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Introduction 

A variety of biotic and abiotic factors can seriously hinder growth and 

development in plants because of their sessile nature (1). Among 

these, moisture stress continues to be one of the most harmful 

abiotic constraints, limiting plant distribution, decreasing yields and 

threatening the sustainability of agriculture worldwide (2).  

 Widely grown as a cut flower, potted plant and landscape 

species, chrysanthemums (Chrysanthemum morifolium Ramat.) are 

among the most commercially valuable ornamental plants in the 

world (3). Its cultivation is, however, becoming more limited by 

abiotic challenges, especially water scarcity, which has a negative 

impact on quality, yield and geographic adaptibility (4). In the 

absence of cost-effective technologies for mitigating drought effects, 

breeding for stress moisture tolerance has become a vital strategy 

for sustaining and expanding production (5). 

 

 Plants modify their osmotic potential to withstand water 

scarcity by accumulating solutes. This lowers cellular osmotic 

potential and maintains turgor pressure, which is necessary for 

photosynthetic activity and stomatal function (6). Because of its high 

molecular weight and non-ionic features, PEG is frequently used in 

experimental systems to mimic drought by causing osmotic stress 

without causing cytotoxic effects (7). Early-stage drought screening 

of genotypes in controlled conditions frequently use PEG-induced 

stress models (8). 

 In both dryland and irrigated systems, drought stress reduces 

productivity by interfering with physiological, morphological and 

biochemical processes (9). Numerous physiological markers, including 

CTD, MSI, RWC and chlorophyll fluorescence, have been proven to 

be accurate indicators of drought tolerance in a wide range of 

crops (10 -12). Water stress also affects biomass, a crucial yield-

related trait that is essential for choosing genotypes that can 

withstand stress (13). 
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Abstract  

Drought affects chrysanthemum growth and yield, highlighting the need for reliable indicators of tolerance. This study evaluated 68 
genetically diverse genotypes under hydroponics and pot culture using a completely randomized design to identify key physiological, 

biochemical and morphological traits linked to drought adaptation. Stress was imposed with 10 % polyethylene glycol (PEG) in hydroponics 

at the seedling stage and 60 kPa soil moisture tension in pots for 10 days at the vegetative stage based on our preliminary studies. Traits 
measured included chlorophyll content, carotenoids, relative water content (RWC), membrane stability index (MSI), canopy temperature 

depression (CTD), chlorophyll fluorescence, biomass and reproductive parameters. Correlation analysis revealed strong positive associations 

among chlorophyll content, RWC, MSI, CTD and fluorescence, suggesting coordinated mechanisms that preserve photosynthetic efficiency 

and cellular stability. Principal component analysis (PCA) identified chlorophyll b, fluorescence, biomass and reproductive traits as major 
contributors to phenotypic variation. The first few PCs explained 71.0 % variation in hydroponic control, 75.5 % in hydroponic stress, 61.6 % in 

pot control and 77.9 % in pot stress, indicating context-dependent adaptive strategies. Under hydroponic stress, chlorophyll a, total 

chlorophyll, biomass, chlorophyll b and carotenoids contributed strongly to both PC1 and PC2, with Punjab Singar, Violet, Gulmohar, Garden 

Beauty and Shwet excelling in these traits, while Autumn Joy and Naughty White were distinguished by flowers per plant and chlorophyll a/b. 
In contrast, under pot stress, no trait contributed simultaneously to both PCs. Overall, chlorophyll content, RWC, MSI, CTD, chlorophyll 

fluorescence and reproductive traits emerged as robust indicators for breeding drought-resilient chrysanthemum cultivars. 
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 For crop development to be effective, it is essential to 

determine how these traits interact under stress and non-stress 

situations. PCA helps find traits that significantly contribute to 

genetic diversity, whereas correlation analysis helps choose 

desirable traits. In ornamental breeding programs, these statistical 

tools are crucial for dissecting complicated traits like drought 

tolerance (14).  

 This study aimed to identify key morphological, physiological 

and biochemical traits associated with drought tolerance in 

chrysanthemum and to assess their interrelationships for use in trait-

based breeding under contrasting moisture regimes. A total of 68 

genetically diverse spray chrysanthemum (Chrysanthemum × 

morifolium Ramat.) genotypes were evaluated using hydroponic 

and pot culture systems, with correlation and PCA applied to 

highlight reliable indicators of tolerance. Spray chrysanthemums 

were selected owing to their rising commercial importance in cut 

flower and pot plant markets and their broad genetic diversity, 

which provides contrasting responses to stress. Hydroponics 

enabled rapid, uniform screening at the seedling stage using              

PEG-6000, while pot culture at the vegetative stage under soil 

moisture deficit captured field-like morphological and reproductive 

responses. To our knowledge, this is the first large-scale, dual-

environment evaluation in chrysanthemum, providing a foundation 

for developing robust selection indices for drought-resilient cultivars. 

 

Materials and Methods 

Plant material and growing condition 

The study was conducted under controlled greenhouse conditions 

at the Division of Floriculture and Landscaping, ICAR-Indian 

Agricultural Research Institute (ICAR-IARI), New Delhi. A total of 68 

spray chrysanthemum (Chrysanthemum morifoilium Ramat.) 

genotypes were selected from the institute germplasm collection. 

Propagation was done during June -July using terminal cuttings of 

5-7 cm length taken from healthy, disease-free mother plants. 

Prior to planting, cuttings were treated with 500 ppm indole-3-

butyric acid (IBA) to enhance rooting. The cuttings were placed in 

pro-trays filled with a sterile rooting media consisting of cocopeat, 

vermiculite and perlite in a 2:1:1 ratio. To prevent soil-borne fungal 

infections, trays were drenched with carbendazim at 1 g L-1 

concentration. The weather data were recorded daily and the 

average temperatures of the greenhouse were 29 ± 1 °C/18 ± 1 °C 

(day/night), 5.6 hours of bright sunshine hours, 71 % relative 

humidity and evapotranspiration of 3.68 mm.  

Hydroponic culture and osmotic stress treatment 

Thirty-day-old root cuttings were carefully removed from trays, 

gently washed and transferred to a hydroponic system 

containing Hoagland’s nutrient solution for acclimatization. To 

simulate drought stress, PEG-6000 was incorporated into the 

medium. The PEG concentration had been standardized through 

a preliminary trial using 0, 5, 10 and 15 % levels, where plant 

responses were evaluated based on relative water content, 

wilting symptoms, chlorophyll content and survival rate. From 

these observations, 10 % PEG-6000 was identified as the 

optimum concentration that induced sufficient osmotic stress to 

discriminate between tolerant and susceptible genotypes 

without causing excessive mortality. Accordingly, seedlings were 

subjected to 10 % PEG-6000 for 7 days, after acclimatization in 

hydroponics (10 days) while control plants were maintained in 

regular Hoagland’s solution (15). At the end of the treatment, 

several drought tolerance-associated traits were assessed. 

Pot culture and moisture stress imposition 

One month old seedlings of 68 genotypes were transplanted into 

white plastic pots containing 12 kg of a homogeneous field soil 

mixture for pot culture. Drought stress was imposed in two 

distinct cycles, at the vegetative and flower bud initiation stages, 

by maintaining soil matric potential at -60 kPa for 10 consecutive 

days (based on preliminary trail), monitored using tensiometers.  

Most chrysanthemum studies have applied mild soil moisture 

tensions and reported stress symptoms by around -32 kPa (16, 17). 

Therefore, -60 kPa was chosen to impose a stronger but non-lethal 

deficit, representing a realistic field-relevant stress level that 

differentiates tolerant and susceptible genotypes while avoiding 

irreversible damage. Soil water potential was standardized across all 

pots by daily weighing and irrigation to maintain the target potential, 

while pots were randomized and rotated periodically to minimize 

environmental variation. Control plants were maintained under 

ideal moisture conditions. Uniformity of stress was confirmed by 

measuring leaf RWC in representative plants. After the second stress 

cycle, morphological and physiological traits responsive to drought 

were recorded. 

Different traits under study  

MSI was estimated by a standard procedure (18) and RWC was 

measured using a widely adopted method (19). Chlorophyll and 

carotenoids were quantified by the DMSO extraction method with 

standard equations (20, 21). Canopy temperature was recorded on 

the 6th day of stress using an infrared thermometer (Fluke 59 Mini) 

and CTD was calculated from the difference between canopy and 

ambient temperature (22). Chlorophyll fluorescence was assessed 

with a FluorPen FP 100 (Photon systems instruments, Czech 

Republic) following standard protocols (23). Morphological traits 

including biomass (recorded as shoot dry weight after oven-drying 

at 70 °C to constant weight), plant height, plant spread, number of 

branches, stem girth, flower weight, flower diameter, number of 

flowers per plant and yield per plant were recorded at flowering 

according to PPV & FRA guidelines from all replicates (24).  

Experimental design and statistical analysis 

The experiment was conducted in a factorial CRD with three 
replications per genotype under control and drought stress 

conditions, with three biological replicates per trait. Traits were 

analyzed using analysis of variance (ANOVA) and treatment means 

were compared with Tukey’s HSD test at p ≤ 0.05. Correlation 

analysis and PCA were performed in R software (v2.15.1). PCA was 

validated using Scree plot analysis. For PCA, eigenvalues >1.0 were 

retained and trait loadings ≥0.30 were considered significant 

contributors, with cumulative variance used to identify the traits 

most responsible for genotype differentiation under stress and 

control conditions. 

 

Results 

Correlation analysis  

Correlation analysis was conducted with data from 68 genotypes 

(n = 68) and all reported associations were significant at p < 0.01. 

Correlation analysis under control (Fig. 1A) conditions (Hoagland 

solution) revealed that chlorophyll a had a strong positive 

correlation with total chlorophyll and chlorophyll b, whereas the 
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  chlorophyll a/b ratio exhibited a significant negative correlation 

with chlorophyll b. Under osmotic stress (Fig. 1B) conditions (10 % 

PEG), chlorophyll a maintained a highly significant positive 

correlation with total chlorophyll and chlorophyll b. Additionally, 

chlorophyll b displayed strong positive correlations with 

carotenoids, RWC, CTD and chlorophyll fluorescence. The MSI also 

showed a significant positive correlation with chlorophyll b, RWC, 

CTD and chlorophyll fluorescence. Furthermore, a notable positive 

relationship was observed between RWC and MSI, chlorophyll b 

and chlorophyll fluorescence under drought conditions. 

 Under pot culture and non-stress conditions (Fig. 1C), the 

correlation of pigment traits closely mirrored the patterns observed 

under hydroponics control. Under stress condition (Fig. 1D) 

chlorophyll a showed a very high positive correlation with 

chlorophyll b, total chlorophyll and carotenoids. Similarly, total 

chlorophyll exhibited a strong positive correlation with carotenoids. 

Carotenoids were significantly and positively correlated with CTD 

and plant spread. 

 Under stress RWC displayed a highly significant positive 

correlation with MSI, chlorophyll fluorescence, CTD and plant 

spread. Additionally, CTD was strongly correlated with MSI, while 

chlorophyll fluorescence showed a significant positive correlation 

with both CTD and plant spread. Plant spread was also highly 

correlated with MSI and biomass. A strong positive correlation was 

found between the number of primary and secondary branches. 

Fresh flower weight was positively and significantly correlated with 

flower diameter.  

Principle component analysis 

The rotated component matrix (Table 1) presents the percentage of 

variation explained by selected principal components (PCs) with 

eigenvalues greater than 1 and their association with other traits 

under hydroponics. Under hydroponics stress treatment, two main 

components accounted for nearly 75 % of the overall variation, with 

PC1 and PC2 contributing cumulatively 75.47 % of the total variation 

(Fig. 2B). Chlorophyll b (0.38) and chlorophyll fluorescence (0.36) 

showed high positive loadings on PC1, while chlorophyll a (0.52) and 

total chlorophyll (0.46) had high positive loadings on PC2. Under 

hydroponics non-stress conditions, four PCs were significant, 

explaining 71.04 % of the total variation, with the first two PCs 

contributing 48.07 % (Fig. 2A). Chlorophyll b (0.53) and total 

chlorophyll (0.52) had high positive loadings on PC1, whereas 

canopy temperature depression (0.60) and biomass (0.46) loaded 

positively on PC2.  

 The rotated component matrix (Table 2) displays the 

percentage of variation explained by selected PCs with 

eigenvalues greater than 1 and their association with other traits 

under pot culture conditions. Under pot culture stress treatment, 

five main components accounted for nearly 78 % of the overall 

variation, with PC1 and PC2 contributing the largest cumulative 

influence of 52.37 % (Fig. 2D). Chlorophyll b (-0.32) and 

carotenoids (-0.31) had high negative loadings on PC1, while 

flower weight (-0.51) and flowers per plant (0.44) showed high 

negative and positive loadings, respectively, on PC2. In PCA, the 

sign of a loading (positive or negative) only shows the direction of 

association with the component. For the control (non-stress) 

condition, eight PCs were significant, explaining 79.22 % of the 

total variation, with the first two PCs accounting for 33.23 % (Fig. 

2C). Under non-stress conditions, flower weight (0.39) and 

flowers per plant (-0.38) had high positive and negative loadings, 

respectively, on PC1, while biomass (-0.38) and yield per plant                      

(-0.37) showed high negative loadings on PC2. The relationship 

between eigenvalues and percentage variation is depicted in the 

Control Stress 
  Trait 

PC1 PC2 PC3 PC4 PC1 PC2 
Eigenvalues 3.36 1.44 1.19 1.1 6.06 1.49 
 % variance explained 33.63 14.44 11.95 11.0 60.6 14.87 
Cumulative  % variance 33.63 48.07 60.03 71.04 60.6 75.47 
Chlorophyll a/b -0.41 -0.07 0.3 -0.14 -0.35 0.2 
Chlorophyll a 0.49 0.05 0.25 -0.15 0.29 0.52 
Chlorophyll b 0.53 0.07 -0.06 0.01 0.38 0.18 
Total chlorophyll 0.52 0.06 0.17 -0.1 0.32 0.46 
Carotenoid 0.13 -0.26 -0.55 -0.14 0.31 0.08 
RWC -0.1 0.39 -0.07 -0.69 0.33 -0.3 
MSI -0.01 0.09 0.68 0.1 0.28 -0.37 
Biomass 0.05 0.46 -0.08 0.08 0.15 0.32 
CTD -0.1 0.6 -0.12 -0.16 0.34 -0.29 

Chlorophyll fluorescence 0.02 -0.43 0.16 -0.65 0.36 -0.19 

Table 1. Principle component matrix of 10 characteristics of 68 
genotypes of chrysanthemums assessed in hydroponics under 

stress and non-stress conditions 

Control Stress 
  Traits 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC1 PC2 PC3 PC4 PC5 
Eigen values 3.19 3.11 2.45 1.56 1.37 1.18 1.12 1.03 7.15 2.8 2.27 1.47 1.1 
 % variance explained 16.81 16.41 12.9 8.24 7.23 6.24 5.93 5.44 37.62 14.75 11.97 7.74 5.78 
Cumulative  % Variance 16.81 33.23 46.13 54.37 61.6 67.85 73.78 79.22 37.62 52.37 64.35 72.1 77.89 
Chlorophyll a/b 0.1 -0.06 0.44 -0.44 0.07 -0.09 -0.29 -0.19 0.27 -0.05 -0.11 0.03 -0.03 
Chlorophyll a -0.32 -0.31 -0.17 -0.3 0.15 -0.08 -0.2 -0.18 -0.3 -0.02 0.3 -0.25 0.09 
Chlorophyll b -0.25 -0.1 -0.49 0.25 0.02 0.06 0.17 0.09 -0.32 0.02 0.26 -0.23 0.06 
Total chlorophyll -0.34 -0.3 -0.28 -0.2 0.13 -0.06 -0.13 -0.14 -0.3 -0.01 0.3 -0.25 0.08 
Carotenoids -0.11 -0.22 -0.09 0.11 0.42 0.04 0.19 -0.09 -0.31 0.05 0.17 -0.2 0.03 
RWC 0.0 0.07 0.14 -0.35 0.39 0.05 0.32 0.33 -0.29 0.04 -0.07 0.4 -0.23 
MSI -0.09 -0.12 -0.1 -0.14 -0.36 0.51 -0.35 0.01 -0.28 0.04 -0.1 0.36 -0.14 
CTD -0.24 -0.03 0.03 -0.43 -0.11 0.24 0.3 0.06 -0.28 0.1 0.09 0.33 0.12 
Chlorophyll fluorescence -0.07 0.06 -0.1 -0.16 -0.51 -0.08 0.14 -0.31 -0.29 0.04 0.0 0.37 -0.05 

Plant height 0.31 -0.33 0.07 0.14 0.01 0.13 0.11 -0.3 -0.11 -0.38 -0.24 -0.02 0.17 

Plant sspread -0.05 -0.29 0.18 0.07 0.08 -0.39 0.1 -0.36 -0.28 0.01 -0.17 -0.1 -0.28 
Primary branches -0.2 -0.17 0.33 0.2 0.18 0.43 -0.07 0.04 -0.08 0.25 -0.28 0.03 0.69 
Secondary branches -0.31 -0.13 0.35 0.31 0.02 0.14 -0.23 0.15 -0.15 0.37 -0.3 -0.07 0.29 
Stem girth -0.04 -0.28 0.17 -0.12 -0.27 0.08 0.52 0.21 -0.07 -0.02 -0.37 -0.4 -0.22 
Flower weight 0.39 -0.27 -0.2 -0.07 0.02 -0.05 -0.15 0.21 -0.1 -0.51 -0.07 0.06 0.01 
Flower diameter 0.3 -0.23 -0.13 -0.18 0.08 0.15 -0.06 0.11 -0.16 -0.39 0.0 -0.05 0.1 
Flowers/plant -0.38 0.05 0.15 0.01 -0.18 -0.41 -0.07 0.28 -0.07 0.44 -0.09 -0.16 -0.41 
Yield/plant 0.1 -0.37 -0.03 -0.01 -0.15 -0.29 -0.21 0.52 -0.18 -0.17 -0.34 -0.05 -0.08 
Biomass 0.05 -0.38 0.19 0.22 -0.25 -0.03 0.2 -0.07 -0.19 -0.05 -0.42 -0.17 -0.03 

Table 2. Principle component matrix of 19 characteristics of 68 genotypes of chrysanthemums assessed in pot culture under stress and non-
stress conditions 
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Fig.1. Correlation matrices of morphological, physiological and biochemical traits of chrysanthemum genotypes under contrasting moisture 
regimes: (A) control condition in hydroponics, (B) drought stress condition in hydroponics, (C) control condition in pot culture and (D) drought 

stress condition in pot culture. Correlation coefficients are shown, with significance levels at p < 0.01. Positive correlations are indicated in 
green and negative correlations in brown, with color intensity proportional to correlation strength.  
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scree plots (Fig. 2A- 2D). The principal component analysis under 

pot culture indicated that, under stress, chlorophyll b and 

carotenoids had a strong influence on selection and can be 

selected simultaneously, followed by chlorophyll a, total 

chlorophyll, RWC and chlorophyll fluorescence (Table  2). 

Principal component biplot analysis 

PCA biplots (Fig. 3A-3D) illustrate relationships among traits, 

genotypes and their associated PCs. The vectors representing 

variables showed that the closer a vector was aligned with a PC 

axis, the more it contributed to that PC. The length of the vector 

indicated the extent of variability explained by that trait. The 

angle between vectors reflected trait correlations. 

 Under hydroponic osmotic stress, chlorophyll a, total 

chlorophyll, biomass, chlorophyll b and carotenoids were the key 

traits positively contributing to both PC1 and PC2. Punjab Singar 

excelled in chlorophyll a, primarily influenced by biomass and total 

chlorophyll. Genotype Violet performed best in total chlorophyll, 

while genotype Gulmohar showed superior chlorophyll b levels and 

influenced by carotenoids. Genotypes Garden Beauty and Shwet 

were notable for carotenoids, influenced by chlorophyll b. Genotype 

Autumn Joy showed high performance for flowers per plant and 

genotype Naughty White for chlorophyll a/b (Fig. 3B). Under pot 

culture stress, no traits positively contributed to both PC1 and PC2, 

although flowers per plant and chlorophyll a/b were relatively 

important based on their proximity to the positive side (Fig. 3D) 

 

Discussion 

This study explored the physiological, biochemical and morphological 

traits underlying drought stress responses through correlation and 

PCA across hydroponic and pot culture systems. Beyond identifying 

trait associations, the findings provide insights into the mechanisms 

that govern drought tolerance and highlight key indicators relevant 

for breeding programs. 

 The strong correlations among chlorophyll pigments 

under both control and drought conditions reflect the tightly 

regulated biosynthetic pathways that sustain photosynthetic 

efficiency. The inverse relationship between the chlorophyll a/b 

ratio and chlorophyll b suggests adaptive remodeling of light-

harvesting complexes, a strategy reported in earlier studies to 

optimize energy capture and reduce photodamage under stress 

(25). The persistence of pigment associations, especially between 

chlorophyll b, carotenoids and chlorophyll fluorescence, 

underscores the integrated role of pigments in photoprotection. 

Carotenoids not only safeguard photosystems through reactive 

oxygen species (ROS) scavenging but also interact with water-

related traits, indicating their dual role in both structural stability 

and oxidative stress mitigation (26). 

 Water status emerged as a central determinant of 

drought resilience, as reflected in the positive linkage between 

RWC, MSI, CTD and chlorophyll fluorescence. This integrative 

relationship highlights how physiological water retention supports 

both cellular integrity and photosystem II stability. Previous 

research has emphasized CTD as a rapid, non-destructive proxy for 

stomatal conductance and transpirational cooling (27) and our 

findings reinforce its value for field-level screening. The alignment of 

these physiological markers with MSI suggests that drought 

tolerance involves coordinated water conservation and protection 

of membrane integrity rather than reliance on a single trait. The 

positive correlations between RWC, CTD and chlorophyll 

fluorescence highlight an integrated drought-response mechanism 

where efficient water retention sustains stomatal conductance and 

canopy cooling, which in turn protects photosystem II efficiency. 

Similar linkages between water status, thermal regulation and 

fluorescence performance have been reported in grasses (28). 

 Morphological parameters, particularly plant spread, 

branch number and reproductive traits, were closely linked with 

physiological traits, reflecting a whole-plant integration of stress 

Fig. 2. Scree plots showing eigenvalue distribution of principal components derived from morphological, physiological and biochemical traits 
of chrysanthemum genotypes under contrasting moisture regimes. (A) Control condition in hydroponics, (B) Drought stress condition in 

hydroponics, (C) Control condition in pot culture and (D) Drought stress condition in pot culture. 

https://plantsciencetoday.online
https://scispace.com/papers/morphological-physiological-and-biochemical-responses-of-28xifbr7h6
https://scispace.com/papers/drought-stress-in-plants-a-review-on-morphological-1iem9dt9n7co
https://scispace.com/papers/response-of-morpho-physiological-traits-to-drought-stress-2c78id0z
https://scispace.com/papers/evaluation-of-phenotypic-and-photosynthetic-indices-to-51fesfuiwy
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responses. The maintenance of flower weight and diameter despite 

drought stress suggests an adaptive reallocation of resources to 

reproduction, a strategy consistent with reports of stress-induced 

reproductive plasticity (29). This capacity to safeguard reproductive 

fitness even under water-limited conditions has direct implications 

for yield stability. 

 Reproductive traits such as flowers per plant, flower 

diameter and flower weight maintained similar correlation patterns 

under both stress and non-stress conditions. This stability suggests 

that reproductive performance is buffered against drought, likely 

because allocation to reproductive structures is prioritized even 

when vegetative or pigment traits are affected. Such consistency 

aligns with reports in chrysanthemum and other ornamentals where 

reproductive traits show resilience across environments, supporting 

their use as reliable indicators in breeding programs (30). 

 PCA analysis further distinguished between hydroponic and 

pot culture conditions, revealing context-dependent trait 

hierarchies. Under hydroponic osmotic stress, chlorophyll pigments, 

carotenoids and biomass emerged as key contributors to variation, 

highlighting the importance of pigment stability and growth 

maintenance in early drought tolerance. Genotypes such as Punjab 

Singar, violet and gulmohar performed well for chlorophyll traits, 

while garden beauty and shwet stood out in carotenoids, indicating 

their role in antioxidant defense. Recent work in local 

chrysanthemum germplasm confirms that variation in pigment 

content strongly contributes to ornamental and physiological 

performance under stress, supporting these observations (30). In 

contrast, pot culture stress revealed no trait contributing 

simultaneously to both PC1 and PC2, suggesting a more complex 

adaptive response; here, flowers per plant and the chlorophyll a/b 

ratio were relatively more informative. Stability assessment studies 

of chrysanthemum hybrids across multiple environments also 

report that reproductive traits and pigment ratios often vary more 

than biomass under field conditions (31). Notably, positive and 

negative PCA loadings reflect trait direction along the component 

axis rather than trait importance, meaning that traits with negative 

loadings (e.g., carotenoids in certain PCs) represent contrasting but 

equally relevant adaptation strategies. 

Fig. 3. PCA biplots of morphological, physiological and biochemical traits of chrysanthemum genotypes under contrasting moisture regimes. 
(A) Control condition in hydroponics, (B) Drought stress condition in hydroponics, (C) Control condition in pot culture and (D) Drought stress 

condition in pot culture. 

https://scispace.com/papers/morphological-physiological-and-biochemical-composition-of-2tnhqulk
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 Taken together, the integration of correlation and PCA 

identified a suite of interlinked traits chlorophyll content, 

carotenoids, RWC, MSI, CTD, chlorophyll fluorescence and 

reproductive traits as robust indicators of drought tolerance. Their 

centrality across analytical approaches indicates that selection for 

one trait may confer indirect benefits on others due to pleiotropy or 

physiological linkage. However, the genotype-by-environment 

differences underscore that trait prioritization must remain context-

specific; genotypes excelling under controlled hydroponic 

conditions may not necessarily translate to soil-based performance. 

This highlights the importance of multi-environment evaluation and 

breeding strategies tailored to specific agro-ecological contexts (32). 

 

Conclusion 

This study identifies chlorophyll content, carotenoids, RWC, MSI, 

chlorophyll fluorescence, plant spread and reproductive traits 

yield per plant as key indicators of drought tolerance. For 

breeding and field applications, chlorophyll fluorescence and 

CTD provide rapid, non-destructive screening tools, while RWC 

and MSI serve as robust physiological benchmarks. Reproductive 

traits under stress further ensure yield resilience. These findings 

emphasize that drought-tolerance breeding should prioritize these 

traits within environment-specific selection frameworks, enabling 

the development of cultivars that combine photosynthetic 

stability, efficient water use and yield assurance across diverse 

agro-ecological conditions. 
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