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Screening of Tomato Germplasm for Resistance to Fusarium Wilt Caused by Fusarium oxysporum f. sp. lycopersici Under In Vivo Conditions
Abstract
Fusarium wilt, caused by Fusarium oxysporum f. sp. lycopersici, is a major constraint on tomato production worldwide. The present study was undertaken to evaluate thirty tomato germplasm accessions obtained from the ICAR-Indian Institute of Vegetable Research (IIVR), Varanasi, for their response to Fusarium wilt under field conditions during the 2023 and 2024 cropping seasons at SKUAST-Jammu, Chatha. The thirty germplasm accessions were evaluated under artificial disease pressure, and disease development was assessed through disease incidence, apparent infection rate (r), and area under the disease progress curve (AUDPC), with Pusa Ruby included as the susceptible cultivar. Significant variation was observed among the germplasm accessions in disease development and progression. Based on pooled disease incidence, one germplasm accession was categorised as tolerant (T), two as moderately susceptible (MS), ten as susceptible (S), and seventeen as highly susceptible (HS), whereas no germplasm accession showed resistant (R) or moderately resistant (MR) reactions. The germplasm accessions also exhibited considerable differences in infection rate and AUDPC values, reflecting variability in the speed and cumulative development of Fusarium wilt. Arka Saurabh exhibited comparatively lower disease development, while highly susceptible germplasm accessions showed rapid disease progression and greater disease accumulation. The identified tolerant and less susceptible germplasm accessions can be utilised as potential sources in tomato improvement programmes for developing Fusarium wilt-resistant cultivars.
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Introduction
Tomato (Lycopersicon esculentum Mill.) is a widely cultivated vegetable crop of considerable economic importance. However, its productivity is severely affected by Fusarium wilt, a vascular disease caused by Fusarium oxysporum f. sp. lycopersici (Snyder & Hansen, 1940). Although fungicides are commonly employed to suppress the disease, their repeated use can disrupt the natural soil microbial balance, negatively affect beneficial microorganisms, and promote the emergence of fungicide-resistant pathogen populations. Furthermore, breeding for resistant tomato cultivars remains challenging because resistance is often governed by complex genetic mechanisms, and the continual evolution of new pathogen races can overcome existing host resistance (Jetiyanon & Kloepper, 2002). The disease occurs worldwide and is particularly destructive in regions with warm climatic conditions (Blancard, 1994). Infected plants typically exhibit yellowing of the lower leaves that gradually extends throughout the canopy, followed by reduced plant growth, vascular discolouration, wilting, and eventual plant decline. These symptoms generally become more evident after flowering and during the fruit-setting stage (Harsh, 2025). Under favourable environmental conditions, especially in greenhouse as well as open-field cultivation, Fusarium wilt can cause substantial reductions in yield and, in severe outbreaks, may lead to complete crop failure (Benhamou et al., 1989).
Recent studies have emphasised that resistance to Fusarium wilt in tomato is commonly germplasm-dependent and may involve race-specific as well as multi-locus genetic responses. Therefore, evaluation of diverse germplasm remains important for identifying usable sources of resistance and for supporting breeding programmes aimed at durable wilt management (Sela-Buurlage et al., 2001; Carrer Filho et al., 2015; Chitwood-Brown et al., 2021). Recent field-based studies further indicate that the performance of genetic resistance can be challenged by resistance-breaking pathogen populations and environmental conditions (Swett et al., 2023; Hellman et al., 2024).
Screening under disease-conducive field or protected conditions is particularly useful because resistant or tolerant reactions may be expressed differently across accessions and environments (Navathe et al., 2022). Recent germplasm-screening and genome-wide association studies have also shown that only a limited proportion of evaluated tomato accessions may show resistant reactions to Fusarium wilt, which supports the need for continued evaluation of locally relevant germplasm resources (Kawicha et al., 2023; Sairam et al., 2024; Thanyasiriwat et al., 2023). Recent screening of tomato accessions and landraces has likewise demonstrated substantial variation in Fusarium wilt response, supporting continued evaluation of diverse genetic material as potential resistance sources (Falade & Oyetunji, 2024; Tzionis et al., 2025).
Management strategies based solely on chemical or biological interventions may show variable performance under different production conditions; consequently, host resistance remains a practical and environmentally compatible component of integrated Fusarium wilt management (Larkin & Fravel, 2002; Shishido et al., 2005; Jetiyanon & Kloepper, 2002). Recent biological-control research in tomato also illustrates that non-chemical approaches continue to be evaluated as complementary components of Fusarium wilt management (Jimoh & Afe, 2024).
Within the context of the present study, the research gap lies in the need to comparatively characterise the assembled tomato germplasm under the specified field-screening conditions by considering disease incidence, apparent infection rate, and AUDPC together, thereby enabling the identification of entries with comparatively lower disease development.
Objective
The present study aimed to evaluate the resistance of commonly cultivated tomato varieties to Fusarium oxysporum and to identify the fungal species associated with tomato plants exhibiting symptoms of Fusarium wilt.
MATERIALS AND METHODS
Plant Material
Thirty tomato germplasm accessions were procured from the ICAR-Indian Institute of Vegetable Research (IIVR), Varanasi, Uttar Pradesh, India, for evaluation against Fusarium wilt caused by Fusarium oxysporum f. sp. lycopersici. The germplasm comprised Azad T-3, Angoor Lata, BT-136, Arka Meghali, Arka Ahuti, ATL-04-01, CO-3, Kashi Amul, Money Maker, Kashi Aman, Roma, Bhagya Shree, Kashi Sharad (VRT-2), DARL-66, Dhanshree, BT-11, Beto-86, Arka Saurabh, Punjab Chhuhara, Azad T-8, Kalyanpur T-4, Annamalai, Angha, Kalyanpur T-3, Kashi Chayan, EC-620645, Prestige, Arka Abha, PNR-7, and Kashi Adarsh (BTH-9 female).
Evaluation of tomato germplasm against Fusarium wilt
Field evaluation of thirty tomato germplasm accessions was conducted during the 2023 and 2024 cropping seasons at the Research Farm, Division of Plant Pathology, Sher-e-Kashmir University of Agricultural Sciences and Technology of Jammu (SKUAST-J), Chatha, Jammu, India. Seeds of all germplasm accessions were sown in plastic trays containing sterilised soil mixed with vermicompost. Thirty-day-old seedlings were transplanted into a field infested with Fusarium oxysporum f. sp. lycopersici at a spacing of 60 x 45 cm. The artificial inoculum was prepared from a fifteen-day-old culture of a Fusarium oxysporum f. sp. lycopersici isolate grown on Potato Dextrose Medium. The inoculum was adjusted to 1 x 10⁶ conidia ml⁻¹ and applied by soil drenching to the root zone of each seedling. Pusa Ruby was included as a susceptible check to ensure adequate disease pressure and facilitate comparison of disease reactions among the tested germplasm accessions.
The experiment was laid out in a randomised block design with three replications, with sixteen plants per plot and a plot size of 2 x 2 square metres. All recommended agronomic practices were followed throughout the cropping period, except for plant protection measures against Fusarium wilt. Disease incidence (%) was recorded at fifteen-day intervals from the first appearance of wilt symptoms until crop maturity using the following formula:

The apparent rate of disease development (r) was estimated using the logistic model proposed by Van der Plank (1963):
[image: ]                          Rate of reaction (r) =    
         

where, X1=Disease severity at time t1 
X2= Disease severity at time t2 
t2-t1=time interval
The formula was used to determine the wilt disease’s progression over time (Shaner and Finney, 1977). 

                                     n-1
                     AUDPC=∑(yi+y1+1)×(t1+1+ti)
                                    i=10

Based on the observed disease incidence, the germplasm accessions were classified into different reaction categories using a 0-9 scale (Mayee & Datar, 1986).
Statistical Analysis
The data recorded for disease incidence and disease progression parameters were subjected to analysis of variance (ANOVA) using SPSS software.
RESULTS AND DISCUSSION
Screening of Tomato Germplasm against Fusarium Wilt
To identify potential sources of resistance to Fusarium wilt, thirty tomato germplasm accessions obtained from the ICAR-Indian Institute of Vegetable Research (IIVR), Varanasi, were evaluated under artificially induced epiphytotic field conditions during the 2023 and 2024 cropping seasons. Disease incidence increased progressively from 25 to 70 days after transplanting (DAT) in all germplasm accessions, although the extent of disease development varied considerably among the entries. Based on the final disease incidence at 70 DAT, the germplasm accessions were categorised into different disease reaction classes according to the listed percentage ranges: one germplasm accession was categorised as tolerant (T), two as moderately susceptible (MS), ten as susceptible (S), and seventeen as highly susceptible (HS), whereas no germplasm accession exhibited resistant (R) or moderately resistant (MR) reactions. Pusa Ruby, the susceptible check, recorded 93.59% disease incidence at 70 DAT, confirming the effectiveness of the artificial inoculation and the adequacy of disease pressure during host-resistance screening. The apparent infection rate (r) and area under the disease progress curve (AUDPC) also varied markedly among the germplasm accessions (Fig. 1 and Fig. 2), confirming differences in the rate and cumulative development of Fusarium wilt. The lowest disease incidence was recorded in Arka Saurabh (9.78%), whereas ATL-04-01, EC-620645, and Kashi Adarsh (BTH-9 female) exhibited the highest disease incidence (>90%), indicating their high susceptibility to Fusarium oxysporum f. sp. lycopersici (Table 1).

The predominance of susceptible and highly susceptible reactions in the present evaluation is comparable to recent reports in which large tomato panels contained relatively few accessions with strong resistance to Fusarium wilt. Such findings indicate that resistance is not uniformly distributed across tomato germplasm and should be confirmed through repeated screening before use in breeding (Kawicha et al., 2023; Sairam et al., 2024; Chitwood-Brown et al., 2021).
The use of AUDPC and apparent infection rate provides additional interpretation beyond final disease incidence because these parameters describe cumulative disease pressure and the speed of epidemic development (Table 1). Thus, the comparatively lower disease development observed in Arka Saurabh should be interpreted together with its disease progress over time rather than only the final incidence value (Shaner & Finney, 1977; Sela-Buurlage et al., 2001; Carrer Filho et al., 2015).
The variation observed among the evaluated tomato germplasm accessions indicates differential responses to Fusarium oxysporum f. sp. lycopersici under field conditions. Differences in disease incidence, apparent infection rate, and AUDPC values suggest variability among germplasm accessions in their ability to limit disease development. The lower disease incidence observed in tolerant and less susceptible germplasm accessions indicates their potential usefulness in Fusarium wilt management and resistance-breeding programmes. In contrast, highly susceptible germplasm accessions showed rapid disease progression and greater disease accumulation throughout the crop period. The high susceptibility of Pusa Ruby as the check cultivar confirmed the effectiveness of the screening conditions in differentiating Fusarium wilt responses among the evaluated germplasm lines.
The differential response of the evaluated germplasm indicates that host genetic background may influence the capacity of tomato plants to restrict Fusarium wilt development. Earlier genomic and marker-assisted studies have shown that Fusarium wilt resistance in tomato may be associated with specific resistance genes as well as additional genomic regions, which helps explain why different accessions can express different levels of disease reaction (Sela-Buurlage et al., 2001; Carrer Filho et al., 2015; Kawicha et al., 2023).
The absence of highly resistant entries in the present field evaluation should not be overinterpreted as a complete lack of useful resistance in the crop gene pool. Rather, it suggests that the tested set contained limited resistance under the prevailing inoculum and field conditions, and that tolerant entries such as Arka Saurabh may require further multi-location and multi-season validation before being recommended as breeding donors (Chitwood-Brown et al., 2021; Sairam et al., 2024; Thanyasiriwat et al., 2023).
The association of higher AUDPC values with highly susceptible reactions supports the interpretation that these germplasm accessions allowed faster and more sustained disease development. Similar epidemiological reasoning has been used in plant disease studies where AUDPC is considered useful for comparing cumulative disease development over time, particularly when final disease scores alone do not fully represent disease progress (Shaner & Finney, 1977; Larkin & Fravel, 2002; Shishido et al., 2005).
Conclusion
The field evaluation of thirty tomato germplasm accessions during the 2023 and 2024 cropping seasons demonstrated clear variation in their response to Fusarium wilt caused by Fusarium oxysporum f. sp. lycopersici. None of the evaluated germplasm showed resistant or moderately resistant reactions under the screening conditions. However, Arka Saurabh exhibited the lowest final disease incidence (9.78%) and was categorised as tolerant, indicating comparatively lower disease development than the other tested accessions. Two accessions were moderately susceptible, while the remaining accessions were susceptible or highly susceptible. The differences observed in disease incidence, apparent infection rate, and AUDPC indicate substantial variation in the rate and cumulative development of Fusarium wilt among the germplasm. The high disease incidence recorded in Pusa Ruby, the susceptible check, confirmed adequate disease pressure during screening. On the basis of these findings, Arka Saurabh and other comparatively less susceptible germplasm may be subjected to further multi-season and multi-location evaluation before their use as potential donor material in breeding programmes for Fusarium wilt resistance.
Limitations 
The study was limited to thirty tomato germplasm accessions evaluated at a single location during two cropping seasons under artificially induced field disease pressure. Although disease incidence, apparent infection rate, and AUDPC were assessed, the screening did not include multi-location validation or molecular confirmation of resistance. Environmental and pathogen-population variation beyond the study site may therefore influence the stability of the observed reactions. Future studies should evaluate the promising germplasm across additional locations and seasons and confirm resistance using complementary phenotypic and molecular approaches.
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	S.No.
	Germplasm
	25 DAT
	40 DAT
	55 DAT
	70 DAT
	DR
	AUDPC
	Infection rate (r)

	
	
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean
	
	2023
	2024
	Mean
	2023
	2024
	Mean

	1
	Azad T-3
	5.55
	6.00
	5.78
	20.55
	21.66
	21.11
	39.22
	40.80
	40.01
	49.00
	51.00
	50.00
	S
	761.25
	783.75
	772.50
	-
	-
	-

	2
	Angoor Lata
	7.00
	8.50
	7.75
	22.55
	27.00
	24.78
	40.55
	42.50
	41.53
	52.50
	53.50
	53.00
	HS
	787.88
	810.38
	799.13
	0.134
	0.123
	0.128

	3
	BT-136
	6.55
	7.50
	7.03
	21.50
	23.66
	22.58
	40.00
	43.55
	41.78
	52.55
	54.55
	53.55
	HS
	743.25
	773.25
	758.25
	0.139
	0.132
	0.135

	4
	Arkam Meghali
	1.52
	1.55
	1.54
	16.55
	18.44
	17.50
	30.55
	34.55
	32.55
	46.55
	48.55
	47.55
	S
	499.13
	514.13
	506.63
	0.228
	0.229
	0.229

	5
	Arka Ahuti
	1.45
	1.46
	1.46
	10.44
	10.88
	10.66
	16.55
	17.55
	17.05
	20.00
	20.00
	20.00
	MS
	829.13
	844.95
	837.04
	0.175
	0.174
	0.175

	6
	ATL-04-01
	11.33
	11.55
	11.44
	24.55
	26.66
	25.61
	78.00
	80.55
	79.28
	90.55
	92.66
	91.61
	HS
	905.78
	931.58
	918.68
	0.138
	0.139
	0.139

	7
	CO-3
	5.55
	6.44
	6.00
	10.00
	14.00
	12.00
	18.00
	20.66
	19.33
	30.22
	31.55
	30.89
	S
	661.65
	676.58
	669.11
	0.113
	0.106
	0.109

	8
	Kashi Amul
	15.00
	15.55
	15.28
	25.55
	26.00
	25.78
	38.00
	42.00
	40.00
	58.00
	58.66
	58.33
	HS
	1076.63
	1099.95
	1088.29
	0.090
	0.088
	0.089

	9
	Money Maker
	12.00
	15.00
	13.50
	28.55
	31.55
	30.05
	55.66
	58.55
	57.11
	85.55
	88.00
	86.78
	HS
	1245.75
	1294.95
	1270.35
	0.131
	0.118
	0.124

	10
	Kashi Aman
	12.44
	14.55
	13.50
	28.00
	29.55
	28.78
	52.55
	50.22
	51.39
	80.55
	84.66
	82.61
	HS
	878.25
	946.58
	912.41
	0.124
	0.117
	0.121

	11
	Roma
	6.88
	7.55
	7.22
	15.55
	16.55
	16.05
	24.22
	25.66
	24.94
	36.55
	41.55
	39.05
	S
	613.28
	679.05
	646.16
	0.111
	0.114
	0.112

	12
	Bagya Shree
	8.00
	9.55
	8.78
	20.55
	21.55
	21.05
	32.55
	34.66
	33.61
	45.22
	48.99
	47.11
	S
	710.78
	734.93
	722.85
	0.115
	0.109
	0.112

	13
	Kashi Sharad (VRT- 2)
	12.55
	12.88
	12.72
	24.66
	24.55
	24.61
	35.88
	36.55
	36.22
	49.55
	49.00
	49.28
	S
	795.75
	806.63
	801.19
	0.091
	0.089
	0.090

	14
	DARL-66
	15.55
	13.55
	14.55
	20.55
	21.66
	21.11
	32.55
	36.55
	34.55
	56.55
	58.55
	57.55
	HS
	915.75
	923.25
	919.50
	0.086
	0.097
	0.092

	15
	Dhanshree
	14.66
	15.66
	15.16
	24.88
	26.55
	25.72
	39.55
	41.55
	40.55
	65.55
	64.55
	65.05
	HS
	781.58
	803.25
	792.41
	0.100
	0.094
	0.097

	16
	BT-11
	12.00
	14.55
	13.28
	18.22
	20.55
	19.39
	24.88
	26.55
	25.72
	38.66
	42.55
	40.61
	S
	534.08
	578.25
	556.16
	0.078
	0.071
	0.074

	17
	Beto 86
	10.55
	11.22
	10.89
	18.66
	19.55
	19.11
	23.55
	22.22
	22.89
	32.55
	34.55
	33.55
	S
	319.13
	330.75
	324.94
	0.075
	0.075
	0.075

	18
	Arka Saurabh
	1.36
	1.45
	1.41
	2.55
	2.00
	2.28
	6.55
	6.66
	6.61
	10.00
	9.55
	9.78
	T
	491.63
	511.58
	501.60
	0.133
	0.126
	0.129

	19
	Punjab Chhuhara
	18.00
	19.55
	18.78
	25.66
	26.55
	26.11
	38.88
	36.55
	37.72
	55.55
	58.66
	57.11
	HS
	601.58
	639.08
	620.33
	0.075
	0.073
	0.074

	20
	Azad T-8
	7.55
	7.66
	7.61
	12.55
	13.55
	13.05
	19.55
	21.55
	20.55
	24.66
	26.55
	25.61
	S
	459.08
	454.13
	456.60
	0.079
	0.083
	0.081

	21
	Kalyan Pur- T-4
	4.55
	6.55
	5.55
	18.55
	19.66
	19.11
	28.00
	29.66
	28.83
	36.55
	34.00
	35.28
	S
	645.75
	664.13
	654.94
	0.139
	0.110
	0.123

	22
	Annamalai
	11.33
	12.55
	11.94
	19.66
	20.55
	20.11
	26.55
	28.55
	27.55
	49.55
	54.55
	52.05
	HS
	465.75
	510.75
	488.25
	0.098
	0.098
	0.098

	23
	Angha
	1.25
	1.44
	1.35
	0.00
	4.55
	2.28
	5.55
	7.55
	6.55
	12.55
	13.55
	13.05
	MS
	585.75
	570.75
	578.25
	0.154
	0.149
	0.151

	24
	Kalyanpur- T-3
	15.00
	14.55
	14.78
	28.55
	29.55
	29.05
	41.55
	43.55
	42.55
	65.55
	62.55
	64.05
	HS
	1013.25
	1020.75
	1017.00
	0.098
	0.097
	0.098

	25
	Kashi Chayan
	13.00
	13.55
	13.28
	25.55
	26.55
	26.05
	52.55
	50.66
	51.61
	69.55
	73.55
	71.55
	HS
	1215.75
	1226.63
	1221.19
	0.112
	0.113
	0.112

	26
	EC-620645
	13.33
	12.33
	12.83
	33.00
	32.55
	32.78
	85.55
	85.00
	85.28
	92.55
	90.00
	91.28
	HS
	1253.25
	1264.13
	1258.69
	0.129
	0.132
	0.131

	27
	Prestige
	6.00
	6.66
	6.33
	26.66
	25.66
	26.16
	59.55
	63.55
	61.55
	74.55
	78.55
	76.55
	HS
	1200.75
	1189.13
	1194.94
	0.168
	0.164
	0.166

	28
	Arka Abha
	1.25
	1.41
	1.33
	25.66
	26.55
	26.11
	68.55
	70.00
	69.28
	85.55
	80.00
	82.78
	HS
	1279.13
	1242.45
	1260.79
	0.281
	0.269
	0.275

	29
	PNR-7
	6.66
	5.66
	6.16
	33.00
	30.33
	31.67
	65.55
	60.00
	62.78
	85.00
	85.66
	85.33
	HS
	1309.13
	1336.58
	1322.85
	0.170
	0.181
	0.175

	30
	Kashi Adarsh (BTH- 9 female)
	10.66
	10.55
	10.61
	20.66
	23.66
	22.16
	52.66
	58.66
	55.66
	89.55
	92.55
	91.05
	HS
	1309.13
	1343.25
	1326.19
	0.142
	0.145
	0.143

	31
	Pusa Ruby (control)
	14.50
	13.52
	14.01
	34.00
	33.25
	33.63
	86.52
	85.50
	86.01
	94.52
	92.65
	93.59
	HS
	1357.80
	1336.13
	1346.96
	0.395
	0.540
	0.039

	
	SE(m)
	
	
	0.59
	
	
	0.58
	
	
	0.77
	
	
	0.58
	
	
	
	
	
	
	

	
	CD (p=0.05)
	
	
	1.20
	
	
	1.21
	
	
	1.24
	
	
	1.21
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Figure 1. Disease incidence (DI) and area under disease progress curve (AUDPC) of thirty tomato germplasm evaluated against Fusarium wilt under field conditions.
Figure 2. Apparent infection rate (r) of tomato germplasm evaluated against Fusarium wilt.
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