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In vitro efficacy of synthetic fungicides and essential oils against Mycosphaerella fijiensis, the causal agent of black Sigatoka in banana (Musa spp.) in Burkina Faso

ABSTRACT 

	Black sigatoka, caused by Mycosphaerella fijiensis, is a fungal disease that significantly reduces banana yields and quality in several plantations in Burkina Faso. This study aims to improve banana productivity by evaluating the effects of two chemical pesticides (mancozeb and copper hydroxide) and two essential oils (Ocimum gratissimum and Lippia multiflora) on the BH isolate of M. fijiensis. The doses of chemical pesticides and essential oils were then selected for the study and tested for radial growth, sporulation, and germination. The results show that mancozeb was highly effective against the different growth stages of the pathogen (inhibition percentage, IP > 75%) at the lowest dose, as were the essential oils of O. gratissimum at the medium dose (1000 ppm) and L. multiflora at the highest dose (4000 ppm). Copper hydroxide was effective against radial growth, sporulation, and germination (50% < IP ≤ 75%) at the highest dose (12,500 ppm). These results highlight the biological potential of O. gratissimum essential oil as an alternative for controlling fungal disease as part of an integrated management strategy with mancozeb.
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1. INTRODUCTION 
 
In Burkina Faso, bananas are the third most produced fruit, after mangoes and citrus fruits (MAAH, 2016). In recent years, national production of bananas has grown significantly, increasing nearly threefold between 2009 and 2021, from 18,606 to 46,033 tons (FAOSTAT, 2022). However, despite this increase over the last ten years, national production is still limited by parasitic agents such as fungi [Mycosphaerella fijiensis (Morelet, 1969), M. musicola (Leach and Mulder), M. musae (Spegazzini), M. eumusae (Zandjanakou et al. 2013)] and Fusarium oxysporum f. sp. cubense, nematodes (Radopholus similis, Helicotylenchus multicinctus, Pratylenchus spp., and Meloidogyne spp.), viruses (bunchy top), bacteria (Ralstonia solanacearum, Xanthomonas campestris pv. musacearum) and insects (the banana weevil Cosmopolites sordidus) (Mourichon, 2003).
Black sigatoka, or black streak disease (BLSD), caused by the fungus Mycosphaerella fijiensis Morelet, is the main leaf disease of bananas due to its virulence and its impact on a large number of cultivars (Carlier et al., 2003). Yield losses due to the fungus are estimated at 50% (Tuo et al., 2021) and can exceed 100% from the second growing cycle onwards (Chillet et al., 2009).

2. material and methods 

2.1.    Materials
2.1.1.    Plant material
The essential oils (EO) of Ocimum gratissimum and Lippia multiflora used in the study were obtained from the Natural Substances Laboratory of the Institute for Research in Applied Science and Technology (IRSAT).
2.1.2.    Biological material 
BF5Mf isolates of Mycosphaerella fijiensis, obtained from the phytopathology laboratory at the Farako-Bâ research station of the Institute for the Environment and Agricultural Research (INERA), were used. These pathogens were isolated from symptomatic leaves sampled from banana plantations in Banakélédaga, West Africa (GPS: 11°21'40“N and 4°22'45”W) according to the protocol of Kassankogno et al. (2016) and characterized in 2021 according to the method described by Koné (1998).[image: ]
Fig 1. The different steps of isolation and identification of M. fijiensis
Legend: (a) Typical symptoms of black leaf spot at stages 2 and 3; (b) Incubation of samples on agar medium (3%); (c) Transfer of conidia onto PDA medium; (d) Grayish mycelium on the upper surface; (e) Observation of microscopic characteristics; (f) Conidia viewed under the microscope (40x) between the slide and cover slip.
2.2.    Methods
2.2.1.  Fungal culture 
BF5Mf isolates of Mycosphaerella fijiensis, stored in conservation, were inoculated into Petri dishes containing rice flour and potato dextrose agar (PDA) culture medium according to the protocol described by Kassankogno et al. (2016). The inoculated dishes were incubated in a growth chamber at 25°C, under alternating white light and darkness (12 h/12 h), conditions favorable for the development of M. fijiensis for seven days (Carlier et al., 2003). Seven-day-old colonies were used for biological evaluations.
2.2.2.    Preparation of poisoned media and inoculation
The culture medium was first prepared in an autoclave for 20 min at 121°C. After cooling in a water bath to a temperature of 40°C to 45°C, essential oils (EO) and chemical pesticides were then added to the culture medium as phytosanitary treatments. All phytosanitary treatments were emulsified under magnetic stirring for 20-30 minutes, then distributed into Petri dishes. The dishes containing the poisoned medium were left under the hood at room temperature to allow for better solidification. The control was prepared with medium without phytosanitary treatments under the same conditions. 
Inoculation was carried out under a fume hood, using a cookie cutter to remove eight-day-old (08) Mycosphaerella fijiensis mycelial discs with a diameter of 5 mm, which were then placed in the center of Petri dishes containing media poisoned with an essential oil or fungicide. The cultures were incubated in a growth chamber at 25°C, alternating between white light and darkness (12 h/12 h), conditions favorable to the development of M. fijiensis (Carlier et al., 2003).
Table 1. Characteristics of the treatments used in the study
	Factor 1
	Facteur 2 (Doses)

	Fungicides/HE 
	Composition
	Lower dose 
	Recommended dose
	Higher dose

	Control
	Sterile distilled water
	0
	0
	0

	HE of L.multiflora
	Thymol (30,8%) et acetate (20,8%), ƴ-Terpinene (3,1%)
	500 ppm
	1000 ppm
	4000 ppm

	HE of O. gratissimum
	Thymol (29,5%), ƴ-terpinene (20,5%) et p-cymene (12,9%)
	500 ppm
	1000 ppm
	4000 ppm

	Copper hydroxide
	65,5 % Copper hydroxide, WP
	7500 ppm
	10000 ppm
	12500 ppm

	Mancozeb

	Mancozeb, 800g/Kg, WP
	5000 ppm
	6700 ppm
	8400 ppm


[bookmark: _Toc149127412]Legend: Control: untreated indicator; ppm: parts per million; HE: essential oil.
2.2.3.    Assessment of mycelial radial growth and sporulation based on treatments
The radial growth of fungal colony mycelium was assessed every two (02) days until the complete coverage of the culture medium surface in the control Petri dish, which was eight (08) days after inoculation. The measurements of the mycelial radial growth were performed using two perpendicular lines drawn on each Petri dish that intersect at a point at the center of the mycelial disk. The effect of fungicides/essential oils on the radial growth of the fungus was determined based on the inhibition rate (TIc) of mycelial growth using the following equation (Koné et al., 2009):
 TIc (%)=((D0-Dc))/D0 x 100 ; with: D0: radial growth in the culture medium without fungicide (in cm); Dc: radial growth in the culture medium with fungicides or essential oils (in cm). 
At the end of the radial mycelial growth measurements, the anti-sporulating activity of essential oils and synthetic fungicides was evaluated on 14-day-old fungal colonies. To do this, 10 mL of sterile distilled water was added to each Petri dish, and the spores were gently scraped from the surface with a brush. The resulting spore suspension was placed in a tube and vortexed for 30 seconds to detach the spores from the conidiophores. The suspension was then filtered to remove mycelial debris. The total spore count was performed using a Malassez cell under a 'Euromex' brand photon microscope. Ten (10) counts were carried out in 10 squares of the cell for each suspension. The spore concentration (Cs), number of spores per milliliter, was calculated according to the formula used by Kassankogno et al. (2021).
  Cs=(Number of spores in 10 squares X 10000)/10
The sporulation inhibition rate (TIs) was calculated using the formula employed by Doumbouya et al. (2012) : TIs (%)=((NSo-NSt))/NSo x 100 ;with NSo: estimated number of spores in the control; NSt: estimated number of spores in the presence of the fungicide or essential oil.
2.2.4.    Assessment of the germinative power of spores based on treatments
The anti-germination activity of essential oils and synthetic fungicides on Mycosphaerella fijiensis is studied by measuring the germination inhibition rate, compared to control batches. Fungal colonies grown on a normal medium without treatment were sampled from young cultures of 14 days and placed in a tube containing 10 mL of sterile distilled water. The spores released after agitation were counted using a Malassez cell to determine the initial density, which was then adjusted to 105 spores/mL after dilution. Suspensions of 0.4 mL were spread onto Petri dishes containing PDA medium, supplemented with different doses of fungicides and essential oils (figures b and c). Three replicates per concentration were performed. Control plates without fungicides or essential oils were also prepared. These plates were then incubated at 26°C with a 12-hour light/12-hour dark photoperiod. For each dose level, 100 spores were observed using an Euromex microscope equipped with a camera at 12 and 24 hours after incubation. A spore is considered germinated if the germ tube length appears. The percentage of spore germination inhibition compared to the control was calculated using the data from the last assessment (24 hours after incubation) according to the formula used by Doumbouya et al. (2012).
 TIg (%)=((NSGo-NSGt))/NSGo x 100 ; with : NSGo: number of spores germinated in the culture medium without fungicide or oils, NSGt: number of spores germinated in the medium supplemented with fungicides and oils.

2.2.5.    Determination of the effectiveness level of synthetic fungicides and essential oils 
The level of sensitivity or resistance of the fungus to synthetic fungicides and essential oils was determined according to the Paranagama et al. (2003) scale (Table. 2). The assessment of the effectiveness of synthetic fungicides and essential oils was based on the percentage of overall inhibition, with the mean inhibition percentage calculated for each dose.	
[bookmark: _Hlk217434531]Table 2. Level of effectiveness of synthetic fungicides and essential oils based on the scale used by Paranagama et al. (2003)
	Scale

	Mycelial inhibition rate class I (%)

	Fungal sensitivity/resistance level

	Fungicide/essential oil efficacy level

	1
	75 % ˂ I ≤ 100 %
	Very Sensitive
	Very effective (VE)

	2
	50 % ˂ I ≤ 75 %
	Sensitive
	Effective (E)

	3
	25 % ≤ I ≤ 50 %
	Moderately Resistant
	Moderately effective (ME)

	4
	0% ≤ I ≤ 25 %
	Resistant
	Not effective (NE)


[bookmark: _Toc101436992][bookmark: _Toc118478412]	
2.3. Data processing and analysis
The data were entered and processed using Excel 2016. The XLSTAT 2016.02.27444-ANOVA software was used for variance analysis, followed by mean comparison using the Newman-Keuls (SNK) statistical test at a 5% significance level.


3. results and discussion

3.1. Results
3.1.1. In vitro effect of essential oils and synthetic fungicides on the radial mycelial growth of Mycosphaerella fijiensis. 
The effects of essential oils and fungicides on mycelial growth vary with product type and the dose, with highly significant differences (P < 0.001). From the 2nd to the 8th day after inoculation, all treatments, except for the control, caused partial or complete growth inhibition (Fig. 2). On the eighth day, the low-dose treatment showed the highest growth in the control (8.5 cm), followed by the Lippia multiflora treatment (6.5 cm). In comparison, Mancozeb, copper hydroxide, and Ocimum gratissimum showed significantly reduced growth (0 cm, 1.05 cm, and 3.2 cm, respectively). The inhibitory power of essential oils increases with the dose, while Mancozeb completely inhibits growth even at the lowest dose, unlike copper hydroxide.

[image: ]
Fig 2. Mycelial radial growth according to treatments at 8 days after emergence
Legend. (a) Radial growth on treatment with Lippia multiflora; (b) Radial growth on treatment with Copper Hydroxide; (c) Radial growth on treatment with Mancozeb; (d) Radial growth on treatment with Ocimum gratissimum 

Analysis of radial growth inhibition rates by treatments (Table. 3) reveals highly significant differences (P < 0.001). On the 8th day, Mancozeb shows complete inhibition (100%) at all doses. The essential oil of Ocimum gratissimum reduces growth by 62.35% at a low dose and by 100% at medium and high doses. Copper hydroxide shows relatively consistent inhibition rates (85–87%) regardless of the dose level, while Lippia multiflora exhibits 23%, 62%, and 100% inhibition at low, medium, and high doses, respectively. Overall, Mancozeb appears to be the most fungitoxic product (100%), followed by the essential oil of O. gratissimum (87.45%), copper hydroxide (86.34%), and the essential oil of L. multiflora (61.76%). Dose analysis confirms that Mancozeb and copper hydroxide are highly effective at all concentrations. The essential oil of O. gratissimum becomes very effective starting at the medium dose, while L. multiflora is only effective from the medium dose onward and becomes very effective at the high dose (Fig. 3).

Table 3. Effects of treatments and doses on the radial growth of Mycosphaerella fijiensis mycelium.

	Fongicides/HE
	Lower dose 
	Recommended dose
	Higher dose

	
	2 DAS
	4 DAS
	6 DAS
	8 DAS
	2 DAS
	4 DAS
	6 DAS
	8 DAS
	2 DAS
	4 DAS
	6 DAS
	8 DAS

	Control
	3,00 d
	4,03 c
	5,46 d
	8,50 e
	3,00 b
	4,033c
	5,46 c
	8,50 d
	3,00b
	4,03 b
	5,46 c
	8,50 c

	HE of L.multiflora
	2,06 c
	3,36 c
	4,33 c
	6,50 d
	0,00 a
	1,11 b
	1,73 b
	3,25 c
	0,00a
	0,00 a
	0,00 a
	0,00 a

	HE of O. gratissimum
	0,86 b
	1,60b
	2,36 b
	3,20 c
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a

	Copper hydroxide
	0,00 a
	0,36 a
	0,56 a
	1,05b
	0,00 a
	0,48 a
	0,58 a
	1,25 b
	0,00 a
	0,53 a
	0,80 b
	1,18 b

	Mancozeb

	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a

	Pr > F
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001

	Significance
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***


Legend. DAS: Day after sowing; Control: Untreated control; NB: In the same column, means assigned the same letter are not significantly different at the 5% level (Newman-Keuls test) ,P < 0.001 (highly significant). 

[bookmark: _Hlk217486411][bookmark: _Hlk217434769]
Fig. 3: Radial mycelial growth inhibition rate of Mycosphaerella fijiensis depending on products and doses
[bookmark: _Hlk217486428]Legend. PIG: Overall inhibition percentage; ***P significant (P<0.001)

3.1.2. In vitro effects of treatments on the sporulation of Mycosphaerella fijiensis
The analysis of the results related to sporulation highlights highly significant effects (P<0.0001) of all the factors studied, namely the fungicides/HE and their doses. Sporulation varied with dose and product. The sporulation of Mycosphaerella fijiensis was inhibited by treatment with Mancozeb, copper hydroxide, and the essential oil of Ocimum gratissimum compared to treatment with Lippia multiflora oil (2.77 × 105 spores/mL) and the control treatment (4.38 × 105 spores/mL). Furthermore, the essential oil of Lippia multiflora inhibited sporulation at the high dose (Table. 4). 
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Table 4. Effects of different treatments on the sporulation of Mycosphaerella fijiensis

	Fongicides/HE
	Lower dose 
	Recommended dose
	Higher dose

	
	Number of spores per ml 14DAS

	Number of spores per ml 14DAS

	Number of spores per ml 14DAS

	Control
	4,38 105 c
	4,38 105 c
	4,38 105 b

	HE of L.multiflora
	2,77.105 b
	0,84 105 b
	0,000 a

	HE of O. gratissimum
	0,000 a
	0,000 a
	0,000 a

	Copper hydroxide
	0,000 a
	0,000 a
	0,000 a

	Mancozeb

	0,000 a
	0,000 a
	0,000 a

	Pr > F
	< 0.001
	< 0.001
	< 0.001

	Significance
	***
	***
	***


Legend. DAS: Day after sowing; ***P significant; 14DAS: 14th Day after sowing; Control: Untreated control.

The essential oil of Lippia multiflora, in turn, inhibited sporulation by 36.73%, 80.76%, and 100% at low, medium, and high doses, respectively. Thus, L. multiflora proved to be moderately effective at low doses and highly effective at medium and high doses (Fig. 4).



Fig 4. Inhibition rate of sporulation depending on products and doses


3.1.3. In vitro effect of essential oils and synthetic fungicides on germination Mycosphaerella fijiensis
The effect of different treatments on the germination capacity of spores was evaluated using the germination inhibition rate (TIg). Under the microscope, we observe the non-germinated spores 10x at 24 HAS on effective treatment (a) and germinated spores 10x at 24 HAS on ineffective treatment or control (b) (Fig. 5)



[image: ]
Fig 5. Non-germinated spores 10x at 24 HAS on effective treatment (a) and germinated spores 10x at 24 HAS on ineffective treatment or control (b) 

It appears that the anti-germination activity of spores from the four tested products in vitro on Mycosphaerella fijiensis varies depending on the product and dose. Statistical analysis reveals a highly significant difference between the factors studied (P < 0.0001). The control treatment recorded the highest number of germinated spores (100%) compared to the other treatments 24 hours after inoculation (Table. 5). 

[bookmark: _Hlk216484719]Table 5. Effects of treatments on the germination of Mycosphaerella fijiensis spores

	Fongicides/HE
	Lower dose
	Recommended dose
	Higher dose

	
	12 HAS /Sg
	24 HAS /Sg
	12 HAS /Sg
	24 HAS /Sg
	12 HAS /Sg
	24 HAS /Sg

	Control
	100 c
	100 c
	100 c
	100 d
	100 b
	100 c

	HE of L.multiflora
	96,33 c
	97,66 c
	67,66 b
	77,33 b
	0,00 a
	0,00 a

	HE of O. gratissimum
	54 b
	56,66 b
	0,00 a
	0,00 a
	0,00 a
	0,00 a

	Copper hydroxide
	56 b
	60,66 b
	62,66 b
	64,33 c
	2,00 a
	28,49 b

	Mancozeb

	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a
	0,00 a

	Pr> F
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001

	Significance
	***
	***
	***
	***
	***
	***


Pr(>F): critical probability; F: variability between factors; Significance: ***P < 0.001 (highly significant) ; **P < 0.01 (very significant difference); nsP > 0.05 (non-significant)
Legend. HAS: Hour after seeding; Sg: Germinated spores; Control: Untreated control.

[bookmark: _GoBack]Germination percentages based on doses are as follows: for the low dose of copper hydroxide (60%), Lippia multiflora (97%), and O. gratissimum (56%). At higher doses, a complete absence of spore germination was observed for treatments with Mancozeb, O. gratissimum, and Lippia multiflora, compared to the copper hydroxide treatment (28.49%). The anti-germination activity varied depending on the treatments and doses applied. At low doses, inhibition rates were 43.33% for Ocimum gratissimum, 2.33% for Lippia multiflora, and 39.33% for copper hydroxide. At medium doses, O. gratissimum showed complete inhibition (100%), compared to 22.66% for L. multiflora and 35.67% for copper hydroxide. At high doses, O. gratissimum and L. multiflora reached 100% inhibition, while copper hydroxide reached 71.5%. The overall effectiveness assessment distinguished two groups: (i) highly effective treatments, including Mancozeb (100%) and O. gratissimum essential oil (81.11%), and (ii) moderately effective treatments, represented by copper hydroxide (48.83%) and L. multiflora (41.66%). (Fig. 6).


Fig 6. Inhibition rate of spore germination depending on products and doses
Legend. PIG: Overall inhibition percentage; 

[bookmark: _Hlk219097880]3.2. Discussion
The study of the effectiveness of essential oils, compared to that of synthetic fungicides, constitutes a promising approach for integrated management of bioaggressors. Given the results obtained, synthetic fungicides and essential oils acted differently on the measured biological parameters, depending on the type of product and the dose, relative to the neutral control. The most effective products on radial growth, sporulation, and spore germination of Mycosphaerella fijiensis come from Mancozeb and the essential oil of Ocimum gratissimum. Indeed, radial growth, sporulation, and germination were completely inhibited by Mancozeb. This result supports those of Essis et al. (2023), who showed that Mancozeb had very good efficacy against symptoms induced by the fungus, similar to trifloxystrobin, propiconazole, and methyl thiophanate.

Just like this fungicide, the essential oil of O. gratissimum strongly inhibited radial growth (87.45%), sporulation (100%), and germination (81.11%) of the studied fungus. Furthermore, it was more fungitoxic on the germination of Mycosphaerella fijiensis compared to the copper hydroxide fungicide, which was moderately effective with an inhibition rate of 48.83%. Overall, the essential oil based on Lippia multiflora was effective on radial growth (61.76%), sporulation (72.5%), and moderately effective on germination (41.66%). Several reasons could explain the observed differences in the products' actions on the three measured parameters. For Mancozeb, its effectiveness is attributed to its multi-site mode of action. Multi-site fungicides act on multiple primary action sites, leading to the blocking of respiration and selective permeability of the plasma membrane. According to Onautshu (2013) and Ngando (2014), they interact with numerous enzymatic systems, including mechanisms involved in energy production, oxygen consumption, and the catabolism of reserve substances in spores. Similarly, Ngoh et al. (2021) reported that Mancozeb 80 WP had an inhibitory effect on radial growth, sporulation, and germination of Colletotrichum gloeosporioides, the agent responsible for anthracnose of cashew. Similar results were reported by Kassankogno et al. (2022) following in vitro efficacy tests of three fungicides. Their study found that Mancozeb and copper hydroxide induced 100% and 90% inhibition, respectively, on the radial growth, sporulation, and germination of Curvularia lunata. Additionally, the low fungicidal activity of copper hydroxide on the germination of Mycosphaerella fijiensis aligns with the work of Obanor et al. (2005), suggesting that copper hydroxide and copper sulfates were weakly effective in inhibiting spore germination in Spilocaea oleagina.

Regarding essential oils, the differences in effectiveness observed are likely because these plant species belong to different botanical families. Extracts from different plants probably have varied phytochemical profiles, particularly in terms of structure, composition, and levels of bioactive substances. As a result, there is a significant reduction in radial growth, sporulation, and germination of Mycosphaerella fijiensis following treatment with essential oil. Variability in the effect of the products is observed during the three life stages of Mycosphaerella fijiensis, depending on the dose. In our view, adding the fungicide/EO to the fungus culture medium at different doses would directly affect the concentrations of these substances, which we could attribute to the differences observed from one dose to another in terms of effectiveness levels. The essential oil of Ocimum gratissimum was highly effective starting from the average dose (1000 ppm) on radial growth, sporulation, and germination. Our results align with those of Kouame et al. (2015), who reported very good efficacy of O. gratissimum essential oil on radial growth, sporulation, and germination of C. gloeosporioides at 1000 ppm. The essential oil of Lippia multiflora was effective at the high dose of 4000 ppm. These results are consistent with those of Doumbouya et al. (2021), who demonstrated that applying a high dose of Lippia multiflora essential oil inhibits the growth and development of F. oxysporum f. sp. radicis lycopersici. Additionally, Tiendrébeogo et al. (2017) did not highlight complete inhibition of mycelial growth by Lippia multiflora essential oil on Fusarium moniliforme, even at 100 ppm, nor on Bipolaris oryzae and Pyricularia oryzae at 400 ppm. Synthetic fungicides at high doses caused highly significant inhibition across all three stages of the fungus's life cycle compared with the control. However, not all of them would be effective. Indeed, the effectiveness of a fungicide depends on its ability to inhibit fungal development at relatively low doses, and the effective dose is the one at which inhibition is total (Sharma and Mohanan, 1991). Mancozeb induced total inhibition at the lowest dose (5000 ppm), revealing the extreme sensitivity of Mycosphaerella fijiensis to this fungicide. This result is similar to that of Berber et al. (2006), who reported that Mancozeb at low doses inhibited the radial growth, sporulation, and germination of Bipolaris maydis, B. sorghicola, and Curvularia lunata. However, the study by Aguilar-Barragan et al. (2014) shows that the fungus adapts to synthetic products with decreased sensitivity, highlighting the need to adopt alternatives or combine strategies.  

4. CONCLUSION 
This study aimed to determine the effectiveness of Mancozeb, copper hydroxide, Ocimum gratissimum, and Lippia multiflora against Mycosphaerella fijiensis. In the laboratory, the results showed that Mancozeb and the essential oil of O. gratissimum were highly effective on radial growth, sporulation, and germination. The treatment based on copper hydroxide, although showing good activity on radial growth and sporulation, was moderately effective for spore germination of M. fijiensis. Even though the essential oil of Lippia multiflora appeared to have inhibitory effects on the three life stages of the fungus, its efficacy was moderate. Mancozeb was very effective starting at the minimum dose (5000 ppm). The essential oil of O. gratissimum was very effective from the medium dose (1000 ppm), and that of Lippia multiflora at the high dose (4000 ppm). The copper hydroxide-based fungicide was effective at the high dose of 12500 ppm. Based on these results, Mancozeb and the essential oil of O. gratissimum proved to be the most effective. The lower dose of Mancozeb (5000 ppm) and the medium dose of O. gratissimum (1000 ppm) were the most efficient. The study results are interesting as they highlight the possibility of using the essential oil of O. gratissimum as a biological control method or within an integrated pest management system with Mancozeb. In vitro tests do not provide an accurate picture of the actual effectiveness of products in natural environments and under agricultural practices. Further studies in semi-controlled environments and in real farming conditions are needed to assess the effectiveness of products against black Sigatoka disease, which affects banana plants.
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Rate of radial growth inhibition 

Control	
Lower dose 	Recommended dose	Higher dose	PIG	0	0	0	0	L.multiflora	
Lower dose 	Recommended dose	Higher dose	PIG	23.53	61.762999999999998	100	61.764333333333333	O. gratissimum	
Lower dose 	Recommended dose	Higher dose	PIG	62.353000000000002	100	100	87.451000000000008	Mancozeb	
Lower dose 	Recommended dose	Higher dose	PIG	100	100	100	100	copper hydroxide 	
Lower dose 	Recommended dose	Higher dose	PIG	87.647000000000006	85.293000000000006	86.08	86.339999999999989	
% inhibition (TIc) 




Rate of sporulation inhibition

Mancozeb	
Lower dose	Recommended dose		Higher dose	PIG	100	100	100	100	Copper hydroxide 	
Lower dose	Recommended dose		Higher dose	PIG	100	100	100	100	O. Gratissimum	
Lower dose	Recommended dose		Higher dose	PIG	100	100	100	100	L.Multiflora	
Lower dose	Recommended dose		Higher dose	PIG	36.729999999999997	80.760000000000005	100	72.49666666666667	Control	
Lower dose	Recommended dose		Higher dose	PIG	0	0	0	0	
% inhibition 




Germination inhibition rate

Control	
24HAS/PIg	24HAS/PIg	24HAS/PIg	Lower dose	Recommended dose	Higher dose	PIG	0	0	0	0	L. multiflora	
24HAS/PIg	24HAS/PIg	24HAS/PIg	Lower dose	Recommended dose	Higher dose	PIG	2.3330000000000002	22.66	100	41.664333333333332	O. Gratissimum	
24HAS/PIg	24HAS/PIg	24HAS/PIg	Lower dose	Recommended dose	Higher dose	PIG	43.332999999999998	100	100	81.111000000000004	Copper hydroxide	
24HAS/PIg	24HAS/PIg	24HAS/PIg	Lower dose	Recommended dose	Higher dose	PIG	39.332999999999998	35.659999999999997	71.5	48.830999999999996	Mancozeb	
24HAS/PIg	24HAS/PIg	24HAS/PIg	Lower dose	Recommended dose	Higher dose	PIG	100	100	100	100	
%   inhibition
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