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Biofumigation Reduces the Fusarium Vascular Discoloration and Enhances Vegetative Growth of tomato (Solanum lycopersicum L)
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ABSTRACT 
	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 Fusarium oxysporum f. sp. lycopersici 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). The crop is very much challenged by soil-borne diseases especially those caused by fungal pathogens, mainly Fusarium oxysporum f. sp. lycopersici (Fol), which is responsible for Fusarium wilt (Hassan 2020; Kanwal et al., 2024). This phloem pathogen infects tomato plants through the root system, infecting the xylem vessels and inducing characteristic symptoms such as yellowing, wilting, dwarfing, and browning of the vasculature (Singh et al., 2017; Srinivasan et al., 2019). Fusarium wilt results in yield losses of 80% in susceptible cultivars (Abdurakhmonov 2024; Rhouma et al., 2024), and it seriously endangers food security and the livelihoods of farmers, especially in subtropical and tropical regions.


The management of Fusarium wilt has been challenging because the disease can persist in soil for up to several decades through chlamydospores and possesses a wide host range (Cha et al., 2016). Conventional control measures, such as chemical fungicides applied as soil drench and fumigants have proven of marginal success, though not encourage due to there harzadous effect on the environment, detrimental effects on other beneficial microbes and development of resistance by the pathogens (El-Baky and Amara 2021; Palmieri et al., 2022; Dutta et al. 2022). Additionally, indiscriminate application of synthetic chemicals led to the emergence of newer, more virulent Fol races, further making disease control more complex (Soloneski, 2014). These limitations have heightened the quest for sustainable and eco-friendly alternatives, with biofumigation ranking among the promising options to manage soil borne diseases. 

Biofumigation is a biologically dependent soil sanitation technique that relies on the release of volatile bioactive molecules—primarily isothiocyanates (ITCs)—from decomposing plant material (Pavana et al., 2025; Ziedan, 2022). The ITCs are produced through the enzymatic hydrolysis of glucosinolates (GSLs), which are Brassicaceae secondary metabolites found in plants 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 hydrolysis of GSLs to form ITCs is catalyzed by the enzyme myrosinase. The compounds have broad-spectrum biological activity and are toxic to a range of soil-borne pathogens, including fungi, bacteria, and nematodes (Ntalli et al., 2017; Waisen et al., 2020).

Bio-fumigation was found to be effective in managing soil borne pathogens as reported by many reseachers (Ji,et al., 2024; Chen et al., 2022; Ziedan, 2022). In addition to disease management, it also has an important role in stimulation of healthy microbial populations and nutrient cycling (Zhang et al., 2020; Brianna et al., 2023; Lee et al., 2024). More recent advances include integrating biofumigation with other sustainable approaches like organic amendments and biocontrol agents for improved disease suppression (Mawar, et al., 2022; Batistic et al., 2025). The objective of the research is to discover the effect of biofumigation in reducing vascular discolouration of Fusarium wilt-infected tomato and its effect on vegetative growth of Fusarium wilt-infected tomatoes.

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 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 (107 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 rrpfor 10 min, and adjusted to the desired concentration using a hemocytometer.
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 (107 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). The most virulent isolates were kept and use for further research.
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 residues (Brassica oleracea; 2.4 kg/plot), onion bulb (Allium cepa; 0.4 kg/plot), garlic (Allium sativum; 1.2 kg/plot) and unamended soil as control. Each plot consisted of 16 seedlings in a plot size of 4.8m2 with inter and intra row spacing of 0.6m x 0.6m. Bio-fumigants were sliced, incorporated 2–3 cm deep, and allowed to decompose for 7 days before transplanting (Haruna, 2023). Three weeks old seedlings were  inoculated at transplantating by dipping in to 10ml Fol conidial suspension of 107 conidia/mL  for 10 min. The experinment was conducted in the rainy season of 2015 and repeated in 2016 between the months of June to September.  Chemical fertilizer in form of NPK (15:15:15) was applied as recommended. 

Assessment of Vascular Discolouration of Tomato Stem
Six middle plants were tagged for data collection. 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. Vascular discoloration was accessed after taking the final reading of fruit yield. 

Assessment of Growth Parameters
Plant growth parameters (height, leaf number, branches) and yield (tonnes ha-1) were recorded before flower initiation, at flowering and fruiting stages. 

Data Analysis
Data collected were subjected to analysis of variance  using GenStat 17.1 (VSN International, 2014) and treatment means were separated by LSD (p ≤ 0.05).
3. results and discussion 

Results presented in Table 1 indicate that soil which had been treated with poultry manure (2016=4.37; 2015=5.51) and cow dung (2016=4.62; 2015=5.86) significantly (P<0.001) decreased vascular discoloration than those tomatoes produced in the control treatment (7.13; 8.34) in 2016 and 2015, respectively. These are then followed by tomatoes grown on soil to which CAMAZEB®, a chemical fungicide had been applied (2016=5.85; 2015=7.11) and which had a better effect than the untreated control in 2016 (7.13) and 2015 (8.34). Soil bio-fumigated with cabbage, onion, and garlic showed significant decline in vascular discoloration in tomato, compared to plants grown in untreated plots for both years. Cabbage amended soil was strongest to prevent vascular discolouration (2016=4.86; 2015=6.07), followed by soil amended with garlic (2016=5.34; 2015=6.59) and onion (2016=5.62; 2015=6.85) amended soil. Highly significant interaction of animal manure and bio-fumigant crops in both the years revealed that combine treatments have synergistic effects on vascular discolouration.

Interaction effects of bio-fumigant crops and animal manure on vascular discoloration
Poultry Manure + Cabbage (4.43) and Cow Dung + Cabbage (5.53) showed the lowest discoloration, followed by CAMAZEB® performed less effectively than Poultry/Cow Dung + Cabbage/Garlic). Tomatoes grown in Control + Untreated (8.70) soil showed the highest discoloration (Table 2). The same was observed in 2016, when poultry manure + cabbage (3.43) and cow dung + cabbage (4.32d) performed best in reducing vascular discolouration. CAMAZEB® outperformed the control but was outperformed by organic manure + bio-fumigant mixtures. Worst Performers was recorded in Control + Untreated (7.47). Poultry manure/Cow dung + Cabbage consistently inhibited Fusarium wilt symptoms more than the chemical fungicide (CAMAZEB®) as reflected in Table 3. 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. The effectiveness of organic amendments over synthetic fungicides (CAMAZEB®) underscores the potential of integrated pest management (IPM) strategies.

Table 1:	Effect of animal manure and bio-fumigant crops on vascular discolouration 		of tomato stem infected with Fusarium wilt at harvest
	
	2016
	2015

	Animal manure (AM)
	
	

	Poultry Manure
	4.37d
	5.51d

	Cow dung
	4.62c
	5.86c

	CAMAZEB®
	5.85b
	7.11b

	Control
	7.13a
	8.34a

	LSD (P≤0.01)
	0.085
	0.119

	Bio-fumigant crops (BF)
	
	

	Cabbage
	4.86d
	6.07d

	Garlic
	5.34c
	6.59c

	Onion
	5.62b
	6.85b

	Untreated
	6.15a
	7.30a

	LSD (P≤0.01)
	0.072
	0.106

	AM X BF
	   **
	  **


CAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).
Table 2:	Interaction effect of animal manure and bio-fumigant crops on vascular 			discolouratio of 	tomato stem infected with Fusarium wilt at harvest in 2015
	
	Cabbage
	Garlic
	Onion
	Untreated

	Poultry Manure
	4.43j
	5.53i
	5.63hi
	6.43g

	Cow dung
	5.53i
	5.63hi
	5.77h
	6.50fg

	CAMAZEB®
	6.67ef
	6.77e
	7.43d
	7.57ed

	Control
	7.67c
	8.43b
	8.57ab
	8.70a

	LSD (P≤0.01)
	
	   0.206
	
	


CAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).

Table 3:	Interaction effect of animal manure and bio-fumigant crops on vascular 			discolouratio of 	tomato stem infected with Fusarium wilt at harvest in 2016
	
	Cabbage
	Garlic
	Onion
	Untreated

	Poultry Manure
	3.43e
	4.33d
	4.37d
	5.37c

	Cow dung
	4.32d
	4.37d
	4.39d
	5.40c

	CAMAZEB®
	5.33c
	5.35c
	6.36b
	6.40b

	Control
	6.34b
	7.33a
	7.40a
	7.47a

	LSD (P≤0.01)
	
	   0.143
	
	


CAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).

Effect of Bio-fumigation on Vegetative Growth in Fusarium-Infected Tomato Plants
Results in Table 4 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 In 2015, poultry manure consistently resulted in the production of tallest plants (34cm, 43.8cm and 55.9cm) at pre-flowering, flowering and fruiting stages , respectively. Similar results was also obtained in 2016, with plant height of 37.9cm, 47.6cm and 59.6cm at the three  growth stages of the plants. This is followed by cow dung and CAMAZEB® in both years. 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 at the different growth stages in 2015 (34cm, 43.5cm and 54.6cm) and also in 2016 with plant height values of 37.5cm, 47.2cm and 56.9cm), respectivelt at pre-flowering, flowering and fruiting stages.This is then followed by garlic and onion. The superiority of poultry manure can be attributed to the high nutrient concentration (N, P, and K) and microbial quality, both promoting plant growth and suppressing plant pathogens (Bonanomi et al., 2018).
Cabbage efficacy could be attributed to glucosinolate metabolites, whose antimicrobial activity is effective against soil borne pathogens such as Fusarium spp. (Renz et al., 2024), that led to production of taller plants. Plant height increased incrementally through pre-flowering to fruiting stages, a reflection of natural growth tendencies. However, Fusarium wilt resulted in stunted growth in controls because the pathogen disrupts vascular systems (Michielse and Rep, 2009). 
The values in 2016 were inclined to be relatively higher than in 2015 values,  due to continued decomposition of the organic amendments over time resulting to increased soil fertility. Interaction was highly significant (p<0.001), indicating synergistic effects from using combined organic amendments and bio-fumigants (Haruna 2023; El-Aswad et al. 2023). Bio-disinfectants and bio-fumigant crops interaction effect on height of 

Table 4:	Effect of bio-fumigation on plant height (cm) of tomato infected with Fusarium wilt at three 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).** = significant at p<0.001, ns = Not significant, aCAMAZEB® = (60% Mancozeb + 40% Carbendazim WP).

 Fusarium infected tomato plant height during the fruiting stage (2015–2016) is presented in Tables 5. Interaction was highly significant (p<0.001) which indicates that,  plant height is more increased when bio-fumigants are used in combination with organic amendments. Amending soil with poultry manure + cabbage consistently produced taller plants, which could be due to increased microbiota of the soil and nutrient content (Bhunia et al., 2021; Ofori et al., 2021; Bonanomi et al., 2022; Saba et al., 2025). Highest heights (62.1, and 67 cm in 2015 and 2016 respectively) were observed indicating long-term benefits of combined treatment in improving vegetative growth.

Table 5:	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.
Effect of bio-disinfectants (Bio-D) and bio-fumigant crops (Bio-F) on number of branches and leaves of tomato plants infected by Fusarium wilt at the three growth stages in 2015 and 2016 are similar to the results obtained on plant heights (Table 6 and 7). 
Interaction effects on tomato leaf production in Fusarium-infected tomatoes reveal that the interaction Bio-D × Bio-F was highly significant (p<0.001) at the fruit stage (Tables 8), showing that integrated application of organic amendments and bio-fumigants significantly increased leafing compared to single treatments (Bonanomi et al., 2021; Parsiaaref et al., 2024). Bio-D × Bio-F interaction effect on branching was also markedly high (p<0.001)as presented in Table 9, showing integration of organic amendments and bio-fumigants significantly promoted branching compared to the other treatments (Bonanomi et al., 2018). Poultry manure + cabbage consistently produced the maximum numbers of branches: 19.6 (2015) and 21.8 (2016) branches. Higher n branch number at fruiting stage means that combined bio-treatments provide longer-lasting benefits during the cropping season (Dutta et al., 2022). The untreated controls consistently exhibited the lowest branch numbers, showing the ruinous effect of Fusarium wilt on plant architecture (Agrios, 2005). The 2016 data had higher branch numbers than 2015, this reflects cumulative gains in soil health or better optimal growing conditions. Bio-fumigants (especially cabbage) released antimicrobial metabolites that suppressed Fusarium and enhanced plant growth.

Table 6:	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 7:	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 8:	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 9:	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 
Table 10 presents the effect of bio-disinfectants (Bio-D) and bio-fumigant crops (Bio-F) on tomato yield (tonnes ha⁻¹) in the 2015 and 2016 rainy seasons in Fusarium-infected fields.The findings present crucial information on eco-friendly disease management strategy. Poultry manure consistently provided the highest yields (6.75 t/ha in 2015; 7.37 t/ha in 2016), followed closely by cow dung and CAMAZEB®. The control treatment yielded far less (5.90 t/ha in 2015; 6.52 t/ha in 2016), which emphasizes the yield-reducing effects of Fusarium wilt (Agrios, 2005). The superiority of poultry manure is in line with its role in the improvement of soil fertility and microbiological activity that suppress pathogens and enhance nutrient uptake (Bonanomi et al., 2018).

Table 10:	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 obtained the highest yields (7.09 t/ha in 2015; 7.36 t/ha in 2016), followed by garlic, onion, and untreated plots. This suggests the role of cabbage in pathogen suppression through glucosinolate-derived compounds. The untreated treatment yielded the least, showing the necessity for intervention in Fusarium-infested soil. Yields were higher in 2016 than in 2015 across all treatments, perhaps due to cumulative soil health benefits or favorable climatic conditions.

Interaction effect of bio-fumigant and bio-disinfectant crops on yield (tonnes ha⁻¹) of Fusarium wilt-infected tomato during 2015 and 2016 rainy seasons (Table 11). The highest yield was obtained in 2016 where poultry manure + cabbage gave 7.59 t/ha, followed closely by cow dung + cabbage (7.58 t/ha).

Table 11:	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).

These were followed by poultry manure + cabbage (7.54 t/ha) and cow dung + cabbage (7.52 t/ha) in 2015. The treatments involving all organic bio-disinfectants were better than CAMAZEB® and control treatments. Organic bio-disinfectants such as poultry manure and cow dung increased the tomato yield significantly in both years. These are are attributed to enhanced pathogen antagonism and microbial competition (Bonanomi et al.,2010), improved soil structure and soil nutrient availability (Akanmu et al., 2020) and  trigger systemic resistance in plants (Larkin and Honeycutt, 2006). Poultry manure performed the best, perhaps due to its higher nutrient content and faster mineralization potential compared to cow dung. The bio-disinfectant and bio-fumigant crop interaction showed clear synergism. Highest yields resulted when organic amendments were added to cabbage. This confirms integrated disease management practices where the integration of methods enhances overall efficacy (Larkin et al., 2011). 

4. Conclusion

The study confirmed that biofumigation, particularly when combined with organic amendments like poultry manure, significantly enhances vegetative growth, reduces vascular discoloration, and boosts yield in tomato plants infected with Fusarium oxysporum f. sp. lycopersici (Fol). 
Cabbage was the most efficient of the biofumigant crops tested, likely due to its high glucosinolate content, which releases antimicrobial compounds that suppress Fol. Poultry manure was the most effective of the organic amendments, outperforming cow dung and the chemical fungicide CAMAZEB® in enhancing the health of plants and disease suppression. Synergistic effects were particularly evident when the poultry manure was blended with cabbage or garlic, suggesting the tremendous potential of integrated soil management strategies for Fusarium wilt eco-friendly control.
Farmers should incorporate biofumigant crops (cabbage) and organic amendment (poultry manure) into their practice to enhance soil health, suppress pathogens, and increase crop yield. Future studies should focus on optimizing application rates and timing of biofumigant crops in order to achieve their maximum potential under various environmental conditions.
Disclaimer (Artificial intelligence)
Option 1: 
Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 
Option 2: 
Author(s) hereby declare that generative AI technologies such as Large Language Models, etc. have been used during the writing or editing of manuscripts. This explanation will include the name, version, model, and source of the generative AI technology and as well as all input prompts provided to the generative AI technology
Details of the AI usage are given below:
1.
2.
3.



References

Abdulkadir, H.K., Ekefan, E.J. and Gwa, V.I. (2023). Pathogenicity of Fusarium	oxysporum f. sp. 	lycopersici (Sacc.) Isolates in Causing Tomato Wilt Disease on Two Tomato (Solanum lycopersicum L) Varieties. Bio-Science Research Bulletin, 39(2), 60-68.
Abdurakhmonov, I. Y. (Ed.). (2024). Fusarium - Recent Studies. IntechOpen. doi: 	10.5772/intechopen.1000249
Akanmu, A. O., Odebode, A. C., & Adedayo, A. M. (2020). Use of organic amendments for the control of soil-borne pathogens in tomato. Archives of Phytopathology and Plant Protection, 53(15–16), 764–777. 
Arie, T. (2020). Fusarium diseases of cultivated plants, control, diagnosis, and molecular and genetic 	studies. Journal of Pesticide Science, 45(2), 54–62.  
Batistic, L.; Bohinc, T.; Trdan, S. (2025). Biofumigation with Brassica Species and Their Derivatives: A Comprehensive Review of an Innovative Pest Control Strategy 	Targeting Wireworms (Coleoptera: Elateridae). Agronomy, 15, 967. 

Bello, M. Y., Bashir, B.M. and Abubakar , H. (2024). An Assessment of Characteristics of Rainfall and Temperature Variability in Dadinkowa Yamaltu Deba LGA of Gombe State, Nigeria, Science World Journal 19(3), 868-873.

Bhunia, S., Bhowmik, A., Mallick, R., & Mukherjee, J. (2021). Agronomic efficiency of animal-derived 	organic fertilizers and their effects on biology and fertility of soil: A review. Agronomy, 11(5), 823.

Bonanomi G, Lorito M, Vinale F, Woo SL. (2018). Organic Amendments, Beneficial Microbes, and Soil Microbiota: Toward a Unified Framework for Disease Suppression. Annu Rev Phytopathol. 25;56:1-20. 
Bonanomi, G., Antignani, V., Pane, C., & Scala, F. (2010). Suppression of soilborne fungal diseases with organic amendments. Journal of Plant Pathology, 92(2), 311–324.
Bonanomi, G., Zotti, M., Idbella, M., Cesarano, G., Al‐Rowaily, S. L., & Abd‐ElGawad, A. M. (2022). 	Mixtures of organic amendments and biochar promote beneficial soil microbiota and affect 	Fusarium oxysporum f. sp. lactucae, Rhizoctonia solani and Sclerotinia minor disease suppression. Plant Pathology, 71(4), 818-829.

Brianna A.R. Walker, Shane M. Powell, Robert S. Tegg, Richard B. Doyle, Ian G. Hunt, Calum 	R. Wilson (2023). Ten years of green manuring and biofumigation alters soil characteristics	 and microbiota, Applied Soil Ecology, 187:104836.

Cha J.Y., Han S., Hong H.J., Cho H., Kim D., Kwon Y., Kwon S.K., Crüsemann M., Lee Y.B., Kim 	J.F., Giaever G., Nislow C., Moore B.S., Thomashow L.S., Weller D.M., 	Kwak Y.S. (2016). 	Microbial and biochemical basis of a Fusarium wilt suppressive soil. ISME J.;10:119–129. 

Chen, D., Zebarth, B.J., Goyer, C. et al. (2022). Effect of Biofumigation on Population Densities of Pratylenchus spp. and Verticillium spp. and Potato Yield in Eastern Canada. Am. J. 	Potato 	Res. 99, 229–242 (2022). 

Dutta P, Kumari A, Mahanta M, Biswas KK, Dudkiewicz A, Thakuria D, Abdelrhim AS, Singh SB, Muthukrishnan G, Sabarinathan KG, Mandal MK and Mazumdar N (2022). Advances in Nanotechnology as a Potential Alternative for Plant Viral Disease Management. Front. Microbiol. 13:935193. 

El-Aswad, A. F., Aly, M. I., Alsahaty, S. A., & Basyony, A. B. (2023). Efficacy evaluation of some fumigants against Fusarium oxysporum and enhancement of tomato growth as elicitor-induced defense responses. Scientific Reports, 13(1), 2479.

El-Baky N. A, Amara, A. A. A. F. (2021). Recent Approaches towards Control of Fungal Diseases in Plants: An Updated Review. Journal of Fungi, 25;7(11):900. 

FAO. (2021). FAOSTAT: Tomato production statistics. Food and Agriculture Organization of the United Nations. http://www.fao.org/faostat

Haruna, S. G. (2023). Effect of soil amendments with bio-fumigant crops and animal manure on growth and yield of tomatoes infected with Fusarium wilt. Ife Journal of Agriculture, 35(2), 119 -131.

Hassan, H. A. (2020). Biology and Integrated Control of Tomato Wilt Caused by Fusarium oxysporum lycopersici: A Comprehensive Review under the Light of Recent Advancements. Journal of Botanical Research 3(1):84-99

Jed W. F., Zalcmann, A. T., Paul Talalay (2001). The chemical diversity and distribution of glucosinolates and isothiocyanates among plants, Phytochemistry, 56,(1):5-51.

Ji, Y., Zhang, Y., Fang, W., Li, Y., Yan, D., Cao, A. and Wang, Q. (2024). A review of biofumigation 	effects with plant materials. New Plant Prot, 1: e21. 

Kanwal, I., Iffat, A., Shaukat, M. B., Shafique, T., Majeed, Y., Zafar, M. I., Awan, H. M., Tabbasum, I., 	Iqbal, A., Tatar, M., Mortazavi, P.,  Ali , A., Bejaoui, R., Aslam,  H.,  Seemab, F. (2024). Insights into Fusarium Wilt of Tomato (Fusarium oxysporum f. sp. lycopersici) and its Management Strategies, Journal of Agriculture and Biology, 2(1): 31-42. doi.org/10.55627/agribiol.002.01.0753
Larkin, R. P., and Honeycutt, C. W. (2006). Effects of different cropping systems on soil microbial communities. Soil Biology and Biochemistry, 38(3), 583–597. 
Larkin, R. P., Griffin, T. S., & Honeycutt, C. W. (2011). Rotation and cover crop effects on soilborne potato diseases, tuber yield, and soil microbial communities. Plant Disease, 95(4), 449–456. 
Larkin, R.P. and Griffin, T.S. (2007). Control of Soilborne Potato Disease Using Brassica Green 	Manures.Crop Protection, 26, 1067-1077. 
Lee, D.; Park, T.-H.; Lim, K.; Jeong, M.; Nam, G.; Kim, W.-C.; Shin, J.-H. (2024). Biofumigation-Derived 	Soil Microbiome Modification and Its Effects on Tomato 	(Solanum lycopersicum L.) Health 	under Drought. Agronomy, 14, 2225. 

Leslie, J. F., and Summerell, B. A. (2006). The Fusarium laboratory manual (2nd ed.). Wiley-Blackwell.
Marley, P. S. and Hillocks, R. J. (1996).Effect of root - knot nematodes (Meloidogyne spp.) on Fusarium wilt in Pigeon pea (Cajanus caja). Field Crop Research 46: 15 – 20.

Mawar, R.; Lodha, S.; Ranawat, M.; El Enshasy, H.A.; Rahman, R.A.; Gafur, A.; Reddy, M.S.;Ansari, M.J.; Obaid, S.A.; Sayyed, R.Z. (2022). Combined Effects of Biosolarization and 	Brassica 	Amendments on Survival of Biocontrol Agents and Inhibition of Fusarium oxysporum.Agronomy  12, 1752. 

Michielse, C. B., van Wijk, R., Reijnen, L., Cornelissen, B. J., & Rep, M. (2009). Insight into the molecular requirements for pathogenicity of Fusarium oxysporum f. sp. lycopersici through large-scale insertional mutagenesis. Genome biology, 10, 1-18.

Morcia, C., Terzi, V., Ghizzoni, R., Carrara, I., & Gazzetti, K. (2024). Looking for Fusarium resistance in 	oats: an update. Agronomy, 14(3), 505.

Ntalli, N., and Caboni, P. (2017). A review of isothiocyanates biofumigation activity on plant parasitic nematodes. Phytochemistry Reviews, 16, 827-834.

Ofori, P., Asamoah, G., Amoah, B., Agyeman, K. O. A., & Yeboah, E. (2021). Combined application of 	poultry litter biochar and NPK fertilizer improves cabbage yield and soil chemicalproperties. Open Agriculture, 6(1), 356-368.

Palmieri, D.; Ianiri, G.; Del Grosso, C.; Barone, G.; De Curtis, F.; Castoria, R.; Lima, G. (2022). 	Advances and Perspectives in the Use of Biocontrol Agents against Fungal Plant Diseases. Horticulturae, 8, 577. https://doi.org/10.3390/horticulturae8070577

Parsiaaref, S., Cao, A., Li, Y., Ebadollahi, A., Parmoon, G., Gholamnezhad, J., Zhang, M. (2024). 	Studying the Antifungal Effects of Ageratina adenophora (Sprengel) R. King and 	H. Robinson (= 	Eupatorium adenophorum Sprengel) as a Bio-Fumigant Plant Alone and 	in Combination with Biochar against Pythium aphanidermatum (Edson) Fitz. Plants, 13(24), 3511.

Pavana P.T, Masih SA, Addesso R, Maxton A, Sofo A. (2025). Brassicaceae Isothiocyanate-Mediated Alleviation of Soil-Borne Diseases. Plants, 12; 14(8):1200. 

Petrucci, A., Sarrocco, S., Jensen, B., & Collinge, D. B. (2025). Biological Control of Fusarium Head 	Blight in Cereals: Insights into Molecular Interactions within the Pathosystem. Plant Health Cases, phcs20250004.

Plaszkó, T., Szűcs, Z., Vasas, G., & Gonda, S. (2021). Effects of glucosinolate-derived isothiocyanates 	on fungi: A comprehensive review on direct effects, mechanisms, structure-activity 	relationship data and possible agricultural applications. Journal of Fungi, 7(7), 539.

Renz, M., Andernach, L., Kaufmann, M., Rohn, S., Franziska S. Hanschen (2024). Degradation of 	glucosinolates and formation of isothiocyanates, nitriles, amines,	 and N, N’-dialk(en)yl thioureas 	during domestic boiling of red cabbage, Food Chemistry, 435:137550.

Rhouma A, Hajji-Hedfi L, Atallaoui K, Kouadri AM, Khrieba MI (2024). Fusarium oxysporum f. sp. 	lycopersici, the causal agent of vascular wilt disease of tomatoes: From its taxonomy to disease management. Asian Journal of Mycology 7(2), 21–36.

Saba, M., Abo-Elyousr, K. A., & AL-Solaimani, S. G. (2025). Organic production of cabbage (Brassica oleracea L.) for agricultural sustainability and healthy nutrition: An overview. Journal of Applied 	and Natural Science, 17(1), 253.

Singh V.K., Singh H.B., Upadhyay R.S. (2017). Role of fusaric acid in the development of ‘Fusarium wilt’ symptoms in tomato: physiological, biochemical and proteomic perspectives. Plant Physiol. Biochem.118:320–332. 

Soloneski, S. (Ed.). (2014). Pesticides - Toxic Aspects. InTech. doi: 10.5772/56979 Srinivas, C., Devi, D. N., Murthy, K. N., Mohan, C. D., Lakshmeesha, T. R., Singh, B., Kalagatur, N. K., Niranjana, S.R.,Hashem, A., Alqarawi, A. A., Tabassum, B., Abd Allah, E. F., and Nayaka, S. C. (2019). Fusarium oxysporum f. sp. lycopersici causal agent of vascular wilt disease of tomato: Biology to diversity–A review. Saudi journal of biological sciences, 26(7), 1315-1324.
 

Talekar, S. T., Pawar, S. V., Sontakke,P. L. and Korde, P. P. (2024). Isolation, identification, prove 	the pathogenicity and pathogenic variability of Fusarium oxysporum f. sp. lycopersici, 	International Journal of Advanced Biochemistry Research; 8(10): 1319-1325.

Waisen, P., Cheng, Z., Sipes, B. S., DeFrank, J., Marahatta, S. P., & Wang, K. H. (2020). Effects 	of biofumigant crop termination methods on suppression of plant-parasitic nematodes. Applied Soil Ecology, 154, 103595.

Zhang, D., Yan, D., Cheng, H., Fang,  W., Wang, W. X., Yan, Y., Ouyang, C.,  Li, Y., Wang,  Q., Cao, A. (2020). Effects of multi-year biofumigation on soil bacterial and fungal communities 	and strawberry yield, Environmental Pollution,256:113415, 

Ziedan, E. H. (2022). A review of the efficacy of biofumigation agents in the control of soil-borne 	plant diseases). Journal of Plant Protection Research, 62(1): 1–11. DOI: 10.24425/jppr.2022.140292


