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Effect of new generation fungicides against Fusarium solani causing root rot of Papaya (Carica papaya L.)

Abstract 
Aims: The study aims to evaluate the effectiveness of fungicides in controlling Papaya (Carica papaya L.) root rot caused by Fusarium solani. Background: The persistent challenge of root rot, exacerbated by inadequate control measures, underscores the necessity for innovative disease management strategies. The advent of new-generation fungicides marks a significant progression in the management of plant diseases, particularly root rot in papaya. These fungicides are engineered for more precise action, demonstrating enhanced efficacy at lower application rates while minimizing environmental repercussions compared to conventional fungicides. Their development is a response to the escalating issue of resistance among fungal pathogens and the imperative for sustainable agricultural practices. Methodology: This research was conducted during the 2022-23 period at the ICAR-AICRP on the Fruits experimental field and the Fruit Pathology Laboratory at RPCAU Pusa, Bihar, India. In this study, ten distinct new-generation fungicides were assessed in vitro at varying concentrations of 50, 100, 150, 250, and 500 ppm against Fusarium solani, the causative agent of root rot in papaya, utilizing the poisoned food technique. The data collected from the experiments were statistically analyzed using one-way ANOVA, facilitated by Past 4.0 software.  Findings: The findings reveal that the fungicides assessed successfully mitigated root rot disease caused by Fusarium solani. The combination of Metalaxyl and Mancozeb at 100 ppm emerged as the most effective treatment, achieving a 93.41% inhibition rate compared to the control, while Tebuconazole at the same concentration resulted in a 91.18% inhibition. Conversely, Fosetyl-Al at 100 ppm was the least effective, exhibiting only a 25.92% inhibition rate. Conclusion & Recommendation:  The combination of Metalaxyl and Mancozeb at 100 ppm demonstrated exceptional efficacy, completely inhibiting fungal mycelial growth. Therefore, this study recommends further research on the Metalaxyl and Mancozeb combination in large-scale field trials to confirm its potential as an effective control measure for papaya root rot.
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1. Introduction
Papaya (Carica papaya L.) is a widely recognized tropical fruit that is classified within the Caricaceae family (Wang et al., 2025). Carica is the largest of the four genera with 48 species, among which Carica papaya L. is most important and cultivated all over the world (Bachkar et al. 2021 and Waller, 1992). The popularity of papaya fruit has made it ubiquitous in tropical and subtropical regions of the world. Papaya is the native of tropical America (Godínez et al. 2024). Among the 21 species in the Carica genus, five—namely C. papaya, C. chilensis, C. goudotiana, C. monoica, and C. pubescens—are known to produce edible fruits (Saran et al., 2016). Often referred to as the "common man’s fruit," papaya is valued for its rich content of calcium, vitamins (A, B1, B2, and C), dietary fibers, and a variety of antioxidants (Ademe et al., 2013). Additionally, papaya contains alkaloids such as carpaine, which have numerous industrial uses, along with proteolytic enzymes like pectin (Jiao et al., 2022). In recent years, the production and cultivation of papaya have expanded significantly, positioning India as the leading producer of this fruit globally. As of now, India's papaya output is estimated at 5.51 million tons, cultivated over an area of 0.126 million hectares, yielding an average productivity of 43.7 tons per hectare, which accounts for 42.6% of the global papaya production (Ministry of Agriculture and Farmers Welfare, Govt. of India, 2024-25). Throughout various phases of the pre- and postharvest processes, crops are subjected to numerous biotic and abiotic stresses that can promote the proliferation of diverse pathogens and the emergence of harmful diseases, ultimately resulting in significant losses. The initial identification of root rot disease caused by Phytophthora nicotianae was made by Robert and Trujillo (1998), followed by the discovery of Pythium aphanidermatum as another root rot pathogen by Rodriguez and colleagues in 2001. In India, a novel disease known as Papaya root rot was first documented at the experimental farm of Dr. RPCAU in Pusa and in other regions of Bihar, with its aetiology remaining unidentified during the years 2011-2012 (Gupta et al., 2020). Recently, this disease has emerged as a significant threat to Papaya cultivation, leading to crop failures ranging from 90% to 95% and the eventual collapse of entire plantations, which have resulted in substantial economic losses for farmers. Fusarium solani (Mart.) Sacc. has been recognized as the pathogen responsible for root rot disease in the agroecological context of Bihar (Gupta et al., 2020). This pathogen possesses a broad host range and can persist in the soil for extended periods, thereby complicating crop rotation strategies and posing an ongoing risk to subsequent Papaya crops (Smith et al., 2021). The formulation of an effective management plan for this disease is of paramount importance and remains a primary focus for researchers. Addressing the symptoms associated with root rot and devising robust management strategies are crucial for safeguarding Papaya crops and mitigating the economic repercussions of the disease. Current management approaches for Fusarium solani, including the use of disease-free planting materials, crop rotation, and soil fumigation, provides only marginal protection and is often economically impractical for small-scale farmers. Additionally, the lack of Papaya varieties that exhibit resistance to this pathogen complicates disease management efforts (Patel and Patel, 2022). While fungicides pose various health risks, they have been demonstrated to be an effective control measure (Maitlo et al., 2014). A range of chemicals is available for the management of the Fusarium pathogen, and identifying the most effective chemical along with its optimal dosage could represent a significant advancement for those investing in Papaya cultivation(Reddy et al. 2024; Lee et al. 2024). This study aims to evaluate the effectiveness and optimal dosages of commonly used fungicides in the control of this disease. Consequently, the research was conducted to compare the efficacy of different fungicides against Fusarium solani, the pathogen responsible for root rot in Papaya.
2. Material and Methods 
Standard laboratory methods were employed for the preparation of PDA media, the cleaning and sterilization of glassware, the isolation of fungi, as well as the inoculation and maintenance of fungal cultures, with modifications applied as needed.
2.1.  Collection, Isolation and maintenance of pathogens 
Samples were collected from the rhizosphere of Papaya roots. These samples were transported to the laboratory, where they were thoroughly washed under running water to eliminate any dirt and dust. Subsequently, they were stored in a refrigerator for further analysis. The diseased samples were cut into small pieces measuring 5–6 mm, subjected to surface sterilization using a 0.1% HgCl2 solution, and then rinsed three times with sterile distilled water. Following this, the samples were plated onto potato dextrose agar (PDA) that had been supplemented with streptomycin at a concentration of 0.05 g per litre. The plates were incubated at 28 °C for a duration of five days. The pathogens that were isolated were identified through microscopic examination, and pure cultures were subsequently preserved.
2.2.  Preparation of stock solution
A stock solution of 10,000 ppm of Propiconazole 25% EC (Tilt) was prepared by dissolving 4 mL of the fungicide in 10 mL of sterilized distilled water. In a similar manner, the following compounds were incorporated into 10 mL of sterilized distilled water to create 10,000 ppm stock solutions: 1.33 g of Tebuconazole 50% + Trifloxystrobin 25% WG (Nativo), 0.138 g of Metalaxyl 8% + Mancozeb 64% WP (Krilaxyl), 0.125 g of Fosetyl-AL 80% WP (Aliette), 0.133 g of Carbendazim 12% (SAAF) + Mancozeb 63% WP, 0.435 mL of Azoxystrobin 23% SC (Amistar), 0.149 g of Iprovalicarb 5.5% + Propineb 61.25% WP (Melody Duo), 0.2 mL of Fluopyram 250 g/ + Trifloxystrobin 250 g/lit SC (Luna Sensation), 0.260 mL of Tebuconazole 38.39% w/w (Bonous), and 2 mL of Hexaconazole 5% EC (Contaf).
2.3.  Poison food technique
Ten new generation fungicides were evaluated in vitro against the pathogen using the poison food technique as described by Sharvelle (1960). Stock solutions were prepared at a concentration of 10,000 ppm for each fungicide. A total of 60 mL of sterilized potato dextrose medium was combined with varying volumes of the stock solution—0.3 mL, 0.6 mL, 0.9 mL, 1.5 mL, and 3 mL to achieve final concentrations of 50, 100, 150, 250, and 500 ppm, respectively. Subsequently, 20 mL of each poisoned medium concentration was transferred into sterilized Petri dishes and allowed to solidify under aseptic conditions. An 8 mm disc from a seven-day-old culture of the pathogen was then placed at the centre of each Petri dish and incubated at 25 ± 2 °C. A control was established using a pathogen culture disc placed in a medium devoid of fungicide. Each treatment was replicated three times. The radial growth of the pathogen was measured on the 3rd, 5th, and 10th days. The percentage inhibition of the pathogen was calculated following the method outlined by McKinney (1923), by comparing the growth in the poisoned medium to that in the control.
Table 1: List of new-generation Fungicides used against Fusarium solani causal agents of Papaya root rot
		Trade name
	Chemical name
	Formulation

	Nativo
	Tebuconazole 50% +Trifloxystrobin 25% WG
	75 WG*

	Tilt
	Propiconazole 25% EC
	25 EC**

	Krilaxyl
	Metalaxyl 8% + Mancozeb 64 % WP
	72 WP***

	Aliette
	Fosetyl-AL 80% WP
	80 WP

	SAAF
	Carbendazim 12% + Mancozeb 63% WP
	75WP

	Amistar
	Azoxystrobin 23%SC
	23SC****

	Melody Duo
	Iprovalicarb5.5% + Propineb 61.25% WP
	66.75WP

	Luna sensation
	Fluopyram 250g/lit +Trifloxystrobin 250 g/lit SC
	500G/lit SC

	Bonous
	Tebuconazole 38.39% w/w
	38w/w

	Contaf
	Hexaconazole 5% EC
	5% EC


(*WG-Water-dispersible granule, **EC- Emulsifiable concentrate, ***WP-Wettable powder, ****SC- Suspension concentrates). 
2.4. Statistical analysis
All experiments were performed in a controlled laboratory environment and were statistically executed using a completely randomized design (CRD and FCRD). The data collected from the experiments were statistically analyzed using one-way ANOVA, facilitated by Past 4.0 software.
3. Result and discussion
3.1. Effect of different new generation fungicides against Fusarium solani causing Root rot of Papaya in laboratory condition. 
A total of ten new generation fungicides, including Propiconazole, Tebuconazole combined with Trifloxystrobin, Metalaxyl in conjunction with Mancozeb, Fosetyl-Al, Carbendazim paired with Mancozeb, Iprovalicarb combined with Propineb, Azoxystrobin, Tebuconazole, Fluopyram in combination with Trifloxystrobin, and Hexaconazole, were assessed at concentrations of 50, 100, 150, 250, and 500 ppm for their efficacy against Fusarium solani, the pathogen responsible for root rot in papaya. Among the treatments, the combination of Metalaxyl and Mancozeb demonstrated the highest effectiveness at 100 ppm, achieving an inhibition rate of 93.41% compared to the control. In contrast, Tebuconazole at the same concentration exhibited a 91.18% inhibition rate. Notably, Fosetyl-Al at 100 ppm was the least effective fungicide, resulting in only 25.92% inhibition (refer to Table 2).
Table: 2: In vitro effects of different new generation fungicides against Fusarium solani causing root rot of Papaya 
	S.N
	Name of the Fungicide
	Concentration (ppm)
	Radial mycelial growth of Fusarium solani (mm)
	Inhibition over control (%)

	1

	Propiconazole (Tilt)
 25% EC
	50
	26.13
	70.96

	
	
	100
	24.60
	72.66

	
	
	150
	20.33
	77.40

	
	
	250
	11.03
	87.74

	
	
	500
	9.03
	89.96

	2.
	Tebuconazole50% + Trifloxystrobin 25%WG(Nativo)

	50
	20.70
	77.00

	
	
	100
	15.00
	83.33

	
	
	150
	12.83
	85.74

	
	
	250
	11.03
	87.74

	
	
	500
	9.03
	89.96

	3.
		Metalaxyl 8 %+Mancozeb
64%WP, MZ 72% WP
(Krilaxyl)

	



	50
	42.23
	53.74

	
	
	100
	5.90
	93.44

	
	
	150
	8.06
	91.03

	
	
	250
	6.00
	93.33

	
	
	500
	5.96
	93.37

	4.
	Fosetyl-AL(Aliette)
80% WP

	50
	86.56
	3.81

	
	
	100
	66.66
	25.92

	
	
	150
	67.00
	25.55

	
	
	250
	50.90
	43.44

	
	
	500
	14.00
	84.44

	5.
		Carbendazim (SAAF)12%
 + Mancozeb 63 % WP

	



	50
	23.16
	74.25

	
	
	100
	20.20
	77.55

	
	
	150
	17.50
	80.55

	
	
	250
	14.33
	84.07

	
	
	500
	15.66
	82.59

	6.
	Iprovalicarb 5.5 %                          (Melody Duo)+ Propineb
 61.25% WP

	50
	18.30
	79.66

	
	
	100
	45.50
	49.44

	
	
	150
	45.83
	49.07

	
	
	250
	31.50
	65.00

	
	
	500
	25.13
	72.07

	 7. 
	Azoxystrobin 
(Amistar) 23% SC

	50
	24.03
	73.29

	
	
	100
	27.16
	69.81

	
	
	150
	27.16
	69.81

	
	
	250
	23.66
	73.70

	
	
	500
	20.36
	77.37

	8.
	Tebuconazole
 (Bonous) 38.39% w/w

	50
	12.16
	86.48

	
	
	100
	7.93
	91.18

	
	
	150
	7.70
	91.44

	
	
	250
	6.73
	92.51

	
	
	500
	5.33
	94.07

	9.
	Fluopyram 250g/l + Trifloxystrobin 250 g/l SC
(Luna sensation)
	50
	13.50
	85.00

	
	
	100
	13.33
	85.18

	
	
	150
	24.00
	73.33

	
	
	250
	20.03
	77.74

	
	
	500
	10.83
	87.96

	10.
	Hexaconazole
(contaf)5%EC
	50
	36.73
	59.18

	
	
	100
	31.03
	65.51

	
	
	150
	28.00
	68.88

	
	
	250
	25.33
	71.85

	
	
	500
	24.66
	72.59

	
	Control
	90.00
	0.00

	
	SE(m) ±
	1.53
	

	
	C.D. at 5%
	4.30
	

	
	C.V. (%)
	2.17
	


Javaid et al. (2004) identified Benomyl as the most potent fungicide against Fusarium solani, with Ridomil gold (Metalaxyl) following closely. Mallesh and Narendrappa (2010) demonstrated that mancozeb and carbendazim achieved complete inhibition of F. solani across all tested concentrations in vitro. In a separate study by Muneeb et al. (2011), Carbendazim at concentrations of 100, 200, and 500 ppm was found to exert the highest percentage of inhibition on fungal pathogens, including Fusarium oxysporum f. sp. ciceri, Fusarium solani, and Rhizoctonia solani, which were isolated from wilt-infected chickpea (Cicer arietinum) plants. Choudhari et al. (2012) evaluated five fungicides against F. solani in vitro and reported that Carbendazim completely inhibited fungal growth at concentrations of 100, 250, and 500 ppm. Additionally, Kumari et al. (2014) assessed four fungicides along with the biocontrol agent Trichoderma viride against Fusarium oxysporum f. sp. cubense in vitro, concluding that both carbendazim at all concentrations and Trichoderma viride were significantly effective in entirely inhibiting the mycelial growth of the pathogen, thereby recommending their use for managing Fusarium wilt in banana. Gupta et al. (2020) conducted a screening of seven fungicides targeting the root rot pathogen, Fusarium solani, and identified Carbendazim as the most effective agent, achieving a 93% reduction in mycelial growth compared to the control, followed closely by Thiophanate methyl, which demonstrated an 89.7% inhibition at a concentration of 150 ppm. In a related investigation, Kumhar et al. (2015) found Copper oxychloride to be the most potent fungicide against Fusarium solani, achieving an 85.05% inhibition over the control. Dorugade et al. (2015) assessed the effectiveness of the fungicide Benomyl at various concentrations against the elephant foot yam pathogen Fusarium solani on potato dextrose agar (PDA), noting that isolate fd-9 from Bidoor was sensitive at 25 ppm, while isolate fs-3 exhibited high resistance at 100 ppm. Ghante et al. (2018) reported that azoxystrobin, hexaconazole, and difenconazole were effective against Fusarium udum in vitro. Gadhave et al. (2020) demonstrated that the inhibition percentages of Azoxystrobin at concentrations of 500 ppm, 750 ppm, and 1000 ppm were 31.29%, 45%, and 52.00%, respectively. Difenconazole showed inhibition rates of 72.59%, 82.82%, and 83.33% at the same concentrations; while Carbendazim achieved complete inhibition (100%) at all tested concentrations against Fusarium lycopersici. Gupta et al. (2020) conducted an assessment of the effectiveness of six fungicides at three distinct concentrations 50, 100, and 150 ppm against five isolates of Fusarium solani using the poisoned food technique in vitro. Their findings indicated that while all six fungicides significantly inhibited the mycelial growth of the pathogen, Carbendazim 50% WP at a concentration of 150 ppm achieved the highest percentage of inhibition (95%) compared to the control, whereas Azoxystrobin exhibited the lowest inhibition rate, ranging from 70% to 74%. Furthermore, Kumar and Verma (2023) highlighted that the repeated application of chemical fungicides may lead to the development of resistance in Fusarium solani, thereby diminishing the efficacy of chemical control measures. In contrast, biological control agents employ a variety of mechanisms to suppress pathogens, which complicates the potential for resistance development and promotes sustained effectiveness.
4. Conclusion
Fungicides are going to play a crucial role in the management of plant diseases in the near future. Many significant plant diseases can be effectively controlled using new systemic compounds that operate efficiently at lower application rates. The findings reveal that the fungicides assessed successfully mitigated root rot disease caused by Fusarium solani. Among all the fungicides tested, the combination of Metalaxyl and Mancozeb at a concentration of 100 ppm exhibited the greatest effectiveness, achieving complete suppression of fungal mycelial growth. Consequently, this study concludes that the Metalaxyl and Mancozeb combination warrants further investigation in large-scale field trials for the control of papaya root rot.
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