%, while it was 49.2% with a 20% concentration in this study. Regarding neem (Azadirachta indica) and carapa (Carapa procera) oils, studies have shown that these oils contain substances with antifungal activity against certain fungi (Torres et al. 2020). The very high antifungal effect of mancozeb, the active ingredient in the reference chemical fungicide, compared to that of the biopesticides used, could be explained by the fact that synthetic chemical fungicides have isolated pure molecules whose concentrations and active principle are well known. This is not the case for biological pesticides. This hypothesis is supported by Tsopmbeng et al. (2014) who state that crude extracts contain a large number of different compounds that do not necessarily have antifungal functions. In contrast, synthetic fungicides contain optimal quantities of antifungal compounds that can effectively combat phytopathogenic agents. These results reveal a significant fungicidal and/or fungistatic effect of the concentrations used in reducing mycelial growth. Indeed, according to Djeugap et al. (2011), essential oils exhibit fungistatic and fungicidal activity against fungi.

5. Conclusion

[bookmark: _GoBack]This study identified the pathogen associated with dry rot in tomato crops and screened in vitro biopesticides with antifungal activity against the mycelial growth of this pathogenic fungus, L. theobromae. The biopesticide based on an aqueous garlic extract at a concentration of 0.2 g/L and the reference fungicide based on mancozeb (TC) at a concentration of 5 g/L were able to control L. theobromae in vitro. This suggests a promising future for managing this pathogen in vegetable crops. Field trials will confirm the efficacy of the aqueous garlic extract against this pathogen.
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