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AbstractAbstractAbstractAbstract    
    
Tomato is a highly sensitive crop to moisture stress, and grown widely under varying conditions of 

moisture deficit. To identify the stable genotypes and characterize their responses to moisture stress, thirty-two 
diverse genotypes were evaluated at three imposed moisture regimes i.e., sub-optimal irrigation at 75±5% of 
the field capacity (FC; L1), irrigation at 50±5% of the FC (L2), and irrigation at 25±5% of the FC (L3) inside 
a passively ventilated plastic greenhouse. A wide range of variability was observed for 23 analyzed physio-
chemical traits under study. All the analysed traits (except root-shoot ratio, chlorophyll index, total biomass, 
sugar content, and acidity) have shown higher heritability and moderate to high genetic advance, indicating 
that these traits are governed by additive gene action and responsive to selection under water stress conditions. 
All the growth and yield parameters were shown to decrease significantly with the increase of intensity of 
moistures stress. Likewise, physiological parameters, namely chlorophyll and the relative water content tended 
to decrease, while the rate of water loss and proline content tended to increase following an increase in stress 
level. Fruit quality traits like total sugar, vitamin-C, and lycopene contents were tended to improve with the 
increase of designated moisture stress. The additive main effects and multiplicative interaction (AMMI) 
analysis of variance revealed the significant effects of moisture stress, genotype, and genotype × environment 
interaction for yield and yield-related traits. Based on multi-trait stability index (MTSI) analysis, MT-11, VL 
Tomato-4 and Megha Tomato-3 were considered most stable and promising genotypes for promotion for 
commercial production under the moisture stress conditions. 
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IntroductionIntroductionIntroductionIntroduction    
 
Tomato (Solanum lycopersicum L.), a globally cultivated solanaceous vegetable crop, stands as an 

important dietary source of antioxidants, such as lycopene, β-carotene, and ascorbic acid. Renowned for its 
nutritional richness, tomatoes find extensive use in cooking, table consumption, and the production of various 
processed products. India is the second-largest producer of tomato after China, accounting for 11.2% of the 
world’s production (FAOSTAT, 2021; Press Information Bureau [PIB], 2022). Despite India's significant 
contribution to global tomato production and the importance of the crop in this nation, a strong limiting factor 
is that regional disparities exist within the country. Specifically, the North-eastern region, placed in the sub-
Himalayan region of India, occupies 8.0% of the country’s geographical area with 4.4% of the country's 
population, with a small proportion (≈2.86%) of total tomato production in the country (PIB, 2022). The 
region, marked by diverse conditions, predominantly features a humid subtropical to montane climate. The 
terrain and topography of the region are predominantly hilly (66%) with valleys of the Brahmaputra and Barak 
rivers. The region receiving the large amount of total rainfall (≈90%) during the monsoon season (June – 
September), witnesses moderate to severe moisture stress from November to February (Dikshit et al., 2014). 

The cost of tomatoes in the North-eastern region consistently remains high due to the region's limited local 
production. As a result, the majority of the supply must be sourced from other parts of the country. This 
reliance on distant sources incurs substantial transportation expenses, which not only drive up the price for 
consumers but also contribute to associated carbon emissions. The farmers of the region are growing tomatoes 
during the spring-summer season mainly as a rainfed crop under a rice-tomato cropping system. Moreover, the 
crop's yield and quality consistently suffer from suboptimal conditions. Abiotic stresses, such as water stress 
during the early vegetative stage, coupled with a deficiency of some essential nutrients (e.g., calcium, 
magnesium, and phosphorus) in the prevailing acidic soil, contribute to the challenges. In recent times, changes 
in the regional weather patterns, presumably influenced by climate change, have led to rainless winters, resulting 
in prolonged dry spells and substantial water stress.  

Developing a water-stress-tolerant cultivar is crucial not only for enhancing crop productivity but also 
for optimizing land utilization with limited water resources (Waister and Hudson, 1970; Boyer, 2010; Farooq 
et al., 2019; Rane et al., 2022; Sharma et al., 2023; Verma et al., 2024). Breeding programs focused on creating 

novel crops resilient to water stress present an opportunity to leverage local landraces and diverse accessions 
found in the Himalayan region. In the context of water deficit stress, typically caused by reduced water 
availability, addressing the overproduction of reactive oxygen species (ROS) and restoring redox balance within 
plant cells becomes a pertinent factor for consideration. Larson (1988) suggested that novel or improved 
cultivars can adapt specific antioxidant mechanisms to neutralize harmful cellular factors. They can also 
accumulate osmo-protectants such as ascorbate, glyoxylate, polyamines, proline, and glycine betaine. These 
compounds play a vital role in maintaining transitory osmotic adjustment, imparting tolerance to the plant 
under stressful conditions.  

Genetic mechanisms governing water-stress tolerance are intricate and often involve multi-genic 
inheritance. Recent years have seen substantial advancements in genotyping technologies, significantly 
enhancing genetic improvement. However, the full potential of molecular tools in water-stress breeding is 
hindered by the lack of precise phenotyping for water-stress-related traits (Kumar et al., 2021). Several 

physiological traits associated with water stress tolerance, such as reduced leaf area, increased stomatal and 
cuticular resistance, fewer and smaller stomata, vertical leaf orientation, and higher water use efficiency, play 
crucial roles in minimizing water loss by the plant. Additionally, an active and deeper root system, with higher 
root–shoot ratios, enhances water uptake from the soil solution, particularly during periods of low water 
availability in crop growth (Farooq et al., 2012). 

Moreover, as a polygenic trait, understanding the linkage and relationships between yield and other 
yield-contributing traits is crucial for designing effective criteria for crop improvement. Choosing genotypes 
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based on components that exhibit simpler inheritance, rather than total yield alone, proves more advantageous 
(Grafius, 1959).  

Polygenic traits, encompassing characteristics such as yield and quality attributes, are acknowledged for 
their intricate dependence on the interplay of genotype, environmental factors, and their dynamic interactions. 
To identify stable genotypes across diverse environments, a comprehensive understanding of genotype and 
environmental interactions is essential. The Additive Main Effects and Multiplicative Interaction (AMMI) 
method stands out as a popular statistical approach for stability analysis, particularly well-suited for datasets 
with numerous environmental influences. This method provides a nuanced understanding of the genotype-by-
environment (G×E) interaction, elucidating patterns of relationships between genotypes and environments 
through accurate trait estimates (Zobel et al., 1988). For polygenic traits, the Multi-Trait Stability Index 

(MTSI) has emerged as a recently developed and effective tool. It aids in selecting elite genotypes by considering 
both mean performance and stability across various variables. MTSI has demonstrated effectiveness in the 
selection of genotypes resistant to abiotic stresses in various crop species, including drought and salinity-
resistant genotypes in soybean (Zuffo et al., 2020), drought-tolerant genotypes of chickpea (Hussain et al., 

2021), and maize inbred lines suitable for optimal and drought stress conditions (Balbaa et al., 2022). In light 

of these considerations, the primary aim of this investigation is to analyze and understand how different tomato 
accessions respond to water stress. The central focus is to discern and identify genotypes that exhibit stability 
and adaptability under controlled conditions of water stress, with the goal to provide valuable insights into the 
selection and promotion of genotypes that can thrive and maintain optimal performance in the face of 
increasingly severe water stress challenges. 

 
 

Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
Experimental setup 

The experiment was conducted within a naturally ventilated polyhouse (plastic greenhouse) during the 
February – June of 2021 at the Horticulture Experimental Farm, ICAR Research Complex for NEH Region, 
Umiam, Meghalaya. The maximum and minimum average temperatures recorded inside during the cropping 
period ranged from 28.8-36.7 °C and 13.8-26.4 °C, respectively. The relative humidity ranged from 46.5–
86.5%. A total of 34 advanced genotypes, including popular cultivars, were used for evaluation in pots of 15-
litre capacity under polyhouse. The pots were filled with topsoil (sandy texture) enriched with farmyard 
manures. The recommended dose of NPK fertilizers applied was 120:60:60 kg per hectare on a per plant basis. 
Half of N and the full dosage of P and K were applied in the potting mixture, and the remaining half doses of 
N were applied in 2 split doses at 30 and 60 days after planting. The sowing of seeds commenced in February 
within nursery trays, and after one month of growth, the seedlings were transplanted into pots. Immediate 
irrigation was applied upon transplantation, and this watering regimen persisted on alternate days for duration 
of one week to foster optimal establishment. The experiment was laid out in a completely randomized block 
design with three replications, and each replication had 8 plants.  

 
Water stress treatments 

The level of water stress maintained was L1 (sub-optimal irrigation at 75±5% of the Field Capacity, 
FC), L2 (irrigation at 50±5% of the FC) and L3 (irrigation at 25.0 ±5% of the FC) using a soil moisture 
measurement system (IC-MPKit-406B, ICT International) for monitoring the water stress levels throughout 
the crop period. 

 
Observations for growth and yield-related traits 

The observations were recorded for growth and yield-related traits such as plant height (cm), number of 
flowers per cluster, fruit setting (%), pollen viability (%), fruit length (cm), fruit diameter (cm), fruit weight 
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(g), yield/plant (kg), number of seeds per fruit, root length (cm), root volume (ml), root-shoot ratio, and total 
biomass (g/plant) on dry weight basis at 45 days after transplanting.   

 
Analysis of quality parameters 

The quantification of total soluble solids content (TSS) was conducted using a Digital Handheld 
Refractometer, with the results expressed as a percentage of °Brix. Titratable acidity (TA) was determined 
employing a phenolphthalein indicator, following the methodology outlined by Nielson (2017). Total sugar 
content was assessed using the Phenol-Sulfuric method, as detailed by Dubois et al. (1956). The estimation of 

ascorbic acid was carried out through the direct colorimetric method, in accordance with the procedure 
outlined by Sadasivam and Manickam (1996). Lycopene content extraction employed a Hexane: Acetone: 
Ethanol (2:1:1, v/v/v) mixture, following the extraction protocol of Anthon and Barett (2007). The lycopene 
content was subsequently calculated using the formula: Lycopene (mg/kgFW) = (Abs 503 nm × 537× 8 × 
0.55) / (0.10 × 172). 

  
Analysis of physiological traits 

Physicochemical parameters, including chlorophyll index, chlorophyll a/b ratio, rate of water loss (%), 
relative water content (%), and proline content (μM/gFW) in leaves, were recorded during the reproductive 
stage under sustained water stress conditions. The methodology detailing the data collection is outlined below. 

 
Leaf chlorophyll estimation 

The chlorophyll index as a reflection of chlorophyll density per unit area was determined by using a non-
invasive chlorophyll meter (SPAD-502 plus; Konica Minolta Inc, Chiyoda, JP) clamped to 3rd-4th matured 
leaves from the shoot tip. The observations were recorded from the six randomly selected plants and averaged 
to express as SPAD index or SPAD chlorophyll meter reading (SCMR). 

The contents of chlorophyll a/b pigment in leaves were estimated by the acetone extraction method, 
and the absorbance value was recorded using a spectrophotometer (UV-2100, UNICO, Shanghai, CN), and 
the following formulae were used to calculate the chlorophyll a and b content in the leaves and expressed in 
mg/g on a fresh weight basis (Misyura et al., 2012): 

Chlorophyll a (mg/g) = (12.72 x A663˗2.58 x A645) *(V/W) *(1/1000) 
Chlorophyll b (mg/g) = (22.87 x A645-4.67 x A663) *(V/W) *(1/1000) 
Where: V represents the final volume of the extraction solvent used, W represents the weight of the 

plant tissue sample, and A663, A645 and A480 are the optical absorbance values recorded respectively. 
 
Determination of relative water content 

The determination of relative water content (RWC) followed the method outlined by Hajong et al. 

(2022). Three leaf discs were sampled from the third fully expanded leaf from the top, and their fresh weight 
was measured using an electronic balance. Subsequently, the leaf discs were floated in a petri dish filled with 
distilled water for four hours. Following this, the leaf discs were gently blotted and reweighed, representing the 
turgid weight. Post turgid weight determination, the leaf discs were subjected to oven-drying at 80 °C for 48 
hours, and the dry weight was recorded. RWC was computed expressed as a percentage as already reported 
(Barrs and Weatherley, 1962). 

 
Determination of rate of water loss 

To assess the rate of water loss (RWL), freshly harvested leaves were promptly transported from the field 
to the laboratory and laid out in a ventilated area. Subsequent fresh weight measurements were recorded at 
hourly intervals until reaching a point of no further weight difference (maximum duration: 4 hours). RWL is 
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quantified as the amount of water lost per unit leaf area per unit time and expressed as milliliters per square 
centimeter per hour (ml/cm2/hr).  

 
Leaf proline quantification 

Leaf proline content was quantified using the method described by Bates et al. (1973). Fresh leaf samples 

(0.20 g) were weighed precisely and ground into a fine powder with a mortar. The resulting homogenate was 
prepared by adding 2 mL of 3% (w/v) aqueous dinitro sulfo-salicylic acid, followed by centrifugation at 12,000 
g for 2 minutes at 4-8 °C. The clear filtrate obtained was used for the assay. To this filtrate, glacial acetic acid 
and ninhydrin reagent (1 mL each) were added, and the closed test tubes containing the reaction mixture were 
subjected to a boiling water bath for 1 hour, followed by cooling. The reaction was terminated by introducing 
2 mL of toluene into the mixture. Readings were promptly recorded at a wavelength of 520 nm. Proline 
concentration was deduced from a standard curve, calculated on a fresh weight basis, and expressed as 
micromoles of proline per gram of fresh weight (µmol/g FW).  

 
Statistical analysis 

The mean values of all three replicates were used for the analysis of variance (Panse and Sukhatme, 
1967). Phenotypic and genotypic variances of the genotypes, heritability, and genetic advance for all the 
physiochemical traits were estimated as described by Burton and Devane (1953), Hanson et al. (1956), and 

Johnson et al. (1955), respectively. The AMMI (Additive Main Effects and Multiplicative Interaction)-based 

stability parameters (ASTABs) were measured as AMMI stability value (ASV), AMMI Stability Index (ASI), 
Averages of the Squared Eigenvector Values (EV), Absolute value of the relative contribution of IPCs to the 
interaction (ZA), Weighted Average of Absolute Scores (WAAS), Sums of the Absolute Value of the IPC 
Scores (SIPC) as described by Ajay et al. (2020), and MTSI (multi-trait stability index) using the “metan: Multi 

Environment Trials Analysis” package (http:// www.r-project.org/) in R version 4.2.1 (Olivoto et al., 2019; 

Olivoto et al., 2020). 

 
 
ResultsResultsResultsResults    
 
Analysis of genetic parameters  

Significantly variability was noticed for all the 23 traits studied under the L1 and L3 levels of water stress 
conditions (Table 1). The phenotypic coefficient of variation (PCV) was consistently higher than the 
genotypic coefficient of variation (GCV), indicating that environmental factors contributed significantly to 
trait variation under both control and water stress conditions. Likewise, GCV and PCV range from low (pollen 
viability) to high (root-shoot ratio and rate of water loss) under both conditions. Moreover, higher GCV and 
PCV > 20% were observed for fruit weight, number of seeds per fruit, root volume, root-shoot ratio, rate of 
water loss, total biomass, and proline content under control conditions along with root length excluding fruit 
weight under water stress conditions. These high GCV and PCV values suggest that these traits have strong 
genetic control and could be effectively improved through selective breeding, even under varying water stress 
conditions. 

Under the L1 conditions, except root-shoot ratio, all the traits were found to be highly heritable (> 
60%). In a similar line, high heritability was also observed for the majority of the traits except for the number 
of fruits per cluster, fruit setting percentage, acidity, and total chlorophyll a/b ratio content under water stress 
conditions. Moreover, the data have shown a substantial reduction in heritability for the traits like number of 
fruits per cluster, fruit setting percentage, acidity, TSS, and total chlorophyll a/b content under water stress 
conditions over the irrigated conditions (Table 1). 
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Table 1. Table 1. Table 1. Table 1. Comparative analysis of genetic parameters of tomato for physicochemical traits under irrigated 
and water stress conditions 

TraitsTraitsTraitsTraits    
L1: Level of water stress (Normal)L1: Level of water stress (Normal)L1: Level of water stress (Normal)L1: Level of water stress (Normal)    L3: Level of water stress (Severe stress)L3: Level of water stress (Severe stress)L3: Level of water stress (Severe stress)L3: Level of water stress (Severe stress)    

MeanMeanMeanMean    MinMinMinMin    MaxMaxMaxMax    CVCVCVCV    GCVGCVGCVGCV    PCVPCVPCVPCV    hhhh2222    GAMGAMGAMGAM    MeanMeanMeanMean    MinMinMinMin    MaxMaxMaxMax    CVCVCVCV    GCVGCVGCVGCV    PCVPCVPCVPCV    hhhh 2222    GAMGAMGAMGAM    

Plant height(cm) 97.83 65.00 136.25 5.29 16.88 17.69 91.06 33.18 80.09 55.00 110.00 4.43 14.66 15.31 91.64 28.91 

No of flower/cluster 6.23 4.00 9.00 9.24 16.98 19.33 77.17 30.73 5.07 4.00 6.00 9.48 11.71 15.59 56.43 18.12 

Fruit setting (%) 68.27 62.00 75.00 7.59 12.06 9.65 80.05 15.91 54.37 34.00 89.84 2.75 21.19 29.35 52.12 31.51 

Fruit weight (g) 54.37 34.00 89.84 2.75 23.19 23.35 98.62 47.44 45.93 30.38 69.87 2.83 18.60 18.81 97.74 37.87 

Fruit length (mm) 42.55 32.00 58.79 3.83 13.34 13.87 92.39 26.41 38.61 25.60 54.00 2.83 14.64 14.91 96.39 29.61 

Fruit dia.(mm) 48.28 36.00 66.00 3.48 12.59 13.07 92.90 25.00 44.64 35.00 53.45 3.08 8.94 9.45 89.38 17.40 

Yield (kg/plant) 0.99 0.10 1.46 12.40 15.09 19.53 59.71 24.03 0.56 0.32 0.81 11.83 16.18 20.04 65.15 26.90 

No of seeds per fruit 81.63 48.00 146.00 4.59 23.64 24.08 96.37 47.80 65.90 32.00 123.00 2.53 25.94 26.06 99.06 53.17 

Pollen viability (%) 89.28 73.68 98.00 0.77 7.41 7.44 98.94 15.17 83.26 72.00 95.38 1.69 6.11 6.33 92.92 12.12 

Total biomass 
(g/plant) 

26.31 13.05 52.60 6.40 28.58 29.29 95.23 57.45 16.98 10.77 39.28 5.66 28.67 29.23 96.25 57.95 

Root-shoot ratio 0.22 0.05 0.88 36.07 39.95 53.83 55.09 61.08 0.15 0.01 0.35 17.28 49.16 52.11 89.01 95.54 

Root length (cm) 28.56 18.00 44.00 4.62 17.05 17.67 93.15 33.90 20.52 10.49 32.49 7.93 20.21 21.71 86.67 38.76 

Root volume (ml) 18.32 10.00 36.00 11.97 29.96 32.26 86.22 57.30 12.01 7.00 30.00 13.21 28.73 31.62 82.56 53.78 

Acidity (%) 0.61 0.22 0.88 5.82 14.81 15.91 86.64 28.40 0.75 0.51 1.02 12.49 8.02 10.87 54.48 12.19 

TSS (°B) 5.05 4.20 6.00 2.73 8.18 8.63 90.00 15.99 5.35 4.00 6.65 5.50 8.45 11.08 58.17 13.27 

Total Sugar (%) 1.84 1.05 2.78 4.30 17.16 17.69 94.10 34.29 1.91 1.20 2.81 2.15 15.64 15.78 98.15 31.92 

Vitamin C (mg/100 g) 20.64 14.00 27.23 3.88 12.76 13.34 91.52 25.15 21.54 16.05 28.15 3.95 11.31 11.97 89.14 21.99 

Lycopene (mg/100 g) 6.50 5.12 8.30 3.53 9.47 10.10 87.81 18.27 7.73 5.74 10.77 5.60 12.62 13.81 83.56 23.77 

Proline (µM/g FW) 4.82 1.35 8.15 17.79 23.97 29.86 64.49 39.66 22.80 12.50 35.12 7.43 20.21 21.53 88.08 39.07 

Chlorophyll Index 57.51 42.40 74.45 3.19 13.50 13.87 94.70 27.06 53.15 40.90 68.80 2.48 11.33 11.60 95.44 22.81 

Chlorophyll ab (mg/g) 4.14 2.59 5.36 5.59 12.56 13.75 83.45 23.63 3.51 2.59 4.31 6.77 7.34 9.99 54.04 11.12 

RWL (ml/cm2/hr) 0.08 0.02 0.18 10.64 49.14 50.28 95.52 98.93 0.35 0.06 0.86 10.63 42.98 44.28 94.24 85.96 

RWC (%) 71.84 55.00 88.00 1.47 10.20 10.30 97.97 20.79 62.21 48.00 75.60 3.26 9.91 10.43 90.23 19.39 

 
Genetic advance as percentage of the mean (GAM) for all the traits also varied from moderate to high 

under both conditions (Table 1). The reduction in genetic advance varied from high to moderate water stress 
for traits like number of fruits per cluster, fruit diameter, relative water content, acidity, and total chlorophyll 
a/b content. However, some of the traits like fruit setting percentage, TSS, and lycopene content have shown 
an increase in genetic advance from moderate to high water stress. Moreover, except for pollen viability, other 
traits were high in heritability under both conditions.  

 
Effect of different level of water stress on quantitative traits 

Effect on growth and yield attributes 
Significant (p<0.05) variations were observed among the genotypes with different levels of water stress 

for all the traits (Table 2). The average plant height under control conditions (L1) was 97.83 cm and it 
decreased by 7.43% with irrigation at 7 days intervals Mean pollen viability also varied from 83.3% (L3) to 
89.3% (L1) and there was a significant reduction in average pollen viability by 1.46 and 6.75% at L2 and L3, 
respectively, over the control. The accessions have also shown wider variability for pollen viability, and it ranges 
from 74.1 – 97.7% at L1 and 72.8 – 93.1% at L3 (Table 2). Similarly, fruit setting percentage was also affected 
by genotypes and level of water stresses, and it ranged from 54.3–65.7 (L3) –69.7 to –74.2% (L1). There was a 
significant reduction in the average fruit setting percentage by 8.0% and 20.8% at L2 and L3 over the control 
(L1). The number of seeds per fruit was also affected by genotypes and level of water stresses, and it ranges from 
51.7% (US Hybrid 626) to 141.0% (09/TODVAR-1) at L1, and 33.7% (RCT-3) to 119.3% (09/TODVAR-
1). A significant reduction in average fruit set was observed with an increase in the level of water stresses i.e., 
6.1% and 19.3% at L2 and L3 over the control. The number of fruits per cluster was also decreased by 9.9% 
when irrigated at 7-day intervals (L2) over the control (6.23) and it was further reduced by 18.6% when 
irrigated at 10-day intervals (L3). Similarly, the reduction in fruit size was also observed with an increase in the 
level of water stress: 1.93% and 9.25% in fruit length, 3.8% and 8.7% in fruit diameter and 6.9% and 15.5% in 
fruit weight over the control at L2 and L3, respectively. Among the genotypes, the minimum (35.1 & 33.5 g) 
and maximum (85.3 & 67.0 g) fruit weights were recorded by genotypes Pusa Rohini and 09/TODVAR-6 
under L1 and L3 conditions, respectively. Fruit yield is a complex trait and is affected by the many attributing 
traits as well. A wide variation was observed among the accessions, and it ranges 0.63 kg/plant (Selection-1) to 
1.36 kg/plant at L1(MT-11) under normal conditions and 0.40 kg (Selection-1 & MCTR-5) to 0.81 kg/plant 
(MT-3) under water stress conditions (L3). The reduction in average yield at L2 was 7.90% and it further 
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decreased by 43.23% at L3. Under severe water stress conditions (L3) the high-yielding and promising 
accessions noted were MT-3, VL Tomato-4, 09/TODVAR-7 and LE-1-2.  

 
Table 2. Table 2. Table 2. Table 2. The impact of the water stress treatments (L1, L2, and L3) on the recorded quantitative variables, 
determined through ANOVA 

Notably, there were significant effects (p < 0.05) among treatment groups for all measured traits 

 
Effect on physiological traits 
Root length and root volumes were also very important parameters related to abiotic stresses, especially 

water stress. Among the genotypes as well as different levels of water stress, wide variations in root length and 
volume, i.e., 11.7 cm (L3, LE-626) to 41.5 cm (L1, VL Tomato-4) and 7.7 (L3, 09/TODVAR-7) to 34.0 ml 
(L1, MCTR-4B), were observed respectively. A significant reduction in average root length (11.5 and 28.2 %) 
and volume (14.0 and 40.1%) was observed at L2 and L3, respectively, over the control (L1). Under water stress 
conditions (L3), the maximum root length and volume were observed in VL Tomato-4, 09/TODVAR-1 and 
MCTR-4B. 

The genotypes have also shown significant (p < 0.05) variations for total yield and root-shoot ratio with 
levels of water stress. The total yield varied from 14.10 -51.1 g/plant at L1 and 11.4 – 35.9 g/plant at L3 (Figure 

VariablesVariablesVariablesVariables    LLLL1111    LLLL2222    LLLL3333    MeanMeanMeanMean    Min.Min.Min.Min.    Max.Max.Max.Max.    Std DevStd DevStd DevStd Dev    SE (t)SE (t)SE (t)SE (t)    
LSD LSD LSD LSD 

((((PPPP<0.05)<0.05)<0.05)<0.05)    

Plant height (cm) 97.83a 90.56b 80.09c 89.49 78.14 99.38 7.98 1.99 5.51 

No of 
flower/cluster 

6.23a 5.62b 5.07c 5.64 4.94 6.28 0.51 0.07 0.21 

Pollen viability 
(%) 

89.28a 87.97a 83.26b 86.84 82.44 89.43 2.78 0.48 1.32 

Fruit set (%) 74.19a 68.27b 58.78c 67.08 58.50 74.46 6.74 0.15 0.42 

Fruit weight (g) 54.37a 50.74b 45.93c 50.34 45.22 55.23 3.73 0.36 1.00 

Fruit length (mm) 42.55a 41.73a 38.61b 40.96 37.79 42.79 1.86 0.29 0.83 

Fruit dia. (mm) 48.28a 46.55b 44.64c 46.49 43.84 48.79 1.73 0.42 1.27 

No of seeds/fruit 81.63a 76.66b 65.90c 74.73 64.63 82.50 7.03 0.85 2.37 

Yield(kg/plant) 0.98a 0.91b 0.56c 0.82 0.52 1.00 0.20 0.02 0.07 

Total biomass (g) 26.31a 20.78b 16.98c 21.36 16.94 26.95 4.09 0.51 1.43 

Root length (cm) 28.56a 25.29b 20.52c 24.79 20.35 29.28 3.52 0.31 0.86 

Root volume (ml) 18.33a 15.76b 12.00c 15.36 11.75 18.88 2.79 0.37 1.03 

Root shoot ratio 0.15b 0.16b 0.22a 0.18 0.15 0.25 0.03 0.01 0.03 

TSS (0B) 5.05 5.25 5.40 5.22 4.66 5.93 0.37 0.05 NS 

Acidity (%) 0.61b 0.75a 0.74a 0.71 0.52 0.80 0.09 0.03 0.10 

Total Sugar (%) 1.84b 1.99a 1.94a 1.91 1.69 2.08 0.11 0.07 0.21 

Vitamin -C 
(mg/100g) 

20.64b 23.14a 21.66a 21.44 19.25 22.78 1.02 0.24 1.01 

Lycopene 
(mg/100g) 

6.50c 6.79b 7.73c 7.01 6.45 7.76 0.57 0.07 0.20 

Proline (µM/g 
FW) 

4.82c 14.40b 22.80a 14.01 4.67 24.09 7.86 0.63 1.74 

Chlorophyll ab 
(mg/g) 

4.14a 4.13a 3.51b 3.93 3.37 4.28 0.33 0.12 0.33 

Chlorophyll 
Index 

57.51a 56.27a 52.15b 55.64 52.16 58.72 2.10 0.88 2.45 

RWC (%) 71.89a 67.54b 62.21c 67.20 61.69 72.17 4.20 0.43 1.21 

RWL 
(ml/cm2/hr) 

0.08c 0.18b 0.34a 0.20 0.08 0.35 0.11 0.01 0.01 
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1a). Moreover, among the accessions, the maximum biomass yield was observed in accessions Sel-9A (35.94 g) 
at L3 level of water stress. The reduction in average total yield was 21.0 and 44.9%, respectively, at L2 and L3 
over the control (26.3 g). Similarly, the root-shoot ratio also varied from 0.01 – 0.33 and 0.08 – 0.50 at L1 and 
L3, respectively. The increase in average root shoot ratio was 7.04% and 46.27%, at L2 and L3 over the control 
respectively (0.15). 

The physicochemical traits such as total chlorophyll a/b, chlorophyll index (CI) and relative water 
content (RWC) have decreased significantly (p < 0.05) with an increase in the level of soil water stress (Figure 
1b-d). The varieties have also shown differential physiological responses to levels of water stress. The extent of 
decrease in total chlorophyll a/b, CI and RWC was 0.34 and 15.28%; 2.14 and 7.58; 5.98 and 13.41% at L2 
and L3, respectively, over the control (Table 2). Moreover, there was a wide variation in the rate of water loss 
(RWL), which ranges from 0.03 – 0.17 at L1 and 0.08 – 0.78 at L3. The rate of water loss increases significantly 
with subsequent increases in the level of water stress (Figure 1e). Similarly, proline content (PC) has also shown 
variation among the genotypes with different levels of water stress, and it ranges from 1.88µM/g FW under 
control conditions to 31.97µM/g FW under water stress conditions (L3). The average increase in proline 
content (Figure 2f) varied from 199.1% and 372.8% at L2 and L3, over the control (4.82 µM/g FW), 
respectively. 

 
Effect on quality attributes 
All the genotypes were also evaluated for quality parameters at different levels of water stress. All the 

quality parameters increased with the increase in water stress. Among the genotypes, wider variations were 
observed for all the quality traits such as TSS (4.22 – 6.15°B), acidity (0.35 – 0.98%), total sugar (1.18 – 2.62%), 
vitamin C (15.83 – 27.6mg/100g), and lycopene (5.18 – 10.19 mg/100g) content under different moisture 
regimes. Among these traits, acidity, sugar, and TSS content showed an increase in content by 23.6%, 4.1%, 
and 7.3%, respectively, at L2 over the control and a further slight decline in content with a subsequent increase 
in the level of water stress (L3) but higher than the control (Table 2). Moreover, vitamin C and lycopene 
content have shown an increasing trend with subsequent increases in the level of water stress from L2 to L3 
(Figure 1g-h).  

 
 

  a. Total biomass b. Chlorophyll ab 
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Figure 1Figure 1Figure 1Figure 1. Effect of different level of water stresses i.e., L1: E1 (PinkPinkPinkPink), L2:E2 (GreenGreenGreenGreen), and L3:E3 (BlueBlueBlueBlue) on 

important physiological and quality attributes in tomato  

 
Stability analysis for yield-attributing traits  

AMMI analysis of variance 
The analysis of variance (ANOVA) has revealed the significant effects (p<0.01) for genotypes (fixed), 

years/environments (random), and genotypes by environments interaction (GEI) on yield and yield-
attributing traits (Table 3). Among the factors, the environment has significantly contributed to fruit setting 
(26.9), and yield per plant (56.8) while genotype has contributed to fruit weight (70.92). Genotype has also 
influenced significantly, i.e., 19.6%, and 24.9% of the total variation for fruit setting and fruit yield, respectively. 
The G×E interaction component was partitioned into the first two interaction principal components (IPCA), 
which were found non-significant. The IPCA1 explained 96.5, 81.6, and 52.7% and IPCA2 explained 3.5, 18.4, 
and 47.3% of the G×E interaction for fruit set, fruit weight, and fruit yield, respectively; thus, the first two 
principal components could explain 100% of the G×E variation. AMMI 1 and AMMI 2 biplot analysis 

 

c. Chlorophyll Index d. Relative Water Content 

e. Rate of Water Loss f. Proline (µmol / g FW) 

g. Lycopene content (mg/100g) h. Vitamin C content (mg/100g) 
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Table 3. Table 3. Table 3. Table 3. AMMI analysis of variance for selected yield and related traits of tomato grown under different 
water stress environment 

TraitsTraitsTraitsTraits    Fruit setting (%)Fruit setting (%)Fruit setting (%)Fruit setting (%)    Fruit weight (g)Fruit weight (g)Fruit weight (g)Fruit weight (g)    Yield (kg/plant)Yield (kg/plant)Yield (kg/plant)Yield (kg/plant)    

Source DF MSS Proportion 
Explained 

SS (%) 
MSS Proportion 

Explained 
SS (%) 

MSS Proportion 
Explained 

SS (%) 

ENV 2 4844.70**  26.88 1720.39**  8.57 4.96**  56.84 
REP 

(ENV) 
6 8.40   20.67   0.00   

GEN 31 227.74**  19.59 918.63**  70.92 0.14**  24.87 

GEN:ENV 62 152.83**  26.29 62.69**  9.68 0.01**  3.56 
PC1 32 285.64 96.5  99.14 81.6  0.01 52.7  

PC2 30 11.16 3.5  23.81 18.4  0.01 47.3  

Residuals 186 1.533   1.79   0.00   

Total 349 103.25   115.04   0.05   

 
AMMI 1 and AMMI 2 biplot analysis 
In the AMMI1 biplot, the main effects (genotype mean and environment mean) are plotted against 

IPCA1 scores for both genotypes and environments. For percent fruit setting, Hybrid US-626, Sel-3, RCMT-
8, MT-11, MT-3, MCTR-4B, MCTR-7B, and MT-2 were found close to the center point (Figure 2a) and 
stable across the years. Likewise, the AMMI 2 biplot (Figure 2b) based on IPCA1 vs. IPCA2 explained the 
magnitude of the interaction between genotypes and environments. The genotypes Sel-3, TMC-2, Hybrid US-
626, MT-3, and MT-11 were found closer to the centre and were found stable for percent fruit set over the 
years, while genotypes TMC-1, MCTR4A, 09/TODVAR-6, and MCTR4 showed differences in mean percent 
fruit setting over the years.  

 

 
Figure 2.Figure 2.Figure 2.Figure 2. AMMI biplot for fruit setting (%) in tomato genotypes under water stress conditions a)a)a)a). 
genotypes and environments IPC1 scores (AMMI 1) and b)b)b)b). IPC2 vs. IPC1 scores (AMMI 2) 

 
Similarly, for fruit weight, the AMMI 1 biplot (Figure 3a) identified the genotypes MCTR-5, Sel-3, 

RCMT-8, MT-11, and 09/TODVAR-1 as stable genotypes as they lied closer to the centre point of the biplot. 
The AMMI2 biplot (Figure 3b) differentiated the stable genotypes Sel-3, LE1-2, TMC-2, H-86, and MT-11, 
with the genotypes PusaRohini, Hybrid US 626, Sel-12, and MCT-4B showing differences in mean fruit 
weight across the years. Further, yield was also affected by genotype, environment, and interactions. 
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Figure 3.Figure 3.Figure 3.Figure 3. AMMI biplot for fruit weight (g) in tomato genotypes under water stress conditions a)a)a)a). genotypes 
and environments IPC1 scores (AMMI 1) and b)b)b)b). IPC2 vs. IPC1 scores (AMMI 2) 

 
The biplot AMMI 1 (Figure 4a) elucidated that genotypes Sel-8, LE-626, MT-1, MCTR-4A, and 

MCTR-4B were found stable and closer to the centre of the biplot, while genotypes VL Tomato-4, MT-11, 
and 09/TODVAR-7 were higher in average yield per plant across the level of water stress. Moreover, AMMI2 
biplots (Figure 4b) identified the stable genotypes least affected by GEI as MT-1, Var-801, LE-626, Sel-8, and 
09/TODVAR-6 while, genotypes Sel-1, MT-11 Sel-12, TMC-1, and Sel-2 showed differences in mean yield 
per plant over the years. AMMI stability value  

The accessions have shown a wide range of variations for AMMI stability value (ASV) which ranged 
from 1.12-79.20 for fruit setting, 0.51-11.90 for fruit weight, and 0.01-0.35 for fruit yield (Table 4). The 
genotype with the lowest ASV is considered a stable genotype for the respective trait. Among the genotypes, 
the most stable genotypes with lowest ASV value were identified as Sel-12, MCTR-4A, Sel-2, and LE-626 for 
fruit setting; Sel-8, LE-1-2, H-86, and 09/TODVAR-7 for fruit weight; and MT-1, Var-801, and MCTR-4 for 
fruit yield. Similarly, the lower values were also observed by other stability parameters for these genotypes. 

 

 
 Figure 4.Figure 4.Figure 4.Figure 4. AMMI biplot for fruit yield (kg/plant) in tomato genotypes under water stress conditions a)a)a)a). 
genotypes and environments IPC1 scores (AMMI 1) and b)b)b)b). IPC2 vs. IPC1 scores (AMMI 2) 

 
Multi-trait stability index (MTSI) and genotype selection 
A multi-trait stability index (MTSI) analysis was carried out to identify the genotypes stable for all the 

yield-attributing traits within each environment (moisture regime). Based on MTSI, out of 32 accessions, 5 
accessions, i.e., MT-11, Megha Tomato-2, Megha Tomato-3, VL Tomato-4, and Sel-9A were found to be most 
stable based on all the traits studies at 10% selection intensity. These genotypes cross the cut-off point (red 
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circle) as presented in Figure 5a. Further, based on only yield and related traits, the genotypes were found stable 
and selected as Megha Tomato-3, 09/TODVAR-7, MCTR-4A, VL Tomato-4, and MCTR-4B (Figure 5b). 

The results of the factor analysis have explained the response of the traits to selection (Table 4). Among 
the traits the highly responsive to the selection were number of seeds per fruit (14.85) followed by plant height 
and fruit weight. Moreover, traits such as root shoot ratio, chlorophyll index, and sugar content were negative 
in response to selection. The commonality ranged from 0.60 (acidity) to 0.89 (root length), and unique factors 
ranged from 0.12 (root length) to 0.40 (acidity) for all the different biometric traits (Table 5). The maximum 
uniqueness value was for quality traits like acidity followed by sugar content, PFP, and TSS. In the present 
study, common variance explains approximately 77.00% of the total variance present among the traits.  

 
Table 4. Table 4. Table 4. Table 4. Stability measures selected yield and related traits of tomato grown under different water stress 
environment 

GenotypesGenotypesGenotypesGenotypes    
Fruit Setting (%)Fruit Setting (%)Fruit Setting (%)Fruit Setting (%)    Fruit Weight (g)Fruit Weight (g)Fruit Weight (g)Fruit Weight (g)    Fruit Yield (kg/plant)Fruit Yield (kg/plant)Fruit Yield (kg/plant)Fruit Yield (kg/plant)    
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Figure 5.Figure 5.Figure 5.Figure 5. Ranking of genotypes in ascending order based on the multi-trait stability index, with a selection 
intensity threshold of 10% (red circle) 
(A) Selection considering all traits; (B) Selection based on fruit yield traits 
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Table 5Table 5Table 5Table 5. Factors linked to correlated traits, selection differential, and selection response for tomato traits 

 

    
DiscussionDiscussionDiscussionDiscussion    
 
Effect of water stress on genetic parameters  

Within the crop improvement program specific to this region, a critical objective is the identification 
and diversification of cropping systems that incorporate tolerant and stably adaptive genotypes capable of 
thriving under water stress conditions (Patane et al., 2011; Khapte et al., 2019). In the present study, wider 

variability was witnessed in various stress-responsive physio-chemical traits at different levels of water stress, 
which provides greater resources for developing stress-tolerant cultivars for the sub-Himalayan region. The 
genetic variability of a population is very important for effective selection of genotypes adaptive to a particular 
adverse environment. Both GCV and PCV are useful in detecting the magnitude of variability present in the 
base population. The findings of the present study reveal notable GCV exceeding 20% for critical physiological 
traits including root-shoot ratio, rate of water loss, root volume, root length, total biomass, and proline content. 
Similarly, yield-related traits such as the number of seeds per fruit and fruit weight also exhibit high GCV 
values. These outcomes indicate a broader genetic base and increased variability within these traits, offering 
insights into the extent of variation influenced by both genotype and environment. The observed high 

TraitsTraitsTraitsTraits    FactorFactorFactorFactor    XoXoXoXo    XsXsXsXs    SDSDSDSD    
SD SD SD SD 

percentpercentpercentpercent    
Response to Response to Response to Response to 

selectionselectionselectionselection    
CommunalityCommunalityCommunalityCommunality    UniquenessesUniquenessesUniquenessesUniquenesses    

No of flower/cluster FA 1 5.64 6.13 0.49 8.77 0.33 0.76 0.24 

Lycopene content FA 1 7.01 7.02 0.01 0.13 0.01 0.77 0.23 

Fruit diamter FA 2 46.50 51.10 4.56 9.81 4.16 0.74 0.26 

Root-shoot ratio FA 2 0.18 0.17 -0.01 -3.24 -0.01 0.83 0.17 

Chlorophyll Index FA 2 55.60 55.50 -0.15 -0.27 -0.14 0.73 0.27 

Total Biomass FA 2 21.40 21.00 -0.39 -1.82 -0.37 0.74 0.26 

No of seeds/fruit FA 3 74.70 89.90 15.20 20.40 14.85 0.85 0.15 

Rate of water loss FA 3 0.21 0.20 0.00 -0.44 0.00 0.76 0.24 

Chlorophyll ab FA 3 3.93 4.39 0.46 11.80 0.32 0.79 0.21 

Root volume FA 4 15.40 16.30 0.91 5.90 0.77 0.81 0.19 

Vitamin C FA 4 21.40 22.40 0.93 4.33 0.84 0.84 0.16 

Plant height FA 5 89.50 102.00 12.60 14.10 11.51 0.78 0.22 

Proline content FA 5 14.00 15.30 1.28 9.15 0.98 0.74 0.26 

Fruit setting  FA 6 60.50 66.30 5.87 9.71 3.88 0.81 0.19 

Fruit weight FA 6 50.30 61.10 10.70 21.30 10.51 0.80 0.21 

Root length FA 6 24.80 26.40 1.64 6.60 1.47 0.89 0.12 

Total Sugar FA 6 1.91 1.82 -0.09 -4.63 -0.09 0.62 0.38 

Fruit length FA 7 41.00 46.20 5.19 12.70 4.90 0.77 0.23 

Pollen viability FA 7 86.80 92.10 5.22 6.01 5.01 0.72 0.28 

Relative water content FA 8 67.20 70.50 3.35 4.99 3.15 0.86 0.14 

Acidity FA 8 0.71 0.71 0.00 0.26 0.00 0.60 0.40 

Yield per plant FA 9 0.82 0.92 0.10 12.60 0.06 0.75 0.25 

Total soluble solid FA 9 5.22 5.40 0.19 3.58 0.14 0.74 0.26 

Communality Mean: 0.77 

Selected genotypes: MT-11, MT-2, MT-3, VLTamatar-4 and Sel-9A 
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influence of genotype suggests that cultivar selection could be effective, consistent with trends noted by Tripodi 
et al. (2022) in tomatoes cultivated under water stress conditions. 

Yield, being a multifaceted trait, underscores the critical importance of associated traits for effective 
genotype selection. The present investigation indicates a higher PCV and a moderate GCV for yield, suggesting 
that environmental factors play a predominant role in influencing yield. This aligns with expectations, given 
that yield is governed by numerous genes whose contributions are significantly influenced by the prevailing 
environmental conditions. Consequently, during selection for yield improvement under stress conditions, due 
consideration should be given to the associated traits (Lee et al., 2022). 

In contrast to our study, other researchers have reported higher heritability and genetic advances for 
yield per plant (Verma et al., 2021; Ilakiya et al., 2022). Comparatively lower heritability and genetic advance 

for the studied traits in the present investigation may be due to water stress conditions applied in our evaluation 
experiment, influencing the expression of genes responsible for yield (Bray, 2002), and the distinct responses 
of genotypes to varying growing environments (water stress). Traits exhibiting low to moderate variability 
signal the necessity for further enhancement of the base population. From the mean data, it was inferred that 
most of the traits showed higher heritability (> 60%) and genetic advance as a percentage of the mean (> 20%), 
indicating that these traits are governed by additive gene action and that there is potential for selection of these 
traits under both conditions. Moreover, traits such as pollen viability, fruit setting TSS, and lycopene content 
under irrigated (sufficient moisture) conditions and the number of fruits per cluster, fruit diameter, pollen 
viability, chlorophyll a/b, TSS, and acidity content recorded under water stress conditions also showed higher 
heritability and moderate genetic advance, indicating that these traits are unequivocally governed by additive 
and non-additive gene action (Shelby, 2000). Higher heritability and varietal differential (moderate to high) 
genetic advance for these traits have also been observed earlier by Verma et al. (2021) and Ilakiya et al. (2022) 

in tomato grown under open and water stress conditions, respectively. These traits also offer scope for 
improvement through selection under irrigated as well as moisture-stress conditions. 

Moreover, except for the root-shoot ratio, chlorophyll index value, total biomass, sugar content, and 
acidity, all other traits within the present population exhibited favorable responses to selection, as indicated in 
Table 5. Notably, the higher values for communality coupled with lower uniqueness across many traits suggest 
that the variance observed in these traits is collectively explained by a common factor. This emphasizes the 
effectiveness of a shared underlying factor in accounting for the total variations observed in the traits under 
consideration. 

 
Effect of water stress on physicochemical parameters  

The genotypes have also shown varied responses for all 23 traits under different moisture regimes (Table 
2). Many of the traits have shown a decrease in their mean values with subsequent increases in the level of water 
stress. Growth and yield attributes like plant height, total biomass, pollen viability, fruit setting percentage, 
number of fruits per cluster, fruit length, diameter, weight, yield per plant, root length, and root volume 
decreased with subsequent increases in the level of water stress. Similar findings were also observed by other 
researchers in tomato (Ozbahce and Tari, 2010; Patane et al., 2011; Bahadur et al., 2015; Li et al., 2023). 

The reduction in these quantitative traits may be due to a reduction in the efficacy of the assimilation 
and further mobilization of the photosynthates to various parts of the plants under moisture-stress conditions. 
It is also supported by the reduction in physiological parameters such as chlorophyll index value, chlorophyll 
a/b, and relative water content (RWC) and an increase in the rate of water loss and proline content under 
stressful environments (Figure 1b-f). Reductions in photosynthesis, and related traits such as chlorophyll 
content (Sakya et al., 2018); stomatal conductance (gs), leaf water potential (LWP), relative water content 

(Bahadur et al., 2015); biomass production (Pazzagli et al., 2016) have also been observed earlier under deficit 

irrigation conditions. 
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Besides, quality parameters like TSS, total sugar, vitamin C, and lycopene content increased with water 
stress. Improvement in quality traits was also observed by other researchers under mild to moderate water stress 
conditions (Nuruddin et al., 2003; Ozbahce et al., 2010; Patane et al., 2011; Ripoll et al., 2016; Coyago-

Cruzabc et al., 2017; Hao et al., 2019; Alordzinu et al., 2022). This could be due to a reduction in water 

percentage in the fruits led by restricted water uptake under limited moisture conditions and consequently an 
increase in solute concentration such as proline, glucose, sucrose, fructose, malic acid, citric acid, and ascorbic 
acid in tomato plants under increased crunch for water stress (Nahar and Ullah, 2018; Khapte et al., 2019). 

This might be the product of the accumulation of photosynthesis that would be more distributed to the 
reproductive organs under limited water availability, eventually leading to an apparent enhancement in the 
sugar content. Moreover, the increase in TSS content with water stress was non-significant, which confirms 
the findings of the previous studies carried out on tomatoes (Klunklin and Savage, 2017). The content of 
vitamin C increased significantly (Figure 1h) under water stress, as the synthesis of vitamin C begins with 
glucose and has an intimate connection with carbohydrate metabolism. It can be inferred that the higher sugar 
accumulation during water stress promotes vitamin C content in fruits (Veit-Kohler, 1999). However, 
lycopene content increases continuously with subsequent increases in the level of water stress (Figure 1g). This 
could be due to the increase in lycopene synthesis promoted by signalling and activation of ethylene 
biosynthesis under water stress at the fruit expanding stage (Kumar et al., 2015). Theobald et al. (2007) also 

reported a 27% increase in lycopene content in tomato fruits under water-stressed conditions. Under water 
stress, the hormone ABA also plays an important role in closing the stomata to reduce water loss. Chaves et al. 

(2009) observed an increase in the accumulation of lycopene and β- carotene with an increase in the level of 
ABA content under water stress. 

 
Stability for yield and related traits  

In the present investigation, the AMMI model of stability for yield and related traits and the analysis of 
variance have shown the significant contribution of the environment, genotypes, and genotype-environment 
interaction on the expression of these traits under different moisture regimes (Table 3). On fruit setting and 
fruit yield per plant, the effect of environment was significantly higher over the genotype × environment 
interaction than genotypes alone. As far as fruit weight is concerned, the contribution of genotypes was 
significantly higher, followed by genotype × environment interaction and environment alone. A similar finding 
has also been observed by other researchers in tomatoes grown in similar stress environments across different 
seasons (Savale et al., 2016; Shankar et al., 2017; Kumar et al., 2019). 

Among the accessions, the most stable genotypes with the lowest ASV values under different moisture 
regimes were Sel-12, MCTR-4A, Sel-2, and LE-626 for increased fruit setting; Sel-8, LE-1-2, H-86, and 
09/TODVAR-7 for higher fruit weight; and MT-1, Var-801, and MCTR-4 for augmented fruit yield (Table 
4). From the mean performance, out of 32 genotypes, a total of 18 (56.25%) were found superior to the average 
yield. Based on the multi-trait stability index, out of 32 accessions, 5 accessions (MT-11, Megha Tomato-2, 
Megha Tomato-3, VL Tomato-4, and Sel-9A) were found most stable at 10% selection intensity (Figure 5a). 
While, based on only yield and related traits, the genotypes that were found stable and were selected are Megha 
Tomato-3, 09/TODVAR-7, MCTR-4A, VL Tomato-4, and MCTR-4B (Figure 5b). Moreover, considering 
both the analyses, genotypes like MT-11, VL Tomato-4, and Megha Tomato-3 were identified as common and 
stable genotypes. These identified genotypes found stable for yield as well as other traits under moisture stress 
conditions could be promoted for commercial production. Moreover, the genotypes found superior for fruit 
traits could be utilized in further development of varieties tolerant to moisture stress through hybridization 
and selection with stable genotypes. 
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ConclusionsConclusionsConclusionsConclusions    
 
The present investigation underscores the heightened sensitivity of tomatoes to water stresses, a 

prevalent condition in hill slopes within mountain agro-ecosystems. Physio-chemical traits exhibiting elevated 
variability, coupled with high heritability and genetic advance, demonstrate heightened responsiveness, thereby 
conferring a significant advantage for the selection of stable genotypes under water stress conditions. It is 
noteworthy the enhancements in quality parameters such as vitamin C and lycopene content under stress 
conditions. The AMMI stability analysis reveals the substantial influence of genotype, environment, and their 
interaction on yield and related traits. Identified through the Multi-Trait Stability Index (MTSI), the top three 
stable genotypes—MT-11, VL Tomato-4, and Megha Tomato-3—stand out as promising candidates could be 
used for commercial production under the tested environment. Moreover, genotypes with stable backgrounds 
across multiple traits hold potential for further integration into crop improvement programs targeted against 
water stress through hybridization and selection. Given the insights on the germplasm gained from this study, 
it is recommended that further work should be carried out to delve deeper into the underlying molecular 
mechanisms governing these responses, allowing for more precise and targeted strategies in developing 
tomatoes resilient to water stress. Additionally, exploring the adaptability of identified stable genotypes under 
diverse environmental conditions will enhance their broader applicability in varying agro-climatic settings. 
 
 

Authors’ ContributionsAuthors’ ContributionsAuthors’ ContributionsAuthors’ Contributions 
 
Conceptualization: VKV and KR; Data curation: VKV, MBD, ND and KR; Formal analysis: VKV, HR 

and AK; Funding acquisition: SHR and VKV; Investigation: VKV, KR and SH; Methodology: VKV, KR, PB  
and PK; Project administration: VKM and SH; Resources: VKV, KR and AK; Software: AK and VKV; 
Supervision: VKV, KR and SH; Validation: VKV, KR, PK and PB; Visualization: VKV, AK, PK and GC; 
Writing - original draft: VKV and KR; Writing - review and editing: PK, GC, KR and AK. All authors read 
and approved the final manuscript. 
 
 

Ethical approvalEthical approvalEthical approvalEthical approval (for researches involving animals or humans) 
 
Not applicable. 
 
 
AcknowledgementsAcknowledgementsAcknowledgementsAcknowledgements    
 
The authors gratefully acknowledge the Indian Council of Agricultural Research (ICAR), New Delhi 

provided funds through network project “National Innovations on Climate Resilient Agriculture (NICRA)” 
to conduct the research work.  
 
 

Conflict of Conflict of Conflict of Conflict of InterestsInterestsInterestsInterests    
 
The authors declare that there are no conflicts of interest related to this article. 
 
 
 
 



Verma VK et al. (2025). Not Bot Horti Agrobo 53(1):14113 

 

18 
 

 

 

 

 

 

ReferencesReferencesReferencesReferences    
    
Ajay BC, Bera SK, Singh AL, Kumar N, Gangadhar K, Kona P (2020). Evaluation of genotype × environment interaction 

and yield stability analysis in peanut under phosphorus stress condition using stability parameters of AMMI 
model. Agricultural Research 9:477-486. https://doi.org/10.1007/s40003-020-00458-3.  

Alordzinu KE, Appiah SA, Al Aasmi A, Darko RO, Li J, Lan Y, Adjibolosoo D, Lian C, Wang H, Qiao S, Liao J (2022). 
Evaluating the influence of deficit irrigation on fruit yield and quality indices of tomatoes grown in sandy loam 
and silty loam soils. Water 14:1753. https://doi.org/10.3390/w14111753.  

Anthon G, Barett DM (2007). Standardization of a rapid spectrophotometric method for lycopene analysis. Acta 
Horticulturae 758:111-128. https://doi.org/10.17660/ActaHortic.2007.758.12.  

Bahadur A, Lama T, Chaurasia S (2015). Gas exchange, chlorophyll fluorescence, biomass production, water use and yield 
response of tomato (Solanum lycopersicum) grown under deficit irrigation and varying nitrogen levels. Indian 

Journal of Agricultural Sciences 85:224–228. https://doi.org/10.56093/ijas.v85i2.46506.  

Balbaa MG, Osman HT, Kandil EE, Javed T, Lamlom SF, Ali HM, … Abdelghany AM (2022). Determination of morpho-
physiological and yield traits of maize inbred lines (Zea mays L.) under optimal and drought stress conditions. 

Frontiers in Plant Science 13. https://doi.org/10.3389/fpls.2022.959203.  

Barrs HD, Weatherley PE (1962). A re-examination of the relative turgidity technique for the estimating water deficits in 
leaves. Australian Journal of Biological Sciences 15:413-428. http://dx.doi.org/10.1071/BI9620413.  

Bates LS, Waldren RP, Teare ID (1973). Rapid determination of free proline for water stress studies. Plant Soil 39(1): 
205-207. https://doi.org/10.1007/BF00018060.  

Boyer JS (2010). Drought decision-making. Journal of Experimental Botany 61:3493-3497. 
https://doi.org/10.1093/jxb/erq231.  

Bray EA (2002). Classification of genes differentially expressed during water-deficit stress in Arabidopsis thaliana: an 

analysis using microarray and differential expression data. Annals of Botany 89(7):803-811. 
https://doi.org/10.1093/aob/mcf104. 

Burton GW, De Vane EW (1953). Estimating heritability in tall fescue (Festuca arundincea) from replicated clonal 

material. Agronomy Journal 45:178-181. https://doi.org/10.2134/agronj1953.00021962004500100005x.  

Chaves MM, Flexas J, Pinheiro C (2009). Photosynthesis under drought and salt stress: Regulation mechanisms from 
whole plant to cell. Annals of Botany 103:551–560. https://doi.org/10.1093/aob/mcn125.  

Coyago-Cruzabc E, Corellad M, Stinco CM, Hernanze D, Morianaad A, Meléndez-Martínez AJ (2017). Effect of 
regulated deficit irrigation on quality parameters, carotenoids and phenolics of diverse tomato varieties (Solanum 

lycopersicum L.). Food Research International 96:72-83. https://doi.org/10.1016/j.foodres.2017.03.026.  

Dikshit KR, Dikshit JK (2014). Weather and Climate of North-East India. In: North-East India: Land, People and 
Economy. Advances in Asian Human-Environmental Research. Springer, Dordrecht. 149-173. 
https://doi.org/10.1007/978-94-007-7055-3_6.  

Dubios M, Gilles K, Hamilton J, Rebers P, Smith F (1956). Clorometric methods for determination of sugars and related 
substances. Analytical Chemistry 28(3):350-356. https://doi.org/10.1021/ac60111a017.  

FAOSTAT (2021). Statistical Databases 2021. https://www.fao.org/faostat/en/#data/QCL.  

Farooq M, Hussain M, Wahid A, Siddique KHM (2012). Drought Stress in Plants: An Overview. In: Aroca R (Ed). Plant 
Responses to Drought Stress. Springer-Verlag Berlin Heidelberg 1:1-4. https://doi.org/10.1007/978-3-642-32653-

0_1. 

Farooq M, Hussain M, Ul-Allah S, Siddique KHM (2019). Physiological and agronomic approaches for improving water-
use efficiency in crop plants, Agriculture and Water Management 219:95-108. 
https://doi.org/10.1016/j.agwat.2019.04.010.  

Grafius JE (1959). Heterosis in barley. Agronomy Journal 51:554-567. 
https://doi.org/10.2134/agronj1959.00021962005100090013x.  

Hajong S, Krishnappa R, Harish GD, Prabha M, Saikia US, Bhatacharjee B, Ahlawat SP, Kandpal BK (2022). Genotypic 
variability and physio-morphological efficiency of buckwheat (Fagopyrum spp.) under moisture stress at mid-

altitudes of Meghalaya (India). Crop and Pasture Science 74(3): 204-218. https://doi.org/10.1071/CP22062.  



Verma VK et al. (2025). Not Bot Horti Agrobo 53(1):14113 

 

19 
 

 

 

 

 

 

Hanson WD, Robinson HF, Comstock RE (1956). Biometrical studies of yield in segregating population Korean 
Lespandeza. Agronomy Journal 48:268-272. https://doi.org/10.2134/agronj1956.00021962004800060008x.  

Hao S, Cao H, Wang H, Pan X (2019). Effects of water stress at different growth stages on comprehensive fruit quality 
and yield in different bunches of tomatoes in greenhouses. International Journal of Agricultural and Biological 
Engineering 12(3):67-76. https://doi.org/10.25165/IJABE.V12I3.4468.  

Hussain T, Akram Z, Shabbir G, Manaf A, Ahmed M (2021). Identification of drought tolerant chickpea genotypes 
through multi trait stability index. Saudi Journal of Biological Sciences 28:6818-6828. 
https://doi.org/10.1016/j.sjbs.2021.07.056.  

Ilakiya T, Premalakshmi V, Arumugam T, Sivakumar T (2022). Variability analysis in tomato (Solanum lycopersicum L.) 

crosses under drought stress. Journal of Applied and Natural Science 14:49-52. 
https://doi.org/10.31018/jans.v14iSI.3564.  

Johnson HW, Robinson HF, Comstock RE (1955). Estimates of genetic and environmental variability in soybean. 
Agronomy Journal 47:314-318. https://doi.org/10.2134/agronj1955.00021962004700070009x.  

Khapte PS, Kumar P, Burman U, Kumar P (2019). Deficit irrigation in tomato: agronomical and physio-biochemical 
implications. Scientia Horticulturae 248:256-264. https://doi.org/10.1016/j.scienta.2019.01.006.  

Klunklin W, Savage G (2017). Effect on quality characteristics of tomatoes grown under well-watered and drought stress 
conditions. Foods 6:56. https://doi.org/10.3390/foods6080056.  

Kumar P, Eriksen RL, Simko I, Mou B (2021). Molecular mapping of water-stress responsive genomic loci in Lettuce 
(Lactuca spp.) using kinetics chlorophyll fluorescence, hyperspectral imaging and machine learning. Frontiers in 

Genetics 12: 634554. https://doi.org/10.3389/fgene.2021.634554.  

Kumar PS, Singh Y, Nangare DD, Bhagat K, Kumar M, Taware PB, Kumari A, Minhas PS (2015). Influence of growth 
stage specific water stress on the yield, physico-chemical quality and functional characteristics of tomato grown in 
shallow basaltic soils. Scientia Horticulturae 197:261–271. https://doi.org/10.1016/j.scienta.2015.09.054.  

Kumar R, Singh SK, Srivastava K (2019). Stability analysis in tomato inbreds and their F1s for yield and quality traits. 
Agricultural Research 8(2):141–147. https://doi.org/10.1007/s40003-018-0358-y.  

Larson RA (1988). The antioxidants or higher plants. Phytochemistry 27:969-978. https://doi.org/10.1016/0031-

9422(88)80254-1  

Lee K, Rajametov SN, Jeong HB, Cho MC, Lee OJ, Kim SG, Yang EY, Chae WB (2022). Comprehensive understanding 
of selecting traits for heat tolerance during vegetative and reproductive growth stages in tomato. Agronomy 12(4): 
834. https://doi.org/10.3390/agronomy12040834.  

Li G, Long H, Zhang R, Drohan PJ, Xu A, Niu L (2023). Stable soil moisture alleviates water stress and improves 
morphogenesis of tomato seedlings. Horticulturae 9:391. https://doi.org/10.3390/horticulturae9030391.    

Misyura M, Colasanti J, Rothstein SJ (2012). Physiological and genetic analysis of Arabidopsis thaliana anthocyanin 
biosynthesis mutants under chronic adverse environmental conditions. Journal of Experimental Botany 
63(2):695-709. https://doi.org/10.1093/jxb/ers328.  

Nahar K, Ullah SM (2018). Drought stress effects on plant water relations, growth, fruit quality and osmotic adjustment 
of tomato (Solanum lycopersicum) under subtropical condition. Asian Journal of Agricultural and Horticultural 

Research 1(2):1-14. https://doi.org/10.9734/AJAHR/2018/39824  

Nielson SS (2017). Food Analysis Laboratory Manual 3rd Ed. Springer International Publishing. 182-184. 
https://doi.org/10.1007/978-3-319-44127-6.  

Nuruddin MM, Madramootoo CA, Dodds G (2003). Effects of water stress at different growth stages on greenhouse 
tomato yield and quality. HortScience 38(7):1389-1393. https://doi.org/10.21273/HORTSCI.38.7.1389.  

Olivoto T, Lucio AD (2020). Metan: an R package for multi-environment trial analysis. bioRxiv. 
https://doi.org/10.1101/2020.01.14.906750.   

Olivoto T, Lúcio ADC, Silva JAG, Sari BG, Diel MI (2019). Mean performance and stability in multi-environment trials 
II: Selection based on multiple traits. Agronomy Journal 111(6):2961-2969. 
https://doi.org/10.2134/agronj2019.03.0221.  

Ozbahce A, Tari AF (2010). Effects of different emitter space and water stress on yield and quality of processing tomato 
under semi-arid climate conditions. Agricultural Water Management 97:1405-1410. 
https://doi.org/10.1016/j.agwat.2010.04.008.  

Panse VG, Sukhatme PV (1967). Statistical method for Agriculture works. ICAR, Pub. New Delhi. 



Verma VK et al. (2025). Not Bot Horti Agrobo 53(1):14113 

 

20 
 

 

 

 

 

 

Patane C, Tringali S, Sortino O (2011). Effects of deficit Irrigation on biomass, yield, water productivity and fruit quality 
of processing tomato under semi-arid Mediterranean climate conditions. Scientia Horticulturae 129:590-596. 
https://doi.org/10.1016/j.scienta.2011.04.030.  

Pazzagli PT, Weiner J, Liu F (2016). Effects of CO2 elevation and irrigation regimes on leaf gas exchange, plant water 
relations, and water use efficiency of two tomato cultivars. Agricultural Water Management 169:26-33. 
https://doi.org/10.1016/j.agwat.2016.02.015.  

Press Information Bureau (2022). Final Estimates of 2020-21 and First Advance Estimates of 2021-22 of Area and 
Production of Horticultural Crops. Ministry of Agriculture & Farmers' Welfare Government of India. 
https://pib.gov.in. 

Rane J, Singh AK, Tiwari M, Prasad PVV and Jagadish SVK (2022). Effective use of water in crop plants in Dryland 
Agriculture: Implications of reactive oxygen species and antioxidative system. Frontiers in Plant Science 
12:778270. https://doi.org/10.3389/fpls.2021.778270.  

Ripoll J, Urban L, Brunel B, Bertin N (2016). Water deficit effects on tomato quality depend on fruit developmental stage 
and genotype. Journal of Plant Physiology 190:26-35. https://doi.org/10.1016/j.jplph.2015.10.006.  

Sadasivam S, Manickam A (1996). Biochemical Mehods. 3rd Edition, New Age International (P) Limited, Publishers. 
194-195. 

Sakya AT, Sulistyaningsih E, Indradewa D, Purwanto BH (2018). Physiological characters and tomato yield under 
drought stress. IOP Conf. Series: Earth and Environmental Science. 200 012043. https://doi:10.1088/1755-

1315/200/1/012043.  

Savale SV, Patel AI (2016). Genotype × Environment interaction and stability analysis for yield and its attributes in 
tomato (Solanum lycopersicum L.). Advancements in Life Sciences 5(9):3500-3507. 

Sharma N, Raman H, Wheeler D, Kalenahalli Y, Sharma R (2022). Data-driven approaches to improve water-use 
efficiency and drought resistance in crop plants. Plant Science 1; 336:111852. 
https://doi.org/10.1016/j.plantsci.2023.111852.  

Shankar A, Reddy RVSK, Saidaiah P, Uma Krishna K, Uma Jyothi K (2017). Study of stability analysis for yield and 
quality in tomato (Solanum lycopersicum L.) over the seasons. Journal of Entomology and Zoology Studies 

5(5):505-509.  
Shelby SN (2000). Genetic studies in sweet potato genotypes under stress conditions. American Journal of Potato 

Research 155:1453-1465. https://doi.org/10.1016/j.fcr.2014.10.018.  

Theobald JC, Bacon MA, Davies WJ (2007). Delivering enhanced fruit quality to the UK tomato industry through 
implementation of partial root-zone drying. Comparative Biochemistry and Physiology Part-A Molecular and 
Integrative Physiology 146:S241. https://doi.org/10.1016/j.cbpa.2007.01.557.  

Tripodi P, Figàs MR, Leteo F, Soler S, Díez MJ, Campanelli G, Cardi T, Prohens J (2022). Genotypic and environmental 
effects on morpho-physiological and agronomic performances of a tomato diversity panel in relation to nitrogen 
and water stress under organic farming. Frontiers in Plant Science 13: fpls-13-936596. 
https://doi.org/10.3389/fpls.2022.936596.  

Veit-Köhler U, Krumbein A, Kosegarten H (1999). Effect of different water supply on plant growth and fruit quality of 
Lycopersicon esculentum. Journal of Soil Science and Plant Nutrition 162(6):583-588. 

https://doi.org/10.1002/(SICI)1522-2624(199912)162:6<583::AID-JPLN583>3.0.CO;2-P. 

Verma VK, Choudhury BU, Rymbai H, Jha AK, Hazarika S, Mishra VK (2024). Irrigation scheduling for high value 
vegetable crops grown under protected cultivation in the hilly ecosystem of north-east India. Indian Journal of 
Agricultural Sciences 94 (7): 767–773.  https://doi.org/10.56093/ijas.v94i7.147126.  

Verma VK, Pandey A, Jha AK (2021). Genetic parameters, diversity and population structure in tomato based on 
quantitative traits and microsatellite markers. Indian Journal of Plant Genetic Resources 34(3):437-446. 
https://doi.org/10.5958/0976-1926.2021.00037.1.  

Waister PD, Hudson JP (1970). Effect of soil moisture regimes on leaf water deficit transpiration and yield of tomatoes, 
Journal of Horticultural Sciences 45:359-370. https://doi.org/10.1080/00221589.1970.11514365.  

Zobel RW, Wright MJ, Gauch HG (1988). Statistical analysis of a yield trial. Agronomy Journal 80:388-393. 
https://doi.org/10.2134/agronj1988.00021962008000030002x.  



Verma VK et al. (2025). Not Bot Horti Agrobo 53(1):14113 

 

21 
 

 

 

 

 

 

Zuffo AM, Steiner F, Aguilera JG, Teodoro PE, Teodoro LPR, Busch (2020). A multi-trait stability index: A tool for 
simultaneous selection of soya bean genotypes in drought and saline stress. Journal of Agronomy and Crop Science 
206:815-822. https://doi.org/10.1111/jac.12409. 

 

 
 
 
 
 
 

 

The journal offers free, immediate, and unrestricted access to peer-reviewed research and scholarly work. Users are 
allowed to read, download, copy, distribute, print, search, or link to the full texts of the articles, or use them for any 
other lawful purpose, without asking prior permission from the publisher or the author. 

 

License License License License ---- Articles published in Notulae Botanicae Horti Agrobotanici ClujNotulae Botanicae Horti Agrobotanici ClujNotulae Botanicae Horti Agrobotanici ClujNotulae Botanicae Horti Agrobotanici Cluj----NapocaNapocaNapocaNapoca are Open-Access, 

distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) License. 
© Articles by the authors; Licensee UASVM and SHST, Cluj-Napoca, Romania. The journal allows the author(s) to 
hold the copyright/to retain publishing rights without restriction. 

 
Notes:Notes:Notes:Notes:    
 Material disclaimer: The authors are fully responsible for their work and they hold sole responsibility for the articles published 

in the journal.  
 Maps and affiliations: The publisher stay neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 
 Responsibilities: The editors, editorial board and publisher do not assume any responsibility for the article’s contents and for 

the authors’ views expressed in their contributions. The statements and opinions published represent the views of the authors 
or persons to whom they are credited. Publication of research information does not constitute a recommendation or 
endorsement of products involved. 

 
 


