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ABSTRACT 
 
Drought stress is a major environmental constraint that significantly affects tomato (Solanum lycopersicum L.) 
productivity, particularly during early stages of plant development. This study evaluated the physiological, 
biochemical, and morphological responses of 19 tomato genotypes under early drought stress to identify 
drought-tolerant cultivars. Seedlings were subjected to drought stress by withholding irrigation for 14 d at 35 
d after sowing. Across genotypes, drought caused significant reductions in chlorophyll a by 28%-46%, 
chlorophyll b by 25%-41%, relative water content (RWC) by 22%-39%, shoot biomass by 30%-55%, and root 
biomass by 27%-49% compared to non-stressed control plants. Conversely, reducing sugars and phenolic 
content increased by up to 32% and 47%, respectively, reflecting osmotic adjustment and antioxidant 
activation. Significant genotypic variation was observed; tolerant cultivars such as BARI-F1-5, BARI-15, BARI-11, 
and Pathorkuch maintained higher RWC (> 60%), chlorophyll levels more effectively (≥ 70% of control), and 
stronger root-shoot development (root length up to 24 cm, shoot dry weight up to 1.5 g). In contrast, sensitive 
genotypes including ‘Roma-VF’, ‘BARI-2’, and ‘BARI-21’ showed significant reductions with chlorophyll content 
declining below 50% of non-stressed control and RWC reducing to 45%. Multivariate analyses (hierarchical 
clustering, heatmap, principal component analysis) grouped the genotypes into tolerant, intermediate, and 
highly sensitive classes. The results indicate that integrating physiological (chlorophyll, RWC), biochemical 
(sugars, phenols), and morphological (root-shoot growth) parameters provides an effective strategy for 
screening drought-tolerant tomato germplasm. The identified tolerant genotypes represent valuable genetic 
resources for breeding programs aimed to enhance tomato resilience in water-limited environments. 
 
Key words: Early-stage drought screening, genotypic variation, osmotic adjustment, phenolic compounds, 
photosynthetic pigments, physiological response to drought, shoot and root biomass, Solanum lycopersicum, 
tomato physiology. 

 

INTRODUCTION 
 

Drought is the most damaging environmental constraint, causing significant yield losses (Sedhom et al., 2024). 
Globally, drought-prone areas encompass a substantial portion of arable land and occur across nearly all climate 
zones (Elagib et al., 2024). Furthermore, climate change is projected to exacerbate this issue by increasing the 
frequency and intensity of droughts, particularly in currently arid regions (Tegegne et al., 2025). Drought 
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impacts nearly every stage of plant growth and development, leading to a drastic reduction in photosynthesis, 
floral anomalies, and losses in both yield and quality (Mannan et al., 2022). Concurrently, the global population 
is estimated to rise, posing a significant threat to global food security. Developing cultivars with enhanced 
drought tolerance represents the most efficient and cost-effective strategy to meet the growing demand for 
agricultural production in future climate scenarios (Gaballah et al., 2024). However, the limited availability of 
resistance sources has hindered substantial progress in breeding drought-tolerant crops (Morsi et al., 2023). 

Tomato (Solanum lycopersicum L.) is a widely grown vegetable crop and serves as a valuable model plant in 
biological research (Liu et al., 2022). Water scarcity resulting from drought periods can severely impact tomato 
production, potentially causing significant yield reductions. Identifying tolerant cultivars from a large pool of 
genotypes based solely on yield per plant can be challenging and often inefficient. Most tomato cultivars exhibit 
sensitivity to drought stress at various developmental stages, with seed germination and early seedling growth 
being particularly vulnerable. Drought stress during the seedling stage can lead to poor crop establishment and 
a reduction in flower and fruit production (Yadav et al., 2025). 

Drought is a complex abiotic stress that affects the morphological, physiological, and biochemical processes 
of plants (Abd-El-Aty et al., 2024). Physiological responses to drought include an increased respiration rate, 
altered plant development, and changes in mineral distribution (Desoky et al., 2023). Notably, drought stress 
inhibits plant growth by reducing the rate of photosynthesis and limiting shoot growth through the inhibition 
of cell division and cell elongation in the elongation zone. Water stress also leads to a decrease in the relative 
water content of plants (Desoky et al., 2020). Furthermore, water stress triggers the excessive formation of 
reactive oxygen species (ROS), which can cause detrimental effects on cellular structures and metabolic 
processes (Mousa et al., 2024). To regulate osmotic potential under abiotic stresses like drought, plants 
accumulate various metabolites, including proline, inorganic ions, and sugars (Mansour et al., 2023). Sugars 
also play crucial roles in regulating development, photosynthesis, carbohydrate and lipid metabolism, osmotic 
homeostasis, and gene expression in response to abiotic stresses (Selem et al., 2022).  

While numerous breeding programs aim to develop stress-tolerant varieties, progress has been impeded 
by inadequate screening techniques and a scarcity of genotypes exhibiting distinct responses to well-defined 
environmental stresses (Awaad et al., 2023). Therefore, the evaluation and identification of drought-tolerant 
genotypes are critical for all drought tolerance studies (Mansour et al., 2021a). Developing drought-tolerant 
varieties necessitates diverse genetic resources, reliable traits, accurate phenotyping methods, and 
consideration of appropriate growth stages when drought stress occurs (Kamara et al., 2022). Physiological 
screening approaches and genotypic variation are essential to identify drought-resilient cultivars (Zannat et al., 
2023). In particular, early-stage drought stress screening provides rapid and accurate assessment tools critical 
for breeding programs (Çiğ et al., 2024; Yadav et al., 2025). Hence, the present study aimed to evaluate the 
physiological, biochemical, and morphological responses of diverse tomato (Solanum lycopersicum L.) 
genotypes under early-stage drought stress. This study sought to identify key traits and genotypic variation 
associated with drought tolerance to facilitate the selection and breeding of drought-resilient tomato cultivars. 
We hypothesized that subjecting different tomato cultivars to drought stress would investigate their adaptation 
mechanisms. For efficient phenotyping, simple and rapid screening protocols are needed to identify key traits 
of drought-tolerant germplasm and develop improved stress-adapted genotypes.  
 

MATERIALS AND METHODS 
 

Growing conditions and treatments 
This study was conducted in a shed house at Sher-e-Bangla Agricultural University, Dhaka, Bangladesh, using 
19 tomato (Solanum lycopersicum L.) cultivars. Seeds were sourced from the Bangladesh Agricultural Research 
Institute (BARI) and local suppliers in Siddique Bazar, Dhaka, as presented in Table 1. Characteristics of the 19 
tomato genotypes used in this study are provided in Table 2. The seeds were sown in polyvinyl chloride (PVC) 
tanks measuring 1.2 × 0.6 × 0.6 m, each filled with standardized soil mixture supplemented with a commercial 
fertilizer (% W/V of N:P:K 8.3:1.9:7.6, Thrive, Yates, Sydney, New South Wales, Australia) at a rate of 2 g per 
tank. Twenty-five days after sowing (DAS), seedlings were transplanted into pots, five seedlings per pot, each 
containing the same soil mixture. The soil nutrient composition was analyzed by the Soil Research and 
Development Institution, Dhaka, and the results are presented in Table 3. Each treatment was replicated three 
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times. Two experimental treatments were applied: A non-stress control, where plants were irrigated daily, and 
a drought stress condition, in which irrigation was withheld for 14 d starting at 35 DAS (vegetative stage). 
Morphological, physiological, and biochemical parameters were recorded at the end of this drought period. 
 
Photosynthetic pigments 
Photosynthetic pigment concentrations were determined using the method described by Moran and Porath 
(1980). Briefly, 0.2 g leaf tissue was rapidly frozen in liquid nitrogen and then ground to a fine powder. The 
powdered tissue was homogenized in 1 mL 100% N,N-dimethylformamide (DMF). The homogenate was 
centrifuged at 10 000 × g for 10 min to collect the supernatant. The remaining pellet was resuspended in 1 mL 
DMF, and the centrifugation step was repeated. The resulting supernatant was combined with the first. This 
extraction process was repeated once more with 1 mL DMF, and the final supernatant was collected. The 
absorbance of the combined supernatant was measured at 663 and 645 nm using a spectrophotometer (Genesys 
10S UV-Vis, Thermo Fisher Scientific, Waltham, Massachusetts, USA), with 100% DMF serving as the blank.  
 
Total phenolic content 
Total phenolic content was determined using the method described by Singleton (1999). Fresh leaves (250 mg) 
were homogenized with 85% methanol. The resulting homogenate was centrifuged at 3000 g for 15 min at 10 
°C, and the supernatant was collected. Subsequently, 2 mL Folin-Ciocalteu reagent was added to 2 mL 
supernatant. Following this, 2 mL 7.5% sodium carbonate solution were added to each test tube. After 
incubation for 30-45 min, the absorbance was measured at 725 nm against a reagent blank. A standard curve 
generated with gallic acid was used to determine the concentration of total phenols in the unknown samples. 
 
 

Table 1. Name, source and germplasm type of 19 tomato genotypes used in the present study. 
PGRC: Plant Genetic Resource Centre; BARI: Bangladesh Agricultural Research Institute. 

Genotype Source Germplasm type 

BARI-2 PGRC, BARI Variety 
BARI-8 PGRC, BARI Variety 

BARI-11 PGRC, BARI Variety 
BARI-14 PGRC, BARI Variety 
BARI-15 PGRC, BARI Variety 
BARI-16 PGRC, BARI Variety 
BARI-19 PGRC, BARI Variety 
BARI-20 PGRC, BARI Variety 
BARI-21 PGRC, BARI Variety 

BARI-F1-4 PGRC, BARI Hybrid 
BARI-F1-5 PGRC, BARI Hybrid 
BARI-F1-7 PGRC, BARI Hybrid 
BARI-F1-8 PGRC, BARI Hybrid 
AvTo-1228 PGRC, BARI Line 
AvTo-1229 PGRC, BARI Line 
AvTo-1318 PGRC, BARI Line 
Honey-Bee Local market Hybrid 
Pathorkuch Local market Hybrid 

Roma-VF Local market Hybrid 
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Table 2. Characteristics of the tomato genotypes evaluated in the study. 

 
 
 

Table 3. Physical and chemical characteristics of the experimental soil. Source: Soil Resources 
Development Institute (SRDI), Dhaka, Bangladesh. 

Characteristics Value 

Particle size analysis  
 

% Sand 27 
% Silt  43 
% Clay  30 

Textural class  Silty clay loam  
pH 5.6 
Organic C, %  0.45 
Organic matter, %  0.78 
Total N, %  0.03 
Available P, mg kg-1 soil  20.0 
Exchangeable K, me 100 g-1 soil  0.1 
Available S, mg kg-1 soil  45.0 
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Reducing sugar content 
Reducing sugar content was determined using a modified phenol-sulfuric acid method, adapted from DuBois 
et al. (1956) with adjustments to the assay volume and wavelength. Briefly, 0.2 g fresh leaf tissue was 
homogenized in deionized water, and the resulting extract was filtered. A 2 mL aliquot of the filtrate was mixed 
with 0.4 mL 5% phenol solution. Subsequently, 2 mL 98% sulfuric acid was rapidly added to the mixture. The 
reaction mixture was allowed to stand for 10 min at room temperature, followed by incubation in a 30 °C water 
bath for 20 min to allow for color development. Absorbance was then measured at 540 nm using a 
spectrophotometer, with deionized water used as a blank. Reducing sugar content was expressed as milligrams 
per gram of fresh weight (mg g⁻¹ FW). 
 
Relative water content measurement 
Relative water content (RWC) was determined following the method described by Smart and Bingham (1974). 
For each biological replicate, three leaves were pooled, and their fresh weight (FW) was recorded. 
Subsequently, these leaves were fully immersed in distilled water for 12 h at room temperature to achieve full 
turgidity. After immersion, the turgid leaves were quickly and carefully blotted with absorbent paper to remove 
any surface water, and their turgid weight (TW) was then measured. Finally, the leaf samples were dried in a 
forced-air oven at 65 °C for 24 h to obtain their dry weight (DW). The RWC was calculated using the following 
formula: RWC% = ((FW − DW)/(TW − DW)) × 100. 
 
Determination of shoot and root growth 
To determine shoot and root length, five plants were randomly selected from each treatment and replicate 2 
wk after imposition of drought stress. The roots were carefully washed with tap water to remove any adhering 
substrates. The longest root length (cm plant-1) was measured from the soil surface to the tip of the longest 
root. Five plants (both above and below ground portions) were randomly sampled from each treatment 
replicate 2 wk after the imposition of drought stress. Fresh weight was recorded, and then samples were oven-
dried at 65 °C for 72 h to determine dry weight. 
 

Data analysis  
All statistical analyses were performed using R software (version 4.2.1; R Foundation for Statistical Computing, 
Vienna, Austria). The ANOVA was employed to detect significant differences among genotypes, followed by 
comparisons using the least significant difference (LSD) test at p ≤ 0.01. Additionally, multivariate analyses, 
including hierarchical clustering and principal component analysis, were conducted to classify genotypes based 
on performance metrics and to identify key traits contributing to genotypic variation. 
 

RESULTS 
 
Photosynthetic pigment  
Nineteen tomato genotypes were evaluated for their physiological and biochemical responses under both 
normal and early drought stress conditions. Drought stress significantly reduced chlorophyll a and b contents 
across all genotypes. The highest chlorophyll a under drought was recorded in ‘BARI-F1-8’, ‘BARI-F1-8’, ‘BARI-
14’, and ‘BARI-F1-5’ (Figure 1A). These genotypes maintained better photosynthetic function under stress. 
Moreover, ‘BARI-F1-7’, ‘BARI-F1-4’, ‘BARI-11’, ‘Pathorkuch’, ‘BARI-15’, ‘Roma-VF’, ‘AvTo-1228’, and ‘BARI-20’ 
displayed moderate chlorophyll a content under drought stress. In contrast, ‘BARI-16’, ‘AvTo-1318’, ‘BARI-8’, 
and ‘BARI-21’ recorded the lowest values of chlorophyll a content. Regarding chlorophyll b, ‘BARI-F1-8’, ‘BARI-
11’, ‘BARI-15’, and ‘BARI-14’ showed resilience with the highest drought-induced value (Figure 1B). 
Furthermore, ‘Pathorkuch’, ‘BARI-F1-5’, ‘BARI-20’, ‘BARI-F1-7’, ‘AvTo-1318’, and ‘BARI-F1-4’ recorded 
moderate chlorophyll b content. While ‘BARI-21’, ‘BARI-8’, and ‘BARI-16’ recorded the lowest values under 
drought, indicating their higher susceptibility. 
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Figure 1. Comparative performance of the evaluated 19 tomato genotypes under control and 
drought stress conditions: Chlorophyll a (A) and chlorophyll b content (B). Error bars represent the 
standard error. Columns marked with different letters (within the same irrigation treatment and 
color) indicate significant differences according to the LSD test (p ≤ 0.01). 

 
 
Cellular hydration and osmolyte accumulation 
Relative water content (RWC) declined significantly across genotypes under drought, revealing differences in 
water retention capacity. The most resilient genotypes, ‘BARI-14’, ‘Pathorkuch’, ‘AvTo-1318’, ‘BARI-F1-5’, ‘BARI-
15’, ‘BARI-F1-8’, and ‘BARI-11’ retained over 60% RWC under drought (Figure 2A). Moderate water retention 
was observed in ‘AvTo-1229’, ‘BARI-21’, ‘Honey-Bee’, ‘AvTo-1228’, and ‘BARI-16’ (~ 56%-59%). The lowest RWC 
values were recorded in ‘BARI-F1-7’, ‘BARI-19’, and ‘BARI-8’, indicating poor hydration maintenance. Reducing 
sugar levels, a proxy for carbohydrate metabolism and osmotic adjustment, declined in most genotypes under 
drought (Figure 2B). The genotypes ‘BARI-15’, ‘BARI-11’, and ‘BARI-F1-5’ maintained high sugar content under 
stress, showing stable carbohydrate metabolism. The genotypes ‘Pathorkuch’, ‘AvTo-1318’, ‘BARI-F1-4’, ‘BARI-
8’, ‘BARI-F1-8’, and ‘BARI-14’ recorded moderate values. The lowest reducing sugar under drought was 
recorded by ‘BARI-20’, ‘BARI-F1-7’, and ‘AvTo-1229’. Phenolic content increased under drought in the assessed 
genotypes, reflecting activation of antioxidant defenses. The genotypes ‘BARI-15’, ‘BARI-F1-7’, and ‘BARI-20’ 
exhibited the highest phenol content under drought. Moderate phenol accumulation was observed in 
‘Pathorkuch’, ‘BARI-11’, ‘AvTo-1228’, ‘BARI-8’, ‘Honey-Bee’, ‘BARI-F1-5’, and ‘Roma-VF’ (Figure 2C). Genotypes 
‘BARI-F1-4’, ‘BARI-16’, and ‘BARI-19’ had the lowest values. 
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Figure 2. Comparative performance of the evaluated 19 tomato genotypes under control and 
drought stress conditions: Relative water content (A), reducing sugar content (B), and phenol 
content (C). Error bars represent the standard error. Columns marked with different letters (within 
the same irrigation treatment and color) indicate significant differences according to the LSD test 
(p ≤ 0.01). 

 
 

Root growth 
Drought stress markedly diminished root elongation across genotypes, revealing significant inter-genotypic 
variability. Root length was most enhanced in ‘Pathorkuch’, ‘AvTo-1318’, ‘BARI-20’, ‘BARI-2’, ‘BARI-8’, and 
‘BARI-F1-5’, demonstrating deep rooting potential. ‘BARI-16’, ‘BARI-15’, ‘BARI-F1-8’, ‘BARI-F1-4’, ‘BARI-21’, and 
‘AvTo-1229’ recorded moderate root length. Conversely, ‘AvTo-1228’, ‘BARI-2’, ‘BARI-19’, ‘Roma-VF’, and 
‘Honey-Bee’ recorded the shortest roots, reflecting poor adaptation (Figure 3A). Root biomass trends under 
drought showed a considerable reduction compared to well-watered conditions. ‘Pathorkuch’, ‘AvTo-1228’, 
‘Roma-VF’, and ‘BARI-8’ had the highest root fresh weight under drought, indicating robust root development 
(Figure 3B). ‘BARI-F1-7’, ‘BARI-11’, ‘BARI-F1-5’, ‘BARI-15’, ‘AvTo-1229’, and ‘BARI-2’ exhibited moderate 
performance. Otherwise, ‘BARI-20’, ‘BARI-19’, and ‘BARI-16’ recorded very low root fresh weights, indicating 
poor root system resilience. For root dry weight, ‘Pathorkuch’, ‘BARI-15’, ‘AvTo-1229’, ‘BARI-11’, and ‘AvTo-
1228’ displayed the highest values under drought stress. ‘BARI-8’, ‘BARI-F1-5’, ‘AvTo-1318’, ‘Roma-VF’, ‘BARI-
2’, and ‘BARI-F1-7’ had moderate performance. While ‘BARI-20’, ‘BARI-21’, ‘BARI-F1-8’, ‘BARI-14’, and ‘BARI-
16’ displayed the lowest root dry weight (Figure 3C). 
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Figure 3. Comparative performance of the evaluated 19 tomato genotypes under control and 
drought stress conditions: Root length (A), root fresh weight (B), and root dry weight (C). Error bars 
represent the standard error. Columns marked with different letters (within the same irrigation 
treatment and color) indicate significant differences according to the LSD test (p ≤ 0.01). 
 
 

Shoot growth 
Drought stress significantly reduced shoot elongation, with significant genotypic differences. Under drought, 
‘BARI-11’, ‘BARI-F1-4’, ‘AvTo-1318’, and ‘BARI-15’ maintained the highest shoot length. The genotypes ‘AvTo-
1228’, ‘Honey-Bee’, ‘BARI-F1-8’, ‘BARI-F1-7’, and ‘AvTo-1229’ exhibited moderate shoot length (Figure 4A). 
While the genotypes ‘BARI-8’, ‘BARI-2’, ‘BARI-16’, ‘BARI-21’, and ‘Roma-VF’ exhibited severely stunted shoot 
growth. Shoot biomass was adversely affected under drought, with certain genotypes maintaining relatively 
high values. Under drought, ‘BARI-F1-4’, ‘AvTo-1318’, ‘BARI-15’, and ‘AvTo-1229’ maintained the highest shoot 
length (Figure 4B). The genotypes ‘BARI-11’, ‘BARI-14’, ‘BARI-F1-8’, ‘Pathorkuch’, ‘BARI-F1-5’, and ‘BARI-8’ 
exhibited moderate shoot fresh weight. Otherwise, the genotypes ‘BARI-2’, ‘Honey-Bee’, ‘BARI-20’, and ‘Roma-
VF’ exhibited severely stunted shoot growth. For shoot dry weight, ‘AvTo-1318’, ‘BARI-15’, and ‘BARI-F1-4’ 
recorded the highest shoot dry weight (Figure 4C). The genotypes ‘AvTo-1228’, ‘BARI-14’, ‘AvTo-1229’, ‘BARI-
F1-5’, ‘Pathorkuch’, ‘BARI-F1-8’, and ‘BARI-11’ displayed moderate performance. While ‘BARI-21’, ‘BARI-2’, 
‘BARI-20’, ‘Roma-VF’, and ‘BARI-F1-7’ had the lowest fresh weights, showing drought-induced biomass decline. 
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Figure 4. Comparative performance of the evaluated 19 tomato genotypes under control and 
drought stress conditions: Shoot length (A), shoot fresh weight (B), and shoot dry weight (C). Error 
bars represent the standard error. Columns marked with different letters (within the same irrigation 
treatment and color) indicate significant differences according to the LSD test (p ≤ 0.01) 

 
 

Classification of genotypic drought responses 
The hierarchical cluster analysis (Figure 5) grouped the 19 evaluated tomato genotypes into four major clusters 
based on their overall performance in physiological parameters (chlorophyll a and b content, RWC, reducing 
sugar, and phenol accumulation) as well as root and shoot growth characteristics (length and biomass) under 
drought stress. Cluster A included ‘Pathorkuch’, ‘BARI-F1-5’, ‘BARI-15’, and ‘BARI-11’. Genotypes in this group 
exhibited high RWC, elevated reducing sugar levels, and increased phenol accumulation, indicating strong 
osmotic adjustment and enhanced antioxidant capacity under early drought stress conditions. Moreover, these 
genotypes maintained shoot and root development, with relatively high dry weights and lengths under stress. 
Therefore, this group represents drought-resilient genotypes that combine both physiological and 
morphological mechanisms for drought avoidance. Cluster B comprised ‘BARI-14’, ‘BARI-F1-8’, ‘AvTo-1318’, and 
‘BARI-F1-4’. These genotypes showed high chlorophyll a and b content under drought conditions, along with 
moderate to high shoot length and biomass. Their ability to maintain reasonable levels of sugars and phenolics 
suggests effective physiological adjustment. This group represents moderately drought-tolerant genotypes 
with consistent shoot performance. Cluster C consisted of ‘BARI-F1-7’, ‘BARI-20’, ‘BARI-8’, ‘AvTo-1229’, and 
‘AvTo-1228’. These genotypes displayed variable responses, with certain traits showing moderate tolerance 
and others being adversely affected by drought. This cluster represents genotypes with a sensitive level of 
drought tolerance, reflecting diverse physiological and morphological responses to water stress. Cluster D 
included ‘BARI-16’, ‘BARI-21’, ‘BARI-19’, ‘Honey-Bee’, ‘BARI-2’, and ‘Roma-VF’. These genotypes were identified 
as highly drought-sensitive, exhibiting low chlorophyll content, poor RWC, and minimal root and shoot 
development. Their significantly reduced biomass, low sugar levels, and weak phenolic responses under stress 
indicate poor physiological adaptation. This cluster represents highly sensitive genotypes that may serve as 
sensitive controls or contrasting parents in breeding programs aimed at improving drought tolerance. 
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Figure 5. Dendrogram illustrating the distances among assessed tomato genotypes based on 
physiological, biochemical parameters and root-shoot growth responses under early drought stress. 
The genotypes were classified into four groups based on the evaluated parameters. A: Drought-tolerant 
genotypes (four genotypes), B: Moderately drought-tolerant genotypes (four genotypes), C: Drought-
sensitive genotypes (five genotypes), and D: highly drought-sensitive genotypes (six genotypes). 

 
 

Furthermore, the heatmap with hierarchical clustering analysis (Figure 6) illustrates the differential 
response patterns of 19 tomato genotypes to early drought stress across physiological and morphological traits. 
The genotypes were clustered based on standardized scores, revealing two primary clusters that distinguish 
drought-tolerant from drought-sensitive genotypes. Genotypes such as ‘BARI-11’, ‘BARI-F1-5’, ‘BARI-15’, 
‘Pathorkuch’, and ‘AvTo-1318’ formed a cluster characterized by predominantly positive scores (blue color), 
indicating superior performance in maintaining high chlorophyll levels, shoot length, RWC, sugar and phenol 
accumulation, and root-shoot biomass under drought stress. These traits are indicative of strong osmotic 
adjustment, antioxidant defense, and sustained growth, marking these genotypes as drought resilient. A group 
of intermediate genotypes, including ‘BARI-F1-8’, ‘BARI-14’, ‘BARI-F1-4’, ‘AvTo-1228’, and ‘AvTo-1229’ 
exhibited moderate trait performance, suggesting partial tolerance and stability under stress. In contrast, the 
cluster consisting of ‘BARI-20’, ‘BARI-16’, ‘BARI-21’, ‘Honey-Bee’, ‘BARI-19’, ‘BARI-2’, and ‘Roma-VF’ displayed 
mostly negative scores (red color), reflecting reduced chlorophyll content, compromised water retention, lower 
sugar and phenol levels, and significant reductions in root and shoot biomass. These patterns signify a high 
susceptibility to drought. Notably, traits such as RWC and sugar content were most effective in differentiating 
tolerant genotypes due to their role in osmotic regulation, while phenol content reflected antioxidant capacity.  
 
 

 
Figure 6. Heatmap and hierarchical clustering of tomato genotypes based on physiological, 
biochemical, and growth traits under drought stress. Chla: Chlorophyll a; Chlb: chlorophyll b; ShL: 
shoot length; RWC: relative water content; ShDW: shoot dry weight; ShFW: shoot fresh weight; 
Sugar: reducing sugar content; RL: root length; RDW: root dry weight; RFW: root fresh weight; 
Phenol: phenol content. 
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Principal component analysis (PCA) 
The PCA biplot (Figure 7) illustrates the multivariate relationships among the 19 tomato genotypes and the traits 
studied under early drought stress. The first two principal components (PC1 and PC2) explained cumulative 
63.88% of the total variation, with PC1 accounting for 42.3% and PC2 contributing 21.58%. The distribution of 
genotypes across the biplot reveals clear variability in trait performance under drought conditions. Genotypes 
positioned in the right quadrants of PC1, such as ‘Pathorkuch’, ‘BARI-15’, ‘BARI-11’, ‘BARI-F1-5’, and ‘AvTo-1318’, 
were closely aligned with vectors representing positive traits, including chlorophyll a, chlorophyll b, RWC, shoot 
length, reducing sugar, phenol content, and root-shoot biomass traits (root length, root dry weight, root fresh 
weight). This alignment indicates that these traits make strong positive contributions to overall drought resilience. 
Conversely, the genotypes ‘Roma-VF’, ‘Honey-Bee’, ‘BARI-2’, ‘BARI-21’, ‘BARI-16’, ‘BARI-19’, and ‘BARI-8’ were 
located on the left side of PC1 and away from the trait vectors, signifying lower performance in most physiological 
and growth parameters. These genotypes were negatively correlated with the main contributing traits of PC1, 
highlighting their sensitivity to drought stress. Intermediate genotypes such as ‘AvTo-1229’, ‘AvTo-1228’, and 
‘BARI-F1-7’ clustered near the origin, suggesting variable responses to stress, depending on the trait. Among all 
traits, RWC, chlorophyll content, and phenol levels exhibited strong vector lengths, indicating their importance in 
defining the genotypic variability under drought stress. 
 
 

 
Figure 7. Biplot of principal component analysis revealing trait associations and genotypic variation 
under early drought stress conditions. Chla: Chlorophyll a; Chlb: chlorophyll b; ShL: shoot length; RWC: 
relative water content; ShDW: shoot dry weight; ShFW: shoot fresh weight; Sugar: reducing sugar 
content; RL: root length; RDW: root dry weight; RFW: root fresh weight; Phenol: phenol content. 

 
 

DISCUSSION 
 
Drought stress remains one of the most critical abiotic factors limiting tomato productivity, particularly during 
the early vegetative stages when seedlings are highly sensitive to water deficits. In the present study, 19 tomato 
genotypes were evaluated under early drought stress to identify the physiological, biochemical, and 
morphological traits contributing to drought tolerance. Chlorophyll content is widely recognized as an essential 
indicator of photosynthetic performance and plant vitality under drought stress (Abd El-hady et al., 2022). 
Drought stress significantly reduced chlorophyll a and b levels in most genotypes, reflecting impaired 
photosynthesis due to chloroplast degradation and oxidative damage. However, drought-tolerant genotypes 
such as ‘BARI-F1-8’, ‘BARI-14’, ‘BARI-11’, and ‘BARI-F1-5’ maintained relatively higher chlorophyll levels, 
suggesting that these genotypes possess better protective mechanisms to preserve chloroplast integrity and 
sustain photosynthetic efficiency under water-deficient conditions. This result is consistent with studies of 
Patanè et al. (2021) and Kumar et al. (2022), who indicated that chlorophyll retention under drought is positively 
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correlated with yield stability and stress adaptation in tomatoes and other crops. Relative water content (RWC) 
is a reliable indicator of the plant hydration status and ability to tolerate water deficit (Desoky et al., 2021a; 
2021b). In the present study, genotypes such as ‘Pathorkuch’, ‘BARI-F1-5’, ‘AvTo-1318’, ‘BARI-15’, and ‘BARI-
11’ exhibited higher RWC under drought, indicating efficient water conservation and cell turgor maintenance. 
Additionally, the accumulation of reducing sugars played a key role in osmotic adjustment. Genotypes ‘BARI-
15’, ‘BARI-11’, and ‘BARI-F1-5’ maintained elevated sugar levels under drought, aiding in osmotic balance, 
stabilizing cellular membranes, and protecting cellular proteins from dehydration. Conversely, sensitive 
genotypes such as ‘BARI-20’, ‘AvTo-1229’, and ‘BARI-F1-7’ had low sugar content under stress, suggesting a 
limited capacity for osmotic adjustment. Similar results were reported by Iqbal et al. (2020) and Ozturk et al. 
(2021). Drought stress often induces the overproduction of reactive oxygen species (ROS), necessitating an 
effective antioxidant defense mechanism (Sachdev et al., 2021; Rao et al., 2025). Phenolic compounds are 
important secondary metabolites involved in ROS scavenging. In this study, ‘BARI-15’, ‘BARI-F1-7’, and ‘BARI-
20’ exhibited high phenol content under drought, indicating an active antioxidant response. Moderate phenol 
accumulation in genotypes like ‘Pathorkuch’, ‘BARI-11’, and ‘AvTo-1228’ further supports their relative stress 
tolerance. In contrast, ‘BARI-19’, ‘BARI-16’, and ‘BARI-F1-4’ showed low phenolic content, implying a limited 
antioxidative response and higher susceptibility to oxidative damage under drought conditions. 

The development and maintenance of root and shoot systems under drought are critical for survival and 
resource acquisition (Ezzat et al., 2024). Root traits such as length and biomass contribute to deeper water 
extraction and better anchorage. Genotypes including ‘Pathorkuch’, ‘AvTo-1318’, ‘BARI-8’, and ‘BARI-F1-5’ 
exhibited enhanced root elongation and biomass, indicating superior adaptation through root system 
architecture. These traits are essential for accessing moisture from deeper soil layers during drought (Ranjan 
et al., 2022). Shoot traits also showed considerable variation. Genotypes like ‘BARI-15’, ‘BARI-F1-4’, and ‘AvTo-
1318’ maintained greater shoot length and biomass under stress, signifying their ability to sustain vegetative 
growth. The preservation of shoot biomass in these genotypes may be attributed to more efficient water use, 
reduced transpiration, and stronger sink strength that supports resource allocation (Murtaza et al., 2024). In 
contrast, ‘BARI-2’, ‘Roma-VF’, and ‘Honey-Bee’ suffered severe reductions in shoot length and dry weight, 
reinforcing their classification as drought-sensitive. 

Multivariate analyses, including hierarchical clustering, heatmap visualization, and principal component 
analysis, provided classification of genotypes based on integrated trait performance (Salem et al., 2020; 
Swailam et al., 2021; Omar et al., 2022). The hierarchical clustering identified four major groups: Tolerant 
(Cluster A), moderately tolerant (Cluster B), sensitive (Cluster C), and highly sensitive (Cluster D). Genotypes in 
Cluster A (‘Pathorkuch’, ‘BARI-F1-5’, ‘BARI-15’, and ‘BARI-11’) showed consistently high trait values, particularly 
for RWC, photosynthetic pigments, sugars, phenols, and root-shoot biomass, indicating their potential as elite 
drought-tolerant germplasm. The heatmap analysis reinforced these clusters by showing strong positive scores 
(blue color) for resilient genotypes and negative scores (red color) for sensitive ones. Traits like RWC, sugar, 
and phenolic content were effective in distinguishing between groups. The PCA further confirmed these 
patterns, with the first two principal components capturing 63.88% of the total variation. The alignment of 
tolerant genotypes with critical trait vectors such as Chla, Chlb, RWC, sugar, phenol, and biomass parameters 
indicate the multifactorial nature of drought tolerance. The genotypes ‘BARI-F1-5’, ‘BARI-15’, ‘BARI-11’, and 
‘Pathorkuch’ offer valuable traits that can be introgressed into commercial cultivars. These genotypes survive 
drought and maintain key growth and defense functions, making them ideal candidates for marker-assisted 
selection or hybrid development. The identified genotypes exhibited superior trait combinations across 
physiological, biochemical, and morphological levels, provide significant promise for tomato breeding programs 
(Tüzel et al., 2025). Additionally, the positive association detected among RWC, photosynthetic pigments (Chla 
and Chlb), sugar, phenol, and biomass parameters indicates their pivotal roles in plant adaptation to water 
deficit. These findings align with Mansour et al. (2021b), Desoky et al. (2021a; 2021b), and Song et al. (2024), 
who emphasized multifaceted responses at the physiological levels, including the regulation of osmolyte 
accumulation and photosynthetic efficiency under drought conditions. By linking applied statistical analyses to 
functional drought tolerance mechanisms and agronomic relevance, this study contributes to a deeper 
understanding of genotype-specific adaptive strategies and informs the development of stress-resilient 
cultivars suitable for sustainable agriculture. 
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CONCLUSIONS 
 
This study evaluated the physiological, biochemical, and morphological responses of 19 tomato genotypes to 
early-stage drought stress. The findings revealed significant genotypic variability in response to water deficit, 
indicating the differential expression of key traits such as chlorophyll content, relative water content, reducing 
sugar and phenol accumulation, and root-shoot growth characteristics. Drought stress adversely affected all 
measured parameters across genotypes; however, several genotypes demonstrated superior adaptive responses. 
The genotypes ‘BARI-F1-5’, ‘BARI-15’, ‘BARI-11’, and ‘Pathorkuch’ exhibited drought resilience, maintaining higher 
chlorophyll levels, better hydration status, enhanced osmolyte and phenol content, and robust root and shoot 
biomass under stress conditions. These traits contributed to their consistent classification as drought-tolerant 
across multivariate clustering, heatmap, and PCA analyses. In contrast, genotypes ‘Roma-VF’, ‘BARI-2’, ‘Honey-
Bee’, and ‘BARI-21’ showed sensitivity to early drought stress, with reductions across all parameters, making them 
useful as sensitive controls in breeding studies. The integrative approach adopted in this study, by combining 
physiological, biochemical, and morphological assessments with advanced statistical analyses, proved effective in 
distinguishing tolerant and sensitive genotypes. The identified drought-resilient genotypes serve as valuable 
genetic resources for tomato improvement programs targeting water-limited environments 
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