
.     

.
              . 


.

..




Original Research Article

Biofumigation Enhances Vegetative Growth and Reduces Vascular Discoloration in Tomato Plants Infected with Fusarium Wilt

ABSTRACT 
	Tomato (Solanum lycopersicum L.) production faces severe threats from Fusarium oxysporum f. sp. lycopersici (Fol), the causal agent of Fusarium wilt, which can cause yield losses of up to 80%. Conventional control methods, such as chemical fungicides, often prove ineffective or environmentally unsustainable. This study investigated the combined use of biofumigation and organic amendments as an eco-friendly alternative for managing Fusarium wilt while enhancing tomato growth and productivity. Field experiments were conducted over two consecutive growing seasons (2015–2016), using a split-plot design with bio-disinfectants (poultry manure, cow dung, CAMAZEB® fungicide, and an untreated control) and biofumigant crops (cabbage, garlic, onion, and an unamended control). Results revealed that the integration of poultry manure with cabbage consistently delivered superior performance, producing the tallest plants (up to 67.0 cm), highest leaf counts (191.7 leaves), and maximum yields (7.37 t/ha). This treatment also significantly (p<0.001) reduced vascular discoloration (severity score: 3.9) and achieved the highest disease reduction (28.2%). Organic amendments, particularly poultry manure, improved soil fertility and microbial activity, enhancing natural pathogen suppression. Cabbage’s glucosinolate-derived compounds exhibited strong antifungal effects, further inhibiting Fol growth. The findings demonstrate that combining biofumigation with organic amendments offers a synergistic and sustainable approach to Fusarium
 wilt management, promoting healthier plant growth and higher yields in infested soils. This approach presents a viable, low-cost solution for smallholder farmers in tropical and subtropical regions, contributing to enhanced food security and agricultural sustainability.
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1. INTRODUCTION 

Tomato (Solanum lycopersicum L.) is one of the most economically important vegetable crops worldwide, with global production exceeding 180 million tons annually (FAO, 2021). However, its cultivation faces significant challenges from soil-borne pathogens, particularly Fusarium oxysporum f. sp. lycopersici (Fol), the causal agent of Fusarium
 wilt (Hassan 2020; Srinivasan et al., 2019; Kanwal et al., 2024). This vascular pathogen infects tomato plants through the root system, colonizing the xylem vessels and leading to characteristic symptoms such as yellowing, wilting, stunting, and vascular browning (Singh et al
., 2017; Srinivasan et al., 2019). Fusarium wilt is responsible for yield losses of up to 80% in susceptible cultivars (Abdurakhmonov
 2024; Rhouma et al., 2024), posing a severe threat to food security and farmer livelihoods, especially in tropical and subtropical regions.

The management of Fusarium wilt has proven challenging due to the pathogen's ability to persist in soil for extended periods through chlamydospores and its wide host range (Khen et al., 2017; Cha et al., 2016). Conventional control methods, such as chemical fungicides, have shown limited efficacy and are increasingly discouraged due to environmental concerns , development of resistant pathogen strains, and disruption of beneficial soil microbiota (El-Baky and Amara 2021; Palmieri et al., 2022; Dutta et al. 2022). Moreover, the overuse of synthetic chemicals has led to the emergence of new, more virulent Fol races, further complicating disease management (Soloneski, 2014). These limitations have intensified the search for sustainable and eco-friendly alternatives, with biofumigation emerging as a promising. Biofumigation is a biologically based soil disinfection method that utilizes the release of volatile bioactive compounds, primarily isothiocyanates (ITCs), from decomposing plant tissues (Pavana et al., 2025; Ziedan, 2022). These compounds are derived from the enzymatic hydrolysis of glucosinolates (GSLs), secondary metabolites abundant in Brassicaceae species such as mustard (Brassica juncea), rapeseed (Brassica napus), and radish (Raphanus sativus) Jed et al., 2001; Plaszkó et al., 2021). When plant tissues are incorporated into the soil, the enzyme myrosinase catalyzes the breakdown of GSLs into ITCs, which exhibit broad-spectrum antimicrobial activity against soil-borne pathogens, including fungi, bacteria, and nematodes (Ntalli et al., 2017; Waisen et al
., 2020).

Many researchers have demonstrated the efficacy of biofumigation in suppressing sol borne pathogens (Ji
,et al., 2024; Chen et al., 2022; Ziedan, 2022). Beyond pathogen suppression, biofumigation enhances soil health by promoting beneficial microbial communities and improving nutrient cycling Zhang et al., 2020; Brianna et al., 2023; Lee et al., 2024). Recent advancements have explored combining biofumigation with other sustainable practices, such as organic amendments and biocontrol agents, to enhance disease suppression (Mawar, et al., 2022; Batistic et al., 2025). The objectives of this study are to evaluate the effects of biofumigation on vegetative growth of tomato infected with Fol and also its effects on vascular discoloration in Fol-infected tomato plants. 
2. material and methods 
Study Site and Experimental Design

The study was conducted at the Teaching and Research Farm of the Federal College of Horticulture, Dadin Kowa, Gombe State, Nigeria, during the 2015 and 2016 growing seasons. The site lies in the Sudan savannah agroecological zone (latitude 10°18′10″ N, longitude 11°31′09″ E, altitude 218 m above sea level), characterized by a mean annual temperature of 28–38°C and rainfall of 600–800 mm (Bello et al., 2024).

Pathogen Isolation and Preparation

The Fusarium oxysporum f. sp. lycopersici (Fol) isolate was obtained from infected tomato stems showing vascular discoloration and wilt symptoms. Tissue samples (5 mm) were surface-sterilized in 0.5% sodium hypochlorite for 3 min, rinsed thrice in sterile distilled water, and plated on Potato Dextrose Agar (PDA) amended with chloramphenicol (0.5 mg/L) to inhibit bacterial growth (Leslie and Summerell, 2015). After incubation at 28 ± 2°C for 5 days, pure cultures were subcultured and incubated for 10 days to induce macroconidia and microconidia production (Arie, 2020). A conidial suspension (10<sup>7</sup> conidia/mL) was prepared by inoculating 200 mL of PDA in a 500 mL conical flask with a 6 mm Fol disc, followed by agitation on a rotary shaker (120 rpm) for 72 h. The suspension was filtered through four layers of muslin cloth, centrifuged at 2,259 × *g* for 10 min, and adjusted to the desired concentration using a hemocytometer (Talekar et al., 2024).

Pathogenicity Test

Tomato cv. UC 82B seedlings were grown in a nursery for 3 weeks. Roots were wounded with a sterile scalpel and dipped in the Fol conidial suspension (10<sup>7</sup> conidia/mL) for 10 min before transplanting into sterilized soil-sand mix (1:2 w/w) in 20 cm diameter pots. Symptoms were monitored for 6 weeks to confirm Koch’s postulates (Abdulkadir et al., 2023).

Experimental Treatments and Setup

The experiment was laid out in a split-plot design with three replications. Soil amendments were assigned to the main plots: which comprised cow dung (9.6 kg/plot), Poultry manure (9.6 kg/plot), CAMAZEB® (positive control; applied 2 weeks before transplanting) and untreated soil (negative control). While, Biofumigant crops were arranged in the sub-plots; consisted of Cabbage (Brassica oleracea; 2.4 kg/plot), Onion (Allium cepa; 0.4 kg/plot), Garlic (Allium sativum; 1.2 kg/plot) and Unamended soil as control. Bio-fumigants were sliced, incorporated 2–3 cm deep, and allowed to decompose for 7 days before transplanting (Haruna, 2023).

Disease Assessment

Vascular discoloration (VD) was assessed on every infected plant using a 1–9 scale (Marley and  Hillocks, 1996): 1=No browning, 2=Browning only around stem base, 3=Patchy browning limited below the first stem node, 4=Strong browning limited below the first stem node, 5=Browning extending above the first stem node, 6=Browning in up to half the total number of nodes, 7= Browning in more than half the stem nodes, 8=Strong vascular browning in all but the uppermost internode, 9= Strong browning throughout the vascular tissue.  The VD value was calculated as the average of scores from all assessed plants.

Data Collection and Analysis

Plant growth parameters (height, leaf number, branches) and yield (fruit weight, shoot/root biomass) were recorded. Vascular discoloration and Percent Disease Reduction were also collected. Data were analyzed using GenStat 17.1 (VSN International, 2014) with ANOVA, and means were separated by LSD (p ≤ 0.05).

3. results and discussion
Effect of Bio-fumigation on Vegetative Growth in Fusarium-Infected Tomato Plants

Results in Table 1 presents the effects of bio-disinfectants (Bio-D) and bio-fumigant crops (Bio-F) on the plant height (cm) of tomatoes infected with Fusarium wilt across three growth stages (pre-flowering, flowering, and fruiting) during the years 2015 and 2016. The treatments included organic amendments (poultry manure, cow dung), a chemical fungicide (CAMAZEB®), and controls, alongside bio-fumigant crops (cabbage, garlic, onion) and an untreated group. Poultry manure consistently resulted in the tallest plants across all growth stages and years, followed by cow dung and CAMAZEB®. The control group showed the lowest plant height, indicating the severity of Fusarium wilt without intervention. Cabbage as a bio-fumigant yielded the tallest plants, followed by garlic and onion. The untreated group performed the worst, highlighting the role of bio-fumigants in disease suppression (Larkin and Griffin, 2007). 

The superiority of poultry manure may be attributed to its high nutrient content (N, P, and K) and microbial activity, which enhance plant growth and suppress pathogens (Bonanomi et al.
, 2018). Cabbage’s efficacy may stem from glucosinolate breakdown products, which have antimicrobial properties against Fusarium spp. (Renz et
 al., 2024). Plant height increased progressively from pre-flowering to fruiting stages, reflecting normal growth dynamics. However, Fusarium wilt stunted growth in controls, as the pathogen disrupts vascular systems (Michielse and Rep, 2009). The 2016 data generally showed higher values than 2015, possibly due to climatic variations or improved soil conditions over time. Interaction was highly significant (p<0.001), indicating synergistic effects when combining organic amendments and bio-fumigants (Haruna
 2023; El-Aswad et al. 2023).
Table 1:
Effect of bio-fumigation on plant height (cm) of tomato infected with Fusarium 


wilt at different stages of tomato growth

	Treatment
	Pre-flowering
	
	flowering
	
	fruiting 
	

	
	2015
	2016
	2015
	2016
	2015
	2016

	Bio-disinfectant (Bio-D)
	
	
	
	
	
	

	Poultry manure
	34.0
	37.9
	43.8
	47.6

	55.9
	59.6

	Cow dung
	31.9
	37.7
	42.9
	47.4

	53.4
	54.6

	CAMAZEB®
	28.5
	34.6
	39.1
	44.5
	50.5
	51.1

	Control
	26.5
	33.2
	33.6
	41.3
	43.8

	48.7

	LSD (P≤0.01)

	2.00
	0.43
	1.87
	0.54
	2.58
	1.16

	Bio-fumigant crop (Bio-F)
	
	
	
	
	
	

	Cabbage
	34.0
	37.5   
	43.5
	47.2
	54.6
	56.9

	Garlic
	32.3
	36.6
	42.5
	46.3
	53.5
	55.8

	Onion
	29.9
	35.4
	39.1
	45.1
	51.2
	52.4

	Untreated
	25.0
	33.9
	34.9
	42.0
	44.2
	48.6

	LSD (P≤0.01)
	0.75
	0.30
	0.95
	0.43
	1.26
	0.92

	Interactions
	
	
	
	
	
	

	Bio-D x (Bio-F)
	**
	**
	   **
	**
	**
	**


** = significant at p<0.001, ns = Not significant, aCAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).
Interaction effect of bio-disinfectants (Bio-D) and bio-fumigant crops (Bio-F) on the plant height of Fusarium-infected tomatoes at fruiting stage (2015–2016) is presented in Tables 2. The Bio-D × Bio-F interaction was highly significant (p<0.001) indicating that combining organic amendments with bio-fumigants enhances plant height more than either treatment alone. Poultry manure + cabbage consistently produced the tallest plants, likely due to improved soil microbiota and nutrient availability (Bhunia et al., 2021; Ofori et al., 2021; Bonanomi et al., 2022; Saba et al., 2025). Maximal heights (62.1 cm in 2015; 67.0 cm in 2016) were observed signifying long-term benefits of integrated treatments in mitigating Fusarium’s vascular damage. Data recorded in 2016 data showed higher values than 2015, possibly due to cumulative soil health improvements or adaptive microbial communities (Li et al., 2021). Bio-fumigants (cabbage, garlic); release antimicrobial compounds (e.g., glucosinolates, allicin) that suppress Fusarium by competing with pathogens (Bonanomi et al., 2022).
Table 2:
Interaction effect of bio-disinfectants and bio-fumigant crops on plant height 
(cm) of tomato infected with Fusarium wilt at fruiting stage
	
	
	Bio-fumigant crops
	
	
	

	Year
	Bio-disinfectants
	Cabbage
	Garlic

	Onion
	Un-treated

	
	Poultry manure
	62.1
	58.7
	56.3
	46.5

	
	Cow dung
	61.2
	57.0
	54.7
	44.4

	2015

	CAMAZEB®
	55.2

	53.5
	51.6
	45.5

	
	Control

	47.3
	45.2
	42.4
	40.3

	
	LSD (P≤0.01)
	
	3.12
	
	

	
	Poultry manure
	67.0
	65.0
	53.9
	52.7

	
	Cow dung
	56.7
	55.6
	53.5
	52.6

	2016
	CAMAZEB®
	52.7
	52.4
	51.5
	47.7

	
	Control

	51.0
	50.8
	50.6

	42.3

	
	
	
	1.85
	
	


** = significant at p<0.001, ns = Not significant,aCAMAZEB® = (60% Mancozeb + 40% Carbendazim WP), WAT= weeks after transplanting.
Effects of bio-disinfectants (Bio-D) and bio-fumigant crops (Bio-F) number of leaves and branches of tomatoes infected with Fusarium wilt at the three growth stages during the years 2015 and 2016 are  similar to the results obtained plant height (Table 3 and 4).  Interaction effects on leaf production in Fusarium-Infected tomatoes shows that the Bio-D × Bio-F interaction was highly significant (p<0.001) at fruiting stage (Tables 5), demonstrating that combined applications of organic amendments and bio-fumigants significantly improved leaf production compared to individual treatments (Bonanomi et al., 2021; Parsiaaref et al., 2024). Interaction effects of Bio-D × Bio-F on branching was also highly significant (p<0.001) as presented in Table 6, showing that integration of organic amendments and bio-fumigants significantly improved branching compared to the other treatments (Bonanomi et al
., 2018). Poultry manure + cabbage consistently produced the highest branch counts: 19.6 (2015) and 21.8 (2016) branches. Increased n branch number at fruiting stage suggests that combined bio-treatments provide sustained benefits throughout the growing season (Dutta et al., 2022). The untreated controls consistently showed the lowest branch counts, highlighting the severe impact of Fusarium wilt on plant architecture (Agrios, 2005). The 2016 data generally showed higher branch counts than 2015, this reflect cumulative improvements in soil health or more favorable growing conditions. Bio-fumigants (especially cabbage) releases antimicrobial compounds that suppressed Fusarium while stimulating plant growth.
Table 3:
Effect of bio-fumigation on number of leaves of tomato infected with Fusarium wilt at different stages of tomato growth

	Treatment
	Pre-flowering
	
	flowering
	
	fruiting 
	

	
	2015
	2016
	2015
	2016
	2015
	2016

	Bio-disinfectant (Bio-D)
	
	
	
	
	
	

	Poultry manure
	35.6
	38.0
	81.3
	84.3
	170.6
	176.7

	Cow dung
	32.8

	35.6
	78.7
	82.9

	168.8
	175.9

	CAMAZEB®
	28.7
	34.1
	70.5
	44.5
	154.4
	165.5

	Control
	22.9
	32.8
	50.4
	71.3
	144.4
	157.3

	LSD (P≤0.01)

	1.89
	0.91
	7.66
	1.85
	8.96
	1.78

	Bio-fumigant crop (Bio-F)
	
	
	
	
	
	

	Cabbage
	36.8
	38.4   
	83.8

	89.1
	175.1
	176.0

	Garlic
	31.9
	35.6

	69.5
	81.6
	167.1

	170.6

	Onion
	29.0

	34.1
	69.5
	77.9
	161.9
	157.3

	Untreated
	22.3
	32.8
	43.4
	74.8
	134.0
	163.1

	LSD (P≤0.01)
	1.31
	0.73
	4.51
	0.71
	4.57
	0.99

	Interactions
	
	
	
	
	
	

	Bio-D x (Bio-F)
	**
	**
	   **
	**
	**
	**


** = significant at p<0.001, ns = Not significant, aCAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).

Table 4:
Effect of bio-fumigation on number of branches of tomato infected with 

Fusarium wilt at different stages of tomato growth

	Treatment
	Pre-flowering
	
	flowering
	
	fruiting 
	

	
	2015
	2016
	2015
	2016
	2015
	2016

	Bio-disinfectant (Bio-D)
	
	
	
	
	
	

	Poultry manure
	12.0
	13.4

	14.9
	15.3
	17.3
	20.2

	Cow dung
	11.8
	13.1
	14.7
	15.2
	17.1
	20.1

	CAMAZEB®
	10.7
	12.6

	14.3
	14.5

	16.2
	19.6

	Control
	  9.0

	11.5
	12.7
	12.8
	14.7
	18.1

	LSD (P≤0.01)

	0.53
	0.35
	0.59
	0.25
	0.71
	0.39

	Bio-fumigant crop (Bio-F)
	
	
	
	
	
	

	Cabbage
	12.8

	13.6   
	16.2

	15.5
	18.2
	21.1

	Garlic
	11.5
	12.7
	14.9
	14.7
	17.5
	20.2

	Onion
	10.6
	12.2
	14.4
	14.1
	17.0
	19.7

	Untreated
	8.5
	11.6
	11.0
	13.5
	12.6
	17.0

	LSD (P≤0.01)
	0.45
	0.27
	0.43
	0.20
	0.32
	0.24

	Interactions
	
	
	
	
	
	

	Bio-D x (Bio-F)
	**
	**
	   **
	**
	**
	**


** = significant at p<0.001, ns = Not significant,aCAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).

Table 5:
Interaction effect of bio-disinfectants and bio-fumigant crops on leaf 

production of tomato infected with Fusarium wilt at fruiting stage 
	
	
	Bio-fumigant crops
	
	
	

	Year
	Bio-disinfectants
	Cabbage
	Garlic

	Onion
	Un-treated

	
	Poultry manure
	188.5

	176.6

	169.9
	142.3

	
	Cow dung
	187.6
	178.2
	170.2
	136.8

	2015

	CAMAZEB®
	164.4

	162.5
	156.5
	134.3

	
	Control

	153.7
	152.0
	149.1
	122.7

	
	LSD (P≤0.01)
	
	11.04
	
	

	
	Poultry manure
	191.7

	178.5
	172.6
	169.1

	
	Cow dung
	190.8
	175.4
	172.1

	167.7

	2016
	CAMAZEB®
	168.4

	168.6

	163.6
	161.5

	
	Control

	159.4

	158.9
	156.8

	154.2



	
	
	
	2.29
	
	


CAMAZEB® = (60% Mancozeb + 40% Carbendazim WP), WAT= weeks after transplanting.
Table 6:
Interaction effect of bio-disinfectants and bio-fumigant crops on number of 



branches of tomato infected with Fusarium wilt at fruiting stage
	
	
	Bio-fumigant crops
	
	
	

	Year
	Bio-disinfectants
	Cabbage
	Garlic

	Onion
	Un-treated

	
	Poultry manure
	19.6
	18.4
	17.9
	13.3

	
	Cow dung
	19.4
	18.4
	17.8
	13.0

	2015

	CAMAZEB®
	17.6
	17.2
	17.0
	12.8

	
	Control

	16.4
	15.8
	15.2
	11.4

	
	LSD (P≤0.01)
	
	11.04
	
	

	
	Poultry manure
	21.8
	21.1
	20.4

	17.6

	
	Cow dung
	22.3
	20.8
	20.0
	17.2

	2016
	CAMAZEB®
	20.9
	20.5

	20.2
	17.0

	
	Control

	19.2
	18.5
	18.2
	16.3 

	
	
	
	0.52
	
	


CAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).
Effect of Bio-Fumigation on Tomato Yield under Fusarium Wilt Pressure

Table 7 presents the impact of bio-disinfectants (Bio-D) and bio-fumigant crops (Bio-F) on tomato yield (tonnes ha⁻¹) during the 2015 and 2016 rainy seasons in Fusarium-infected fields. The data reveal critical insights into sustainable disease management strategies. Poultry manure consistently produced the highest yields (6.75 t/ha in 2015; 7.37 t/ha in 2016), followed closely by cow dung and CAMAZEB®. The control group yielded significantly less (5.90 t/ha in 2015; 6.52 t/ha in 2016), underscoring the yield-limiting effects of Fusarium wilt (Agrios, 2005). The superior performance of poultry manure aligns with its role in improving soil fertility and microbial activity, which suppress pathogens and enhance nutrient uptake (Bonanomi et al., 2018).
Table 7:
Effect of bio-fumigation on yield (tonnes ha-1) of tomato infected with 

Fusarium wilt during 2015 and 2016 rainy seasons


       

	Treatment
	2015
	2016

	Bio-disinfectant (Bio-D)
	
	

	Poultry manure
	6.75
	7.37


	Cow dung
	6.74
	7.29

	CAMAZEB®
	6.73
	7.14

	Control
	5.90

	6.52

	LSD (P≤0.01)

	0.152
	0.066


	Bio-fumigant crop (Bio-F)
	
	

	Cabbage
	7.09
	7.36

	Garlic
	6.80
	7.17

	Onion
	6.23
	6.98

	Untreated
	5.86
	6.81

	LSD (P≤0.01)
	0.156
	0.062

	Interactions
	
	

	Bio-D x (Bio-F)
	**
	**


CAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).
Cabbage as a bio-fumigant resulted in the highest yields (7.09 t/ha in 2015; 7.36 t/ha in 2016), outperforming garlic, onion, and untreated plots. This highlights cabbage’s efficacy in pathogen suppression through glucosinolate-derived compounds. The untreated group had the lowest yields, emphasizing the necessity of intervention in Fusarium-infested soils. Yields were generally higher in 2016 than in 2015 across all treatments, likely due to cumulative soil health benefits or favorable climatic conditions.
Interaction effect of bio-disinfectants and bio-fumigant crops on yield (tonnes ha⁻¹) of tomato infected with Fusarium wilt during 2015 and 2016 rainy seasons (Table 8). Highest yield was obtained in 2016 where poultry manure + cabbage had 7.59 t/ha, followed closely by cow dung + cabbage (7.58 t/ha). 
Table 8:
Interaction effect of bio-disinfectants and bio-fumigant yield (tonnes ha-1) of 
tomato infected with Fusarium wilt during 2015 and 2016 rainy seasons

	
	
	Bio-fumigant crops
	
	
	

	Year
	Bio-disinfectants
	Cabbage
	Garlic

	Onion
	Un-treated

	
	Poultry manure
	7.54

	7.22
	6.33
	5.85

	
	Cow dung
	7.52
	7.13
	6.33

	5.94

	2015

	CAMAZEB®
	7.15

	6.81
	6.28
	6.11

	
	Control

	6.07
	6.05
	5.97
	5.53

	
	LSD (P≤0.01)
	
	10.295
	
	

	
	Poultry manure
	7.59
	7.48
	7.29
	7.15

	
	Cow dung
	7.58
	7.42
	7.08
	7.01

	2016
	CAMAZEB®
	7.46
	7.18
	7.01
	6.92

	
	Control

	6.75
	6.64
	6.54
	6.44

	
	
	
	             0.111
	
	


CAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).
This were followed by poultry manure + cabbage (7.54 t/ha) and cow dung + cabbage (7.52 t/ha) n 2015. All combinations with organic bio-disinfectants performed better than CAMAZEB® and control treatments. Organic bio-disinfectants such as poultry manure and cow dung consistently improved tomato yield across both years. 
These amendments are known to ncrease microbial competition and pathogen antagonism (Bonanomi et al., 2010), enhance soil structure and nutrient availability (Akanmu et al.
, 2020) and stimulate systemic resistance in plants (Larkin and Honeycutt, 2006). Poultry manure performed best, likely due to its higher nutrient density and faster mineralization rates compared to cow dung. The interaction between bio-disinfectants and bio-fumigant crops showed clear synergism. Highest yields occurred when organic amendments were paired with cabbage. This supports integrated disease management approaches where combining methods enhances overall efficacy (Larkin et al
., 2011).
Effect of Bio-Fumigation on Vascular discoloration under Fusarium Wilt Pressure

Vascular discoloration was higher in 2015 (6.5) compared to 2016 (5.5), indicating yearly variability in disease severity (Table 9). Poultry manure showed the lowest vascular discoloration (4.9) and highest disease reduction (24.7%), outperforming other treatments, including the chemical control (CAMAZEB®). Cabbage was the most effective bio-fumigant, with a vascular discoloration score of 5.4. Garlic also performed well (vascular discoloration), while onion was less effective (vascular discoloration: 6.1). The superior performance of poultry manure and cabbage aligns with studies demonstrating that organic amendments enrich soil microbiota, suppress pathogens, and induce systemic resistance in plants (Bonanomi et al
., 2018). Poultry manure is rich in nitrogen and beneficial microbes, which may explain its efficacy against Fusarium wilt. Their effectiveness over synthetic fungicides (CAMAZEB®) underscores the potential of integrated pest management (IPM) strategies. 

Table 9:
Effect of bio-disinfectant and bio-fumigant crops on stem vascular 


discolouration 
on tomato infected with Fusarium wilt

	Treatment
	Vascular discolouration (Scale 1 – 9)

	Year (Yr)
	

	2015
	6.5

	2016
	5.5

	LSD (P≤0.01)

	0.09

	Bio-disinfectant (Bio-D)
	

	Poultry manure
	4.9

	Cow dung
	5.1

	CAMAZEB®
	6.3

	Control
	7.6


	LSD (P≤0.01)

	0.04

	Bio-fumigant crop (Bio-F)
	

	Cabbage
	5.4

	Garlic
	5.8

	Onion
	6.1

	Untreated
	6.6

	LSD (P≤0.01)
	0.05

	Interactions
	

	Bio-D x (Bio-F)
	**


CAMAZEB®= (60% Mancozeb + 40% Carbendazim WP), * significant at 5%, 

Interaction between Bio-Disinfectant and Bio-Fumigants on Vascular Discoloration 

Figure 1 presents the interactive effects of bio-disinfectants (Bio-D) and bio-fumigant crops (Bio-F) on vascular discoloration (scale 1–9, where lower values indicate better disease control). The Least Significant Difference (LSD) at P < 0.01 (±0.07) confirms statistically significant interactions. Poultry manure + Cabbage: Lowest vascular discoloration (3.9), suggesting a synergistic effect between organic nutrient input (poultry manure) and biofumigant properties (cabbage glucosinolates). Cow dung + Cabbage/Garlic: Effective (4.8), though slightly less than poultry manure. CAMAZEB® (chemical control) + Cabbage/Garlic: Vascular discoloration (5.8), outperforming its combination with onion or untreated plots but still inferior to organic amendments. Unamended soil + Garlic/Onion/Untreated: Highest discoloration (7.8–7.9), emphasizing the necessity of soil amendments.

Poultry manure enhances soil microbiota which suppresses Fusarium through competition and antibiosis (Bonanomi et al., 2022). Cabbage releases glucosinolates, which hydrolyze into antimicrobial isothiocyanates. The combination likely amplifies pathogen suppression via dual soil microbiome modulation and direct antifungal activity. CAMAZEB® (Mancozeb + Carbendazim) showed limited efficacy, possibly due to Fusarium resistance to carbendazim (Zhang et al., 2022).
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Figure 1: 
Interaction between bio-disinfectant and bio-fumigants on vascular 
 

discolouration of tomato stem infected with Fusarium wilt
4. Conclusion

The study demonstrated that biofumigation, particularly when combined with organic amendments like poultry manure, significantly enhances vegetative growth, reduces vascular discoloration, and improves yield in tomato plants infected with Fusarium oxysporum f. sp. lycopersici (Fol). Among the biofumigant crops tested, cabbage was the most effective, likely due to its high glucosinolate content, which releases antimicrobial compounds that suppress Fol. Poultry manure emerged as the superior organic amendment, outperforming cow dung and the synthetic fungicide CAMAZEB® in promoting plant health and disease reduction. The synergistic effects of combining poultry manure with cabbage or garlic were particularly notable, highlighting the potential of integrated soil management strategies for sustainable Fusarium wilt control.

Farmers should combine biofumigant crops (cabbage) with organic amendment (poultry manure) to enhance soil health, suppress pathogens, and improve crop productivity. Further research should focus on optimizing the application rates and timing of biofumigant crops to maximize their efficacy under varying environmental conditions.
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