Induced Mutagenesis in Tomato: Comparative Morphological and Yield Evaluation of EMS-Derived Mutants for Genetic Variability and Superior Genotypes
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ABSTRACT
 
	Crop improvement requires genetic variability, and induced mutagenesis provides an efficient approach for producing new variation. In this study, the genetic diversity of 24 tomato (Solanum lycopersicum L.) genotypes comprising 21 induced mutants, one parent genotype, and two standard checks, was assessed in both controlled and natural environments. Principal component analysis (PCA), hierarchical cluster analysis, genetic variability factors, and analysis of variance were used to analyse morphological and yield-related characteristics. All traits showed highly significant genotypic variances, suggesting significant genetic diversity. Fruit weight, number of locules, fruits per truss, and yield per plant all showed strong genotypic and phenotypic coefficients of variation, high heritability, and genetic advancement, indicating the predominance of additive gene action. While cluster analysis separated genotypes into discrete clusters, indicating significant genetic divergence among mutants and their isolation from the parent genotype, PCA showed that fruit size attributes and yield components were the main contributors to overall variability. The strength of trait relationships and diversity patterns was validated by the agreement between univariate and multivariate analyses. Overall, the study shows that induced mutants are important genetic resources and finds important characteristics and superior genotypes that can be successfully used in tomato breeding programs targeted at genetic improvement and yield increase.
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1. INTRODUCTION 

The development of new crop varieties with desirable agronomical traits, such as high productivity rates, has become crucial for this purpose. Since natural variation is scarce, breeding programs are in need of suitable alternatives and particularly induced mutagenesis programs. Modern breeding programs should ideally be based on a combination of natural and induced mutagenesis supported by advanced molecular biology techniques (Fonseca et al., 2022).  Tomato (Solanum lycopersicum L.) is the second most significant vegetable crop in the world, with production from 4.9–5 million hectares reaching about 186–192 million tonnes in 2023 (FAO, 2024; FAOSTAT-derived statistics, 2024). Asia dominates with over 60% of total output, followed by Europe, the Americas, and Africa. The tomato's short life cycle, ease of hybridization and self-pollination, diploid genome (2n = 24, ~900-950 Mb), and abundance of genomic resources, such as well-annotated reference sequences and mutant collections, make it a valuable model crop for plant biology (Rothan et al., 2019; Gao et al., 2023). In tomato, crop improvement work on quality and nutrients is very much limited in India. Hybrids are preferred over pure lines varieties in tomato on account of their superiority in marketable fruit yield and fruit quality. Fruit shape in tomato is one of the most important components of fruit firmness, which represents the basis for studying this trait. The degree of fruit firmness has been used as an indication of fruit quality. Storability of tomato is of prime concern in terms of consumer preference and breeders choice. Therefore, pericarp thickness is considered to be a very important attribute among breeder for selecting cultivars as it is much related to the storage capacity of tomato. The success of hybridization depends upon the selection of suitable parental genotypes and superior performance of their cross combinations (Chun et al., 2020).
Although tomatoes can grow in a variety of soil types, generally prefer well-drained sandy loam or red loam with a pH of 6.0–7.0 and a high level of organic matter (Sharma et al., 2019). For fruit set and quality, temperatures between 21 and 24°C are ideal; temperatures above 32°C result in flower drop, decreased pollination, and yield losses (Ayankojo and Morgan, 2020). The crop's broad climatic tolerance, from temperate to tropical zones, supports its global cultivation, yet rising temperatures, drought, salinity, and erratic precipitation linked to climate change pose severe threats (Kürklü et al., 2025; Cammarano et al., 2022). In major processing regions like Italy and California, where production viability may significantly decline within decades, these stressors worsen biotic pressures and lower yield and quality (Cammarano et al., 2022; ClimateAi, 2025).
Conventional methods of adaptive breeding are limited by the narrow genetic base of cultivated tomatoes (Juhi et al., 2019). Induced mutagenesis techniques available include insertional mutagenesis as well as the use of physical and chemical agents that have very diverse effects on target genomes. Insertional mutagenesis methods such as T-DNA have been successfully employed in tomato using methods such as activation tagging (Carter et al., 2013). Induced mutagenesis addresses this bottleneck by efficiently generating novel genetic variation without transgenic modifications, preserving elite backgrounds all while inducing point mutations, small insertions/deletions, or other changes (Sikora et al., 2019; Gao et al., 2023). The most popular chemical mutagen for tomatoes is still ethyl methanesulfonate (EMS), a strong alkylating agent that mostly causes GC→AT transitions (and some AT→GC at higher dosages) and produces high-density mutant libraries (Gao et al., 2023; Wang et al., 2025). Precise gene discovery and trait enhancement are now possible because of recent whole-genome sequencing of EMS mutagenized populations, which showed mutation densities far higher than previous estimates (up to 1 per 3 kb) (Gao et al., 2023; Wang et al., 2025). Fruit quality, stress tolerance, disease resistance (including those such as against potyviruses and Orobanche), and morphological characteristics in tomatoes have all been successfully enhanced by EMS (Piron et al., 2010; Kostov et al., 2007; Wang et al., 2025). Combined with next-generation sequencing and mapping-by-sequencing, these approaches accelerate identification of causal mutations for targeted breeding (Sikora et al., 2019).
Despite these advances, there are still gaps in understanding genotype-by-environment interactions for yield and morphological traits when assessing EMS-induced mutants under different field and controlled environments.  The present study addresses this by evaluating EMS-derived tomato mutants for morphological and yield-related performance under field and controlled environments. This approach is particularly timely and significant in light of the growing climate challenges, as it identifies resilient mutants with enhanced fruit size, pericarp thickness, locule number, and yield potential traits critical for adapting to variable conditions (Kürklü et al., 2025; Ayankojo and Morgan, 2020). By expanding genetic diversity in cultivated tomato, such mutant lines offer direct breeding value for developing climate-resilient, high-yielding varieties, supporting food security in vulnerable regions and advancing precision mutagenesis integrated with modern genomics. This work contributes novel insights into environment-specific trait expression in mutants, bridging functional genomics with applied breeding for sustainable tomato production.

2. material and methods

The present study was conducted using twenty-four tomato (Solanum lycopersicum L.) genotypes (Fig. 1), comprising twenty one induced mutants, their one parent genotype, and two standard check varieties. The aim of the study was to evaluate the degree of genetic diversity of mutants for morphological and yield-related variables. A Randomized Complete Block Design (RCBD) with three replications was used to set up the experiment. All genotypes were tested in open fields throughout the first year to evaluate how well they performed in a naturally variable environment. In order to investigate the stability and expression of morphological features under reduced environmental influence, the same set of genotypes was assessed under controlled conditions the following year. Uniform agronomic and cultural practices recommended for tomato cultivation were followed in both environments to reduce non-genetic variation. Each genotype was grown in plots of equal size, and standard crop management practices were applied throughout the growing period.
Morphological observations were recorded on thirteen quantitative and qualitative traits, namely plant height (cm), plant width (cm), plant growth type, presence or absence of green shoulder tips on large fruits, fruit color, predominant fruit shape, fruit weight (g), fruit length (cm), fruit width (cm), number of days to 50% flowering, number of locules per fruit, pericarp thickness (mm), and fruit yield per plant (kg). Data for quantitative traits were recorded from five randomly selected plants per genotype per replication, and the mean values were used for statistical analysis. Qualitative traits were recorded based on visual observation using standard descriptors.

Statistical Analysis
To determine the significance of genotype differences, the recorded data were subjected to analysis of variance (ANOVA). The variability package in R software (Popat et al., 2020) was used to carry out the analysis of variance (ANOVA), and the significance of genotypic effects was examined at 1% and 5% probability levels. The ANOVA was used to determine variance components, such as genotypic variance (σ²g), phenotypic variance (σ²p), and environmental variance (σ²e). The genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), and environmental coefficient of variation (ECV) were calculated using these elements. The efficiency of selection was evaluated by estimating broad-sense heritability (h²) and calculating genetic advance (GA) and genetic advance as a percentage of the mean (GAM). Descriptive statistics such as range, mean, standard deviation, and coefficient of variation were also computed to quantify variability among genotypes.

Multivariate Analysis
To assess genetic diversity and relationships among traits and genotypes, Principal Component Analysis (PCA) and Euclidean cluster analysis were performed using R Studio based on morphological and yield-related traits. Eigenvalues and eigenvectors obtained from PCA were used to identify the principal components contributing most to total phenotypic variation. Principal components with eigenvalues greater than unity were considered significant and retained for interpretation, following the criteria proposed by Kovach (1994) and Mohammadi and Prasanna (2003). The distribution of genotypes and interrelationships among traits were visualized using a biplot, enabling graphical interpretation of multivariate patterns under field and controlled conditions.

3. results and discussion

Analysis of Variance
For every morphological and yield-related trait examined, the analysis of variance (ANOVA) showed highly significant differences (p < 0.001) among genotypes (Table 1), demonstrating the tremendous genetic variability present in the experimental material. Fruit size parameters, plant architecture, and yield components are only a few of the variables where significant genotypic impacts have been found. This indicates that there is a lot of potential for efficient selection and genetic improvement. The lack of significant replication effects for the majority of traits further supports the consistency of management procedures and the sufficiency of experimental precision. Pathak et al. (2024) and Dar and Sharma (2011) have reported similar findings of relatively significant genotypic variation among tomato germplasm, underscoring the significance of genetic variety as a requirement for crop improvement.

Morphological and Yield Traits

Fruit weight had the greatest F-value (74.05) of all the variables examined, followed by fruit length, plant height, pericarp thickness, and yield per plant, all of which showed strong genetic influence. For fruit weight and yield per plant, high F-values and large genotypic mean squares indicate that these parameters are mostly controlled by genetic determinants and are less affected by environmental variation.
In line with earlier findings by Jiang et al. (2024), who reported large genotype-dependent variation for fruit dimensions in tomatoes, fruit size parameters such as fruit length and diameter showed highly significant genotypic impacts. Additionally, yield per plant showed a high F-value and a very high genotypic sum of squares, confirming its potential for selection-based enhancement. Similar findings have been reported by Zhang and Hussain (2024) and Kang et al. (2021), who noted highly substantial genotypic effects for fruit yield under both controlled and open field conditions. 
On the other hand, characteristics like plant width and the number of primary branches showed relatively lower F-values, suggesting a higher contribution of environmental effects and potential participation of non-additive gene activity. Shams-un-Nisa et al. (2023) found similar patterns, reporting moderate to low heritability for branching traits, indicating the necessity for alternate breeding strategies such as recurrent selection.
Genetic Variability Parameters
High GCV and PCV values for fruit weight and yield per plant were found in estimates of genetic variability parameters (Table 2), suggesting significant variability and potential for selection. The minor variations between PCV and GCV for the majority of characteristics point to a predominance of genetic control and little environmental influence. 
Fruit weight, yield per plant, number of locules, and fruits per truss all showed strong heritability and high genetic advancement as a percentage of mean, suggesting the supremacy of additive gene action. It is anticipated that these characteristics will react well to direct selection. These results are consistent with those of Maurya et al. (2022), Patel et al. (2017), and Saravanan et al. (2019), who documented comparable patterns for tomato yield and fruit quality characteristics. On the other hand, plant width and the number of primary branches showed poor genetic advancement and low heritability, indicating that these traits are less accessible to simple selection due to environmental influences or non-additive gene effects. Al-Araby (2021) observed similar findings in tomato population segregation.

Distribution of Trait Variability
The phenotypic dispersion of tomato genotypes varied significantly, as seen by boxplots (Fig. 2). In line with their high GCV, PCV, and heritability estimations, yield per plant, fruit weight, fruit length, and fruit diameter all showed broad interquartile ranges and several extreme values, indicating significant variability and strong selection potential. Conversely, despite strong genetic control, the number of locules and fruits per truss displayed narrower dispersion, suggesting more consistency. Plant height, plant width, and the number of major branches are examples of vegetative variables that showed relatively less fluctuation, indicating phenotypic stability and a restricted sensitivity to direct selection. Overall, the boxplot analysis highlights fruit size and yield attributes as important factors contributing to genetic divergence and graphically supports ANOVA and multivariate results.

Principal Component Analysis
In order to determine the main causes of phenotypic variation among the evaluated tomato genotypes and to uncover connections between the traits under study, principal component analysis (PCA) was used. Together, the first two principal components (PC1 and PC2) accounted for 70.3% of the variation, with PC1 contributing 50.3% and PC2 20.0% (Fig. 3). In tomato germplasm studies, the initial PCs frequently capture 60–80% of variation in yield and morphological traits. This significant percentage of explained variance suggests that the first two components adequately summarised the multivariate structure of the dataset (Kumar et al., 2022; Islam et al., 2023; Akinyode et al., 2023).
Fruit morphological and yield-related characteristics predominated in PC1, with substantial positive loadings (>0.7, deduced from vector lengths and orientations in the biplot) for fruit weight, fruit diameter, pericarp thickness, number of locules, yield per plant, and yield per hectare. These characteristics were crucial in distinguishing genotypes because they closely matched those showing high genotypic variability, heritability, and genetic advancement in the previous ANOVA and genetic parameter analyses (Hanson et al., 1956; Kumar et al., 2022; Islam et al., 2023). Fruit size and yield components are the primary drivers of genetic divergence in the evaluated plant material, as indicated by the clustering of these vectors along PC. In contrast, PC2 was primarily influenced by plant architectural and fruit number traits, including number of primary branches, fruits per truss, fruits per plant, and plant height (with secondary contributions from seed-related traits). These traits displayed moderate variability and comparatively lower heritability, consistent with their lesser contribution to overall phenotypic diversity and their partial independence from direct yield determinants (Islam et al., 2023; Panthee, 2012).
Clear insights into trait associations were obtained using the PCA biplot. Strong positive relationships between these economically significant characteristics were shown by acute angles between vectors for fruit weight, fruit diameter, pericarp thickness, number of locules, and yield metrics (per plant and per hectare). The viability of simultaneous selection for increased fruit size, quality, and productivity is supported by this interdependence; several tomato diversity studies have confirmed this approach (Kumar et al., 2022; Islam et al., 2023; Akinyode et al., 2023). On the other hand, weak or insignificant associations were suggested by near-orthogonal or obtuse angles between the yield-related cluster and vectors for plant architectural characteristics (such as primary branches and plant height). This divergence highlights the relative independence between growth habit and reproductive success in tomatoes by implying that increasing vegetative vigor does not necessarily boost fruit yield. (Islam et al., 2023).
The biplot's genotype location showed a partial separation according to the evaluation environment. Under controlled conditions, genotypes with higher PC1 scores tend to form a tighter cluster, indicating improved expression of fruit size and yield attributes under reduced abiotic stress. Field-grown genotypes showed more dispersion, particularly along PC2, suggesting that the environment had a greater impact on architectural characteristics, including branching and plant stature. While environment-specific clustering highlights the importance of genotype × environment (G×E) interactions, partial genotype overlap across environments suggests the presence of stable performers with consistent trait expression, highly desirable for broad adaptation (Panthee, 2012; van der Knaap et al., 2021). These results are consistent with previous studies in tomatoes, where field variability highlights architectural plasticity but controlled settings frequently increase production potential.
Collectively, the PCA results corroborate the univariate analysis by confirming that fruit morphological and yield-related traits are the main sources of genetic variability set of genotypes. Selection emphasizing PC1-associated traits (e.g., fruit weight, diameter, pericarp thickness, and yield components) offers the greatest potential for productivity gains through direct or correlated response. Environment-specific breeding or indirect selection through linked markers may be necessary for architectural features since they are less connected with yield and more susceptible to the environment. These insights provide a foundation for targeted improvement of tomato germplasm, particularly in regions with variable growing conditions such as Jammu and Kashmir, where balancing yield stability and adaptability is critical.

Cluster Analysis:
Hierarchical cluster analysis based on morphological and yield-related traits revealed clear genetic divergence among the tomato mutants, parent genotype, and standard checks (Fig. 4). Using Euclidean distance, the dendrogram grouped the 21 mutants (S1–S21), one parent genotype (PC), and two standard checks (SH1 and SH2) into distinct clusters, reflecting variation generated through mutation and subsequent selection.

Clustering Pattern and Genetic Relationships
The dendrogram broadly separated the genotypes into two major lineages, indicating substantial divergence between groups. A large cluster comprised the majority of mutants (S1–S21), which were further subdivided into several sub-clusters. Mutants such as S10, S9, S7, S14, S11, and S13 grouped closely, suggesting strong phenotypic similarity, possibly due to shared mutation effects or similar expression of fruit size and yield attributes. Similar clustering among induced mutants has been reported in tomato, where mutagenesis often generates families of lines with comparable trait expression (Saravanan et al., 2019; Maurya et al., 2022).
Another subgroup included S3, S1, S5, S4, and S2, indicating moderate divergence within the mutant population. The presence of multiple sub-clusters among mutants highlights the effectiveness of mutagenesis in creating broad phenotypic variability, which is essential for the selection of superior lines.

Position of Parent and Standard Checks
The parent genotype (PC) clustered closely with standard check SH1, while SH2 appeared slightly more distant. This pattern suggests that SH1 is genetically closer to the parent in terms of the evaluated traits, whereas SH2 represents a comparatively divergent genetic background. The placement of PC near the checks rather than within mutant-dense clusters confirms that induced mutants have diverged phenotypically from the original parent, validating the success of mutation breeding. Importantly, several mutants viz., S15, S16, and S19 appeared at greater linkage distances from the parent and checks, indicating pronounced divergence. Such mutants are particularly valuable as potential donor lines for novel alleles related to yield or fruit quality traits.
From a breeding perspective, mutants clustering far from the parent genotype and standard checks are promising candidates for hybridization, as genetic distance between parents is often positively associated with heterosis and transgressive segregation (Arunachalam, 1981; Mohammadi and Prasanna, 2003). Conversely, mutants clustering close to PC may serve as improved derivatives retaining parental adaptation while expressing specific desirable traits.
The clustering pattern is consistent with PCA and variability analyses, where fruit weight, fruit dimensions, pericarp thickness, number of locules, and yield traits were major contributors to genetic divergence. The agreement among multivariate methods reinforces the reliability of cluster analysis for parent selection in tomato improvement programs.

 

Table 1. Analysis of variance (ANOVA) for morphological traits among 24 tomato genotypes comprising 21 induced mutants, one parent genotype, and two standard checks

	
	Source
	df
	Sum Sq
	Mean Sq
	F value
	p-value


	Length of fruit (mm)
	Replication
	2
	171.9
	85.94
	2.77
	.073

	
	Genotype
	23
	28,253.4
	1228.41
	39.53
	< .001 ***

	
	Residuals
	46
	1429.6
	31.08
	
	

	Diameter of fruit (mm)
	Replication
	2
	205.9
	102.93
	9.37
	< .001 ***

	
	Genotype
	23
	5982.8
	260.12
	23.68
	< .001 ***

	
	Residuals
	46
	505.3
	10.99
	
	

	Pericarp thickness (mm)
	Replication
	2
	0.524
	0.262
	1.05
	.358

	
	Genotype
	23
	157.755
	6.859
	27.49
	< .001 ***

	
	Residuals
	46
	11.477
	0.250
	
	

	Fruit weight (g)
	Replication
	2
	107
	53.45
	1.50
	.233

	
	Genotype
	23
	60,524
	2631.5
	74.05
	< .001 ***

	
	Residuals
	46
	1635
	35.54
	
	

	No. of primary branches
	Replication
	2
	14.53
	7.26
	0.83
	.443

	
	Genotype
	23
	609.78
	26.51
	3.02
	< .001 ***

	
	Residuals
	46
	403.47
	8.77
	
	

	Yield per plant (g)
	Replication
	2
	5.88×10⁶
	2.94×10⁶
	2.83
	.070

	
	Genotype
	23
	8.31×10⁸
	3.61×10⁷
	34.74
	< .001 ***

	
	Residuals
	46
	4.78×10⁷
	1.04×10⁶
	
	

	Plant width (inch)
	Replication
	2
	0.0137
	0.00684
	1.41
	.254

	
	Genotype
	23
	0.5477
	0.02381
	4.92
	< .001 ***

	
	Residuals
	46
	0.2225
	0.00484
	
	

	Plant height (ft)
	Replication
	2
	0.033
	0.0163
	0.18
	.835

	
	Genotype
	23
	58.995
	2.565
	28.59
	< .001 ***

	
	Residuals
	46
	4.128
	0.0897
	
	



Table 2 Estimates of genetic variability parameters including GCV, PCV, heritability, and genetic advance for key morphological traits in genotypes.

	Trait      
	Mean
	SD
	Min
	Max
	GCV (%)
	PCV (%)
	Heritability (H²)
	Genetic Advance (GA)
	GA as % of Mean

	Length of fruit (mm)
	44.32
	20.24
	15.61
	87.70
	45.08
	46.80
	0.93
	39.64
	89.45

	Diameter of fruit (mm)
	30.64
	9.31
	14.78
	54.38
	29.74
	31.65
	0.88
	17.64
	57.58

	No. of locules
	2.71
	1.08
	2.00
	6.00
	39.97
	39.97
	0.99
	2.23
	82.35

	Pericarp thickness (mm)
	5.89
	1.51
	3.32
	8.25
	25.19
	26.58
	0.90
	2.90
	49.18

	Fruit weight (g)
	45.39
	29.62
	6.60
	95.90
	64.80
	66.12
	0.96
	59.39
	130.83

	No. of primary branches
	19.56
	2.97
	14.00
	23.67
	12.44
	19.60
	0.40
	3.18
	16.26

	Fruits per truss
	6.58
	1.98
	4.00
	12.00
	30.02
	30.02
	0.99
	4.07
	61.84

	Yield per plant (g)
	5298.39
	3469.58
	882.67
	12492.80
	64.53
	67.34
	0.92
	6749.99
	127.40

	Plant width (inch)
	0.50
	0.09
	0.38
	0.64
	15.77
	20.93
	0.57
	0.12
	24.47

	Plant height (ft)
	7.11
	0.92
	5.47
	8.63
	12.78
	13.46
	0.90
	1.78
	25.00







Fig. 1. Representative fruit morphology of induced tomato mutants (S1–S21), parent genotype (PC), and standard checks; Shalimar-I (SH1) and Shalimar-I I(SH2). 
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Fig. 2 Boxplots illustrating the distribution and variability of selected morphological traits among genotypes 
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Fig.3. PCA biplot showing trait relationships and variation among genotypes 
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Fig.4  Dendrogram showing hierarchical cluster analysis of genotypes based on morphological traits. 


4. Conclusion
The current study revealed significant genetic variation among tomato genotypes for yield-related and physical characteristics assessed in both controlled and natural environments. Strong genetic control and the possibility of successful selection were proven by highly substantial genotypic differences across all traits. The predominance of additive gene action and the suitability of these traits for direct phenotypic selection are indicated by high genotypic and phenotypic coefficients of variation, as well as high heritability and genetic advance for fruit weight, number of locules, fruits per truss, and yield per plant. These results were further supported by multivariate studies, which consistently identified yield components and fruit size attributes as the main drivers of genetic divergence, whereas vegetative qualities showed lesser correlations with yield. Overall, fruit weight, fruit dimensions, pericarp thickness, and yield per plant emerged as key selection criteria, and the superior genotypes identified in this study provide valuable genetic resources for developing high-yielding tomato cultivars.
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