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Comparative In vitro Efficacy of Synthetic and Biological Fungicides Against Colletotrichum and Fusarium Infecting Black Pepper (Piper nigrum L.) in Côte d’Ivoire
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ABSTRACT 

	Aims: Black pepper (Piper nigrum L.) is gaining importance in agricultural systems due to the nutritional and medicinal value of its berries. However, its cultivation is increasingly threatened by fungal diseases, primarily caused by Colletotrichum and Fusarium species, resulting in substantial yield losses in several producing regions, including Côte d’Ivoire.
Study design: This study evaluated the in vitro efficacy of nine synthetic fungicides and three biological formulations on mycelial growth, sporulation, and spore germination of these pathogens.
Place and duration of study: The in vitro assay was conducted in the Plant Pathology and Plant Biology Laboratory at UMRI-SAPT, Institut National Polytechnique Félix HOUPHOUËT-BOIGNY, Côte d’Ivoire.
Methodology: The study evaluated the in vitro efficacy of nine synthetic fungicides and three biological formulations on the mycelial growth, sporulation, and spore germination of these pathogens at three tested concentrations (D1 = ½ the recommended dose, D2 = the recommended dose, D3 = 2× the recommended dose).
Results: Several synthetic fungicides — chlorothalonil, carbendazim, carbendazim + mancozeb, azoxystrobin + mancozeb, picoxystrobin + mancozeb, and difenoconazole + spiroxamine—completely or significantly inhibited the growth of both fungal genera at all tested concentrations. Among biological products, the formulation Thymol–Gamma terpinene–Eugenol (NECO) fully suppressed the mycelial growth of Colletotrichum and Fusarium isolates at 80 mL/L (D2) and 160 mL/L (D3). In contrast, Lippia multiflora essential oil exhibited a dose-dependent inhibitory effect (12.5, 25, and 50 mL/L). In contrast, the aqueous extract of Chromolaena odorata displayed limited activity.
Conclusion: These findings highlight the potential of biopesticides—particularly Lippia multiflora essential oil and NECO formulation—as promising alternatives for integration into sustainable management programs against fungal diseases of black pepper. Further field studies are required to validate their performance and optimize application strategies for local production systems in Côte d’Ivoire..
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1. INTRODUCTION 

Black pepper (Piper nigrum L.), often referred to as the “king of spices” or “black gold,” is a perennial climbing vine of the family Piperaceae. Native to Kerala in southern India (Chao et al., 2023), it is now cultivated in over 26 countries, with major producers represented in the International Pepper Community (IPC), including Vietnam, India, Brazil, Indonesia, Malaysia, China, and Sri Lanka (Dutta et al., 2023). Globally, black pepper covers approximately 0.4 million hectares, with an estimated annual production of 510,045 tons and a market value approaching US$2 billion as of 2017 (Hu et al., 2019).

Beyond its economic significance, black pepper plays an essential role in gastronomy as a condiment, preservative, and flavor enhancer (Quijia & Chorilli, 2020). Its berries and essential oils are also known for diverse biological properties, including antihypertensive, antioxidant, anti-inflammatory, antibacterial, and antifungal activities (Sultana et al., 2022).
In Côte d’Ivoire, black pepper was introduced during the colonial period and is primarily cultivated in the southern, western, and central regions, notably Aboisso, Agboville, Azaguié, Dabou, N’Douci, Sikensi, Saïoua, and Toumodi. Despite favorable climatic conditions, national production—estimated at 180 tons—remains insufficient to meet local demand, necessitating annual imports of over 280 tons (FIRCA, 2020). This production deficit is primarily attributed to significant yield losses caused by fungal diseases. Nearly 50 pathogenic species have been reported to infect pepper plants at different phenological stages (Chao et al., 2023), with hot and humid tropical conditions further favoring pathogen proliferation. The most destructive diseases include root rot caused by Phytophthora spp., anthracnose caused by Colletotrichum spp., and fusarium wilt caused by Fusarium spp.

In Côte d’Ivoire, Colletotrichum and Fusarium species are recognized as the predominant pathogens responsible for severe economic losses in pepper production systems (Dagnogo et al., 2024). Managing these diseases remains a major challenge for smallholder farmers, who often rely on synthetic fungicides for control. However, concerns over fungicide resistance, environmental persistence, and human health impacts underscore the need for safer and more sustainable alternatives. In this context, biological fungicides and plant-derived essential oils represent promising components of integrated disease management (IDM) strategies.

The present study was therefore undertaken to: (i) evaluate, under in vitro conditions, the efficacy of nine synthetic fungicides and three biological formulations on the mycelial growth, sporulation, and spore germination of Colletotrichum and Fusarium isolates from black pepper; and (ii) compare and rank these products according to their inhibitory activity.

2. MATERIAL AND METHODS 

2.1. Fungal material
Following morphological characterization and formal identification of the fungal isolates, three representative isolates were randomly selected from each identified morphological group. In total, 12 isolates of the genus Colletotrichum and six isolates of the genus Fusarium, both frequently recovered from diseased pepper organs in Côte d’Ivoire, were retained for evaluation (Dagnogo et al., 2024; Dagnogo, 2025). The selected strains were chosen based on their ability to induce characteristic disease symptoms in black pepper tissues.

The Colletotrichum isolates included PV4, PV6, PV8, PV19, PV31, PV34, PV36, PV37, PV39, PV44, PV46, and PV48, while the Fusarium isolates comprised PV52, PV53, PV54, PV55, PV58, and PV59. All isolates were originally obtained from symptomatic leaves, stems, and berries of black pepper plants.

Figure 1 presents the macroscopic and microscopic features of the Colletotrichum and Fusarium morphotypes examined.
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Figure 1. Macroscopic and microscopic characteristics of Colletotrichum and Fusarium isolates.
L1: colony surface; L2: colony underside; L3: spores. A–C: Colletotrichum morphotypes; D–E: Fusarium morphotypes.

2.2. In vitro evaluation of fungicide efficacy against the main isolated fungi
2.2.1. Factors studied
The study evaluated the in vitro effects of nine synthetic fungicides—six commercially available and three under registration—and three biological fungicides on Colletotrichum and Fusarium isolates obtained from diseased black pepper plants. The antifungal activity of these products was assessed on three parameters: mycelial growth, sporulation, and spore germination. The characteristics of the biological and synthetic fungicides are summarized in Tables 1 and 2, respectively. The sensitivity of the fungal isolates and the comparative efficacy of the fungicides were the main factors analyzed.

Table 1. Characteristics of the biological fungicides tested.

	Active ingredient
	Chemical nature
	Formulation
	Mode of action
	Trade name / Common name

	Thymol–Gamma terpinene–Eugenol
	Biofungicide
	Emulsifiable concentrate (EC)
	Inhibits spore germination and mycelial growth (Doumbouya et al., 2012)
	NECO 50 EC

	Chromolaena odorata (aqueous extract)
	Biofungicide
	Powder extract
	Inhibits sporulation and spore germination
	Sékou Touré

	Lippia multiflora (essential oil)
	Biofungicide
	Oil extract
	Inhibits mycelial growth
	Thé de savane



Table 2. Characteristics of the synthetic fungicides tested.

	Active ingredient
	Chemical family
	Formulation
	Mode of action
	Trade name

	Chlorothalonil + Carbendazim
	Chloronitrile + Benzimidazole
	Concentrated suspension
	Contact and systemic; inhibits mycelial growth
	Banko Plus

	Mancozeb
	Dithiocarbamate
	Wettable powder (WP)
	Contact: inhibits mycelial growth
	Blocus

	Copper hydroxide
	Copper compound
	Wettable powder (WP)
	Systemic; inhibits sporulation
	Fongex 77 WP

	Carbendazim + Mancozeb
	Benzimidazole + Dithiocarbamate
	Wettable powder (WP)
	Systemic and contact; inhibits mycelial growth
	Kaju

	Azoxystrobin + Difenoconazole
	Strobilurin + Triazole
	Concentrated suspension (SC)
	Systemic, preventive, and curative
	Hortigo 82 SC

	Difenoconazole
	Triazole
	Emulsifiable concentrate (EC)
	Systemic, preventive, and curative; inhibits mycelial growth
	Boneur 250 EC

	Azoxystrobin + Mancozeb
	Strobilurin + Dithiocarbamate
	Concentrated suspension (SC)
	Systemic and contact; inhibits mycelial growth
	NH1

	Picoxystrobin + Mancozeb
	Methoxyacrylate + Dithiocarbamate
	Wettable powder (WP)
	Systemic and contact; inhibits mycelial growth
	NH2

	Difenoconazole + Spiroxamine
	Triazole + Spiroketalamine
	Emulsifiable concentrate (EC)
	Systemic and contact; inhibits mycelial growth
	NH3


NH1–NH3 refer to unregistered fungicidal formulations currently under evaluation.

2.2.2. Experimental design
For synthetic fungicides, three concentrations were tested: half the recommended dose (D1), the recommended dose (D2), and double the recommended dose (D3), following the protocol of Kouadia et al. (2022).

The biological fungicide Thymol–Gamma terpinene–Eugenol was tested at 40, 80, and 160 mL/L (respectively coded as D1, D2, and D3).

The aqueous extract of Chromolaena odorata and the essential oil of Lippia multiflora were evaluated at five concentrations (T1–T5): 3.12, 6.25, 12.5, 25, and 50 mg/mL, established using the geometric half-log dilution method (Ahon et al., 2011).

A completely randomized design (CRD) was used, with seven replicates per treatment. The details of synthetic and biological fungicide treatments are presented in Tables 3 and 4.

Table 3. Treatments and doses of synthetic fungicides tested (mg/mL).

	Trade name
	Concentrations (mg/mL)

	
	T0
	T1
	T2
	T3

	Chlorothalonil + Carbendazim
	0
	2.6
	5.3
	11.2

	Mancozeb
	0
	2.5
	5.0
	10.0

	Copper hydroxide
	0
	2.5
	5.0
	10.0

	Carbendazim + Mancozeb
	0
	3.33
	6.66
	13.32

	Azoxystrobin + Difenoconazole
	0
	2.5
	5.0
	10.0

	Difenoconazole
	0
	1.33
	2.66
	5.32

	Azoxystrobin + Mancozeb
	0
	18.75
	37.5
	75.0

	Picoxystrobin + Mancozeb
	0
	12.5
	25.0
	50.0

	Difenoconazole + Spiroxamine
	0
	6.25
	12.5
	25.0

	Thymol–Gamma terpinene–Eugenol
	0
	40
	80
	160



Table 4. Concentrations of plant-based fungicides tested (mg/mL).

	Plant species
	Concentrations (mg/mL)

	
	T0
	T1
	T2
	T3
	T4
	T5

	Chromolaena odorata
	0
	3.12
	6.25
	12.5
	25
	50

	Lippia multiflora
	0
	0.62
	1.25
	2.5
	5
	10



2.2.3. Evaluation of mycelial growth
Mycelial growth was measured following the two-perpendicular-diameter method on the reverse side of Petri dishes (Figure 2). Measurements were recorded daily until full growth was observed in the controls. The mean colony diameter (mm) for each dish was calculated as the average of the two diameters.

The percentage inhibition of mycelial growth (PIc) was computed according to Leroux and Gredet (1978):

(1)
where Dₒ is the colony diameter in the control (without fungicide) and Dc is the colony diameter at concentration c of the fungicide.

The resulting inhibition values were used to determine the minimum inhibitory concentration (MIC) and the minimum fungicidal concentration (MFC) for each fungicide, following the method used by Saraka et al. (2019). The MIC corresponded to the concentration producing 100% inhibition, while the MFC represented the lowest concentration at which no regrowth occurred after subculturing.
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Figure 2. Measurement of mycelial colony diameter of Colletotrichum and Fusarium isolates.

2.2.4. Assessment of fungitoxicity
To assess fungitoxicity, fungal plugs from treatments that showed complete growth inhibition were transferred to fresh PDA medium without fungicide. If mycelial regrowth occurred, the fungicide was considered fungistatic (growth inhibition without cell death). Conversely, the absence of regrowth indicated fungitoxic activity, implying lethal effects on the pathogen (Silué, 2019).

2.2.5. Evaluation of fungal sporulation
The impact of fungicides on spore production was evaluated using the method of Tonon et al. (2017). From each Petri dish previously used for mycelial growth measurements, three mycelial discs (6 mm diameter) were excised and placed into test tubes containing 3 mL of sterile distilled water. The tubes were vortexed for 15 seconds to dislodge conidia, and the suspensions were filtered through muslin to remove mycelial fragments.

Spore density was quantified using a Malassez counting chamber. Three counts were made per suspension, and the mean number of spores per mL was calculated. The percentage inhibition of sporulation (PIs) was determined as follows (Leroux & Gredet, 1978):

(2)
where Nₘₛ represents the mean spore number in the control and Nₛₑ the mean spore number in the presence of fungicide.

2.2.6. Evaluation of spore germination
Spore germination assays were conducted by spreading 0.1 mL of spore suspension onto PDA media amended with different concentrations of each fungicide. Controls were prepared without fungicide. The plates were incubated at 28 °C in the dark for 48 hours. Germinated and non-germinated spores were counted microscopically (Nana-Doumbouya et al., 2023). A spore was considered germinated when the germ tube length reached at least 10 µm (Mlaiki, 1970).

The inhibition percentage of spore germination (PIg) was calculated using the formula of Leroux and Gredet (1978):

(3)
where Nₒ is the number of germinated spores in the control and Nc is the number of germinated spores in the presence of fungicide concentration c.

2.3. Classification of fungicides according to their levels of efficacy
The percentages of inhibition of mycelial growth, sporulation, and spore germination were converted into probit values to facilitate a quantitative comparison of fungicide efficacy. Regression equations were then established for each fungicide–pathogen combination using the model , where y represents the probit value, a the regression coefficient, b a constant, and x the fungicide concentration expressed as a decimal logarithm.

From these regression lines, the LC₅₀ and LC₉₀ values—corresponding respectively to the concentrations of fungicide causing 50% and 90% reduction of fungal mycelial growth—were determined by graphical projection. These values provided an estimation of the isolate’s sensitivity or resistance to each fungicide.

The classification of fungicide efficacy was based on the scale proposed by Kumar et al. (2007), with minor modifications to fit the current study (Table 5). This classification distinguishes five levels of fungal sensitivity and corresponding degrees of fungicide performance.

Table 5. Classification of fungicide efficacy according to the modified scale of Kumar et al. (2007)

	Ladder
	Mycelial growth inhibition rate classes I (%)
	Levels of fungal sensitivity/resistance
	Levels of fungicide efficacy

	1
	I > 90 %
	Highly sensitive
	Highly effective (+++)

	2
	75 % < I ≤ 90 %
	Sensitive
	Good efficiency ( ++ )

	3
	60 % < I ≤ 75 %
	Moderately resistant
	Average efficiency ( + )

	4
	40 % < I ≤ 60 %
	Resistant
	Low efficiency ( – )

	5
	I ≤ 40 %
	Highly resistant
	Very low efficiency ( – )



2.4. Data analysis
Data on mycelial growth inhibition, sporulation, and spore germination of Colletotrichum spp. and Fusarium spp. were entered and pre-processed using Microsoft Excel 2016. Prior to statistical analysis, the Lilliefors test was applied to assess the normality of each dataset at a significance level of 5%.

Since most data did not follow a normal distribution, non-parametric analyses were performed using XLSTAT software (version 2016). Specifically, the Kruskal–Wallis test was used to compare inhibition rates, sporulation, and spore germination among treatments at the 5% significance level. When significant differences were detected, mean separation was carried out using the Conover–Iman post-hoc test at the same threshold.

To further explore patterns of fungicidal performance, a Hierarchical Ascending Classification (HAC) was conducted to group fungicides according to their efficacy levels across the evaluated parameters.

3. RESULTS AND DISCUSSION

3.1. Effect of synthetic and biological fungicides on the in vitro growth of Colletotrichum and Fusarium
Among the twelve fungicides tested, five synthetic formulations — Chlorothalonil + Carbendazim, Carbendazim + Mancozeb, Azoxystrobin + Mancozeb, Picoxystrobin + Mancozeb, and Difenoconazole + Spiroxamine — completely inhibited mycelial growth of both Colletotrichum and Fusarium isolates at all concentrations tested. The remaining seven fungicides exhibited partial inhibitory effects, acting variably on mycelial growth, sporulation, or spore germination.

The inhibition rates for these fungicides were recorded on the ninth day of incubation, corresponding to the point at which the control colonies fully covered the Petri dishes. Statistical analysis using the Conover–Iman test (p < 0.05) revealed six distinct efficacy groups for both fungal genera (Figures 3 and 4).

For Colletotrichum, the aqueous extract of Chromolaena odorata showed the lowest inhibition rate (7.56%), forming the first group. The copper hydroxide fungicide, with an inhibition rate of 69.85%, constituted the second group. The essential oil of Lippia multiflora occupied the third group with a 71.06% inhibition rate. The fourth group was represented by Azoxystrobin + Difenoconazole and the biological fungicide Thymol–Gamma terpinene–Eugenol (NECO), which showed comparable inhibition rates of 85.00% and 84.49%, respectively. The Difenoconazole fungicide alone formed the fifth group with an inhibition rate of 89.62%. Finally, mancozeb was the most effective among the partially inhibitory fungicides, forming the sixth group with 92.53% inhibition.

For Fusarium, a similar pattern was observed. The aqueous extract of C. odorata exhibited the lowest inhibition (7.33%), followed by copper hydroxide (75.31%) and L. multiflora essential oil (78.81%), forming the first three groups. The fourth group consisted solely of NECO, with an inhibition rate of 86.52%. Azoxystrobin represented the fifth group, while Mancozeb and Difenoconazole, with inhibition rates of 96.21% and 97.81%, respectively, were classified into the sixth and most effective group.


Figure 3. In vitro mycelial growth inhibition rates of Colletotrichum isolates exposed to all fungicide treatments nine days after incubation. 
Bars sharing the same letters are not significantly different at the 5% significance level according to the Conover–Iman test.


Figure 4. In vitro mycelial growth inhibition rates of Fusarium isolates exposed to all fungicide treatments nine days after incubation. 
Bars sharing the same letters are not significantly different at the 5% significance level according to the Conover–Iman test.

3.2. Effect of synthetic and biological fungicides on spore production by Colletotrichum and Fusarium
Spore production was observed at all fungicide concentrations that permitted mycelial growth. The presence and abundance of spores varied significantly depending on the type and concentration of the fungicide. Media supplemented with the aqueous extract of Chromolaena odorata consistently exhibited very high spore densities at all five concentrations tested for both fungal genera (Tables 6 and 7).

In contrast, treatments with difenoconazole, copper hydroxide, and the combination azoxystrobin + difenoconazole supported relatively high levels of sporulation at lower concentrations (D1 = 2.5 mL/L and D2 = 5 mL/L). However, spore production decreased markedly as concentration increased.

Among all treatments, Lippia multiflora essential oil extract and mancozeb were the most effective in reducing sporulation, as they yielded the lowest number of spores across all tested concentrations. The biological fungicide Thymol–Gamma terpinene–Eugenol (NECO) also exhibited a strong inhibitory effect, producing only a small number of spores at D1 (40 mL/L), while completely suppressing sporulation at D2 (80 mL/L) and D3 (160 mL/L).

Similarly, no spores were detected in media treated with D1 (2.5 mL/L) and D2 (5 mL/L) of copper hydroxide, D3 (10 mL/L) of azoxystrobin + difenoconazole, and D4 (5 mL/L) and D5 (10 mL/L) of Lippia multiflora essential oil extract, confirming the complete inhibition of fungal development at these concentrations.
Table 6. Effect of different fungicides and their concentrations on Colletotrichum spore production after nine days of incubation on PDA medium

	Fungicides
	Spore production as a function of concentrations

	
	D1 or T1
	D2 or T2
	D3 or T3
	T4
	T5

	Mancozeb
	+
	+
	+
	
	

	Difenoconazole
	+++
	++
	+
	
	

	Copper hydroxide
	++
	+
	–
	
	

	Azoxystrobin + Difenoconazole
	++
	+
	+
	
	

	NECO
	+
	–
	–
	
	

	Chromolaena odorata
	+++
	+++
	+++
	+++
	+++

	Lippia multiflora
	+
	+
	–
	–
	–


+++ = Very high spore production; ++ = High spore production; + = Moderate spore production; – = No spores detected. For synthetic fungicides, three concentrations were tested: half the recommended dose (D1), the recommended dose (D2), and double the recommended dose (D3). The biological fungicide Thymol–Gamma terpinene–Eugenol was tested at concentrations of 40, 80, and 160 mL/L (designated as D1, D2, and D3, respectively). The aqueous extract of Chromolaena odorata and the essential oil of Lippia multiflora were evaluated at five concentrations (T1–T5): 3.12, 6.25, 12.5, 25, and 50 mg/mL.

Table 7. Effect of different fungicides and their concentrations on Fusarium spore production after nine days of incubation on PDA medium

	Fungicides
	Spore production as a function of concentrations

	
	D1 or T1
	D2 or T2
	D3 or T3
	T4
	T5

	Mancozeb
	+
	+
	+
	
	

	Difenoconazole
	+++
	++
	+
	
	

	Copper hydroxide
	++
	–
	–
	
	

	Azoxystrobin + Difenoconazole
	++
	+
	–
	
	

	NECO
	++
	–
	–
	
	

	Chromolaena odorata
	+++
	+++
	+++
	+++
	+++

	Lippia multiflora
	+++
	+++
	+
	–
	–


+++ = Very high spore production; ++ = High spore production; + = Moderate spore production; – = No spores detected. For synthetic fungicides, three concentrations were tested: half the recommended dose (D1), the recommended dose (D2), and double the recommended dose (D3). The biological fungicide Thymol–Gamma terpinene–Eugenol was tested at concentrations of 40, 80, and 160 mL/L (designated as D1, D2, and D3, respectively). The aqueous extract of Chromolaena odorata and the essential oil of Lippia multiflora were evaluated at five concentrations (T1–T5): 3.12, 6.25, 12.5, 25, and 50 mg/mL.

3.3. Effect of synthetic and biological fungicides on the germination of Colletotrichum and Fusarium spores
The effects of fungicides and their concentrations on spore germination are summarized in Tables 8 and 9. In general, the spore germination rate decreases with increasing concentration for all fungicides tested. The combination of azoxystrobin + difenoconazole, NECO, and difenoconazole alone are the active ingredients that effectively inhibit spore germination of Colletotrichum isolates. With these fungicides, the germination inhibition rates are 69.76%, 59.02%, and 67.95% at concentration D1 (2.5, 40, and 1.33 ml/l for azoxystrobin + difenoconazole, NECO, and difenoconazole, respectively). From D2 (5; 80 and 2.66 ml/l for Azoxystrobin + Difenoconazole, NECO and Difenoconazole respectively), all fungicides inhibit spore germination by more than 75%. At concentration D3, 10, 160, and 5.32 ml/l for Azoxystrobin + Difenoconazole, NECO, and Difenoconazole, respectively, the fungicide NECO completely inhibited spore germination, while with Lippia multiflora oil extract, inhibition was complete from D4 (5 ml/l). 

For the Fusarium genus, the active ingredients Mancozeb, Difenoconazole, and NECO were effective. Except for Azoxystrobin, Copper Hydroxide, and Difenoconazole, the D2 concentration (5 ml/l) was sufficient to inhibit spore germination with all other fungicides completely. With the biological fungicide consisting of Lippia multiflora oil extract, the D4 concentration (5 ml/l) completely inhibited spore germination.

Table 8: Effect of different fungicides and their concentration on the germination of Colletotrichum spores 

	Fungicides
	Spore germination inhibition rate (%)

	
	D1 or T1
	D2 or T2
	D3 or T3
	T4
	T5

	Mancozeb
	34.41 b
	34.68 b
	44.67 a
	
	

	Difenoconazole
	59.02 ab
	69.27 c
	76.59 bc
	
	

	Copper hydroxide
	64.25 c
	64.88 ab
	70.65 c
	
	

	Azoxystrobin + Difenoconazole
	69.76 d
	74.73 bc
	75.47 bc
	
	

	NECO
	67.95 bc
	85.04 d
	100.00 d
	
	

	Chromolaena odorata
	27.58 a
	30.29 a
	64.15 ab
	72.44 a
	75.08 a

	Lippia multiflora
	58.54 ab
	59.25 b
	60.15 b
	100.00 b
	100.00 b


For synthetic fungicides, three concentrations were tested: half the recommended dose (D1), the recommended dose (D2), and double the recommended dose (D3). The biological fungicide Thymol–Gamma terpinene–Eugenol was tested at concentrations of 40, 80, and 160 mL/L (designated as D1, D2, and D3, respectively). The aqueous extract of Chromolaena odorata and the essential oil of Lippia multiflora were evaluated at five concentrations (T1–T5): 3.12, 6.25, 12.5, 25, and 50 mg/mL.
Values followed by the same letters in a column are statistically identical at the 5% significance level according to the Conover-Iman test. 

Table 9. Effect of different fungicides and their concentrations on Fusarium spore germination.

	Fungicides
	Spore germination inhibition rate (%)

	
	D1 or T1
	D2 or T2
	D3 or T3
	T4
	T5

	Mancozeb
	47,24 b
	100,00 d
	100,00 d
	
	

	Difenoconazole
	80,71 d
	85,81 c
	87,21 c
	
	

	Copper hydroxide
	47,24 b
	52,49 b
	59,79 ab
	
	

	Azoxystrobin + Difenoconazole
	44,17 a
	51,82 b
	59,51 ab
	
	

	NECO
	65,09 c
	100,00 d
	100,00 d
	
	

	Chromolaena odorata
	47,46 b
	48,82 a
	53,47 b
	61,50 a
	68,95 a

	Lippia multiflora
	46,25 b
	47,49 a
	49,27 a
	100,00 b
	100,00 b


For synthetic fungicides, three concentrations were tested: half the recommended dose (D1), the recommended dose (D2), and double the recommended dose (D3). The biological fungicide Thymol–Gamma terpinene–Eugenol was tested at concentrations of 40, 80, and 160 mL/L (designated as D1, D2, and D3, respectively). The aqueous extract of Chromolaena odorata and the essential oil of Lippia multiflora were evaluated at five concentrations (T1–T5): 3.12, 6.25, 12.5, 25, and 50 mg/mL.

Values followed by the same letters in a column are statistically identical at the 5% significance level according to the Conover-Iman test. 

3.4. Hierarchical classification of fungicides based on efficacy against Colletotrichum and Fusarium
Hierarchical Ascending Classification (HAC) was employed to categorize the twelve tested fungicides into distinct efficacy groups based on their combined effects on mycelial growth, sporulation, and spore germination.

For Colletotrichum isolates, the HAC delineated three primary groups (G1, G2, and G3), encompassing 41.66%, 8.34%, and 50% of the fungicides, respectively (Figure 5). Group 1 comprised five synthetic fungicide combinations: Azoxystrobin + Mancozeb (Az+Ma), Picoxystrobin + Mancozeb (Pi+Ma), Difenoconazole + Spiroxamine (Di+Sp), Carbendazim + Mancozeb (Ca+Ma), and Chlorothalonil + Carbendazim (Ch+Ca). These formulations demonstrated complete inhibition (100%) of mycelial growth, sporulation, and spore germination for all Colletotrichum and Fusarium isolates. In stark contrast, Group 2 contained solely the aqueous extract of Chromolaena odorata (Ea CO), which exhibited negligible efficacy across all three measured parameters. Group 3 included fungicides with intermediate to high efficacy, namely Azoxystrobin + Difenoconazole (Az+Di), Difenoconazole (Di), Copper Hydroxide (Hc), Mancozeb (Ma), the oily extract of Lippia multiflora (He LM), and the biofungicide NECO. The products in this group inhibited mycelial growth, sporulation, and spore germination of the pathogens within a range of 50% to 97%.

A similar HAC analysis for Fusarium isolates also yielded three groups, though with a different composition (Figure 6). Group 1 (41.66% of fungicides) was identical to that for Colletotrichum, containing the same five synthetic combinations that provided complete inhibition. Group 2 (41.66%) consisted of Azoxystrobin + Difenoconazole (Az+Di), Difenoconazole (Di), Copper Hydroxide (Hc), Mancozeb (Ma), and the biofungicide NECO, which suppressed fungal development by 50% to 97%. Group 3 (16.66%) contained the two plant-derived extracts: the essential oil of Lippia multiflora (He LM) and the aqueous extract of Chromolaena odorata (Ea CO). The inhibitory effects of the compounds in this group ranged from 6% to 88%.
 (
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Figure 5: Dendrogram from Hierarchical Ascending Classification (HAC) of fungicides tested against Colletotrichum sp. isolates based on their efficacy.
Az+Ma: Azoxystrobin + Mancozeb; Pi+Ma: Picoxystrobin + Mancozeb; Di+Sp: Difenoconazole + Spiroxamine; Ca+Ma: Carbendazim + Mancozeb; Ch+Ca: Chlorothalonil + Carbendazim; Ea CO: Chromolaena odorata aqueous extract; Az+Di: Azoxystrobin + Difenoconazole; Di: Difenoconazole; Hc: Copper hydroxide; Ma: Mancozeb; He LM: Lippia multiflora oil extract; NECO: Thymol-Gamma terpinene Eugenol.
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Figure 6: Dendrogram from Hierarchical Ascending Classification (HAC) of fungicides tested against Fusarium sp. isolates based on their efficacy.
Abbreviations are as defined in Figure 5.


3.5. Discussion
This study provides an in vitro assessment of the efficacy of nine synthetic and three biological fungicides against key developmental stages—mycelial growth, sporulation, and spore germination—of Colletotrichum and Fusarium pathogens affecting black pepper in Côte d’Ivoire. All tested products exhibited some degree of influence on these fungal life stages, with efficacy varying considerably among the different active ingredients and formulations.

The most pronounced inhibition of mycelial growth for both fungal genera was achieved by five synthetic fungicide combinations: Chlorothalonil + Carbendazim, Carbendazim + Mancozeb, Azoxystrobin + Mancozeb, Picoxystrobin + Mancozeb, and Difenoconazole + Spiroxamine, which resulted in complete suppression. Other synthetic formulations, namely mancozeb, difenoconazole, copper hydroxide, and azoxystrobin + difenoconazole, significantly reduced mycelial growth, sporulation, and spore germination in a dose-dependent manner. As anticipated, the highest concentration (D3, twice the recommended dose) was generally the most effective, followed by the recommended dose (D2), while the half-dose (D1) showed the least inhibition. This variability in performance is likely attributable to the distinct modes of action of the respective active ingredients (Petchayo, 2022).

The combination of Chlorothalonil and Carbendazim, a contact and systemic fungicide commonly used in horticulture, demonstrated complete pathogen suppression in our assays. Its efficacy has been similarly documented against fungal diseases in papaya, mango, and banana (Kouadia et al., 2022; Kouadia, 2023). Tonon et al. (2017) reported 100% inhibition of mycelial growth, germination, and sporulation of Colletotrichum gloeosporioides in cashew using this combination, while Camara et al. (2023) noted over 70% inhibition of mycelial growth in Fusarium sp. and Curvularia sp. However, these results contrast with findings by Hamdache et al. (2010), who reported only moderate efficacy against Botrytis cinerea.

Carbendazim, a benzimidazole, disrupts fungal cell division by interfering with chromatic spindle formation and function (Davidse and Flach, 1978). It inhibits beta-tubulin synthesis, thereby impeding reproduction, germ tube development, appressoria formation, and mycelial growth. The high efficacy of carbendazim, even at low concentrations, is well-established (Silué, 2019; Soro et al., 2023), with Filoda (2008) reporting mycelial growth inhibition exceeding 80% at minimal doses.

Mancozeb, a multisite contact fungicide from the dithiocarbamate family, is believed to disrupt microtubule activity, which is critical for nutrient transport and cell division in fungi (Kouadia et al., 2022; Kouadia, 2023). Its broad-spectrum activity has led to its use against approximately 400 fungal pathogens on over 100 crops (Kouadia et al., 2022; Kouadia, 2023; Ngoh et al., 2021a). Supporting our findings, Ngoh et al. (2021b) reported inhibitory effects of mancozeb on the radial growth of Phytophthora infestans, Botrytis cinerea, and C. gloeosporioides, and Kassankogno et al. (2023) demonstrated high efficacy against Curvularia lunata in rice, with mycelial growth inhibition exceeding 95%.

Azoxystrobin, a systemic strobilurin, functions preventively and curatively by inhibiting mitochondrial energy production. Several studies have confirmed its effectiveness against various phytopathogenic fungi. For instance, Nana et al. (2023) reported its efficacy against Cercospora leaf spot in groundnut, while Camara et al. (2023) and Kouadio et al. (2017) observed 82.73% inhibition of Curvularia sp. mycelial growth in vitro at 50 ppm. Picoxystrobin, another strobilurin, shares a broad spectrum of activity and high efficacy in both preventive and curative applications, interacting with multiple enzyme systems in a manner akin to multisite fungicides but with prolonged effects (Leroux, 2003). The robust results obtained from combining mancozeb with either azoxystrobin or picoxystrobin in this study can be attributed to the complementary modes of action of these compounds. This aligns with the findings of Hrabětová et al. (2016), who highlighted the effectiveness of combining fungicides from triazole, strobilurin, and dithiocarbamate groups for managing fungal diseases.

The combination of difenoconazole (a triazole) and spiroxamine (a morpholine) acts by inhibiting sterol biosynthesis (IBS), a mode of action employed against a wide range of fungi and accounting for nearly 30% of the global fungicide market (Mbaye et al., 2008). Difenoconazole is recognized as one of the most potent triazoles and has proven effective against pathogens such as Venturia inaequalis, the causal agent of apple scab (Irina et al., 2021).

Copper hydroxide, an inorganic contact fungicide registered for foliar application, demonstrated promising efficacy in our tests. This may be explained by the fact that the tested Colletotrichum and Fusarium isolates were primarily obtained from symptomatic pepper leaves, the primary target for such a protectant. Its effectiveness against Curvularia lunata has also been reported (Kassankogno et al., 2023).

Among the biofungicides, the formulation NECO (Thymol–Gamma terpinene–Eugenol) was the most effective, followed by the essential oil of Lippia multiflora. In contrast, the aqueous extract of Chromolaena odorata showed negligible activity against the mycelial growth of both pathogens across all tested doses. The high efficacy of NECO corroborates the work of Bamba et al. (2023), who reported complete inhibition of Sclerotium rolfsii mycelial growth at concentrations of 1000 and 2000 ppm. Similarly, Kouadia (2023) demonstrated the in vitro efficacy of NECO against Colletotrichum gloeosporioides on various fruits. The activity of Lippia multiflora essential oil is consistent with findings by Sirima et al. (2020), who documented its efficacy against Alternaria sp. on tomato in Burkina Faso.

Evaluation of fungicide effects on spore germination highlighted the efficacy of mancozeb and difenoconazole. These active ingredients are known to disrupt fungal metabolism by blocking thiol groups and inhibiting processes such as nucleic acid synthesis, fatty acid breakdown, or glucose oxidation. Our results are supported by Silué (2019), who demonstrated the effectiveness of mancozeb and mancozeb + cymoxanil on spore germination and mycelial growth of C. gloeosporioides from cashew. Furthermore, Shcherbakova et al. (2020) confirmed the inhibitory effect of triazoles on mycelial growth and spore germination in various Fusarium strains affecting wheat.

Currently, no fungicides are officially registered for use against pepper pathogens in Côte d’Ivoire. To broaden the arsenal available to farmers for managing Colletotrichum and Fusarium diseases, it is imperative to extend these investigations to include other synthetic and biological fungicides. Such efforts would be instrumental in diversifying the options for effective and sustainable pathogen control within integrated disease management frameworks.

4. CONCLUSION

This study provides compelling in vitro evidence for the potential of integrating both synthetic and biological fungicides into the management of fungal diseases affecting black pepper in Côte d’Ivoire. Our findings demonstrate that several synthetic formulations, namely Chlorothalonil + Carbendazim, Carbendazim + Mancozeb, Azoxystrobin + Mancozeb, Picoxystrobin + Mancozeb, and Difenoconazole + Spiroxamine, elicited complete inhibition of mycelial growth in both Colletotrichum and Fusarium isolates. Notably, this high efficacy was consistent across all tested concentrations, including half the recommended dose (D1), the full recommended dose (D2), and double the recommended dose (D3).

In contrast, other synthetic active ingredients, such as Mancozeb alone, Copper Hydroxide, Difenoconazole, and the combination of azoxystrobin and difenoconazole, exhibited a dose-dependent response. These compounds moderately suppressed mycelial growth at the recommended dose (D2) and achieved complete inhibition at the higher concentration (D3).

Evaluation of biological fungicides revealed distinct performance levels. The formulation Thymol–Gamma terpinene–Eugenol (NECO) proved highly effective, completely inhibiting mycelial growth at doses D2 (80 mL/L) and D3 (160 mL/L). The essential oil of Lippia multiflora also showed promising, concentration-dependent efficacy, with significant inhibition observed at doses D3 (12.5 mL/L), D4 (25 mL/L), and D5 (50 mL/L). Conversely, the aqueous extract of Chromolaena odorata exhibited limited antifungal activity across the entire concentration range tested (3.12 to 50 mg/mL).

In summary, this research confirms the significant potential of specific biopesticides, particularly Lippia multiflora essential oil and the NECO formulation, as viable components for integrated disease management strategies in black pepper. However, to translate these promising in vitro results into practical applications, further validation under field conditions is essential. Such studies are needed to confirm efficacy, determine optimal application regimes, and develop sustainable control strategies tailored to the local production systems of Côte d’Ivoire.
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